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a b s t r a c t

The monotonic and cyclic behavior of commercially pure tantalum has been investigated at room
temperature, in order to capture and understand the occurrence of the anomalous yield point
phenomenon. Interrupted tests have been performed, with strain reversals (tensile or compressive
loading) after an aging period. The stress drop is attributed to the interactions between dislocations and
solute atoms (oxygen) and its macroscopic occurrence is not systematically observed. InfraRed
Thermography (IRT) measurements supported by Scanning Electron Microscopy (SEM) pictures of the
polished gauge length of a specimen during an interrupted tensile test reveal the nucleation and
propagation of a strain localization band.

The KEMC (Kubin–Estrin–McCormick) phenomenological model accounting for strain aging has been
identified for several loadings and strain rates at room temperature. Simulations on full specimen using
the KEMC model do not show strain localization, because of the competition between viscosity and
strain localization. However, a slight misalignment of the sample can promote strain localization.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Tantalum is a refractory material used in several industries
such as nuclear, capacitors, lighting, biomedical and chemical
processing. In the past few decades, many researches on tantalum
behavior have been carried out, but only few were focused on low
strain rates [1–6]. Most of them are dedicated to large strains
and/or large strain rates [7–14]. Moreover, only few studies at
room temperature are available. Conversely, they have been
performed at very low temperatures for the intrinsic behavior
knowledge [19,47], or at high temperatures for dynamic strain
aging studies [4,35]. Furthermore, some fundamental works have
been done on tantalum single crystals of various orientations both
in tension and compression [15,16].

In many metallic alloys, the transition from elastic to plastic
regimes is characterized by a material instability known as the
Lüders phenomenon (mainly for steels) [21–27]. In that case, a
sharp yield point is followed by a Lüders stress plateau, associated
with the propagation of a localized deformation band through the
gauge length. The band usually nucleates at one grip, leading to a
stress drop. The plastically strained area then spreads along the
sample. See [21] and references quoted therein for more details.

In the literature, some other materials exhibit an anomalous
yield point with different features, such as niobium, which also
has a BCC lattice structure [17]. An anomalous yield point is
reported for this material, but without band propagation. Zirco-
nium has an HCP lattice structure and presents a small stress drop
associated to yielding, but its shape is very different. The impor-
tant role of solute atoms such as oxygen on the strain aging has
been extensively studied in zirconium, but no band propagation
has been reported [28–31]. Commercially pure titanium has also
been considered, but the stress drop associated to yielding is very
small, without macroscopic band propagation [32–34]. The anom-
alous yield point phenomenon in tantalum has never been
investigated in detail, although if it has been evidenced on several
experimental curves [1–3,6,17–20].

The origin of the anomalous yield point lies in the presence of
the solute atoms interacting with dislocations. In the literature,
two main theories about the pinning mechanisms exist: the first
associates the stress drop to the so-called “Snoek ordering” of
interstitial atoms in the crystal lattice because of the stress fields
around dislocations, creating a tetragonal distortion of the BCC
lattice structure [1,17,19,35,36]. The reordering and “jumping” of
solute atoms from a barrier to another in order to reduce the total
energy of the system require an additional stress leading to the
macroscopic stress peak and stress drop.

Alternatively, the sharp yield phenomenon can be due to the long
range drift of interstitial atoms to form the so-called “atmospheres”
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[9,13,19,37–42]. In that case, the dislocations pinning by solute atoms
requires an additional stress for their motion. The stress drop is the
macroscopic expression of the unpinning process. SEM and TEM
observations of this phenomenon have been performed, showing the
dislocation structure formation during deformation [4,5,7,8,13,20,43].
The appearance of slip lines at the surface in the region of the
localization band has been observed for steels [23,44], but never for
pure tantalum.

The dominating effects of oxygen, carbon and nitrogen have
been widely studied in the case of tantalum [4,19,36,45–48].
Oxygen seems to be the principal element involved in the anom-
alous sharp yield point. Moreover, oxygen has the highest diffusivity
coefficient compared to nitrogen and carbon [35,19,48]. On the
other hand, interstitial content also has an impact on the failure
mode by embrittling the material [4,24,25,49].

Some mechanical models have been proposed in the literature
for tantalum. They are based on the combination of isotropic and
kinematic non-linear hardenings [18]. Some physical parameters
are often used, such as the dislocation density and its evolu-
tion, mainly for large strains and high strain-rates applications
[8,9,12,14,18]. Similar models have been used for the computation
of the dynamic expansion of a spherical shell [11]. Those models
are able to capture the large strain behavior, as well as shearing
and impact tests [10]. Some models have been used in order to
compute processes such as welding [50] or hydro-forming [53].
The texture evolution using a polycrystalline model has also been
investigated [51,52].

Among them, some attempts have been carried out in order to
account for static strain aging [43,50]. The stress peak has been
computed by adding an isotropic softening term, depending on
the accumulated plastic strain. Those attempts however are
not sufficient for an accurate modeling because of their purely
phenomenological formulation.

In our case, the origin of the anomalous yield point phenom-
enon is attributed to oxygen-dislocation interactions, and its
macroscopic (and mesoscopic) manifestation is rather well known.
Thus, the aim of the present paper is to propose a macroscopic
characterization, with a simple but efficient modeling accounting
for the anomalous yield point phenomenon. The effects of the
experimental setup on the anomalous yield point and on the
thermal fields through several numerical will be demonstrated,
giving a new insight on the phenomenon. A macroscopic approach
is adopted, for both numerical and experimental approaches.
A combination of mechanical tests, InfraRed Thermography (IRT)
and SEM images is used for the characterization.

In Section 2, several mechanical tests performed at room
temperature for strain rates from _ε ¼ 10�4 s�1 to 10�2 s�1 are
presented. First, tensile tests have been performed, coupled to IRT.
Then, strain controlled cyclic tests have been carried out for several
strain amplitudes, giving further information about the behavior at
room temperature. Moreover, specific tests called “strain reversal”,
inspired by Orowan have been carried out [21,68,76]. It consists of
interrupted mechanical tests, where the sample is unloaded after
straining and aged 1 day at 100 1C. The sample is then reloaded,
leading to different macroscopic responses depending on the strain
direction chosen. Some in situ mesoscopic analysis using SEM
imaging is reported that can be combined to IRT measurements

and to the macroscopical response for the understanding of the
consequences of the unpinning processes.

In Section 3, a macroscopic model has been developed that
takes into account the anomalous yield point phenomenon and
the strain rate sensitivity. This model is based on the so-
called “KEMC” model from Kubin, Estrin and McCormick [56–60].
The stress drop is computed using an additional internal variable
ta representing the time left to interstitial atoms to diffuse along
dislocations. The proper alignment of the sample plays an impor-
tant role that changes drastically the strain and strain rate fields of
the gauge length, resulting from the competition between viscos-
ity and localization. This may explain the limited reproducibility of
the anomalous yield point observed in the literature.

2. Experimental results

2.1. Material and experimental methods

2.1.1. Material
The material studied is a commercially pure tantalum (99.95 wt

%) coming from Cabot Performance Materials (USA). The sheet
used has been recrystallized during 2 h between 1000 and 1200 1C
and 10�4–10�5 mbar. Tantalum has a BCC lattice structure with a
composition in solute atoms reported in Table 1.

After recrystallization, the mean grain size is close to 100 μm
and the initial dislocation density is rather high, between ρd �
1013 m�2 and ρd � 1014 m�2 [5,14,43,61,62].

A simple computation shows that a value of 5.5 ppm is
sufficient to saturate all the dislocations. The initial dislocation
density is 1014 m�2, the lattice parameter of a¼3.2959 Å, with a
molar volume of 10:85� 10�6 m3 mol�1 or an atomic volume of
18.0168 Å3.

We assume that all the atomic sites of the ρ¼ 1014 m m�3

dislocations (1 dislocation every 100 nm if they are uniformly
spaced) are filled. The atom number per meter of dislocation
is 1010

3:2959 ¼ 3:03� 109 atoms. The number of solute atoms per m3

for a dislocation density of 1014 m m�3 is 3:03� 109 � 1014 ¼
3:03� 1023.

Finally, the number of atoms per m3 (or 1030 Å3) is 1030
18:0168 ¼

5:55� 1028. The number of solute atoms required to saturate
1014 m�2 dislocations is 3:03�1023

5:55�1028
¼ 5:5� 10�6 or 5.5 ppm (atomic)

or � 0:5 ppm (weight).

2.1.2. Specimen design
Two geometries have been used: thin flat samples for mono-

tonic tensile tests, IRT and SEM data acquisition, and thicker flat
samples for cyclic tension – compression loading, in order to get
rid of potential buckling (Fig. 1, resp. (a) and (b)).

2.1.3. Tests machines
Two testing machines were used for the test campaign. Tensile

tests were conducted using an electro-mechanical Zwick 100 kN
testing machine, with a 38.5 kN/mm stiffness. For cyclic and strain
reversal loadings, a servo-hydraulic Instron 8800 machine was
used, with an higher stiffness of 79.3 kN/mm. Loading of the
specimen was applied quasi-statically by prescribing a constant
velocity for the stroke of the actuator in the testing device. Average
strain over the gauge length is measured using an extensometer.
The machine stiffness is known to play a significant role in the
manifestation of strain aging phenomena [78].

2.1.4. IR camera
The camera used for the thermal field measurements is a FLIR

SC 7500, with a spatial resolution of 320�256 px. (� 100 μm=px.)
and a sensitivity of 20 mK. Working with relative images instead of

Table 1
Impurity analysis of tantalum in ppm.

Element C N O H

ppm (weight) 10 o10 19 6
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absolute ones is the better way to strongly increase measurement
precision up to 10 mK, by subtracting the first frame (permanent
noise). The apparent temperature of the sample is calculated using
Planck's law that connects the radiation of a body with its
temperature. In order to improve the surface emissivity up to
0.96, ensure its stability and measure the sample's real tempera-
ture, specimen's surface has been painted in black. For more
details about this technique, see [63–65].

2.2. Mechanical response at room temperature

2.2.1. Tensile tests
Fig. 2 shows the strain–stress response at room temperature for

several strain rates. The upper yield point is the maximum stress
following the linear elastic regime where the deformation is
expected to be still homogeneous. At room temperature, the
anomalous yield point phenomenon is associated to a strong
strain rate sensitivity (40 MPa per decade), a high ductility and a
monotonic strain hardening roughly independent of the strain rate
(for low strain rates without thermal softening). Our study will
focus on the first percents of strain, where the stress drop
associated to yielding is predominant (Fig. 2(b)).

The shape of the anomalous yield point is substantially differ-
ent from other materials. In the case of steels, the stress drop is
associated to the nucleation (usually at one grip) and propagation
of a plastic deformation band through the sample [21,26,27,55].
In our case, the band propagation seems to be more diffuse (as we
will see below with the IRT measurements), coupled with the
strong strain rate dependence of the shape of the stress drop on
the macroscopic curves.

2.2.2. Cyclic tests
Several cyclic tests ware carried out, for strain amplitudes

ranging from 70.18% to 70.5% at _ε ¼ 10�3 s�1 (Fig. 3). If the
strain amplitude is small (70.18%, Fig. 3(a)), a slight small cyclic
softening is observed. The first unloading has been performed at
the upper yield point, thus the softening associated to the stress
drop keeps going during the first compression. The shape of the
hysteresis loop is sharp, with a strong Baushinger effect. For the
intermediate strain amplitude (70.25%, Fig. 3(b)), no cyclic hard-
ening is observed. The first compression branch has a particular
shape, showing a bump and a slight softening, possibly due to an
ongoing band propagation through the gauge length. In the last
case studied (70.5%, Fig. 3(c)), a strong cyclic hardening (more
than 50 MPa) is observed. The first unloading happens after the
end of the stress drop and the hysteresis loop has a flatter shape.
The cyclic hardening/softening behavior depending on the strain
amplitude is summarized in Fig. 3(d).

Cyclic tests emphasize the existence of a link between the
strain amplitude and the cyclic hardening or softening, in agree-
ment with the literature on BCC metals [54]. This specific behavior
has been related to the different dislocations’ families involved in
the strain accommodation as a function of strain amplitude.

For small strain amplitudes, dislocation density is almost
constant, with long segments of screw dislocations having a weak

mobility. Thus, the major part of the cyclic strain is adapted by
edge dislocations. Dislocation interactions are weak, leading to a
small multiplication. This leads to an insignificant hardening at the
macro scale. This combines with the softening associated to the
unpinning process of dislocation from solute atoms.

For larger strain amplitudes, other dislocations families become
active: an intense screw dislocations multiplication is observed.
Moreover, edge dislocations clusters form mediated by cross slip.
Thus a dislocations densification takes place in the bulk and a
cyclic hardening is macroscopically observed [66,54,67]. In the
same time, the unpinning process is over at the first unloading and
consequently does not affect the cyclic hardening.

2.2.3. Strain reversal with aging
Strain reversal tests are a robust way to evidence strain aging

effects leading to the anomalous yielding phenomenon. Those
tests have been performed firstly by Orowan on steels in the 1960s
and published recently by Elliot [68]. These tests investigate
the influence of the straining direction before and after an aging
period. The same kind of tests was performed on tantalum in the
present work and is presented in Fig. 4. Three successive
sequences of tensile loadings are carried out, and finally a com-
pressive loading is carried out.

Between each loading sequence, the sample is unmounted and
aged 1 day at 100 1C before a new loading sequence is started.
Tensile and compressive tests have been performed using an anti-
buckling system having a thin PTFE interface. The anomalous yield
point is systematically observed for any loading before and after
aging. The same sequential tests have been performed without
anti-buckling systems, and the results show the same tendency.
The same test has been carried out with shorter heat treatment
(2 h). In that case, the stress drop is not systematically observed.

As a conclusion, the anomalous yield phenomenon is system-
atically observed if the aging time is sufficient (1 day at 100 1C).
A strong softening is noticeable after the sharp yield point
(roughly 50 MPa, i.e. 20% of the upper yield point). Its shape is
less sharp than in the case of steels and is combined with a large
strain rate sensitivity. In the following, the material is considered
aged enough to produce a sharp yield point systematically, as we
can see in Fig. 4.

2.3. Thermal fields measurements

Some monotonic tensile experiments have been carried out
together with thermal fields measurements for a better under-
standing of the underlying mechanisms leading to the anomalous
yield point phenomenon. This kind of measures is very sensitive to
experimental conditions, to the specimen's geometry, to the
alignment in the grips and to testing machine settings.

A weak overheating is observed in Fig. 5 during the tensile tests
(coupled with a high thermal conductivity compared to other
metals): only 0.5 K of temperature increase in the yield point
domain. Moreover, the heating rate is low, pointing out a weak
plastic strain localization (weak dissipation).

Fig. 1. (a) Tensile test sample geometry, 2.5 mm thick, (b) cyclic and strain reversal tests sample geometry, 8 mm thick.
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The first experiment (sample 1) (Fig. 5, left) shows a visible
band nucleation, while the second one (sample 2, right) appears
much more diffuse. The propagation of a band is then similar in
both cases. The low temperature increase indicates a moderate
localization inside the band.

It is interesting to notice that the stress drop of sample 2 in Fig. 6 is
smaller, smoother and wider than sample's 1 stress drop. In that case,
the localization associated to the band propagation is more diffuse and
no clear band appears on the infrared measurement.

2.4. SEM data acquisitions of slip line development

A tensile test carried out at room temperature and _ε ¼
10�3 s�1 has been interrupted four times at different macroscopic
plastic strains (0.15%, 0.25%, 0.8% and 1.7%). At each step, the load
has been decreased to zero in order to observe the specimen

ex situ in a SEM. The macroscopic strain–stress response is shown
in Fig. 7. SEM data of the undeformed sample show a significant
mosaicity, mainly due to a partial recrystallization and a surface
hardening induced by sample's machining, as already observed on
tantalum [62] (cf. Fig. 8).

The specimen was first unloaded at the beginning of the stress
drop (at 0.15% of macroscopic plastic strain). A macroscopic
localization band was visible on the polished surface of the
sample, near a grip (Fig. 8). SEM pictures of this region show
many slip lines inside the grains, whereas in the center region
nothing has occurred. This localization depends both on grain
orientation and on grain cluster effect.

During the next loadings, the macroscopic band moves forward
and finally reaches the other fillet. Two other SEM pictures of some
different regions clearly show the propagation of the band after
0.25% and 0.8% of macroscopic plastic strain (resp. Figs. 9 and 10).

Fig. 2. Tensile test at room temperature for several strain rates from _ε ¼ 10�4 s�1 to 10�2 s�1. (a) Complete tensile test, (b) closeup on the first ten percents.
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Fig. 3. Hysteresis loop for several strain amplitudes: (a) 70.18%, (b) 70.25%, (c) 70.5% at _ε ¼ 10�3 s�1, (d) global cyclic hardening behavior.

Fig. 4. Strain reversal after aging at room temperature and _ε ¼ 10�3 s�1. Serrations visible on the curves are due to the machine's servo-control. The compression part has
been reversed in the positive strain domain to follow Orowan's description.
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Similar observations have been done in the literature at the same
scale in steels [23,44].

This interrupted tensile test has been carried out on a thin
sample according to Fig. 1(a). Note that the same experiment has
been done on the thick one (Fig. 1(b)), and no clear band
propagation was observed neither at the macro scale nor at the
micro-scale (no slip band at the surface).

3. Macroscopic aging model

The phenomenological elasto-viscoplastic model used in this
work was first proposed by Penning [69] and then improved by
Kubin–Estrin and McCormick (KEMC model) [56–60]. This model
was originally designed to simulate the Portevin–Le Chatelier effect,
but it is also suitable for Lüders band propagation [22]. It is based on
the introduction of an internal variable ta, representing the time
during which solute atoms may diffuse along dislocations (mobile or
forest) [70].

The KEMC model has been widely used, for many materials and
applications [21,22,28,70–74]. It has been implemented in the

finite element code Zset [79]. This model can be used for both
static and dynamic strain aging, depending on the set of para-
meters chosen. In the case of static strain aging, ta has a large
initial value ta 0 that represents the initial “pinned state”. In this
work this initial value is assumed to be equivalent to fully pinned,
according to the aging experiments presented in Fig. 4.

3.1. Phenomenological model equations

The strain tensor is split into elastic and plastic contributions:

~ε ¼ ~εeþ ~εp; ~σ ¼ E : ~εe ð1Þ

where � denotes a second order tensor, and ~� denotes a first order
tensor.

A yield function is introduced:

f s� ¼ J2

 
s� �

X2
i ¼ 1

Xi

�
;

!
�Rr�RaðtaÞ ð2Þ

with J2ð ~σ Þ being the von Mises equivalent to the stress.

Sample 1 Sample 2

Fig. 5. Thermal fields of two tensile tests at room temperature and _ε ¼ 10�3 s�1. Sample 1 (left), sample 2 (right). Picture size: 9�30 mm2 corresponding to the gauge area
(cf. Fig. 1(a)).

Fig. 6. Mechanical response of two tensile specimens at room temperature and _ε ¼ 10�3 s�1.
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A non-linear kinematic hardening law is adopted [77,80]:

~Xi ¼
2
3
Ci ~αi with _~α i ¼ _~ε p�Di _p ~αi ð3Þ

Ci and Di are kinematic hardening parameters. In this study, two
kinematic hardening variables are used for an accurate description
of the hysteresis loop.

The isotropic strain hardening is given by the term RðρÞ which
follows the evolution law defined as

RðρÞ ¼ γμb
ffiffiffi
ρ

p þR0 ð4Þ

γis the interaction coefficient, μ is the shear modulus and b is the
norm of the Burgers vector. The dislocation density ρ is introduced
in the model with an initial value ρ0. Dislocation density evolution
rule is driven by the cumulative plastic strain rate _p and is written

Fig. 7. Interrupted tensile test at � 0:15%, � 0:25%, � 0:8% and � 1:7% of macroscopic plastic strain.

Fig. 8. SEM image of the 350� 400 μm2 area near the left grip of the sample at
� 0:15% of macroscopic plastic strain. The tensile direction corresponds to the
horizontal direction. Red squares indicate the presence of slip lines, blue ones other
areas without bands. The arrow indicates the position of the front band. (For
interpretation of the references to color in this figure caption, the reader is referred
to the web version of this paper.)

Fig. 9. SEM image of the 350� 400 μm2 area in the center zone at � 0:25% of
macroscopic plastic strain. The tensile direction corresponds to the horizontal
direction. Red squares indicate the presence of slip lines, blue ones other areas
without bands. The arrow indicates the position of the front band. (For interpreta-
tion of the references to color in this figure caption, the reader is referred to the
web version of this paper.)
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as the difference between a creation and an annihilation term:

_ρ ¼ A 1�ρ
B

h i
_p ð5Þ

where A and B are two material parameters.
Strain aging induces an additional contribution to the yield

stress:

RaðtaÞ ¼ P1CsðtaÞ ¼ P1½1�expð�P2t
β
a Þ� ð6Þ

where Cs represents the over-concentration of solute atoms
around pinned dislocations compared to equilibrium concentra-
tion. This variable increases with the aging time ta, the totally
pinned state being given by Cs ¼ 1. The unpinned state corre-
sponds to Cs ¼ 0. The maximal additional stress required to unpin
dislocations is driven by the parameter P1. It can be related to the
interaction force between mobile dislocations and solute atoms. P2
and β control the kinetics of the pinning/unpinning process.
Another parameter ω appears in the evolution law of the aging
time and is related to the incremental strain resulting from the
jump of unpinned dislocations. This parameter is kept constant
here.

The aging time increment _ta is computed from an evolution law
depending on the plastic strain rate _p:

_ta ¼ 1� ta
tw

with tw ¼ω
_p

and taðt ¼ 0Þ ¼ ta0 ð7Þ

tw is defined as the waiting time of dislocations at obstacles and is
related to the plastic strain rate _p.

The plastic strain is computed from the normality law rule and
the equivalent plastic strain rate _p follows an hyperbolic flow rule:

_~ε p ¼ _p
∂f
∂ ~σ

with _p ¼ _p0 sinh
f ð ~σ Þ
σ0

� �
where 〈�〉¼Maxð�;0Þ ð8Þ

3.2. Identification of material parameters

The material parameters of the model were identified using the
tensile tests at different strain rates, and a cyclic experiment at
70.2%. The identified parameters are given in Table 2. For the
identification, homogeneous deformation was assumed. Thus, the
parameters are identified by comparing experimental and simula-
tion results based on standard optimization procedures [77].

Some parameters in Table 2 stem from the literature on
tantalum. For instance, the parameter driving the yield stress
is set to γ ¼ 0:13 after [5]. The initial dislocation density ρ0 ¼
1013 m�2 is adopted from [5,14,61]. Moreover, the exponent β of
the aging time stems from [75]. The initial value of the aging time
ta 0 is set in order to ensure a sufficiently large initial pinning state,
in our case ta0 ¼ 5� 104 s, following [21]. At the beginning of
simulation, Ra is close to P1. As soon as plastic strain occurs, ta and
then RaðtaÞ start decreasing to the final value RaðtwÞ due to Eq. (7)
which leads to the stress drop observed in Fig. 11.

Two kinematic hardening components were identified, for a
better description of the hysteresis loops. Due to the very small
cyclic hardening for strain amplitudes close to 70.2–0.25%, the
isotropic hardening term turns out to be almost negligible.

The parameter ω¼ 4� 10�4 is set according to the literature
[21,28,72]. P1 ¼ 70 MPa controls the aging contribution to the
yield stress and therefore the maximum stress drop amplitude.
P2 ¼ 0:005 s�β controls the final value of Raðp; taÞ and is set in
order to ensure a small contribution Ra when the unpinning process
is achieved since ta starts from ta 0 and tends to tw according to
Eq. (7).

The macroscopic stress–strain curves are plotted in Fig. 11 and
are in good agreement with experiments. Tantalum exhibits a high
strain rate sensitivity and a strong temperature dependence,
whereas its work-hardening rate is relatively insensitive to these
parameters. The strong Bauschinger effect is well captured by the
model. There is only limited cyclic hardening for small strain
amplitudes, which is in good agreement with experiment. How-
ever, the influence of the strain amplitude on the cyclic hardening
(cf. Fig. 3) is not taken into account by the model.

3.3. Simulation on a full specimen

The previous identification strategy does not require any finite
element simulation on the whole sample. However, finite element
simulations are mandatory to validate the ability of the model to
capture the main features of the strain localization phenomena
associated (or not) to the anomalous yield point and its interaction
with the viscosity. Thus, several simulations on full 3D specimens
have been carried out using the FE code Zset. The mesh is built up
from 20-nodes brick elements. Simulations have been performed
using a total number of 7096 elements and 99,171 DOFs, with
4 elements in the sample thickness.

The fields of plastic strain and plastic strain rate are shown in
Fig. 12 for 4 macroscopic strain levels defined in Fig. 13. They
remain homogeneous over the gauge length during the tensile test
simulation. The absence of band initiation and propagation, which
is characteristic of other materials such as steels, results from the
regularization effect of viscosity on strain localization [77]. The
significant positive strain rate sensitivity of tantalum at room

Fig. 10. SEM image of the 350� 400 μm2 area near the right grip of the sample at
� 0:8% of macroscopic plastic strain. The tensile direction corresponds to the
horizontal direction. Red squares indicate the presence of slip lines, blue ones other
areas without bands. The arrow indicates the position of the front band. (For
interpretation of the references to color in this figure caption, the reader is referred
to the web version of this paper.)

Table 2
KEMC model parameters identified for tantalum.

E 185,000 MPa C1 360�103 MPa ρ0 1013 m�2

ν 0.3 D1 3100 P1 70 MPa
γ 0.13 C2 550 MPa P2 0.005 s�β

R0 2 MPa D2 2 β 0.66
A 3�1013 m�2 _p0 5�10�5 s�1 ω 4�10�4

B 5�1015 m�2 σ0 14 MPa ta 0 5�104 s
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temperature prevents plastic strain to localize in a deformation
band in spite of the softening induced by unpinning.

4. Discussion

4.1. Impact of sample's misalignment on strain localization

Experimentally, it has been observed in Section 2 that a
localization band can initiate and propagate through the sample.
The previous simulation on a 3D specimen does not show such a
localization pattern (Fig. 12). In order to understand the underlying
phenomena driving the band occurrence, some perturbations of
the FE simulations have been numerically tested.

Small perturbations in the experimental adjustments can
change drastically the localization behavior, while the macroscopic

response remains almost unchanged. A small misalignment of the
upper grip has been applied, representing a slight change in the
experimental setup. The main results are presented in Fig. 14.
Boundary conditions consist of a prescribed vertical displacement
of the upper grip coupled with a small horizontal head displace-
ment at the first time step. Two different values for the misalign-
ment have been tested: 200 μm and 500 μm. Such a small
displacement has already been used to trigger Lüders bands in
steels [21].

Fig. 13 shows the corresponding overall stress–strain curves.
Four maps were selected at different loading stages as indicated by
the number 1–4 in Fig. 13. The first map was chosen prior to the
macroscopic stress maximum. We can notice in Fig. 14 for
misaligned samples that plastic strain localization starts before
the end of the macroscopic linear domain. This is in good
agreement with experiment, for instance on IRT data. Moreover,

Fig. 11. (a) Tensile and (b) cyclic simulations at room temperature for _ε ¼ 10�4 s�1 to _ε ¼ 10�2 s�1. Comparison of the model with experiment.
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the microscopic yield stress of tantalum is set to 50 MPa in
the literature [43]. When the misalignment of the upper grip
increases, the strain localization becomes more pronounced.
The localization band starts from one grip of the specimen
and propagate simultaneously and symmetrically through the
gauge width.

The localization band reaches the other side of the gauge width
(map 2) at the macroscopic maximum stress. During the macro-
scopic stress softening, the localization band propagates along the
sample (map 3). We can notice that the band front is more
pronounced when the misalignment is set to 500 μm (or 11), with
a sharp strain gradient. Finally, map 4 corresponds to the begin-
ning of hardening regime, where the strain and strain rate fields
are homogeneous.

Moreover, we can notice that the shape of the macroscopic
stress drop changes: when the misalignment increases, the stress
drop becomes smaller and wider (cf. Fig. 13). The same observation

has been done experimentally, for example on the IRT measure-
ments: when the stress drop is smaller (sample 2), the band does
not appear clearly on temperature field (Fig. 5). Thus, the non-
systematic macroscopic occurrence of the localization bands
associated to the anomalous yield point phenomenon can be due
to some small experimental changes. If the sample is aligned, the
strain rate sensitivity prevents plastic strain to localize. However,
when a misalignment is imposed, the softening induced by
unpinning leads to strain bands nucleation and propagation.

4.2. Thermal field computation

A post-processing of the temperature field during straining
computation has been performed for the three samples in order to
compare the thermal fields as predicted by the KEMC model
with the experimental data from IRT. For the sake of simpli-
city, temperature changes are assumed to be induced by plastic

Fig. 12. Accumulated plastic strain (left) and plastic strain rates (right) during a tensile test at room temperature and _ε ¼ 10�3 s�1 of a 3D mesh for four different strain
levels (1–4, cf. Fig. 13).

Fig. 13. Stress–strain curves of tensile test simulations at room temperature and _ε ¼ 10�3 s�1 of a 3D mesh for three different misalignments: aligned, 200 μm (or 0.41) and
500 μm (or 11) misalignment. Selected maps for Fig. 14 are indicated on the corresponding curves.
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straining solely according to an adiabatic thermodynamic process.
Thus, this post-processing is valid when conduction and convec-
tion terms are negligible.

The thermal field computation at the surface is based on the
heat equation:

ρ _ψ þρ _T sþρT _s ¼ ~σ : _~ε ð9Þ
with ρ¼ 16:6� 103 kg m�3 being the mass density of tantalum.

Using the Helmholtz free energy ψ ¼ e�Ts and neglecting the
thermo-elastic coupling, Eq. (9) gives [80]:

ρC _T ¼ ~σ : _~εp ¼ σeq _p with ρ_e ¼ ρC _T ð10Þ
with e being the internal energy density and C ¼ 0:14 J g�1 K�1

being the heat capacity of tantalum.
Finally, the local heat increment associated to the plastic strain

increment between two time-steps is computed using the follow-
ing approximation:

TtþΔt�Tt ¼
σeqðtþΔtÞ

ρC
Δp ð11Þ

with σeq being the von Mises stress in each Gauss point between
two time steps.

The predicted thermal fields using the KEMC model can be
compared to those obtained by IRT (see Section 2.3). The mis-
alignment effect on the thermal field has been tested and is
presented in Fig. 15. Fig. 15 indicates that if the sample is aligned
in the grips, the thermal field is homogeneous through the gauge

length, leading to 1 K of overheating. If a slight misalignment is
introduced, the maximal overheating remains rather small
(o1:5 K), but the thermal field is drastically modified: the strain
localization associated to the stress drop leads to an heteroge-
neous thermal field. A localization band propagates along the
gauge length, as observed experimentally by IRT (Fig. 6). However,
the computation gives two bands nucleating near the grips where
a single one nucleating in the center has been experimentally
observed.

The amplitude of temperature change is in excellent agreement
with the experimental results of Fig. 5. This result supports the
hypothesis that the experimental setup may well be responsible
for the presence or not of propagating band, and the variable
shape of the stress drop.

5. Conclusion and outlook

Several mechanical tests have been carried out, pointing out
the anomalous yield point phenomenon, a significant strain rate
sensitivity, and the particular shape of the stress drop character-
istic of pure tantalum.

Aging and strain reversal tests have been carried out, with a
systematic anomalous yielding point if the aging time is sufficient
(1 day at 100 1C). The results indicate that the anomalous yield
point is due to strain aging, probably associated with the interac-
tion of dislocations with oxygen atoms.

Fig. 14. Accumulated plastic strain (top) and plastic strain rate fields (bottom) during a tensile test at room temperature and _ε ¼ 10�3 s�1 of a 3D mesh for three different
misalignments: aligned (left), 200 μm (center) misalignment (or 0.41), 500 μm (right) misalignment (or 11) and at four different strain levels (1 to 4) according to Fig. 13.
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The IRT measurements suggest that the anomalous yield point
can be accompanied by the propagation of deformation band with
slight strain localization. This fact is confirmed by SEM observa-
tions performed during an interrupted tensile test of noticeable
slip lines at the surface in the region of a propagating band front.
The specimen thickness seems to have a decisive influence on its
appearance.

A macroscopic phenomenological KEMC model has been iden-
tified at room temperature for monotonic and cyclic loadings. The
macroscopical response is in good agreement with experiments.
Based on 3D FE simulation, it has been shown that a slight
misalignment of the sample can lead to a drastic change of
the localization pattern in the sample. A displacement of 200 μm
(or 0.41) is sufficient to trigger a strain localization band that
nucleates at one grip and propagates through the gauge length.
The heterogeneous thermal field associated to the band propaga-
tion is well captured by the model, using the adiabatic assumption.
The conclusion is that the strong strain rate sensitivity of the
material at room temperature significantly limits the Lüders-like
behavior of tantalum even though huge strain drops are observed.
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