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Résumé :

La compréhension et la quantification des mécanismes de déformation à l’échelle locale est un élément
clé de l’analyse de l’amorçage de fissure. Des essais avec suivi de déformation ont été réalisés en se
basant sur la construction de cartes de déformation de plusieurs centaines de micromètres de côté ;
à partir de grilles constituées de plots micrométriques régulièrement espacés déposés sur le tantale
par un procédé de lithographie. Le calcul des déformations des grilles à partir d’un programme dédié
permet de quantifier l’évolution et la localisation de la déformation à l’échelle du grain ou de quelques
grains dans le cadre d’essais interrompus.

Abstract :

The unterstanding and the local quantification of surface strain distribution is a key element of crack
initiation analysis. Experiments following up the local strain distribution have been carried out, based
on the construction of several hundred micrometers wide strain maps ; and using gratings of regularly
spaced micrometric markers deposited by lithography. The strain maps are computed using a specific
routine, allowing to quantify the local strain distribution at the grain scale for different interrupted
tensile loads.

Mots clefs : Crack Initiation ; Strain Distribution ; Lithography

1 Introduction

In order to extend the knowledge of polycrystalline tantalum mechanical behaviour, a thorough study
of the physical phenomena at the scale of the heterogeneities is necessary. Thus, interactions between
the individual grains are not completely understood (for example grain boundaries, grain neighbou-
rhood effect, etc.). Moreover, the specific thermo-mechanical environment confers to tantalum an
uncommon macroscopic behaviour, caracteristic of BCC metals and mainly due to static strain ageing
effect [14, 8, 2, 3, 7].
In addition, crack initiation in mechanical fatigue can be either transgranular for “high” temperatures
and/or “low” strain rates or intergranular of “low” temperatures and/or “high” strain rates. Room
temperature lies within the transition domain between those two mechanisms [11].

The improvement of numerical and experimental techniques allows to investigate strain localization
phenomena at the scale of a few grains. Thus, it is possible to study the local strain inside the grain
or on both sides of a grain boundary. Many studies on surface strain distribution have been performed
on many materials, using various analysis methods [5, 9, 10, 15].
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The present study uses gratings of regularly spaced micrometric markers deposited by electron beam
lithography [1, 18]. This method allows an early detection of microplasticity initiation, even before
reaching the macroscopic yield point.
Our goal is to find a method which is sufficiently predictive on crack propagation.

In the present paper, the macroscopic behaviour of tantalum is first presented. After exposing the
experimental procedure, our measurements of the local strain distribution are analysed and discussed.

2 Macroscopic behaviour

(a) (b)

Fig. 1 – Tensile test at room temperature for three strain rates ε̇ = 10−4 s−1, ε̇ = 10−3 s−1 and
10−2 s−1. (a) Complete tensile test, (b) zoom on the first ten percent.

The macroscopic stress-strain response of tantalum at room temperature and for several strain rates
is presented on Fig. 1. We can notice a strong strain rate sensitivity, a sharp yield point and high
ductility. The sharp yield point is due to the unpinning of dislocations from solute atoms (mainly
C, N, O) atmospheres. Thus, an additional stress is required in order to unpin them, leading to a
macroscopic stress drop [14, 8, 2, 3, 7].
Because of this unpinning process at the yield threshold and for small strain loadings, plasticity may
localize in some favorably oriented regions, which accommodate the major part of the plastic strain.
Moreover, a strong interaction between the strain amplitude for cyclic loadings and the cyclic harde-
ning have been observed, and are linked to interaction between dislocation families [4, 11, 12, 16, 17].
These basic facts led us to the study of the microscopical underlying phenomena, through the construc-
tion of microgrids.

3 Experimental Procedure

3.1 Grid deposition

The grid is built in six successive steps [1, 18] :

– Substrate preparation : mechanical polishing and OPS finishing
– Resin depositing : centrifugation of a thin PMMA layer
– Electron Beam Lithography : modified SEM-FEG JEOL controlled by computer. Building of the

negative (mask) of the grating
– Resin dissolving by US bath
– Metallization : metal (Nickel) spraying under vacuum atmosphere
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– Development : lift-off in a solvent
Several grids have been deposited along the sample, using a specific “checkerboard pattern” shown
on Fig. 2 over 400x400 µm2, with 50x50 µm2 grids. They are composed of ”large-size“ markers of
1 µm diameter and 10 µm pitch and ”small-size“ markers of 100 nm diameter large and 2 µm pitch.
The nickel used for the metallization allows a sufficient chemical contrast for the backscattered SEM
images.
The Electron Beam Lithography method is quite time consuming for large scale patterns, and thus a
compromise between insolation time and covered surface versus spatial resolution has been chosen.
The tensile tests have been carried out using a Zwick 100 kN electro-mechanical machine. The sample
has a 15 mm gauge length and a 9x3 mm2 cross section.

Fig. 2 – Partial checkerboard pattern after 1.8% of macroscopic plastic strain.

3.2 Strain calculation

Several methods implemented have been compared. For rather small deformations and rotation, the
difference between the strain calculation methods is smaller than 10 percent.
The method presented here is the so-called ”infinitesimal strain method“ and uses the displacement
gradient [13, 19].

ε11 = U1,1 ; ε22 = U2,2 ; ε12 = 1
2(U1,2 + U2,1)

with Ui,j = ∂Ui

∂xj

For a smooth description of the strain a cubic interpolation is computed for pixels between markers.

4 Results and discussion

An interrupted tensile test divided into four steps of macroscopic plastic strain (0.15%, 0.3%, 0.8%
and 1.8% ) has been carried out at room temperature and ε̇ = 10−3 s−1. The macroscopic strain-stress
response is shown on Fig. 3. The first unloading has been done at the beginning of the stress drop. Two
macroscopic bands were visible on the polished surface of the sample, near the fillets. SEM images
of those regions show many slip bands inside the grains, whereas in the center region nothing occurs.
Moreover, some grains present many slip bands, while some other neighboring grains are undeformed
(cf. Fig. 2). This localization is due to both grain orientation and a grain cluster effect. For a better
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Fig. 3 – Interrupted tensile test at 0.15%, 0.3%, 0.8% and 1.8% of macroscopic plastic strain.

(a) (b) (c)

(d) (e)

Fig. 4 – SEM images on a 50x50 µm2 grid for severals steps : (a) initial grid, (b) 0.15%, (c) 0.3%, (d)
0.8% and (e) 1.8% of macroscopic plastic strain. The tensile direction corresponds to the horizontal
direction. Distance between ”large-size“ crosses : 50 µm, distance between ”small-size“ crosses : 10 µm,
distance between dots : 2 µm.
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understanding, EBSD scans would be very useful and are in progress.

One typical 50x50 µm2 grid 3 mm away from a fillet has been chosen. Its evolution for each strain
step is depicted on Fig. 4. We can notice that the first step is elastic, and no slip band appears. Howe-
ver, after 0.8% of macroscopic plastic strain, some slip bands appear inside the left grain (thin dark
lines). Two slip systems seem to be active, while the grain on the right remains elastic. After 1.8%
strain, the region near the grain boundary becomes completely uneven, and markers are therefore
hard to find. The right grain is still elastic, and the main part of the global strain is accomodated
by the grain boundary region. Some intense bands parallel to the grain boundary appears in this region.

(a) (b) (c)

Fig. 5 – Local strain distributions (a) ε11, (b) ε12 and (c) ε22 of a 50x50 µm2 grid at 1.8% of
macroscopic plastic strain (step 4). The tensile direction correspond to the horizontal direction.

The local strain distribution of this region is shown for the last tensile step (εp = 1.8%) on Fig. 5.
The vertical direction corresponds to the direction 1, and the horizontal one to the direction 2, which
is the macroscopic tensile direction.
We can see that the strain is localized at the grain boundary, where the local longitudinal strain ε22

can reach a value one order of magnitude higher (1.8% of macroscopic plastic strain for more than
15% of local plastic strain) : the grain boundary is finally grooved (see Fig. 4). The rest of the strain
map is close to the macroscopic value, even if the noise is rather high. Some compressive region in the
direction 1 is visible above the slip bands. It is important to keep in mind that all these measurements
neglet the out of plane strains, which can be significant for strains localized near grain boundaries.
We can notice that the lithography method and the marker’s adhesion on the substrate is completely
adequate, because no marker has been pulled out during the successive steps.

5 Conclusions

The surface strain of polycrystalline tantalum has been studied using a local measurement method,
giving a direct insight about the strain localization at the grain scale. In some region, the local plastic
strain can be rather high, even if the macroscopic strain is still low : 1.8% macroscopic for more than
15% of local plastic strain.
The Electron Beam Lithography method has been fully validated, with reliable marker adhesion and
a regular grid pattern.
The main prospect for the future is the investigation of more complex and fatigue loadings, in order
to detect more accurately the local crack initiation. In that sense, a combination with ESBD measu-
rements of the same areas would be a great improvement.
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