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The microstructure and material damage due to elastic-plastic strains can be investigated by means of tensile
tests in the transmission electron microscope. Owing to the non-standard specimen geometries which are
adapted to the time-consuming preparation methods, it is only possible to make conditional statements about
the stresses and strains operating in the region of observation. For this reason, a numerically based method
was developed to determine a correlation between the displacement of the specimen’s loading-fixture and the
locally operating stresses or strains observed in the material region. Here, the TEM specimen geometry is
firstly modelled using FE-software. Following this, a tensile test is numerically simulated for this geometry
by means of the FE-software and the corresponding determined stresses or strains are ascertained for the re-
spective displacements. In this way, it is possible to correlate the microstructural changes observed in the
transmission electron microscope with the local strains during the in situ tests.
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Introduction

During the innovative method of sheet-bulk defor-
mation, functional components are manufactured directly
from thin sheet [1]. The complex deformation processes
possessing high deformation levels can lead to the devel-
opment of ductile damage in the material which limits the
material's residual load carrying capacity [2]. Depending
on the level of deformation, pores form in the material
which coalesce during continuing deformation and
develop into cracks. However, a verification of earlier
stages of this pore formation, which is necessary to
successfully design a process, is only possible at high
magnifications using transmission electron microscopy.
The material's ductile damage has already been the main
focus of deformation simulations. It is fundamental for
the accuracy of the computed results to specify the pore-
volume as early as possible after their occurrence during
the manufacturing process. Hitherto, the initial pore-
volume had been defined using chemical analyses, which
relies on the total volume of precipitates. An analysis of
the actual process of pore development by means of in
situ observations in the transmission electron microscope
with the aid of a straining holder is a promising
improvement. As soon as the first cavities form, this
development can be verified. In addition to this, the
grain's crystallographic orientation can be determined via
diffraction patterns. Information about the level of
deformation, pore-volume and grain orientation thus

enables the modelling of damage development to be
improved.

State of the art

Investigations of metals' and metallic alloys' mi-
crostructures at the nano-scale has gained more impor-
tance over the last few years [3]. On the one hand, this is
because of the growing use of microelectronic and
microelectronic-mechanical systems in different fields
of electronics, automation or mechanical and instrument
engineering. These systems possess a range of new and
previously unexplored properties which play a decisive
role in complex systems. As a rule, the entire system
depends on the precision and stability of its functional
capability. On the other hand, nano-scale tests on
specimens using various types of loading permit fun-
damental knowledge in the field of metal structures to
be extended. The understanding of fundamental mecha-
nisms, which form the basis of plastic and elastic de-
formation, can be provided in this way. In addition to
this, the scaleability limits of macroscopically measured
material parameters can be determined for applications
at the nano-scale.

Numerous investigations; see for example [4, 5],
comprise of both aspects of materials science and
production technology of micro-systems mentioned
above. Metallic coatings having thicknesses of approx.
100 nm are frequently employed in the latter field. For
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this reason, experimental testing equipment based on
micro systems, which consist of such structural ele-
ments, are described in many publications [6]. The
most widely employed production process for manu-
facturing thin metallic specimens is deposition of
metal onto the surface of another material using sub-
sequent local ablation, or sublimation and condensa-
tion onto a glass surface with subsequent specimen
ablation [7]. The specimens are manufactured from
aluminium, silicon, copper, titanium, nickel [8] and
other materials. By means of such procedures, residual
stresses in the material are avoided. These stresses
occur during all mechanical processing and can deci-
sively influence the investigation's results for such
small specimens.

Tension, compression and bending [9, 10] are
the most important modes of loading for this type
of material testing. The material specimens are
frequently subjected to tensile tests. The tensile
loading enables a complete analysis to be carried
out of the elastic, plastic and strength properties
including analyses at the dislocation level. For this
reason, the specimens are mainly subjected to
uniaxial tensile loading. The difficulty here is that
it is necessary to employ special testing equipment
for introducing low forces; in the range smaller
than uN, over very short displacements. The test
results are directly dependent on the precision of
the equipment [7]. Besides this, an important crite-
rium for the test procedure is that the force must
be applied exactly parallel to the specimen's axis.
This provides a uniform stress distribution over the
specimen's cross-section. In the case of non-
parallelity, the measurement error can be as much
as 150 %, even for very small angles [3].

For the tensile test, the force and change in
specimen length are measured as initial data with the
help of suitable measuring instruments. From this data,
the stress can be computed as a function of the speci-
men strain. Thus by means of the in situ tensile tests,
the mechanical properties can be determined based on
the primary parameters; extension and stress.

In previous investigations, it was established
that it is necessary to take into account the change in
the deformation mechanism during the transition
from macro-specimens to micro and nano-specimens
[3]. This change is associated with an unusual behav-
iour of the dislocations:

Thus for example, dislocation channeling [11] in
thin metal films or dislocation starvation [12] or dislo-
cation nucleation/escape [13] is observed in sub mi-
cron single crystals. Furthermore, a reduction in the
microstructure's size can lead to unusual properties,
such as plastic strain recovery, irrespective of speci-
men [14, 15].

Therefore, a reduction in the dislocation density
can be observed in a thin specimen. The dislocations
also exit the specimen without external loading even

prior to the commencement of deformation. For this
reason, further plastic deformation of the specimen
requires renewed dislocation formation. This elevates
the metal's yield stress. It was established [7] that the
yield stress value of approx. 100 nm thin aluminium
specimens is increased by a factor of up to 60 times that
for common size specimens. Here, the Young's modulus
remains almost unchanged. Besides this, a Bauschinger
effect is observed to occur extraordinarily early. This
effect is caused by large grains plastically and not elas-
tically deforming for an identical loading. It was estab-
lished that the deformation occurred along the grain
boundaries. The deformation initially occurs at the grain
boundaries which lie at an angle of 45° to the axis of the
force application. This is caused by the maximum
stresses which occur here. Corresponding to this, crack
formation is initiated at an angle of 45° to the speci-
men's edge prior to the crack aligning normal to the
force application axis during further deformation.
Mathematical models, using finite element methods, are
frequently implemented in order to enable more accu-
rate data to be obtained and a deeper analysis of such
processes to be performed. The developed models can
usually be divided into two groups. The modelling of
the elastic deformation of the specimen holder or the
individual elements during the introduction of the force
[4, 16] and the modelling of the grains' behaviour; that
is, the deformation and orientation change of the indi-
vidual crystallites [8, 17-19].

Objectives

To assess the microstructure's development and
material damage of deep-drawing steel during the
bulk forming of sheet, it is necessary to carry out
TEM analyses which identify incipient pore forma-
tion. Although these types of tests can be performed
in the TEM by means of in situ tensile tests, it has
hitherto only been possible to partially correlate ob-
served microstructural changes with the locally oc-
curring elastic-plastic strains.

The deposition specimen-manufacturing proce-
dure mentioned above is unsuitable in the present case
since tests have to be preformed using specimen mate-
rials of engineering alloys from actual components.
For this reason, suitable tensile specimens can not be
produced for in situ TEM analyses based on usual
specimen geometries.

Instead of this, a specimen preparation method-
ology must be resorted to in which the specimens are
thinned by means of FIB milling, although this can
lead to a certain input of gallium ions, the formation
of an amorphous surface layer and to a surface
roughening [3].

To be able to attribute the microstructural be-
haviour observed in the tensile test to the specified
strain or stress state, the essential aim of this work is
to correlate the displacement of the straining holder
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with the local strains in the observed region of the
TEM specimen. Here, it should be taken into account
that depending on the preparation, the TEM tensile
specimens used exhibit a non-uniform thickness over
their cross-sections.

For this reason, the stresses and deformations
can not be directly determined by means of analytical
conversions. Accordingly, the mathematical model-
ling of the TEM tensile tests accompanies the in situ
experimental investigations by taking into account
the specimens geometric shape. Employing the nu-
merical 3D-finite element model, local stresses and
deformations are computed from the externally ap-
plied forces exerted on the specimen as a whole for
the entire specimen geometry.

Specimen preparation

In order to obtain the tensile specimen's electron-
transparency which is sufficient for observations using
TEM, the specimen preparation routine depicted in
Table 1 proved to be suitable [20].

Holes were drilled into the specimen (see
Figure 1a and 2) for securing in the straining
holder. The following procedure had proved its
value: The prepared flat specimen was located and
fixed between a steel and an acryl-glass block.
1.35 mm diameter holes were drilled in the speci-
men through a specified opening in the fixture.
These holes later served to anchor the specimen in
the straining holder.

Table 1. Preparation methodology for manufacturing electron-transparent TEM tensile specimens

No. Process step Preparation details
1 Specimen cutting e  Wire erosion of 400 um thick strips
e Cuttingto 11 mm x 2.5 mm
2 Grinding e  SiC paper
e  Abrasive grades from 500 to 4000
e  Thickness after grinding approx. 30 pm
3 Polishing e Contact pressure 15 Nto 20 N
e Rotating speed 150 rpm
e Diamond paste 6 um /3 pm / 1pm with lubricant
e  Final OPS-polishing
e  Specimen thickness after polishing approx. 20 um
4 Electrolytic polishing e  Electrolyte with 12 % perchloric acid (40%), 44 % butoxyethanol

using TenuPol-5

and 44 % acetic acid (100%)

e  Current strength 30 mA/cm? to 100 mA/cm?

5 Tonic polishing using .
Duo mill Gatan 600

Angle 5° to 10°
Polishing duration: 10 min to 15 min

5 mm

b

Figure 1. The Gatan 654 straining holder used for the in situ TEM tests: a — general view; b — holder with the specimen

a

w

b

C

Figure 2. Macroscopically discernible crack growth during tensile loading: ¢ — non-loaded specimen; b — crack growing with
increasing load; ¢ — grown crack just prior to specimen failure
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Analysis of the microstructural changes dur-
ing a tensile test in the TEM

A tensile specimen of the DC 04 deep-drawing
steel, which was prepared using the method described
above, was stepwise tested to fracture using the strain-
ing holder Gatan 654 (see Figure 1b) in the TEM
column. The deformation occurred at room tempera-
ture and with a constant displacement rate of 5 nm/s.
Figure 3 depicts TEM images of the transparent

specimen edge, which is orientated at 90° to the tensile
direction, for stepwise increasing tensile loads. It can
be determined from the images that material is plasti-
cally deformed. Indications of this are a multiplication
of the individual dislocations or their movement and
the changes in position of the extinction contours. The
horizontal separations between the microstructural
elements, measured using the images, enable the local
plastic strains in the observed region to be estimated.
The mean value is approx. 26 %.

bend extinction contour
- dislocation

a

Figure 3. TEM images located at the transparent edge of a hole and schematic representation of the widening of bend extinc-
tion contours and the dislocation movement as a consequence of the plastic deformation. Increasing strains from a to ¢

Numerical modelling

Owing to the specimen’s straining, stresses arise
in the material during the tensile test and the specimen
deforms. The microstructural changes resulting from
the straining and the crack formation can be observed
at the dislocation level by using the TEM.

Knowledge of the stress magnitudes at which the
material begins to deform is necessary to completely

understand and qualitatively describe the observed
effects. In addition to this, the associated deformation
must be known. These can be computed by using the
mathematical modelling based on finite element meth-
ods. Moreover, by modelling the tensile test of an
actual specimen enables the location of crack initiation
to be determined. Knowledge of this location permits
one to specifically observe material failure directly at
the source of failure. A comparison of the computed
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results, including the beginning of plastic deformation
and the location of crack initiation, enables the scale-
ability of the macroscopically known material parame-
ters to be verified for this type of thin material speci-
men. The scaleability is related to the emission or
absorption of dislocations since the reduced specimen
thickness is merely 50 nm to 200 nm and therefore an
increase in the yield stress must be expected. Suitable
software for modelling such a tensile test is the pro-
gram ANSYS 13.0. The program enables the plastic
deformation in the specimen, which result from the
external forces, to be computed.

To assess the applicability of this methodology,
a specimen geometry was selected that resembles the

a 00005 0,001 (m)
00025 0,00075

a

size and geometry of experimental specimens which
are used for TEM tensile tests (see Figure 4). To
reduce the computation time, only the central region
of the specimen, containing the ion-etched hole and
the flat surface, was modelled.

The surface, which was reduced by means of the
ion-beam, was modelled using conically sectioned
annular elements whose diameters reduce towards
the centre (see Figure 4). In this way, the annular
elements simulate the irregular material removal
which occurred during the ion-etching. The finite
element mesh consists of tetrahedral elements. The
element size increases with increasing flattening of
the specimen (see Figure 4b).

0,801(m)

Figure 4. Specimen dimensions (3.5 mm x 2.5 mm x 50 pm); reduced region (10 nm to 200 nm): @ — geometric model;

b — FE mesh

An elastic-plastic deformation model incorporat-
ing a poly-linear, kinematic strain-hardening was
employed for the computation. This can be used
since the deformations in the specimen are compara-
tively small. In this case, a model possessing kine-
matic strain-hardening very accurately describes the
observed process. The FE-software ANSYS em-
ployed here uses the model of Besseling taking into
account the Bauschinger effect. The material parame-
ters implemented here are based on experimental data
resulting from tensile tests performed on the DC 04
deep-drawing steel considered here. The tensile
movement was modelled by applying opposing dis-
placements as boundary conditions at the two oppo-
site specimen edges.

Simulation results

The numerical computations, based on the devel-
oped model, permit the stress and strain states to be
qualitatively identified in all regions of the TEM
specimen. Thus, for example, the evolution of the von
Mises stresses is represented in Figure 5 during the

increasing specimen displacement. The simulation
results show that plastic deformation occurs following
a cross-head displacement of 1 um and are localised
near to the hole at 90° to the tensile direction at the
outset of the test. As the deformation advances, the
plastic zones spread towards the specimen's free edges.
The result agrees with the observation of microstruc-
tural evolution in the TEM described above. Owing to
the test piece’s geometry, the deformation state is
three-dimensional. The specimen symmetrically necks
to the hole. Two rigid zones exist above and below the
hole. These zones remain barely deformed up to the
material's failure. In practical terms, this information is
helpful for introducing tags into specific low-
deformation regions of the specimen at a later stage.
Using these tags will enable the total cross-head dis-
placement to be directly and precisely measured. After
extending the specimen by 60 pm, the values of the
ultimate tensile strength and/or the fracture strain are
reached immediately adjacent to the hole's edge. This
corresponds to the conditions for which crack forma-
tion and crack growth is initiated towards the TEM
specimen's free edge (cf. Figure 1).
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The change in the equivalent strains from the
hole's edge to the free edge midway along the speci-
men was analysed at an extension of 50 um by using
the numerical computational results (see Figure 6). It
can be determined from the curve's profile that, corre-
sponding to the stress field, the maximum strain is
concentrated near to the hole. The equivalent strain is

Extension 3 ym Extension 6 um

- >

Extension 60 um

390 MPa

P
R o

Figure 5. Distribution of the von Mises stresses resulting from increasing tensile deformation

almost constant at approx. 0.22 up to a distance of 0.4
mm from the hole's edge. This value then rapidly de-
creases for larger distances. The calculated equivalent
strain deviates by 15% from the measured strain value,
which is roughly estimated from Figure 1. The plastic
deformation component dominates the elastic defor-
mation which is observed in the specimen's section.
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Figure 6. Change in the equivalent strains midway along the TEM tensile specimen transverse to the tensile direction
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The effects observed in the simulation show that
the developed model produces valuable results and
can be used for investigating the specimen's behav-
iour during tensile tests in the TEM. The model en-
ables the stress values for different extensions to be
determined at every point in the specimen. In this
way, the link between the computed data and the
microstructural changes observed in the TEM lays
the basis for an enhanced analysis of damage behav-
iour by means of in situ investigations.

Summary

The effect of the material's microstructure re-
sulting from elastic-plastic strain can be investi-
gated at the dislocation level by means of tensile
tests in the transmission electron microscope. Here,
the complicated specimen geometry, which depends
on its preparation, produces an inhomogeneous
distribution of stresses and strains which can not be
analytically computed. Moreover, the stress and
deformation fields change during the in situ tensile
test. An elasto-plastic model was developed and a
finite element software was implemented to deter-
mine a correlation between the displacement of the
tensile straining holder and the locally operating
stresses and strains in the observed material region.
The results of the numerical computations show that
the deformation is localised adjacent to the thinned
hole region of the TEM tensile specimen. The plas-
tic component of the deformation dominates the
elastic component up to a distance of approx. 0.4
mm from the hole's edge. A comparison of the
computed results with the experimental data from
the in situ tensile tests in the TEM validates the
developed model.

Individual TEM specimen geometries are to be
considered in the future for the numerical computa-
tions. For this purpose, the actual geometry of the
tensile specimen's thinned region is to be firstly opti-
cally measured using a laser microscope and then
subsequently transferred into the FE-software
ANSYS as a model.
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YucjaeHHoe MOAEJIUPOBAHUE HCNBITAHUH
Ha PaCTAXKECHUE, IPOBOAUMBIX B TPAHCMHUC-
CHOHHOM 3JICKTPOHHOM MHKPOCKOIIE

Hropubeprep @., Cronbuenko M., I'puaun A.,
I'epmreiin ., ®acemans ., [llanep M.

W3meHeHus] MUKPOCTPYKTYpbl U paspylIeHHe MaTe-
pHana BCIEICTBUE YNPYro-IUIaCTUYECKON aedopma-
LIMA MOTYT OBITh HMCCIEIOBAaHBI IPU HCIBITAHUSIX Ha
pacTsbkeHHe B TPAaHCMHCCHOHHOM DJICKTPOHHOM MHK-
pockorie. Benenctsue HecTaHmapTHOH GopMbl 00pas-
OB, OOYCIIOBIEHHOW METOIMKOH WX H3TOTOBJICHUS,
HEBO3MO)KHO TOYHO OIPE/ACTUTH 3HAYCHUS HAIpsDKe-
Huil U gedopmanuii B HabIroAaeMoil obnactu. B cBs-
3M ¢ 3THM ObLIa pa3paboTaHa MaTeMaTHYecKast MOJIEIb
JUISL TIOJIYEHHWS! MPH IIOMOIIM YWCIEHHBIX METOJOB
COOTHOULICHHS MEXIy YUIMHEHHEM o0pa3lia U Harmps-
KEHUSMU U J1eOpMalUsMK, BO3HUKAIOUIMMH B 00-
nactu HaOmroneHws. [Ipu momoru 10 Ha 6a3e MeTozna
KOHEUHBIX JJIEMEHTOB IIPOBEJCHO MOIEIUPOBAHUE
n3MeHeHust (popMbI 00pasla MpH €ro PacTsHKEHHH, B
pe3yJIbTaTe Yero IMojydeHbl 3HAUCHUS HAIPSDKEHUH 1
nedopmaryii, COOTBETCTBYIOIIMX  OIPECICHHBIM
miaram yuiiHeHusi. Takum o0pa3oM MOXKHO COIOCTa-
BUTHh M3MEHEHUS! MUKPOCTPYKTYPHI, HaOIIOaEMbIM B
o0pasie B X0/ie MCHBITAHHUS HA PAcTsDKEHHE B TpaHC-
MHUCCHOHHOM DJIEKTPOHHOM MHKPOCKOIIE, C BEJIMYH-
HOH JIOKaJIbHBIX Ie()OpMaLIvii 1 HANPSKEHUIA.
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