Proceedings, XVII IMEKO World Congress, June 22 — 27, 2003, Dubrovnik, Croatia

TC15

XVII IMEKO World Congress
Metrology in the 3rd Millennium
June 22-27, 2003, Dubrovnik, Croatia

TRACKING THE PROPAGATION OF DEFORMATION BANDS BY
MEANS OF AN OPTICAL SCANNING EXTENSOMETER

L.Casarotto®, R Tutsch®, R Ritter®, H.Dierke?, F.Klose?, H.Neuhauser?

! Institut fiir Produktionsmesstechnik, 2 Institut fiir Metallphysik und Nukleare Festkorperphysik
Technische Universitét Braunschweig, 38106 Braunschweig, Germany

Abstract — The Portevin-Le Chételier effect has been
investigated by means of an optical extensometer during
tensile deformation of Al-3wt%Mg specimens. The
propagation of bands with a concentrated deformation has
been detected and its velocity measured. A rea-time
scanning of the phenomenon makes it possible to track the
band propagation with an optical sensor.
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1. INTRODUCTION

The deformation working of metals can be subject to
phenomena, related to material microstructure, which are
undesirable since they reduce material workability and
product quality. Orange-peel and L iders bands, for instance,
are some of the better known among such phenomena. The
Portevin-Le Chételier (PLC) effect is another known
phenomenon which takes place during plastic deformation
of ductile aloys under different working conditions.
Characteristic of this effect are the so called PLC bands,
regions of the material that, one after the other, are affected
by instantaneous local deformations. The development of
such deformations is connected to discontinuities in applied
stress as genera relaxations of stress are induced. The
appearing of bands occurs often in an orderly succession,
giving rise to a real propagation of deformation along the
specimen.

The aim of our project is not just the investigation of
materials behaviour, in order to find out the process
parameters for which irregularities are suppressed, but also
to reach a theoretical comprehension of the PLC effect. To
achieve this comprehension we combine experimental work
with numerical models. A comparison between simulation
results and experimental data is carried out to evaluate the
importance of physical principlesin ruling the phenomenon.
This paper deals with the experimental part of this research
project.

With the developed measurement set-up it is possible to
determine the dimensions and conditions typical of the
phenomenon. Since the PLC effect is an intrinsically local
phenomenon, usual material test methods don’'t characterize
it completely as they provide us only with global
information. Despite that, however, few investigations are
focused on the description of the development of local

bands. They are mainly based on clip-on extensometer [1,2],
on laser extensometer [3] or on laser speckle interferometry
[4]. A laser extensometer is aready employed by our
research group with interesting results [3]. It is applied to a
tensile test machine and during a test it continuously surveys
the local deformation states of many small regions of the
specimen. The new optical extensometer, that at present is
under development, is based on the same idea, but operates
with a larger number of regions and a higher scanning
frequency. The rea-time processing of data about band
propagation will soon make it possible to move a camera
simultaneously with the band front, in order to record video
sequences of the band devel opment with a high resolution.

2. PORTEVIN-LE CHATELIER EFFECT

The Portevin-Le Chételier effect is an instability
phenomenon that afflicts ductile alloys during plastic
deformation. It can be characterized by a concentration of
local deformations that methodically succeed each other in
time and space. Consequences of these deformations are
periodical irregularities in applied force and undulations on
material surface. In case of tensile tests this behaviour is
well represented by serrations in stress-strain curves and is
evident as deformation bands on specimens. Fig. 1 shows a
stress-strain curve for our material with a detail that better
displays the typical serrations that affect most of the plastic
deformation. Force drops are related to global materia
relaxations because of the establishing of local deformation
ZOnes.
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Fig. 1. Stress-strain curve for Al-3Mg aloy at room temperature.
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Fig. 2. a) and b): tensile specimen in two successive frames of a
video sequence taken at 500fps. The figure underneath is the result
of the difference between the two pictures; contrast and brightness

have been modified to enhance the band formed in the meantime.

Fig. 2 shows pictures of PLC bands on the specimen
taken with a high resolution CMOS camera operated at
500fps. Bands are local reductions of specimen thickness
that form a fixed angle to the strain direction. Because of
their small depth, in the order of some micrometers, bands
are dightly visible and optimal lighting conditions are
difficult to obtain. However, the difference between the two
greyscale images that is depicted below in Fig. 2 reveals the
development of a new band in the time between the two
frames. According to the appearing of the regularity of the
effect and to the working conditions three types of bands
can be distinguished [5]. The so called type A bands have
regular, continuous and fast propagations al along the
specimen. The related stress-strain curve shows little
pronounced serrations. Type B bands have regular but
discontinuous propagations, i.e. the propagation proceeds
stepwise. Serrations have a much higher frequency and
every force drop is related to a propagation step. Type C
bands are completely irregular and nucleate randomly inside
the specimen. Serrations are frequent, but in the loading
phase they present a plastic part too.

A model of the microscopic mechanism of the PLC
effect is known as “dynamical strain ageing” and was
introduced by Cottrell [6]. It is based on the interaction
between dislocations and solute atoms when they have a
comparable, but not equal, mobility. Solute atoms tend to
concentrate in clouds around the dislocations and to hinder
their movement, but dislocations can break away from
obstacles because of applied stress. If solute atoms have a
sufficiently high diffusion mobility, they can recapture the
didocations, establishing in this way a state of two
deformation regimes: a fast regime, when dislocations move
freely, and a dow regime, when dislocations are blocked.
There are different models about the diffusion mechanisms
and they can take place simultaneously or one of them can
be prominent under particular conditions [7,8]. The
dynamical strain ageing, however, seems not to be sufficient
to give a macroscopic description of the phenomenon. A
mesoscopic model was then proposed by Héhner, who
introduced the long range interaction among dislocations as
anecessary condition [9].

Nevertheless, many factors, such as grain dimension,
grain boundaries, grain orientation, precipitates, anisotropy
and specimen thickness have to be taken into account and

severa investigations deal with their influence on the
appearing of the phenomenon [10-13]. There are, however,
relatively few researches focused on the investigation and
comprehension of the development and propagation of PLC
bands. Besides already mentioned works about PLC band
dynamics, other works provide geometrical descriptions of
bands; they are mainly based on roughness measurements
and on image analysis or video sequences [14,15]. Our new
measurement set-up is part of this branch of investigations
on PLC effect. At the moment it deals with the dynamics of
the effect, but the further development will try to link
morphological analysis of bands to the information about
their effective deformations.

3. EXPERIMENTAL

The Portevin-Le Chételier effect is observed by means of
an optical extensometer applied to atensile testing machine.

The PLC effect can occur in polycrystalline ductile
dloys, many of them have already been investigated. The
material we employ is an Al-3wt%Mg aloy that shows the
effect at room temperature. The specimens are cut out from
a cold rolled sheet and have a gauge length of 74mm, a
width of 4mm and a thickness of 1,5mm. They are tested
after 2h annealing at 400°C or 500°C.

Experiments are performed at room temperature with an
Instron 1185 material testing machine that has a maximum
force of 10kN and can be operated either at a constant strain
rate or a a constant stress rate. At the moment we are
employing strain rate control within the interval from 5x10°®
to 5x10“ s*, where type B bands are typical. In the future
higher velocities and constant stress-rate control will be
explored too. These are conditions for a type A band
propagation, generally faster than the type B.

Because the specimens are flat, we can use one side for
the extensometer and the other one for the video recording.
The extensometer side has to be coated with a pattern of
aternating white and black zones in order to subdivide the
specimen length into small observation regions. The width
of these zones is 1mm, that is the spatial resolution of the
system and is comparable to the width of a band. The
extensometer is a Schéfter+Kirchhoff SK1024DDE line-
scan camera whose sensor is parallel to the machine axis.
The camera can be operated with different frame ratesin the
range between 100fps and 10.000fps; currently the tests are
performed at 250fps. Because of the dimension of the
machine grips, part of the gauge length remains hidden to
the camera and just a length of 55mm can be acquired
through a 25mm/f-1,8 objective with a resolution of
61um/pixel. The captured image is a line with aternated
black and white segments. As long as deformation is
homogeneous in the whole specimen, the elongation of the
segments is homogeneous too. Whenever a local
deformation occurs, the related zone undergoes an extension
greater than that one of the others. That is the key to
determine the time and the position of an arising band.

The algorithm to identify a local deformation calculates
for each image the position of all the zones. The position of
a zone is defined as its centre-point, i.e. the middle point
between its two borders. The position of a border is
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calculated as the point where the edge crosses a given
threshold and a sub-pixel vaue is reached by means of a
linear interpolation between the two pixels whose grey
values are immediately below and above threshold. Because
of its strong dependence on the threshold value and on
image quality, the linear interpolation is not the most
appropriated method to calculate an exact edge position, but
it is highly reliable, very fast and extremely sensitive. Under
optimal lighting conditions, repeated measurements of a
stationary zone position give a distribution of values within
the range of 0,06 pixel, i.e. a standard deviation of 0,01
pixel. Since the images to process are very simple and
subject only to small changes, the precision of linear
interpolation is acceptable for our aims of position tracking.
Moreover, the position itself is not as important as its
change and the interpolation method has been proven to be
very sensitive to really small edge displacements and not to
be affected by pixel-sampling effects.

The temporal evolution of a zone position during tensile
test is shown as an example in Fig.3. The x-axis represents
the image number that is proportiona to the elapsing time,
while the y-axis represents the calculated position in pixel-
units. The specimen is fixed at one side and pulled at the
other, entailing a displacement of zone centres as effect of
the traction. The curve has a growing global trend because
the increasing pixel arrangement is in the direction of the
applied force. The presence of two periodical patterns
characterizes this curve: a set of saw-teeth until image 4800
and then a set of upward steps. Common to both patternsisa
sudden position discontinuity, which is related to the
formation of a band. These discontinuities occur
simultaneoudly for al the zones. Since the machine has a
constant strain rate, in fact, the global elongation of the
specimen due to a local deformation reduces the internal
stress. The consequent elastic retreat causes an instantaneous
displacement of the zones, but with different direction to let
the elongation occur in between: the zones before the active
region are forced back, the others are forced forward. In the
image, the zones on the left side with respect to the active
region are pulled back and their positions quickly decrease
(saw teeth), zones on the right side are moved forward
(steps). The time instant alocal deformation takes place can
therefore be identified by the occurrence of these
discontinuities. Comparing the discontinuities of all the
zones at that same moment it is also possible to determine
the related position of the local deformation. Thisis between
the two zones for which this discontinuity switches from a
saw tooth to a step shape.

In Fig. 4 the curves of three zones are shown together to
display their connections; they are shifted closer in order to
enhance the extent of jumps. The curves refer to successive
zones of the specimen: the first zone is before the second
one and this one is before the third one. The abrupt
discontinuities occur at the same instants for all the three
curves, but the switch from saw teeth to steps happens at
different moments. At the beginning all the zones have a
saw teeth pattern, then they are on the left side with respect
to the deformations. At 19,2s only curve 3 has a step, i.e.
curve 3 is now on the right side of the occurred local
deformation while curve 1 and 2 are till onits left. At 22,4s

curve 2 too is on the right of the new deformation. At 25,6s
al the curves are on the right side of the actual local
deformation. The physical meaning of this spatia and
temporal arrangement is that the local deformation
propagates from the right to the left. Thisisvisiblein Fig. 5,
a location-time map of deformation events for this
specimen. The abscissa represents the time in second and
the ordinate the position in pixels. Each point corresponds to
a deformation event according to the moment and the
location of its appearing.

This extensometer is conceptually similar to the laser
extensometer already employed by our research group. The
laser extensometer works with a scanning frequency of
50Hz and with a zone width of 2mm. The new optical
extensometer operates at the moment at 250Hz and with a
zone width of 1mm, but it has the potential to reach a
scanning frequency up to 10kHz and a zone size of at least
0,5mm. A further development takes advantages of the
possibility to run the band detection algorithm in area-time
mode: this is the basis to track the propagation of the bands
front with high resolution video sequences. In order to reach
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Fig. 3. Evolution of the position of a specimen zone in time. The
diagram refersto atime interval of 40s at the scanning frequency
250Hz. Vertical discontinuities represent the moments of band
appearing in the specimen. The overall zone displacement isalittle
more than one pixel (61um).
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Fig. 4. Synoptic view of the evolving positions of three zones.
Initial position of zone 1 is pixel 203; curves 2 and 3 have initial
position at pixel 227 and 253 respectively. They are represented

shifted close to curve 1.
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Fig. 5. Location-time map of deformation events for the tensile
test of previousfigures. A linear propagation crosses the specimen
in opposite direction with respect to the traction.

a high image resolution the field of view of a camera has to
be relative small. Because only a fraction of specimen
surface can be imaged, the camera has to be moved
synchronously with the propagating front. In our case the
dimension of field of view is about 5x4 mm?2, comparable to
the extension of some bands. The optical extensometer
provides the necessary information about deformation
position and velocity of band propagation, making it
possible to control an actuator that moves the camera.

The most recent cameras with CMOS megapixel sensor
are the most suitable ones to record the formation of the
bands. Their main advantages are the high frame rate and
the possibility to read out areas of interest of the sensor with
further increased frame rate. The image frequency reaches
up to 500Hz in full frame mode, but it can be dramatically
increased reducing the active window of the sensor. A
camera tracking of bands propagation of the bands would be
a new kind of instrument in this research field and the
capture of dynamical processes can be determinant in
revealing the mechanisms of the PLC effect.

4. RESULTS

The performed tests have shown the behaviour of the
material during the traction. Although the material had
always been tested after annealing and its state was then
always homogeneous, the PLC effect appeared with a
certain irregularity. The genera trend shows clean
propagations at the beginning, when the materia is till
dightly deformed, but then it gradually turns to a random
band nucleation. The extension of the period of regular
propagation is not fixed, it can vary quite alot, although a 2
minutes length is an indicative value. The velocity of band
front is relatively stable throughout a single propagation, but
its value can change significantly with successive
propagations. The velocity change is usualy linked to a
change in the waiting time between deformation events, that
can last from 0,5s up to 3,5s. The range of detected
velocities is in the magnitude order of some millimetres per
second, from about 1,5mm/s up to 7,5mnvs.

Fig. 6 shows a location-time map of deformation events
for atest at 1x10™* s*. Asvisible, afirst set of aligned points
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Fig. 6. Series of propagations for atensiletest at 1x10* s*
constant strain rate. Only the first propagation is regular.

1000
900 3
800
700
600

500

Position (pixel)

400

300

200

100

<+ local deformation

0 50 100 150 200 250
Time (s)

Fig. 7. Seriesof propagations for atensile test at the same speed as
for Fig. 6., but with a pre-deformed specimen. Now the extension
of the period with regular propagationsis greater than for the
previous figure, but the propagation velocities are lower

describes a clean propagation, whose velocity is 4,6 mm/s,
but the following sets are increasingly irregular. The
velocity rises to 7,5mm/s and in the last set a probable
double propagation can to be seen.

In Fig. 7 an analogous curve for a test with the same
strain rate is shown. The specimen was previously deformed
and then annealed again before the test. In this case there are
regular propagations for about 200s and the velocities are all
around 2,5mnv/s.

The time necessary for the formation of a band, on the
other side, is constantly about 0,05s. This is a really small
time and is not enough to afford a reaction on camera
movement: the camera has to be already at the position of a
deformation in order to record it. For this reason the tracking
of band formation is solely possible during a clean
propagation. Once the position and the constant velocity of
the band front has been calculated, the camera can be moved
in parallel with it. At the moment, the investigations are
mainly focused on the search for the better conditions for
regular propagations.

5. CONCLUSIONS

A new optical extensometer has been developed to map
the propagation of PLC bands in metal alloys and has been
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employed to observe type B bands behaviour on Al-3%Mg
aloy. This device has a high temporal and spatial resolution
for the detection of this dynamical phenomenon and has the
potentiality to further increase its scanning rate.

Tracking the band front with a mobile camera has been
proven to be a feasible development. Operated in real-time
the optical extensometer can control an actuator to move the
camera over the band front in order to record video
sequences of the propagation. A regular propagation is an
important condition for this application.
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