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Abstract

The optical method Digital Image Correlation (DICktmeen extensively
studied due its capability to measure the entispldcements field over a body
surface. This particular propriety makes this mdtan optimal tool to measure
heterogeneous displacements and strains.

The main points of the thesis are the proposalraieel technique capable to
prepare a fully controlled speckle pattern on metiafaces and the discussion
of the speckle pattern parameter which influenbeLxIC final results.

The technique proposed for speckle pattern geoeréativery easy and fast to
make, economic, reliable, flexible and does notiesg specific devices. It can
be employed also with small specimens where odamiques show the main
limits.

Thanks to the possibility to obtain a fully contedl pattern, the technique is
used to define which parameters types ( size dblek spots, spacing between
them , quality of images etc) are preferable tolegnduring DIC.

Additionally, the proposed technique was appliedreate the pattern on tensile
test specimens in order to analyse the strairfiédl of welded metal samplings
with different materials.

Keywords: digital image correlation, speckle pattern, optiation, pattern
generation, mean intensity gradient, displacefdefdrmation measurement,
tensile test, welded samples.
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Sommario

Digital Image Correlation (DIC) € uno strumento dsara ottica non invasiva
che permette la misurazione di spostamenti e defmioni su superfici.
Ampiamente accettata e comunemente utilizzataameliito di prove meccaniche,
guesta tecnica si basa sui valori di grigio di un'immagine digitale dai quali puo
determinare la forma e gli spostamenti tridimenaliodi un oggetto sottoposto a
sollecitazione (termica o meccanica).

Nella tesi viene proposta una nuova tecnica dizeatione di pattern
applicabile su oggetti metallici, molto facile daee da utilizzare, economica,
affidabile, flessibile, che non richiede particoEccorgimenti per la sua
utilizzazione e puo essere utilizzata su campiopiatole dimensioni dove altre
tecniche mostrano i loro principali limiti.

La presente tecnica € stata utilizzata durantgoumea di trazione per la
misurazione di un campo limitato di deformazior@rispondente ad una zona
di saldatura su diversi provini in acciaio (acdisVIP e Q&P).

Inoltre, grazie all’ottimo controllo dei parametiiirealizzazione del pattern (es.
dimensioni e passo dei blobs, qualita dell’ immagcc), tale procedimento &
stato utilizzato per la determinazione dei valdtineali dei parametri per
ottenere misurazioni piu accurate possibili.

Parole chiave:digital image correlation, speckle pattern, otizaizione,
generazione di pattern, mean intensity gradiergurazione di
spostamenti/deformazioni, prova di trazione, progon saldatura.
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Chapter 1

Introduction

In the last years optical measure systems havegaifisant technologic
development and availability.

They are employed more and more in non-invasivasoements.

Many optical methods have been developed for thapgse, such as optical
interferometry, high-resolution moiré and cohergmadient sensing digital
speckle correlation method (DSCM)[1], texture catiein [2], computer-aided
speckle interferometry (CASI)[3] e electronic specghotography (ESP)[4].

In 1983, Sutton from the University of South Caraliproposed a technique,
called digital image correlation, enables to cdltbe full field displacement[5].
Digital image correlation (DIC) is a very powerfalol for tracking and image
registration techniques for measurements of chaimgesages.

The idea behind the method is to find the displas@nfield of the specimen,
tracking the deformation of a random speckle patsgplied to the component
surface in acquired digital images.

Mathematically, this is accomplished by finding tiegion in a deformed image
that maximizes the normalized cross-correlationresamith regard to a small
subset of the image taken while no load is applied.

By repeating this process for a large number ofstd) full-field deformation
data can be obtained.

Widely employed in many areas of science and eeging, DIC requires that
different processing parameters have to be tunedetothe best result; the
performances and the uncertainty of the DIC techaigtiongly depends on
some processing parameters, as well as on somdragpéal conditions.

In particular, this work wants to get into detafl speckle pattern type and
parameters( size of the black spots, spacing betiesn ,etc).

Generally speaking, the speckle pattern on teshgeicosurface can be either
artificial or natural (i.e., the texture of the ebj surface) achieved.

Among the most common methods for pattern appboatihere are self-
adhesive, pre-printed patterns, stamps and applicaf paint speckles with air-
brushes, spray cans or brushes.
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Figure 1.1 Example of artificial pattern nowadays sed in digital image correlation

The importance of the pattern type and size istduibe fact that, to obtain a
reliable and accurate matching, each subset mughioosufficient intensity
variations to ensure that it can be uniquely ancuiately identified in the
deformed image.

So that, the quality of the speckle pattern isalpsorrelated with the measure
errors[6,7,8,9].

Using the DIC technique, the displacements accumcylifferent speckle
patterns may be change even if taking constanbther parameters.

Today an open question is which is the best paitewrder to obtain the best
result.

So that, how to assess the quality of the spectéeqm is undoubtedly an
important but confusing problem to the users of DIC.

Various parameters are proposed in order to sthdyirtffluence of speckle
patterns: they are partitioned in local and glg@abmeters.

Local parameters, such as the subset entropy prdpgmsSun and Pang [8] and
sum of square of subset intensity gradient (SS$IGposed by Pan et al. [9],
assesses separately the local speckle patterntygoéleach subset which is
limited to the quality assessment of the local Egeqattern within an
individual subset.

On the contrary, global parameters give an overvava given speckle pattern,
taking as hypothesis that the pattern is uniformigtributed on the entire
surface.

Recently, a coefficient is used by Lecompte [BJoider to determine the mean
speckle size of a speckle pattern. But this paranptsents several poorness
points:
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First, the concept of speckle size, which was paged from laser speckle
technique ,cannot be directly used for some digitedges of the specimen
surface.

Second, the use of mean speckle size for qualggsssnent of speckle pattern
seems to lack a substantial theoretical foundation.

Third, the computation of mean speckle size usmage morphology relies on
the practitioner’s subjective experience.

So that, another global parameter is taken intcidenation to give a quality
assessment of the entire speckle pattern :the mearsity gradient [10].
Different with the mean speckle size, the meamsitg gradient is based on the
theoretical model derived for quantifying the aemyr and precision of
measured displacements using DIC, and thus hastkelidetical basis.

But another problem is arisen: knowing in theory ahhis the best obtainable
speckle pattern, it is needed to know how to make i

Actually, a series of techniques exist for makingp&ckle pattern on surface.
But most of all of these techniques can not be p#yfeontrolled.

The purpose of our work consists of individualisagiew kind of technique
able to make a controlled speckle pattern.

Then, on a real experimental test the novel kingatfern will be applied; some
final considerations will be taken according theafidata.

Due to the controlled pattern, a validation/dem@igtn of MIG’s coefficient
will be explained inside this thesis in order t@lenate the pattern quality.

1.1 Brief work description

This work is partitioned in other six chapters:

-the second chapter gives an introduction of digmage correlation technique,
focusing on the speckle pattern realization tealesognowadays adopted.
Moreover, a speckle pattern quality coefficientlexhl the mean intensity
gradient (MIG) is described in detail and it wi# nsed in sixth chapter.

-the third chapter illustrates the achievement @doce of the new pattern
creation technique.

The idea is taken from an homemade printed elect@rcuits:

Similar to the technique for transferring the dasigpn a t-shirt, it is printed
(reversed mirror) on transparencies with laserterior copier and moved with
the electric iron.

In order to reach the best result, all the attengftsuccess and failure are
explained.

-the fourth chapter describes the procedure ofsassent of MIG’s coefficient
using our “controlled” technique. In brief, the plscement field of a series of
patterns with different prefixed sizes is translatnd computed with DIC; a
comparison with the final achieved results of epatiern is carried out with the
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exact imposed displacement. Knowing that, the randerror (standard
deviation) of the measured displacements is clasdsted to the mean intensity
gradient and to the used speckle pattern [10],dsta@hdeviation will be our
parameter for matching different patterns.

We want to evaluate the behaviour close to the mglcegion. Due to the small
welding width, the highest achievable points are guiority. Therefore, the
smallest reachable speckle pattern is the goal.

-the fifth chapter consists of tweaking a real ekpental test (a tensile test)
adopting the novel pattern method with DIC.

The samplings are four dog bones with a welding imthe middle.

The sampling materials are Q&P steel for two ofhend TWIP steel for the
others.

-the sixth chapter explains the obtained resulisnd the experimental test,
focused on the calculation of Young’'s modulus tteinges due to the variation
of material composition. Other relevant aspectbaoborne in mind are the
position of breaking point respect to the weldingeland the strains reached
along all the pieces.

- the last one will illustrate all the most impartaobservations effort in this
thesis.
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Chapter 2

DIC technique

In this chapter various fundamental concepts fgitali image correlation are
presented.

Digital image correlation (DIC) is a very valuableot for full field
displacement measurements. During its utilizateyeral parameters have to
be set in a DIC measurement, namely, speckle sidedansity” correlation
criteria and algorithm of optimization, subset ¢orrelation window) size, pitch
or subset overlap, gray level interpolation, etc.

The parameter of speckle pattern realization gaemxed in detail, focused on
the most commonly used technique approaches.

In order to determine the quality of different Shlecpatterns according the
order of measures resolution and accuracy, a coeitiis used and explained in
detail.

2.1 DIC overview

Digital image correlation is a kind of technique nooonly used for

displacements and strains field calculation cowadp to a specific image
taking as a reference and the same image subpeatkainge (displacements,
deformations, creations of new compounds...) .

DIC applications are so wide in so many fields:industrial process control,
automatic license plate recognition in parking gas biological growth

phenomena, geological mapping, stereo vision, vidEmmpression and

autonomous robots for space exploration.

As a typical non-interferometric optical metrologgth distinct advantages of
simple experimental set-up, low-requirement on expental environment and
wide range of applicability, the DIC technique hasem widely used for

deformation and shape measurement, mechanical pteentharacterization as
well as numerical, experimental and theoreticatsnealidations.

2.1.1 Fundamentals of DIC

The principle of DIC is based on an utilization oégscale colour in a distinct
area/surface converted in pixel that, after defdionais subjected to a variation
of displacement in all the points. An fundamemisdumption is the variation of
grey scale during deformation has to be slow.
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The procedure consists in recording with camerasesdigital images of a
specimen undergoing a mechanical transformation asthg an image
correlation algorithm, the strains are going tachkeulated.

Object
under test

Calibra-
tion

&
|
%

-

-

Figure 2.1 Schematization DIC procedure
The purpose is the matching of the same points dmtwwo images recoded
before and after deformation.
The two images are called “reference image” andotieed image” which
during the measure procedure, are mapped.

0 x
LITTRTRTTT IR
P, v [ I Displacement vector
v
- 1
‘ -
t L F (xa".¥a')
Subset di riferimento O‘T"-"‘JI
Target subset Q'xi', )
Feference mage Deformed image

Figure 2.1 Scheme of reference subset and the sabafter deformation

The method provides a subdivision of reference emeo rectangular areas
called Region Of Interest (ROI).

It is then provided to search for in the imageshef specimen deformed areas
that have the greater similarity with each of thel ROthe original image. In
fact Generally, it is not possible to find a matoha single pixel of an image in
another image; typically the gray value of a singbeel in fact can be found in
thousands of other pixels in the second image dmetis no univocal
correspondence.
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2.1.2 Algorithm description

In digital image correlation algorithm, to estahlicorrespondences between
two images, numerical techniques are used to logataitially square image
subset in a reference image within an image takeleuload.

The centre of each subset (Point P in fig 2.2 witbrdinates x0 and y0 ) is
marked in order to provide a reasonable resuleims$ of displacement for the
entire ROI.

To assess the similarity degree between the refersnbset and the deformed
one, it can be used different correlation coeffitse

The coefficients most commonly used are:

-the sum of the absolute value of the differen&Y)

-the sum of the squared differences (SSD)

-the cross-correlation (CC).

In the first case the better correspondence isesedi by maximizing the
function while in the last two minimizing[11].

Being the marker the geometric centre of the sultisist]ast provides sufficient
information to the tracking algorithm in order tbtain a unique and truthful
correlation. The cross-correlation between refezesuied subsequent subsets of
(2M + 1) X(2M + 1) pixels is based on the Zero-mddormalized Sum of
Squared Differences (ZNSSD) correlation coefficient

\/;Mi;ﬂ(f(x’y)_fm) \/i:ZMi:ZM(Q(X',y')-gm)

where f(x; y) is the gray intensity at coordinafgsy) in the reference image
(undeformed), g(x0; y0) is the gray intensity abmbnates (x0; y0) in the

deformed image and are, respectively, the mean\grayes in the reference and
deformed subsets. The ZNSSD correlation coeffiaeimsensitive to the offset
and linear scale of illumination intensity offering robust noise-proof

performance[13].
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In order to allow the deformation of the subset gmerefore improving the

correlation, different shape functions ( mappingditions) may be used. In the
present work, the reference subset is mapped ttatiget subset by a second-
order mapping function:

X'=x+0=x+u+uAx+u Ay

N (2.3)
y'=y+v=y+v+v Ax+v Ay

where u and v are respectively the x' and y dimdl displacement
components of the reference subset centre, uxyxiyyyy are the first-order
displacement gradients. The algorithm minimizes #MSSD correlation
coefficient CZNSSD, solving a set of six non-linefamctions, where the
minimizing arguments, solution of the minimum prl correspond to the
unknown parameters.

p=fu v w w w Vv (2.4)

The set of equations is solved using the iteratige/ton-Raphson procedure:

P=p, —DCLSD(F)O) (2_5)
D l:|(:ZNSSD( pO)

where pO0 is the initial values of the squti%CZNSSD( Po) and HOC2uss0(Po)
are, respectively, the first and second-order d#éries of the correlation
coefficient respect to the unknown paramepers

This algorithm is highly recommended for practicede due to its higher
accuracy, stability and application [18]. More dlstabout this digital image
correlation algorithm and shape functions can hadoin the works [19] and
[10].

2.2 Speckle Pattern

The measured displacement results are influencetidyneasurement system,
the lighting conditions and the speckle pattern.

The utilization of DIC software has needed of a wmmsiing pattern on the

surface of the test specimen.

The object surface exhibits certain proprietiesl@red below:

-the surface has to be isotropic in order to avegistration problems.

So that the pattern has to be non-periodic ancetbwe it has needed of a
random texture.
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-the surface has not to have a preferred oriemtatia to exhibit a bias to one
orientation
-the surface has to present an high contrast

Repetitive Low contrast Anisotropic

Figure 2.2 Example of patterns with proprieties tobe avoided
2.2.1 Black vs. White

While we refer to these patterns as speckle patteéhe software only sees a
contrasting field; the speckles themselves aretm®tanalysis unit. So, white

speckles on black can work as well as black spsaktewhite, or a high-quality

pattern may consist of neither.

2.1.2 Techniques

The following paragraph describes some methodewftb make pattern [12].

Spray paint

The most common diffused technique for applyingpeckle pattern in DIC is
with ordinary paint.

Paint can be used with any intermediate-sized spatithat will not be
chemically affected by the paint, nor stiffeneditoyhis is usually exploited for
metal, ceramic, and composite specimens from 25ont25m.

Typically, the surface is coated with white pamtoirder to achieve the gradient
between the background with the paint.

Coating has to be very light on the surface; thathg, heavy coats may lead to
drips which, during deformation ,may give wrongasir information on the
surface.

The speckle coat with paint should be applied after base coat becomes at
least tacky.
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For smaller patterns, simply spraying the paintclyi past the surface in a
sweeping motion can give a good speckle size.

For larger fields, larger blobs must be producduds Tan be effected by either
modifying the nozzle, or throttling the spray. Geféective technique is to place
the surface horizontally, and spray over it. If #pFay nozzle is barely pushed
down, large blobs will come out and fall on theface; the finer mist will spray

over the surface, leaving a good, coarse pattern.

Figure 2.3 Example of painted speckle pattern

Toner

For very small specimens, a very fine pattern caaplied with toner powder.
This method works well for small samples (smalleart 12mm). For this
technique, the specimen should be coated whiten, Ttomer powder can be
blown with a small lens blower, or by mouth, ortie surface.

Lithography
For extremely small specimens, patterns can betetteaith lithography or

vapour deposition. The pattern below is chromelasggand the field of view is
500 microns.
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Printing

For medium through large panels, printing of specigatterns can be very
effective. This technique has been used with spsgsrirom (25mm) through
(4m).

Raster speckle patterns can be generated and pointpdper or vinyl appliqué.
For specimens that will strain, vinyl is recommehd&he pattern may be
generated in software; printed using a laser priatecommercial roll plotter;

and applied to the surface. The pattern below wawdeol on a full-sheet laser
label.

Stencils

For very large specimens, a stencil can be empléyadll or spray a perfect
speckle pattern. Stencils can be made from thigl wiith water or laser cutting
techniques.

Ink

For some specimens, ink placed with a marker oad technique. This

technique affects the surface minimally, and allomsasurement of very high
strain. The ink can simply be dotted onto the swfavith a marker. This

technique can be very time consuming for largecispens.

The pattern below was placed on a (12mm) wide dowgebThe specimen is
displayed before and after deformation; the cotieiawas successful at strains
up to 400%.

Grids

While grid patterns are neither necessary nor aggtfor DIC, they may be used
with caution. Initial guesses must be selectedfaliye with a nearly-perfect
grid, it is possible for DIC to find a good matclatlis actually off by 1 or more
grid spacing. In addition, the subset size musiabge enough that at least one
grid intersection is always contained.

Projecting

For shape measurements, a speckle pattern mayojexted onto the surface
using a computer and front projector. For this radthroom light should be
controlled to give high contrast.

Note that because a projected pattern does notagtaya moving surface, this
technique is only useful for shape measurementpl@iements may not be
accurately calculated.
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Titanium powder

Titanium powder of about fim particle size was mixed with plastic liquid
(Collodion, 2% in amyl acetate) and then appliethtospecimen surface. When
the liquid was dried, a plastic film with randomttean was formed on the
specimen surface.

It is very flexible to deform with the specimen afmunly stuck to the surface,

even under very large deformations. The densitgasficle distribution on the

surface and the thickness of the plastic film cdaddcontrolled by changing the
particle density in the liquid.

Metal film coating [23]

The process is used in nanoscale patterns ontonpoly and metallic materials .

Thin films of metallic materials, including gold @rsilver, are applied on a
surface through simplified UV photolithographic tmed. Then, exposing the
piece in nitrogen atmosphere saturated (with aipusvsampling heating), a
creation of a random pattern occurs.

This technique gives good results in hanoscalerdefton.

It can be made only in laboratory; its settlingeim quite long and also its cost
IS expensive.

It is necessary to have specific equipments (phbutgraphic device) and

computing resources to be performed.

Electron-lithographic technigyé3]

The electron-lithographic technique is used foraswing microscale and
nanoscale.

Developed by Pinna [14], it consists of an elestasitive resin deposition and
successively heating at 140 °C for 30 minutes ireotd obtain the adhesion of
the resin with the sampling.

Then, the resin is irradiated with the electronnbeaf a scanning electron
microscope (SEM), following the pattern. The iretdd line is removed

through a specific solvent (Figure 2.6¢) and susige$/ the surface is exposed
electro-etched using a solution of 40% HNOS3 . Atteemical resin dissolution,

the final result is a removal of a thin layer oftaleon a sample in order to
obtain a pattern.

This technique gives good results and it is colatiode.

But it can be made only in laboratory; its settltmge is quite long and also its
cost is expensive.

It is necessary to have specific equipments andpating resources to be
performed.
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Phases of electron-lithographic technique

LT
(s

— /’

SEM
electron
beam —|

Figure 2.5 Electron-lithographic technique

2.2 Mean Intensity Gradient Coefficient

As it has already said in Chapter 1,a global paramgttaken into consideration
to give a quality assessment of the entire spquktiern [10].
Mean Intensity Gradientdf ) is defined as :

J, = ii‘ﬂf ()] /(WxH) (2.6)

i=1 j=1
Where W and H (in unit of pixels )are image widtid height of an image,

0f (%) =/ £, + £,{x; ] is the modulus of local intensity gradient vector
considering the derivatives at pixel along x ardiryctions(fx(xij ) fy(xij ))

Knowing that, the mean intensity gradient (MIG)aiglobal parameter strictly
related with the local parameter SSSIG[8], it candetermine an approximate
formula as

\/ZN:ZN:[fx(Xij )]2 ON %9 (2.7)

i=1 j=1
With NxN the subset dimension.
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Taking fixed subset size, it has been seen that Md@es only in inverse
proportion with the bias error and the deviaticanstard.

Since the mean intensity gradient is a effectivabgl parameter to assess the
quality of the whole pattern.

In this work, only filtered images are used andhs the bias effect can be
neglected[21]. In order to obtain that [22], propdise use of low pass image
filters: such a filter can be applied during thege acquisition defocusing the
camera optic or by means of digital filters on #loguired data.

Due to the strong relation between MIG and stahdiviation, in our work,
this last one will be calculated.
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Chapter 3

Speckle pattern realization: an innovative
technique

3.1 Purpose

Based on the modern DIC technology the object suriaegls to be prepared in
order to obtain a sufficient signal to noise ratiothe surface to be analyzed
The most popular state o the art techniques toumedhe pattern include,
spraying paint and coating [12].

These techniques are commonly accepted as gooddseti pattern creation
for DIC technology but, in terms of size positioney create a random patterns
quite difficult to be controlled. This can bringnse problems in local regions.
Indeed, a non-homogeneous blobs distribution mapdia and alarming events,
such as big drops formation in specific zones, terealow gradient of gray
scale. In such zones the DIC code , has difficulfye@en can not calculate the
exact value.

The chapter describes a new methodology of remlisaf a pattern technique
able to be controlled and easy to make.

The first preliminary considerations are that thgrocess has to be easy,
replicable, reliable and the final result should depend on the human factor
(for instance, different users who handle the asbhrmay make different pattern
results).

Moreover the technique should be flexible in orttechange the scale blobs
according to the different scale of utilization.

Ordered pattern

Slight random pattern
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oooooooooooooo

--------------

--------------

--------------

--------------

--------------

--------------

.............
.............
ooooooooooooo
-------------

.............

.............

-------------

ooooooooooooo

.............

Figure 3.1 Ordered and slight random pattern
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An aspect to remember is that we do not want taiok#n ordinate grid, but an
controlled grid:

having a regular grid, might induce the ambiguitsolpem in the DIC

computation; therefore, the points will have to slegghtly randomized to

indentify the uniqueness of each ROI( fig.3.1).

In this thesis a procedure to generate a predefaret controlled pattern is
proposed.

3.2 How to make it

The used technique is based on a laser printingfiforthe pattern is applied on
all samples ironing on it a paper previously prhltyy common printer.

1* phase. Drawing of the pattern by PC

2™ phase. Printing on the sheet

3" phase. Ironing

4" phase. Removing the sheet from the sample

Figure 3.2 Summary of procedure
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3.2.1 Choice of paper type

First of all the appropriate kinds of paper for {n&pose must be chosen. 3
types of papers are available.

The intrinsic proprieties of paper should be:

-It has to be a very good “ink transportation wé&gm the printer to the sample;
in fact during the printing phase, the ink has ¢éodeposited on the paper and
then released on the sample.

- During the printing phase, the ink has to be dépd without being absorbed
by paper.

- After printing the ink has a high temperatureyighthe sheet must not be
deformed or ,even worse, weld inside the printer.

-the sheet has to be smooth in order to have arroajdact area with the metal
surface where it leans.

The first tested material is the common printiager.

The problem is that it absorbs a part of ink arehtit becomes impossible to the
ink to deposit.

The second type is photographic paper; it is a papeet covered with plastic
on only one side.

In printing phase it is a good material but, uniagtely, the below problem
rises up during the ironing phase:

The removing of the paper stuck to the sample #fierelectric iron can not be
done manually; sample needs to be put inside a bbwhter so that the paper
becomes softer and the removing becomes easier;

This operation works very good only with patterrving big circles (with
diameter >0.8 mm) but with smaller ones it is ucpcal.

The last type of paper is a plastic sheet alwagsd us photography.

The printing remains with an appreciate fining anth a good contrast between
the spots and the background .

There is not even the problem of removing usintgewa

3.2.2 Application time

First of all the tests are carried out on alumingamples.

The time influences very much the final result:

If the piece is subjected for a short lapse of tintee pattern does not result
homogeneous and o a part will be deposited on it.

On the contrary, for a too long time, since thehhigmperature reached from
electric iron (about 120 °C), the plastic sheet mmesjt.

Unfortunately, time varies due to the dimensiorma:sbigger it is, much time it

is requested to have an adequate temperature én taranelt the ink; moreover

time also depends on the material and its own daypaicthermal diffusion.
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By the way, for the used aluminium samples, themeded time is around 2
minutes and 30 seconds.

3.2.3 Pattern shape and size

The best choice of the shape on improving the gradif contrast for the DIC
technique is circular shape: they are easier t@aksed by a printer.

Another aspect to be considered is the technighaweur due to different sizes
and steps of dots in the pattern; for this reasshegt is made with a series of
dots with diameter from 0.05 mm to 1mm and with iaoremental step of
0.05mm.

Actually the distance from the dots is not consdeand so the dots are simply
drawn so that they can not touch each other duhi@groning.

For the following experimental test (see Chapteth®) dot size wants to be
further on decreased in order to work on small gsecAfter that, an
optimization of step is performed.

--------
-----------------------------

il
i

Figure 3.3 Series of pattern(diameters from 0.05mro 1mm with step of 0.05)
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3.2.4 Printing phase

The printer is a laser printer named Lexmark T@62

In order to get the best result , some tests ane.do

The first tests are done to optimize printer penance. First of all , default
options are used:

The result gets better with circles having big disiens; using a magnifying
glass, a worsening with small size is noted.

Thus, “improvement of thin lines” option is chos@ttaining an improving of
the boundary in any dot; but there is not a sulisachanging concerning the
difficulty of printing small dots.

A further verification is performed changing th@¢o intensity.

Toner Intensity:6 Toner Intensity:7 Toner Intensity:8

s ann
33333838 SHGE  s3mmimss

Figure 3.4 Proves at different intensity toner

As it can been seen, the best toner intensity foateern with small size is 7.
The last aspect to be observed is that during ipgntin case the time that
elapses between the tests is long, the toner Hassatoevery time.

If it is necessary to print only one sheet, it prefto make two sequentially
printings in order to have a better result in theasd one.

(the ink is more liquid due to the previous shewet 80 it uniformly deposits).

3.2.5 Application on the piece

For the ironing a common electric iron at the maximtemperature (around
120°C) is used.

Some notices need to be taken into account: itatepble that the surface of
deposition is straight as much as possible especiath big dimension dots;
because they are more far-between and there issabiy that some circles do
not stick.

Another aspect to be kept in mind is to put a clbween the electric iron and
the sheet: the plastic tends to paste and melherhot plate making the dots
transposition impossible.
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Last thing, the surface has to have a low roughbesause the plastic sheet can
not follow the crest of the piece.

3.2.6 Contrast

To make DIC working in the best way, ROI needs t@iewith the contrast as

high as possible (DIC works with the gradients);tlsat the best contrast of

colors is obviously white and black. Generally thetallic surfaces have a grey
coloration; in addition, as it has been already toeed above, the surface must
be smooth; but this makes it reflective.

For solving the problem, a white layer of enamefaiht is applied on the zone
of the aluminium pieces.

This makes the area smooth but not reflective.

Figure 3.5 Aluminium painted sample

This solution does not give an efficient resule grattern does not paste with the
zone due to the paint.

Another solution is the utilization of titanium dide (TiO,): it makes the
surface white, not reflective, it does not pastethe piece (it is a simply
superficial deposit) and it can be removed easiggia cloth.

For the application of titanium dioxide a airbrushused taking into account that
the surface has to have an homogeneous coloration.

But also this technique can not exploit: the surfaogered with titanium
dioxide is just a light patina that can be remowatth the slightest touch; with
the ironing no blobs remain on the sample.

Hence other methods have been thought in orderdm & interpose a foreign
substance between the ink and the piece:
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-One method consists of grinding the pieces anchaking the application of
small dots easier; but it makes the area too refle¢fig.3.6).

Figure 3.6 Sample too reflective after grinding

-Another method consists in heating the piece latively low temperature ( so
that the intrinsic proprieties of material do nbanoge); in this way a changing
of coloration on the external surface is obtained.

Putting the samples inside an oven (some testsdare changing the
temperature and reaching a maximum of 400 °C ( fig Bie exposure time is
really short.

The colour tends to yellow and therefore the catirecreases respect to grey.

Heating at 250°C

Heating at 400°C

Figure 3.7 Colorations at different heating temperéures
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As it can be seen, the surface is still reflecéimd this solution is discarded.
Another solution is sandblast.

The piece becomes mat and there are not otheraswest to grasp the ink; the
background is clear grey but sufficient for a g@odtrast with black. Moreover
dots stick in any dimension.

Further advantages are a short setting time, a peagtical and availability
technique.

Therefore sandblast is the best method adoptedhisrpurpose(before the
ironing).

Figure 3.8 Sample after sandblast

3.3 Pattern improvement

The minimum pattern diameter reached is @ 0.1 mm.

The application of Controlled Pattern Techniqupasformed on small pieces.
Therefore we want decrease the dots dimensiorstap] in order to use the
technique in small applications.

The first idea is to employed a plotter insteadagfrinter in order to have a
major resolution.

In fact, plotter can easily reach a 0.01mm resofuti

But the plotter has the inconvenience of using gewdiht kind of ink that it is
impossible to melt.

Another idea consists in lithography printing; tteslution loses resolution
especially with small dots and so also this isalided.
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Figure 3.9 Lithography printing

After these attempts, an optimization of printirgy darried out, most of all
focusing on the drawing:

Until now, the pattern is realized by Matlab cocel dhen visualized by Word
Office software.

As it can be seen in fig 3.10 ,when the dimensioinesircles become smaller,
there is already a loss of information in the fgtp of the procedure (drawing).

J= 0,2 mm J= 0,1 mm
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Figure 3.10 Effects after dimensional reduction byffice Word

This happens because Office Word is not a vectitwace.
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3.3.1 Vector graphics

Vector graphics is a technique used in computegptgea to describe an image.
In vector graphics the image is described by aoEgeometric primitives that
define points, lines, curves and polygons to witiclors and even shades can be
assigned. It is radically different from raster s as raster graphics images
are described appropriately as a grid of colored xelpi
The main advantages of vector graphics versusrrgsiphics are the following:

* ability to express the data in a form directlydarstandable by a human being;
* ability to express the data in a format that sakg less space than the
equivalent raster;

* ability to arbitrarily enlarge the image, withdetding to a loss of resolution
of the image.

On the contrary, the main disadvantage of vectaplgcs versus raster graphics
is that the creation of vector graphics is not @mifive task as in the case of
raster images. The vector programs have many todbe fully exploited that
require different skills.

The vector graphics, as defined by mathematicalagops, is resolution-
independent, while the raster graphics, if it ilaeged or displayed on a device
with a resolution greater than monitor, loses de&din. A line which runs
transversely in a screen using the raster graphictored as a sequence of
colored pixels placed to form the line. If we to/eénlarge a section of the line
we would see the individual pixels that make up lihe. If the same line is
stored in vector mode the line would be storedrasquation that starts with a
point identified with initial coordinates and enalgh another point defined with
final coordinates.

Zoom immagine raster zoom immagine vettoriale
Figure 3.11 Example of raster and vector images
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So the final solution is a drawing software (fostamce Autocad) that permits
not to lose information. Additionally using Autocadools a better quality of
printing can be got increasing the resolution.

Printing comes out considerably improved and gassible to have a grid with
diameters of 0.05mm.

In reality the grid can reach diameters until 0.@38dout at this point the step
becomes a problem.

3.3.2 Step Optimization

The last point is to find, using the printer, thenimum realizable step with the
minimum diameter.

In order to get the appropriated step, our hypahedghat the points have not to
link together; so that, the minimum step having tbondition (where dots are
not linked together) is our starting point.

A series of patterns are made ,changing the steptaking the diameter
constant (&= 0.05mm) .

After printing, an images acquisition is performesing a common scanner
(resolution scanner: 4800 dpi) in order to analyweobtained result.

together

Figure 3.12 Dots linked

The figure 3.12 shows an example of scanning imdg&e dots are linked
together.



pag.36

2=0_.04 mm Step=0_15mm {2=0.05 mm Step=0.15mm
Himmnitnn i IR I :u:m:h:nlhma:ﬂmtututﬂtﬂmtﬂ

.

mmummmmmmu::mﬂm.nm,n:ﬁ u..;mpmn e l:...u.a:.n:ul 1: ii

SEEREE R - T L

im HH“H““““’I T et ““’HIHIIH.H--I

- e
s

i#

SNV NPT PR R Y

;
it
e
i
Ht

ai

i
B
&
§
&

iR NN

m:mmmmmm :mmmﬂ- in

T

pesel :mﬁinmmmm: mnmmmm

a4 S S 8

81
R R

"
-

#
-
.
#

-1
B
Hit

-
]
.
i
H
H i
H -
1z
-
i
H
H
-
i
H

EL
i

vamwan
11

s
I!JIH iR

i Imlﬂ

ifl Ilﬂ‘ulﬂ

-
drliadiad i

H
-
H

I:I
e
= 4]
{ &3
o
I
o
e
{4

I
il

iEiEiEiEEE iEiE!

iigit

&
i
i
B

i
-
i
"
!
:
!
!
3
3
-

§
£
-
i
wa
E
ﬂ'

it

i
tHididi St
i
i Hi

Biti

e

ﬂlﬂ SEIscRaEERARisL

i i

Etnmm.nm:r:ﬁi R

SR nEERERRE
ETHEE TR Iﬁ}%h iR
b S s p S

llilnl1*1-1IHI'"IHII'I"I'I'I'II'I"I'H"IHI

@=0.04 mm Step—D 2mm

e R

tumiﬁi

RIS

iBibic
HH
E
b1 ]
Lt et
mniEin

Il aIEInI NI it
T B S e S B

s Tt

iii .m:n:ﬂ i-" -t““ i
-t
TR T A T A

s i R
TEIImEnnIn I

i

Figure 3.13 Pattern at different steps

As it can be seen in figure 3.13, the circles temgoin also with a big step
(0.15mm of step with @ 0.05mm).

This because when the blobs dimensions become esmatid smaller ,the
printer does not manage to maintain the order afest:1(during the printing
the ink is liquid and tends to spread).

Therefore the final result will not be the expeoctee.
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3.4 Ironing and Printing analysis

A dimensional analysis is carried out in order &ify how different real final
dimensions are compared to the designed ones.

In order to do that, it is needed to know how mamifimetres correspond to
one pixel of scanner.

With the aid of Sobel's filter, a blob analysispsrformed for obtaining the
scanner calibration and the variation of the dte in printing and ironing
phase .

3.4.1 Blob analysis

Blob analysis consists in an evaluation of char@ties of our blobs , such as
dimension size, circularity, position etc.

Due to the high contrast between the gray scaleaokground (approximately
white) with the gray scale of the dots (approximatdack), it is possible to
distinguish each blobs.

Through an images binaryzation, the images aresfitamed in monochrome
images.

A threshold value is needed in order to distingtifhtwo zones.

The threshold is defined due to have a correcimasiton (high threshold level
means a reduction of blobs dimensions and low Himidslevel means an
increasing of blobs dimension).

In the program our threshold is 180 in a range ffbmo 255. The same value
has been applied for all the analyses in ordebtain comparable results.

Binary operation

. . w ¥ w

L e L L .:>

e e & L &

Figure 3.14 Example of Sobel’s filter with 180 ofttreshold

NI VISION ASSISTANT software is employed for Solsefilter:
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In the images there is the presence of noise amy alnd during the analysis
both can create some problems.

Before the filter After the filter

uuuuuuu 2|

Figure 3.15 Cleaning of image

3.4.2 Scanner calibration

As it has already said before, It is necessaryntmwkhow many millimetres in
the real image correspond one pixel in the samgenaaquired by scanner.
In order to do that, two images ,where the dimerssiof circles and their

relatively step are known, are printed: one aldrggX axis and the other along
Y axis.

Vertical calibration Horizzontal calibration

Figure 3.16 Images for scanner calibration
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After the Sobel’s filtering of images in figure 8.1 an average of diameters is
carried out in both the two directions; this is ddn prevent a possible change
of calibration values due to the motion opticahdhef scanner.

Vertical Image
Waddel Disk Diameter[pixel] Dmedio [pixel] D [mm] ratio[mm/pixel]
1945
1954,5
1951,7
1948,3
1951,1
1949,5
1948,7
1946

1949.3 10 0,00513

Horizontal Image
Waddel Disk Diameter[pixel] Dmedio [pixel] D [mm] ratio[mm/pixel]
1544,9
1944,2
19437
1935,3
1935,9

19408 10 0,00515

Coefficient of calibration [mm/pixel]

0,00514

Table 3.1 Scanner calibration

In the table above, the calibration is equal alttregabscissa and ordinate.
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3.4.3 Data acquisition

After filtering, the data of dots are acquired irnngng and ironing phases,
considering particular characteristics (accordhmgFig 3.17).

<0 oﬁ
?h
Q

|'

"

rrq

e
®
@

Legend

Bounding rectangular height
Bounding rectangular width
Circularity

Maximum diameter
Waddel disk diameter
Mean diameter

Number of missing dots
Number of holes

T RN O

=]

Figure 3.17 Types of acquired data

Waddel diameter's meaning it is the diameter of a circle having the saneaar
of the surface taken into account.
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The found data are:
Printing Phase

Mean Diameter after Printing

1,2

0,8 -

0,6

Values[mm]

0,4

0,2 4

O T T T T T
0 0,2 0,4 0,6 0,8 1 1,2

- Diameter of dot [mm
—e— Experimental Curve [mm]

—m— Theoretical Curve

Figure 3.18 Mean diameter after printing phase

The graph above represents the trend of mean déasnetter printing with its
standard deviation (the blue curve) respect todésgned diameters (the pink
curve).

As it can be seen, all the samples the real cue@gher than the theoretical
one; in particular, the offset is considerably leigfor small dots (especially if it
is considered the percentage of error):

For instance, the theoretic diameter of 1mm reswts 1,03mm and so there is
a variation of 3%.

On the contrary, in the case of 0.05mm, the resufiround 0.14mm with a
variation of 180% from the drawing.
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The conclusion is that the printer with small patteean not respect the
dimensions and this has to be kept in mind farreiemployment.

Waddel diameter after Printing

1,2

=
|

o
o)

Values[mm]
o
(o)}

o
I

o
N

o

0 0,2 0,4 0,6 0,8 1 1,2

_ Diameter of dotfmm]
—e— Experimental Curve

—=— Theoretical Curve

Figure 3.19 Waddel diameter after printing phase

The graph above represents the Waddel diameten; fagure 3.19 ,the printed
dots are bigger than the theoretical diameter.

For diameter until 0.6 mm, the absolute differereceonsiderably higher than
the others.
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Based on an observation of the laser printer, theedsion could change
according to horizontal or vertical direction.

So a verify is carried out: on the graph belowe gineen and blue curves display
the trend according to X and Y orientation.

The conclusion is there is not a significant diéfece.

Matching Bounding Rect Width and Height after Print ing

1,2

o
o)

Values[mm]
o
(o))

0,4
0,2
0
0 0,2 0,4 0,6 0,8 1 1,2
—— Rectangular Width Dlameter Of dot [mm]

—— Rectangular Height
—=— Theoretical Curve

Figure 3.20 Matching rectangular width and height n printing phase
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Maximum diameter after Printing

1,4

L
N

o
e
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Values[mm]
o [<)
(o2} ©
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0

0 0,2 0,4 0,6 0,8 1 1,2

- Diameter of dot [mm
—e— Experimental Curve (mm]

—=— Theoretical Curve

Figure 3.21 Maximum diameter in printing phase

The graph above represents the trend of maximumedes after printing with
its standard deviation (the blue curve) respectht designed diameters (the
pink curve).

As the mean diameter graph( fig 3.21) shows, &ldhmples of the real curve
are higher than the theoretical one.

Around to 0.6mm diameter, there is a big variatibroffset between the real
and theoretical curve.
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Number of holes after Printing

N°empty zones inside a dot

Diameter of dot[mm]

—e— Experimental Curve

Figure 3.22 Number of empty zones in printing phase

The graph represents the number of “empty/whiteegbmside one blobs.

As it can be seen, Increasing the dimension of eiamsize, the number of
“white zones” is higher.

That is why, higher area dots means more probgldihave empty zones.
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Circularity after Printing

0,0062

0,006
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Values[mm]
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0 0,2 0,4 0,6 0,8 1 1,2

Diameter of dot[mm]

—e— Experimental Curve

Figure 3.23 Circularity in printing phase

As it can be seen in figure above, the circulastgpproximately constant for all
the diameters; the circularity goes from 0 to 1 reh® represents the best
situation and 1 the worst one and in our testairgaind 0.0055.

One aspect to observe is that the standard deviatioigher for small dots.
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Ironing phase

Mean diameter after ironing

12

o
[e¢]
!

Values[mm]
o
(o]
H

s

o
~

o
N
!

0 0,2 0,4 0,6 0,8 1 12

—¢— Experimental Curve Diameters of dots[mm]
—=— Theoretical Curve

o

Figure 3.24 Mean diameter after ironing

After ironing, the mean diameters are acquiredhesvn in figure 3.24, the real
dimensions are bigger than the drawing ones (theed@appens during printing
phase).

Comparing to the mean diameter after printing, is ttase, there is not a
presence of an evident diameter variation at @=m6m

So that, the ink quantity varies correctly accogdine size blobs, but in printing
phase there is a higher ink spread for smallebdjlprobably caused to the
printer itself.

The difference increases with the decreasing @f, sibserving the smallest dots
(0.04 mm and 0.05 mm) ,the final reached resulrafoning is completely
different from the estimated one( 0.13 mm and Onb%).

In conclusion, with the used printer, the smaltestchable dot is 0.13-0.15mm.
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Maximum diameter after ironing

1,4

1,2

0,8

0,6

Values[mm]

0,4

0,2

0
0 0,2 0,4 0,6 0,8 1 1,2
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Figure 3.25 Maximum diameter after ironing

The graph above represents the trend of maximumedes after printing with
its standard deviation (the blue curve) respectht designed diameters (the
pink curve).

As the figure 3.25 , matching the maximum diametier printing with the
ironing one, the presence of diameter variatiod=0.6mm is disappeared.
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Circularity after ironing
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Figure 3.26 Circularity after ironing

The circularity remains more or less constant fibrdeameters; respect to
printing phase, the circularity gets worse (frorB0®5 to 0.007) but, in any
case, the value is acceptable.

The number of holes after ironing sensitively dases:

for instance, in case of 1mm diameter , there 8B Wwhite zones” in printing
phase and 0.12 in ironing phase. Therefore, treeaniimprovement from ink

spreading point of view.
Moreover , after 0.6 mm, a stabilization of numbkempty zones is denoted.
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Number of holes after ironing

0,25

0,2

0,15

0,1

0,05

N°empty zones inside a dot

-0,05

Diameter of dotfmm]

—e— Experimental Curve

Figure 3.27 Number of “white zones” after ironing

A patrticular focus:

In printing phase we have not lost any dots in aizg; on the contrary, in
ironing phase, the number of missing dots is véegtary (i.e. it depends a lot
of printing modality).
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A comparison between ironed and printed diameteaniged out.

It can be seen that the circles tend to becomelanater ironing for all sizes
with the exception of the smallest ones: in thisecthere is an enlargement of
dimension. (when in graph the blue curve passepitteline)

Mean Diameter

1,2

o
o

Ironed diameter [mm]
o
o

0,4
0,2
0
0 0,2 04 0,6 0,8 1 1,2
—e— Experimental Cunve Printed diameter [mm]

—=— Theoretical Curve

Figure 3.28 Matching ironing and printing diameter
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3.5 Conclusion

In this chapter an innovative technique to prodacurface pattern for DIC is
proposed.
The main issues that need to be considered in itygamtion of the speckle
pattern are:
— During the creation of small size blobs on the pate performances of
the printer must be considered in order to avoabl@ms during ironing.
— To obtain a reduction of size, the unique limitatis the printer.

The advantages of the Controlled Pattern Techniggie a

- the excellent uniformity of dots distribution @re considered surface;

- the possibility to choose dots dimensions;

- the easy application modality;

- the availability to reach small “controlled” sjze

- no usage of extraneous substance between tfanthkhe metal surface;

In case of applications that request small blolze,sactually, the possible
realizable minimum pattern is 0.05mm of diametéhva step of 0.2 mm(in
printing phase), which in ironing phase, becomdS®m of diameter with a
step of 0.2mm.

This makes the technique suitable for standard lsmedium size specimen
(10-500 mm, i.e. commonly tested on a tensile nmeghi

New speckle pattern Traditional speclkle pattern

Figure 3.29 Comparison between the new speckle path with a traditional one (airbrush)

Nowadays, in order to obtain such controlled pafténe unique method is an
utilization of a stencil (refer to Chapter 2).
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But stencil technique has a series of drawbacks:

-It is expensive due to the stencil cost productind lead time.

-It is not flexible because the holes dimensiomsfixed and they cannot change
according to the requests.

-It needs time to make it from external manufacigifirm.

-It needs to use more times the stencil if theamafis big; indeed, the pattern
appears somewhat regular creating non homogenetiylour distribution
(fig.3.20).

Figure 3.30 Pattern created by a stencil more times

-It can not reach smaller dimensions than 0.5 mrakérsmaller , the colour
tends to join between the holes under the stencil).

For this reasons , on metal pieces , our technajueoning of a controlled
pattern results surely the best.
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Chapter 4

Evaluation of speckle pattern optimization

In this chapter it is explained how different typdspattern may give different
results in terms of accuracy.

We want to observe that the errors of measuredatisments using DIC are
related to the quality of the speckle pattern, withconsidering subset size,
overlap, types of DIC criteria , position of initigluess, shape interpolation
function.

For doing so, the mean intensity gradient coeffic[@0] is used for giving us a
parameter of qualification when there is a difféiaon of pattern.

With normal techniques of realization of specklettgra(i.e. airbrush)js
impossible to have pre-established blobs size.

Actually, with our possibility of a creation of @dntrolled pattern” , it can be
verified that an optimal pattern exists in orderotatain the best gradient and
indeed the best result.

4.1 Preliminary procedure

A test is performed, in order to evaluate the cihangf final results at different
pattern types using DIC software.

A known imposed motion is carried out to a pattzries.

Different patterns are printed on a sheet (fig.4.5

In order to gain the gradient level as higher assjibe, blobs have to remain
separated during the pattern creation.

Considering the hypothesis cited before, the calicuiaby DIC software is
performed finding the deviation standard and therage of the imposed motion
in each pattern types. Then, we verify if thereaisvariation of accuracy
according the pattern differentiation.

For making so, a parameter called MIG coefficienemployed in this work;
MIG coefficient is an operative global parameter doiality assessment of the
speckle patterns applied in digital image corretafrefer to Chapter 2).

The choice of pattern sizes is taken referringh@ draph in figure 4.4 , where
the mean intensity gradient (MIG) changes accorthegliameter and step.
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4.1.1 Realization of MIG graph

As it has already mentioned in Chapter 2 , the nie@nsity gradient parameter
(9¢) is calculated as:

W H
S, = > |0f (x| /(wxH) (4.1)

i=1 j=1
Where W and H (in unit of pixels ) are image widtid height of an image, and
‘Df (% )‘ =\/fx(xij )2 + fy(Xij )2 (4.2)

is the modulus of local intensity gradient veatonsidering the derivatives at

pixel along x andy dlrectlon@‘ ( ) y(xij ))

In order to achieve the grey-scale gradient asdnigh possible, the blobs inside
the pattern have not to join together. Furthermeagh subset in the image has
to be identified with uniqueness matching with othigbsets. So that, blobs have
to be created with a slight randomizing respectimgan ordered blobs grid
(fig.4.1).

Original blobs position Final blobs position
(regular grid) (random grid)

Step  Diameter

................. Random
added

bmm == == 4 ---l----.(
1 1 1 1 _'_::°
1 1 1 1
1 | 1 | o

=+ -l————-(

b= ==4

Region w! here each blob
can move randomly

Figure 4.1 Randomization of the pattern

Indeed, each blob is created inside the respectig®on without crossing the
border (the green dashed line).

Hence, the random position value for each blobagévhas to be respect the
following formula:
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Randpos < (Step— [;lameterj “1 [pixel (4.3)

Before the MIG coefficient calculation, a problersas up during the blob
circles realization:

In the real world, blobs are perfectly circular;tbe contrary, in digital images
they are converted in pixel and so that , theseb&urring of grey-scale on the
contour of each blob; this is more evident espBcialcase of small blobs size
where the “boundary ring” is more dominant respeche entire blob (fig. 4.2).

Figure 4.2 Blurring in the boundary in case of smdland big blob

For solving this the problem, dots size is increlale time respect to the
original dimension(i.e. taking a case with dotsihgw pixel diameters becomes
40 pixel); then a filter is employed for avoidiniggaaing.

Successively, the dots are downsampled , comink toeihe original

dimension. Then, knowing from literature that tinalgsis improves with a
filtering of images[15], a Gaussian filter is uged1) in order to make the blob

slight blurred.

Blobs are blurred with a

Blobs are increased in terms Blobs are downsampled )
Gaussian filter (o=1)

of size and then filtered (4 pixel diameter)

e 0000 TLET. qu!:ll
00009 'ﬁ.'l'lli -

000..¥ YT e S
0000 ‘TITY L R

Figure 4.3 Pattern generation with blobs at 4 pixetliameter

Patterns generation with different blobs sizessteds are made and MIG
coefficient is calculated.



pag.57

Bk oo

el

™
- o g

passe [

T

kS

®
nnm

B

2 i‘ﬁt EOEE S

Figure 4.4 MIG graph

The obtained graph represents the variation of Md8fficient according the
blob steps and diameters.

As it can been seen, each “bell graph” is the tianaof MIG parameter
changing the step, maintaining constant the diamete

According the whole graph, the best pattern typ@&5 p6'; we observe that,
for smaller diameters, the gradient decreases ldgnsith the reduction of
diameters size; on the contrary, for bigger diamite decreasing is smoothed.
Due to the high number of pattern types, only s@oiats are considered and
successively analyzed.

Some samples are picked in “theoretical optimalez@the zone closes to the
best pattern type) and others in worse zones befodeafter the “theoretical
optimal zone”.

In the graph the chosen points are marked in red.

Remember that, the blobs in each pattern have &tstgndom position
(otherwise during the analysis, we could have moisl with the ROI
recognition ).
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The chosen speckle patterns are:

Pattern types sample | Diameter | Step
@ [px] [px]
No.1 3 4,3
No.2 3 51
No.3 4,5 53
No.4 4,5 6
No.5 4,5 7
No.6 7 8,6
No.7 9,5 11,1
No.8 Random | Random

Table 4.1 Blobs types

The eighth pattern is a kind of pattern used irvipresly DIC tests which has
been created without considering the hypothesiseabmentioned. In this work,
this pattern kind is called “Random image” and itllwie used during a
comparison of accuracy with the other patterns.
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Figure 4.5 Different Pattern types on the paper (zom 400%)
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4.2 Scanner test

In order to evaluate the uncertainty of measuremhtthe variation of speckle
pattern, a known imposed motion is carried outc@sparison with the motion
final results found by DIC software.

So that, a test by scanner is performed:

Fixing the pattern sheet inside the scanner, anisitign of series of images are
made; indeed, it means that our imposed motionnalladisplacement without
deformation.

The advantage is to obtain the result with an easgution and in a short time.
Some images are acquired on the printing sheetsaodessively analyzed by
DIC software.

Imposingexx=0 for the entire images sequence, the finalltésshown below.

%10 Strain X

& strain [px]

Legend

05 I I I I 1 I @3 p43
0 2 4 3 8 10 12 14 — @3 ph1

Sampling number —— @4.5ph.3

10 Standard deviation strain X —— 4.5 pb

T T T T @45 p7
O7 pB.6
— @95 p111
imm random

¢ strain [px]

[] 1 1 1 1 1 1
0 2 4 6 8 10 12 14

Sampling number

Figure 4.6 Analysis by scanner

The first graph represents the mea of 8 different pattern types in 13
images.; instead, the second represents the sthdeaiation ofexx curves.
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Unfortunately, during the recording, we recognire toptical head of the
scanner has a little displacements respect the glasg y axis.

The strain has to be zero for all types of pattére¢ause the paper does not
moved and we measure only the strain).

On the contrary, the strain measures on the ofdEd@e.

Moreover, as it can be seen, there is not a pdaticspeckle pattern better than
another.

The reason is on the figure below:

Evy strain

ROy

-3

-5

0 20 30 40 &0 60 70 80 30 100
ROIx

Figure 4.7 Example of strain calculated after scaner acquisition

As it can been seen above, DIC software is abledasnre the uncertainty of
the scanner head motion along Y axis during tregtived scansion.

The scanner produces more errors respect that wetavabserve.

Hence, the scanner is not a good device for oypqaer.
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4.3 Micrometric screw test

After scanner test failure, another test is tteetde performed.

An imposed translation motion is given, in orderarecute small displacements
(in arange from O to 1 pixel).

An optical CCD camera is mounted above a truck wiléchegulated by a
micrometric screw. Due to the high resolution of @CD camera, it is possible
to record the whole paper (which it contains tiféedent pattern types) into
only one photo.

Then, the micrometric head has a resolution of D.60n with an available
measurable length of 25mm.

Figure 4.8 Micrometric head

For having a major accuracy measurement , a lasasad pointing it on the
truck. So the micrometer is used for a “rough” moeat and, instead, the laser
for the correct measurement.
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Figure 4.9 Supply and evaluation unit

ASERSTRAML

! ekt i den Strahl blicken
LASERKLASSEZ

f 2 2 Nech EN BOB2S-1: 1994
Bt mW = BTSnm

Figure 4. 10 Laser displacement
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Sensor M7L/ 0.5
Casing type 1
Measuring range [mim] 0.5
Range begin ' [mm] | 23.75
Linearty = [em] 1
Resolution 2 [um] 0.2
Light spat diameter [mm] 0.1
Laser protection class Klasse 2 according to DIN EN 60825-1:2001-11
Light source Laser, wave length 670 nm, red visible
Sampling rate 54 kHz
- analog | 4-20 mA/ =10V / optional: 0-20 mA, 0-10V, 0-5V, =5V
Distance output -
digital | RS 232
Impedance apprax. 0 Ohm (10 mA max.)
Bandwith adjustable: 15 Hz ... 10 kHz (-2 db)
Temperature drift 0.02% of range / K
Light intensity output 0-10V
MIN +24V /10 mA when lower than MIN, LED yellow
0K +24V /10 mA when higher than MIN and lower than MAX , LED green
MAX +24V / 10 mA when higher than MAX, LED orange
Error output +24V /10 mA, LED red
Protection class sensor head: IP 64, electronic unit: [P 40
Power supply +24VDC /250 mA (10... 30 V)

Table 4.2 Laser sensor specification

Then, a camera with an optical lent is mountedhenttuck ;all the system has
to be isolated, without being influenced of extémiaturbances (for example,
vibrations of the floor).

So that, at each movement of the micrometric scasd with its relative
measure by laser sensor, it is possible to recemtjgence of our pattern.
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Camera Laser sensor

Micrometric screw

Figure 4.11 System of acquisition

A calibration is necessary, in order to estimate distortion and the focal for
the following images acquisition. In our case ,thstortion can be neglected
due to the good quality of CCD camera.

The calibration occurs with an acquisition of sev@nages in various positions

of a particular grid placed where our pattern papi#irbe applied; 18 images
are taken.

Figure 4.12 Calibration grid
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The, the pattern sheet is fixed on the wall ,imfrof the camera at the distance
around of 1 meter.

In order to avoid mistakes in measurement, the cane regulated by a
software for controlling the pitch, roll and yawduring the setting phase, four
white dots around the pattern ( as it can be sedigure 4.13.) are used for the
calibration and they have to remain inside theegiaent window.

Figure 4.13 Test arrangement

Based on a translation rigid motion in a range fil@ro 1 pixel, an subpixel
overview is made.
We choose to take fifty images in a length of 2i%els. Hence, it means a

movement of5 *10°mm in each photo acquisition.

The correct measure position is registered in Mwjt laser sensor; the
conversion into millimetres is done:

Measuring range of laser sensor: 0.5 mm

Full scale: 0 20V

Therefore the conversion coefficieng% = 0025
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4.4 Results

For evaluating the performances of each pattepayameter is performed.
Knowing the correlation between MIG coefficient athek standard deviation
(refer to Chapter 2), it is enough to calculate ks one.

The mean standard deviati@h , is defined as [15]:

N2
zizla-measi
N
Where o,..; is standard deviation calculated in one singletepat type

acquired in one image and N is the number of aeduimages.
After the acquisition, an analysis is carried asihg VIC software.
The ROI are constituted by 15 pixels with an ovedafO pixels.

g = (4.1)

4.4.1 Normal images

Displacement X

1 Legend

——— @3 pd 3
—— @3 p5.1
——— @4.5 p5.3
——— @4.5 pb
——— @4.5p7
@7 p6.6
——— @95 p11.1

1 1 1 1
0 0.05 0.1 0.15 0.2 0.25
Displacement micrometric screw[mm)]

Figure 4.14 X displacement in normal image

In figure 4.14 the abscissa represents the movementillimetres with the
micrometric screw and the ordinate represents theraged-displacement
calculated by VIC software for each type of pattern
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Standard deviation X
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Figure 4.15 Standard deviation X in normal image

The deviation standard should give us an idea dbpwances for each speckle

pattern type.

The abscissa in figure 4.15 represents the moveimentillimetres with the

micrometric screw and the ordinate represents tdredard deviation calculated

by VIC software for each type of pattern.
As it can be seen, there is not a significant w@maof standard deviation
between each other; therefore, it is impossibleote which pattern is better.
(for instance, the best theoretical pattern is 5446' (Fig 4.4), but it is not
verified through this experiment).

Displacement Y
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01k i
015} 4 Legend
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Figure 4.16 Y displacement in normal image
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On fig.4.16 during the experiment ,displacemenh@ly axis occurs, probably
for a non-parallelism between truck and sheet.

A discrepancy is evident around 0.1mm due to a euddovement of camera
during the acquisition.

Standard deviation Y

0.03 T T T T
0.025} .
I
L il 4
0.02 Legend
0.015} 4| T @3pd3
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0.01} || —— 245053
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L. : — @45 p7
0.005 |- 4 .
7 p8.6
——— 9.5 pi1.1
U 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25

Displacement micrometric screw[mm)]
Figure 4.17 Standard deviation Y in normal image

As it has already seen in standard deviation X lyrajfpserving the standard
deviation along Y, there is not any differentiatmnaccuracy among the pattern
types. Moreover, as we expected ,the bias effecibtspresent thanks to the
images filtering (see paragraph 4.4).(otherwisés inecessary to consider it
together with the standard deviation thought anatbenparison coefficient).
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ﬂ- with T=0% noise
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Speckle Pattern size

Table 430 of displacement along X axis

In the graph above the mean standard deviatioalgsilated of all pattern types;

if 0 has a low value, means a low uncertainty duriegcticulation of DIC
software.5

According the MIG graph , the best theoreticalgratis '@4.5 p6' but ,as it can
been seen, this consideration is not respected.

4.4.2 Images with noise

After these observations, another test is performea more critical situation
respect to the previous one:

a considerable Gaussian random noise is addedthetghotos making the
images worse.

Percentage of noise is added [20]; to charactéhizerandom contribution the
so called percent additive noise is used:

r :IL*loo (4.2)

Whereo the Gaussian noiseyk and i, are the intensity limits range of grey
scale.

In other wordsI" represents the standard deviation of the addi@eessian
noise expressed as the percentage of the imageny® haxand hin.

The simulated noise levels are equal to 0% (noefos5% and 5.0%
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Displacement X
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Figure 4.18 X Displacement on images with=5% noise

On the contrary of the previous test, the typegsatfern can be clearly identified
due to the standard deviation.

Moreover, the standard deviation (in absolute \&ateems) is higher than the
previous one.
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The same happens in Y direction (Figure below).

Displacement Y
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Figure 4.19 Y Displacement on images withi=5% noise
ﬁ' with F=5% noise
0,04
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[ 0,03 —
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0,02
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@3 p4.3 @3 p5.1 @4.5 p5.3 4.5 p6 @4.5 p7 a7 p8.6 9.5 p11.1
Speckle Pattern size

Table 4.4 g of displacement along X axis addin@d=5% noise

The mean standard deviation is calculated foratligon types; in this cas@,
has the lower value in '@4.5 p6' (as expectedyrdary the MIG graph).
The matching of the other patterns is made inab&t4.6.
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Then, another test is done adding oFI:y2.5%.

Displacement X

25 T T T T
2+ -
151 .
1 - -
05F -
U -
Legend
0.5 1 1 1 1
0.05 0.1 0.15 0.2 025 | —— @3pd43
Displacement micrometric screw[mm)] — @3 p5.1
—— @4.5p53
Standard deviation X — @4.5 p6
0.03 —— @45pT
@7 pb.6
0.025 1 | —— @9.5p11.1
0.02 - .
0.015 1 =4 .
0.01 .
0.005 - .
U 1 1 1 1
0 0.05 01 0.15 0.2 0.25

Displacement micrometric screw[mm)]

Figure 4.20 X Displacement on images with=2.5% noise

Decreasing the noise respect to the previousdtsidard deviation is lower in
magnitude value (before it was around 0.02+0.04%elpiand now it is
0.012+0.022 pixel).

It is possible to observe a small differentiatiomosmg each speckle pattern.

But the discrepancies are more evident with higlesen
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The same can be seen in Y direction.

—— @3pd3
——— @3 p5.1
—— @45p53

——— Q4.5 p6
—— @45 p7
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Figure 4.21 Y Displacement on images with'=2.5% noise
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Table 4.5 g of displacement along X axis addind’=2.5% noise
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The mean standard deviation is calculated forattepn types; as in case of

['=5%, T has the lower value in '@4.5 p6' (as expecterhraing the MIG
graph).The matching of the other patterns is madkea table 4.6.

4.5 Final observations

how different types of pattern may give differeasults in terms of accuracy.
We want to observe that the errors of measuredadisments using DIC are
related to the quality of the speckle pattern, withconsidering subset size,
overlap, types of DIC criteria , position of initiguess, shape interpolation
function.

For doing so, the mean intensity gradient coeffic[@0] is employed for giving
us a parameter of qualification when there is tedBhtiation of pattern.

With normal techniques of realization of speckldtgra(i.e. airbrush), is
impossible to have pre-established blobs size.

Actually, with our possibility of a creation of &dntrolled pattern” , it can be
verified that an optimal pattern exists in orderotatain the best gradient and
indeed the best result.

The test is performed, in order to evaluate thanging in terms of accuracy

at different pattern types using DIC software (wmithconsidering subset size,
overlap, types of DIC criteria , position of initigluess, shape interpolation
function).

As it has already seen, three series of imagedadken into analysi§E0%
noise,I'=2.5% noise ant=5% noise).

Based on the final results obtained with the acquireages with['=0%, the
errors of measured displacements are not relatedhéo speckle pattern
differentiation.

Instead, the analysis of different pattern typesritical situations, such as the
high noise presence into images, give us differesults in terms of accuracy.
Hence, if a good photo camera is used, the optoatérn theory can be taken
into the background.

From past literature, a kind of pattern (the Randirage cited on page 55) has
been employed without considering the optimizaattern theory and it has
been compared with the others (see the graphs helow
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Standard dewviation X
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Figure 4.24 Highlighting of Random image pattern( I" =5% )
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In different situations, the Random pattern isthetbest choice but its order of
accuracy is always comparable with the othersr{inGase a good gradient).
Therefore , even not to consider the patternnupétion theory , a feasible
pattern nowadays used may be applied.

Rank Pattern from MIG graph | Pattern by VIC software
1st @4.5 p6 @4.5 p6

2nd @?4.5 p5.3 @?4.5 p5.3

3rd @4.5 p7 @4.5 p7

4th @3 p5.1 @3 p4.3

5th &7 p8.6 @3 p5.1

6th @3 p4.3 A7 p8.6

7th 9.5 pl1l1.1 9.5 p1l1.1

Table 4.6 Ranking of best pattern
As it can be seen, in terms of best accuracy thall patterns found by VIC
software have a correspondence with MIG graph, gxtoe @3 p4.3 pattern.
This can be justified by the bell curves (fig. 4:25

60

50

40

MIG [px]

30

20

passo [px]
Figure 4.25 Highlight of @3 p4.3 in MIG graph
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Taking a close pattern near to @3 p4.3, the caeffictends to prominently
increase (or decrease). So that a small mistakegitive procedure (for instance
calibration) may create a huge variation in the ¢p&phs (especially in first part
with high gradient).

As It has already mentioned, in presence of a guaitern realization (as our

technique is able to make ), the problem of the pasiern choice passes in
background.

If in any test the acquisition equipments (camégdhts..) have a good quality

and all the possible problems during images pracgsse taken into account

(example. devices position), it is useless to aerssome expedients concerning
the optimal pattern.

The trouble may rise up in some particular riskgesa(i.e. presence of high
noise amount) .

An aspect on Controlled Pattern Technique:

From past literature, using other technique of speckle pattern, for instance
the airbrush, a non-homogeneous blob distributian be created; then, an
alarming event is the creation of big blobs orwiarse case, even the drops
formation on the surface.

As consequence, the DIC code ,in such zones, ffasultly or, even can not
calculate the exact value; if in an unlucky caseem in the interesting zone for
the measure (for instance the necking zone befmrditeaking) there are blobs
too big and VIC software does not work very welg test must be discarded.
During the creation of pattern , an initial hypdise is that, blobs have to
remain separated in order to gain a gradient lasdligher as possible.

The situation with random dots, in reality, wheneyt can touch each other, the
averaged gradient is not differ so much from cdlgdo pattern created
according the hypotheses above mentioned.

On the contrary, a significant difference appeardocal level in some ROI
where the jointed dots create a low gradient.
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Chapter 5

Experimental Test (Procedure)

The new speckle pattern technique described in €h&ptcan be exploited on
any small/intermediate-sized metal specimen (ardtord 20 mm to 2 m).

In this Chapter, a real utilization of our pattezotnique is performed.

In particular, some metal dog-bones 150mm longaadyzed during a tensile
test.

The samplings present a welding line about 4mm wilde requirement is a

evaluation of behaviours of each different weldathgles during a tensile test,
focusing especially in the welding zone.

Therefore, the strains and displacements havee toaltulated in a small area
and it corresponds of the application field of oupattern technique.

Furthermore, the Chapter describes the calculugaming’s modulus trend with

the chemical variation in each sample.

The Controlled Pattern Technique is applied on spakcimens and the setting
procedure test is explained.

Then, through a software, digital image correlatamployed.

A brief description of material sample is mentiomedhe following paragraph.

5.1 Characteristic of the samples

In the middle of each four available dog bones, whetding joint is made by
electron beam technique.

5.1.1 Electron Beam Welding

Electron Beam Welding (EBW): is a technique bornifitie year in Germany
and France as a requirement of refractory andiveastlding components.

The welding is created using a concentrated eleststream at a velocity of 30-
70% respect to light velocity.

The main advantage is its deep penetration intonthgrial and its thermal
affected region small.

5.1.2 Samples Material

Two samples are made of TWIP steel (abbreviatidhar@l 11T) and the other
two are Q&P (abbreviations B1-2 and B2-2).

TWIP(Twin induced Plasticity) steels, invented eiglears ago by Professor
Georg Frommeyer, are a kind of steel with a higbtitity and a good capacity
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to absorb energy in the event of a vehicle colisizvhile maintaining its

stability and strength to protect the passengeicabomprising about 20%
manganese and small quantities of carbon, alumirgndsilicon , TWIP steel

can be stretched up to 90% of its length withoetkimg.

Q&P(Quenching and Partitioning) is a kind of hé&aatment of martensite,
different to customary quenching and tempering.

On the base of processing, there is a diffusiocaobon from the martensite, in
oversaturated phase with carbide precipitatiorg mesidual austenite in order
to get it stabilized after treatment[16].

TWIP
%C %Mn %Al %V %Cr %Ni %Si %S %P
0.56 18 1.5 0.16 0.46 0.09 0.38 | 0.018 | 0.022
Q&P

Casting| %C [%Mn | %Si | %P | %S |%Cr | %Ni |%Mo |%Cu | %V | %Al

Bl
B2

211 10,217/ 1,647(1,628/0,0155 0,014 0,030,013( 0,003|0,011{0,005| 0,05

212 10,208| 1,824|1,634(0,01610,016|0,039/0,017| 0,167(0,013|0,006| 0,006
Table 5.1 Chemical composition of dog bones

The transversal area dimensions of the samplesharen in the table below:

Generic Section bo

MATERIAL | TWIP 8T | TWIP 11T | Q&P B1-2 | Q&P B2-2
bafmm] 12,56 12,54 9 9,03
[mm] 1.4 1.4 1 1

Table 5.2 Areas data
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5.2 Pattern application

In order to obtain a major number of points forca#ting the local Young’s
modulus, as small as possible dots are neededsrmhh#est pattern obtained in
Chapter 2 is 0.05 mm diameter with 0.2mm step.

A problem occurs during the ironing:

The samples present in the middle a welding lireg 1B slightly in bump;
moreover 3 samples of 4 are not completely plane.

It is very hard to iron especially when weldingnphas a small width (because
the bump is more accentuated). Especially in regigrhere an accurate
measuring is requested, during pattern dots depo®mpty zones are created ,
making impossible the measurements through DIGvaoé.

Welding line

H 5 § !
Figure 5.1 Missing dots deposition due to accentted welding bump

The unique solution is to smooth the bump.

Instead, to solve the problem of bending pieces stiilution is to carefully iron
following the surface (paying attention especiatiythe sloping part);then, it is
preferred to work on the external surface for agiezaxecution.

The final result is shown in fig. 5.2.
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Figure 5.2 Final result after application of the pdtern on the piece
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5.3 Settlement procedure

Before the tensile test application, the measuremesituments have to be
settled in order to use DIC software . The set upvigled mainly in five steps:

5.3.1 Positioning lights

Led torches are positioned around the tensile ma¢tg.5.3).

The prepared specimen is placed on its testingitot#o set the lights in order
to give the attention to the orientation and ligivig camera placement.

The sample’s face has to be outwards from therasie.

Generally, the utilization of led-lights is the nhaslaptive for the purpose:

they do not product heating that creates air vededue to the variation of
temperature; so the cameras can record the airfistgad of the pattern. If heat
waves are present in the image, they can easilyduate false strains of several
thousandue; so it is critical to avoid them.

If another source light is used, bear in mind tinedit waves can be minimized
either by repositioning the light source or, if esgary, by setting up a stand fan
to blow across the scene. This will generally mine tair well enough to
completely eliminate the heat waves.

For our experiment heat waves are avoided becduesdight-sources are far
away from cameras and then they product very loat.he

The lights are used for avoiding the shadings atdrbgeneous brightness on
the surface.

Leds are 3V with normal white light. For the expeent four led-light are
enough.

Figure 5.3 Led torch
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5.3.2 Positioning and synchronization of cameras

The distance between the camera system and theéngpeés determined by
lenses;

Generally short lenses give better results and tigepossibility to easily work
but, they have the drawback to focus too closénéospecimen and so there is
not the possibility of leeway;

The distance is set so that the specimen rougtdyttie field of view.

If the specimen is larger than the field of viewg lese data at the edges; if the it
is much smaller, our spatial resolution suffers.

In this experimental test, the samples are acquireé®ldimensions. So that, at
least 2 cameras are necessary to make an stereosoage.

Hence, the entire area of interest must be visibleoth cameras: generally, the
specimen should be made just a bit smaller tharfigleeof view, so that pixel-
perfect alignment is not necessary.

An aspect concerning the Twip steel is that, dubéd high elongation, a major
field of view must be considered during the camgrasition; otherwise during
the traction phase, part of image may be not fraeretiso that ,a loss of data
could be happened.

Using two photo-cameras it is possible to calcutatdigital image correlation
stereoscopic by a commercial software(VIC 3D).

Each camera has its own optic (ones of 90mm ang oh&80mm) . The model
of two cameras is Model Nikon D80 with a resoluti@in3.872 x 2.592 (10.2
effective megapixels).

The interesting zone is approximately four centme®tand the conversion
parameter from mm to pixel is about 0.01mm.

( 3872} _ 968*10_5{M} - 0.0J{ pixeq 5.1

4*10° mm mm
Where 3872 is the maximum resolution along x akisp{xel) and 4 are the
centimetres taking into consideration on the dagebo

Two tripods are placed in different positions faonh the bone dog (that is why
different optics mean different focus); it is pd#s to mount the cameras on
only one tripod but placing them on two differenpaods the weight of each
camera is better supported.

According to the manual of software[12] the camesasuld be positioned

somewhat symmetrically about the specimen; thipshie magnification level

consistent.

One camera is positioned in front of the bone dmamua320mm; the other one is
slanting at an angle of about 30° at a distanc&&06Mmm.
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Just for having the possibility to employ 2D DIC tsadre too, one of two
cameras is placed in parallel position respedtedlat sample.

‘ ” A .\(‘_
—) il 5 | L
] v

i -
" AN P
4

. i F -
Figure 5.4 Instruments settlement
The photos acquisition is settled manually: an IBID, images in .JPEG format,
exposure time 0.05 seconds. With these charaatsrishe photos result good
and clean for the purpose.

The synchronization of arrangement is made withirgles timer with a
frequency impulse of 0.5 Hz.

The timer is linked with a single remote controattlacts to all two cameras
(Fig.5.4).

5.3.3 Calibration of cameras

A calibration operation is carried out at each ilerexperiment.

To begin, a grid is selected to approximatelytfi field of view.

The calibration means an acquisition of severalgsain various positions of
the grid.

This grid consists of a matrix of white circles kvitonstant step with a black
background useful for determining the perspectifermation(Fig.5.5).

For increasing the accuracy of the future measungmié is necessary a
considerable number of images. More calibration gesa will give more
accurate result.
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Moreover there is a possibility to discard someptewf images depending on
some errors or a poor accuracy:

- the grid should be visible in both images.

If the grid is too large, it will be difficult todep it fully in the field of view in
both cameras while taking images.

However, calibration images are useful as longlabrae hollow marker dots
are visible. If any of the three hollow marker do#ésnot be seen, then the image
cannot be used.

-If the grid is too small, it may be difficult fafic-3D to automatically extract
points;

additionally, more total images will be requirecctaver the field of view,
including the corners.

The choice is fallen in a grid around the sizehef samples: circles having a
step of 2 mm.

Hollow Markers#

® & & e O e 00
o & & b & & & 0 0
o & &0 0 0 0 0 0
o ® & 9 o 9 9 90
® 0 ® o 9 00
o & & 5 00 0 0 0
o & & o 0 9 9 00

Figure 5.5 Calibrator image (2 mm step )

-Occasionally, lighting configuration can affecidgselection. Some grids may
be slightly reflective; under intense or directiblight sources, these reflections
can wash out the grid image. For these cases, gratteshould be used.

At least four calibration images must be acquirediddition, the acquisition of

redundant images leaves more room to discard paages (images that contain
highlights, defocus, occlusion, or other issuedg thake them unsuitable for
utilization). For a typical setup, 15-20 imagesiddde acquired[12].

To accurately estimate aspect ratio, the grid shbel rotated in-plane in some
images.

The calibration procedure in DIC software calculat@sables about the camera
geometry and imaging; it is not specific to a plaoe volume in space.

Therefore, it is not necessary to position thebeation grid in the exact same
location as the intended specimen.
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The parameters of calibration are founded fronréfetionship between the two
cameras (called Extrinsic Parameters). These paeasnevill change if the

cameras are moved or tilted.
It is possible to find the parameters of each cameo(Intrinsic Parameters);

these parameters change if you move the lens oigehtae aperture or focus.
Typically, we calibrate extrinsic and intrinsic pareters at the same time, with
a stereo calibration. However, in some cases,dtlimntageous to calibrate the
extrinsic parameters separately or to refine theimgua speckle image.
Examples of cases where separate calibration isrezh

» Cameras cannot be synchronized,;
» Large measurement fields for which a large enayrghis not practical

Examples of cases where stereo calibration may dimed by external
calibration:

» The cameras are moved or bumped since calibrdtiogeneral, any time you
run a correlation and see an higher error tharekpected one, you can try to
run the external orientation calibration to imprgair results.

* Test setup to include nonstandard distortionsh 1 from a glass pane.

When the calculation is complete, a report of catibn results and error scores
will be presented. The errors will be displayed peage, as well as an overall

error score:
A calibration score is showed in fig.5.6 .

Wiy Stereo System Calibration w .7 [
Grid: | Saved target = - || Edit Analyze | [¥] Automatically recalibrate | Recalibrate 0 1 =

0 4

1 091 2 |5

2 09

3 0.222 0.093

—_—

4
©00ccecccscoe |’
$00c0cecvecvcoe ’ :

L o000 evoae 7 0232 ||
L
®eoe L Y ) [ BN Y Value Result StDev
LN ........ > CameraQ
e ® » Cameral
o000 veoooe | | b Rig
.. _:f.........
o000 cevcceeese
®0c0cevvcesceae
- -
SS. -
i v
[ Score: 0.101
Camera:| Generic v‘B Distortion order: 1 =] Highmag: [7| Coordinate system: ‘Aum 'll Report || Accept

Figure 5.6 Example of calibration score
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If we had a good set of calibration images with @yt and coverage of the
image field, the overall errorSandard deviation of residuals for all views
should be displayed in green.

If the score is displayed in red, it may need tnaee some images or
recalibrate. Vic-3D will automatically remove veppor images, but additional
images can be removed manually.

If the result is uniformly high , or if you havevazal high scores, there may be a
problem with the setup. These things should be kdtedor decreasing the
standard deviation:

- The grid images are in focus.

- The exposure times are short enough to elimimeation blur.

- The cameras are secure on the stereo rig.

- The grid is rigid.

- If using a glass grid, confirm that the correatd is towards the camera.

- The cameras are synchronized.

The results after calibration are:

- Angles: three angles between each camera. Ir@geh&o angles will be small
and one (the stereo angle) will be larger.

- Distances: the distance between camera 1 andraagemeasured from
camera 1.

In our case all calibrations show a quite ovenabre(tab.5.3 % row).

5.3.4 Aperture and exposure time

To make the image sharp through the focus adjuginteis also necessary to
adjust the brightness of the image. There are twdrals available for this: the
aperture/iris setting on the lens and the exposune setting of the camera.

The aperture is a hole or an opening through whgtit travels. Opening the
aperture more light can fall on the sensor.

In cameras, the aperture mechanism can be regutatedifferent apertures,
distributed regularly on a scale called f-number.

F-numbers are usually indicated on the lens’stapering and typically go
from an open setting of F/1.4 or F/2.8 to a closetting of F/22 or F/32.

Using a bigger aperture (lower f-number) makegrtege brighter.

However, the depth of field decreases the range which the focus is sharp.
Even for a flat specimen, some depth of field isessary because each camera
is oblique to the plane of the specimen.

Also, a poor depth of field may make difficult tehéeve a wide range of
calibration target.

Note that the aperture may not be changed aftesytsiem is calibrated.



pag.89

Exposure time is the amount of time the cameraaegathers light before
reading out a new image. A longer exposure timeandke image brighter but
it can also create blur if significant motion hapgeluring the exposure time.

In contrast to aperture, exposure time may be sstjuafter the system is
calibrated if lighting conditions change or the dpen becomes
brighter/darker.

After this point, changing any aspect of the cansrstem will invalidate the
calibration; so all adjustments should be careffidgd at this point.

5.3.5 Positioning specimens (and clip gauge)

The samples are mounted one by one on the tenathine taking into account

not to move anything else (otherwise the calibratioust be repeated again);
one extensometer with an opening around 50 mm Eamed to the sample for

giving us a “rough comparison” between its detdeteeasures with the values
found by DIC software

The extensometer gives back only an averagedstraasure between the two
points of clip gauge extremity; instead in ourezabere is a welding line in the

middle which almost certainly has a differenastrrespect to the metal base.
Hence, the extensometer is employed only for afuatian of strains order and

to match with the strains found by DIC software

5.4 Data Elaboration
5.4.1 Consideration before of the elaboration

Before the elaboration, it is needed to know whéee welding is positioned
respect to the breakage point: with a marking gaadme is scarred on the
pattern where approximately the welding line pasaé®r that, each sampling
is scanned and successively measured by DIC seftwar

At first view, all the samplings are not broken etka at centre line: two
samplings (Q&P heat treatment) are broken far a@nay welding joint. On the
contrary, considering the two TWIN samplings, thacfure crosses in the
welding zone.

A mistake is committed unfortunately during th&tést saving of photos into
one camera in double format; so that the frequeri@cquisition was not the
same to save in time and the synchronization betwbke cameras was not
respected anymore. Therefore, only in this test\AD is used (the central
camera was positioned exactly in front of the sanpl

The photos for the triangulation must be renamedterg a series of couples of
images composed one by the central camera andtliee by the above: the
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modality is to rename photos at the end of thewith “_0” and “ _1" according
to the camera.

5.4.2 Brief VIC 3D introduction

The chosen digital image correlation software i€¥D in order to measure the
shape, displacement and strain on surfaces in tireensions. All the DIC
analysis are carried out with an 8-tap optimizedrjpolation method, selecting
a ZNSSD (zero normalized sum of squared differenceterion, able, in a real
application, to automatically compensate scaleddfskt in the intensity pattern
[10,17].

Using it, actual object movement is measured aed #grangian strain tensor is
available at every point on the specimen’s surface.

5.4.3 Option choice during the elaboration

In order to calculate displacements and strainkl fad the samples, before

running the calculation software, an area of irgef&OI) has to be defined.

This is the portion of the image that contains speckle pattern where shape
and displacements field are analysed .

Clicking a series of points to define the boundagéshe AOI and using the

tools for drawing the shape on the initial refeeerqhoto, it is possible to

determine the interest area.

oar ISTo TR
s e e ey

Figure 5.7 Defined AOI with a grid of ROI
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Placing start points

Start point is the initial point where DIC softwdregins the elaboration.
Generally, start point should be positioned ineaasf the image with as low as
possible motion during the test.

In case of tensile test, the start point is poséw as close as possible to the
stationary grip. This helps the automatic correfati

In Vic 3D , start points are automatically foundfe following images.

In some cases, the initial guess point is not fodilds is due to some reasons
listed below:

- Multiple, large camera angles (rather than alsistereo angle)

- Highly curved surfaces such as cylinders

- Large rotations between successive images

- Very fine or indistinct speckle patterns

- Poor calibration.

It exists a window in the program, where it is poesto place manually start
points.

Filter size/type

To calculate curvatures a local filter is used. Fiteer box allows selection of a
smoothing method. The decay filter is a 90% ceweighted Gaussian filter
and works best for most situations; the box filtera simple unweighted
averaging filter.

TheFilter sizebox controls the size of the smoothing window.

Since the filter size is given in terms of datanpo rather than pixels, the
physical size of the window on the object also dejseon the step size used
during correlation analysis.

An empirical formula exists to calculate the filze:

Filter-size=(subset dimension/overlap)*3

In the case the filter number is too small for teag good results, increasing
the size is mandatory [Values on tab 5.3].

-Incremental correlation

With incremental correlation, each image is comgdoethe previous one rather
than the reference one.

This can be useful in cases of pattern breakdowmextremely high strains
(>100%).
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This option is only used with 2 samples made of PWithich have a great

deformation.

During processing, the data employed in VIC softwaredisplayed in tab.5.3.

MATERIAL TWIP 8T TWIP 11T Q&P B1-2 Q&P B2-2
DIMENSION
SUBSET(ROI)[pixel] 23 35 41 41
OVER LAP [pixel] 11 18 20 21
DEVIATION STANDARD o
DURING CALIBRATION 0.101 0.293 0.273
CONSISTENCE THRESHOLD 0.5 0.4 0.4
MAX MARGIN 0.5 0.6 0.55 0.5
TENSOR TYPE Lagrange Lagrange Lagrange Lagrange
FILTER SIZE [pixel] 9 9 9 9
POSITION OF WELDING
MIDDLE CENTRE ON THE
FIRST IMAGE [pixel] 2128 2287 2538 2375

Table 5.3 Summary of option data during the processg

5.5 Final considerations

During the tensile test, the values are taken waithoptical measure system in
order to obtain local measures along the entireepibat, with a normal setting

of tensile machine, are impossible to find.

The result of speckle pattern on a real sampleeiy \good during all the
experiments and also in the zone where the detami higher(fig. 5.8).
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lst

2nd

3rd

Figure 5.8 Sequences of images acquired by camenarithg a tensile test

A comparison is done with a pattern used commanjyrévious test.
Our new pattern results more uniformly distrib\fied5.8) respect to a
traditional one.
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Chapter 6

Experimental Tests (Results)

In this chapter are reported the final resultsheftensile experimental tests.
The full field of strains are calculated for eaemple, focusing especially in the
welding zone. Furthermore, the calculation of Ygisnmodulus trend is
performed along the entire surface of the samples.

In the first part is explained the modality of htive data are taking into account
on the samples surface ; then ,the analyses camatuare described according
each sample.

6.1 Considerations of procedure

After VIC 3D processing data of the samples areumatat.

First of all, we want to represent the strain bébraguring the tensile test.
Schematically the main zones on each dog-boee a

-Base material zone

-Heat affected zone welding (HAZ)

-Welding zone

In order to observe the strain along all the nors®dtions, points in several
regions are picked along an orthogonal line resjoettte middle line.

Sections both on the left and on the right resped¢he centre line of welding
line are taken into consideration to have dataghatv possible asymmetry.
The below figure shows the schema where the pamtpicked:

Easze matenal zone

Heat affected zone

. Welding zone

Figure 6.1 Schema of dog bones
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In order to evaluate the strain behavior alongXhexis, points are picked in a

horizontal line respect to the centre line. (fig)6. Beside, the strains on the last
image are taken into consideration in order to stiwavcorrelation between the

measured image with the real broken dog-bone.

F3X450 'l‘l.'l‘.'.'JJl'lir‘”.‘!.‘i].’.‘.’.‘r.‘i.'.'

Legend

Zone far away from welding joint

Zone thermal affected

. Zone in welding region

Figure 6.2 Schema of dog bones

Subsequently, from the initial images, the Young®dulus is calculated:

Points are picked on whole the surface; the ari@d values are founded by the
load cell of the tensile machine. The tensile nralgives us a sequence of
force values 10 time faster than our image acdomsitime. So that, only one
force value each ten are taken. Then, knowing thimal section of the samples
(for data area refer to table 5.2) , it is possiblealculate the Young's modulus
values

Therefore, the stress can be calculated as:

F
g =— 6.1
"= A (6.1)
whereo is the stress, F is the force and A is the surface
o
E=—2. (6.2)
&

where E is Young’s modulus arilis the strain in X direction
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6.2 How to find the welding line

To have a distance reference system on the pidwesniddle line of welding
needs to be taken into account as zero point.

Therefore, after the experiment, using a cutteéner ik traced where the middle
line passes; then the image is acquired by a scdan example in Fig 6.3).

§ <1 Welding line

Figure 6.3 Sample after breaking

The position of the middle line that passes thihotige pattern is estimated on
the first image of each sample.

Then, being aware of the positions in pixel, thay e simply converted into
millimetres using the conversion parameter foundinducalibration phase.
Successively, taking middle line as reference, getting is carried out.
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As further aid, the pieces are visualized on therosicope and the distance is
approximately measured from the breaking and wgldine: knowing the
position of the breaking line that can be extradteth the ultimate strain shown
in the last image, the welding position is giveraasmply difference.

This measure is not accurate because the fragéumerally is not parallel to the
welding line but, in any case, it is useful for mgvan idea of values order of
magnitude.

‘1 mm

Figure 6.4 Fracture on welding zone through microsape

The unique case where it is impossible to immebjiatenvert from pixel to
millimetres is for TWIP 8T case: 2D software igpmited and any output is
given back in millimetres because calibration does exist. Therefore, a
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coefficient of conversion is found measuring thetwiof the piece in pixel from
an image and then comparing it with the real meaded2,56mm).

In each section, along the width five points areked using the same constant
step .

Except for TWIP 8T where sections are not usefulrifdy the test the last
images were not acquired), for other samples tigpare picked.

The drawing and the table below display the pass#tiof the points in all three
samples taking as reference the welding line.

(]
i
=
&

iy b

Bh6a0

Figure 6.5 Points coordinates on the surface

Distance
Sample [mm]
a-sx a-dx b-sx  b-dx
Q&P B12 -8,4 -2,94 294 84
Q&P B22 -7,34 -2,09 2,09 7,34
TWIP 11T -7,63 -2,34 2,34 7,63
TWIP 8T / / / /

Table 6.1 Points coordinate from the welding line
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6.3 Results and graphs
6.3.1 f'sample: Q&P B1-2

The below curves represent the strain behaor)(in function of the stress in

five different points on the welding line (sectidrA in Fig.6.6).
Curves in welding region(section A-A)
12[][] T T T T T T T T

1000

800 -

600 -

Stress o [N/mm?)

400+

200+

0 1 1 1 1 1 1 1
05 0 05 1 15 2 25 3 35 4

Strain B % 10-3

Figure 6.6 Q&P B1-2 Strain/Stress curves in weldigp zone (section A-A)

All the curves exhibit small negative strain in firast images that, successively,
become positive.

The ultimate strain before the breaking is abo@3&:.

Small disturbances on the curves profile are pteshis is due to the noise
during the images acquisition.
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1200 T r r r 1200
1000+ . 1000 .
800 . 800 + .
t
£
=
600 F . n B00f .
w
w
pud
n
400 . 400 ¢ .
— 1B —1C
— 2B — 2C
— 3B — 3C
200 B 45 T 200 r 4(: T
— 5B —&iC
U 1 1 1 U 1 1 1
] 0.02 0.04 0.06 ] 0.0z 0.04 0.06
Strain B Strain B

Figure 6.7 Q&P B1-2 Strain/Stress curves in heat &fcted zone
(section B-B and section C-C)

Considering the two sections B-B and C-C in heat tdfbczone taken
equidistant from the centre welding line (about &1&1), the variation oExx
direction is not significant in each section alohdirection.

On the contrary, matching the two strain-stregssesuis noted that the trend is
different.

That is why the breaking point is closer to sec®B and indeed, the ultimate
strain is higher than section C-C (it results atbid00ue in sect. B-B vs 3000
ue in sect. C-C).
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1200 T T T 1200
1000 - . 1000 - .
800 + . 800+ ]
Et
E
=
600 g o GO0OF ]
w
w
z
in
400} - 400} ]
— 1D —1E
— D —2E
200 3D b 200 F — 3|1
— 4D —4E
SR —&E
0 I I 1 0 1 1 1
] 0.0 0.02 0.03 ] 0.01 0.02 0.03
Strain By Strain B

Figure 6.8 Q&P B1-2 Strain/Stress curves in baseetal zone
(sections D-D and section E-E)

In the sections D-D and E-E (fig.6.8) practicaltiemntical curves are noted in
every points. A verify of the difference betweem thwo sections is made (as
shown below).

Difference between the curves in section D-D e E-E
0.01 T T T T T

0.009 |-

0.008 -

0.007 |-

0.006 |-

KA

0.005

Strain g

0.004 |-

0.003 |

0.002+

0.001 |

o = =) gy |
0 200 400 600 800 1000 1200
Stress o [N/mm?

Figure 6.9 Q&P B1-2 Strain/Stress curves between ¢hcurves in sections D-D and E-E
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As it can be seen, the first part tends to zero for all the points and then it
increases for the last stress points reaching anmoemx difference of 870Q¢ .

This is why, the yielding zone is influenced of tireaking point which is closer
to section B-B(the distance from breaking line amel points on the left side is
approximately 5 mm).

The graphs in fig.6.8 are used for calculating Yganmodulus in order to
evaluate which frames are acquired during theielpbise.

From the formula (6.2) , E is calculated usingnadir regression considering all
points in the elastic linear part of the strairessr curve. The obtained results are
shown below:

Young's modulus Q&P B1-2 [MN/mm?] :%10

(]
L

(R ]

¥ [mm]

-

|
l|||l' "
| = | H B
1 1 1 ﬁ %

15 10 ]
% [mem]

Figure 6.10 Q&P B1-2 Young’'s modulus

The blue dashed line represents the centre litieeoivelding.

The yellow zone represents the base metal, an gevésamade resulting about
175 GPa.

While going closer to the junction, some values raggative (the blue region).

That is why , as already seen in fig.6.6, a nggasgtrain occurs and hence,
after a regression, the final result is negative.

Furthermore it is noticed that, the blue negatiggion is on the right side

respect to the centre line.
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Probably this is due to the fact ,the sample tcompletely straight.
During the tensile test, the piece tends to becamend in the welding zone
bending occurs. The welding line behaves likeeddymg constrain .

F F
< = >

F welding zone in compression F

A

< ) | -

. g . N
welding zone in traction

Figure 6.11 Behaviour of bended sample
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A furthermore confirm is given thanks to VIC 3Dftsaare which gives back
the images of sampling during the experiment.

The total number of acquired frames of Q&P B1-2 dandpring the tensile is
135; three images are taken in elastic regioexptaining the behaviour of the
bended sample.

The coloration represents the straam on the surface of the sampling during
the test.

In fig.6.12, the frame No.0 is the undeformed imtaden as the reference
image; as it can see , the figure shows a bumplgxadhe welding zone and

the sample is not perfectly welded straight.
e1 [1] - Lagrange

1
I 0,875
0.75

1 0.625
0.5

=1 0.375

— 0.25

— 0.125

-0.25

-0.375

-0.5

-0.625

-0.75

-0.675

Figure 6.12 Q&P B1-2: Frame No.0 Reference Image
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e1[1] -Lagrange
32.8e-05

30.38e-05

= 27.97e-05

b)

 11.08e-05
i

8.67e-05

6.26e-05

3.85e-05
1.43e-05
-9.75e-06
-3,38e-05

-5.8e-05
Figure 6.13 Q&P B1-2: Frame No.4 Sample under loadg
with negative strain in welding zone

The figure 6.13 shows the sample under loading.

As it has already saidxx in welding zone (the violet zone) is negativeiaig
the traction.

On the contrary, the highest strain is in the sl zone.
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el[1] -Lagrange
36.8e-04

34.38e-04

S 31.97e-04
— 29.56e-04
27.15e-04
24.73e-04
22,325e-04
19.91e-04
— 17.5e-04
15.08e-04
12.67e-04
10.268-04

7.85e-04

5.4375e-04
3.025e-04
1.8e-04

6.125¢e-05

Figure 6.14 Q&P B1-2: Frame No0.10 Sample under loaadg
with positive strain in welding zone

Carrying on with the test, the straixx in welding zone becomes positive but,
we are in the plastic region now.
Hence, it is impossible to calculate Young’s modguorrectly in welded region.
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g Strain before the breaking Q&P B1-2
0

Strain B

-15 -10 -5 0 5
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Strain before the breaking along the axis X-X
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Position respect to the welding point[mm]

Figure 6.15 Q&P B1-2&xx before the breaking

Concerning Q&P B1-2, the figure 6.15 shows the wdtenstrain before the

breaking.

Tracing a line along x (white dashed line) and @copg on the graph, it is
possible to note where the piece breaks after Bmo@rgls. The distance respect
to the welding line coincides with the measure teakéh the microscope (about
4mm).Another aspect to be highlighted is that ttnairs in correspondence of

welding zone is the lowest of all the piece.

e ey before the breaking Q&P B1-2 £y before the breaking along the axis X-X
0 0 0.005 . :
0005 | 0
2

1-0.01 -0.005
3

0015 § £ 00
— 4

1-0.02 5 0.015

-0.025 6 002
7

0.025

15 10 5 0 5 20

X [mm]

Pasition respect to the welding point[mm]

Figure 6.16 Q&P B1-2&yy before the breaking
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Using VIC 3D software is possible also to analysedtnaincyy along X

direction that usually with the common measurenesttuments is not feasible.
In the figure above showsyy in the last image of the experiment; in the
welding region there is not deformation (or at teiass really small), on the
contrary, in the region of the breaking, the defation is high (-0.02%§and
necking phenomena occurs.

6.3.2 29 sample: Q&P B2-2

In fig.6.17 , as like for Q&P B2-1 sample, thereaismall compression on the
initial images.
The reached maximum strain is 6Q20

1200 T T T T T T T T

1000 |- P -

800

600

Stress o [N/mm?)

200+ /. ) 4
/' Negative

strain

0 n I I I I 1 I I
g 0 1 2 3 4 5 6 7 8
Strain Er x 10-3

Figure 6.17 Q&P B2-2 Strain/Stress curves in weldimzone (section A-A)
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Figure 6.18 Q&P B2-2 Strain/Stress curves in heatffected zone (sections B-B and C-C)

In sections B-B and C-C ( fig.6.18 ) some pointstaken and it is observed that
there is not a significant variations of strainmgq/ axis.

There is an asymmetry between the two sectionsntakpiidistant from the

centre welding line ( about 3 mm ). That is whyedking point is on the right

side close to section C-C; in addition there isnalscompression in the section
C-C.

1200 T T T T 1200 T T T T
1000 B 1000 - B
_ 800} {1 _ 800 1
E E
£ £
= =
o 600 1 p 6B00F g
w0 L))
w0 w0
2 2
n n
400 g 400 + g
— 1D —1E
— 2D —2E
200} — 3 200} — 3|
—— 4
—— 4D — bE
U 1 1 L L [] 1 1 1 1
0 0.01 002 003 0.04 0.05 0 0.01 002 003 004 0.05
Strain B Strain By

Figure 6.19 Q&P B2-2 Strain/Stress curves base métzone (sections D-D and E-E)
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The sections D-D and E-E show graphs practicallyaéq

Young's modulus Q&P B2-2 E .
. . EN-"M*]x310
0.5} .
25
1 L ]
15¢ . 2
2r 1 1.5
E 25 1
E 11
= 3 | |
3.5 7
4L i
4.5 .
5 [ 1 1 1 ]
-15 -10 -5 0 ]
¥ [mm]

Figure 6.20 Q&P B2-2 Young's modulus

Far away from the blue dashed line the Young’'s rdis about 184 GPa.

Also for this case, E values can not be taken aatosideration in the welding
zone: the fig.6.20 indicates compression in somages and so that, after a
linear regression, some values are high (the rgidme) and others negative (the
blue regions).

Another interesting aspect is that the highesteslf E are present only in the
right part of the welding line.
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= Strain before the breaking Q&P B2-2 Strain before the breaking along the axis X-X
: T : 012 T . . .
0-1 0.5 r
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¥ [mm] Position respect to the welding point[mm]

Figure 6.21 Q&P B2-2&xx before the breaking

In Fig.6.21 the blue zone refers to the positiorinef welding whereas the red
zone refers to the breaking point.

Tracing a line along x (white dashed line) and @copg on the graph, it is
possible to measure the distance respect to thgingdine and where the piece
breaks after few seconds. The distance respeletaélding line coincides with
the measure taken with the microscope (about 3.3mm)

Another aspect to observe is that the strain inespondence of welding zone is
the lowest in all the piece.
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6.3.3 3" sample: TWIP 11T

As it can be seen in fig.6.22, there is a huge rdadition in the welding region
(more than 90% and higher than previous one).
800 T T T T T T T T T

700 |

Stress o [N/mm?]
e
f=]
[ =]
T

3001 -
200 —1A|
—2A
—3A
100 | —— 1Al
—— A
0 1 1 1 1 1 1 1 1
01 0 0.1 0.2 0.3 0.4 0.5 06 07 0.8 0.9

Strain Eex

Figure 6.22 Twip 11T Strain/Stress curves in weldig zone (section A-A)

In the following figure, the strain-stress curves heat affected zone result
smaller than the maximum strain in welding regio®% vs 0.%); that is why
the breaking point in this sample is closer tovleéding zone.

800 800
700F 700
600 600
— 500 — 500
£ £
£ £
Z 2
o 400 T 400
w w
] @
@ 300 @ 300
200+ 4|1 200 —1C|]
—28 —x
100} —BH 100 -\
—— 4B —4C
—— 5B —
0 . ‘ . 0 s s .
0 0.1 0.2 03 0 0.1 02 0.3
Straing, Straine,

Figure 6.23 Twip 11T Strain/Stress curves in heatféected zone (sections B-B and C-C)
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The maximum strain reached in base metal zone aflenthan the strain in the
welding region (around 0.3hAs it is expected, two curves are equal.

800 ; 800
700+ . 700+
600} . 600} .
— E00F — 500 .
£ £
£ E
= =
o 400t o 400t .
w w
w w
@ @
@ 300 & 300t .
200} — 1D ] 200} | — 1E| |
— 2D —2E
— 3D —— 3E
100+ —— 4D 1 100+ ——— 4E| 1
— D —&E
U L L L U || L L L
-0.05 0 0.05 0.1 0.15 -0.05 0 0.05 0.1 0.15
Strain B Strain B

Figure 6.24 Twip 11T Strain/Stress curves in base etal zone (sections D-D and E-E)

The following graph shows the difference betwees s$train of the previous
curves.

In the first points the difference is very low ahén decreases very slowly but,
in any case, negligible in comparison with the heatcstrains.

w10
2

| | | 1 1 1 1
0 100 200 300 400 500 600 700 g00
Stress o [N/mm?]

Figure 6.25 Twip 11T Strain/Stress curves betweeté curves in sections D-D and E-E
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At 0.58mm the maximum strain is reached (fig.6. &6 in this position its final

length is doubled ; the measure is close to theasoope measure-Q.75mm).

Exx Strain before the breaking Twip 11T

Strain before the breaking along the axis X-X
1.4

02
0 i i
5 0 5 0 5 10 -20 -10 0 10
x [mm]

Position respect to the welding point[mm)]

Figure 6.26 Twip 11T &xx before the breaking

The fig.6.27 shows the Young’'s modulus. E valuaraund 82 GPa in the base

metal zone while in the welding line it is lowerbut 15 GPa ). The white
dashed line represents the centre line.

Young's modulus Twip 11T

§ [mm]

5 0
% [mm]

Figure 6.27 Twip 11T Young’s modulus

5 10
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From the literature the expected Young's modulusha&se metal should be
around 190-200 GPa[17]. That is probably due tcatteentuated bending of the
sample.

In order to calculate the stre€®, in the previous cases (Q&P B1-2 and Q&P
B2-2 samples)the axial force is considered normal in each trarsal section
of the entire samples (the angle generated betwleernwo joined parts is
around 3° and so that, we have hypothesized tiasdmples are flat).

But, in this case, the angle generated is higharo(gnd 7°) and hence the
presence of bending moment can not be neglectp6.@dB).

Therefore, the calculation of Young's modulus pouwe be difficult and
complex to correctly find.

exx [1] - Lagrange
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40.75
-0.875
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Figure 6.28 Twip 11T : Frame No.0 Reference Image
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6.3.4 4" sample: TWIP 8T

This is the unique test where VIC 2D is employed.

The strain-stress curves on the base metal shawilarstrend.
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Figure 6.29 TWIP 8T Strain/Stress curves in base atal zone (sections D-D and E-E)

After an attentive observation, zooming in elagtoe, an issue occurs:
during the settling procedure, the camera recoirféed points; they are not

enough in order to find a correct Young’'s modulus.

The figure shows the elastic zone on the base nmetaction D-D; it denotes a
knee probably created by a little sampling.
Therefore, in this case, it is not possible to aaialy calculate E.
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Curves far away from welding region( section D-D )
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Figure 6.30 Twip 8T Zoom in elastic zone of stresstrain graph in section D-D

As we expect, the strain in X direction presenitsgh peak close in the welding
line (fig.6.31).
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Figure 6.31&xx before the breaking TWIP 8T

6.4 Young’s modulus comparison (Q&P samples)

After the DIC analysis, the data obtained by theeesdmeter of the test are
used for a comparison unfortunately some of thaesgl( for instance Young’s
modulus (E) calculated from the extensometer)vwaang. Therefore, it is not
possible to compare these results with those @ledilby the DIC showing E in
the metal base; that is because the extensomdtecalnulates an average of E
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over the range that was taken into account andisnrange there is the welding
joint with a different elastic modulus.

So that we need another measuring approach to/tbafvalues.
One method can be the utilization of Zwick duromét@t can gives us a order
of Young’s modulus value.

Figure 6.32 Durometer Zwick ZHU 0.2

The process consists of a hardness test simithet¥ickers test.

The main difference is that, in the case of Zwidsfl the measure of hardness
is performed by measuring the diagonal of the pydaimmark on the piece;
while, utilizing the Zwick durometer test, the haeds is obtained by a depth
sensor.

Moreover, with a durometer Zwick the test can betiadled. (For example the
variation of the penetration during the test)

To carry out the hardness test, an additional aptinit is used together with the
optic measuring head. This other unit is formed @ymicroscope and a
measuring unit for linear displacement. This labves the microscope to
change position.
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For the test, a pyramidal penetrator made of diamsrexploited; the load is 1
Kg (the thicknesses of samples are small, so lowef are preferred. This
model of durometer can calculate the hardnesshend¢ung's modulus through

a processor.

10

Force
N]

Depth [pm]
Figure 6.33 Depth of penetrator during the hardnessgest

From the above figure obtained with the test, Elmacalculated.

As it can be seen during the test, increasing tteef a deeper penetration
results inside the piece, and it keeps increasmy i reaches the peak at
F=9,81 N; then, after unloading the force, the malterecovers some

deformation within elastic range, so the behavimutinear. Therefore, it is

possible to find E by calculating the slope of lihe.

Each sample is constrained with a phenolic resiarder to carry out the test
(Fig.6.34); this is done because, as already noted, samples are not
completely straight and in order to avoid freelywaiments of the piece while
penetrator acts.
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Figure 6.34 Included samples in phenolic resin

Some other tests are done to obtain an average aetter accuracy. For each

sample 5 points are picked.

To calculate E by DIC, it is necessary to find theaaof the base metal; then
averaging, the accuracy improves using each “lo¢aling’s modulus.

Just for Q&P steel samples, the final results &edcbmparison between DIC'’s
data and Zwick’s data are displayed in the beldWeta

Young's modulus by Young's modulus by
VIC software Zwick
Sample E [GPa] E [GPal]
Q&P
B12 175,4+4,7 137,818,6
Q&P
B22 185,5 6,2 106,6+7,9

Table 6.2 Young’s modulus Comparison

6.5 Final considerations

Matching the Young’s modulus between Vic softwand @wick method, it can
be concluded that the order of magnitude is equradlf the Q&P samples.

It is necessary to bear in mind that the calcujugwick of the Young’s
modulus needs more complex calculations respauoe@surement instruments
commonly nowadays used.

Furthermore, some approximations are done ( faaimce, the penetrator is
identified as a springs series and so it is easglitulate the stiffness) and the
Young’'s modulus value changes according of how npamyts are picked
during the force realising (figure.6.33).

Hence, E found by Zwick is not exactly an accuxetiee.
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Thanks to our speckle pattern technique, it is iptesdo pick measurement
points prominently high in all the surfaces withcwving “empty zone” (
regions where DIC software can not to give a result)

The table 6.3 shows how many points are picked.

n°points on n°points on Y
X axis axis n°points Tot
Sample
Q&P B12 48 35 1680
Q&P B22 58 33 1914
TWIP 11T 120 63 7560
TWIP 8T 149 77 11473

Table 6.3 Number of “local” points used for the ckulation
Taking the same number of points with DIC techniquesquests less time in
comparison with Zwick hardness test.
DIC technique presents a great advantage to obtaasures of local strains in
X and Y directions , that common measuring instmimeised in a tensile test
are not able to give us.
Furthermore, thanks to our technique , we have anedgoints on the samples
at a distance very low (‘around 1 point at 0.2mep)stwithout any problem of
elaboration or “empty zone”, due to poorness ofgitey scale level.



pag.122

Chapter 7

Conclusion

In this thesis we investigated how the speckleepatparameter influences the
displacement measurement accuracy in digital incageslation.

Particular attention is centered on a realizatidnaonovel speckle pattern
technique able to be controlled.

The main obtained results in this work are sumnedrizelow.

A novel speckle pattern technique for metallic aoefhas been fulfilled.

Using only a common laser printer and an electoo,iwe have the possibility
to obtain an optimal pattern result respect to miosvadays most diffused
method.

Its easy application modality and its low cost m#ke technique competitive in
comparison with the others.

The method, moreover, presents an incredible figtyibecause it allows to
obtain a pre-defined pattern, while the most of skete of the art techniques
allow to create a random pattern.

The proposed technique allows to change the gi@edblobs according to the
requests: it is only enough to change the drawiiadesby software.

Thanks to our pattern, in the experimental teshsfte test), the resultant
measures of strain on all the surface of samplags really good, without
“empty zones” (in case of DIC software is not aldectlculate a particular
subset positioned on the surface).

In tensile tests, a great advantage of using DIGeats of the normal
measurement system (i.e. clip gauge) is to haveonlyt a global information
but the full field of the strain and displacemetiere the pattern is applied.
Knowing strain and stress, Young's modulus has beeinectly calculated on
the two Q&P samples; the result shows that E ,@e Ibaetal, is correctly found,
whereas in the welding zone it is surely incorehae to the bended samplings.
So it has been noticed only through the utilizavdDIC.

This work with Controlled Pattern Technique also dastrates that MIG
coefficient can be used for a pattern quality exabn in situations with noise
presence.

During the creation of pattern , an initial hypdise is that, blobs have to
remain separated in order to gain as higher ashpeggadient level.
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In reality, as it is described in Chapter 6, theatibn with random dots where
sometimes dots can touch each other, the averagekdkegt does not differ so
much from controlled pattern created according kbiypotheses mentioned
above.

On the contrary, a significant difference appeardocal level in some ROI
where the jointed dots create a low gradient.

The work has allowed to define which pattern andupeeters types( size of the
black spots, spacing between them ,etc) are ptdéta employ. Moreover, a
novel technique has been introduced, able to reafisoduce such pattern also
at small specimens.

7.1 Possible future implications

This work naturally leaves the way open for furthewestigations and
developments. In particular:
- improvements of speckle pattern technique in tesfrssze reduction and
indeed an increasing range of application fields.
- due to the possibility of control, the speckle gatttechnique can be
used in specific area of interest.
An example can be the measure of a fracture treral mnetal sample:
applying an accurate pattern, without drops, smsidgaperfections,
measurement mistakes, that with the normal spguddiern techniques
may happen, can be avoided computing by DIC software
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List of symbols

DIC: Digital Image correlation
HAZ: Heat affected zone

AOI: Area of interest

MIG: Mean intensity gradient

SEM : scanning electronic microscope



pag.125

References

[1] P.Zhou and K.E.Goodson Subpixeisplacement and deformation gradient
measurements using digital image/speckle correfatio

[2] B.K.Bay Texture correlation: a method for the measuremérdetailed strain
distributions within trabecular bone

[3] G.R.Gaudette, J.Todaro, I.B. Krukenkamp and.@hirang Computer aided
speckle interferometry: a technique for measuriefptmation of the surface
of the heart

[4] M.Sjodahl and L.R.BenckelElectronic speckle photography: analysis of an
algorithm giving the displacement with subpixelw@ecy

[5] Peters, W.H. and Ransom, W.Bigital imaging techniques in experimental
stress analysjOpt. Eng. 1982, pp. 21(3) 427-431

[6] Lecompte D, Smits A, Bossuyt S, et @uality assessment of speckle patterns
for digital image correlationOpt Lasers Eng 2006;Belgium, pp.44(11):1132-45.

[7] Haddadi H, Belhabib SUse of rigid-body motion for the investigation and
estimation of the measurement errors related toitaligimage correlation
techniqueOpt Lasers Eng 2008,France, pp.46:185-96.

[8] Sun YF, Pang HJStudy of optimal subset size in digital image datien of
speckle pattern image®pt Lasers Eng 2007,China,pp. 45:967-74.

[9] Pan B, Xie HM, Wang ZY, Qian KM, Wang Z\6tudy on subset size selection
in digital image correlation for speckle patterrSpt Express 2008, China,46(3):
033601.

[10] Bing Pan, ZixingLu , HuiminXieMean intensity gradient: An effective global
parameter for quality assessment of the speckléeqat used in digital image
correlation,Opt Lasers Eng 2009, China, pp. 469-477

[11] M.A.Sutton, J.J. Orteu, H.W. Schreiénage correlation for shape, motion
and deformation measurements; Basic concepts, Yheord applications
2009,USA



pag.126

[12] CSI Application Note AN-525 Speckle PattermBamentals, VIC 3d
Manual

[13] Hernandez-Castillo, L.E. Beynon, Pinna C., and VanXyegag, S
Micro-scale strain distribution in hot-worked duplstainless steeBteel
Research International,2005, Netherland, 137-141.

[14] C. Pinna et alExperimental investigation and micromechanical niowe
of the hot deformation of duplex stainless steelc@edings of the International
Conference on mathematical modelling in metal preiogsand manufacturing
2000, Ginadian Institute of Mining, Metallurgy and Petraig CD only.

[15] Paolo Mazzoleni, Fabio Matta, Micheal A. Satt&manuele Zapp&ffect
of image filtering pre-processing on digital imagmrelation2012,Italy

[16] E. Pastore, O. Holovenko, S. De Negri, M.Gice, D. Maccio, M.R.
Pinasco, A. Saccone, M. De Sanctis, R. Valentiticrostructural and
mechanical characterization of a silicon and molgbdm Q&P steel.a
Metallurgia Italiana - n. 4/2012,Italy

[17] P.D. Zavattieri , V. Savic , L.G. Hector Jd.R. Fekete , W. Tong, Y.
Xuan Spatio-temporal characteristics of the Portevin-lLlgatelier
effect in austenitic steel with twinning induced ptaty,2009, USA

[18] Bing P., Hui-min X., Bo-gin X., and Fu-long Performance of sub-pixel
registration algorithms in digital image correlaioMeasurement Science and
Technology, 2006, China, pp.17

[19] Pan B., Qian K., Xie H., and Asundi Awo-dimensional digital image
correlation for inplane displacement and strain re@@ment. a review.
Measurement Science and Technology, 2009b, China,

[20] Y. Q. Wang, M. A. Sutton, H.A. Bruck, H. W. Seler Quantitative error
F assessment in pattern matching: Effects of intgngattern noise,
interpolation, strain and image contrast on motimeasurements, Strain 45,
n2,p 160-178, 2009

[21] J. Chen, G. Jin, L. Mend\pplications of Digital Correlation Method to
Structure InspectionTsinghua Science and Technology, v 12, n 3, p2&
2007



pag.127

[22] . H.W. Schreier, J.R. Braasch, M.A. Sutt@ystematic Errors in Digital
Image Correlation Caused by Intensity Interpolati@ptical Engineering , v
39, n 11, p 2915-2921, 2000.

[23] Development of Patterns for Digital Image CorrelatiMeasurements at
Reduced Length Scalé&rivens Luo Sutton Collette Myrick Miney Colavita
Reynolds Li,2007



