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RESUMO

Atualmente, uma ampla gama de trabalhos estd em andamento para criar métodos de correlagao
usando algoritmos apropriados. Isso € especialmente Util na construgdo de vetores de deslocamento para
avaliar a deformacdo de materiais com o estabelecimento de correspondéncia entre as secfes de duas
imagens, calculando as func¢des de correlagcdo cruzada e procurando um extremo. O objetivo deste trabalho foi
desenvolver um método para avaliar o0 mecanismo de destruicdo do material de acordo com a analise da
imagem fotogréfica pelo pardmetro de intensidade da imagem utilizando a andlise multivariada da relagdo entre
a intensidade da imagem. Além disso, este método deve ser usado com a ajuda de andlises multivariadas
(analise de mudltiplos fatores) das relagcBes entre intensidade da imagem e rugosidade da superficie, revelando
a geometria da é&rea (volume) de deformacdo sob varias condi¢cdes operacionais. O método digital de
processamento de fotografias (quadros de video) foi utilizado para estudar a microestrutura e a superficie dos
materiais pelo critério de intensidade da imagem durante os testes de deformagdo mecéanica. Os parametros
guantitativos da intensidade da imagem sdo comparados com a estrutura do material, a rugosidade da
superficie antes e ap6s a destruicdo das amostras. As imagens utilizadas foram obtidas durante o teste
mecéanico de amostras de aluminio. Para garantir a confiabilidade dos resultados dos testes, foram testadas
seis amostras do mesmo tipo. Um diagrama de tens&o-deformacéo foi criado para cada amostra. Os diagramas
de tensdo-deformacado dos testes mecanicos foram comparados com os diagramas de fotoandlise usando o
método descrito acima. Os resultados correlacionaramm-se bem um com o outro, mas, diferentemente do
experimento, onde a tensdo é medida apenas no local do medidor de tens&o, a fotoanalise fornece uma
imagem completa da distribuicdo da tensdo em toda a 4rea da amostra. Além disso, foi realizada uma andlise
multivariada para avaliar as dimens0fes e formas geométricas dos elementos estruturais.

Palavras-chave: fotografia (quadro de video), estrutura do material, escala de cinzentos, rugosidade, teste de
tragao.

ABSTRACT

As of now, many investigations are performed in order to develop methods of correlation with the help of
relevant algorithms. This is especially helpfull for plotting vectors of displacements in order to estimate
deformation of various materials, as well as to determine correspondence between sections of two images
through calculation of the cross-correlating functions and to ensure seeking of the extremum. The aim of this
study was to develop relevant method to estimate mechanism of fracture of materials in accordance with the
data of analysis of a photographic image in respect of the parameter of the image intensity. In addition, this
method is to be used with the help of the multivariate analysis (multi-factor analysis) of the interrelationship
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between image intensity, surface roughness, and possibility to determination the geometrical parameters of the
deformation area/deformation volume under different conditions of operation. Digital method of processing of
photographs/video frames has been used in order to investigate microstructure and surface of materials in
respect of criterion of the image intensity in the course of mechanical tests in accordance with deformations.
Quantitative parameters of the image intensity were compared to the structure of material, as well as to the
surface roughness before and after destruction of samples. The images used were obtained during mechanical
testing of aluminium samples. To ensure the validity of the test results, six specimens of the same type were
tested. A stress-strain diagram was drawn up for each specimen. Stress-strain diagrams from the mechanical
tests were compared with those from the photo analysis using the method described above. The results
correlate well with each other, but unlike the experiment, where the strain is measured only at the strain gauge
location, the photo analysis provides a complete picture of the strain distribution over the entire specimen area.
In addition, a multivariate analysis has been carried out to evaluate the geometric dimensions and shapes of the
structure elements.

Keywords: photograph (video frame), structure of material, grey colour gradation, roughness, tensile strength
test.

AHHOTALIUA

B HacTtosiwee Bpems npoBoautca 60MbWON cnekTp paboT no co3gaHuio MeToOoB KOppensuun ¢
NPMMEHEHWEM COOTBETCTBYIOLLUMX anropuTtMoB. OTO OCOOEHHO MOMe3Ho Ans MOCTPOEHUS BEKTOpPOB
nepemeLLeHnn ons oueHkn gedopmauum maTepuanoB, C YCTAHOBIMEHWEM COOTBETCTBUS MeXAy ydYacTkamu
ABYX M300paXkeHW nyTeM BbIMUCIIEHNS B3aMMHO-KOPPENALMOHHbBIX (DYHKLUA 1 MOUCKOB IKCTpemyma. Llenbto
AaHHON paboTbl sABnseTcA pa3paboTka MeToda OLEHKM MexaHusma paspylueHws matepuana no AaHHbIM
aHanusa oTon3obpaxkeHns No napameTpy UHTEHCMBHOCTU M306paKeHNs C NpuBReYeHneM MHOroakTopHoOro
aHanusa CBfI3M MexOy MHTEHCUBHOCTbIO M3obpaxeHusi. Kpome TOro, aTOT MeToA OOSKEeH UCMOoMb3oBaTbCH C
MOMOLLbID MHOTOMEPHOro aHanusa (MHOrohakTOpHOro aHanusa) B3auMMOCBA3eld MeXQy WMHTEHCUBHOCTbIO
n306paxkeHns, LIepoXoBaTOCTbI0 MOBEPXHOCTY, BbiSIBIIEHWEM reomeTpun nnowaam (obbema) gedopmaumm npu
pa3nuyHbIX YCcroBuax akcnnyatauuun. Ludposon metog obpaboTkm doTtorpacui  (Buaeokagpos) 6Obin
MCMNonb30BaH Ans UCCNeaoBaHUs MUKPOCTPYKTYPbl M MOBEPXHOCTU Matepuanos Mo KPUTEPUO MHTEHCUBHOCTYU
n3obpaxeHns B MpoLecce MexaHU4eckux ucnbiTaHunm no gedopmaumam. ConoctaBrneHbl KONMYECTBEHHbIE
napameTpbl UHTEHCUBHOCTU U300paKkeHust CO CTPYKTYpOW MaTepuana, LUepoXOBaTOCTbI MOBEPXHOCTU [0 U
nocne paspylweHus obpasuos. Mcnonb3yemble n3obpaxeHus Obiv Nomny4yeHbl BO BpeMS MeXaHWYeCKMX
ncnbiTaHMn obpasuoB anioMuHns. Ana obecneveHns JOCTOBEPHOCTU Pe3ynbTaToB UCMbITaHWI Bblnu NCNbITaHbI
wectb obpasuoB ogHoro Tuna. [Auarpamma HanpskeHue-gedopmaums Obina cocTaBreHa Ans Kaxgoro
obpasua. [uarpammbl HanpsikeHus-gedopmaumn MexaHU4ecKMX MCNbiTaHWM CpaBHMBaNu C Avarpammamu
doToaHanM3a ¢ Mcrnonb3oBaHWeM MeToda, OMMCAHHOrO Bbille. Pe3ynbTaTbl XOPOLIO KOPPenupylT Apyr c
OPYroMm, HO B OTNMYME OT IJKCMepumeHTa, rae Aedopmauus namepsieTcss TOMbKO B MeCTe pacnofioXeHus
TEH30MeTPMYeckoro gartyvka, dotoaHanu3 faeT MNOSMHYK KapTWHY pacnpegeneHus gedopmauun no BCew
nnowaan obpasua. Kpome Toro, 6611 npoBeAeH MHOTOMEpPHbIV aHanu3 AN OLEHKN reoOMeTPUYeCKMX pasmepoB
1 OPM INEMEHTOB KOHCTPYKLIMU.

KnroueBble cnoBa: ¢omoepachusi (sudeokadp),
wepoxo8amocme, UCfbiMaHUe Ha pacmsiKeHue.

cmpykmypa Mamepuana, apadayusi cepoz2o ueema,

1. INTRODUCTION estimate deformations of materials in various
conditions of operation in respect of the

Due to development of the high-quality Parameter of the image intensity of
recording photographic equipment and video Photographs/video frames (Borynyak and

equipment, as well as development of digital
methods of the videodata processing in various
branches of technology (Znamenskaya et al.,
2001; Bessonov et al.,, 2013, Filippov and
Proskokov, 2014; Belov et al., 2014; Berezovskii
et al., 2015; Kobets et al., 2016; Bodryshev and
Morgunova, 2017a; Babaytsev et al., 2017a;
Formalev and Kolesnik, 2017; Formalev and
Kolesnik, 2018; Bulychev et al., 2018), there
exists the possibility for development of the quick-
operating and non-contact methods in order to

Nepochatov, 2007; Volkov, 2010; Sodushkin et
al.,, 2011; Bodryshev and Morgunova, 2017b;
Bodryshev, 2017; Bieda et al., 2018; Babaytsev
et al., 2019; Ho et al., 2019). This problem is the
task of vital importance in the course of
investigations of deformation processes and
processes of destruction of the structurally
nonuniform materials (metals, ceramic materials,
composite materials and so on) (Rief et al., 2017,
Bodryshev and Morgunova, 2017a; Bulychev et
al., 2018; Dzioba and Lipiec, 2018; Rabinskiy et
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al., 2019; Faraji and Torabzadeh, 2019; Hosdez
et al., 2019).

At the present time, many investigations
are performed in order to develop methods of
correlation with the help of relevant algorithms for
plotting vectors of displacements in order to
estimate deformation of various materials
(Sodushkin et al., 2011; Borodulin, 2013; Filippov
and Proskokov, 2014; Bodryshev  and
Morgunova, 2017a; Bodryshev, 2017; Kang and
Muhammad, 2017; Wu et al., 2018; Babaytsev et
al., 2019, as well as to determine
correspondence between sections of two images
through calculation of the cross-correlating
functions and to ensure seeking of the extremum
(Gortan, 2017; Pushkarev et al., 2017; lwamoto
and Kanie, 2017; Yang et al., 2018; Khotinov et
al.,, 2019; Muniandy, 2019; Wang et al., 2019).
Calculated values of the deformation parameters
will be final results of such method. Investigations
of various processes of destruction of plastic
materials are described in this article. The article
presents investigation of the problem of
interrelationship between deformation of surfaces
of various materials and the law of variation of the
intensity of images of these surfaces.

Goal of the present article was to develop
relevant method in order to estimate mechanism
of fracture of materials in accordance with the
data of analysis of a photographic image in
respect of the parameter of the image intensity.

2. MATERIALS AND METHODS

Mechanical tensile strength tests have
been performed in order to verify the proposed
methodology. These tests were performed with
the help of the Instron 5969 (produced of the
Great Britain) equipment as well as with the help
of the Bluehill 3 software. The sample has been
captured and held with the help of special
mechanical captures. Speed of performance of
these tests has been established at the level of 1
mm/minute. All tests have been performed at
room temperature. These tests have been
performed with the help of 4 samples up to the
moment of destruction of these samples. The
samples were made as the platelets with
following dimensions: 120 mm in length, 10 mm
in width, and 1.4 mm in thickness. All samples
were photographed before and after tests. The
load — displacement diagram was constructed in
accordance with results of these tests.

Photographs or video frames of the
material structure of all samples are stored in the
files, which have BMP or JPEG extensions.

Quality of images is determined in accordance
with quantity of pixels within the preassigned
section in the range from 72 up to 400 pixels/inch
(from 28.35 up to 157.48 pixels/cm).

Before and after tests, the entire area of
relevant photograph of the sample under
investigation is then splitted into discrete cells,
which contain from 1 up to k pixels in horisontal
direction (axis of abscissas x) and from 1 up to m
pixels in vertical direction (axis of ordinates y).
Dimension of the cell depends on the required
precision of estimation in the course of
investigation of the relevant photograph and this
dimension must be the same in both variants.
Function L=f(x,y) of intensities of images within a
cell is quantitative characteristic of these
intensities (that is, white colour level within a
photograph). This function (in the case of a digital
still photograph) is presented as the matrix of
integers, which are reduced to the range of
gradations from O up to 255 (quantisation)
(Bodryshev and Morgunova, 2017a; Formalev
and Kolesnik, 2017; Shtefan et al., 2019). In the
course of investigation of the obtained matrix it is
very important to transform this matrix with the
help of the coefficient of discreditation (Equation
1). In this case, Ameasured aNd Az iS share of
dimension of components within a digital still
photograph and actual value of this dimension,
respectively.

Therefore, an image is presented as the
two-dimensional function L(xy) along with
construction of the relevant diagram, where x and
y are coordinates of the cells within a photograph,
while L is intensity of image (brightness) within
the preassigned cells (Figure 1). The obtained
data are presented in a graphical form as the
three-dimensional model xyL (Figure 1b). Further
processing of this model makes it possible to
determine the following: laws of change of the
L=f(x,y) in the longitudinal or transversal cross-
sections; any coordinate in any point of the
relevant diagram; distance between cells and so
on. In the course of investigation of influence of
length of the section (Hcacuatea), Within which
measurement of deformation is performed
(Figure 2), it is very important to determine exact
position of the point of deformation within the
sample. Relative deformation ¢ is determined in
accordance with the following expression
(Equation 2). Where Hcaicuiated 0 @Nd Heaculatea 1S
length of the deformation fixation within the initial
sample and after destruction of this sample,
respectively. It is worthy of note that destruction
of material in the second variant (Figure 2b) was
observed near the upper jaw for fixation of the
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sample in the testing machine (Happer pat). IN this
case, section Hegcuated IS Situated in the lower part
of the sample and relative deformation is only
determined in accordance with the data in
respect of tensile of the lower section of the
relevant sample.

Figure 3 presents fracture diagram N-¢ of
the sample 1.1 (Figure 2). In this case, N is load
upon the sample. A substantial zone of the
material yielding is clearly visible. The following
Figure 4 presents digital image of the sample 1.1
after destruction. Zone of the surface deformation
near the point of destruction is clearly visible. It is
important to determine the structure of this
deformation. As concerns transversal direction,
this deformation has the wave structure, which is
characterised by the amplitude of variation of the
image intensity value Equation 3, as well as by
parameters of deformation of the relevant
material (roughness). In this case Lyaxmi» Lminwi
are maximum and minimum values of intensity
(respectively) within the i-th wave (which is under
consideration) of the M-th cross-section.

There are good reasons to analyse the
data on the amplitude of variation of the surface
deformation of various materials Equation 4 as
the criterion of the material deformation. In this
case, hyaxwi, Nuinvi respectively, are maximum and
minimum values of the deformation height within
the i-th wave (which is under consideration) of the
M-th cross-section.

There are good reasons to perform
comparison of these criterions in accordance with
the data of the root-mean-square deviation SL
and Sh of parameters L and h. For the M-th
cross-section, we will have (Equations 5; 6). In
this case, Ly and hy, is value of L within the k-th
cell and value of h in the course of the i-th
measurement of the M-th cross-section,

respectively, while q and hM are average

values of these parameters. In addition, there are
good reasons to analyse standard criterion R, of
the surface roughness as the criterion of
deformation (Bodryshev, 2017; Bodryshev and
Morgunova, 2017b; Babaytsev et al., 2019).

It is recommended to use method of the

contour analysis in order to determine
geometrical parameters of sections of
deformation near the zone of destruction

(Borynyak and Nepochatov, 2007; Bodryshev,
2017). Section is characterised by availability of
cells with the range of dispersion of the image
intensity Equation 7. In this case, Lmax. and Ly,
are minimum and maximum values of the image
intensity within the cells of digital display of the

sample surface, respectively. The entire area of
the section with the preassigned values of AL, is
determined in accordance with the help of the
receptor models, which ensure discretisation of
space. The receptor method is based on the
approximate representation of a geometrical
object within the field/space of receptors. From
the mathematical point of view, the receptor
geometrical model is described by the multitude
A=/a;}, where (Equation 8). It is assumed that
receptor is in the unexcited state, if boundary of
the section does not crosses this receptor, as
well as if this receptor does not belong to the
internal branch.

The obtained matrix, which contains the
data “1’, makes it possible to estimate
boundaries of this section, as well as to
determine its area. The entire area of the
preassigned section S; is determined with the
help of summation of all n cells with parameter
“1”. Then this sum is to be multiplied by the area
of one cell. This area is to be determined as the
product of the cell width s, and height heg
(Equation 9). Contour of the section is
determined with the help of Freeman chain code
(Borynyak and Nepochatov, 2007; Vinogradov,
2015; Bodryshev, 2017; Babaytsev et al., 2017b;
Kornev et al.,, 2018; Rabinskiy and Tushavina,
2019; Rabinsky and Tushavina, 2019). It is
reasonable to generalise results of the statistical
analysis, which is to be performed with the help
of the required quantity of samples on the
condition of the preassigned kind of loading, in
accordance with the statistical criterions.

3. RESULTS AND DISCUSSION:

On the basis of the data, which are
contained in the matrices of digital display of
samples and which are presented in Figure 2,
Table 1 and Figure 5 present results of
calculation of change of the relative deformation ¢
in the course of variation of the Hccuaed at
different distances from the fixation jaws. It is
obvious that relative deformation increases in the
course of decrease of the distance Hcacuatea- IN
this case, we observe various kinds of dynamics
of change in values of ¢ depending on position of
the point of fracture. Therefore, issue of
dependence of the ¢ value from the position of
Hcaculated 1S the problem of vital importance.

Let us analyse dynamics of change in S,
and S;, values, as well as dynamics of change in
the criterion of roughness R, of sample 1.1.
Figure 6 presents fixed cross-sections in the
longitudinal and transversal directions for the
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upper and lower parts of the sample, which was
fractured in the conditions of tensile. Figure 7
presents diagram of change of the image
intensity L in the longitudinal cross-section in the
centre of the destroyed upper part of the sample
(cross-section 6 of the upper part). Roughness of
this cross-section was determined with the help
of the Mitutoyo Surftest SJ-210 equipment. Chart
of change of the roughness is presented in Figure
8 (diagram of the roughness measurement was
constructed beginning from the upper end of the
deformation section at the distance of 30 mm
from the point of destruction). Construction of
such charts makes it possible to determine the
law of interrelationship between the parameters
under investigation.

Comparisons in respect of SL values, as
well as in respect of dispersion of roughness Sh
have been performed in accordance with the
following procedures (Figure 6):

1. Analysis of the data SL and Sh in the
longitudinal cross-sections (1.5, 6, 9) of the upper
and lower parts of the sample (of the samples).

2. Analysis of the data SL and Sh in the
transversal cross-sections of the upper and lower
parts of the sample (of the samples).

3. Group analysis of the data SL and Sh in
the transversal and longitudinal cross-sections of
the upper and lower parts of the sample (of the
samples).

4. Performance of analysis of the data SL
along with parameters of roughness Rz.

Relevant chart (Figure 9) presents
dynamics of change of the data SL, Sh, Rz in the
upper part of the fractured sample in the
transversal cross-sections 2.5, 5.5, 6.5, 10, 20,
and 30 mm (as an example). Clear trend of the
interconnected  correlation  between  these
parameters is observed. It is possible to
determine two sections in the range from 2.5 up
to 5.5 mm, where change of SL, Sh, and Rz
values is practically inessential, as well as the
second section (more than 20 mm), where effect
of deformation is an insignificant factor.

Results of performed investigations clearly
demonstrate that deformation of surface within
the zone of destruction is only determined by the
effect of destruction as such, as well as that
deformation depends on of the surface
roughness of the initial sample to a lesser
degree. As concerns the lower part of the sample
(Figure 6b), dynamics of change of parameters is
different as compared to the dynamics of the
upper part (Figure 10) in a certain degree. It is

possible that these data can be explained with
the help of different "conditions" of deformation of
these samples. As concerns the range from 5 up
to 18 mm, values of Rz and Sh decrease in the
form of waves and have inessential slope, while
SL value has a substantial slope. It is reasonable
to perform additional investigations in order to
analyse this situation.

The following Figure 11 presents
dependences of change of the parameters under
investigation near the zone of destruction. It is
clearly visible that values of SL, Sh, Rz both for
the lower section and for the upper section of
sample at the distances 3, 6, and 10 mm are
practically equal to each other. Therefore, the
stressed state within the zone of fracture is
practically the same. As concerns estimation of
the zone of deformation, there are good reasons
to investigate digital matrices of the displayed
sections (Figure 12). Due to the fact that
expressions (2) and (3) are satisfied and they are
valid, it is possible to determine area of the
deformed section (S3) with the great degree of
accuracy. In this variant, this area is equal to 119
mm? and it is determined in accordance with the
following expression: S3 = S— S1 — S2. In this
case, S, S1, and S2 are the foillowing
parameters: total area of part of the image under
investigation; area of the sample without any
deformations; area of the image beyond the
sample, respectively.

The following problems have been solved
in the course of this investigation:

1. Estimation of deformation of various
samples in the course of destruction on the basis
of the length of the fixed section, within which
fixation of such deformation occurs.

2. Determination of the law of deformation
of the sample cell taking into consideration the
dependence of such deformation on dimensions
of this cell. These data make it possible to
determine the law of deformation within the zone
of destruction.

3. Investigation of the interrelationship
between surface deformation of sample within the
zone of destruction and the law of variation of the
image intensity.

4. Determination of the zone of
deformation of various materials after destruction.

4. CONCLUSIONS:

1. Mechanical tensile tests were
performed. Load-displacement diagrams for all
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samples under investigation were obtained.
Measurements of roughness in different cross-
sections before and after tests were made.
Charts of changes in roughness were
constructed.

2. Deformation processes in the
aluminium samples in the condition of the
uniaxiual static tensile were investigated in
accordance with the method of correlation of
digital images before and after destruction.

3. Display of the massive of the image
intensity in the upper and lower parts of the
fractured sample ensures visual presentation of
differences or coincidences of the deformation
parameters within these sections.

4. Influence of the length of the section for
deformation measurements upon the value of
deformation was investigated with the help of the
digital method of the sample image processing.

5. The statistically significant
interrelationship of the image intensity of surface
of the sample under investigation with the root-
mean-square  deviation of the surface
deformation after destruction and parameter of
roughness Rz was determined.

6. Geometrical dimensions of the
deformation sections near the zone of destruction
are determined with the help of the method of
contour analysis. In addition, this method is to be
used with the help of the multivariate analysis
(multi-factor analysis) of the interrelationship
between image intensity, surface roughness, and
possibility of determination of geometrical
parameters of the deformation area/deformation
volume under different conditions of operation.
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Table 1. Data of the relative deformation depending on the distance from the fixation jaws
Relative deformation g, %
sample 1.1 sample 1.2 sample 1.3
complete sample 10.53 10.38 15.45
0 mm 15.58 10.38 23.61
5mm 17.91 15.07 27.42
7 mm 19.05 18.84 29.31
9 mm 20.34 23.08 31.48
11 mm 21.82 27.87 34.00
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Figure 1. Example of surface of the metal sample, which was destroyed in the course of tensioning

(a) and graphical presentation of the function L=f(x,y) of this image (b)
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Figure 2. Superimposed images of samples before and after tensile strength tests (translations of

inscriptions within the above Figure)
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Figure 3. Diagram of destruction of the plastic material
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Figure 4. Digital image of the upper part of the sample after destruction
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Figure 5. Chart of change of the relative elongation of samples ¢ ; values of the relative elongation
were measured at different distances from the fixation jaws (Figure 4)
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Figure 6. View of the fractured sample along with the preassigned cross-sections, as well as with the
points of measurement of L and h values; a — the upper part; b — the lower part
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Diagram of change L in the longitudinal
cross-section (upper part)
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Figure 7. Diagram of change of the image intensity in the cross-section 6
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Figure 8. Diagram of change of roughness in the cross-section 6
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Figure 9. Comparative diagrams of change of the data SL, Sh, and Rz in the upper part of the
fractured sample
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Figure 11. Diagrams of change of SL, Sh, and Rz values within the same cross-sections of the upper

Figure 10. Comparative diagrams of change SL, Sh, Rz in the lower part of the fractured sample

*10° #/Ag/sasuaolybio suowwosannealn:diy Nsia ‘asuadi| siyl Jjo Adod e main o “Japjoy JybuAdoa au) woly ARoanp uoissiwiad ulelgo 0] paau [ noA ‘asn papiwiad ay) spaaoxa Jo
uonejnBai fuojnjejs Aq payiuuad Jou si SN Papuajul INOA PUB 3SUS0I| SUOWIWOD) SARERID S3[9IUE SU} Ul PAPN[OUI JoU SI [ELSJBW J| © [BUSJEW 3y) C) SUI| JIPaIO B Ul 3SIMIBYI0 PAJBIIPUI SSIJUN SSUSDI| SUOWIWIOY) SAIBAI] S, 3PRIUE
3y) ul papnoul aue 3joIUe sy} ul [euajew Aped-pay) Jayjo Jo sabewn ay| -apew aiem sabueyo Ji 8jedIpUl pUB '9SUBDI SUCWILWICY) SANIE3ID) 3y) 0] jul| B apiacud ‘90inos ay} pue (s)ioyine [euibuo ay) o} ypaio sjeudoidde amb nok
se Buo| se ‘Jeuno} Jo wnipaw Aue ur uononpoidas pue ‘uonnquisip ‘uorejdepe ‘Buueys ‘asn spwuad yaiym ‘asusor] [eucnewau] (0'y A8 D0) 0'F UOINGUYJY SUOWWOYD 3AIE3ID B JapUN Pasuaol| sl PINE sIy] "SSIDIV NIdO

(shoyiny ayL @
*Suoseal 80uel|dwoD Joj LZOZ Ul B]I SIU) Ul PRONPOIIUI SBM 1X3) SIL |
"o BOIWMbaLDY MMM/-dIY "D Ld/1L525°01 (100 [BWINOT $O0Z 20Uls [eunol ssa0oe-uado ue si (Z0E0-6.12 ‘+2£0-9081 INSSI) BOIWINGD BUDL 0JIPOUSH 8y

Figure 12. Digital display of the deformed section of the fractured sample
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