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Abstract

Simultaneous measurement of kinematic and thermal full fields are very important for
thermomechanical procedures. Silicon-based cameras are widely used to perform real-time observation
of the kinematic fields, mainly thanks to digital image correlation. Moreover, they are known to be as
well sensitive in the near-infrared spectral range, thus the acquirement of thermal fields using silicon-
based cameras is possible. However, there are two main problems for the silicon-based camera to obtain
simultaneously kinematic and thermal fields. One is that in the near-infrared spectral range, a small
temperature variation will lead to a large modification in the image gray level, which easily leads to
poor quality images. Another is that digital image correlation needs a heterogeneous and contrasting
surface, while the near-infrared thermography needs a homogeneous and constant surface.

In this thesis, an innovative technique was proposed to automatically adjust the exposure time of
the camera to obtain kinematically and thermally exploitable images whatever the temperature evolution
occurs on the surface of the observed object. This technique was validated by different experiments,
including blackbody heating experiments and realistic specimen heating experiments. Radiometric
models of blackbody and specimen surfaces ware calibrated respectively. Based on the radiometric
models, thermal fields have been reconstructed on the kinematically and thermally exploitable images.

High temperature tube ballooning experiment is conducted to perform both kinematic and thermal
fields. Global digital image correlation was performed to obtain kinematic fields. To perform near-
infrared thermography on the specimen surface, radiometric model is calibrated based on portions of the
brightest pixels. In this case 20% of the brightest pixels are used to perform radiometric model
calibration. Based on the radiometric model using 20% of the brightest pixels, the thermal fields are
reconstructed. Combined with the known coordinates of kinematic fields by digital image correlation,

the thermal fields at the same coordinates as kinematic fields can be obtained.

KEYWORDS: Silicon-based camera, Kinematic field, Thermal field, Radiometric model, Exposure

time adjustment, Thermomechanical
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R&umeé

La mesure simultané des champs cinématiques et thermiques est trés importante pour les
procélures thermomezaniques. Les camé&as & base de silicium sont largement utilisées pour
I'observation en temps rél des champs cinématiques, principalement gré&e ala corréation d'images
numé&iques. De plus, ils sont aussi connus pour sa sensibilitédans le spectre du proche infrarouge, ce
qui permet d’acquérir des champs thermiques &l’aide d’une caméra a base de silicium. Cependant, pour
la camé&a abase de silicium, il y a deux problémes principaux d’obtenir simultanément des champs
cinématiques et thermiques. D’abord, dans le spectre du proche infrarouge, une petite variation de
tempé&ature entramera une modification importante du niveau de gris de l'image, ce qui entramera
facilement une mauvaise qualitédes images. Deuxiéne, la corrélation d’images numériques nécessite
une surface h&&ogéne et contrastée, tandis que la thermographie dans le proche infrarouge néeessite
une surface homogéne et constante.

Dans cette thése, une technique innovante a &&proposée pour ajuster automatiquement le temps
d'exposition de la camé&a afin d'obtenir des images exploitables pour I’analyse cinématique et thermique,
quel que soit I'éolution de tempé&ature ala surface de I'objet observeé Cette technique a &évalidés par
expé&iences diffé&entes, notamment des expé&iences de chauffage d’un corps noir et des exp€&iences de
chauffage d’un &hantillon ré&l. Les modées radiomériques du corps noir et de la surface des
&hantillons calibrent respectivement. Basésur les modéles radiomériques, des champs thermiques ont
&ééreconstruits sur les images exploitables pour I’analyse cinématique et thermique.

L'expé&ience ahaute tempé&ature est ré&lisé pour le ballonnement des tubes ot les champs
cinénmatiques et thermiques sont observés. La corrdation dimages numé&iques a éé effectué
globalement afin d'obtenir des champs cinématiques. Pour effectuer la thermographie du proche
infrarouge sur la surface de 1’échantillon, le modée radiomérique est éalonnéselon une partie des
pixels les plus brillants. Dans ce cas, 20% des pixels les plus brillants sont utilisé& pour effectuer
I'é&alonnage des modédes radiomériques. Basé sur le modée en utilisant 20% des pixels plus brillants,
les champs thermiques sont reconstruits. Combiné&avec les coordonnées connues du champ cinématique
par corré@ation d'images numé&iques, le champ thermique et le champ cin@natique dans les mémes

coordonnées peut &re obtenu.

MOTS CLES: Caméa a base de silicium, Champ cinénatique, Champ thermique, Modde

radiomérique, Réglage du temps d'exposition, Thermomeésanique
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General introduction

General introduction

Nowadays, experimental science is faced with major multi-physical challenges (particularly
thermo-mechanical procedure) requiring the development of advanced test benches, multiplying the use
of in-situ measurement techniques. Measurement of deformation and temperature is very important for
thermo-mechanical procedures, such as mechanical tests at high temperature (fatigue, fracture, impact,
et al.) and materials processing at high temperature (welding, forming, heating treatment, et al.). To
measure deformation, many methods have been developed, e.g., classical strain gages, grid method,
speckle interferometry, digital image correlation, etc. Digital image correlation appeared in the early
1980s has a major impact in the non-contact full field kinematic measurement of mechanics of materials
and structures, which is still undergoing very spectacular developments. Common silicon-based cameras
are used to perform digital image correlation. With the rapid development of cameras technology and
personal computers’ computational abilities, this technique will become more widely used in various
fields. To know the temperature, many techniques are also available, e.g., thermocouple, thermistor,
resistance temperature detector, and infrared thermography, etc. Among these methods, infrared
thermography is an advanced real-time non-contact, high-speed response and full field measurement
technique. Generally, infrared thermography is performed using infrared cameras. If both kinematic and
thermal fields can be simultaneously obtained by digital image correlation and infrared thermography,
which can provide rich and relevant information on the thermo-mechanical procedures.

To simultaneously obtain kinematic and thermal fields, many researchers have made efforts on this
topic. Many different methods are proposed to simultaneously obtain two fields. The commonly used
method is to use two different imaging systems. The kinematic field is obtained by digital image
correlation using the silicon-based camera, and the thermal field is obtained by infrared thermography
using the infrared camera. Then a posteriori data processing is conducted to integrate the space and time
associations of these two fields. Some researchers used silicon-based camera and infrared camera to
observe two different surfaces of the specimen, respectively. Srinivasan et al. [SRI 12] studied the
Liders deformation in the welded mild steel during uniaxial tensile testing. In their experiment, one
surface of the specimen with black coating is used to perform infrared thermography using infrared
camera so as to obtain the thermal fields, and the other surface of the specimen sprayed with speckle is

used to perform digital image correlation so as to obtain the kinematic fields. Some other researchers
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tried to use two imaging systems to observe the kinematic and thermal fields on the same specimen
surface. Bodelot et al. [BOD 09] used a “filter-mirror” (dichroic mirror) to separate the infrared radiation
and visible radiation, and a silicon-based camera is used to detect the visible radiation while an infrared
camera is used to detect the infrared radiation. Simultaneous observation of kinematic and thermal fields
in the same zone at the microstructure scale of an AISI 346L austenitic stainless steel specimen during
tensile test was performed. However, these methods have some problems which are difficult to be
simultaneously addressed: (1) Two different imaging devices have different spatial resolution and
acquisition rates. The exact same spatial and temporal coordinates of kinematic and thermal fields
cannot be achieved no matter how well the posteriori data processing is done; (2) The digital image
correlation and infrared thermography have conflicting requirements for the specimen surface. DIC
needs a heterogeneous and contrasting texture on the specimen surface, which is tracked to perform the
kinematic fields. But the IRT needs a homogeneous and constant emissivity on the surface, of which the
temperature can be measured with little influence of emissivity variation; (3) the combination of these
two imaging systems is expensive and uneasy. Complicated experimental set-up should be conducted
to combine these two imaging systems by special expensive filters and other installations due to the
different spectral ranges acquired by these two systems. Too much extra devices are not easy to be
installed around the specimens in the tests, especially if the specimen has a complex motion trajectory.

Taking into account the above disadvantages, a few researchers tried to obtain simultaneously
kinematic and thermal fields using a single type of camera. Maynadier et al. [MAY 12] used a single
infrared camera to obtain kinematic and thermal fields in order to capture localized transformation bands
of shape memory alloy under tension. Using a sole set of infrared camera, both two fields decomposed
over the same time and space discretization can be obtained. However, the infrared camera delivered
rather poor fields due to its low resolution. Moreover, the infrared cameras are expensive and difficult
to be used, which are mostly used in the laboratory research. Compared with infrared camera, silicon-
based camera is cheaper, presents lower noise, possesses longer durability and has major advantage to
deliver a far higher resolution, and it can be widely used for industrial applications. Orteu et al. [ORT
08] tried to use a single type of silicon-based camera (CCD camera) to measure both displacement and
temperature fields. However, the preliminary exploration has been done. Some problems have not been
solved. The problem that the digital image correlation and infrared thermography have conflicting
requirements for the specimen surface has not been addressed. The temperature they obtained is just the
apparent temperature (i.e., radiation intensity) and the true temperature fields cannot be obtained. In
addition, there is another problem for silicon-based camera to be used for temperature measurement. In
the near-infrared spectral range, a small temperature variation will lead to a large modification in the
image gray level, which easily leads to poor quality images due to oversaturation and/or poor dynamic
range of gray levels. The stable image gray level is the basis for both digital image correlation technique

and near-infrared thermography technique. Especially for the digital image correlation, the image
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correlation is based on the gray level conservation between reference image and deformed images. The
variation of image gray level will introduce large errors.

The objective of this thesis is to measure simultaneously kinematic and thermal full fields using a
single silicon-based camera. The problems mentioned above are intended to be addressed when a
silicon-based camera is used.

In Chapter 2, an innovative technique is proposed to automatically adjust the exposure time of the
camera to obtain kinematically and thermally exploitable images whatever the temperature evolution
occurs on the surface of the observed object. Then, the accuracy and reliability of this technique are
validated by blackbody heating experiment.

In Chapter 3, the technique proposed in chapter 2 is used in the realistic applications, and the
reliability and accuracy of this technique are further validated. Two specimen heating experiments are
conducted. The radiometric models of specimen surfaces are calibrated. Then, thermal fields on
specimen surfaces are reconstructed based on radiometric models.

In Chapter 4, tube ballooning experiment is conducted, and both kinematic and thermal fields on
the tube surface are intended to be obtained. Global digital image correlation is performed to obtain
continuous kinematic field. An innovative method is proposed to calibrate an accurate radiometric model
for heterogeneous specimen surface with different emissivity paints. This study offers a low-cost
simplified technique for obtaining simultaneously kinematic and thermal fields.

General conclusions and perspectives of this work are given at the end of this thesis.
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Chapter 1
State of the art

This chapter contains three parts; it presents the kinematic field
measurements by digital image correlation, the thermal field
measurements by infrared thermography, and the current situations of

coupling the kinematic and thermal fields.
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Nowadays, many topics of mechanical science involve thermomechanical coupled phenomena:
(1) Determination of complex constitutive model (shear bands, phase transformation, and so on); (2)
Description and modeling of rupture (cracking, self-heating in fatigue, and so on); (3) Study of the
manufacturing processes (modeling/development of the welding/forging, study of the cutting during
milling, and so on). The analysis of these phenomena assumes the consideration of some kinematic and
thermal quantities that the experimenter can attain in the form of displacements and temperatures. This
raises a series of questions concerning the reliability of the measurements, the dimensions of the regions
of interest and the non-disturbance of the phenomenon by the measurement itself.

The joint exploitation of these two quantities of interest allows better understanding, modeling and
identifying the coupled phenomena. It is therefore necessary that the two quantities (thermal and
kinematic) are measured on the same surface or the same regions of interest and at the same time.

The first part of this chapter presents the kinematics field measurement. First a short general point
of view is given prior to focus on the full field measurement by image correlation: the imaging set-up
that it generally requires and the basic principles of how it works.

The second part of this chapter presents the thermal field measurement, and especially the most
common technique for thermo-mechanical application: the middle-wave infrared thermography.

The last part deals with the current status of coupling the two measurement methods and presents

some recent works where the combination of both measuring techniques are used.

1.1 Measurement of kinematic fields

Measuring kinematic field consists in evaluating displacement or deformation on the surface of materials
or structures subjected to various loading, across a large area of interest, but often with local resolution.
Kinematic fields are commonly obtained using non-contact optical methods. By this way, the
measurement of kinematic fields circumvents many issues:

(1) How to avoid the disturbance of the observed phenomena?

(2) How to obtain global information about the displacement of the observed surface?

(3) How to detect local events (cracking, shear or strain localization, and so on)?
There are very important issues, which have been paid special attention in experimental mechanics and
materials science. Indeed, some of the commonly used technologies for the displacement or deformation
measurement are: (1) the finite difference of the rigid body displacement at the edge of the observed
structure; (2) the use of glued strain gages.

In the first case, the experimenter uses the displacement measured by the testing machine itself or
the relative displacements of two arms of an extensometer glued or clamped on particular points of the
surface. Beyond the practical implementation problems that this entails, the information obtained is then
averaged between the points whose movements are known. A local phenomenon can be totally ignored,

and if it is detected, we will not be able to know its position and magnitude. In the second case, strain
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gauge is a contact measurement method. However, it has some disadvantages. The gauge should be
glued to the specimen surface. If a small specimen or soft material are considered, the additional stiffness
and weight of the strain gauge will affect seriously the measurement results. Moreover, strain gauge
measurement is a point measurement method, and the full field cannot be obtained. It is difficult to use
this method for studying non-uniform deformation behaviors. Lastly, strain gauge has a limited
measurement range. The large deformation will break the strain gauge resistance wire, so the
measurement data cannot be obtained.

The optical measurement methods are non-contact full-field measurement methods, which can deal
with the aforementioned issues. There are many kinds of optical measurement methods that permit to
quantify displacements: (1) interferometry technique, such as holography interferometry, speckle
interferometry, moire interferometry; (2) non-interferometric techniques, such as digital image
correlation (DIC), particle image velocimetry (PIV).

Interferometric optical measurement methods measure the deformation by interpreting
interferences. In the case of moire or speckle interferometry, the interferences are obtained by projecting
a particular pattern (grid, line, or speckle) on the exact same pattern coating the imaged object. The
superposition discrepancy reveals local displacements and creates figures that can be interpreted to
quantify the displacements. The laser interferometry proceeds by recording the phase difference of the
scattered light wave from the test object surface before and after deformation. It could be used to obtain
spot measurements or field measurements thanks to a high-speed scanning. This technique usually needs
a coherent light source, normally the laser. However, the interferometry measurements have high
requirements for the external environment, which should be conducted in a vibration-isolated optical
platform. Thus, these techniques are normally used in the laboratory, and are difficult to be used in
industrial applications due to the complex environment.

Non-interferometric optical measurement methods measure the deformation of the object surface
by comparing the gray intensity changes before and after deformation. Non-interferometric optical
measurement methods only need a non-coherent light source, thus they are easier to be used than the
interferometric optical measurement methods. DIC is a representative non-interferometric metrology,

which has been widely used for the deformation measurement of solid materials [MCC 10][HIL 06].

1.1.1 Introduction of digital image correlation

The emergence and development of DIC is contributed by the rapid development of cameras technology
and personal computers’ computational abilities.

Compared with the interferometric techniques, DIC presents some attractive advantages:

(1) Simple experimental set-up

A single basic camera, such as a charge-coupled device (CCD) or a complementary metal-oxide-
semiconductor (CMOS) is needed to record images of the object surface during its movement.

(2) Simple specimen preparation

8
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If the specimen surface has a natural texture, which has a random gray intensity distribution, the
natural texture can be used as speckles to be easily tracked in DIC. If not, the surface can be prepared
simply by spraying black and/or white paints as speckle.

(3) Strong environmental adaptability

The DIC technique does not need a laser source. White light source or natural light is enough for
the measurement. Even if it is preferable that the illumination of the imaged scene stays constant all
through the recording process, some lighting variation can be tolerated as long as the surface texture
remains obvious. However, DIC can be used in complex work conditions, such as high temperature,
high pressure, high-speed impact, vibration, et al. Thus it is very suitable for industrial applications.

(4) Wide measurement range

DIC deals with digital images, thus these images can be acquired by various high-resolution digital
acquisition devices, such as optical microscopy [SUN 97][PIT 02], laser scanning confocal microscope
(LSCM) [BER 06][FRA 07], scanning electron microscopy (SEM) [KAN 05][WAN 06], transmission
electron microscopy (TEM) [CAL 14], atomic force microscopy (AFM) [CHA 05][SUN 06], scanning
tunneling microscope (STM), [VEN 98a][VEN 98b][VEN 98c], and satellites [SCA 62][LEP 07]. All
these kinds of images can be analyzed by DIC to make microscale to macroscale displacement
measurement.

The idea of DIC technique was first proposed in the early 1980s by Japanese I. Yamaguchi [YAM
81][YAM 81] and W.J. Peters and W.F. Ranson [PET 82] of the University of South Carolina in the
United States. |. Yamaguchi investigated the behavior of the small object deformation by calculating
the cross-correlation functions of speckle illumination intensities before and after the deformation.
Peters and Ranson performed the iterative operations on the digital images of the object acquired before
and after deformation. They calculated the correlation coefficient with the change of displacement and
its derivative to find the extreme value of the correlation coefficient, thereby obtaining the corresponding
displacement.

Many researchers did a lot of work on how to speed up the calculation and improve the calculation
accuracy. Peters [PET 83] firstly applied DIC technique to measure the displacement of the rigid body.
In the same year, Sutton et al. [SUT 83] improved the correlation search method, and used the
combination of coarse correlation and fine correlation to improve the calculation speed. HE et al. [HE
84] studied the accuracy of the DIC technique and improved the theory of this measurement method.
Sutton etal. [SUT 86][SUT 88] analyzed the measurement error caused by the subpixel recovery process,
and proposed reasonable methods to deal with subpixel recovery. Bruck et al. [BRU 89] used the
Newton-Raphson iterative algorithm based on binary cubic spline interpolation sub-pixel reconstruction
to solve the DIC problem, which greatly improved the DIC method. Vendroux and Knauss [VEN 98]
used a first-order derivative approximation to process the Hessian matrix, i.e. that the New-Raphson
algorithm was replaced by Gauss-Newton algorithm, which improved the computational efficiency by

removing the process of calculating the second-order gray level gradient while ensuring the calculation
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accuracy. Borgefors et al. [BOR 01] proposed the hierarchical search method, which decomposed two
images to be matched into a series of images whose size gradually decreases and the resolution gradually
decreased. The matching of images was from the lowest resolution level, and then gradually backtrack
the results, thereby increasing the calculation speed and usability of the method. Yoneyama and
Morimoto [YON 03] replaced the gray speckle pattern in the DIC technique by color speckle pattern,
which improved the accuracy of displacement and strain. Ré&horéet al. [RET 07a][RETO08] applied the
extended finite element to DIC, thereby greatly improving calculation accuracy of the discontinuous
behaviors, such as cracking. Since the emergence of DIC technique, there are still many outstanding
scholars who contributed to this term. Thus, the DIC technique is still undergoing very spectacular
developments.

In addition to improving calculation speed and accuracy, the practical applications of DIC
technique is another important topic. Its applications mainly focus on the following three aspects.

(1) Measuring the deformation properties and mechanical properties of various materials (such as
metal, composite, polymer, wood, et al.) under mechanical loading and thermal loading. Zikn et al. [ZIK
95] firstly used DIC technique to investigate the mechanical properties of wood. Choi et al. [CHO 97]
applied DIC technique to measure the deformation of concrete under compressive loading, and obtained
the failure performance of concrete. Bastawros et al. [BAS 00] used DIC technigue to obtain three stages
deformation process of the aluminum alloy foam under compressive loading. Chevalier et al. [CHE 01]
investigated the axial tensile tests of a kind of polymer by DIC.

(2) Based on the information of displacement and strain obtained by DIC technique, the various
materials’ parameters can be calculated, such as elastic modulus, Poisson's ratio, thermal expansion
coefficient, stress intensity factor, fracture toughness, et al. Zhang et al. [ZHA 02] studied the variation
of Poisson's ratio of the arterial vessels with axial strain by DIC. Yoneyama [YON 06] and Ré&horé
[RET 05] used DIC technique to measure the stress intensity factor at the crack tip. Pan et al. [PAN 07]
obtained the deformation information of film, so the thermal expansion coefficient of the film can be
calculated.

(3) The full field deformation data of the object surface by DIC technique is used to perform
theoretical analysis and numerical simulation [SAB 06][KNA 03][CHO 05]. Thus, the theory,
simulation and experiments can be linked.

After years of development, DIC technique has expanded from the initial displacement analysis in
metal testing to many other fields, such as biomedicine, civil engineering, aerospace, electronics, and so
on. Meanwhile, with the appearance of the atomic force microscopy, transmission electron microscopy
and scanning tunneling microscope, the DIC is widely used in microscopic observations. In the past few
decades, DIC has shown its great potentiality. From the perspective of further development, DIC
technique will inevitably be applied to a wider range of fields with the rapid development of computers

and imaging devices.
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1.1.2 Measurement set-up for digital image correlation measurement

Specimen preparation

The surface of the measured object must have a random gray intensity distribution. Generally, the
random speckle pattern is used as a carrier of displacement information. Some examples of speckles are
schematically shown in Fig. 1.1. An isotropic pattern guarantees that the displacement could be
identified in every direction of the plane. High-contrast speckle patterns ensure that the gradient will be
maximum. An example of the best pattern is shown in Fig. 1.1(d). Other three patterns are not good
patterns to perform DIC. Some natural texture of the specimen surface, such as the grains on the metal
surface or milling streaks, can be aleatory enough to be tracked by DIC. However, in most cases,

artificial speckles are made by spraying black and/or white paints.

. /
() Repetitive, anisotropic, high-contrast.  (b) Non-repetitive, anisotropic, high-contrast.

(c) Non-repetitive, isotropic, low-contrast. (d) Non-repetitive, isotropic, high-contrast.

Fig. 1.1: Example of surface pattern for DIC measurements.
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Image acquisition system

The general image acquisition system for performing DIC is schematically shown in Fig. 1.2. There
are four main elements: (1) specimen with surface speckle; (2) silicon-based camera (CCD or CMOQS);
(3) computer for data acquisition; (4) white light source. The camera is placed with its optical axis
normal to the specimen surface. The white light source is used to provide a good view of the specimen
surface with high-contrast gray level intensity distribution. When the specimen is under loading, the
camera simultaneously records the images. Then, a posteriori processing of the acquired images is
performed to obtain the displacement fields by the computer. The strain fields can be inferred from the
displacement fields.

Loading system

1

Planar

Specimen ——
T;/' / camera

= White Light Source

s N

Computer

Fig. 1.2: Typical optical image acquisition system [PAN 09].

1.1.3 Basic principles of digital image correlation computation

The basic principle of DIC is to select a reference sub-set with (2k+1) = (2k+1) pixels (k is the number
of pixels) in the reference image f(X,y) (i.e., image acquired before deformation), then to determine
the corresponding subset location in the deformed image 9(x’, ¥") based on the gray level information
of the subset. One can notice here that this justify why the surface pattern must not be repetitive,
otherwise the determined solution might not be unique. Thus, the displacement and strain can be
obtained based on the change of subset location and shape in the two images.

In order to reach this goal, correlation calculations are required. Firstly, a set of suitable variables
to represent the displacement and deformation of the subset in the reference image and the deformed
image should be found. Secondly, a mathematical criterion should be established to evaluate the
correspondence degree of two subsets: one in the reference image, the other one eventually strained and
displaced image. Finally, using an efficient search algorithm, the displacement and strain of subset can

be obtained by iterative calculation.
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Shape functions
As shown in Fig. 1.3, a point P(Xo, Yo) is in the reference image. To compute the displacement of
point P, a reference subset centered at point P(Xo, o) from the reference image is used to track its
corresponding location in the deformed image. The reason why a square subset, rather than an individual
pixel, is selected for matching is that the subset comprising a wider variation in gray levels will
distinguish itself from other subsets, and can therefore be more uniquely identified in the deformed
image.
The subset centered at point P(xo, Yo) moves to a location near point P'(Xo', yo'). The displacement
of point P on the x and y axes is u and v, respectively. Thus,
X, =%, +U ”
Yo =Y, +V
Meanwhile, point Q(xi, yi) represents any point around the point P in the reference subset,
positional relationship between point P and point Q is given as follows:
{xi = X, + AX 12)
Yi = Yo +AY
where Ax and Ay is the distance between point P and point Q on the x and y axes, respectively. If
the point Q in the reference subset moves to point Q'(xi', yi'), thus an equation can be given as follows:
X, =X +Ug
, (1.3)
Yi =VYitVg
Generally, the material imaged in the reference subset allows translation, rotation and shear. Thus, the
displacement of point Q on the x and y axes (ug and vg) can be given by the first-order displacement
gradient of point P:

Ug :u+a—qu+a—uAy
OX oy
(1.4
ov ov
Vo =V+—AX+—Ay
OX oy
Substituting Eq. (1.4) into Eq. (1.3) yield
' u u
X =X +u+a—Ax+a—Ay
OX oy
(1.5)
' ov ov
Y, =Y, +V+—AX+—Ay
OX oy
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Since point Q is any point in the subset, it is found from Eqg. (1.5) that displacement of subset can be

0
expressed by the displacement of the center point in the subset and its four derivatives (u ’V’Z_;J( 5“
ov OV )
ox ' oy

P (xo. vo)
.\.
P’(xo’.¥0")
Reference subset =™ @ (X ;)
Target subs;‘l Q(x".v;")
Reference image Deformed image

Fig. 1.3: Schematically illustration of a reference square subset before deformation and a target subset
after deformation [PAN 10].

Correlation criterion

In order to evaluate the similarity degree between reference subset and deformed subsets, a
correlation criterion should be given. To date, different correlation criteria are proposed. Generally, the
correlation criteria involve two groups: Cross-correlation (CC) criteria and sum of squared differences
(SSD) criteria. Three commonly used CC criteria are given as follows:
(1) Cross-correction (CC):

Cee = 2.0 [T Y)-9(X,¥)] (1.6)
-k —k
(2) Normalized cross-correction (NCC):
22 [ y)-a(x,y)]
Chee = Kk Y « ¥ (1.7)
[szz(x,y)} '{ZZQZ(X', y’)}

(3) Zero-normalized cross-correction (NCC):
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£ & [F (6 y) =] [9(X,¥) - 9,]
Conee = ZZ . AP 7 (1.8)
DRILTCEAY {zz[g<x n-al}
k k
f f(x =
where fm= (2 1221; (X ¥)and 9n = (2 1221;9(
Three commonly used SSD criteria are given as follows:
(1) Sum of squared differences (SSD):
kK k 2
Cossp = ZZ[ f(x,y)—9(X, Y')] (1.9)
-k —k
(2) Normalized sum of squared differences (NSSD):
r T2
kK [N
Chsso =20, f(xy) 7 90, y) 7 (1.10)
= =X k k , )72 k k o 2
{ZZ[f(X, y)] } {ZZ[Q(X,V)] }
| U5k =k -k -k i
(3) Zero-normalized sum of squared differences (ZNSSD):
k kK f , _f ', N —
Crceo ZZ x,y)-f, 7= 9(x’ y) -9 Z (1.11)
-k —k k K ,]72 k k ,]72
{ZZ[f(x, y)~fal } {ZZ[Q(X’, Y)=9u] }

The basic principles of these correlation criteria are the same. Here, the normalized cross-correlation

(NCC) is used to be analyzed as an example. The definition of NCC is given as follows:

Cix,y,uy, 8 U NV Zk:;[f(x’ V-9 Y]
" ox oy ox oy Kk B « 4 (1.12)
{szz(x,y)} '{ZZQZ(X', y')}

where X, y are the coordinates of the center point in the subset; x', y' are the coordinates of any point in
the subset and can be obtained by Eq. (1.5). When maximum value is achieved (i.e., C=1), the subset in
the deformed image are correlated with the reference subset in the reference image.

In correlation calculation, an optimization algorithm is normally adopted to find the minimum value.

Thus, a correlation factor S is introduced:
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k k

2.2 [Foay)-g(x,y)]

S=1-C=1- Kk (1.13)

{ii f(x, y)}% {ZZ g°(x, y')}%

-k -k -k -k

It is clear from Eq. (1.13) that the smaller the S value, the greater the correlation between the two
subset.
Search algorithm

A vector J is introduced to represent the displacement of subset, which is given as follows:

ou ou ov ov
‘]: X1yauav1_1_1_a_ (114)
Ox oy Ox oy
0 0
Ji(i=1,2,3,4,5,6) is used to represent the u, v, 8—”, —u, @, —V. Thus, the correlation calculation is
ox' oy ox oy

to find the minimum of objective function S(J;,J,,J,,J,,Js,J5) . It is obvious that the necessary

condition for S to achieve the minimum value is that its first-order derivative is equal to zero.
0S
a_Ji =0 (1.15)
For this optimization problem, there are many numerical methods, such as Newton-Raphson, etc.
When the S achieves the minimum value, we can obtain the displacement and deformation of the subset
from the Ji values.

The aforementioned processes are the basic principles of local image correlation method, in which
a small region of interest (i.e., the aforementioned reference sub-set) is chosen to be treated, as shown
in Fig. 1.3. The main limitation of the local method is that the process can induce large fluctuations from
one image to the other (from speckle and the variation of lighting).

The global image correlation method is better than the local method to avoid the limitations of the
local method mentioned above [HIL 12]. The global method relies on the entire image to determine the
displacement field based on a mesh and shape functions [BES 06]. The basic principles of global method
will be described in Chapter 4, in which the global image correlation method will be performed by Finite

element in our study.

1.2 Measurement of thermal fields

Temperature measurement is an important topic in many fields, especially high temperature
measurement in aerospace, materials, energy, metallurgy and other high-tech fields. To measure the
temperature, many techniques are available, which can be classified into two categories: (1) contact
measurement techniques, the sensor is sealed on the surface or embedded into the material like
thermocouples [GEN 09][BLO 80], thermistors[KIM 11], resistance temperature detectors [BLA 15],
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etc. These sensors are well known, cheap and robust, but they provide a point information. Moreover,
they fatally cause a disturbance in the observed phenomenon; (2) contactless measurement methods, the
sensor exploits the change in radiation from the surface due to thermal change of the observed object. It
can be a single point measurement like for infrared pyrometers or multisite sensors like becoming real
cameras (infrared thermography) [PER 17][WAN 11][AST 06], etc.

The following subsections focus on the infrared thermography as a method of full thermal field
measurement. Firstly, a general introduction of the infrared thermography is given. Then a brief
introduction of the notion of thermometry, and particularly to the infrared thermometry, is proposed.

1.2.1 Introduction of infrared thermography

Infrared thermography (IRT) is an advanced real-time, non-contact, high speed response and full field
measurement technique, which transforms the thermal radiation, emitted by objects in the infrared
wavelength of the electromagnetic spectrum, into an electronic video signal with a resolution depending
on the physical size of each pixel and of the whole sensor. IRT has some advantages:

(1) Non-contact measurement

Due to the infrared radiation of object surface being measured, it is unnecessary to touch the objects
and it will not interfere with the thermal balance of the object. Therefore, this technique is very suitable
for measuring moving or dangerous objects.

(2) Full field measurement

IRT outputs the full field temperature distribution of object surface, which not only provides
complete information, but also is visually intuitive. In the mechanics of materials, it is particularly
relevant for the observation of localized phenomena like localized phase transformation, cracking or
damaging.

(3) High-speed response

The response time of conventional temperature measurement techniques (such as thermocouple) is
in seconds, while the response time of IRT is in milliseconds or even microseconds. Thus, IRT is
relevant for the observation of transient phenomena.
Development of the use of infrared thermography

The IRT was firstly used in the military. In World War Il, Germans used infrared imaging tubes as
photoelectric conversion devices to develop night vision devices and infrared communication devices
[LIS 11]. After World War 11, many countries have conducted extensive researches on the use of IRT in
the military field. In late 1950s Texas instruments and the US Military developed the first single element
detectors, which allowed the scanning of scenes and produced line images. In the late 1960s infrared
camera was commercialized and thermal imaging became accessible to a wider audience, and not only
to the military [BAR 12]. As the technology advances and matures, the application of IRT has been

expanded to other fields.
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In the medical field, measuring the temperature of the human body can contribute to both disease
diagnosis and treatment planning. For example, IRT can be used for the diagnosis of superficial human
body tumors such as malignant melanoma [DI 2003]. IRT can provide real-time information for the
surgeon to assist him in decision making in the heart surgery [Ruddok 2003]. IRT is used in many other
medical applications, such as the diagnosing of diabetic neuropathy or vascular disorders [RIN 10], fever
screening [NGU 10], dentistry and dermatology [HAN 04], et al.

In the industrial field, IRT is an effective predictive maintenance tool. For example, IRT can be
used to detect abnormal temperature patterns, thereby indicating faulty connections [CHO 09]. IRT can
also be used in other areas of the maintenance and process monitoring field, such as monitoring of
deformation [BAD 11], fatigue damage [LUO 98][PAS 08][WAN 00], welding [MEO 04][KAF
11][LAH 11], nuclear product monitoring [BLA 89][ITA 04], aerospace maintenance [FAV 95][MEN
06], et al.

For civil engineering applications, the temperature measurement of the facade of buildings can
provide important information to discover many hidden conditions. For example, IRT is used to detect
where and how energy is leaking from a building envelope. Besides the detection of heat loss, it can also
be used to discover other anomalies, such as water infiltration and moisture [BOM 78][LJU 94] . A wet
mass in a wall with the differentiated thermal inertia can be discovered by IRT. IRT is used for sub-
surface moisture detection in masonry structures [MAI 09] and for moisture mapping in ancient
buildings [GRI 02].

The applications of IRT are not limited to medicine, maintenance and buildings. Nowadays, this

technique has been applied to various fields.

1.2.2 Fundamentals of infrared thermography

Random movements of molecules and atoms exist in any object above absolute zero, which emits
thermal radiation. The more intense the movement of molecules and atoms is, the greater the energy is.
The infrared wavelength range is approximately 0.76-1000 pum, which is between visible light and
microwaves in the electromagnetic spectrum, as shown in Fig. 1.4. Much of infrared range of the
electromagnetic spectrum is difficult to be used in IRT due to the lack of permittivity of the atmosphere
and optical set-up concerning these typical wavelengths. Fig. 1.5 shows the atmospheric transmittance
for different wavelengths. It is clear that the usable parts of the infrared for IRT involves: (1) Near-
infrared (NIR) from 0.76 pm to 1.7 um; (2) Short-wavelength infrared (SWIR) from 1.7 um to 2.5 pm;
(3) Mid-wavelength infrared (MWIR) from 3 pum to 5 um; (4) Long-wavelength infrared (LWIR) from
8 um to 14 um. Infrared radiation has a strong temperature effect. The higher the temperature of the
object is, the stronger the infrared radiation energy is. Therefore, the temperature of the object surface

can be obtained by measuring the infrared radiation energy. This is the theoretical basis for IRT.
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Fig. 1.5: Atmospheric transmittance at one nautical mile, 15.5°C, 70% relative humidity and at sea
level [USA 14].

In the early 1800s, the English physicist William Herschel discovered thermal radiation outside
the deep red in the visible spectral ranges, and this invisible light called infrared. After the observation
of the infrared, many great scientists, such as Max Planck, Ludwig Boltzmann, Gustav Kirchhoff, James
Clerk Maxwell, Joseph Stefan, Macedonio Melloni, et al., have made great contributions to IRT.
Nowadays, IRT has become a useful technique to obtain the full field temperature distribution on the
object surface.

The blackbody is an idealized physical body that absorbs all incident electromagnetic radiation,
regardless of frequency or angle of incidence. Thus, blackbody can be used as a standard for radiation
energy and is widely used for the calibration of infrared devices. In reality, the absolute blackbody does
not exist. In 1860, Kirchhoff opened a small hole in an isothermally closed cavity. When the light entered

the cavity through the small hole, it was reflected multiple times in the cavity, and was quickly absorbed
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and attenuated. Finally, only a very small proportion of the radiation could emit from the small hole, as

schematically shown in Fig. 1.6. This is the artificial blackbody.

1<

Fig. 1.6: Blackbody model [ROB 09].

The spectral characteristics of the blackbody are measured, and the curve of the spectral radiation
emission as a function of wavelength is shown in Fig. 1.7. It can be seen from the figure that there is a
maximum value corresponding to each temperature, and the blackbody radiation increases rapidly with
the increase of temperature. The maximum value of the curve is also gradually moved to the short wave

side with the increase of temperature.

Spectral radiation emission (W-m™-sr'!-pm™)
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.
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—
o
—
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Fig. 1.7: Special radiation versus wavelength [ROT 064a].
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(1) Planck’s law

In 1990, Planck proposed the energy quantization hypothesis to theoretically explain the
blackbody radiation curve in Fig. 1.7. Planck thought that the radiation can be perceived as a collection
of discrete particles termed ‘photons’ or ‘quanta’, where each photon has energy e (J) [MAH 05][CEN
97]:

e=hv=h< (1.16)
2

where h is Planck’s constant (h = 6.6262 X 10 J s); v is the frequency of wave (s?), c is the light speed
(c =2.9979x 108 m s1), and / is wavelength (m). It is apparent that while both ¢ and 4 depend on the

medium through which the wave travels, v is constant because the energy of the photon must be
conserved. The Planck’s radiation law can be given as follows [MAH 05][CEN 97]:

-1
C L

M(A4,T)= /’t_ls(eﬂ —1} (1.17)

where M (l,T) is the spectral radiance of blackbody (W €m2-um); c; is the first radiation constant

. . h
(¢ = 27NC% = 3.7415X 106 W m?); ¢, is the second radiation constant (¢, = TC =1.44X10?m K), k

is the Boltzmann’s constant (k = 1.38054 X 102 W s K1).

For any temperature, a radiation curve can be plotted using Planck’s law. It is clear from any
Planck curve that the spectral radiance is equal to zero when the wavelength is zero, the maximum value
of spectral radiance can be obtained at the peak wavelength, and the spectral radiance approaches zero
as the wavelength is extremely large. Planck’s law is the basis for all quantitative calculation of infrared
radiation.

(2) Wien’s displacement law

From the radiation curve of blackbody shown in Fig. 1.7, it is apparent that the maximum value
of spectral radiance is obtained at the peak wavelength ( 4, ), and this peak wavelength moves to lower
wavelength with the increase of temperature (as indicated by black curve in Fig. 1.7). The higher the
temperature is, the shorter the peak wavelength is. For example, during the heating process of metal, at
the beginning the long wavelength of infrared cannot be seen by human eye. As the temperature
increases, the radiation wavelength becomes shorter, so that the human eye can see it. By differentiating
Planck’s law with respect to 4 to find the peak wavelength, the Wien’s displacement law can be given
as follows:

g = 2898w K (1.18)
T

As seen from the Eq. (1.18), in room temperature (300 K), peak wavelength falls in the infrared spectral
range. Only when the temperature is higher than 3864 K, the peak wavelength is approximately equal

to 0.75 um, which moves to the visible light.
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(3) Stefan-Boltzmann’s law

By integrating Planck’s law over the entire spectrum (4 = 0 ~ o), the total hemispherical radiation

intensity of blackbody M g can be given as follows:
c -1
My = [ M(AT)A=] S e -1| d2=0T* (119)
B Jo ’ 0 28

where < is the Stefan-Boltzmann’s constant (& = 5.670 X 10® W m?2 K*). This is the Stefan-
Boltzmann’s law. This law indicated that the total hemispherical radiation intensity of blackbody per
unit surface area in a unit time is proportional to the fourth power of the absolute temperature.

The blackbody is an ideal radiator, but in reality the ideal blackbody does not exist. The real
objects only emit part of the radiation that a blackbody emits at the same temperature and same
wavelength. Here, the emissivity, which is defined as radiation of real objects M (4,T) normalized by

radiation of the blackbody M. (4,T) at the same temperature and same wavelength, is introduced:

_ M (4,T)
€1 = ML GLT) (1.20)

The emissivity of the object depends on the materials and the surface state of the object. The emissivity
of the blackbody is equal to 1, while the emissivity of real objects is always between 0 and 1. If the
emissivity of an object at a certain temperature is known, the radiation of this real object at this

temperature can be expressed by the Planck’s law and the emissivity:
o2 )
MR(/I,T)zg%—l{e” —1} (1.21)

Based on the Stefan-Boltzmann’s law, the radiation of this real object can also be given as follows:
Mg (4,T)=¢-0T* (1.22)

This Eq. (1.22) is the theoretical basis of IRT.

1.2.3 Infrared thermometry

As mentioned above, any real object has surface emissivity. Thus, the problem of surface emissivity
cannot be ignored in the infrared thermometry. In reality, several common methods of infrared
thermometry are proposed to deal with this problem. The common methods involve total radiation
thermometry, radiance thermometry and dual wavelength thermometry.

(1) Total radiation thermometry

The basic principle of total radiation thermometry is that the total spectral radiance of the object
within the entire spectral ranges (0<i<w) is firstly measured, then the temperature of the object is

calibrated by the same spectral radiance of the blackbody. That is, when the object to be measured with
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a temperature T and the blackbody with a temperature Ty, have the same total spectral radiance in the
entire spectral ranges, the blackbody temperature Ty, is defined as the radiant temperature of the object.
Based on the Stefan-Boltzmann’s law, the total spectral radiance of blackbody with the

temperature Ty can be given as follow:

M, =oT,* (1.23)
Also the total spectral radiance of the object with the temperature T can be given as follow:
M=¢g-oT" (1.24)
Based on the assumption of total radiation thermometry, an equation can be given as follow:
M, =M (1.25)
Substituting Egs. (1.23) and (1.24) into Eq. (1.25), the temperature of the object is
T= Jﬁ (1.26)

The real temperature of object T is in fact higher than its radiant temperature T, because the emissivity
of the object is less than 1.

In reality, the detectors cannot acquire the entire spectral ranges. Thus, only a reduced part of
spectral range is measured in practical applications of total radiation thermometry. That is, the spectral

radiance of the object within a certain spectral range (11<A< 12) can be expressed by:
X
M :Ll M (A,T)dA (1.27)

Meanwhile, the spectral radiance of the blackbody within the same spectral ranges (11:<A< 12) can be
also calculated, and the temperature of the blackbody is defined as the radiant temperature of the object.
Thus, the temperature of the blackbody can be given as follows:

JIm (T

- (1.28)
° o}
Based on the Eq. (1.26), the temperature of the object surface can also be obtained as follows:
["M (2T )2
T = 424 (1.29)
oe(T)

It should be noticed, reading the Eq. (1.29), that emissivity in the measured spectral range should be
known to obtain the true temperature of the object surface. The measurement error is mainly related to

the estimation error of the emissivity. The smaller the surface emissivity is, the larger the error is.

(2) Radiance thermometry
The basic principle of radiance thermometry is that the infrared devices is used to measure the

illumination from the object, then the temperature of the object is calibrated by the same illumination
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from a blackbody. Indeed, when the observed object has a temperature T, the output illumination of this

object V can be given based on Wien’s approximation:
G
V=Ke(A,T)1 e (1.30)
where K, is a constant of the device at given wavelength. Meanwhile, the same device is used to obtain

the same illumination of a blackbody V with a temperature Tp:

V=K,A%e "™ (1.31)

Combining Eq. (1.30) and Eq. (1.31), the temperature of object can be obtained as follows:

11 A (132)
T T, C,
The above equation is derived from a monochromatic spectrum of wavelength 1. In realistic
measurement, it is carried out within a certain narrow spectral range. The emissivity of the object near
the spectral ranges should be known to get the true temperature of object surface. If the emissivity is
unknown, the temperature Ty is considered to be the true temperature but an error will be introduced.
Nonetheless, this error is smaller than that of total radiation thermometry.
(3) Dual wavelength thermometry
The aforementioned two thermometries are affected significantly by the emissivity of the object
surface. In order to reduce the influence of the lack of knowledge on the emissivity of the object surface,
the dual wavelength thermometry is proposed. The basic principle of dual wavelength thermometry is
that the spectral radiation ratio of the object at two given wavelengths A; and A, is measured. Then the
temperature of the object is calibrated by the same spectral radiation ratio of the blackbody. When the
observed object has a temperature T, two output illuminations of this object V1 and V; can be given for

two given wavelengths /1 and 1,:

G,

V, =K, 4% e A (1.33)
G,

V, =K, 5,45 e ¥ (1.34)

where K, and K,, are two constants of the device at two given wavelength, respectively. A ratio R is

introduced as:

G,
5 7?
R=i_ Kuth &~ (1.35)
vV G

It is apparent from Eq. (1.35) that the temperature of object T is directly linked to the ratio R. If the ratio
R can be obtained by blackbody calibration, the temperature of the object can also be obtained. This
method is also named as two-color thermometry.

When the same device is used to measure the temperature of blackbody Ty, the ratio R is:
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S
A,
-e
R= _1' “Ai S (1.36)
V2 K/IZJ“Z_S € 2
Combining Eq. (1.35) and Eq. (1.36), the temperature of the object can be obtained as follows:
1 1 In g, —Ing
Ak (1.37)

T T, Clk2)

It can be found from Eq. (1.37) that the temperature Ty is equal to the true temperature T when the object
is a gray body (the emissivity of gray body does not change with the variation of wavelength. Thus,
measurement accuracy can be very high when dual wavelength thermometry is used to measure the
temperature of the gray body. When the dual wavelength thermometry is used to measure the
temperature of non-gray body, the larger the distance between A1 and Ay, the larger the error. Two

wavelengths with small distance between them are generally chosen in the realistic measurement.

1.2.4 Infrared thermal imaging

The infrared cameras can measure the infrared radiation emitted by an object and convert the
energy detected into an image. In practical applications, not all of the radiation received comes from the
target object. The radiation may come from other sources, such as surrounding objects, atmosphere,
which should be removed in the conversion to temperature. Fig. 1.8 shows a thermographic analysis of

the heat transfer processes. The total radiation received by the infrared camera (W,.) comes from three

sources: the radiation emitted by target object (W oj ), the radiation reflected, emitted by the surrounding

objects (W) and the radiation absorbed by the atmosphere (W,,). The energy balance can be given as

follows:

Wy, = 6W,,, +(1- &) W, +(1-7)W,y, (1.38)

refl
where T is transmittance of the atmosphere. To obtain the temperature of the object, some information

should be known: object emissivity, reflected temperature, atmosphere temperature, the transmittance

of the atmosphere.
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Fig. 1.8: IRT: schematization of the heat transfer processes [ASD 02].

1.3 Current status of coupling kinematic and thermal
fields

Many experimental processes require observing both kinematic and thermal information in several
points or even on a large area of interest. Especially in experimental mechanics (mechanical tests such
as fatigue, fracture, impact, etc.) and materials science (materials characterization, or materials
processing such as welding, forming, heat treatment, etc.), the deformation and temperature of the
specimens or components are two most important parameters, which are necessary to be known. If both
kinematic and thermal full fields can be obtained at the same spatial and temporal coordinates, it can
offer invaluable experimental data for these thermo-mechanical procedures. DIC and IRT are two good
candidates for obtaining both kinematic and thermal full fields. Many researchers have contributed to
integrating both kinematic and thermal fields. The following subsections will present the common

methods that have been proposed to simultaneously measure these two fields.

1.3.1 Combination of two imaging systems

The more commonly used method to obtain simultaneously the kinematic and thermal fields is to use
two different imaging systems: kinematic fields acquired by silicon-based camera and thermal fields
acquired by infrared camera. Then, a posteriori data processing is conducted to integrate the space and
time associations of these two fields. Some scholars used silicon-based camera and infrared camera to
observe two different surfaces of the specimen. Srinivasan et al. [SRI 12] studied the L Uders deformation
in the welded mild steel during uniaxial tensile testing, as schematically shown in Fig 1.9. In their
experiment, an infrared camera was used to observe the thermal fields of one surface with black coating,

and a silicon-based camera was used to observe the kinematic fields of another surface with speckle
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pattern. The same method was used by Wang et al. [WAN 17] to observe the kinematic and thermal
characteristics of Liders and Protevin-Le Ch&elier bands in a medium Mn transformation-induced
plasticity steel. Chrysochoos et al. [CHR 10] investigated the mechanical energy and heat sources
involved locally during a heterogeneous thermal tensile tests of materials using data supplied by DIC
and IRT. These two techniques are performed on different surfaces of the specimen by a CCD camera
and an infrared camera. As shown in Fig. 1.10, Wang et al. [WAN 16] also used this two-face
measurement configuration to investigate the plastic deformation of a pure aluminum oligocrystal sheet
in a tensile test by measuring the kinematic and thermal fields on the two different surfaces of the sheet.
Favier et al. [FAV 17] also used two-face measurement configuration to observe the kinematic and
thermal fields on the surface of austenitic polycrystalline Ti-50.8 at.% Ni thin tube under tension test.
In their tests, the thin geometries of the specimens (such as sheets, plates, or wires) were commonly
used to ensure that the temperature and the displacements are constant through the specimen thickness.
One surface of the specimen was sprayed by the black-white paints, which could provide a
heterogeneous surface with randomly distributed speckle pattern for digital image correlation. Another
one was sprayed by single black or white paint, which could provide a homogeneous surface with
constant surface emissivity for IRT purpose. Although this two-face measurement experimental set-up
solves the problem that DIC and IRT have different requirements for coatings of the surfaces to be
observed, the problem of time and space association still remains and this method is only suitable for

some thin specimens.

Load
Sample Light source
Infrared
Camera *
Infrared Radiation Visible Radiation
i Speckle pattern
Temperature ek coating - s Displacement
determination and strain
computation

Fig. 1.9: Schematic of Srinivasan’s experimental set-up [SRI 12].
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Isolation box Grips

Specimen

IR camera Visible camera Light (LEDs)

Fig. 1.10: Wang’s two-face measurement experimental set-up [WAN 16].

Some other scholars performed both DIC and IRT on the same surface by using two imaging
devices. Harzallah et al. [HAR 18] proposed a bi-spectral imaging apparatus with a cold mirror (as
shown in Fig. 1.11), which enabled imaging at two different wavelengths: one dedicated to visible
images for DIC purpose and the other to infrared images for IRT purpose. Using this apparatus, the
kinematic and thermal fields on the same surface with speckle pattern in orthogonal cutting experiment
can be simultaneously measured. Similarly, a “filter-mirror” (dichroic mirror) was used by Bodelot et
al. [BOD 09] to separate the infrared radiation and visible radiation for simultaneous observation of
kinematic and thermal fields in the same zone at the microstructure scale of an AISI 346L austenitic
stainless steel specimen during tensile test, as shown in Fig. 1.12. Louche et al. [LOU 12] directly used
a visible camera and an infrared camera to observe kinematic and thermal fields on the same NiTi alloy
specimen surface with speckle during tensile test, as shown in Fig. 1.13. The similar methods have also
used by other scholars [GOI 13][DAT 13][KRS 15]. In their tests, the temporal synchronization and
spatial synchronization of these two fields were performed. Nowak and Maj [NOW 18] provided a
detailed description of the numerical procedures for determining coupled thermomechanical fields based

on the experimental data obtained from two cameras (silicon-based camera and infrared camera).

28

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2019LYSEI013/these.pdf
© [C. Zhang], [2019], INSA Lyon, tous droits réservés



State of the art

Conventional
milling
machine

CMOS high speed Camera
power LED

+ focus

beam splitter
50R/50T

Kistler

dynamometer -

Sample

holder tube lens

Schwarzschild off-axis parabolic
Tool objective miror
Si splitter
Linear N IR Camera

accuator A \ ?\ |

Fig. 1.11: Orthogonal cutting device and imaging apparatus (left) and schematic of the visible-infrared
imaging apparatus (right) [HAR 18].

"Filter-Mirror"

Radiation

Infrared

Infrared Camera
Camera Infrared
Radiation

(a) Schematic of the imaging apparatus. (b) Experimental set-up

Fig. 1.12: Schematic of the imaging apparatus and experimental set-up [BOD 09].
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Fig. 1.13: Experimental set-up of tensile tests of superelastic NiTi shape memory alloys [LOU 12].

However, from the experimental point of view, this method has several essential problems which
are difficult to be solved:

(1) The two different imaging devices (silicon-based camera and infrared camera) have different
spatial resolution and acquisition rates. The exact same spatial and temporal coordinates of kinematic
and thermal fields cannot be perfectly achieved no matter how well posteriori data processing is done.

(2) The two techniques (DIC and IRT) have conflicting requirements for the specimen surface. DIC
needs a heterogeneous and contrasting texture on the specimen surface, which is easily tracked to
perform the kinematic fields. But the IRT needs a homogeneous and constant emissivity on the surface,
of which the temperature can be accurately measured with little influence of emissivity variation.

(3) The combination of these two imaging systems is expensive and uneasy. Complicated
experimental set-up should be conducted to combine these two imaging systems by special expensive
filters and other installations due to the different spectral ranges acquired by these two systems. The too
much extra devices are not easy to be installed around the specimens in the tests, especially if the

specimen has complex motion trajectory.

1.3.2 Single imaging device for both fields measurement

To avoid the aforementioned problems induced by two imaging systems, a few researchers tried to
obtain both kinematic and thermal fields using a single camera. Maynadier et al. [MAY 12] proposed
the infrared image correlation (IRIC) technique to access to both kinematic and thermal fields
decomposed over the same time and space discretization using single apparatus: an infrared camera

(shown in Fig. 1.14). It was applied to capture localized transformation bands of shape memory alloy
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under tension. Nevertheless, this technique, based on the infrared camera (usually operating in the
middle wave infrared spectral range of 3-5 um or 8-12 um), delivered rather poor resolution fields (only
320240 pixels to be exploited) and the temperature explored is limited to [20; 60] ‘C in this publication.
In addition, the infrared cameras are expensive and difficult to be used. Thus they are mostly confined
to the laboratory research. Compared with infrared cameras, silicon-based cameras are cheaper, present
lower noise, possess a longer durability and have major advantage to deliver a far higher resolution
(about 48003600 pixels), so they are widely used for industrial applications. The most important point
is that the cameras equipped with silicon detectors (CCD or CMOS), which are widely used to perform
real-time observation of the kinematic fields thanks to digital image correlation, are not only operating
in the visible spectrum (0.4-0.75 um), but are also sensible in near-infrared spectral range (0.75-1.1 um).
This indicates that silicon-based camera can also be used to measure the temperatures higher than about
573 K. Thus, they are good candidates to measure both kinematical and thermal fields if the sensors are

properly calibrated.

electro-chemical/

polished surface

high emissivity
black paint

high emissivity /
speckle =

M1
N Large cold
N\ surrounding

Infra-Red
Camera

Specimen

Fig. 1.14: Kinematic and thermal fields measurement experimental set-up using a single infrared
camera [MAY 12].

Moreover, the silicon-based cameras have some special advantages over infrared cameras when
the thermography is conducted. Firstly, the disturbance from the surrounding radiation to the
measurement of thermal fields by silicon-based cameras in the near-infrared spectral ranges is much less
than that by infrared camera in the middle infrared spectral ranges. The disturbance radiation from the
surrounding objects is an important issue in infrared thermography and the correction process is very
difficult. This problem will be amplified when the observed surface has low emissivity due to the high
reflectivity. Teyssieux et al. [TEY 07] [TEY 08] compared the influence of different wavelength on the

disturbance radiation from surrounding objects by introducing the normalized ratio
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(NR = Ro — I% ), where R; is the radiation of the object to be observed, Ra is the surrounding
(©]

radiation reflected by other objects. Fig. 1.15 shows the relationship among wavelength, temperature
and normalized ratio at a given emissivity of 0.25. It indicates that the disturbance radiation from
surrounding objects is slight and can be negligible when the wavelength is less than 2 um, while the

disturbance radiation from surrounding objects is obvious when the wavelength is greater than 2 um.
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Fig. 1.15: Relationship among normalized ratio NR, temperature and wavelength at a given
emissivity of 0.25. [TEY 08].
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Fig. 1.16: Relative temperature error versus relative error on the emissivity at a given temperature of
550 K. [TEY 07]

Secondly, a smaller temperature assessment error can be achieved in the near-infrared spectral
range rather than in the middle wave infrared spectral range even when the surface emissivity varies

with the temperature. The evolution of the temperature error versus emissivity error for different spectral
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ranges was shown in Fig. 1.16 when the temperature is fixed at 550 K [TEY 09]. It indicates that a better
accuracy of temperature measurement could be achieved in the lower spectral range when the emissivity
is varying. Rotrou et al. [ROT 06b] also studied the measurement of thermal fields of an object surface
with gradient emissivity by both infrared camera operating in the spectral ranges of 8-12 um and a
silicon-based camera operating in the spectral ranges of 0.75-1.1 um. The results showed that more
accurate thermal fields can be obtained by using silicon-based cameras, while large temperature errors
higher than 100 K appear by using infrared cameras due to the emissivity gradient, as shown in Fig.
1.17.

Fig. 1.17: Temperature measurement on a surface with gradients of emissivity, the infrared image on
the left, the near-infrared image on the right. [ROT 06b].

Orteu et al. [ORT 08] intended to use two CCD cameras to measure the shape, strain and
temperature full-fields, in which a single camera can obtain simultaneous kinematic and thermal fields.
Moreover, the two cameras are used to obtain the three-dimensional shape of the object. However, the
problem that the heterogeneous specimen surface coating possesses different emissivity cannot be
addressed, thus the temperature they obtained is just the apparent temperature (i.e., radiation intensity)
and the ture temperature field cannot be obtained directly.

Furthermore, one big practical issue for silicon-based camera operating in the near-infrared spectral
range is that a small temperature variation leads to a large modification in the image gray level. At the
high temperature, the temperature fluctuation easily occurs, which significantly affects the image gray
level. This high sensitivity to temperature variation leads to poor quality images due to oversaturation
and/or poor dynamic range of gray levels. This phenomenon will lead to unreadable images, and any
useful information cannot be obtained. Moreover, in this study the kinematic field obtained by digital
image correlation is based on the stable gray level images. Thus, there is here a conflict between the

thermal field computation that requires to record the radiation change due to temperature, and the DIC
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computation that relies on the luminance conservation, assuming only displacement and deformation of

an unchanged texture.

1.4 Motivation and originality of this work

The work that is presented in this thesis aims to propose an experimental technique in order to obtain
both kinematic and thermal fields at the same spatial and temporal coordinates using a single common
visible camera. Three main points are addressed in this thesis:

1. How to maintain the image gray level stable when the temperature changes? This point will be
addressed in Chapter 2, in which an approach to maintain the image gray level stable is proposed
whatever the temperature changes.

2. In realistic applications, the thermal field should be reconstructed on the realistic specimen
surface, which has its own emissivity. How to practically use a common visible camera to reconstruct
thermal field on this surface without measurement of surface emissivity? This point will be addressed
in Chapter 3, in which some realistic experiments are conducted and the thermal field on the specimen
surface is reconstructed.

3. When both kinematic and thermal fields at the same spatial and temporal coordinates are
obtained. To perform digital image correlation, a non-repetitive, contrasting texture is required on the
specimen surface. Generally, the speckle is sprayed on the specimen surface. However, the speckled
specimen surface will then present a non-uniform emissivity that will interfere with the thermal field
computation by near-infrared thermography. How to perform the near-infrared thermography on this
contrasted surface simultaneously to DIC measurement? This point will be addressed in Chapter 4, in
which a method is proposed to perform near-infrared thermography on the heterogeneous surface with

speckle, thereby obtaining thermal fields.
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Chapter 2
Control of image gray level with

temperature evolution

In this chapter, the principle of the radiometric model is introduced.
Blackbody experiments are conducted to calibrate the radiometric
model of the blackbody. Based on the radiometric model, an approach
to automatically adjust the exposure time is proposed to obtain stable

gray level images whatever temperature evolution is.
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2.1 Introduction

Silicon-based sensor cameras are widely used to perform real-time observation of the kinematic fields
in visible spectral range (0.4-0.75 um). Those cameras are known to be as well sensitive in the near-
infrared spectral range (0.75-1.1 pum). Thus the acquirement of thermal field using a silicon-based
camera is possible and suitable for application at high temperature. Nevertheless, in the near-infrared
spectral range, a small temperature variation leads to a large modification in the sensor illumination and
thus of the image gray level. Orteu et al [ORT 08] gave an example: when the camera operates in the
near-infrared spectral range (close to 1 pum), the ratio of the measured luminance between 573K and
1273K is about one million (times), whereas when the camera operates in the long-wave infrared spectral
range (close to 10 um) the ratio is only five (times). This high sensitivity to temperature evolution at
high temperature leads to poor quality recorded images due to oversaturation and/or poor dynamic range
of gray level. These undesired phenomena will lead to inexploitable images, i.e. that any useful
information cannot be obtained. Thus, simultaneous measurement of accurate thermal and kinematic
fields is quite impossible when these inexploitable images are used. In order to address this problem,
this Chapter proposes an innovative method to precisely and automatically adjust the exposure time, all
through the recording process, to obtain kinematically and thermally exploitable images whatever the
temperature evolution on the surface of the observed object is. Indeed, a series of images with stable
gray level is the basic requirement for digital image correlation whereas the recording of the sensor
illumination evolution is needed for infrared thermography so as to obtain good kinematic and thermal
fields at the same time.

This chapter is structured as follows. First part introduces the radiometric model, which describes
the relationship between gray level, exposure time and temperature. Then, experiments are conducted
by imaging a blackbody in order to calibrate the radiometric model of blackbody. In the second part, the
basic principle of our approach to maintain the mean gray level of image stable is proposed, and the
detailed procedure of this approach is also given. In this approach, the new exposure time should be
predicted. Thus, two algorithms, including linear algorithm and Planck’s algorithm, are proposed to
predict the exposure time so as to obtain the images with stable mean gray level. Based on these two
algorithms, a software is made to automatically adjust the exposure time to obtain images when the
temperature changes. Finally, a new series of images recorded on a blackbody with varied temperature
are recorded to validate and compare the accuracy and reliability of two algorithms when the

temperature changes.
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2.2 Radiometric model

2.2.1 Principle of radiometric model

The surface of any object has its own emissivity (0 < ¢ < 1) and own temperature (T > 0 K). It emits
electromagnetic energy in the form of radiation in a wavelength range [A1, 42]. As mentioned in Chapter
1, the Planck’s law describes the total monochromatic flux (for one particular wavelength) emitted by a

blackbody as a function of its temperature and the wavelength of the electromagnetic energy. Based on

the Planck’s law, the total monochromatic flux emitted by the surface of any object @, with uniform

emissivity can be given as follows:
[ -1
CDe(/l,T)zg(/l)-M(/1,T)=g(/1)~%[e” —1J (2.1)

where 8(2) is the emissivity of the object surface, for the considered wavelength. In reality, the
measurement of a flux emitted by a target surface is difficult to be achieved because the reflection of

flux from surrounding objects received by this surface @ is often superimposed on it. The total flux

received by a detector @, is therefore given as follow:
D, (ﬂ,,T) =, (/1,T)+CDref (ﬂ,,T) = g(l)- M (/1,T)+ (1—5(1))(Dref (/1,T) (2.2)

The quantum sensors of the detectors use the photoelectric effect to create electrons from the
received photons if their energy is sufficient (greater than the gap energy of the material constituting the
detector). The electron flow is measured during the exposure time for each of the pixels. It is finally
converted to the form of digital level I. The detectors made by different materials are sensitive to
different wavelength ranges. For example, the silicon based detector is particularly sensible in the
wavelength range from 0.4 um to 1.1 um, while the VisGaAs based detector can detect the wavelength
range from 0.4 pm to 1.7 um. In this thesis, the silicon-based camera is used due to its low cost, lack of
cooling, low sensitivity to the emissivity of the material and its spatial resolution.

The description of the whole measurement chain makes it possible to establish the general
radiometric equations. Cabannes et al. [CAB 96] indicated that it is generally necessary to simplify these
equations to be able to use them. The expression of the digital gray level I, representing the illumination,

can be reduced to the following two terms:

L=7-([£(2) W (2)-M(AT)-dA+[@Q-2(2)) W (4)- D (4,T)-dA) (2.3)

where T is the exposure time (integration time) of the camera; W(i) is the spectral response of the

whole measurement system. Different systems have different components. Generally, the spectral
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response of the whole measurement system involves the spectral transmittance of the atmosphere @, ,
the spectral transmittance of the filter @y, (if there is), the spectral quantum efficiency 77, , and so on.

M (/1,T) is the spectral radiance of blackbody (as indicated in Chapter 1, Eq. (1.17)).
If the measurement is carried out in a dark room without other energy sources, or if the surface
emissivity &(A) is sufficiently high, the term containing @ ¢ can be neglected. Thus, the Eq. (2.3)

can be simplified as follows:

. =]
» 2

<o [o(A)W(A) M(AT)-d2 =1 je(z)-w(z)-l—g(e“ -1} o e

In this study, a CMOS camera sensitive to wavelength up of 1.1 pm is used. The maximum temperature

to be studied is about 1203 K. Wien’s approximation indicates that: if A-T <2900.m-K | it can be

simplified as E% 1~ e% . Thus, this study satisfies the condition of Wien’s approximation

(1.1m=1203K < 2900um- K'), and the Eq. (2.4) can be simplified as follows:
|=r-jg(/1)-w(/1)-%-e’%-dz (2.5)

The Eq. (2.5) is an integral form, which wavelength bounds are difficult to use in practical measurement.
Rotrou et al. [ROT 06] introduced an effective wavelength A. into the radiometric model. Thus, the

digital signal I can be given as follows:

G
Il =7-(c, Ky W (4)-£(4)-4°)e ™ (2.6)
where Kiy is an integration constant. Based on the Saunders’s research [SAU 97]. The spectral density
of energy in the near-infrared spectral band will move to lower wavelengths when the temperature
increases. Thus, the effective wavelength 4. to be considered, should be chosen as a function of the

absolute temperature of the surface. That is why an extended effective wavelength 4,(T) is introduced

G . . .
by Rotrou [ROT 06] into the term e*ﬁ . Then, the final equation can be given as follows:

C

| =7-k -e’ww (2.7)

where £, gathering several set-up dependent parameters, is a parameter which could be determined by
a radiometric calibration process, T is the absolute temperature, ¢z is the second Planck’s constant (1.44
x 102 m-K), 4(T)is the extended effective wavelength, which is defined by the following equation [ORT
08]:

1 a a,
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where ao, a1, a2, as, * -+, an are parameters dependent of the whole bench configuration (camera’s sensor,
lens, surrounding objects, etc.), which should be determined by a priori in situ radiometric calibration.
Due to the short temperature range (less than 300 K) to be studied in this study, the extended effective
wavelength with two parameters ao and a; is enough for the radiometric model calibration. Thus, the
radiometric model equation can be written as follows:

CpxBg Cpx@y

l=z.k .e T T (2.9)

w

To avoid performing too many radiometric model calibrations for each exposure time, the intensity
In(T) is used to perform the calibration [ROT 06], which is defined as gray level | normalized by
exposure time 7. Thus, the radiometric model equation can be written as follows:

I _Cox8y Cpx&y
|n=;=kw-e Tor (2.10)

The Eq. (2.10) is the radiometric model, which provides the desired relation between the temperature of
the studied surface T and the numerical level I. Three unknown parameters of the radiometric model (&,
ao and a;) should be calibrated in order to calculate the temperature distribution over the object surface.

2.2.2 Blackbody experimental set-up

Blackbody experiments are conducted to calibrate the radiometric model. The schematic diagram of the
experimental bench is shown in Fig. 2.1. It is composed of four main elements: (a) a cavity blackbody
(temperature reference source up to 1350 K) and its temperature controller (RCN 1200 N1
manufactured by HGH); (b) a CMOS camera (VC-12MC-M65E0-FM) with 4096 x 3072 pixels,
mounted with a lens (NIK AF MICRO-NIKKOR 200MM F/4D IF-ED); (¢) an auxiliary pyrometer to
monitor the effective blackbody internal temperature; (d) a computer which controls the image
acquisition and records the experimental data (images, blackbody theoretical temperature prescribed by
the controller, blackbody internal temperature controlled by embedded thermocouple and by pyrometer,
recording exposure time).

The experiments are performed in a dark room to avoid the interference from other heat sources.
The CMOS camera is placed with its optical axis normal to the @ 50 mm aperture of the cavity blackbody.
The distance between the front lens of the camera and the blackbody is approximately 1 meter. The
computer records simultaneously: the digital image with gray level encoded between 0 and 255 level,
exposure time of the camera. The CMOS camera is controlled by home-made Labview software, which
can automatically adjust the exposure time of the camera to control the mean image gray level of a

particular region of the image (see ROI in Fig. 2.2) during the heating process of the blackbody.
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Fig. 2.1: Blackbody experimental set-up.

2.2.3 Calibration of radiometric model

The aforementioned radiometric model describes the relation between gray level, exposure time and
temperature. Validating the relation between these three physical quantities is an important issue for
better understanding of the radiometric model. Moreover, three parameters (kw, ao and a1) must be
identified.

Fig. 2.2 shows an acquired image of the blackbody. The red region in the image is the region of
interest (ROI), which has 1000 x 1000 pixels. A series of images have been recorded with various
independently and manually tuned blackbody temperature or and/or exposure time. The exposure time
varied between [1; 11ms] for two particular temperatures of 1123K and 1153K and the temperature of
the blackbody varied between [1050; 1250K] for two given exposure times of 7 ms and 3 ms. Fig. 2.3
shows the evolution of mean gray level of ROI as a function of exposure time at fixed temperature. It is
clear that the gray level increases with the increase of exposure time. We also find that these data follow
the linear curves. The evolution of gray level as a function of the temperature for fixed exposure time
of 3 ms and 7 ms is shown in Fig. 2.4. The mean gray level also increases with increasing of temperature.
But the experimental data roughly follows the exponential curves. These results indicate that the form
of the radiometric model in Eqg. (2.10) is accurate, in which exposure time and gray level are in linear

relation, and the gray level and temperature are in exponential relation.
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Fig. 2.2: Image acquired and the ROI with 1000 <1000 pixels.
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Fig. 2.3: Evolution of mean gray level of ROI as a function of exposure time for the given
temperatures of 1223 K and 1253 K.
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Fig. 2.4: Evolution of mean gray level of ROI as a function of temperature for the given exposures

time of 7 ms and 3 ms.

Blackbody experiments (13 images acquired with manual adjustment of blackbody temperature
and exposure time) are also conducted to calibrate the radiometric model. In this study, the least square
method is used to calibrate the radiometric model. Through the calibration process by Matlab software,
the three parameters of the radiometric model (kw, ao and a1) are identified and indicated in Table 2.1.

Thus, for our particular set-up, the radiometric model of blackbody can be given as follows:

4 5
| = ! =1.358x10" x exp£—1'843x10 + 8'54_?;10

(2.12)
T

The calibrated radiometric model of blackbody is also shown in Fig. 2.5, where experimental data (cross

points) follows well the calibrated radiometric model (continuous curve).

Table 2.1: Three parameters of radiometric model of the blackbody.

kw (GL/s) ao(m™) a (K-m™)

1.358 X 10! 1.28 X10° -5.9368 X 107
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Fig. 2.5: Radiometric calibration function identified on experimental data (cross points).
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Fig. 2.6: Temperature errors of radiometric model.
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In order to validate the identified radiometric model, we propose to evaluate the error between

temperature calculated thanks to the radiometric model and the temperature measured by the pyrometer.

The temperature errors of the radiometric model AT . is defined by:

radio

AT T

radio _| real

T

radio |

(2.12)

where Treal is the blackbody temperature measured by the pyrometer; | is the calculated

radio

temperature by radiometric model. Fig. 2.6 shows the temperature errors of radiometric model. The
maximum error is only 0.6 K. Most of errors are less than 0.3 K.

2.3 Approach to control image illumination

2.3.1 Principle of the approach

The camera receives the incident flux coming from the target object which is related to its surface
temperature. Each pixel then converts the incident flux into the output signal (gray level value), so the
gray level value of the acquired image is directly linked to the temperature of the object surface.
Moreover, the exposure time controls the duration of acquisition and thus to the amount of photons
collected by the sensor. Thus, the gray level of an image can be modified by adjusting the exposure time
of camera. The principle of the proposed approach is to continuously and automatically adjust the
exposure time to get a series of images with stable mean gray level of the ROI whatever the temperature
evolution is. The schematic diagram of the basic principle is shown in Fig. 2.7. At the beginning, the
first two images (as indicated by black points) are acquired with an identical exposure time (i.e., 71 = 7
= 7). If the exposure time is kept unchanged while the temperature increases, the image gray level will
increase fast (as indicated by hollow points) and this will easily lead to the saturation of image. Thus,
the exposure time should be adjusted (decreased in this case) to maintain mean gray level of ROI equal

to that of the first image (as indicated by red points).

45

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2019LYSEI013/these.pdf
© [C. Zhang], [2019], INSA Lyon, tous droits réservés



Control of image gray level with temperature evolution

Saturation e t
’f‘\
—
O
~
)
-
9
> TP L L LT LT T
S
O

Fig. 2.7: Schematic diagram of the basic principle of the approach.

2.3.2 Detailed procedure of the exposure time adjustment

It is observed from the radiometric model (Eq. 2.10) that the intensity is only related to temperature. If
the first two images are known and one gives a prediction of the temperature of the next image, then the
intensity of the third one can be predicted. The flow chart for maintaining the mean gray level of ROl is

shown in Fig. 2.8. A criterion equation is introduced as follows:

\ln(i—l)—m\sc,i >3 (2.13)

where |_(i—1) is the mean intensity value of ROI in the No. i—1 image, | (1) is the mean intensity

value of ROI in the first image, and C is a critical value chosen by the user. This critical threshold, as
low as possible, cannot be exactly zero as it is impossible to acquire two exactly identical images in
reality (noise, vibrations, optical disturbance, etc.).

When the discrepancy in mean intensity value between the image i —1 and the first one is less than
the critical value C, it means that the intensity as well as the temperature is the same between two images.
Thus, it is unnecessary to change the exposure time and the next exposure time (i) can be equal to the
last one 7(i-1). When the discrepancy is greater than the critical value C, it means that the intensity as
well as the temperature is different between two images. The exposure time should be adjusted to make
the gray level equal to the original one. In this situation, an algorithm to accurately predict the next
exposure time should be proposed. This study proposes two kinds of algorithms (Linear algorithm and

Planck’s algorithm) in the following section 2.3.3 to predict the next exposure time ().
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Fig. 2.8: Flow chart of the approach to maintain the image gray level constant.

2.3.3 Two possible algorithms to predict the exposure time

Linear algorithm

A linear algorithm can be used to predict the next exposure time. The principle of the specific law of
linear algorithm is shown in Fig. 2.9. Because the frequency of camera is maintained constant during
the tests, the time interval between adjacent images is constant. Thus, an equation can be given as follow:

t-t,=t,-t, (2.14)

For a general linear function | =axt+b, there are

[,(i)=axt +b (2.15)
I,(i-1)=axt_ +b (2.16)
l.(i-2)=axt_,+b (2.17)

Combining Egs. (2.14), (2.15), (2.16) with (2.17), it can obtain:

|0)-1,(-D)=ax(t -t )+b=ax(t_—t)+b=1(i-D-1 (-2 (2.18)

Thus,

I ()=2x1_(i-D-1(i-2) 2.19)

Eq. (2.19) can be expanded:

—W—Zx 1-1) 1(-2)
(i) T r(i-1) (i-2)

RO) (2.20)
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In order to make sure that mean gray level value of image number i is equal to that of the first image

[ (i) = 1 (1), the next exposure time can be predicted as follows:

o Q)
0= , 1D _1G-2) 221)
w(i-1)  z(i-2)

Planck’s algorithm

The radiometric model is derived from the Planck’s law, and its basic equation is an exponential function.
Thus, the exponential algorithm based on Planck’s law seems relevant to predict the next exposure time.
The principle of the specific law of exponential algorithm is shown in Fig. 2.9. Because the frequency

of camera is maintained constant during the tests, the time interval between adjacent images is constant

(indicated by Eq. (2.14)). For a general exponential function E =a-e", there are

| (i)=a-e" (2.22)
| (i-1)=a-e™ (2.23)
| (i-2)=a-e™ (2.24)

Combining Egs. (2.14), (2.22), (2.23) with (2.24), it can obtain:

T /N 3 7° A A 2
|n(|) % |n(| —2)= a-e xg.eliz = g2.ePlivha) _ g2 . g20is) _ |n(| -1 (2.25)

Thus,

2

1.(i)= Li-h) (2.26)

In(l_z)

Eq. (2.26) can be expanded:

(2.27)

| (I):@: m ZXT(i_Z)
I | 7i-y | 1a-2)

In order to make sure that mean gray level value of image number i is equal to that of the first image

| (|) = | ( ) , the next exposure time can be predicted as follows:

(i —1)}2 -2 (228)

T(i)ZI(l)X[I(i—l) 2i-2)
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Fig 2.9: Principle of the specific law of exponential function and linear function.

2.3.4 Validation of two algorithms

Blackbody experiments are conducted in the temperature range from 1024K to 1224K. Eighteen images
are acquired with automatic adjustment of exposure time by a homemade software based on the
aforementioned two algorithms. The parameters of the two cases are shown in Table 2.2. In order to
validate and compare two algorithms of exposure time prediction, a set of simulated gray levels, which
are inferred from the radiometric model, are firstly analyzed. Then a set of realistic images of the
blackbody experiments at different temperatures is also analyzed. We aim at quantify how much both

algorithms are able to keep mean gray level stable whatever the temperature changes.

Table 2.2: The parameters of two cases to validate and compare two algorithms.

Critical value | Frequency of .
Case No. Algorithm
C (GL/s) camera (Hz)

Case 1 Linear

0.05 0.05
Case 2 Planck

Case 1

Based on the radiometric model and the linear algorithm to predict the next exposure time, the simulation
process is conducted by Matlab software. Fig. 2.10 shows the simulated results of a case by using linear
algorithm and the temperature range is from 1024 K to 1224 K. As mentioned in section 2.3.1, the first

two images are taken with a constant exposure time (about 35.1 ms). Thus, Fig. 2.10(b) shows that the
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image gray level rapidly increases with the temperature change between the two first images. Then, the

linear algorithm operates and automatically adjusts the exposure time of the camera. One can observe

that the exposure time decreases when the temperature increases, and the corresponding gray level

decreases. It is worth noting that the first exposure time prediction and adjustment is underestimated

leading to a mean gray level a little bit higher than expected. Then, the gray level has a decreasing trend.
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Fig. 2.10: Simulated results of linear algorithm.
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Fig. 2.11: Experimental results of linear algorithm.

Blackbody experiments with the same conditions as the simulation process are conducted, and the

corresponding results are shown in Fig. 2.11. Comparing the experimental results with the simulated

ones, one can observe that the evolution of exposure time and gray level in the experiments is almost

the same as that of simulated results, but the difference is that the gray level after adjustment in the
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experiments is not a perfectly linear reduction relationship. This phenomenon is normal because the
heating rate of blackbody in reality is not an exactly linear and the experiments will be affected by noise,

vibrations and optical disturbance, while in the simulation the heating rate follows a perfect linear

function.
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Fig. 2.12: Simulated results of Planck’s algorithm.
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Fig. 2.13: Experimental results of Planck’s algorithm.

Case 2

The Planck’s algorithm is also used to maintain the gray level constant as the temperature increases in
the simulation process. Fig. 2.12 shows the results of the use of Planck’s algorithm on the set of
simulated mean gray levels. As for the linear algorithm, the exposure time is constant for the first two
images, giving a 2" gray level quite different from the expected one. The mean gray level then decreases
to be equal to that of the first image due to the rapid decrease of the exposure time. It can be seen that a

stable gray level after adjustment is obtained.
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Based on the Planck’s algorithm, the corresponding experimental results at the same conditions are
shown in Fig. 2.13. It is apparent that the experimental results agree well with the simulated one, and

the image gray level after adjustment decreases to the original value of the first image.

Comparison between two algorithms

The error, which is defined as the difference between mean gray level of image after the third one | (i)

and the mean gray level of the first image | (1) normalized by the mean gray level of the first image, is

introduced as follows:

-1

error = ——x100% (2.29)
1D

Both experimental errors of linear algorithm and Planck’s algorithm are shown in Fig. 2.14. It is apparent
that the Planck’s algorithm has two advantages: first the error is less than 0.5% which is much smaller
than the linear algorithm; then the error is stable. It seems thus that this error is mainly due to
experimental artifacts (noise, temperature regulation or non-uniformity). The Planck’s algorithm is
based on the basic function of the radiometric model, thus it is better for it to predict precisely the next
exposure time, thereby resulting in the more accurate image gray level equal to the original value of the
first image after adjustment. It is also worth noting that although the software made by Planck’s
algorithm is derived from the radiometric model, in the practical application of this software it is

unnecessary to conduct the calibration experiment and calibrate the radiometric model.
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Fig. 2.14: Experimental errors of linear algorithm and Planck’s algorithm.
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2.4  Conclusions

The radiometric model and an approach to control mean gray level of ROI in the images whatever the
temperature evolution are investigated in this chapter. In the first part, the basic principle of radiometric
model is introduced, and image recording and analyses of a high temperature blackbody are conducted
to calibrate the radiometric model. The least square method is used to identify the three parameters kw,
ao and a; of radiometric model. Thus, the radiometric model of blackbody with three parameters is

obtained as follows:

4 5
| =1 1 358510 xexp| 184310, 854910 }

T T T?

Meanwhile, the errors of radiometric model at different temperatures are also calculated, and the
maximum error is only 0.6 K.

In the second part of this chapter, an approach to automatically adjust exposure time is proposed to
obtain a series of images with stable mean gray level whatever the temperature changes. The basic
principle and detailed procedure of this approach is described. Two algorithms, linear algorithm and
Planck’s algorithm, are proposed to predict the exposure time. Based on two algorithms, a homemade
software is made to automatically adjust the exposure time. Then the homemade software is applied to
compute the temperature of images recorded during the heating of blackbody from 1024 K to 1224 K.
This procedure aims to validate and to compare the accuracy and reliability of two algorithms. The
results indicate that a reliable and stable mean image gray level can be obtained by Planck’s algorithm,
while bigger errors will occur by using the linear algorithm. Thus, the Planck’s algorithm is more

suitable to obtain images with stable and reliable gray level.
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Chapter 3
Thermal field reconstruction in realistic

application

This chapter contains two parts. The first part introduces the basic
principle of thermal field reconstruction based on radiometric model.
The thermal field of blackbody experiment is reconstructed. In the
second part, the thermal field of specimen surface in realistic

application is reconstructed without surface emissivity measurement.
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3.1 Introduction

As pointed out in Chapter 2, a simple radiometric model can be calibrated over a few images at different
temperatures. The demonstration of this identification has been performed on a blackbody cavity.
Moreover, a homemade software based on the Planck’s algorithm has been proposed in order to acquire
images with stable mean gray level by automatically adjusting the exposure time. It has been obtained
and validated by recording the heating process of blackbody. In the first part of this chapter, the principle
of thermal field reconstruction is proposed, and the thermal fields of blackbody images are reconstructed
based on this principle. Then, the temperature errors between temperatures calculated from the thermal
fields and temperatures measured by thermocouples are also calculated.

To further validate the accuracy of the software for automatic adjustment of exposure time and the
method to reconstruct thermal field, two different realistic applications are conducted in the second part
of this chapter. In the first experiments, two heating coils are used for heating a steel specimen. In the
second experiments, a heating plate is used for heating a titanium alloy specimen. For both experiments,
the evolution of the mean gray level of ROI is investigated to further validate the accuracy and reliability
of the software based on the Planck’s algorithm for automatic adjustment of exposure time. Thereafter,
thermal fields of images acquired in both experiments are reconstructed, and the temperature errors
between temperatures calculated from the thermal fields and temperatures measured by classic

measurement methods (pyrometer or thermocouples) are also calculated.

3.2 Thermal field reconstruction

3.2.1 Principle of thermal field reconstruction

In this study, the radiometric model, which describes the relationship between gray level, exposure time

and temperature (firstly introduced by Eq. (2.10) in Chapter 2) is recalled hereafter:

C, Xa, C, xaq,
In(1,)=In(k,)—-2 — 2 :
n(l)=Mn(k,)-== = (3.1)
Thus,
X% 5% X% L n(1,)-In(k,)=0 (3.2)
T T
The temperature can finally be expressed by the following equation:
1
T= -
|3 In(l)-In(k,) &, (3.3)
4’  cxa 2

If the radiometric model is calibrated and all three parameters (kw, ao and i) are obtained. The

temperature can be computed from the intensity, which is the gray level divided by exposure time.
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During the experimental procedure, the images and exposure time of the camera are recorded. Thus, the
temperature of each pixel in an image can be calculated from the Eq. (3.3), and the thermal field can
also be reconstructed based on the calculated temperatures of all pixels. This is the basic principle of

thermal field reconstruction

3.2.2 Thermal fields of blackbody

In Chapter 2, the radiometric model of blackbody has been obtained. Based on the radiometric model of
blackbody and recorded images of blackbody, the thermal field can be computed pixelwise, under
uniformity assumption that the same global radiometric model can be used for all pixels. Several thermal
fields of ROI (as indicated in Fig. 2.2) for various temperatures measured by pyrometer are shown in

Fig. 3.1 when using the software Planck’s algorithm for automatic adjustment of exposure time.
Meanwhile, the temperature error ATpixe| between each pixel and pyrometer can also be calculated,

which is defined as follows:

AT o =T,

real

Tpixel (34)

pixel
where Tpixe| is the calculated temperature of each pixel, T.a IS the temperature measured by the

pyrometer. The error field can thus be reconstructed based on the errors of all pixels, as shown in Fig.
3.1. The mean temperature errors and standard deviations (error bars) of all error fields at various
temperatures measured by pyrometer are plotted in Fig. 3.2. It is apparent from these two figures that
the thermal field and error field are quite uniform. Mean temperature errors of all error fields are about
1 K. It demonstrates that the calculated temperatures are in good agreement with the measured
temperatures, and the near-infrared thermography technique used for calculating temperature is accurate

and reliable.
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Fig. 3.1 Reconstructed thermals field and error fields from recorded images with mean gray level

conservation (Planck’s algorithm).
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3.3  Thermal field reconstruction in realistic applications

The aforementioned software based on the Planck’s algorithm for automatic adjustment of exposure
time and the method for reconstructing thermal field has been exploited so far only in blackbody
experiments. In this section, the software is used in realistic experiments, and the corresponding thermal
field is reconstructed. Two different tests are conducted: first heating process of a steel specimen under
heating coils is investigated, then the heating process of a titanium alloy specimen under heating plate

is investigated.

3.3.1 Thermal field of specimen surface under heating coils

Experimental Procedure

The material used is AISI 304L steel, which chemical composition (wt.-%) is Fe-0.024C-1.09Mn-
18.55Cr—8.00Ni—-0.41Si-0.0085-0.023P. A specimen with dimensions of 100 mm (length) X 10 mm
(width) X 1 mm (thickness) was cut from the steel sheets. For metal specimen where emissivity is too
low or heterogeneous, coating with black paint is required in common infrared thermography in order
that the homogeneous and high emissivity surface can be produced. Thus, the specimen surface was
sprayed with high temperature black paint.

Fig. 3.3 shows the experimental set-up. This set-up consists of several main elements: (a) AlSI
304L steel specimen with black paint coating; (b) an induction heating device; (c) a CMOS camera
(VC-12MC-M65E0-FM) with 4096 x 3072 pixels, mounted with a lens (NIK AF MICRO-NIKKOR
200MM F/4D IF-ED); (d) a pyrometer and three thermocouples to provide the classical temperature
measurement for comparison; (€) a computer with our software to record the experimental data (images,
exposure time and temperature) and automatically adjust the exposure time to control the image gray

level.

Heating coﬂk

ol

Computer

Fig. 3.3 Experimental set-up: the observed surface is located between the two induction heating coils.
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The experiment was conducted in a small dark room. The distance between the front lens of the
camera and the specimen surface was approximately 1 meter. Three thermocouples were welded at the
edge of the specimen surface, and the distance between optical pyrometer and the specimen surface was
1 meter. The specimen was heated by induction with two coils, and its temperature is servo-controlled
with respect to the data returned to a control thermocouple. The induced temperature is ordered from
873 K to 973 K and the heating rate is set to 1K/s. The software based on the Planck’s algorithm is used
for automatic adjustment of exposure time, and images are acquired with acquisition rate of 1 image per
second at the same time. Before the test, the pyrometer is calibrated to ensure the control thermocouple

and the pyrometer indicate the same value when the same temperature is measured.

4

1_4-1
Pyrometer

T2

4-2

Fig. 3.4: Acquired image of specimen surface under induction heating: Rectangle 1 is the ROI for
exposure time adjustment; rectangles 2-1 and 2-2 are considered for the identification of the
radiometric model; rectangle 3 is the area of thermal field reconstruction; rectangles 4-1 and 4-2 are

considered for the validation of the reconstructed thermal field.

Fig. 3.4 shows an acquired image of the specimen surface. The white dot in the center of the image
is the measuring position of pyrometer. T1, T2 and T3 are the three thermocouples. The green rectangle
1 is a chosen ROI with 500 x 400 pixels, analyzed by our homemade software, where the mean gray
level is intended to be maintained stable or even constant by automatic adjustment of exposure time.
The two blue squares 2-1 and 2-2 are two 100 x 100 pixels areas, chosen to identify the parameters of
the radiometric model in this configuration. These two particular areas are chosen because they
correspond to the measurement points of the pyrometer and to the location of the thermocouple T2. A

justification of the size of the area 2-2 is proposed in Appendix A. The red rectangle 3 with 800 x 1700
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pixels is a wide ROI for the thermal field reconstruction. The yellow 100 x 100 pixels squares 4-1 and
4-2 are chosen because they correspond to the temperature measurement areas of thermocouple 1 (T1)
and thermocouple 3 (T3). The temperatures of these two yellow squares calculated from thermal fields
are respectively compared with the measured temperatures by thermocouples T1 and T3, thereby

validating the accuracy of the thermal field.

o
=1

250 F
1401
200} w |
j g 120
U] @ st
=" e} £
m —
> -— a0k
L o
BOF
% 1o} 7
(3 8_ 0}
>
sor Ll zof
—&— With exposure time adjustment —&—Wyith exposure time adjustment
—=—Without exposure time adjustment oF —=—Without exposure time adjustment |
%ED Eéﬂ 960 92ID 91I1D BéD 980 860 Eéﬂ QSD 92‘0 BtliD BéD 9580
Temperature measured by pyrometer(K) Temperature measured by pyrometer(K)
(a) Mean gray level of ROI 1 evolution. (b) Exposure time evolution after exposure time adjustment.

Fig. 3.5: Mean gray level of ROI 1 and exposure time evolves as the temperature measured by

pyrometer increases with/without exposure time adjustment.

Control of the conservation of the image mean gray level

Fig. 3.5 shows the evolution of mean gray level of green ROI 1 (defined in Fig. 3.4) and exposure time
with/without exposure time adjustment as the temperature measured by pyrometer increases from 873
K to 973 K. As indicated by red points in Fig. 3.5(a), without the automatic adjustment of exposure time
the mean gray level of green ROI 1 increases fast from original gray level 135 GL to the maximum gray
level 255 GL as the temperature just increases from 873 K to 906 K. As the temperature further increases
from 906 K to 973 K, the acquired images are inexploitable due to the over saturation of images. These
saturated images cannot provide any useful information. Some examples of acquired images are shown
in Fig. 3.6, in which the gray level of image increases with the increase of temperature at the constant
exposure time. When the mean gray level of ROI 1 is chosen to be controlled by the software based on
the Planck’s algorithm for automatic adjustment of exposure time, the exposure time decreased with the
increase of temperature (shown in Fig. 3.5(b)), in which the critical value C is set to 0.05 GL/s and the
frequency of camera is set to 1 Hz. It can also be found that with automatic adjustment of exposure time
the corresponding mean gray level of ROI 1 (as indicated by blue points in Fig. 3.5(a)) can be maintained
stable as the temperature increases from 873 K to 973 K. Some examples of acquired images are also

shown in Fig. 3.7, in which the gray level of image is maintained stable with the increase of temperature
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when the exposure time is automatically adjusted. This result further indicates that the software based

on the Planck’s algorithm for automatic adjustment of exposure time is feasible and reliable.

(a) 873.0 K (b) 878.3 K (c) 885.6 K

(d) 894.0 K (€) 900.6 K

Fig. 3.6: Some images acquired at various temperatures using a constant exposure time.

(a) 873.0K (b) 878.3 K (c) 885.6 K
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(d) 894.0 K (e) 900.6 K
Fig. 3.7: Some images acquired at various temperatures with exposure time adjustment.

Calibration of radiometric model

Three parameters kv, ao and a; of radiometric model should be obtained by calibration of radiometric
model. The mean gray level of two blue ROI (Fig. 3.4) and reference temperatures provided by
pyrometer and thermocouple T2 are used for the radiometric model calibration. All data of two ROIs
are used to calibrate the radiometric model. Experiment data and calibrated radiometric model are shown
in Fig. 3.8. It can be seen that two sets of experimental data obtained by pyrometer and T2 are in good
agreement. Based on all these experimental data, the radiometric model (red curve) is calibrated using
the least square method, and the three parameters of radiometric model are obtained and indicated in
Table 3.1. Thus, the radiometric model of steel specimen surface can be given as follows:

I, = I 2.12x10" xexp
T

1.728x10*  4.349x10°
- (3.5)

+
T T?
A temperature is defined as the difference between the inferred temperature of the surface thanks to the
calibrated radiometric model and the specimen temperature measured by the pyrometer and the
thermocouple T2. Fig. 3.9 shows the temperature errors as a function of the specimen temperature. The

maximum error is about 2.5 K. Most of errors are less than 1.5 K.

Table 3.1: Three parameters of radiometric model of steel specimen surface.

kw (GL/s) ao(m™) ar (K-m™)

2.12X 10" 1.20x 108 -3.02Xx 107
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Fig. 3.8: Identification of the radiometric model parameters: rounds and crosses represents the mean
gray level of areas 2-1 and 2-2 respectively as a function of the measured temperature by the

pyrometer and thermocouple T2 respectively.
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Fig. 3.9: Temperature errors of the radiometric model.
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In this realistic test, the homemade software to obtain stable gray level images is validated to be
effective and reliable. Using the intensity, the radiometric model on a realistic surface can be calibrated
successfully. For the radiometric model calibration, trustable measurement of the real temperature of
the specimen surface achieved by pyrometer and thermocouple is required, and the record images
acquired all although the heating process of specimen are also required. If these experimental data can
be obtained successfully, the temperature fields can be reconstructed over a large area of the observed
object.

Thermal field reconstruction

The thermal field can be reconstructed thanks to the aforementioned radiometric model of steel specimen
surface. In the following, thermal field of the red ROI 3 (indicated in Fig. 3.4) is intended to be
reconstructed. Some examples of reconstructed thermal fields at various temperatures measured by
thermocouple T1 are shown in Fig 3.10. As expected, the thermal fields over the specimen surface are
non-homogeneous: a gradient of almost 30°C is visible from edges to the mid-height of the field. This
is likely due to the spacing of the coils required to observe the specimen surface, and the induced
magnetic field is therefore less homogeneous as well as the temperature induced in the steel specimen.
The temperature distribution along the black dotted line (as indicated in Fig. 3.10(a)) is also analyzed:
the horizontal ordinate of the line is No. 400 pixel. The temperature distribution, calculated thanks to
the radiometric model, along the line at different temperatures of T1 is shown in Fig. 3.11. The graph
shows that the temperature gradients on the specimen surface at different temperatures of T1 are almost
stable, indicating that the induction heating coils can provide a stable temperature distribution for this
steel specimen surface at different temperatures. Moreover, two thermocouples (T1 and T3) are used to
validate the accuracy and reliability of thermal fields. The mean temperatures of two yellow rectangles
4-1 and 4-2 (Fig. 3.4) are calculated from the thermal fields to be compared with the temperatures
measured by these two thermocouples (T1 and T3). Fig. 3.12 shows the temperature errors between the
measured temperatures and calculated temperatures. The result indicates that the calculated
temperatures are in good agreement with the measured temperatures. The maximum temperature error
is about 2.5 K. Most of the temperature errors between calculated and measured temperatures are less

than 1.5 K. This indicates that the reconstructed thermal fields are accurate and reliable.
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Fig. 3.10: Reconstructed thermal fields at different measured temperatures of T1.
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Fig. 3.11: Temperature distribution along the longitudinal direction (see the black dotted line in

Figure 3.10(a)) for different temperatures commands given to the induction heating device.
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Fig. 3.12: Temperature error between the calculated temperatures and measured temperatures by

thermocouple 1 (T1) and thermocouple 3 (T3).

68

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2019LYSEI013/these.pdf
© [C. Zhang], [2019], INSA Lyon, tous droits réservés



Thermal field reconstruction in realistic application

3.3.2 Thermal field reconstruction under heating plate

Experimental Procedure
The material used is Ti-6Al-4V titanium alloy, which chemical composition (wt.-%) is Ti—6.05Al-
4.32VV-0.22Fe-0.04Si-0.024C-0.006N—0.160-0.003H. A specimen with dimensions of 100 mm
(length) X 10 mm (width) X 1 mm (thickness) was cut from the sheets. The specimen surface was also
coated with black paint in order to make the emissivity uniform and maximal.

Fig. 3.13 shows the experimental set-up. This set-up consists of several main elements: (a) a Ti-
6Al-4V alloy specimen with black paint coating on the surface; (b) an induction heating plate; (c) the
CMOS camera; (d) two thermocouples; and (d) a computer with the software to record data and

automatically adjust exposure time.

Black paint

Heating plate-~,

ol

Computer

Specimen

Fig. 3.13: Experimental set-up under heating plate.

The experiment was conducted in a small dark room to prevent interference from the eventual
surrounding radiation. The distance between the front lens of the camera and the specimen surface was
around 1 meter. A thermocouple (T2) was welded at the edge of the specimen surface, while another
one was welded in the center of the specimen surface. The temperature of the specimen, induced by the
magnetic field generated by the heating plate, is from 873 K to 1023 K and the heating rate is set to 5
K/s. The distance between heating plate and specimen is approximately 10 mm. The software based on
the Planck’s algorithm is used for automatic adjustment of exposure time. The images are acquired at
the same time.

Fig. 3.14 shows an acquired image of specimen surface. The green rectangle 1 is a ROI with 200

x 200 pixels, chosen for the exposure time adjustment, where the mean gray level is intended to be
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maintained stable or even constant. T1 and T2 are two thermocouples. A blue ROI 2 with 100 x 10 pixel
is chosen for the radiometric model calibration, in which the mean gray level is assumed to be
correspond to the temperature measured by thermocouple 2 (T2). The Appendix B gives a justification
for the choice of this area. Red rectangle 3 with 2500 x 1000 pixels is the considered ROI for thermal
field reconstruction. The mean temperatures of two yellow rectangles 4-1 and 4-2 with 100 x 10 pixels
are calculated to be compared with the temperature measured by thermocouple T1, thereby validating

the accuracy of the reconstructed thermal field.

Fig. 3.14: Acquired image of a specimen surface when heated by induction thanks to the plate. Green
square is the reference area for exposure time adjustment; blue rectangle 2 is the reference area for
radiometric model identification by comparison to thermocouple T2; red rectangle 3 is the area of

thermal field reconstruction; yellow areas 4-1 and 4-2 are chosen to validate the thermal field by

comparison the thermocouple T1 measurement.

Control of the conservation of the image mean gray level

Fig. 3.15(a) shows the evolution of mean gray level of ROI 1 with/without exposure time adjustment.
The red points indicate that without exposure time adjustment the mean gray level of ROI 1 increases
fast from original gray level 180 GL to the maximum gray level 255 GL as the temperature of T2
increases from 837 K to 846 K. As the temperature further increases, saturated images are likely obtained
without any exploitable information. Some examples of acquired images are shown in Fig. 3.16, in

which the gray level of image increases with the increase of temperature at a constant exposure time. As
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indicated by blue points in Fig. 3.15(a), with exposure time adjustment the mean gray level of ROI 1 is
maintained almost constant as the temperature of T2 increases from 837 K to 962 K. The corresponding
exposure time after automatic adjustment of exposure time during heating process is shown in Fig.
3.15(b). One can observe that the exposure time decreases from 75 ms to 5 ms to maintain the mean
gray level stable when the temperature increases. Some examples of acquired images are shown in Fig.
3.17, in which the mean gray level of the image is maintained stable with the increase of temperature.

These results further indicate that the algorithm and software are feasible and reliable.
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(a) Mean gray level evolution of ROI 1. (b) Exposure time evolution after exposure time adjustment.

Fig. 3.15: Mean gray level of ROI 1 and exposure time evolves as the temperature of T2 increases

with/without exposure time adjustment.
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(c) 842.4K (d) 8459 K

Fig. 3.16: Some images acquired at various temperatures of T2 at constant exposure time.

(a) 834.9 K (b) 8389 K
(c) 842.4K (d) 8459 K

Fig. 3.17: Some images at various temperatures of T2 acquired with exposure time adjustment.
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Calibration of radiometric model

The blue ROI 2 with 100 x 10 pixels is used to calibrate the radiometric model. Mean gray level of ROI
2 and the reference temperatures provided by thermocouple 2 (T2) is shown in Fig. 3.18. Based on the
experimental data, the radiometric model (red curve) is calibrated by using the least square method.
Through calibration procedure, three parameters kv, ao and a; of radiometric model are identified, as
indicated in Table 3.2. Thus, in this case the radiometric model of titanium alloy specimen surface can

be given as follows:

=1 _3.02x101 % exp(— (3.6)

n
T

1.849%10* N 4.349x10°
T T?
The temperature errors of the calibrated radiometric model are also shown in Fig. 3.19, in which the

maximum error is 2.5 K.

Table 3.2: Three parameters of radiometric model of titanium alloy specimen surface.

kw (GL/s) ao(m™) a; (K-m™)
3.02X 10" 1.284X10° -3.02X107
- 10*
+ Themocouple 2
Radiometric model
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Fig. 3.18: Experimental data and radiometric model.
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Fig. 3.19: Temperature errors of the radiometric model.

Thermal field reconstruction

Thermal field of the red ROI 3 is chosen to be reconstructed. Some reconstructed thermal fields at
various measured temperatures by T1 are shown in Fig 3.20. It can be found that the thermal fields of
specimen surface are also non-uniform in this case. The temperature distribution along the white dotted
line (Fig. 3.20(a)) is analyzed, and the horizontal ordinate of the line is No. 1500 pixel. The temperature
distribution along the line at different temperatures is shown in Fig. 3.21. It is seen that the temperature
gradients on the specimen surface increase as the temperature increases. This indicates that the heating
plate is inferior to the heat coils in maintaining the temperature gradient. In addition, the thermocouple
(T1) is used to validate the accuracy of the reconstructed thermal fields. Since the thermocouple T1 is
in the center of the specimen surface, the mean temperatures of two yellow rectangles (4-1 and 4-2) are
chosen to be compared with the measured temperatures. Fig. 3.22 shows the temperature errors between
the measured and calculated temperatures. The result indicates that most of errors are less than 3 K,

which proves this technique is accurate and reliable.
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Fig. 3.20: Reconstructed thermal fields at various temperatures measured by T2.
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Fig. 3.21: Temperature distribution along the white dotted line.
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Fig. 3.22: Temperature error between the calculated temperatures and temperatures measured by

thermocouple T1.
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3.4 Conclusions

Thermal fields of both blackbody experiments and realistic experiments are reconstructed in this chapter.
The temperature of each pixel can be calculated based on the radiometric model and recorded images.
Thermal fields and error fields of blackbody images are reconstructed, and both fields are uniform. Mean
temperature errors are about 1 K.

A steel specimen is heated under induction heating coils. During the heating process, the mean gray
level of the acquired images can be maintained almost constant. A radiometric model of steel specimen

surface can be obtained as follow:

I 1 2.12><10“><exp(—
T

1.728x10° 4.349x105j
T T?
Based on this radiometric model, the thermal fields of specimen surface are reconstructed. Most of the
temperature errors are less than 1.5 K. The temperature distribution is enhanced, and the result indicates
that the temperature gradients provided by the heating coils have slight change with the increase of
heating temperature.
A second experiment has been performed on a different material. A titanium alloy specimen is
heated under induction heating plate. During the heating process, the gray level of the acquired images
can be maintained almost constant. The radiometric model of titanium alloy specimen surface can be

calibrated as follow:

1 =) _3.02x10" xexp

n
T

- 1.849 x10* N 4.349x10°
T T?

Based on this radiometric model, the thermal fields of specimen surface are reconstructed. Most of errors
are less than 3 K. The temperature distribution is analyzed, and the result indicates that the temperature
gradients provided by the heating plate dramatically change with the increase of heating temperature.

As a conclusion, this chapter demonstrates that the developed software is able to automatically
adjust the exposure time of a common camera in order to maintain the mean grey level of an area stable.
Knowing the exposure time and analyzing the grey level over an area are available, a simplified
radiometric model can be identified.

This radiometric model can then be used to reconstruct pixel wise thermal field at different
temperature over a larger area of interest. The whole developments have been applied in both uniformed
fields (images of a blackbody) and realistic thermo-mechanical tests at high temperature for two
different materials. The estimated temperature reconstruction errors are quite low compared to the real
temperature of the scene during the tests. Thus this chapter has demonstrated that the developed
acquisition algorithm and reconstruction methods are efficient and reliable for the thermo-mechanical
characterization applications and could be used for simultaneous thermal and kinematic field

measurements in Chapter 4.
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Chapter 4

Coupling kinematic and thermal fields

This chapter focuses on coupling kinematic and thermal fields. Digital
image correlation and near-infrared thermography simultaneously
perform on the same images. Both fields are obtained at the same

spatial and temporal coordinates.
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Coulping kinematic and thermal fields

4.1 Introduction

Many experimental procedures (for instance welding, materials forming, heat treatment, fatigue, damage,
etc.) involve both high temperature and deformation, and sometimes, localized phenomena (phase
transformation, cracking, friction, and so on). In these applications, measuring both deformation and
temperature distribution can provide relevant information. Digital image correlation is an advanced
technique, which can be used for non-contact full-field kinematic measurement of object surface.
Infrared thermography is commonly used for non-contact full-field thermal measurement of object
surface. If both kinematic and thermal fields can be obtained at the same spatial and temporal coordinates
by digital image correlation and infrared thermography, it can offer invaluable experimental data for
thermo-mechanical procedures.

Many researchers have contributed to integrating both kinematic and thermal fields. Using two
different imaging systems to obtain simultaneously these two fields is the most common method: silicon-
based cameras for acquiring kinematic field and infrared cameras for acquiring thermal field. Then, a
posteriori data processing was conducted to integrate the space and time associations of these two fields.
For instance, Chrysochoos et al. [CHR 10] studied the thermomechanical behavior of materials by using
a CCD camera and an infrared camera. CCD camera provided the in-plane displacement field by digital
image correlation, while infrared camera provided the thermal field by infrared thermography. Harzallah
et al. [HAR 18] used a bi-spectral apparatus (a CMOS high speed camera and an infrared camera) to
simultaneously measure kinematic and thermal fields in orthogonal cutting experiment. However, this
method has several essential problems which are difficult to be solved:

- The two different imaging devices (silicon-based camera and infrared camera) have different
spatial resolution and acquisition rates. The exact same spatial and temporal coordinates of these
two fields cannot be achieved no matter how well the posteriori data processing is done.

- The two techniques have conflicting requirements for the specimen surface. Digital image
correlation needs a heterogeneous and contrasting texture on the specimen surface to be tracked,
while infrared thermography needs a homogeneous and constant emissivity on the surface to be
measured.

- The combination of these two imaging systems is expensive. Special experimental set-up
should be conducted to combine these two imaging systems by special filters and other
installations due to the different spectral ranges acquired by these two systems.

To avoid the aforementioned problems, some researchers tried to obtain these two fields using a
single camera. Maynadier et al. [MAY 12] used a single infrared camera to perform infrared image
correlation to obtain both kinematic and thermal fields. However, the infrared camera delivered rather
poor fields due to its low resolution. Silicon-based cameras, which are widely used to perform real-time
observation of the kinematic fields thanks to digital image correlation, have high resolution, and are

operating in both the visible spectrum (0.4-0.75 um) and the near-infrared spectral range (0.75-1.1 um).
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Thus, silicon-based cameras can also be used to obtain thermal fields by near-infrared thermography.
They are good candidates to measure both kinematic and thermal fields.

Orteu et al. [ORT 08] used a single CCD camera to measure both displacement and temperature
fields. However, the problem that heterogeneous specimen surface possesses different emissivity cannot
be addressed, thus the temperature they obtained is just the apparent temperature (i.e., radiation intensity)
and the true temperature field cannot be obtained.

In this chapter, the previously introduced technique (see Chapters 2 and 3) is proposed to measure
simultaneously kinematic and thermal full fields using a single CMOS camera. Tube ballooning test was
conducted at varied temperatures, and images were acquired using a CMOS camera. The homemade
software, based on the Planck algorithm, was used to automatically adjust the exposure time of the
camera to obtain visible images with stable mean gray level whatever the temperature evolution was.
The kinematic field was obtained by global digital image correlation technique. Based on a calibrated
radiometric model, the true thermal field can be obtained. Finally, the two fields are obtained at the same

coordinates in both reference and deformed images.

4.2 Tube ballooning experiments

4.2.1 Materials and experimental set-up

The material used in this study is Zircaloy alloy, of which the chemical composition (wt.-%) is Zr-
1.29Sn-0.21Fe-0.11Cr-0.130-0.016C. The specimen is 90 mm cladding tube with outer radius of 4.75
mm and wall thickness of 0.57 mm. The tube surface was firstly sprayed with black paint as undercoating,
followed by randomly spraying white paint as a speckled pattern.

Schematic diagram of experimental set-up is shown in Fig. 4.1, which enables the tube ballooning
tests at elevated temperature. This experimental set-up consists of some main elements: (a) a tube
specimen with speckled surface; (b) an enclosure surrounding the specimen to maintain an argon
environment in order to avoid severe oxidation; (c) an induction heating device; (d) a 10 kN servo-
hydraulic machine to provide internal pressure with argon; (e) a 8bits CMOS camera (Viewworks VC-
12MC) with 4096 = 3072 pixels, mounted with a lens (Nikon ED, 200 mm) to shoot images; (f) a
pyrometer and a thermocouple to provide the classical temperature measurement (g) a computer to
record experimental data (images, exposure time, loading and temperature) and an internal software to
automatically adjust the exposure time to maintain the image gray level stable.

The test was conducted in a room without the interference of other heat sources, and the distance
between the front lens of the camera and the specimen surface was 1 meter. The thermal loading process
is shown in Fig. 4.2(a), in which the temperature was firstly set to 953 K with a heating rate of 10 K/s
and followed by maintaining at 953 K for 1 min to ensure the temperature constant. Then the internal

pressure of 1.5 MPa with argon was applied to the tube specimen and the temperature of specimen was
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heated by coils from 953 K to 1203 K with a heating rate of 1 K/s at the same time. During this tube
ballooning process, the CMOS camera acquired the images with an acquisition frequency of 1 Hz and
the homemade Labview software was used to automatically adjust the exposure time of the camera to
maintain the gray level of the regions of interest (ROI) constant. Finally, the loading was released and
the specimen was cooled to room temperature. Before test, the pyrometer is calibrated to make sure that
the temperature measured by the pyrometer is equal to the temperature measured by the thermocouple

under the same condition.

Internal pressure

A
—

Heating coﬂk

3

Internal pressure Computer

Fig. 4.1: Experimental set-up of tube ballooning tests.

Fig. 4.2(b) shows the first image (rotated 90 degrees counterclockwise) acquired by the CMOS
camera, in which different regions of interest (ROI) have different functions. Green rectangle 1 is the
chosen ROI with 300 %200 pixels, where the mean gray level of this region is intended to be maintained
stable by automatically adjusting the exposure time of camera. The white dot cycle is the measurement
region of the pyrometer. Thus, a blue ROI 2 with 100 = 100 pixels within this measurement region of
pyrometer is chosen for the radiometric model calibration based on the reference temperature measured
by pyrometer. Red ROI 3 with 900 %900 pixels is the chosen region to reconstruct the thermal field by
near-infrared thermography. The mean temperatures of the yellow ROI 4 with 100 <100 pixels is used
to be compared to the temperatures measured by thermocouple, thereby validating the accuracy of the
radiometric model. It is also worth noting that bright regions in the image shown in Fig. 4.2(b) are the
regions sprayed with black paint, while the dark regions are the regions sprayed with white paint. These
opposite phenomena between room temperature and high temperature are due to that the black paint has
high emissivity and white paint has low emissivity, thus the black paint is brighter than white paint at

high temperature.
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(a) Thermal loading procedure. (b) An acquired image.

Fig. 4.2: Thermal loading procedure and an acquired image.

4.2.2 Control of image gray level

As depicted by the red points in Fig. 4.3(a), the mean gray level of green ROI 1 (Fig. 4.2(b)) increases
fast from the original gray level of 143 GL to the maximum gray level of 255 GL with a temperature
increment of only 30 K. As the temperature further increases, the acquired images would be unreadable
due to the over saturation and couldn’t provide any useful information. Some examples of acquired
images are shown in Fig. 4.4, in which the gray level of image increases with the increase of temperature
at the constant exposure time. In order to perform both digital image correlation and near-infrared
thermography, the image gray level should be maintained stable as much as possible with temperature
variation.

With exposure time adjustment using the software based on Planck’s algorithm, the mean gray
level of green ROI 1 (blue points in Fig. 4.3(a)) can be almost maintained constant as the temperature
increases from 953 K to 1203 K. The corresponding exposure time after adjustment is shown in Fig.
4.3(b), where the exposure time decreases with the increase of temperature. Some examples of acquired
images are also shown in Fig. 4.5, in which the gray level of image is maintained stable with the increase
of temperature when the exposure time is automatically adjusted. This result further indicates that the

algorithm and software are reliable and effective when the heterogeneous surface is investigated.
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Fig. 4.3: Gray level and exposure time evolves with the increase of temperature with/without exposure

time adjustment.

(a) 950.7 K (b) 957.3 K (c) 962.6 K

(d) 968.5 K (e) 975.3K () 977.9K

Fig. 4.4: Some images acquired at various temperatures of thermocouple at constant exposure time.
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(a) 950.7 K (b) 957.3 K (c)962.6 K

(d) 968.5 K (e) 975.3K (f) 977.9K

Fig. 4.5: Some images acquired at various temperatures of thermocouple with exposure time

adjustment.

4.3 Kinematic field on specimen surface

4.3.1 Basic principle of global digital image correlation

In this study, 2D-DIC is performed using the homemade software UFreckles [RET 10a][RET 10b][RET
18]. The image correlation is based on the assumption of the optical flow conservation:

f(X) =g(x+u(x)) (4.1)
where two functions f (X) and g(x) correspond to the gray levels of the reference image and the image
deformed at the position x (where x represents the vector (x, y)). The correlation of two images aims to
find the displacement field u solution of the equation of the optical flow conservation in the ROI. By
spraying speckles on the specimen surface, it is possible to follow the displacement of the patterns during
the test and thus to calculate the surface displacement field. This process is performed by minimizing

the following function using a least square method:

Er? =[ f (x)—g(x+u(x))]’ (4.2)
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In order to solve this correlation equation, several methods can be used. One is a local method,
which consists of cutting the images into thumbnails and finding the transformation for each thumbnail,
and all thumbnails are independent with each other. In order to obtain the continuous displacement and
strain fields on the whole specimen surface, the global method is used in this case. Global methods has
the advantage of obtaining a displacement field more representative of the reality, when a continuum

medium is observed. The displacement field U (X) is described as follow:

u(x)=> uN;(x) (4.3)

ieN
where N, (X) are the shape functions, and U; are the degrees of freedom. A development of Taylor at

order 1 of the function § is given as follows:

g(x+u(x))=g(x)+u(x)-vg(x) (4.4)
Substituting Eqg. (4.4) into Eq. (4.2) yields:
Er? =[f(x)—g(x)—u(x)-vg(x)[ (4.5)

Substituting Eqg. (4.3) into Eq. (4.5) yields:
2
Er’=(f(x)- g(x))2 —2(f(x)- g(x))(Zui N; (x)- Vg(x)}{Zui N; (x)- Vg(x)j (4.6)
ieN ieN
Finally, by writing the terms in vector and matrix form, Eq. (4.6) can be given as follows:
Er=K-2Uu"B+U"MU 4.7

where K=(f(x)- g(x))2
B=N-Vg()-(f()-9(x)

M =(N -Vg(x))T (N-Vg(x))
M is a square matrix, B and U are column vectors, and K is a scalar that does not depend on
displacement. To find the displacement U (X) , it is necessary to minimize the gr?. Thus, its derivative
with respect to u can be given as follows:

EZ =0 (4.8)
ou
Thus, it obtains
Uu=MT"'B 4.9)
It is apparent from Eqgs. (4.3) - (4.9) that the choice of the decomposition of the displacement field

is crucial for calculating the correlation of images. To date, several shape functions can be chosen to

find U(X):
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(1) Finite element DIC (FE-DIC): the finite element functions are the basis of the global image
correlation [BES 06, SUN 05]. In addition to obtaining a more precise field of displacement than the
methods of local correlation, this method is usually used for the identification of material parameters.
With a mesh for the correlation of images and the numerical simulation, the material parameters can be
calculated [AVR 08][RET 13][HIL 06][LEC 09].

(2) Integrated-DIC (I-DIC): The integrated I-DIC approach takes into account a priori the
kinematic deformation of the structure. Research quantities are thus taken into account in the degree of
freedom of the measure. Some base functions have been proposed: the kinematic of bending beam with
a linear curvature [HIL 09] or decomposed on functions NURBS [RET 10b]. A decomposition of the
displacement field on the Williams series was also performed to calculate stress intensity factors [ROU
06].

(3) Extended DIC (X-DIC): in the case of cracking, a crack is detected a posteriori and the
continuity of the displacement field can be raised locally by enriching in the manner of the X-FEM
method. X-DIC has been applied to cracking [RET 08] or shear band detection [RET 07b].

4.3.2 Results of digital image correlation

In our study, we will use a correlation of images based on the finite element method (FEM).
Element type Q4 [BES 06] with each element of 30 pixels in the reference image is given, as shown in
Fig. 4.6. By performing global digital image correlation, four examples of Uy displacement fields along
the vertical direction (y axis) are shown in Fig. 4.7. As the tube ballooning proceeds, the displacement

along y axis has an obvious increase.

Fig. 4.6: Finite element in the reference image.
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Fig. 4.7: Displacement fields (Unit: Pixel) along the direction of y axis.

The method is based on the hypothesis of conservation of gray level. This hypothesis is reasonable,
but during the implementation of a test, it is necessary to make sure of the good behavior of certain
elements: out-of-plane movements of the specimen, surface or paint flaking, defocusing the optical
assembly. To judge the result of the correlation of images, it is necessary to rely on the error of
correlation. The error of image correlation is obtained by subtracting the grayscale of the images or the

deformed image contains the displacement computes u, which can be given as follows:
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|Er|=|f (x)-g(x+u(x))| (4.10)

The error is therefore a field of the same size as the ROl in pixels. If the correlation of images is perfect,
then the error should be uniformly zero [RET 10a]. In reality, the correlation error is unavoidable due
to some defective pixels or noises, but are still good indicators. The fields of correlation errors of the
aforementioned four images are also calculated and shown in Fig. 4.8. The error field is quite uniform
and most of pixel errors are less than 4% of the gray level range. These are typically low errors,

indicating trustable correlation results.
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Fig. 4.8: Fields of correlation errors (Unit: %).
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4.4  Thermal field of specimen surface

4.4.1 Radiometric model

To reconstruct the thermal field on the specimen surface, three unknown parameters (kw, a0 and ai) of
the radiometric model should be calibrated. To perform the radiometric model calibration, all 251
images acquired by the camera are used. In these images, the blue ROI 2 with 100 = 100 pixels (as
indicated in Fig. 4.2(b)) was chosen for the radiometric model calibration by comparison to the reference
temperature provided by the pyrometer. Digital image correlation needs a heterogeneous surface. This
is the main difficulty to obtain the kinematic fields by digital image correlation when the thermal field
is intended to be simultaneously obtained on the same heterogeneous surface with speckle by near-
infrared thermography. Since the specimen surface was sprayed with different emissivity paints (black
and white paints), the surface possesses non-uniform surface emissivity. When all pixels of the blue ROI
2 are used to perform the radiometric model calibration, the three parameters of radiometric model based
on 100% of pixels are calculated and indicated in Table 4.1, and the corresponding radiometric model
curve (pink curve) is shown in Fig. 4.9. Based on these radiometric models, the corresponding thermal
fields of ROI 3 can be reconstructed. The mean temperatures of the yellow ROI 4 with 100 <100 pixels,
which can be calculated from the reconstructed thermals field of ROI 3, are compared with the
temperatures measured by thermocouple, thereby identifying the accuracy of the thermal field. The

temperature error AT, is defined as follows:

AT, =[T,

mea

T

cal

(4.11)

where the T, is the temperature measured by thermocouple, and T, is mean calculated temperature of
ROI 4. During this tube ballooning test, there are 251 images acquired by camera, thus there are also

251 temperature errors AT, .

Table 4.1: Three parameters of different radiometric models based on different percents of pixels.

Percent of the brightest
] kw (GL/s) ap (m™) ar (K m?)
pixels (%)
100 1.4565>10% 1.696010° -3.1077x108
10 1.3696>10% 1.6646>10° -2.9266108
20 1.3567>10% 1.6654>10° -2.9370%<108
30 1.3242>10% 1.6616>10° -2.9087x108
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are calculated and indicated by pink dots in Fig. 4.10, and the corresponding distribution of these
temperature errors (pink rectangles) is shown in Fig. 4.11. One can observe that most of temperature
errors are between 4 K and 8 K, which are a little large. These large temperature errors are due to that
the radiometric model is calibrated based on the heterogeneous surface, which has two kinds of paints
with different emissivity (black and white paints). Using this radiometric model, the accurate

By using radiometric model based on 100% of pixels, the temperature errors of these 251 images

temperatures of both black and white paints cannot be calculated.
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Fig. 4.11: The distribution of temperature errors for different percents of pixels.

To address this problem, a method is proposed in this study, in which parts of the brightest or
darkest pixels are chosen to perform radiometric model calibration. The brightest or darkest pixels are
unique black paint or white paint on the specimen surface, thus the radiometric model can be calibrated
by the homogeneous and constant paint.

In order to know which kind of paint (dark paint or white paint) is better to be considered for
radiometric model calibration, a tube with speckle is heated from 953 K to 1203 K for twice, as shown
in Fig. 4.12. For each time, both 5% of the brightest pixels (the black paint at room temperature) and the
darkest pixels (the white paint at room temperature) are used to calibrate the independently radiometric

models. A relative error of intensity between twice heating processes (¢) is defined as follows:

1., (5%) —1,(5%)
> 6% (412)

where 1,,(5%) is the intensity of 5% of the brightest or 5% of the darkest pixels during the first heating
process, 1,,(5%) is the intensity of 5% of the brightest or the darkest pixels during the second heating
process. The relative errors of intensity between twice for 5% of the brightest or 5% of the darkest pixels
are shown in Fig. 4.13. It can be found that the relative errors based on 5% of the brightest pixels are
smaller and more reliable, while the relative errors based on 5% of the darkest pixels are large at the
beginning and then decrease to a low value. The occurrence of this large relative error based on 5% of
the darkest pixels is due to that the white paint (the darkness pixels), which has low emissivity, are

evidently affected by oxidation, smoking and other noises, while the black paint (the brightest pixels),
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which has high emissivity, are not easy to be affected by these noises. Thus, in this study parts of the

dark paint (brightest pixels) is a better choice for performing radiometric model calibration.
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Fig. 4.12: A tube with speckle is heated for twice.
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Fig. 4.13: Relative errors of intensity based on 5% brightest and 5% darkest pixels between twice

heating processes.

To perform the radiometric model calibration based on parts of the brightest pixels, in this case
10%, 20% and 30% of the brightest pixels are chosen to calibrate the radiometric models. Three
parameters of radiometric models based on 10%, 20% and 30% of the brightest pixels are also indicated

in Table 4.1, and the corresponding radiometric model curves are shown in Fig. 4.9. The magnified local

94

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2019LYSEI013/these.pdf
© [C. Zhang], [2019], INSA Lyon, tous droits réservés



Coulping kinematic and thermal fields

region A shown in Fig. 4.9(b) indicates that these three radiometric model curves are very approximate.
By using these radiometric models, discrete temperature values of the same percents 10%, 20% and 30%
of the brightest pixels within the ROI 3 can be calculated, respectively. The whole fields can be
reconstructed based on these discrete known temperature values using mathematical methods. In this
study, the whole thermal fields of ROI 3 is reconstructed by the fifth order polynomials fitting of these
discrete temperature values. An example of the thermal field reconstructed based on 20% of discrete
known pixel temperatures is shown in Fig. 4.14, where all black points are the discrete known pixel
temperatures and the curved surface is the reconstructed thermal field. After that, the temperature errors
between the temperatures measured by thermocouple and the mean calculated temperatures of ROI 4
(AT, ) of 251 images are calculated and indicated in Fig. 4.10, and the corresponding distribution of
these temperature errors is shown in Fig. 4.11. Compared with the results of the radiometric model based
on 100% pixels, it can be found that low temperature errors can be obtained for all these three cases. All
temperature errors are almost less than 4 K and most of them are less than 2 K. This result demonstrates
that the radiometric model calibrated based on the homogeneous and constant paint is a good way to
obtain accurate thermal fields, just like the performance in Chapter 3. All these three radiometric models
can be considered to perform the reconstruction of thermal fields. However, among these three cases we
found that, when the percent of the brightest pixels is 20%, the percent of temperature errors less than
both 1 K and 2 K are a little more than those obtained by other two situations, and the number of
temperature errors less than 2 K is up to 84%. Thus, we will show the reconstruction of thermal fields

based on 20% of the brightest pixels in the following subsection.

Temperature (K)

Fig. 4.14: An example of the thermal field reconstructed based on 20% of discrete known pixel

temperatures using fifth order polynomial fitting method.
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4.4.2 Thermal fields

Based on radiometric model using 20% of the brightest pixels, discrete temperature values of 20%
of the brightest pixels within the ROI 3 can be calculated. The whole thermal fields of ROI 3 is
reconstructed by the fifth order polynomials fitting of these discrete pixel temperatures. By performing

this procedure, four examples of reconstructed thermal fields of ROI 3 on the same images as Fig. 4.7
are shown in Fig. 4.15. To evaluate the fitting results, the discrete temperature errors AT, between
discrete known pixel temperatures T, (X, Y) and the corresponding temperatures in the thermal
fields f(X,Y) are calculated, which is defined as:

AT = Tsereee 6 ¥) = £ (X, V)] (4.13)
For each thermal field, there are 162000 discrete temperature errors. Fig. 4.16 is the distribution of all

discrete temperature errors for four thermal fields in Fig. 4.15. It is clear that for four thermal fields,
above 80% errors are less than 1 K, and above 95% are less than 2K. Meanwhile, the mean discrete

temperature errors AT, of four thermal fields are calculated and shown in Fig. 4.17. The mean discrete

temperature errors of four thermal fields are between 0.5 K and 0.6 K. These errors are low, which

indicates the fitting results are good.

(a) No. 35 image (b) No. 79 image
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11055

1105

(c) No. 156 image (b) No. 237 image

Fig. 4.15: Reconstructed thermal fields (Unit: K) of ROI 3.
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Fig. 4.16: Distribution of 162000 discrete temperature errors of four thermal fields in Fig. 4.15.
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Fig. 4.17: Mean discrete temperature errors of four thermal fields in Fig. 4.15.
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Nevertheless, the thermal fields of ROI 3 shown in Fig. 4.15 are bigger than the kinematic fields
shown in Fig. 4.7. Thus, thermal fields and kinematic fields at the same coordinates in reference and
deformed images should be obtained. In DIC analysis, the moved coordinates of kinematic fields are
known. Combined with these known coordinates of kinematic fields, the thermal fields at the same
coordinates as the kinematic fields in Fig. 4.7 can be cut from Fig. 4.15 and the corresponding thermal
fields are shown in Fig. 4.18. Finally, the kinematic fields in Fig. 4.7 and the thermal fields in Fig. 4.18
are obtained on the same images and coordinates, indicating that the exact space and time associations
of these two fields can be achieved using a single silicon-based camera.

(a) No. 35 image (b) No. 79 image

(c) No. 156 image (b) No. 237 image

Fig. 4.18: Thermal field (Unit: K) at the same coordinates as displacement fields shown in Fig. 4.7.
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4.5 Conclusions

In this chapter, an innovative technique for measuring simultaneously kinematic and thermal fields
is proposed, which has great potentialities to be widely applied in materials science and experimental
mechanics. Some main conclusions can be drawn as follows:

A low-cost, high-resolution, easy-to-use silicon-based camera is used to simultaneously obtain
kinematic and thermal fields.

The homemade software is successfully used to maintain the gray level of image stable during the
heating process of tube specimen with speckle.

Global digital image correlation is performed to obtain the kinematic fields of the specimen surface.
The corresponding fields of correlation errors are also obtained and most of the correlation errors are
less than 4%. It demonstrates that the exposure time adjustment has successfully delivered images for
DIC measurement, despite the high temperature.

To perform near-infrared thermography on the specimen surface with speckle, a radiometric model
is calibrated by the analysis of the gray level variation of a small portion of pixels among the brightest.
Different percents 10%, 20%, and 30% of the brightest pixels have been tested to calibrate the
radiometric models. The temperature errors between the calculated temperatures and the measured
temperatures is calculated for each case. The result shows that low temperature errors can be obtained
for all these three cases. All temperature errors are almost less than 4 K and most of them are less than
2 K. It demonstrates that the radiometric model calibrated based on the homogeneous and constant paint
is a good way to obtain accurate thermal fields.

Based on the radiometric model using 20% of brightest pixels, thermal fields are reconstructed.
Combined with the known coordinates of kinematic fields by DIC, the thermal fields at the same

coordinates as kinematic fields can be obtained.
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General conclusions and perspectives

General conclusions

In this thesis, we have investigated an innovative experimental measurement method for measuring
simultaneously kinematic and thermal fields at the same spatial and temporal coordinates using a single
type of camera. A low-cost high resolution silicon-based camera, i.e. CMOS camera, is used in this
study because it not only operates in both visible spectral range (0.4-0.75 um) and near-infrared spectral
range (0.75-1.1 um). The joint kinematic and thermal full field measurement can provide rich
information about the thermo-mechanical loading procedures. This technique can offer a low-cost
simplified instrumentation. The major conclusions are drawn below, followed by some perspectives for

future investigations.

(1) In Chapter 2, a simple radiometric model equation with three unknown parameters kw, ao and
au is firstly derived and used to describe the relationship between gray level of image, exposure time of
camera and temperature of the observed object. Three unknown parameters can be calibrated by a few
images acquired at different temperatures. Generally, more than three images acquired at different
temperatures are enough to calibrate the radiometric model so as to obtain three parameters. This
radiometric model is used to blackbody experiments, and the radiometric model of the blackbody is
calibrated successfully with low temperature errors. Gray level of image acquired by the CMOS camera
is sensitive to the temperature variation. A small temperature variation will cause large modification in
image gray level, thereby readily leading to poor quality recorded images due to oversaturation and/or
poor dynamic range of gray level. This problem will make the performance of near-infrared
thermography and digital image correlation on the acquired images impossible. An innovative
approach is proposed to get a series of images with stable gray level whatever temperature evolution
is. The basic principle of this approach is that, when the gray level changes with the temperature
variation, the gray level is changed to equal to the original value by adjusting the exposure time of the

camera. To realize this approach, two algorithms, including linear algorithm and Planck’s algorithm, are
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proposed to predict the exposure time of next image, in which the Planck’s algorithm is derived from
the radiometric model. A home-made Labview software based on both linear algorithm and Planck’s
algorithm is made and used in the heating experiments of a blackbody. The experimental result indicated
that a series of images with stable gray level can be obtained by using Planck’s algorithm based on the
radiometric model; while larger errors will occur by using the linear algorithm. This phenomenon
indicates the homemade software based on Planck’s algorithm can be used to maintain the image gray
level stable when the temperature changes.

(II) In Chapter 3, the basic principle of the reconstruction of thermal fields is firstly introduced, in
which the temperatures can be calculated pixelwise when the three unknown parameters of the
radiometric model are known and the images are acquired. Then, this method to reconstruct thermal
fields is used in the blackbody experiment, which is conducted in Chapter 2. The thermal fields of
blackbody images can be reconstructed successfully, and most of temperature errors between the
calculated temperatures and measured temperatures are less than 1 K. To further validate the reliability
and accuracy of the homemade software to obtain the stable gray level images and the method to
reconstruct the thermal fields. Two heating tests of realistic specimens are conducted: heating of steel
specimen under two heating coils and heating of a titanium alloy under a heating plate. The experimental
results show that the homemade software is efficiently and reliably adjust the exposure time of the
camera to obtain stable gray level images during two heating processes. Two radiometric models of two
specimen surfaces can be calibrated successfully, and the thermal fields on the specimen surfaces can
also be reconstructed based on the calibrated radiometric models. For the heating test of the steel
specimen, most of the temperature errors are less than 1.5 K, while most of temperature errors are less

than 3 K for the heating test of titanium alloy specimen.

(1) In Chapter 4, the technique of coupling kinematic and thermal fields are investigated. Tube
ballooning test is conducted under thermomechanical condition, and the CMOS camera is used to obtain
both kinematic and thermal fields on the tube surface. The homemade software is used to maintain the
image gray level stable during the test. After the adjustment of the software, stable gray level images
are obtained and used for digital image correlation and near infrared thermography. Global digital image
correlation is performed to obtain kinematic fields on the tube surface using UFreckles software made
by our team. Fields of correlation errors show that most of errors in the fields are less than 4%, indicating
that the exposure time adjustment has successfully delivered images for DIC measurement. To perform
near-infrared thermography on the heterogeneous specimen surface with speckle, radiometric model is
calibrated based on only 20% of brightest pixels. Based on the radiometric model using 20% of brightest

pixels, discrete temperature values of 20% of the brightest pixels within the region of interest can be
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calculated. The whole thermal field can be reconstructed by the polynomials fitting of these discrete
known temperatures. The temperature errors between calculated temperatures thanks to the radiometric
model and measured temperatures by thermocouple are also calculated, and most of them are less than
2 K. Finally, combined with the known coordinates of kinematic field by DIC in deformed images, the
thermal fields at the same coordinates as kinematic fields can be obtained at the same spatial and
temporal coordinates.

Perspectives

The future work could be considered in these aspects:

() Development of this technique

In this work, the technique is preliminaryly proposed. Just like the digital image correlation, this
technique could be improved better. The accuracy and reliability of the Planck’s algorithm can be
improved. The thermal field reconstruction on the specimen surface with speckles can be further

investigated.

(1) Realistic applications of this technique

This technique can be applied to the study of thermomechanical coupled phenomena: (1)
Determination of complex constitutive model (shear bands, phase transformation, and so on); (2)
Description and modeling of rupture (cracking, self-heating in fatigue, and so on); (3) Study of the
manufacturing processes (modeling/development of the welding/forging, study of the cutting during
milling, and so on). This technique can offer accurate information of temperature and deformation,
which not only makes us better understand the thermomechanical procedures, such as welding, cracking,

etc, but also provides more accurate boundary conditions for numerical simulation of these procedures.
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In Fig. 3.4, the blue rectangle 2-2 with 100 x 100 pixels is corresponding to the measured temperature

provided by thermocouple 2 (T2). The yellow rectangle 4-1 with 100 x 100 pixels is a chosen region

corresponding to the measured temperature by thermocouple 1 (T1), while the yellow rectangle 4-2 with

100 x 100 pixels is a chosen region corresponding to the measured temperature by thermocouple 3 (T3).
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Fig. Al: Gray level of the blue rectangle 2-2 with 100 %100 pixels.

Number of pixels

Fig. Al shows the gray level of the blue rectangle 2-2 with 100 % 100 pixels, in which the

thermocouple 2 (T2) is on the right side of the rectangle 2-2. The thermocouple has two lines, and the

distance between these two lines is about 100 pixels. Thus, the width of the rectangle is chosen as 100

pixels. As the number of pixels increases along the direction of the blue hollow arrow, the mean gray

level of rectangle is calculated correspondingly, as shown in Fig. A2. It is observed that the mean gray

level almost maintains constant as the number of pixels increases. This indicates that the number of

pixels along the direction of the blue hollow arrow has a slight effect on the mean gray level. The same
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phenomenon can be found for thermocouple 1 (T1) and thermocouple 3 (T3) in Fig. A2. Thus,
Rectangles 2-2, 4-1 and 4-2 with 100 x 100 pixels are reasonable.
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Fig. A2: Effect of number of pixels along the direction of the blue hollow arrow on mean gray level.
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In Fig. 3.14, the blue rectangle 2 with 100 x 10 pixels is chosen to be representative of to the measured
temperature provided by thermocouple 2 T2. The following presents why this typical area has been
chosen.

Fig. B1 shows the gray level of a rectangle with 100 x 100 pixels, located just above the
thermocouple T2. The thermocouple has two lines, and the distance between these two wires, welded
on the surface as drawn on the Fig. B1. The distance between these two wires is about 100 pixels. Thus,

the length of the representative rectangle is chosen as 100 pixels.

Number of pixels

20 40 60 80 100

Thermotouple

Fig. B1: Gray level of the blue rectangle 2-2 with 100 <100 pixels.
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As the number of pixels increases along the direction of the blue hollow arrow, and the mean gray
level of each line of the observed areas is calculated correspondingly, as shown in Fig. B2. The graph
B2 shows that the mean gray level increases rapidly with the distance to the thermocouple. Thus, a wide
area cannot be chosen to be representative of the material temperature below the thermocouple.
Nevertheless, one can observe that the gray level is quite constant within a strip of 10 pixel width. To

ensure accuracy, the width of rectangle 2 is set to 10 pixels.
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Fig. B2: Gray level variation along the direction of the blue hollow arrow (see Fig. B1) as a function

of the number of pixel.
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