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Abstract

An innovative technique for measuring both the shape, the displacement, the strain
and the temperature fields at the surface of an object using a single stereovision
sensor is proposed. The sensor is based on two off-the-shelf low-cost high-resolution
uncooled CCD cameras. To allow both dimensional and thermal measurements, the
sensor operates in the visible and near infrared (NIR) spectral band (0.7-1.1 pm),
and a radiometric and geometric calibration of the sensor is required. This technique
leads to a low-cost camera-based simplified instrumentation that gives simultane-

ously dimensional/kinematical and thermal field measurements.

Key words: geometric camera calibration, radiometric camera calibration, shape
measurements, strain measurements, temperature measurements, full-field
measurements, stereovision, digital image correlation (DIC), stereo-correlation,
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1 Introduction

In experimental mechanics it can be necessary to know the strains and the
temperature of the specimen under study. This concerns all mechanical tests
at high temperature (for instance fatigue studies [1,2], thermomechanical be-
haviour of refractory concretes [3,4]) and the study of processes involving
deformations at high temperature (for instance welding [5], glass forming [6],
super plastic forming [7,8], heat treatment [9], etc.). For strain measurements,
many sensors are available, from the classical strain gages up to more sophis-
ticated non-contact optical sensors providing full-field measurements [10-13].
For temperature measurements, many sensors are also available, from the clas-
sical thermocouples up to more sophisticated non-contact sensors like infrared
cameras or pyrometers [14,15]. Thus, getting the strains and temperature at
the same time implies generally a multi-instrumentation of the set-up and it
is not so easy to combine the measurements of various categories in order to

get the strains and the temperature at a given point of the specimen surface.

Some authors have already proposed to integrate thermographic data and/or
3-D shape data and/or kinematical data. Bruck et al. [5] proposed the VITA
system based on high-speed thermal imaging and stereoscopic video imaging
to measure temperature and 3-D deformation fields on the surface of spec-
imens during the Gas Metal Arc Welding process. Their technique requires
three cameras: an IR camera and two CCD cameras for the stereovision sen-
sor. Some new developments have been proposed very recently. Colantonio

et al. [16] propose a technique to combine the thermal data provided by a
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classical thermocamera with the 3-D shape data provided by a stereovision
sensor. Their technique requires three cameras (an IR camera and two CCD
cameras for the stereovision sensor) and a specific calibration procedure is
needed to perform the fusion of the thermal and kinematical data provided by
two different types of cameras. Satzger et al. [17] propose to utilize an infrared
camera with a fringe projection technique to obtain a cloud of 3-D points and
to map thermographic images onto the specimen shape. They use a classi-
cal thermographic camera and as they are using a fringe projection technique
they can obtain the shape of the specimen but they cannot measure its surface
deformation. Moreover the measured specimen needs to be placed into a so-
called navigation cage in order to fit point clouds taken from different points
of view, which somewhat complicates the experimental setup. Wattrisse et al.
[18] propose to combine Digital Image Correlation (DIC) with infrared ther-
mography in order to get the 2-D displacement /strain and temperature fields
of a planar specimen. In their work, the authors utilize two different types
of cameras: a visible CCD camera for displacement and strain measurements
and an IR Focal Plane Array (FPA) camera for temperature measurements,
and they face the problem of fusing data provided by two different sensors.
Moreover, as they are using a single CCD camera, they can measure the 2-D
surface displacement/strain field of a planar specimen undergoing an in-plane
deformation but they cannot obtain the 3-D surface displacement /strain field

of any 3-D object subjected to any thermo-mechanical loading.

In this paper, an innovative technique for measuring both the shape, the dis-
placement, the strain and the temperature fields of an object using a single
type of camera is proposed. The sensor is based on two off-the-shelf low-

cost high-resolution uncooled Charge-Coupled-Device (CCD) cameras. Ther-



mal measurements using this kind of camera is made possible thanks to our
recent developments in the field of temperature measurements using CCD
cameras [19-22]. These developments have permitted to measure tempera-
tures higher than 300 °C with CCD cameras operating in the visible and near
infrared (NIR) spectral band (0.7-1.1 pm). Our proposed method utilizes a
stereovision sensor that can provide at the same time the shape, the displace-
ment, the strain and the temperature fields of the specimen. This technique
leads to a low-cost camera-based simplified instrumentation that gives simul-

taneously dimensional/kinematical and thermal field measurements.

Due to the metrological aspect of our work, an accurate radiometric and ge-
ometric calibration of the sensor is required. These calibration steps are per-
formed before the sensor can be used for dimensional and thermal measure-

ments.

The radiometric calibration is performed to compute the radiometric model
parameters of the camera that relate the temperature of an ideal blackbody
source to the output of the camera (pixel gray levels). The radiometric model

parameters are used to transform an image into a thermal map.

The geometric calibration of the stereovision sensor is a preliminary step re-
quired to determine its geometric parameters: the intrinsic parameters of each
camera and the relative position and orientation of the two cameras. These
calibration data are required to compute by triangulation the 3-D coordinates

of a point corresponding to matched pixels in the two stereo images.

After the radiometric and geometric calibration, the sensor is ready for mea-

surement.



The shape or the 3-D displacement /strain field of the specimen are obtained
using a stereo-correlation technique. The temperature field is obtained by
processing one of the two images provided by the stereovision sensor. Using the
radiometric model, an apparent blackbody temperature map can be computed

from the pixel intensities.

In static situations (no deformation), a stereo pair of images of the specimen
under study is acquired. By processing the images, the 3-D shape of the spec-
imen and also the temperature of each point of its surface are obtained. Thus,

a thermal map (X,Y, Z, T(X,Y, Z)) can be displayed onto the 3-D shape.

In non-static situations, a sequence of time-varying pairs of stereo images
of the specimen undergoing deformation is acquired. By processing the im-
ages, the 3-D shape of the specimen at each acquisition time, and also the
strain and the temperature at each point of its surface are obtained. Thus, a
strain map (X, Y, Z,e,.(X,Y, Z),e,,(X,Y, Z),£,,(X,Y, Z)) or a thermal map

(X,Y,Z, T(X,Y,Z)) can be displayed onto the 3-D shape.

It should be noted that the method presented in this paper utilizes two CCD
cameras (stereovision) in order to provide simultaneously the shape, the 3-D
displacement /strain and temperature fields. Of course, if one is not interested
in the shape and is dealing with a 2-D problem (for instance the 2-D defor-
mation of a planar specimen) the same methodology could be used with a
single CCD camera to get simultaneously the 2-D displacement /strain and

temperature fields (simplified instrumentation).

The paper is organized as follows. In sections 2 and 3 the radiometric and
geometric calibration steps are presented. In section 4 the experimental setup

used for our work is presented. In sections 5 and 6 the methodology to obtain



simultaneously the shape, the displacement, the strain and the temperature
field is presented along with some experimental results. A discussion of the

results is given in section 7.

2 Radiometric calibration

From a radiometric point of view, a camera is a set of radiometers (each pixel
is a radiometer) that converts an incident flux to a set of pixel gray level values

(see Figure 1).

1(i.))
Temperature
— CAMERA =

(i,)) = pixel position

Fig. 1. From a radiometric point of view, a camera converts a temperature to a pixel

gray level value (i, j).

The incident flux is related to the apparent temperature (the temperature of

a blackbody source emitting the same flux) by using the Planck’s law.

The radiometric model describes the relation between the apparent tempera-
ture and the signal /(7, j) acquired by the camera (pixel gray levels) and allows
a thermal map to be computed from an image acquired by the camera. The
radiometric model parameters are computed using a radiometric calibration

procedure.

"Traditional” radiometric models are designed for infrared cameras with a
single photodetector with a linear photoresponse and operating in short (3-

5 pm) and long (8-12 pum) wavelengths.



In our work, off-the-shelf uncooled CCD cameras are utilized. These cameras
include an array of photodetectors. For a given camera, the response of each
photodetector is not necessary identical and the signal output of each pixel
is not necessary independant. This needs to be corrected in order that each
pixel could be considered as independent and identical with a linear response
versus the incident flux (see section 2.1). Moreover, these cameras operate in
the near infrared spectral band (0.7-1.1 pm) which requires to introduce a

specific radiometric model (see section 2.2).

2.1 CCD camera corrections

Before the calibration step, images are corrected as illustrated in figure 2.

First, CCD cameras do not feature a strictly linear photoresponse. As an
example, a typical non-linearity of 7% has been observed, which can cause
an error of 10 °C at 1000 °C [20]. In order to obtain a better temperature
measurement accuracy, the non linearity of the detector photoresponse needs
to be corrected. After this correction, a linear relation between the incident

flux and the camera output signal is assumed.

Next, as a CCD camera is a multi-detector array, non uniformities between
detectors have to be checked [23-26] and to be corrected if required. With
CCD cameras a difference of uniformity less than 0.5% has been observed,
but with CMOS cameras® a photoresponse non uniformity up to 20% has

been observed, which can cause an error up to 25 °C at 1000 °C.

I In this paper, only CCD cameras are dealt with but CMOS cameras have also

been investigated [21,22].
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Fig. 2. Summary of the CCD camera corrections for thermal measurements.
If the non linearity and non uniformity are not corrected, this can affect the
difference of temperature between two adjacent points, which can be a serious

problem to compute thermal gradients [22].

Some phenomena can make the output signal of two or more pixels of the
detector array being cross-correlated: the blooming, the smearing, the optical
reflections and the diffusion of the generated charges in the substrate of the

detector [27]. Blooming can be tackled by adapting the integration time to



avoid saturation. Smearing can be corrected for some specific CCD cameras

28,29]. Optical reflections can be corrected also if required [22].

Finally, after the corrections, we end up with linear, identical and independent

pixels and only one radiometric model applies for all pixels.

2.2 Specific radiometric model

In the NIR spectral range used in our work, a specific radiometric model is re-
quired. Indeed, in this spectral range, the luminance increases faster with the
temperature than in the infrared spectral range. In the NIR spectral range
(1 pum) the ratio of the spectral luminances between 300 and 1000 °C is
about one million, whereas in the Long-Wave Infrared (LWIR) spectral range

(10 pm) the ratio is only five.

To measure such different luminances, the camera parameters have to be con-
trolled in-line and particularly the integration time, which corresponds to the
length of time that the sensor is exposed (that photons are collected). In order
to cope with the large range of luminances, many integration times have to be
used, typically 1000 integration times between 100 us and 10 s. Usually, the
radiometric model parameters need to be computed for each integration time
which is long and costly. In order to avoid performing too many calibrations,
some authors have proposed to find the parameters for some integration times
from the parameters already available for other integration times but this leads
to important thermal errors [30]. The specific radiometric model used in our
work has been designed in order that a single set of parameters can be

used for all integration times.



Moreover, in the NIR spectral band, the spectral density of energy moves to
lower wavelengths when the temperature increases which requires the intro-
duction of an extended effective wavelength A, (7") into the radiometric model.
The extended effective wavelength decreases with the temperature. It is linked

to the spectral efficiency of the detector [31].

To sum up, the specificity of the proposed radiometric model is the introduc-
tion of an effective wavelength which depends on the temperature, and also

the fact that a single model is used for all integration times.

The specific radiometric model that we have developed for silicon FPA cameras

is given by equations (1) and (2).

(1) = () = Ky eap ( AJTC;T) 1)
with:
1 aq a9
N Pt @)

where [ is the pixel gray level value registered by the camera, t; is the inte-
gration time of the camera and 7T the temperature. C5 is the second Planck’s
constant (1.44 x 1072 m.K). I, is the pixel gray level value normalized by the

integration time.

This model depends on 4 parameters (k,, ag, a;, as) that are determined

during the radiometric calibration process.

It should be noted that for a temperature range of 300-700 °C, the use of a
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linear expression (first order with 3 parameters: k,, ag and a;) of effective
extended wavelength is sufficient. A second order expression has to be used
for a temperature range from 300 to 1000 °C. In that case, 4 parameters need

to be determined during the calibration process.

The identification of the model parameters requires some known reference tem-
peratures. These reference temperatures are provided by a blackbody cavity.
Figure 3 shows the calibration setup with the blackbody cavity (a LANDCAL
P1200B) and the camera aligned with the blackbody cavity using a Newport

translation stage.

During the calibration procedure, the parameters of the radiometric model
I,,(T') are computed from known temperatures of the reference blackbody and
corresponding corrected pixel intensities (see section 2.1), for a normalized
integration time of 1 s. A typical calibration curve is shown on Figure 4. The
originality of the approach is the computation of a single set of parameters for
all integration times being considered. Instead of dealing with a calibration
curve [(T') for each integration time ¢; (classical approach), a single calibration

1
curve I,,(T) = t_(T) is used.

Additionally, it should be noted that an efficient identification procedure has
been proposed [22]. Only three measurements at high temperatures are needed
to find the model parameters. For the 400-700 °C temperature range, the
parameters are: k,, = 2.12 x 10 gray level ; ap = 1.1 x 10° m~! and a; =

—3.02 x 107 K/m.

Due to the camera technology used in the present work (uncooled CCD cam-
eras in the NIR spectral band) only temperatures higher than 300 °C can be

measured [20,21,32,33]. Nevertheless, the proposed technique can be useful for

11



CCD Camera Blackbody sourct
1(i.j) T reference

Fig. 3. Our radiometric calibration setup.

many processes involving high temperature measurements.

3 Geometric calibration

Camera calibration is an important task in 3-D computer vision, particularly
when metric data are required for applications involving accurate dimensional

measurements.

From a geometric point of view, a camera converts a 3-D point (X,Y,7) in

space to a 2-D point (i, 7) in the image (see Figure 5).

Camera calibration consists in determining the elements that govern the rela-

tionship between the 2-D information (7, j) that a camera perceives and the

12
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Fig. 4. A typical radiometric calibration curve (pixel intensity normalized by the
integration time versus temperature). The corrected experimental data has been

extracted from the corrected images (see Figure 2).

(X,Y,2) (i.])
— CAMERA =
3D position pixel position

Fig. 5. From a geometric point of view, a camera converts a 3-D point (X,Y,Z) to

a 2-D image point (4, 7).

3-D information (X,Y, Z) of the imaged object. Generally this is performed
by choosing a parametric model for the camera [34] and by estimating the pa-
rameters of this model by means of a calibration object, the 3-D coordinates

of which are known.
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Calibrating a camera involves determining its intrinsic parameters [34] and its
position and orientation with respect to an arbitrary world reference frame.
Calibrating a stereovision sensor made up of two cameras involves determining
the intrinsic parameters of each camera and the relative position and orienta-
tion between the two cameras [35,36].

These calibration data are required to compute, by triangulation, the 3-D co-

ordinates of a point corresponding to matched pixels on the two stereo images.

In order to obtain accurate tri-dimensional measurements, lens distortion is
taken into account in the geometric model of the cameras [35,36]. If a 3rd order
radial lens distortion camera model is used, there are 20 independent param-
eters to be determined during the calibration process: 7 intrinsic parameters
for each camera (the two coordinates in the image frame of the intersection of
the optical axis with the image plane, the two scale factors along the vertical
and horizontal axes of the image frame, and the three 3rd order radial lens
distortion parameters) and 6 extrinsic parameters (the relative position and

orientation between the two cameras). See [35,36] for more details.

Regarding the calibration procedure, a flexible method is used: the calibration
procedure only requires the cameras to observe a planar pattern shown at a
few different orientations (see Figure 6). From these stereo pair of images, the
calibration software computes automatically the required parameters in a few

seconds [37].

After the radiometric and geometric calibration, the sensor is ready
for the measurement of the shape (X,Y,Z), the 3-D displacement
field (U(X,Y,2),V(X,Y,Z2),W(X,Y,Z)), the surface strain field

14



Fig. 6. A typical set of 8 stereo pairs of images used for the geometric calibration

of the camera.

(e22(X, Y. Z), 64y (X, Y, Z),6,(X,Y, Z)) and the thermal field T'(X, Y, Z) (see

Figure 7).
= (X,Y,2) shape
— U(X,Y,2)
— V()(,Y,Z) displacemel
3D object
T SENSOR [ W(XY.2)

— &, (XY,2)
o gyy (X,Y,Z) strain

. &Y, 2)

> T(X,Y,Z) temperature

Fig. 7. For any 3-D object the sensor gives dimensional (shape/displacement /strain)

and thermal (temperature) measurements.



4 Experimental setup

The experimental setup used in order to validate the proposed method is
illustrated in Figure 8. This setup is composed of three main elements: (a) a
3-D metallic mould (the object under study) enclosed in a fence for security
reasons, (b) a heating device and (c) a stereovision rig to perform the non-

contacting full-field shape/displacement /strain/temperature measurements.

REEEEAAZ

Protection fence
for security

- Heating devic:

Fig. 8. Several views of the experimental setup showing the ob-
ject under study (a metallic mould) and the stereovision rig used for

shape/displacement /strain/temperature measurement.

The object under study is a non-planar metallic mould sizing about 200 mm x

16



200 mm, with a roof shape (two sloping planes) and a height of about 50 mm.

In our experiments (see sections 5 and 6) the metallic mould is heated at
several temperature levels ranging from 350 to 650 °C by a heating cartridge
placed below the metallic mould. A set of 6 thermocouples were placed at the

surface of the mould to provide classical temperature measurements? .

The stereovision rig is composed of two 10-bit off-the-shelf uncooled SONY
XCD-SX910 cameras with a CCD resolution of 1280 x 960 pixels and a sensor
pixel size of 4.65 pm x 4.65 pm. Computar 25 mm f/1.3 lenses are used in
the experiments. The distance between the cameras and the mould is about
1.5 m. Images of the mould are taken by the synchronized cameras and the
temperature of the mould is also recorded and synchronized with the image

acquisition process.

Two sets of experiments were performed in order to demonstrate the capabil-

ities of the proposed method.

5 Shape/Temperature Measurement

A first experiment in a static situation has been performed in order to show
that the shape and the temperature field of the object under study could be

obtained simultaneously. The mould was heated at a temperature of 450 °C

2 These thermocouples were used in previous experiments [20] to determine the
influence of spatial variations of the emissivity of the mould and its evolution with
temperature. In the present experiments, they have been only used to provide the
temperature mean values used for the estimation of the coefficient of thermal ex-

pansion of the mould (see section 7).
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(set point imposed to the controller of the heating device).

The mould apparent temperature field is obtained thanks to the radiometric

model (see section 2).

The shape is obtained using the stereo-correlation technique [36-43].

It is well known that Digital Image Correlation (DIC) requires that the object
under study be textured (natural texture or artificial texture).

In this experiment, a synthetic speckle-pattern [44] is projected onto the mould
using a video-projector®. As an example, Figure 9 shows an object and the

same object with a speckle pattern projected onto it using a video-projector.

I

e AR T
x R P o)
e e o A

Object Video—projected Object with video—projecte
speckle—pattern speckle—pattern

Fig. 9. For shape measurement applications, the speckle pattern can be projected

onto the object using a video-projector.

Figure 10 shows a stereo pair of images of the mould under study with a
speckle pattern video-projected onto it. The thermocouples that were placed

at the surface of the mould can be seen on that picture.

A correlation-based image matching algorithm was used to compute a dispar-
ity map? (see Figure 10). On Figure 10, d; = i’ — i is the horizontal disparity
3 Note that the video-projection of the speckle-pattern onto the surface of the
mould allows to obtain the shape, but not the strains. See section 6 for strain

measurements.

4 A stereo disparity map indicates the correspondences between left and right im-

18



and d; = j' — j is the vertical disparity corresponding to the pair of matched

pixels.

I Stereo Matching I

Left image Right image

Fig. 10. A correlation-based image matching algorithm was used to find the stere-

o-corresponding pixels within a given stereo pair of images.

The methodology is as follows (see Figure 11):

(1) first, a stereo pair of images with speckle-pattern lighting is acquired.
From this stereo pair, the 3-D shape of the object, i.e. the (XY, Z) map,

can be computed by stereo-correlation:

(i,7) and (i,j") — (X,Y,2) (3)

(2) then, another stereo pair of images is acquired (a single image could be

enough). From this stereo pair, the thermal map can be obtained ® :

ages. The horizontal (vertical) disparity is defined as the difference between the
column (row) coordinates of the pixel locations of corresponding pixels in the left
and right image of a stereo pair. It should be noted that a subpixel correlation-based
image matching algorithm is used so the disparity is a real value and not an integer

value.

> As shown on Figure 11, the image provided by the left camera has been used

to compute the thermal map because the left camera had been radiometrically
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(i,7) — T (4)

With speckle—pattern lighting

Left Right

l

THERMAL MAP

~

SHAPE + TERMAL MAP

Fig. 11. Shape/Temperature measurement using the same sensor.

As the same sensor in the same position is used for acquiring the two stereo
pair of images, the data fusion is intrinsic: to any pair of matched pixels the
3-D position (X, Y, Z) of the corresponding point in space and the temperature
T of this point can be associated. Thus, the 3-D shape of the specimen and
also the temperature of each point of its surface is obtained. Indeed, from

equations (3) and (4), we have:

(i,7) and (i',7) — (X,Y,Z,T(X,Y, Z)) (5)

Figure 12 shows a 3-D view of the 3-D shape of the mould. The white areas on
the left figure correspond to non-reconstructed areas due to the thermocouples

that were placed at the surface of the mould.

calibrated beforehand. If the two cameras of the stereovision sensor had been ra-

diometrically calibrated, any of the two images could have been used.
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Fig. 12. 3-D shape of the mould obtained by stereo-correlation ; (left) the cloud of

3-D points and (right) the image texture overlaid onto the 3-D shape.

The thermal map T'(X,Y, Z) can be also displayed onto the 3-D shape (see

Figure 13).

T°C

ﬁ 405

404
402
400
397
395
392
389
386
383
378
374
368
361
352
338
301

Fig. 13. Thermal map displayed onto the 3-D shape.
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6 Displacement/Strain/Temperature Measurement

A second experiment has been carried out in a non-static situation (different
levels of temperature) in order to show that the shape, the displacement, the

strain and the temperature fields could be obtained simultaneously.

The shape (X,Y,Z), the 3-D displacement field (U, V,W) and the surface
strain field (e,4,¢€yy, £2y) are obtained using the stereo-correlation technique

36-43).

As we are now interested in the displacement and strain fields, the speckle
pattern can no longer be video-projected onto the object. The speckle pattern
needs to be stuck to the object surface in order to follow the object deforma-
tion. Prior to performing the experiment, a speckle pattern was created at the
surface of the mould by using spray paint (a random black-and-white speckle
pattern having a spatial variation in intensity that is appropriate for DIC). In
fact, it was decided to paint only one part of the mould and the other part

was left rough (see Figure 14).

As we are now in a non-static situation, a sequence of stereo pair of images is
acquired. If the object is subjected to a varying temperature, the thermal dis-
placement /strain fields are obtained. If the object is subjected to a mechanical
load, the mechanical displacement /strain fields are obtained. Of course, if the
object is subjected to a varying temperature and a mechanical load, the re-
sulting displacement /strain fields are obtained. In the present work, the mould
was heated at different temperature levels and two stereo pair of images were
acquired at each temperature level. By processing the images, the 3-D shape

of the mould, its 3-D displacement and strain fields and the temperature of

22



Fig. 14. The right side of the mould was painted for the second experiment in order

that the displacement /strain fields could be obtained.

each point of its surface are obtained:

(i,5) and (7,5) — (X, Y, Z,U, V. W, 0p, €4y, €y, T) (6)

Figure 15 shows two thermal maps obtained for two levels of temperature

loading (344 °C and 469 °C).

Figure 16 shows a 3-D view of the 3-D shape of the mould obtained by stereo-
correlation. As the left side of the mould was not painted, its 3-D shape was

obtained using the video-projection of a synthetic speckle-pattern.

Any computed value (X,Y, Z, U, V, W, €44, €4y, €2y, I') can be overlaid onto the

image or onto the 3-D shape. As an example, Figure 17 shows the W map
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T=344C

340

320

300

Fig. 15. Two thermal maps corresponding to two levels of temperature loading.

(displacement along the Z axis, which is the out-of-plane direction) overlaid
onto the image and onto the 3-D shape, for a temperature varying between
the ambient to 344 °C. The displacement /strain fields could only be computed

on the painted right side of the mould.

Figure 18 shows the thermal map overlaid onto the 3-D shape.
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Fig. 16. 3-D shape of the mould obtained by stereo-correlation. (left) the cloud of

3-D points and (right) the image texture overlaid onto the 3-D shape.

2Z [mm] i [mm]

Fig. 17. Any computed value (here the W out-of-plane displacement value) can be

overlaid onto the image (left) or onto the 3-D shape (right).

7 Discussion of results

In this section, some issues regarding the measurements and some improve-

ments that could be made are discussed.
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Fig. 18. Thermal map displayed onto the 3-D shape.

7.1 Temperature measurements

The main purpose of this work was to show the feasibility of providing both
dimensional AND thermal measurements with the same type of camera. At
this stage, we have focused our attention on the measurement of apparent

temperatures.

In the range 300 to 650 °C, using a blackbody source in a calibration situation
and a 3-parameters radiometric model, the apparent temperature measure-
ment accuracy is less than 1 °C at an observation distance of 1 m [20,21]. Using
a 4-parameters radiometric model, the same performances can be reached in
the range 300 to 1000 °C. Such performances for temperature measurements
using off-the-shelf low-cost uncooled CCD cameras have been obtained thanks
to the accurate radiometric modelling of the camera and because particular

attention has been paid to each possible source of error.
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In most of experimental mechanics applications, the true temperatures need to
be known. Measuring a true temperature field on non planar objects, involves

to take into account the following additionnal data:

e the surface emissivity which can be either found in the literature for only
a given material and a given wavelength, or measured during a preliminary
step. For opaque materials, an on-line estimation of the emissivity can be
obtained by several techniques like pyroreflectometry [45], bichromatic or
polychromatic analysis of thermal radiation [33], etc. Nevertheless, it should
be noted that estimating the emissivity remains an open problem and has
still not received an universal solution because the emissivity coefficients
generally depend themselves on the temperature, on the surface variations
and thus they change during the processing steps.

It has been shown that CCD cameras operating in the NIR range are much
less sensitive to the emissivity of the observed surface [46] than infrared ones
and, in some applications, considering the emissivity as constant is not so
penalizing.

In [20,21], we have carried out some experiments on a metallic mould,
with a uniform surface, heated from 300 to 650 °C. By assuming a constant
emissivity equal to 0.8, true temperature field measurements have been ob-
tained with an accuracy of + 3 °C at an observation distance of 1 m. This
little loss of accuracy (compared to the apparent temperature measurement
accuracy) is due to the phenomenon of oxydation of the mould surface which
is in discordance with the hypothesis of constant emissivity.

For strain measurements using the DIC technique a speckle pattern is
created at the surface of the mould by using spray paint. The variations

in surface pattern and the associated change in thermal emissivity will of
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course affect the accuracy of the true temperature computation. Two large
white and black areas have been painted at the surface of the mould (see
Figure 14). These areas will be used in future work to determine the emis-
sivity of the paint.

e the radiative exchanges between the specimen surfaces (for instance inter-
reflection for non convex objects), depending on optical properties and the
suface normals, as in a radiosity model [47], require to take into account the
shape factor of the specimen under study. The 3-D information provided
by the stereovision sensor could provide the surface normals required for

computing this temperature shape coefficient.

Of course, the computation of true temperature fields is our final objective

and the issues discussed above are now being investigated.

7.2  Kinematical measurements

The shape or displacement measurement relative accuracy in object space
(the accuracy of coordinate determination divided by the size of the object)
achieved using stereo-correlation under controlled laboratory conditions at
room temperature is about 1/50000 (see [36] for a more detailed discussion on

3-D reconstruction accuracy).

The strains are computed by numerical differentiation from the displacements
measured at several points distributed over a mesh. The accuracy of the strain
computation depends on many factors: the discrete derivation scheme used,
the accuracy of the displacement measurement, and the computation basis

(mesh element spacing) [38]. The strain measurement accuracy using stereo-
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correlation under controlled laboratory conditions at room temperature can
be about 0.05% (500 pstrain) with triangular elements measuring 50 pixels
38].

The accuracy of camera-based kinematical measurements can be highly af-
fected in elevated temperatures conditions. One of the main problem is air
convection that causes distortions of the specimen’s image. Lyons et al. [48]
have demonstrated the capability of DIC for measuring strains at tempera-
tures up to 650 °C with the same level of accuracy that is obtainable under
ambient conditions. In their work, the specimen is placed in a furnace. For
minimizing the air convection phenomenon that takes place between the fur-
nace window and the camera, they have used a fan that mixed the air so that
the air temperature and the index of refraction remained constant. It should

be noted that the temperature of the furnace window does not exceed 120 °C.

In the present work, we do not use any furnace and we observe directly a
specimen heated between 300 and 470 °C. A first experiment was conducted
without using any fan and the analysis of the displacement /strain fields showed
that these fields were not stable with time. A new experiment was performed
and 50 stereo pairs of images at 3 levels of temperature loading were acquired.
For the higher temperature, two sets of 50 stereo pairs of images were acquired,
with and without using a fan. A total of 200 stereo pairs of images were

acquired (see Figure 20).

Figure 19 shows the area that has been used to analyze the displacement and

strain fields. For instance, the mean ¢, strain has been computed on this area.

Figure 20 shows the mean €, strain evolution over the sequence of 50 images

acquired at each level of temperature loading. First, air convection increases
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Fig. 19. The area that has been used to analyze the strain field.

with the temperature of the mould as strain curves become more noisy as the
temperature increases. Second, from the strain curve obtained at a temper-
ature of 469 °C it can be seen that very much more stable strain values are

obtained when a fan is used.

From the mean strain values computed at the 3 temperature levels, the coef-
ficient of thermal expansion (CTE) of the material could be estimated. The
computed value is in good agreement with the CTE of the material under

conceri.

In these experiments, the DIC-based strain measurements have been per-
formed at temperatures ranging from 300 to 470 °C. As demonstrated by
Lyons et al. [48], we have shown that the use of a fan minimizes the effect
of convection. Further experimemts need to be carried out in order to assess

quantitatively the accuracy of the measurements and to determine the higher
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Fig. 20. Strain analysis: from the mean ¢, strain evolution over the sequence of
50 images acquired at each level of temperature loading it can be seen that very
much more stable strain values are obtained when a fan is used. Estimation of the
coefficient of thermal expansion (CTE) of the material from the mean strain values

computed at 3 temperature levels (mean temperature given by the thermocouples).

temperature for which an acceptable accuracy can be still obtained.

Another problem that can arise at high temperature, e.g up to 650 °C for
steel, is a loose of contrast in the images due to the IR emission. This can be
tackled by different ways: (1) on-line control of the camera integration time,
(2) use of an IR filter, (3) use of a normalized cross-correlation coefficient in
the DIC method which is known to be adapted to situations where contrast
and brightness evolutions are hard to avoid (such a correlation coefficient is

already used in our experiments).
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7.8  Transient events

As mentioned in section 2.2, the integration time of the camera is controlled
in-line in order to tackle with a wide range of temperatures. Long integration
times could be a problem for the study of transient events. Nevertheless, it
should be noted that the required integration time decreases when the tem-

perature increases and very short integration times are used in practice for

high temperatures (0.5 s for 500 °C, 63 ms for 700 °C, 15 ms for 750 °C, etc.).

8 Conclusion

An innovative method to compute simultaneously, and with the same type of
camera, the shape, the displacement, the strain and the temperature fields of

an object has been proposed.

The results clearly show the potentialities of the proposed technique. Its main

advantages are:

e asimplified instrumentation: the same sensor gives dimensional /kinematical
AND thermal measurements

e an intrinsic spatial coherence: each pixel of the camera observes the kine-
matic AND the thermal behavior of the specimen; the data fusion is intrinsic

e the use of off-the-shelf low-cost high-resolution uncooled CCD cameras for

thermal measurements

It should be noted that the method presented in this paper utilizes two CCD
cameras (stereovision) in order to provide simultaneously the shape, the 3-D

displacement /strain and temperature fields. Of course, the same methodology
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could be used with a single CCD camera to get the 2-D displacement /strain

and temperature fields of any planar object subjected to a thermo-mechanical

load.

At this stage, we have focused our attention on the measurement of apparent
temperatures. Our efforts are now focused on two main issues: true tempera-
ture measurements and accuracy assessment of kinematical measurements at

high temperature.
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