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Abstract: The characterisation of high temperature materials for extreme
environment implies experimental challenges. Displacement measurements using
Digital Image Correlation (DIC) have proven to be an efficient non-contact
method even at high temperatures. This paper uses global DIC and grey level
corrections to analyse very high temperature tests in which inversion of the grey
level distribution may occur. The benefits of grey level corrections are shown on
a coated ceramic matrix composite heated up to 1400°C. The inversion of the
grey level distribution is then accounted for to study various ceramics subjected

to temperatures up to 1860°C.
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1 Introduction

The development of high temperature materials for challenging environments
(e.g. acrospace or aircraft engines) implies high temperature characterisations [1—
4]. To fully determine the thermomechanical behaviour, various non-contact full-
field measurement techniques [5] are used. DIC is one possible route, which is
efficient for room temperature [6] but also in high temperature tests. The work of
Lyons et al. [7], where the authors successfully tested specimens experiencing
rigid body translation, thermal expansion and tensile load up to 650°C, showed
the feasibility of DIC at those temperature levels. Liu et al. [8] managed to study
creep crack growth in nickel-based superalloy up to 700°C. Pan et al. [9] and
Grant et al. [10] reported reliable DIC measurements up to 1200°C. Leplay et al.
[11] performed DIC at 1350°C to quantify the asymmetric creep behaviour of an
industrial zircon ceramic. Novak and Zok [12| extended the use of DIC up to
1500°C by filtering thermal radiations and reducing heat haze effects. Last,
Wang et al. [13] managed to reach temperatures up to 2000°C in vacuum
chamber.

Because of thermal radiations, brightness conservation is no longer strictly
satisfied. The afore-mentioned works proposed experimental solutions using
powerful lighting with band pass filters [9, 10, 12] to mitigate these radiation
effects, or working at shorter wavelengths [14] as suggested by Planck’s law. It is
worth noting that grey level correction is also one possible route that was

followed for local DIC [6], and more recently in global approaches [15, 16].

All these works also highlight some critical points about DIC analyses performed

at high temperatures:

- Grey level distributions were preserved using high temperature black and

white paints up to 1100°C. At higher temperatures, the oxidation of the



coatings caused contrast loss. Nitride and aluminium oxides were used
[7], but also cobalt oxide mixed with inorganic adhesive [9].

- Thermal gradients between the hot sample surface and ambient air
generate variations of the refractive index, and thus artefacts for the
optical path. This heat haze effect was limited using forced air flux
[7, 12]. Furnaces are probably the worst case [7, 11], as a large amount of
air is concerned, except when fans were used [11]. Spatiotemporal DIC

approaches [4] enable these effects to be mitigated.

The aim of this paper is to understand as quantitatively as possible the
brightness and contrast changed as functions of temperature, and to show the
feasibility of global DIC up to very high temperatures (7.e. greater than 1800°C)
without powerful LED lighting at short wavelength as usually performed. Global
(e.g. FE-based) DIC was introduced to allow more direct interactions with
numerical simulations by sharing the same kinematic bases [17]. The fact that
the continuity of the displacement field is ensured @ priori enabled the
measurement uncertainties to be decreased in comparison to local analyses in
which the node connectivities were not accounted for [18]. Grey level corrections
have been thoroughly studied for local DIC [6]. However, even though the
general framework was already introduced [19], it was seldom utilized since in
many laboratory tests the illumination was stable enough to enable the
hypothesis of brightness conservation to be made. In the cases analysed
hereafter, such hypothesis was not satisfied and it called for the relaxation of this
condition. It is worth noting that some applications already required grey level
corrections to be performed (e.g., registration of infrared pictures [20] and

distortion corrections of IR lenses [16]).

The outline of the paper is as follows. First, the tested materials,

experimental setup and acquisition system are presented with a detailed part on



the description of contrast variation at high temperatures based on filtering
thermal radiation and illumination. Global DIC is then introduced with
corrections for grey level variations. Last, a coated ceramic matrix composite
heated up to 1400°C is studied, and various ceramics heated over 1500°C where

an inversion of the grey level distribution is introduced to perform DIC.

2 Materials and methods

2.1 Tested materials

A coated ceramic matrix composite was first tested. Such materials are currently
under development for future gas turbine engines, and may provide fuel
efficiency and better performance by increasing the operating temperature
because of their good physical properties at very high temperatures and their low
density [21-24]. The heated surface was an environmental barrier coating (EBC)
made of yttrium disilicates. The investigated temperature was up to 1400°C. To
move beyond the former limit, monolithic ceramics were selected. An alumina
sample was first heated, then a hafnia-based material, which is currently

investigated for spacecraft propulsion [29], was tested up to 1860°C.

2.2 Experimental setup

Figure 2.1 shows a schematic description of the experimental setup. The heating
source was a 3kW CO, laser operating at a wavelength of 10.6 pm. The beam
had the shape of a Gaussian profile. Yet it can be homogenised using various
optics to obtain a nearly uniform (i.e. top-hat) heat flux. To reduce heat haze
effects, a small fan was positioned 40 cm from the sample, thereby creating

forced laminar flow [12].
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FIGURE 2.1: Schematic description of the experimental setup

The quantum efficiency of the camera used in this work is plotted in Figure
2.2 and shows that the detector can be combined with the optical filter, the
idealized transmissivity of which is shown in Figure 2.3 to capture images at

shorter wavelengths. The hardware parameters of the optical setup are reported

in Table 1.
TABLE 1: DIC hardware parameters
Camera AVT PIKE F-421 (monochrome detector)
Camera definition 2048 x 2048 pixels
Schneider Kreuznach Band pass Filter,
Filter
BP 465-70 HT
Grey Levels amplitude 8 bits
Lens Schneider Kreuznach 4/80
Field of view see text
Image scale see text
Image acquisition rate 1 fps
Exposure time see text




Stand-off distance 26 cm

Patterning technique SiC powder

Pattern feature size 12 pixels in diameter
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FIGURE 2.2: Quantum efficiency of the camera sensor used herein
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FIGURE 2.3: Spectral response of optical filters

The LED lighting device was made of 2 matrices with 7 LEDs each (Luxeon
Rebel, LXML-PR01-0500). Each LED provided 520 mW in standard use, making
the total radiometric power equal to about 7.3 W. The distribution of power of

LED lighting I, g (1) reads
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where P,,; is the total power of LED lighting, I.;(1) the relative intensity of
LED lighting with a maximum at 100%, z the sample stand-off distance, and B
the angle of the lens that is used to direct the light.

Last, to produce a speckle able to sustain temperatures above 1300°C,
powders were used instead of coatings because of their lack of durability at these
levels [26]. As all the substrates tested in this work are light, silicon carbide
(SiC) powder was selected for its dark colour, and was deposited onto the sample

with a sieve. An example of speckle pattern is shown in Figure 2.4.

FIGURE 2.4 : Speckle obtained using SiC powders on white substrate

2.3 Contrast changes at high temperatures

To estimate the feasibility of DIC, it is essential to compare the emitted light
(because the samples are heated) and the reflected light (due to lighting). One
advantage of using powders on the surface and not a mixture of black and white
paints is that the contribution of each material are assessed separately. Previous
works [10, 11] have defined these two contributions acquired by the camera,
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sometimes by assuming simplified optical properties [27]. The emitted light I is

determined from Planck’s law

12 2hc?
I(T) = f eAT)E) t() ————dA (2)
M 25 (em - 1)

where €(A,T) is the emissivity of the surface depending on the wavelength A and
the temperature T, E(A) the quantum efficiency of the detector, t(1) the
transmissivity of the optical filter(s), h Planck’s constant, ¢ the speed of the
light and k Boltzmann’s constant. The contribution of the reflected light from

the lighting source reads

Az

Ip(T) = L p(,T) EQR) t(A) I (D) dA 3)

where p(4,T) is the coefficient of reflection of the material.

At this stage, a distinction should be made depending on the material. Let us
consider the substrate material and SiC powder. It is assumed that the heated
material is opaque (transparency measurements were conducted on the
environmental barrier coating (EBC) studied in the next section) and the size of

the powder grains is uniform.

By adjusting the exposure time of the camera, contrast changes are defined

in a generic way as

(IE,SiC (T) + Igsic (T)) - (IE,EBC(T) + IrEeBc (T))

c(T) =
max ((IE,EBC (T) + I gpc (T)) ) (IE,SiC (T) + Ig sic (T)))




where the numerator is the difference of the contributions (emitted and reflected
light) for each material and the denominator the maximum contribution because,
experimentally, the exposure time will be adjusted on the lighter material. This
derivation is used to estimate the capacity of the acquisition system to perform
DIC for different temperature ranges, and to anticipate brightness and contrast

changes, and possibly inversions.

2.4 Global DIC procedure with grey level corrections

One advantage of global DIC is to consider the minimisation of the grey level
residuals over the whole region of interest (ROI), thereby ensuring the continuity
of the displacement field that is assumed to be true in most of the present cases.
Let us define f the grey level image in the reference configuration, and g that in
the deformed configuration. When the grey level conservation is fully satisfied

(i.e. with no image noise), g is related to f by

g(x+u®) = f(0 (5)

where x is any pixel in the ROI, u(x) the sought displacement field. For several
reasons, such as over-exposition, lighting fluctuations the grey level conservation
may be violated (see previous section). It is still possible to perform DIC
[16, 19, 28] with an affine transformation of the grey level scale. In that case, the

corrected reference image f is defined as

f0) = f() +a®) +b(x) f(x) (6)

where a(x) is the brightness correction, and b(x) the contrast correction. Let gy,
denote the picture of the deformed configuration corrected by the measured

displacement



Gu() = g(x + ux)) (7)

The goal of the correlation procedure is to find w,a and b that minimize the

squared norm of residuals 1 defined as

n(x) = f(x) — §u(*) (8)

Because the previous problem is ill-posed, it needs to be regularized. The ficlds

u,a and b are decomposed over suited bases

(@) = ) 0,(x) )

0@ = ) ay 9p(0) (10
p

b@) = ) by 9,(0) (11)
p

where 6;, ¢, are shape functions, and u;, a,, b, the amplitudes to determine,
which are gathered in vectors {u} and {c}. In the following, in order to avoid the
coupling between displacements and grey level corrections, a sequential
minimization is carried out. The first step, on the displacements, updates the
vector {u} (at fixed correction fields) that minimizes the squared norm of

residuals 7, defined as

M) = () — g(x +u(x)) (12)

over the whole ROI Q
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Pu = z nu(x)z (13)
Q

A Newton-Raphson (iterative) procedure [29] is implemented to solve for the
minimization of the linearized grey level residuals, which leads to linear systems

in terms of displacement corrections {Su}
[H*]{6u} = {b"} (14)

where the components of the Hessian and Jabobian read

HY = (VF - 8)@)(VF - 6,)(®) (15)
Q

b= (VF 8)@)(F - g) () (16)
Q

and i, j are the indices associated with the set of shape functions describing the
displacement field.

The second step, which updates the correction fields (at fixed
displacement field), evaluates the vector {c} that minimizes the squared norm of

residuals 7,

nc(®) = a(x) +b(x) f(x) + f(x) = Gu(x) (17)

The linear system to solve becomes

[H]{c} = {b°} (18)

with

11



Hae Hab
el = HH‘"‘} {H””H (19)
and
ba
-{)
where
Hgg = Z QDP(X) (pq (x) (21)
HER = 12 =" 0,(0) 9y () F() (22)
Q
HEE =) (%) 0q () f2(0) (23)
Q
b= (0, G- D)@ (24)
Q
=> (efG-N)@ (25)
Q

and p and q are the indices associated with the shape functions of the correction
fields.

The global minimisation is conducted by alternatively updating

(e}t (26)

and then

{wy = {u* + {6u} (27)
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This two-step procedure allows f(x) and §(x) to be updated sequentially until
the maximum level of the absolute displacement corrections is less than
10* pixel. Such staggered algorithm departs from original implementations
[16, 19, 20], and is identical to the DVC analyses developed for differentiating 3D

textile composites [28]. Table 2 summarizes the DIC parameters used in this

work.
TABLE 2: DIC analysis parameters
DIC software Correli 3.0 [30]
Image filtering none
Element length see text
Shape functions linear (T3)
Mesh regular
Matching criterion see text
Interpolant cubic
Displacement noise-floor see text
Strain field derivative of shape functions
3 Results

3.1 Environmental barrier coating heated up to 1380°C

Section 2.3 showed the importance of optical properties. Consequently,
emissivity measurements were conducted on an environmental barrier coating by
CEMHTT (Orléans, France) [31, 32]. The results are plotted in Figure 3.1. Even
if the range of measured wavelengths was not exactly those of the optical camera

because of detector sensitivity, the emissivity below a wavelength of 1pm is less

13



than 0.3, in particular at high temperatures. The emissivity of SiC was studied in

other works [33] and is generally high (i.e. greater than 0.8).
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FIGURE 3.1: Emissivity measurements on the EBC studied at short wavelengths

According to Equation (4), the contrast change is plotted in Figure 3.2, as a
function of the temperature of the sample surface. For this configuration, the
emissivity of the SiC powder is equal to 0.8, and that of the environmental
barrier coating 0.3. Both values are considered independent of temperature. The
power delivered by the lighting device was equal to 7.3 W. This curve is
designated as “Ref.”. The value of the steady state level is related to the
difference of emissivity between the two materials. With the present set of
parameters, beyond 1250°C, the contrast starts to decrease because the fraction

of emitted light becomes greater than that of the reflected light.
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FIGURE 3.2: Theoretical grey level changes as functions of temperature for three different

sets of parameters (see text)

To confirm this result, experimental uncertainties must be taken into
account. First, if the camera and the optical filter are well known, the LED
lighting power represents a large source of uncertainty. The two dotted lines
plotted in Figure 3.2 depict idealized (‘Best’) and critical (‘Worst’) cases. The
power of lighting is varied 20%, according to the manufacturer datasheet the
upper (460nm) and lower (440nm) bounds of the LED wavelength are
considered, and the sample is brought closer and moved away from the light by
10%.

Last, constant emissivities correspond to an idealized case that is usually
sufficient to assess contrast changes. To study the sensitivity on the difference of
emissivity between the two materials, two additional cases of contrast
fluctuations are reported in Figure 3.3. ‘Case 2’ corresponds to an increase of
0.05 of the difference in emissivity, and ‘Case 3’ to a decrease of the same value.
The results show that the temperature at which the contrast starts to decrease is
not affected by changes in emissivity but also that small variations may occur

even at lower temperatures.
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FIGURE 3.3: influence of variable emissivities on contrast changes

This part shows the capability of the present system to perform DIC up to
high temperatures (i.e. 1300-1400°C) with only small changes of contrast below
1200°C. However, these changes may impact the measurements as it will be
demonstrated. To take them into account, grey level relaxation is the route that
is used in the sequel.

The tested EBC was heated up to 1380°C. For this acquisition, the
resolution was 9 pm/pixel, the field of view was 18.4 x 184 mm? and the
exposure time was 20 ms. Surface temperatures were first measured without the
SiC powder thanks to a middle wave infrared camera (FLIR X6580sc) and a two-
colour pyrometer to obtain reference values on the raw sample surface. The
second heating of the studied sample was conducted with the same temperature
history monitored by the two-colour pyrometer. The laser beam had a Gaussian
shape and heated up only the centre of the sample (Figure 3.4(b)). One hundred
cycles were performed with a temperature profile at the centre of the sample

illustrated in Figure 3.4(a).
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FIGURE 3.4: (a) Maximum temperature profile of one ¢ycle, and (b) temperature field at

the end of the heating step (300 s)

DIC was performed for the last cycle to study the influence of grey level

variations. The reference image, considered prior the last heating cycle (0 s, see

Figure 3.4(a)), and that at the end of the heating phase (300 s, see Figure 3.4(a))

are shown in Figure 3.5.

FIGURE 3.5: (a) Reference and (b) image at the end of the heating phase
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The meshes used to compute the displacement field and the grey level
corrections were different. The first one was finer (the average size of one
element was 11 px) to capture high displacement gradients whereas the second
one was used to correct brightness and contrast variations and did not require a
very fine discretisation (40 px). In Figure 3.6, the RMS grey level residuals (i.e.
RMS(n)) over the ROI are plotted for 40 pictures during one cycle and for
several registration procedures: (1) no grey level correction, (2) brightness

correction, (3) contrast correction, (4) brightness and contrast corrections.

= 251 —=— No correction
=] -~ Brightness correction
% 20+ ——- Contrast correction
o Both corrections
o 151
By
o
> 10+
©
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S | [ZTeememmmeoemooneo
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FIGURE 3.6: RMS grey level residual during one cycle for different grey level corrections

in DIC analyses

At the end of the heating phase, the residuals with no correction were much
higher than those for the other three procedures. This observation proves the
benefit of performing grey level corrections. In the latter cases, brightness
corrections were more effective than contrast corrections. Brightness and contrast
corrections exhibited similar results as brightness corrections alone. These results
are explained by the size of the mesh and the fraction of each material in one
clement. The grey level changes of SiC powder and EBC are opposite when the

temperature rises, which makes contrast (i.e. gradient) corrections less effective
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for large elements with very thin texture (SiC powder). The brightness correction
provides only an offset to the grey levels, which means that the correction follows
the change of the material with the biggest fraction in the element (in this case
EBC) and weights the value by fraction of the other one.

Last, it is worth noting that the global trend of each curve followed the
maximum temperature profile, meaning that the optical camera was sensitive to
temperature variations. To confirm that observation, the maximum absolute
value of the brightness field for procedure (2) (i.e. brightness corrections alone) is
plotted as a function of the profile of maximum temperatures during the heating
phase in Figure 3.7. It is shown that the brightness correction may be used as a
way of measuring temperature fields, and thus measuring both displacement and

temperature fields using a single camera [15].
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FIGURE 3.7: Maximum brightness correction as a function of maximum temperature

during heating

Figure 3.8 shows the displacement field in the horizontal direction and the
grey level residual at the end of the heating phase with no correction. There are
fluctuations, particularly in the centre of the picture, which coincide with high

residuals in that area (up to 78 grey levels).
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FIGURE 3.8: (a) Displacement field in the horizontal direction (px) with no correction,

and (b) corresponding grey level residual field

In Figure 3.9, the results are shown for a DIC analysis with brightness
correction using a coarse mesh. The displacement field (Figure 3.9(a)) fluctuates
less with the brightness correction (Figure 3.9(b)) in comparison with the
previous result (Figure 3.8). Besides, the mean value of the displacement is
almost the same as illustrated on the difference between the previous and the
present cases (Figure 3.9(c)). However, the RMS difference is equal to 0.36 px,
which is higher than the measurement uncertainty (0.07 px). Last, the grey level
residuals after correction (Figure 3.9(d)) are significantly lower with an RMS of
4 grey levels (as opposed to 25 grey levels with no corrections). These results

prove the benefit of grey level corrections for DIC at very high temperatures.
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FIGURE 3.9: (a) Displacement field in the horizontal direction (px) with brightness
correction, (b) brightness correction field (in grey levels), (¢) displacement difference with no
correction and brightness correction (px), and (d) grey level residual field with a reduced

dynamic range than in FIGURE 3.8

Prior to this reference test, a pre-test was performed with only one block of
LEDs, far from the sample surface (approximately 30 cm). The theoretical

response according to Equation (4) is shown in Figure 3.10, labelled as ‘Second
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test’” and compared to the reference case. Because of the ratio between emitted
and reflected intensities, an inversion of contrast is predicted with a range of
temperatures (1100-1300°C) in which contrast is lost. It is worth remembering
that the grey levels in the two plateaus are linked to the difference of emissivities
between the two materials. Besides, if there is any variation of one emissivity as
a function of temperature on one plateau, there is no reason why the grey levels
should be identical at room temperature and at high temperatures as shown in

Figure 3.3.

1.0
i3] "m‘*‘*

g 051 % h
c %
© bt
S 0ol T Ref. y
B ©Y| - second test \
B %
c %
S -0.5] o

-1.0

0 250 500 750 1000 1250 1500 1750
Temperature (°C)

FIGURE 3.10: Description of the inversion of contrast at high temperature

In Figure 3.11 the reference image (a) before heating and the deformed (i.e.
during heating) image (b) are shown. Three arcas can be distinguished, which
confirm, at least qualitatively, the contrast prediction. The first one, far from the
laser beam, shows only minor changes to the naked eye even if the EBC seems
darker. For the second one, closer to the centre, contrast is virtually lost, thereby
preventing any unregularised DIC procedure to be performed. Last, for the area
at the highest temperatures, the grey level distribution is inverted (Figure 3.11
(¢) and (e)). The EBC, which was initially lighter, becomes darker and the
initially black SiC powder is lighter. Performing registrations between these two

22



images would open the way to global DIC up to very high temperatures given

the stability of the grey level changes after inversion (Figure 3.10).

(c) (d) (e)

Figure 3.11: (a) Reference image, (b) heated sample, images of the centre

arca (c) before heating, (d) before heating and inverted and (e) during heating

Several configurations were tested. Some with the “natural” reference image,
some with an artificial inversion (fin, = (2" —1) — f for a n-bit images) of the
reference image (Figure 3.11(d)), with either brightness, contrast and brightness,
or contrast corrections. In the present case, as the size of the image was very
small, displacement fields are not relevant. The objective was to study the

influence of the corrections on the grey level residuals. The element size for the
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displacements is 3 px. The dynamic range of the reference image is 155 grey

levels. The results are summarized in Table 3 and Figure 3.12.

TABLE 3: Influence of corrections on grey level residuals

Residuals (% of

f Correction
dynamic range)
Reference Brightness 22.4
Reference Contrast 22.1
Reference Brightness and contrast 20.9
Inverted Brightness 5.5
Inverted Contrast 7.4
Inverted Brightness and contrast 7.4

FIGURE 3.12: Grey level residual fields with (a) brightness correction, (b) contrast

correction and (¢) brightness and contrast correction

They show the benefit of the artificial inversion on the reference image as the
grey level residuals are lower for all corrected cases. Second, for similar reasons
as those given in Figure 3.7, the brightness correction exhibited lower residuals

than contrast corrections. Besides, these results are explained by the small size of
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the correction mesh (12 px), which makes contrast corrections less secure. In the
following, artificial inversion and brightness correction will be used to reach even

higher temperatures.

3.2 Ceramics heated beyond 1500°C

In aerospace applications for instance, materials are used at even higher
temperatures. Experimental tests performed above 1500°C in an open
environment represent an additional challenge for DIC as heat haze effects
increase significantly. In this section, monolithic ceramics were heated with the
same laser and experimental devices described in Section 2. The only difference is
the use of a divergent lens to homogenise the laser beam (i.e. the surface
temperature field) and prevent the samples from brittle failure. For these cases,
the resolution is 14 pm/pixel, and the field of view is 28.6 x 28.6 mm?.

The first test was conducted on the alumina sample. Two levels of heating
are presented hereafter. The first one at 1200°C, and the second one at about
1600°C. During the first step, two series of images were captured, one with LED
lighting and one without any to force contrast inversion. The integration time

was adjusted depending on the heating level as described in Table 4.

TABLE 4: Acquisition parameters of the visible light camera

Laser Power
Integration time (ms)  Gain (dB)  LED lighting

(W)

0 22.5 0 Yes
400 22.5 0 Yes
400 50 18 No
800 32 0 No
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The images are shown in Figure 3.13. At only 1200°C, the inversion of the
grey level distribution occurred (Figure 3.13(d)) by increasing the integration
time and gain of the camera. It is worth noting that it gives, at least, a contrast
as good as the natural image (Figure 3.13(c)). At higher temperatures, the
emissivity of alumina is closer to that of the SiC powder, which made the

inversion of contrast less strong than in the previous case (Figure 3.11 (e)).

Room temperature 1200°C 1200°C 1600°C
A 2 ¥ ] TR a . RN

(b) () (d) (e)
FIGURE 3.13: (a) Reference image at room temperature, (b) inverted reference image,

(¢c) image of heated sample with LED lighting, (d) same configuration with no illumination,

and (e) last image at 1600°C

The first heating level was performed to validate DIC using an inversion of

contrast. The results with lighting (Figure 3.14), for an eclement size of 50 px,
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show the displacement field in the horizontal direction and the residuals at
convergence using brightness correction. Their RMS is 6.7 grey levels, which is
rather low for this temperature level. The larger dots are due to a slight

overshoot of the fan that had removed some powder.

50

(a) (b)

FIGURE 3.14: (a) Displacement field in the horizontal direction with brightness

correction (px), and (b) corresponding grey level residual field

Measurements using contrast inversion are illustrated in Figure 3.15 with
(a) the difference on the horizontal displacement with the reference method and
(b) the brightness correction. The difference is mostly due to the heat haze effect
since the RMS difference is 0.31 px (4.4% of the maximum displacement). These
results confirm the possibility of performing DIC using contrast inversion.
However, at lower temperatures at which conventional DIC can be used, this
method will not be considered because of the large integration time required to

invert the image brightness with no illumination.
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FIGURE 3.15: (a) Difference in horizontal displacement with reference case (px) and (b)

brightness correction field in grey levels

The alumina sample was then heated up to about 1600°C. Displacement,
brightness and residual fields at convergence are shown in Figure 3.16. Once
again, the displacement fields were very consistent with thermal expansion. The
maximum value for the first step was 6.9 px for the horizontal displacement, and
for the second step it was equal to 13.9 px. The RMS residual between reference
and images of the heated surface is equal to 8.6 grey levels, which is again rather

low and validates DIC using inversion of contrast up to very high temperatures.
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FIGURE 3.16: (a) Horizontal (b) vertical displacement fields (px), (¢) brightness

correction field in grey levels, and (d) grey level residual field with a more tightened dynamic

The last test was performed on the Hafnia based sample, which was almost
uniformly heated up to 1850°C. The temperatures were measured using two-
colour pyrometers at a wavelength of about 1 pm. At these wavelengths, the
material has the advantage of having a constant emissivity [32], thereby enabling

for two-colour pyrometry. The laser power, front-side and back-side temperatures

29



are shown in Figure 3.17 (the front side pyrometer delivers meaningful

measurements above 1000°C).
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FIGURE 3.17: (a) Laser power, and (b) front side (in green) and back side (in blue)

temperature profiles during the test on hafnia-based sample

The last heating step of the test was analysed with brightness corrections.
The size of an element was about 30 px for the displacement and the correction
fields. The registered images are shown in Figure 3.18. The inversion was
stronger in the centre of the sample because of heat loss on the edges, inducing a
thermal gradient. A thin and long crack is visible in Figure 3.18(c). It appears

lighter because of higher emissivity.
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FIGURE 3.18: (a) Reference image, (b) image at 1850°C, and (¢) zoom on an area with a

crack
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()

Figure 3.19: (a) Horizontal, (b) vertical displacement fields (px), (¢) maximum

positive principal strain field (%), (d) brightness correction field in grey levels,

and (e) grey level residual field

In Figure 3.19, the displacement fields are very smooth, which is consistent with
a quasi-uniform heating of the sample. The range of values is close for the
horizontal and vertical components. However, the vertical displacement field
exhibits high gradients in the bottom right corner. This observation is confirmed
with the positive maximum principal strain field, which reveals an over-strain in
the same area. This crack is visible in Figure 3.18(c), and starts from the edge up
to the centre, which also confirms the shape of the strain field around the crack.
The brightness correction is uniform in the centre with lower values near the
edges. The RMS residual is equal to 18.3 grey levels. This level is acceptable,
especially at these very high temperatures where the stability of the SiC powder
is no longer ensured.

Grey level residuals between images of the cold surface before and after
heating, with no correction (Figure 3.20) show that, even though the material

brightness remained unchanged, large residuals appear in the powder due to SiC
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oxidation into silicon dioxide (SiO:) over 1400°C in dry air. At the end of the

test, most of the SiOs powder had melted on the material surface, which implied

local temperatures greater than 1710°C.

100
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(a) (b)
FIGURE 3.20: (a) Image after the test and (b) grey level residual field with no correction

before and after the test

4  Conclusions and perspectives

This paper proposed an efficient method for full-field measurements at very high
temperatures using global DIC. Thanks to optical filters associated with LED
lighting, high quality images were captured up to 1400°C. The DIC algorithm
extracted very reliable displacement fields with low residuals thanks to grey level
corrections. For higher temperatures, instead of shifting the devices to shorter
wavelengths and more powerful LED lighting, illumination was no longer
required to invert the room temperature contrast. Results of this work showed
the reliability of DIC up to 1850°C on a hafnia-based sample with the detection

of a thin crack, and rather low grey level residuals. It is worth noting that the
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temperature limitation is only linked to the stability of the material and the
powder.

This work opens the route of characterisations at temperatures at which
information was hardly accessible, especially via full-field measurements. For
instance, coefficients of thermal expansion of the hafnia-based material could be
estimated using finite element model updating (required in case of 3D thermal
gradients and properties depending on temperature). As these materials are to be
used as protective coatings, it is a key property.

As introduced in this work, grey level relaxation (mainly brightness
corrections) was used to measure temperature fields. In all the studied cases, the
shape of the brightness field was consistent with the thermal loading, be it
almost uniform or Gaussian-distributed. A calibration procedure without speckle
on the material surface, with the knowledge of the emissivity and an infrared
camera, may allow for such measurements as already shown for near infrared

cameras [15], but this time at much higher temperature levels.
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