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Highlights

e Preparation of optimized speckle pattern on ceramic samples for high temperature
measurements
e Characterization of speckle patterns and evaluation of DIC uncertainty using a

mechanical device at high temperature



e Improvement of DIC uncertainty by varying some DIC parameters and by using image
pre-processing
e Measurement of crack length within refractories at high temperature by using 2P-DIC

(2-Parts DIC)

Abstract

High-temperature mechanical tests coupled with Digital Image Correlation (DIC) on ceramics
which exhibit rather low level of strain require to overcome extreme experimental conditions
that usually can reduce significantly measurement accuracy. Thermal resistance of speckle
pattern, black body radiation and heat haze are three main concerns, which should thus be
taken into account while designing a high-temperature image acquisition setup. In this aim, an
experimental procedure has been specifically designed in order to minimize the three above-
mentioned disturbances. The main objective of this study is to select a suitable high-
temperature resistant speckle pattern for mechanical characterization at 1200 °C (or above) on
refractory ceramics. Most of tested speckle patterns were performed with white alumina
adhesive and dark ceramic grains (silicon carbide or brown fused alumina). Different grain
sizes of silicon carbide were tested. At first, different speckle patterns are compared in terms
of DIC strain measurement uncertainty by discussing speckle features, some main DIC
parameters and two image pre-treatments (low pass filter, image size reduction). Then, these
speckle patterns are tested to analyse fracture behaviour of refractories through a Brazilian
test. An enhanced digital image correlation technique (2P-DIC), dedicated to monitor the
fracture behaviour, is applied to study the evolution of crack length. The best representation
of crack progression has been achieved for sample surface covered with a fine SiC powder

ranging from 50-100 pum. It is then possible to compare the fracture behaviour between



1200°C and 20°C and to show that the refractory exhibits more crack branching at 1200°C in

comparison with behaviour at room temperature.
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1. Introduction

Refractories are heterogeneous ceramics that are required in many industrial applications
involving high temperatures (typically up to 1500°C) and corrosive environments to process
essential daily life materials such as steel, non-ferrous metals, cement, and glass. These
materials are often a result of complex formulations involving multiple natural or synthetic
minerals in order to obtain the macroscopic physicochemical properties to fit the
specifications required by each industrial application. In this regard, each application requires
specific thermomechanical and thermochemical properties to ensure good operating
conditions to process these daily life materials with a reasonable lifetime within the industrial

process but also able to guaranty the safety of the plant and of the workers therein.

From a thermomechanical point of view, it is very important nowadays to identify constitutive
laws of these heterogeneous materials at high temperature in order to model the behaviour of
the industrial refractory linings in operative conditions. It is also very useful to study the
relationship between the microstructure of these materials and the macroscopic
thermomechanical properties in order to optimise the design of these microstructures. Indeed,

given the highly heterogeneous microstructure of refractory materials, deviations from linear



elasticity are commonly observed as large grains combined with initial micro cracks lead, in

many cases, to large non-linear mechanical behaviour (unlike most fine ceramic materials).

In order to characterise the thermomechanical behaviour of these refractory materials, stress
strain curve should be ideally characterised during uniaxial loading, in tension and/or in
compression. Since these kinds of experiments are very complex to manage accurately on
ceramic materials at high temperature, an alternative solution is to manage non-uniaxial
loading, for example diametrical compression combined with Digital Image Correlation
(DIC). This very suitable combination allows the inverse identification of material parameters
in tension and compression during monotonic loading as well as during creep. It can also

allow to accurately monitor the fracture process development throughout the test.

The effectiveness of DIC for mechanical characterisation of materials is now well established
in literature since it gives the opportunity to consider many “virtual extensometers” on any
place of sample’s surface during loading, as well as to record fracture phenomena (such as
crack branching). Indeed, the DIC techniques developed for many years are commonly used
to study 2D surface deformations and have proved to be a powerful method to reveal the
behaviour of materials [1-4]. DIC is based on the analysis of successive images of a specimen
surface during a mechanical test. Local calculations based on degree of similarity of grey
levels between the images corresponding to an initial state and to a deformed state result in a
displacement field, which could be then recalculated to strain field. DIC technique has already
been used to study the fracture behaviour of several materials [5-11]. The direct application of
DIC process leads to an approximate assessment of cracks because the material
transformation is assumed homogeneous across a DIC subset [12]. A solution consists in
adapting the DIC process. The material transformation usually assumed homogeneous is thus

changed: a subset can be split into two parts with different kinematics, each part being



separately treated by DIC [12-14]. Here we use our own adaptation of DIC for cracks
monitoring named 2P-DIC (for 2 Parts DIC) [15] which is able to detect the presence of a

crack, to measure its length and opening.

The performance of DIC is closely related to speckle pattern deposed on the sample surface
[16-22]. Speckle pattern can be characterized by speckle size, distribution of grey levels [20]
and grey level gradients [22, 23]. Image noise is another key parameter which can be reduced
by applying a low pass filtering on raw images [24, 25]. High-temperature DIC tests
(typically between 1000 and 1500 °C) require dealing with additional temperature-induced
phenomena, such as heat haze, black body radiation and temperature resistance of speckle
pattern. Table contains several records about successful high temperature DIC tests which

can be found in the literature.

Heat haze can be described as an irregular flow of hot air between the camera and the sample,
which causes variation of refractive index. This effect generates artefacts and loss of
accuracy. It can be reduced by using: (i) a long integration time, causing noise averaging, with
simultaneous application of neutral density filters [27, 28] for reduction of light intensity, (ii)
a small fan between sample and camera [31, 32] to blow out the hot air and thus reduce heat
haze in the measurement field. Black body radiation (temperature-induced electromagnetic
radiation) modifies light intensity in function of temperature and has detrimental effect on
speckle pattern contrast. It can be reduced by using: (i) a blue bandpass filter transparent for
the wavelengths in a range of 440-460 nm, which are the least influenced by black body
radiation from visible range, (ii) an additional illumination with a wavelength adjusted to the
wavelength of bandpass filter. Temperature resistance of speckle pattern must be high
enough, so that the hypothesis of optical flux conservation used by DIC is satisfied during all

the targeted high temperature mechanical test. Different solutions can be found in literature,



as shown in Table 1. It can be ensured using: (i) a high temperature resistant material applied

by plasma spraying technique [27] through a grating in order to reinforce contrast, (ii) a high-

temperature resistant inorganic adhesive mixed with a high temperature resistant powder, (iii)

the natural speckle pattern of the sample resulting from initial material’s microstructure [33].

Table 1. Summary of a bibliographical review about high-temperature DIC experiments

. Testing | Reduction of black ng_h temperature Resolqtlon Avg. Year
Specimen - resistant speckle | [um/pixel]| speckle
temperature| body radiation : [Ref]
pattern size [um]
Black cobalt oxide
: blended with

Stainless 1200°C |Blue bandpass filter commercial 58 - 2010
steel . [26]

high-temperature

inorganic adhesive
Carbon 0 . Plasma sprayed 2014
fiber 2600°C [Blue bandpass filter tungsten coating - - 27]
Z|r_c9n|um 1350°C |Blue bandpass filter Silicon carbide 16 6*16=96 2015
silicate powder [28]

White yttria—based
Stainless o . and black 2016
steel 1150°C |Blue bandpass filter silica-based 26 - [29]

ceramic paints

White yttria—based
Stainless o . and black 2017
steel 900°C | Blue bandpass filter silica-based ceramic 20 50 [30]

paints




Therefore, the present paper deals with the development of a dedicated experimental protocol:
suitable sample surface preparation, optimised conditions for images acquisition,
characterisation of speckle patterns and choice of some DIC parameters and image pre-
processing. This experimental protocol should allow to obtain the adequate optical precision
compatible with quite low level of strains within the elastic domain of these refractory
materials and also compatible with the early crack progression observation before final
rupture of the sample, despite the different sources of disturbance involved by high

temperature.
2. DIC Methods

2-1. Measurement techniques: DIC and 2P-DIC

Digital Image Correlation consists in recording two digital images of two different
mechanical states: a reference state and a deformed state. The DIC process used in this work
[12] consist in locally matching images of the sample surface at initial and final mechanical
states. A series of subsets D (with a size of mxn pixels?) defined on a regular grid (constant
spacing on the zone of interest) in the initial image is used for this matching. A local material
transformation ¢ between the two images is defined at least by two components of
displacement (u,v), nevertheless four components of local gradients can be added depending
of the studied mechanical problem. On each subset D, the unknown values q=

du du v 9 . .
(u, U’%’ﬁ'i’é) are calculated from the smallest value of the correlation coefficient C.

C(q) = Tp c2(q) with c(q) = % _ % o



where f and g represent the grey levels of pixels, (f)and (g) are their averages in D and
#(D), X and x are the coordinates of grey levels for the reference and the deformed state

respectively. The best solution q is obtained from a least-square minimisation and an iterative

Newton scheme. Subpixel bilinear interpolation of grey levels of the deformed image is used
to achieve subpixel displacement measurement. To avoid detection ambiguity, a random
distribution of grey levels (speckle pattern) is used and artificially made on sample surface as
presented after. We assume that grey level distribution follows strain of material
(conservation of the optical flow). From the displacement field obtained by DIC process, the
strain field is calculated by finite differences scheme [21]: the local strains Exx, Eyy, Exy are
evaluated from displacements of four neighbouring points (four centers of the neighbouring
subsets) on the grid of DIC. In this case, the gauge length is equal to the distance between two

neighbouring subsets (Lo).

2P-DIC is an extension of the usual DIC process. It consists in allowing of the subset D to
split at the position Xc in two parts D1 (x < Xc) and D2 (x > Xc) as shown in Figure 2 with an
orientation € of the boundary [15, 34]. The expression of the correlation coefficient (1)

becomes:

Cxc(Xc, 6,Q) = Xp, ¢*(q1) + Xp, ¢*(q2) (2)

. o dw vy v, . . .
with g; = (u;, v;, ==, 5=, 228 Z78) the vector of material transformation parameters in the part
4 VIV ax oy’ ox’ oy

Di (i=1,2). The vector Q represents the gathering of two vectors g, and g,. The matching
consists in searching the best values of Xc, #and @ which minimize Cy(Xc, 6,Q). For each

value of Xc varying by one-pixel step from -m/4 to m/4 and h varying between -50° and 50°
with a pitch of 10°, the same minimization process for standard DIC is used to achieve a best

estimation of Q.
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Figure 1 : Principle of the 2P-DIC, decomposition of a subset.

The detection of a crack is obtained with the calculation of a pseudo strain within each subset:

_ V& Xt —up)?+@w,v)? 4 (3)
|Xc2—=Xcal

&

When this pseudo strain value is higher than a threshold value etnres, @ discontinuity is
detected in D. eThres IS defined as the maximal value between strain measurement uncertainty
and experimental strain for which diffuse cracking starts. Here the value of strain
measurement uncertainty is unfortunately, in most of cases, higher than the starting point of

diffuse cracking, thus etnres Will be directly given by strain measurement error.

2-2. Uncertainty assessment

In term of speckle pattern optimisation for high temperature investigations and associated
treatments, 2P-DIC and DIC use the same minimisation algorithm and interpolation, therefore
their performances regarding quality of surface preparation are quite similar. Thus, in a first
step, only the DIC technique will be used here to choose the best speckle pattern among the
different proposed sample preparations, i.e. the one, which will give the best measurement

accuracy. In literature [19-22, 35], several studies have already demonstrated the link between



displacement uncertainty and speckle pattern properties. In addition to speckle size and grey
level histogram which are well known to play a key role in quality of DIC measurements, the
standard deviation uncertainty of the displacement measurement in the x axis direction (cux)

is in fact inversely proportional to the subset size in the direction of the displacement (m) and

to the root of the average of squared grey level gradients (_|Vg?2) and proportional to the

standard deviation of the image noise (on). It can be expressed by:

e o — 4)
Ux [m . '_Vg_z]

That is why the main features of our speckles, described by grey level histogram, grey level

gradients, and speckle size will be discussed. Grey level histogram will be characterized by

standard deviation of grey levels (oeL). In order to quantify contrast, the image will be

derived in horizontal direction (properties are assumed isotropic) and the root of the average

of squared grey level gradients [Vg?2 will be calculated [34]. Speckle size can be estimated

from the full width at half maximum of autocorrelation curve [20]. From theoretical point of
view for a binary image (black particles on a white background) and for the case of particles
of same geometry, this width exactly corresponds to the size of the particles. For grey level
images (rather dark particles having several grey levels on a white background), this width

gives a good approximation of particles size [36, 37].

Low pass filter (Gaussian filter with a size of 3x3 pixels) is commonly used to decrease DIC

uncertainty [24, 25]. Indeed, such a filter decreases the random noise mainly coming from the

camera (i.e. standard deviation of the noise on) but also grey level gradients (i.e. [Vg?).

Usually on decreases much more than _[vg2. As displacement uncertainty is proportional to the



ratio on/_[Vg2 with our images. Uncertainty has been assessed by preliminary tests, simply by

studying the deformations of the investigated refractory sample in real environmental
measurement conditions just before any loading (strain is thus assumed to be zero).
Performances of strain measurements with these assumed stable conditions have been
characterized by measuring the standard deviation of tension-compression deformations (cexx
or/and oeyy) evaluated on sample surface during a given period of time (typically 60 min
before loading). This protocol has been chosen instead of displacement assessment because
calculation of strain allows us to directly eliminate the in-plan rigid displacements which
appear in this study at high temperature (see next section). Furthermore, in small deformation
hypothesis, strain and displacement uncertainties are linked to the distance between two used

subsets (Lo) and the relation can be simply expressed by:

OUx

Opxx = Lo (5)

3. Experimental methods

3-1. Mechanical device for Brazilian test

The experimental device that has been used consists in one part dedicated to image
acquisition and another part dedicated to mechanical loading at high temperature. The optical
image acquisition setup, presented on Figures 1a and 1b, has been specifically designed taken
into account most of critical points mentioned previously from bibliographic review. It
consists of a high-resolution camera (PROSILICA GX 6600 - 6576x4384 pixels), a lens (AF
Micro-Nikkor 200 mm f/4D IF-ED), two high power panels of LED (LINKSTAR LED VD-
416D-K2 with colour temperature of 5500 K) to light the sample (with enough blue light

radiation on the overall sample surface), a blue bandpass filter (MIDOPT BP470) with the



wavelengths in a range of 425-495 nm (reducing the influence of black body radiation), two
fans (one cooling the camera, one blowing out hot air from hot surface of the furnace window
- reducing heat haze) and a furnace with a transparent window made of glass ceramic. Images

are recorded with a resolution of 0.014 mm/pixel.

|| lgls}‘:nlstceed ’_E\/\}/ Alt:ggna
with

l/< & Winéow . < Allilg\wl\ilna
|

2 LED lamps | §! [Testing machine
.| and furnace
| with window

Measurement of
imposed relative

e TN Alumina

; : . jaw ‘ displacement AU
1 g gl N L4 Alumina
; i spinel
d 9" Blue bandpass Blue sample
- T~ v filter __4——1 bandpass _
s | !, R aw
objective ‘ : = — j

‘u& | Stable tripod with objective Alumina

g translation stage 2 LED lamps rod

(a) (b) (©)

Figure 2: Testing setup for Brazilian test at high temperature: (a) real image of
experimental setup, (b) drawing of experimental setup for images acquisition (c)

drawing of Brazilian test setup.

Figure 1c shows a drawing of the mechanical test. Samples are circular disks (diameter

50 mm), which are loaded under compression against two alumina jaws with a circular shape
for better contact with sample. This Brazilian test system is placed in a INSTRON 4507
testing machine. Compression loading is vertically applied with a rate of 0.05 mm/min and a
cell (capacity of 5 kN) measures the load level. The relative displacement AU imposed by the
two alumina jaws is measured directly on the sample (removing contact effects) by DIC as the
difference between displacements of two zones (128x32 pixels) placed at the top and at the

bottom of sample (see Figure 1c). A dedicated furnace (maximum temperature of 1250°C) is



mounted on the testing machine and allows the free vertical translation of the alumina rods

used to apply the load on the sample through of alumina jaws.
3-2. Samples and speckle pattern preparation

A same fired alumina-spinel refractory brick has been used for all tests of speckle patterns
presented here. This refractory material for steel making is typically industrially fired at very
high temperature (about 1700°C), which is much higher than the temperature considered in
the present study (1200°C). Therefore, it is reasonably supposed that the material will remains

stable at the investigated temperature.

Dimensions of circular disc shaped specimens machined for Brazilian test have been selected
in relation to maximal grain size [37] and thickness (Thsample) to diameter (Dsample) ratio
suggested for rocks [38] and sintered specimens [39]. Taking into account the above-
mentioned points, specimen dimensions for indirect tensile test were: Dsamptle 50 mm X Thsample

12.5 mm.

Alumina jaws, with specimen to jaws (Djaws) diameters ratio of p = % = 0.67 [40], are

Jaws

used to assure correct stress distribution within the central area of the disc with reduction of

stress concentration at the contact between sample and jaws.



Step 0: Sample rough surface

| Specific Binder (903HP-3 ®) I_L, L 4
OR Step 1: Adhesive coating
|Alumina Cement (Resbond 903HP ®)|_|-'
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v

Step 3: Heat treatment (4h at 400°C)

Figure 3. Block diagram describing speckle patterns preparation on sample surface.

A block diagram explaining speckle patterns preparation procedure is presented on Figure 3.
All samples and their main features are given in Table 2. Sample reference, presented in this
Table 2, consists of three main data separated with underscores: (i) Information regarding
application of an adhesive coating which can be a white alumina cement “C” (commercial
product named Resbond 903HP Ceramic Adhesive with maximum application temperature of
1790°C) or specific binder “B” (liquid component of the alumina cement); (ii) Grains that
constitute the speckles, where “SiC” stands for Silicon Carbide and “BFA” for Brown Fused

Alumina; (iii) Grain size range resulting from powder sieving above sample surface.

Table 2. Samples references with speckle pattern characteristics.

Sample reference Adhesive coating Powder type Grain diameter [pum]
B_SiC_50-100 Specific binder SiC 50-100
C_SiC_50-100 Alumina cement SiC 50-100

C_SiC_150-200 Alumina cement SiC 150-200
C_SiC_250-315 Alumina cement SiC 250-315




C_BFA_250-315 Alumina cement BFA 250-315

The reasoning supporting usage of an adhesive coating is to provide a strong adhesion
between tested samples and dark ceramic particles spread on the surface (especially important
for bigger particles), as well as to increase contrast with dark speckles. The studied speckles
types presented here have been specifically chosen to exhibit different grain sizes (in
comparison to pixel size) and different contrast (in comparison to background surface colour).
A particular attention has been also paid to choose grains compositions that could be

thermodynamically rather stable in the all temperature range of our experiments.

3-3. Thermal cycle

Managing accurate measurements at high temperature requires to follow a well-established
experimental protocol described in Figure 4. After preloading the sample at 50 N at room
temperature, a ramp of 5 hours is necessary to reach the 1200°C in the oven required for the
high temperature Brazilian test. Then, in order to avoid any parasitic displacements of loading
parts, an idle time of 40 minutes is firstly respected for temperature equalization around the
sample. Then, the study of uncertainty is managed during 60 minutes, in force-controlled
mode with the same preload of 50 N. Such very low level of preload guaranties that no creep
can occurs a 1200°C with such high refractory material. Then, Brazilian test is performed in
displacement-controlled mode with a vertical compressive displacement rate of 3 mm/h (0.05
mm/min), and this final step last for about 20 mm when sample is broken. For the stability
test and during the Brazilian test itself, images were acquired with an acquisition rate of 1

picture per second.
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Figure 4: Thermal cycle (heating/cooling rate of 5°C/min, maximal temperature of

1200°C) with detailed testing procedure during dwell time.

4. Results and discussion

4-1. Main speckle pattern features

4.1.1. Grey levels histograms and contrast

For each of the five investigated speckle patterns, an example of pictures acquired at 1200°C
during the stability test is presented on Figure 5. An enlargement of the central part and the
grey level histogram (pixel occurrence versus grey level) of a large zone inside the sample are
shown. One can observe that the background corresponding to sample has a high grey level,
larger than 128 and speckle particles are darker. Although experimental conditions have been
optimised to acquire bright, but not saturated images. Little saturation part is related with
reflections of SiC particles. Pictures exhibit a relatively high contrast between adhesive

coating and particles. This observation is confirmed by the shape of histograms on Figure 5



and values of grey level standard deviations resumed in Table 3. Grey levels are not
distributed on the full range of images (256 grey levels) but only on the upper half, and thus
pictures appear as rather bright. This global brightness is clearly linked to the high
temperature of the sample (1200°C) which unfortunately result in black body radiations with
a significant contribution in the visible spectrum acquired by the optical camera. Despite the
used of an external blue light, the blue bandpass filter does not eliminate all black body

radiations which contribute to increase the average grey level of the images.

Undoubtedly, this distribution of grey levels on a small part upper of the range leads also to
rather small greyscale standard deviation and to rather small grey level gradients which both

drives the measurement uncertainty (formula 4).

The values of |vg? in Table 3, around of 5 grey level pixel™!, are smaller than the ones which

can be obtained at room temperature (13 grey level pixel™!). Thus, DIC uncertainty will be

larger during tests at 1200°C. C_SiC_50-100 gives the highest value of |Vg2 with 5.6 grey

level pixel!' according to other patterns (_|Vg?2 between 4 to 4.3) but these differences remain

weak. The analysis of experimental measurement accuracy (presented after) will permit to

prove if these discrepancies are significant.



Figure 5: Pictures of different patterns at 1200°C in full resolution (0.014 mm/pixel),

enlargement x15 (on top right), grey level histogram (on bottom right).

Table 3: Main speckle features at 1200°C with full resolution without any filter.

Average Speckle size (pixel)
std. d f grey level
td. Iev.:) gradient
E"eYG:LVGS Vg2 From From
g . . Autocorrelation
o Sieve size
(pixel®) curves
B_SiC_50-100 13.0 4 3.50-7.00 10
C_SiC_50-100 24.1 5.6 3.50-7.00 13




C_SiC_150-200 24.5 4.3 10.50-14.00 20

C_SiC_250-315 255 4 17.50-22.05 28

C_BFA_250-315 21.9 4.24 17.50-22.05 24

4.1.2. Speckle size

From Figure 5, one can also observe the different particles sizes that have been considered to
constitute each tested speckle pattern, from the smaller ones to the bigger ones. The shapes of
BFA or SiC particles are not regular and are not spherical. In addition, despite a great
attention paid during the manufacturing of patterns, the spatial distribution of the particle is
not perfectly uniform within the overall surface of the sample (existence of some
agglomerated particles and some small areas without any grain). As previously explain,
autocorrelation curves presented on Figure 6, allows to estimate size of the speckle from the
value of full width at half maximum. These estimated values are reported in last colon of
Table 3. One can observe that autocorrelation results (Table 3: column 4) give higher values
(about 1.5 to 2 times higher) than particle size coming from sieving (Table 3: column 3). Even
if the 2 ways to estimate size could lead intrinsically to some differences, this result could also

come from particle agglomerations already mentioned.
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Figure 6: Autocorrelation curves for different speckle patterns measured at 1200°C.

At this stage, only considering geometrical characteristic of speckle patterns, one can state:
e from contrast point of view, C_SiC_50-100 could be the most valuable speckle with
highest value of average grey level gradient (5.6 pixel™) with rather small speckle size
(13 pixel). But difference of average grey level gradient between considered speckle
remains weak;
e from speckle size point of view of point of view, B-SiC_50-100 could be the most
valuable speckle with lowest value of speckle size (10 pixel) with reasonable value of

average grey level gradient (4 pixel™?).

4-2. High temperature effects: preliminary tests

Even if the target of this work is to optimize the experimental protocol for accurate
measurements at high temperature (eg 1200° C in current study), it could nevertheless be very

useful to show some results obtained with exactly same experimental protocol at room



temperature (much easier measurement conditions). Thus, Figure 7 presents evolution of
horizontal (UX) and vertical (UY) displacements for all subsets versus time at room
temperature (as reference) and at high temperature (1200°C) in the case of B_SiC_50-100.
Only this case is presented here since similar trends have been observed for all other cases. At
20°C, Ux and Uy displacements are very stable around zero value with quite small variations
during all the 60 min duration of this stability test. At high temperature, both Ux and Uy
global displacements deviate versus time from initial position and larger spectrum of
variations could be observed at each state (within each acquired image). Indeed, for exactly
same speckle preparation, room temperature acquisition offers much easier measurement
conditions (larger Std. dev. of grey levels 66:=18.1 and larger Average grey level gradient
viz=13) than the ones at 1200°C (oc,=13 and v/viz=4). This intrinsic alteration of images
features easily explains the larger spectrum of variations which could be observed for each
state at high temperature. About Ux and Uy global displacements deviation, it is interesting to
visualise displacement vector orientation (right of Figure7a, b). After 1h at 20°C and after 1h
of dwell at 1200°C, displacement fields on sample surface are uniform with almost the same
direction but with a ten times smaller range at 20°C (about 0.25 pixels means 3.5 um at 20°C,
about 2.5 pixels means 35 um at 20°C). These observed movements are most probably caused
by the thermal expansion of camera support (tripod), which generate a global and progressive
movement (upward and right) of the camera with a slight increase of temperature within the
room due to heat flux coming from the furnace at high temperature. This global and
progressive movement of the camera results in negative values of Ux and Uy global
displacements for the vectors on sample. All tripod legs being probably not equally exposed

to temperature rise, the observed movement on the sample is not perfectly vertical.
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Figure 7: Example of horizontal (Ux) and vertical (Uy) displacements evolution of all

subsets versus time (on the left) and vector plot after 1 hour (on the right), showing 2-

dimensional displacements at 20°C (a) and at 1200°C (b). DIC Calculations performed

for subset size of 128x128 pixels and spacing of 64x64 pixels on B_SiC_50-100.



Figure 8 presents the evolution of horizontal and vertical deformations versus time during
stability test. At 20°C, strain values are small because displacements are small. At 1200°C,
rigid body movement like this one shown Figure 7b, does not influence these data. As
displacements are larger than the ones at room temperature, strain values are consequently
larger. We can observe that strain fluctuations increase from 20 min, but it is beyond the
duration to realize the mechanical test. Therefore, deformation values until 20 min will be
also selected later as an interesting parameter for comparison of all investigated speckle
patterns. In addition, both components of strain exhibiting a same trend, only horizontal strain

will be retained for this later comparison.
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Figure 8. Horizontal and vertical deformations calculated on overall sample, for subset
size 128x128 pixels and spacing 64x64 pixels, during stability test (60 min of dwell) at

20°C (a) and at 1200°C (b).

4-3. Influence of DIC parameters and image processing
4.3.1. Low pass filter

Low pass filter (Gaussian filter with a size of 3x3 pixels) is used to decrease measurement
uncertainty. In the recorded images, the standard deviation of the noise (on) was about 2 grey
levels for all studied cases. This value has been calculated within a uniform area of the image
(no local gradient) out of the sample surface (for example on jaws). The main observed effect
of the low pass filter is thus to decrease o, by a factor close to 2 (g, value becoming thus close

to 1). Nevertheless, in the same time, applying such low pass filter also slightly blurs the

images which is revealed by lower gradians (in fact /Vg? decreases typically by 1.2 in
average for all speckles). But globally, as it can be observed on Figure 9 for high temperature

tests in the present study, applying such low pass filter deeply improves the quality of the




final strain measurements since standard deviation of strains oexx decrease by a value close to

2, for all considered speckles preparation.

0.0018
0.0016
0.0014
0.0012

_ 0.001
& 0.0008
0.0006
0.0004
0.0002

1 mwithout low pass filter

1 mwith low pass filter

B_SiC_50-100  C_SiC_50-100 C_SiC_150-200 C_SiC_250-315 C_BFA_250-315

Figure 9. Standard deviation of horizontal strain during 60 minutes of stability test for
all samples at 1200°C. Subset size of 128x128 pixels, spacing of 64x64 pixels,

with and without additional application of low pass filter.

4.3.2. Subset size

Figure 10 shows strain uncertainty for subset sizes varying from 16 to 128 pixels. One can
observe the well-known behaviour of DIC: a decrease subset size leads to an increase of Gexx
for all speckle patterns. Moreover, for a same type of speckle (C_SiC with 3 different grain
sizes), the influence of speckle size can be highlighted: lower speckle size leads to more
accurate strain measurements (in the investigated range). This observation is in accordance
with general recommendations concerning speckle grain size, which should be small enough
to provide high spatial resolution and big enough to avoid aliasing [20,41]. In our
investigations, the best performance is obtained for C_SiC_50-100 and the worst one for

C_SiC_250-315.
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Figure 10. Standard deviations of deformation in horizontal direction “oex” for 60
pictures acquired: at 1200°C during one hour of measurement (calculations performed

using low pass filtering). Influence of subset size for a same spacing of 64x64 pixels.

4.3.3. Reduction of picture size

For the analysis of one full image (6576 x 4384 pixels), the 2P-DIC computation time is about
5 minutes (on a workstation 32 cores 2.77 GHz). This duration becomes one week for a full test
with 2000 images. So, it appears very important for us to decrease the computation time
knowing that a series of several specimens have usually to be tested. The size of the speckle is
quite large (10 pixels in the smallest case) so, it has been decided to test the influence of a
reduced image size by a factor of 4 (image post-processing after recording: averaging 4 pixels
to 1 pixel) on the measurement uncertainty oexx. In this case, the sampling of the speckle remains
acceptable (5 pixels). It should be noticed here that, in order to keep all geometrical factors at

the same scale (from sample perspective), this reduction of picture size has been systematically



associated to a reduction of subset size and of strain gauge length (same spacing) in the similar
proportion.

As a first result (Figure 11), one can observe that, for all speckle patterns, oexx after image size
reduction is close to the value for full-size images. This result is described by formula 5: a
decrease by a factor two of strain measurement gauge length Lo (in pixel) is balanced by a
decrease close to two of the value of displacement uncertainty cux (in pixel). In fact, this
important result could be modelized, in first approximation, by formula 4: cux decreases
because the process of image size reduction acts here as a noise reduction operation like a low

pass filtering (. is divided by 2.2 and becomes close to 0.9 grey levels in Table 4). In addition,
as indicated in Table 4 (column 3 versus 1), the term lm . /V_gzl decreases by 1.4 for example,

in the case of B_SiC_50-100). In fact, the subset size m is exactly divided by two by the image

size reduction while the gradient level [vg? is multiplied by about 1.5 (grey levels are slightly

modified by averaging 4 pixels to 1 pixel, while the pitch of derivation is exactly divided by
two). Finally, in the case of B_SiC_50-100, the displacement uncertainty is theoretically
divided by 1.6 (2.2/1.4). For the other investigated speckles, this theoretical value can vary from
1.6 to 2 (from value in Table 4). To resume, from theoretical formulation, this demonstrates
that the applied image reduction should not affect too much strain accuracy oexx at the end. And

this is more or less confirmed by obtained results presented in Figure 11.

One can notice that applying the size reduction, and then the low pass filter, together finally

do not improve measurement uncertainty as shown in Figure 11. It can be explained by value

reported in table 4 (column 4) because the term lm . fv_gzl decreases more quickly, in this



case, than the noise (o, =0.7 grey level with low pass filter in comparison to 0.9 before

filtering).

Compared to the ideal solution consisting in using full-size images combined with low pass
filtering, the uncertainty oexx using resized images without filter are of course about two time
larger (Figure 11). Nevertheless, taking into account the important reduction in calculation time,
it appears sufficient for the present study dedicated to crack monitoring. So, as a very important
conclusion for our experimental conditions at high temperature, it appears that the solution to
reduce image size (decreasing resolution to 0.028 mm/pixel by averaging 4 pixels to 1 pixel)
without applying any additional filtering leads, on the one hand, to affect only slightly the

uncertainty oexx and, on the other hand, to decrease significantly calculation times (typically by

a factor 10).
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Figure 11. Influence of image resolution on standard deviation of horizontal
deformation. Parameters of DIC calculation: subset 128x128 pixels and spacing of 64x64
pixels for initial images and subset 64x64 pixels and spacing of 32x32 pixels for reduced

images.



Table 4: Effect of resizing image or/and applying low pass filter on the two major terms

of equation 4 (numerator: noise o, - denominator: term lm . /ngl).

Full |mage Full image with Resized image Re_5|zed 'Mage
without filter . , \ with low pass
. low pass filter without filter .
d=128 pixels | 4158 pixels d=64 pixels filter
(ref.) —eep —oP d=64 pixels
noise (on)
Average for al 2.0 10 (ref./2.0) | 0.9(ref./22) | 0.7 (ref./2.9)
speckles
term |m . /v_gz

B_SiC_50-100 422 358 (ref./1.2) 307 (ref. / 1.4) 243 (ref. [ 1.7)
C_SiC_50-100 589 513 (ref. / 1.1) 378 (ref. / 1.6) 307 (ref./1.9)
C_SiC_150-200 525 435(ref. /1 1.2) 416 (ref. / 1.3) 333 (ref./ 1.6)
C_SiC_250-315 448 384 (ref. / 1.2) 352 (ref. / 1.3) 282 (ref./ 1.6)
C_BFA _250-315 448 371 (ref./ 1.2) 339 (ref. / 1.3) 262 (ref. /1.7)

4.3.4. Choice of 2P-DIC strain threshold

Previous DIC results were obtained with square subsets, as usually used in order to have the

same uncertainty in all directions. For 2P-DIC technique, it is usually much more judicious to

choose rectangular subsets with a length (highest side) in the direction perpendicular to the

expected cracks (for example 64x16 pixels with a spacing of 32x8 pixels), in order to achieve

a better cracks detection [15, 33] when local pseudo strain value (within each subset) will be

higher than a given threshold value ethres. In our case, during later Brazilian tests, the cracks

expected within the loaded sample will be mostly vertical, thus, the highest side (length) of

the subsets have been voluntary set horizontally. In order to account for such adjustments,

strain fields have been recalculated (for each previous test) with those new horizontal

rectangular subsets to be able to predetermine accurately the value of strain threshold ethres

that will be required later for 2P-DIC process to detect local cracks. As a very good




representative example of results, Figure 12 plots the histogram of horizontal pseudo strains
within such rectangular subsets for C-SiC_50-100 case during the 60 minutes of stability test
(with a very small preload of 50 N for which one can assume that no local cracks can take
place). Thus, the value of pseudo strain threshold ethres (Used for later cracks detection) could
be predetermine at the value corresponding to the maximum uncertainty (without any cracks
in such case) in order to avoid too noisy results (over detection of non-existing cracks). Graph
of Figure 12 being in semi logarithm scale, one can assume that a pseudo strain threshold
eThres at 0.0035 could be a reasonable value with less than 10 subsets (over 700000 subsets)
with a crack detected inside. A similar approach has been applied for all considered speckles
and leads to Figure 13 providing pseudo strain threshold ethres (With less than 10 subsets with
a crack detected inside) for each sample surface preparation. This graph clearly demonstrates
that, the smallest values of pseudo strain threshold (lower than 0.005) are obtained for
C_SiC _50-100 and B_SiC_50-100, the other speckle patterns giving significantly higher

measurement uncertainties.
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Figure 12. Histogram of Exx for C-SiC_50-100 case during the 60 minutes of stability
test (with a very small preload of 50 N for which one can assume that no local cracks can

take place).
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Figure 13. Predetermined value of pseudo strain threshold grhres (With less than 10

subsets with a crack detected inside) for each considered speckle patterns.

4-4. Application to sample monitoring during Brazilian test at high temperature

All considered speckle pattern preparations being previously fully characterized from DIC
numerical treatment point of view in order to reduce final measurement uncertainties, the
following section will be then dedicated to the application of such speckle patterns in order to
accurately monitor cracks propagation within refractory materials during a mechanical test at
high temperature. In the present paper, Brazilian test at 1200°C should be seen as an example
of mechanical test that could be monitored thanks to DIC and 2P-DIC with a suitable surface

preparation. Of course, the intention of this work is for sure to apply later a similar procedure



to other kind of tests that are also very important to characterise the high temperature
behaviour of refractory materials: for example, wedge splitting tests (41). In addition, the case
of an alumina-spinel fired brick, that has been considered in the present paper, should be seen
as an example of refractory materials that could be interesting to investigate in more details
later, considering its large application in steel making (for steel ladle lining). Having these
two important contextual points in mind and the main purpose of the present paper being on
optimisation of experimental procedure for crack monitoring by DIC and 2P-DIC within high
temperature condition, analyse of results presented in this section (and discussion) will be

focused exclusively on this specific procedural aspect and not on material aspects.

4.4.1. Overview on typical load-displacement curves during a Brazilian test at 1200°C

Before analysing results obtained by DIC and 2P-DIC, Figure 14 presents all the load-
displacement curves obtained for the investigated samples (same material and same geometry)
prepared with the different considered speckle patterns studied in the first part of this paper.
As a reminder, in order to remove the effects of contacts between sample and jaws,
displacement AU has been measured directly on the sample by DIC between two area placed
at the top and at the bottom of sample close to the jaws. Results exhibit some discrepancies
from one sample to the others. These discrepancies could of course not be attributed to the
difference of speckle preparations but simply results from the natural heterogeneity of such
refractory materials with large grains (typically up to several mm). For such refractory
materials, it is quite common to not obtain exactly same stress-strain curves when samples are
loaded during mechanical tests, especially at high temperature. Nevertheless, as displayed in
Figure 14, a rather linear load-displacement dependence can be classically observed in the
very first stage of loading for all samples (at least until 0.01 mm of displacement AU). After

this first stage, the behaviour becomes non-linear highlighting the occurrence of a pseudo



plastic (or/and damageable behaviour) until a plateau can be reach (with an almost constant
value of load). Such a plateau (or in some case a decrease) corresponds usually to the step
during which a localisation of damage in the central part of the sample leads to a macrocracks
indicating the starting point of final rupture of the sample. After this rupture occurrence (end
of the plateau or minimum of the curve), a new increase of load could be observed. But this
final part of the curve usually simply corresponds to the loading in compression of the two

separated half discs and, thus have absolutely no meaning from materials science point of

view.
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Figure 14: Load-displacement curves during Brazilian test at 1200°C for the different
considered samples (displacement AU measured directly on the sample by DIC between

two area placed at the top and at the bottom of sample close to the jaws).

Figure 15 reports crack length evolutions, on the one hand, in Figure 15a considering the
different optimal values of erhres (Se€ Figure 13) calculated from maximal strain uncertainties
of each speckle pattern and, on the other hand, in Figure 15b considering a uniform value of

eThres=0.005 corresponding to a reasonable suitable level for optimal speckle patterns with



small grain size (for B-SiC_50-100 and C-SiC_50-100). As shown Figure 15a, all curves
exhibit a rather similar noise level. This result is extremely logic since ethres has been adapted
in this case to metrological performance of each speckle, but the level of crack lengths can be
significantly different from one curve to the other, especially for C_SiC_250 315. In fact, for
this speckle with a rather large grain size, the optimal value of ethres (With low noise level) is
too high to detect cracks with a small opening: the crack length is thus largely underestimated.
For the other speckle patterns which have rather close optimal values of ethres, the 2P-DIC
numerical treatment leads to rather same starting point of cracking and rather close values of
crack lengths despite a small dispersion due to the variability from one sample to the other.
With a uniform value of ethres=0.005 (Figure 15b), the 2P-DIC numerical treatment leads to
rather similar crack lengths but the obtained curves exhibit different noise levels, depending

on metrological performance of each speckle pattern (as explained in the previous section).
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Figure 15: Crack length-displacement curves during Brazilian test: influence of
different speckle grain size, (a) with ernres adapted at each speckle pattern (b) with an

uniform value of &thres=0.005

For more precise estimation of this noise in each case, dispersion in crack length values have
been calculated as standard deviation of the difference between real values of crack length
and local linear tendency of the curve within a specific range of displacement AU at the
beginning of the test (AU from 0 to 0.04 mm) and at the end of the test (AU from 0.2 to 0.4
mm). Such obtained dispersions in crack length are reported in Table 4. It appears that, in
each case, the dispersion in crack length is higher at the end of the test. This result could be
explained by a degradation of the speckle pattern (peeling off of surface preparation: cement
and/or grains) when local strain level becomes too high and also especially when a crack
appears locally. A similar trend has in fact also been observed at room temperature: dispersion

in crack length being close to 0 at the beginning of the test and reaching 35 pixels (1mm) at



the end. For tests managed at 1200°C and presented here, the largest dispersion in crack
length is logically observed for C_SiC_250-315 speckle pattern with the biggest grain size
(some subsets may lack contrast when grains are too big for the chosen subsets). On the
contrary, speckle patterns with small grain size (B_SiC_50-100 and C_SiC_50-100) exhibit

the lowest dispersion in crack length.

Table 4. Dispersion in crack length measurement at the beginning of the test (AU from 0

to 0.04 mm) and at the end of the test (AU from 0.2 to 0.4 mm)

Dispersion in crack length in pixel (and in mm)
Beginning of the test End of the test
(AU from 0 to 0.04 mm) (AU from 0.2 to 0.4 mm)

B_SiC_50-100 10.5 (0.3 mm) 94 (2.6 mm)
C_SiC_50-100 21.8 (0.6 mm) 120 (3.36 mm)
C_SiC_150-200 65.6 (1.8 mm) 278 (7.8 mm)
C_SiC_250-315 143 (4 mm) 367 (10.3 mm)
BFA_SiC_250-315 45 (1.3 mm) 130 (3.7 mm)

As a key final result for the different investigated speckle patterns, Figure 16 highlights the
cracks paths detected by the 2P-DIC analysis (based on previously optimised parameters) at
four key loading states: A just at main crack initiation, B at inflection point of main crack
growing, C when main crack length reach a plateau (final stage of main central crack
propagation) and D when the two rather separated half discs began to be loaded in
compression (no more meaning from materials science point of view). This final result
confirms the performance of each speckle pattern in term of accuracy of crack length
determination. Patterns with a small optimised etnres allow to see most of details, in particular

cracks with a small opening. In contrast, patterns with a big ethres give only the main crack.
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Figure 16: Pictures of highlighted cracks path determined by 2P-DIC numerical
treatment at four key loading states during Brazilian test at 1200°C with an optimal

value of eThres adapted to each speckle pattern.

4.4.2. Measurement bias of imposed displacement

The previous results presented in this paper have been obtained using the imposed
displacement AU measured directly on the sample by DIC between two areas placed at the top
and at the bottom of sample close to the jaws. This method using DIC is not commonly used
in the area of refractory mechanical testing. An alternative, but more conventional method is
to use the displacement imposed by the crosshead of the testing machine. Figure 17 gives the
same results than Figure 15b but with this crosshead displacement. As a consequence, much
larger horizontal shifts can be observed between the different curves in Figure 17 in
comparison with the ones observed in Figure 15b. With such representation of the
experimental data, results are in fact greatly affected by the contact mechanical behaviour
between external cylindrical surface of the sample and cylindrical surface of the loading jaws.
Even if the geometry of this loading jaws has been optimised (slightly larger diameter in
comparison to the sample) in order to reduce local compression, the contact mechanical
behaviour is in fact not perfectly reproducible from one test to the other, and, in any case,
leads to a non-linear loading of the disk shape sample (inducing some non-reproducible delay
in loading at the very beginning of each test). It is thus much better to measure this imposed
displacement AU directly on sample side by DIC near the jaws as managed in the present
study. This way allows to avoid introducing measurement bias which could have significant
consequences in the interpretation of the fracture behaviour, as already shown in another

study [43].
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Figure 17: Crack length-displacement curves during Brazilian test with an uniform

value of ethres=0.005 and imposed crosshead displacement.

4.4.3. Temperature dependent fracture behaviour

The global aim of the present study was to define an optimal speckle patterns preparation for
later in-depth investigations of mechanical behaviour of refractory materials versus
temperature. It was thus interesting to finally present a short analyse of significant differences
that could be observed, versus temperature, in crack propagation within this investigated
alumina-spinel material. From results presented in previous sections, two samples have been
prepared only with B_SiC_50_100 as an optimal speckle pattern. Figure 18 presents load-
displacement curves (a), crack length-displacement curves (b), and pictures of cracks path (c)
at four loading states (as previously defined) during a Brazilian test in two extreme

experimental conditions: room temperature and 1200 C. It should be noted that results have



been obtained with an optimized ethres for each series of images (ethres = 0.003 at 20°C and
ethres = 0.005 at 1200°C). At 20°C, crack length increases suddenly (points A, B and C being
very close to each other), leading to a very brittle fracture (rupture within 3 seconds with a
very low level of displacement AU~0.015 mm). This fracture rather occurred during linear
increase of load, corresponding to an important storage of elastic energy, which led to a
sudden failure, with only a single crack crossing the middle of the sample. At 1200°C, crack
length increases much more progressively (points E, F and G being very far to each other),
leading to a non-brittle fracture (rupture needing more time with larger level of displacement
AU~0.1 mm). This fracture thus takes place with a much lower storage of elastic energy,
which leads to a progressive failure, with numerous small cracks within the central part of the
sample. This fracture process at high temperature indicates much larger energy dissipation

phenomena, resulting in progressive rupture.
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Figure 18. (a) Load-displacement (b) Crack length-displacement curves (c) Pictures of

cracks at four loading states during Brazilian test at 20°C and 1200°C

5. Conclusion

The aim of this work was to develop a robust experimental protocol in order to later study
fracture behaviour of refractory materials at high temperature by using Digital Image
Correlation. In that purpose, an experimental device has been setup integrating different key
points (well-designed alumina jaws to reduce stress concentration during mechanical loading,
suitable speckle pattern and dedicated lightning for an improved grey level contrast on sample
surface, specific blue band pass filter to remove infrared radiations from the furnace) allowing
to reduce undesirable phenomena that could be induced by high temperature and to define
optimised experimental conditions for images acquisition. In particular, a special attention has
been paid to the procedure of sample surface preparation based on different ceramic powders
(type and grain size) in order to obtain a speckle pattern resistant at 1200°C that could be very
suitable for accurate measurements by DIC and 2P-DIC. Grey levels distribution of recorded
images linked to each investigated speckle pattern (distribution, gradient, speckle size) have
been deeply characterized for a full comparison of their performance in numerical treatments.
The study of strain uncertainty allows us to define the best speckle patterns: B_SiC_50-100
and C_SiC_50-100. In fact, among these two patterns, in the future, B_SiC_50-100 will be
preferred because the sample preparation is easier. By studying the influence of images pre-
processing (images filtering and/or images size reduction) and of some DIC parameters, a
very good compromise has been found between a good accuracy/resolution of final results

and a reasonable processing duration. This experimental procedure will thus be adequate for



early detection of the cracks and their length measurement by 2P-DIC in refractory materials
during mechanical loading at high temperature. As an illustration of such investigations, the
best procedure of sample surface preparation (B_SiC_50-100) has been applied to compare
the fracture behaviour of an alumina-spinel refractory material between two extreme
experimental conditions (20 °C and 1200 °C) proving the pertinence of the optimized speckle
pattern protocol within a large temperature range. The experimental protocol developed in the
present study could thus be used later to deeply characterize, by DIC and 2P-DIC, the
mechanical behaviour of different refractory materials (by Brazilian tests or by wedge
splitting test) in order to compare their performance in high temperature applications (up to

1200°C and probably higher).
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