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Abstract: This paper aims determining the linear thermal expansion coefficient (CTE) of calcium silicate
using an optical method for measuring deformations called digital image correlation method (DIC). DIC
provides full-field in-plane deformation fields of the test planar specimen surface by comparing the digital
images of the specimen surface acquired before and after deformation. The samples evaluated in this paper
are two calcium silicate plates: a square one (with sides of 50x50 mm and 3 mm of thickness) and a circular
one (with a diameter of 50 mm and a thickness of 3 mm). The measuring set-up developed includes a simple
heating device, thermal sensors and a thermo-camera for real-time temperature measurement and
monitoring of the sample and a 2D and 3D-DIC measuring system. The study is carried out during two
stages: Part I — Introduction to the measurement methodology and Part Il — Evaluation of the experimental
data.
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ANISOTROPIC SOLIDS: APPLICATION TO CALCIUM SILICATE - PART 1

correlation (DIC).
1. INTRODUCTION

In this study, we aim to determine the linear
thermal expansion coefficient (CTE) of the
calcium silicate (CazSiOs). For this study,
calcium silicate has the following typical
parameters: Chemical Composition (%): SiO:
37-42, CaO 29-34, Al,O3 10-12, MgO 1.8-2.1;
Density (kg/m®) 230£10%; Tensile Stresses
(MPa) >0.30; Compressive Stresses (MPa)
>0.50; Thermal Conductivity (W/m-K):
100°C<0.057, 200°C<0.069, 400°C<0.098.

The thermal expansion of materials from the
calcium silicate family is known to be highly
anisotropic [1-4]. Such anisotropy can cause
large thermal stresses and subsequent
microcracks in polycrystalline materials with
randomly oriented grains. The thermal
expansion coefficient and the microscopic
thermal stresses of calcium silicate depend on its
microstructural composition and the internal
relative humidity.

However, the elastic anisotropy of these
materials is generally unknown; furthermore, it

is more difficult to determine experimentally
than the anisotropy of the CTE. The technique
for measuring CTE proposed in this study is
based on digital image -correlation (DIC)
method.

The work discusses the CTE calculation of
anisotropic materials, influence of a small rigid
body rotation and analyses the accuracy of strain
calculation procedure. In the first part the DIC
procedure is explained and the experimental set-
up is outlined. The noise contained in the
calculated displacements, especially when small
displacements are measured, will be amplified if
the strains are calculated by numerical
differentiation of the displacement field. The
possibilities to get more precise and reliable
strain results are discussed in the paper. An
assessment of the error on the obtained CTE is
made at the end of the paper.

Microporous calcium silicate is one of the
best lightweightlated construction inorganic
thermal insulation materials for high
temperature uses. The general formula of
calcium silicate has the following chemical
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expression: xCaOySiO»zH,, where x, y, and z
are coefficients whose size can vary depending
on the concentrations of the chemical
components. Thus, the amount of calcium oxide
must be between 3% and 35%, and that of silica
between 50% and 95%, these amounts are
measured in weight on a dry basis. It can be
anhydrous, i.e. value that z receives is 0 or
hydrates. Calcium silicate is widely used in
many different industries and applications:
Construction industry, in which case calcium
silicate is used as insulation material,
fireproofing agent, and refractory material -
according to Figure 1 [5-10]. In electrotechnical
industry for insulation of PVC cables and high
voltage equipment (Figure 2) - calcium silicate
bearing the name of Wollastone with crystalline
form and having the chemical composition
CaSiOs [12, 13].

ecalcium silicate pe
insulating boards e—]

e steel laminated profiles®”

Fig. 1. Calcium silicate boards used for fire-resistant
insulation of metal structures [11].

Fig. 2. Calcium silicate used to insulate
PVC pipes [14].

In the medical field: being composed of
tricalcium silicate, dicalcium silicate, calcium
carbonate and zirconium oxide, biodentine is a
bioactive cement with low porosity and a higher
mechanical hardness compared to other
materials, this makes it similar to dentine. When

the three carbon silicates are mixed with water,
they form a sticky hydrate gel that will solidify
in a very short time, thus forming a hard
structure. This accelerates the formation of
bridges in the dentin, having a positive effect on
the cells of the dental pulp as can be seen in
Figure 3 and 4 [15-18].

Fig. 3. Pulp chamber
without Ca,SiO4 [15].

Fig. 4. Pulp chamber
with Ca,SiO4 [15].

In the 90s, calcium silicate ceramics began to
be tested as biomaterials. This, having a superior
bioactivity compared to other materials, has
been studied to be used in the regeneration of
bone tissue. Because it contains silicon and has
a high resistance to mass, resistance to
corrosion, calcium silicate ceramic has an
essential role in the various mechanisms that
lead to the formation of new bone. In the absence
of bone tissue, the calcium silicate composition
is added, this being covered with a membrane so
that the implant can be made later, the calcium
silicate being the substitute for the bone tissue.
Calcium silicate-based materials represent a
very important class of bioactive materials for
their use in bone regeneration [19-22].

Thermal expansion and thermal conductivity
are two common thermal properties [23-27].
Thermal expansion is the tendency of matter to
change in volume in response to a change in
temperature. In practice, linear coefficient of
thermal expansion (CTE) is generally used to
characterize the thermal expansion of a material,
which measures the fractional change in length
per degree change in temperature at a constant
pressure [28, 29].

Thermal and mechanical stability are of
crucial importance in development of
lightweight composite structures [30-32]. It
should be emphasized that extreme temperature
operating environments are not unusual in
numerous different  applications, = where
temperatures have been estimated to vary
between -180 °C and +500 °C. Dimensional



stability of structural materials operating under
such conditions is only possible if this have very
low thermal expansion properties [33-35]. A
large positive thermal expansion (PTE) is useful
in thermal actuators and medical vessel dilators
that operate based on human body temperature
[36-38]. A negative thermal expansion (NTE) is
useful for cancelling the thermal expansion of
ordinary materials in high — temperature or high
— precision devices [39-43].

The determination of the coefficient of linear
thermal expansion can be achieved by means of
a wide variety of experimental techniques:
volumetric method [44, 45], dilatometry and
laser flash [28, 46-49], X-ray diffraction [50-
52], electrical resistance strain gages [53, 54].
These techniques need specific sample
preparation that can bring in errors (sample
cutting, gauge gluing ..) and only give
information at the specimen scale.

In this paper, an alternative technique for
non-contact full-field deformation
measurement, namely, the digital image
correlation (DIC) technique [55-60] is proposed
to determine the CTE of calcium silicate. DIC
offers the following advantages: relative simple
experimental set-up and specimen preparation;
low environmental vulnerability (vibration);
flexible measurement sensitivity and adjustable
spatial resolution; no limits on the temperatures
and strains than can be reached; easy and
automatic data processing.

2. MATERIALS AND METHODS

DIC provides full-field in-plane deformation
fields of the test planar specimen surface by
comparing the digital images of the specimen
surface acquired before and after deformation.
In practical implementation of DIC, a region of
interest (ROI) in the reference image is specified
first and divided into evenly spaced virtual grids.
If this calculation is done for every point of the
object surface, the 3D surface contour of the
object can be determined in all areas, which are
observed by both cameras. A series of
measurements is taken, while the specimen
surface is moved due to a loading, the
displacements are computed at each point of the
virtual grids to obtain the full-field deformation.
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The basic principle of DIC is schematically
illustrated in Figure 5, where it is shown the
reference square subset (reference image) and
target subset (deformed image), the differences
of positions of the reference subset center and
target subset center yield in-plane displacement
components u and v. Target subset can have
different shapes or positions (ao ... a3, b ... b3)
named pseudo-affine transformation.

Random gray value dot patterns (Stochastic
Pattern - SP) on specimen surfaces
(Measurement Surface — MS) are observed by
two CCD cameras from different directions in a
stereoscopic setup [61, 62], the position of each
object point being focused on a specific pixel in
the camera plane.

Knowing the imaging parameters for each
camera and the orientations of the cameras with
respect to each other, the displacement
components of the reference and target subset
centers can be calculated.
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Fig. 5. Schematic figure of 3D-DIC principle.
MS — Measurement Surface, SP — Stochastic Pattern, RS —
Reference subset, TS — Target Subset.

To obtain accurate estimation for the
displacement components of the same point in
the reference and deformed images is used Zero
Mean Normalized Cross-Correlation or shorter
ZNCC and is an integer you can get when you
compare two grayscale images.

A square reference subset of (2n+1)x(2n+1)
pixels (typically a facet size between 20x20 and
30x30 pixels is chosen) centered at the current
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point N(Xo,yo) from the reference image is
chosen and used to find its corresponding
location in the deformed image (according to
Figure 5) — point N’(Xo’,yo").

For reference subset and target subset the sum
of squared differences (SSD) are expressed by
relation:

SSD(mg, Mgz, X Yor X Yor ) = Y Y [Imgy (ko + 1Yo +1) — Imga(a + 1.y, + DI (1)

i=-n j=-n

When the sum of squared differences is zero
the reference subset is identical with target
subset, and the sum of squared differences are
small values the target subset is deformed.

The gray level intensity at coordinates (Xo,Yo)
in the reference subset of the reference image is

Imgi(Xo, yo) and the gray level intensity at
coordinates (Xo,yo ) in the target subset of the
deformed image is Imga(Xo,yo ). The average
gray value intensity of reference and target
subsets are expressed by:

n n
1 . .
Img; (X0, Yo)m = T Z Z Img; (X, +1,y0 +J) (2)
i=—nj=-n
1 n
Img;, (Xo', Yo Im = T Z Z Img, (xo" +1yo" +)) 3
i=—nj=-n
The average gray value is:
n n
- 1 ] ]
Img(u,v,n) = m Z 2 Imgu+i,v+j) 4)
L——n]——n

The Zero Mean Normalized Cross-
Correlation (to evaluate the similarity in
reference and target subsets) is defined as:
ZMNCCImgl,Imgz WV, %0, Y0, X0, Vo ) =

Imgl(xor YO) - Imgl(xo' YO)m

Imgz(xo JYO’) -
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Ing (Xol: YO’)m

Img; (X0, Yo)m]?
2

|

I

|
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If the subset is small enough each points
M(x,y) around the subset center N(Xo,Yo) in the
reference subset can be mapped to point

)

M'(x,y) in the target subset according to the
following displacement mapping function:

M'(x',y") =M’(x0+Ax+u+ux-Ax+uy-Ay, y0+Ay+V+vX-Ax+vy-Ay) (6)

ux, Uy, Vx, Vy are the displacement gradient
components for the subset; u, v are the
displacement components for the subset center
N in the x and y directions respectively; the
terms Ax, Ay are the distance from the subset
center N to point M.

The correlation function can be optimized
using the iterative correlation algorithm to
resolve the deformation parameters. The
correlation algorithm is based on a pseudo-affine
coordinate transformation (Figure 1: a,-a3 and
bo-bs - translations, stretch, shear and distortion)
from one camera image to another:

x'=a,+a;x+a,-y+az-x'y @)
y'=b0+b1-x+b2-y+b3-x-y (8)

Small rigid body translation and rotation can
occur during the thermal expansion of the test
specimen. Absolute thermal expansion cannot
be obtained directly, because the displacements

computed by the DIC technique also contain the
displacements caused by rigid body translation
and rotation. The displacements associated with
the rigid body rotation are much larger than that



caused by thermal expansion. To remove the
influence of the rigid body translation and
rotation, a new coordinate system as illustrated
in Figure 6 with its origin point located in the
calculation area’s center is introduced.

The influence of rigid body translation can be
eliminated by subtracting the displacements of
the calculation area center points. It is easy to
remove the influence of small rigid body
rotation under the condition that the rotation
angle can be accurately determined.

Assume the test specimen rotates anti-clock
wisely with angle of AP during thermal
expansion, as shown in Figure 6.

Fig. 6. Diagram of the influence of small rigid body
rotation on the displacement of point (X, y).

The displacement components of current
point (X, y) can be rewritten as:
u@,y)=a, - x-At—y-AB 9
v(x,y) =ay-y-At+x-Ap (10)
where ox and oy are the CTE values to be
determined [57].
For isotropic materials:

Ay = ay (11
For anisotropic materials:
ay * (12)

because the anisotropic materials [1-4] usually
undergoes non-uniform thermal expansion. [57]

The displacement fields u(x, y), v(x, y) are
affected by the small rigid body rotation of the
considered specimen during thermal expansion.
For this reason, the contour lines of u or v
displacement field will no longer be parallel
with the x or y axis if small rigid body rotation
of the calcium silicate specimen occurs during
thermal expansion.

For small deformations, the rigid body
rotation angle AP can be calculated with the
relation:
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> (13)

The rigid body motions are assumed to be
small and they can be easily removed from the
DIC procedure by subtracting the displacements
of the calculation area centre points.

The samples evaluated in this paper are two
calcium silicate plates: a square one (with sides
of 50x50 mm and 3 mm of thickness) and a
circular one (with a diameter of 50 mm and a
thickness of 3 mm).

For measurements a random speckle pattern
on the surface of the target specimens is
necessary. The pattern was produced by black
spray applied on an initial painted matt white
grounding specimen surface (Figure 7).

Fig. 7. The pattern on the surface of the target
specimens.

These plates are heated at the level of the
facet opposite to the one on which the random
speckle pattern is generated.

In the case of measuring the CTE by DIC it is
essential that there are no mechanical
constraints, either internal or external on the
target specimens so that no stresses occur in the
body during thermal expansion or contraction.
For this reason, a cube and an aluminum cylinder
were processed on which the two plates
considered for the study will be placed freely
(Figure 8).

Both in the cylinder and in the cube, a hole
with a diameter of 12 mm and a depth of 25 mm
is machined into which the electrode of a heating
system that works on the basis of the Joule-Lenz
effect and which can generate a temperature of
up to 500 degrees Celsius (Figure 9).

The heating stand (Figure 10) is composed of
a support plate (steel), reference E, on which the
electrode B is fixed through a magnetic support
(reference D). The intermediate element for
stiffening the electrode - reference C, was
designed using the SolidWork program and 3D
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printed using the ZORTRAX M200 3D printer
with Z-Filament Series: Z-Ultrat, Ivory.

Fig. 8. Cube and an aluminum cylinder design.

B

Fig. 9. Heating system by Joule — Lenz effect. B —
electrode.

Fig. 10. The stand for heating calcium silicate
samples:
A - aluminum cube, B - heating electrode, C - electrode
stabilization element, D - magnetic support, E - steel
support plate.

The calcium silicate plates are positioned on
the aluminum cube or cylinder (reference A in
Figure 10) and are heated according to Figure
11.

For the initial state (I.S.) the temperature on
both sides is equal to the ambient temperature t;.

As the lower side registers an increase in
temperature (t2), on the wupper side the
temperature is t2'<tz (t2'>t1) corresponding to a
final state of heating (F.S.).

'
calcium h
plate J /

Fig. 11. Distribution of temperatures in the calcium
silicate plate for the initial state (I.S.) and the final
state (F.S.) of heating:
t1 — the temperature of the lower and upper facets for
the initial state of heating (equal to the ambient
temperature); t2 — temperature of the lower facet for the
final state of heating; t2' — temperature of the upper face
for the final state of heating; Ats- the temperature
gradient at the level of the upper face corresponding to
the final and initial state of heating; Ati - the
temperature gradient at the level of the lower face
corresponding to the final and initial state of heating;
At' — the temperature gradient between the lower and
the upper facet for the final state of heating; At — the
temperature gradient between the lower side
corresponding to the initial state of heating and the

upper side corresponding to the final state of heating.

The temperature gradient at the level of the
upper face corresponding to the final and initial
state of heating (Ats) is expressed through the
following relationship:

Atg =t5 —tg (14)

The temperature gradient at the level of the
lower face corresponding to the final and initial
state of heating (At;) is:

At;=t, — t; (15)

The temperature gradient between the lower
and the upper facet for the final state of heating
(At) is expressed through the following
relationship:

At' =t, — t; (16)

The temperature gradient between the lower
side corresponding to the initial state of heating
and the upper side corresponding to the final
state of heating (At) is:

At =t; —t; 17

Monitoring the temperature of the upper

face of the calcium silicate plates, in real time, is
done with a FLIR T400 thermal imaging camera
as shown in Figure 12. It is an infrared camera



that allows direct superimposition over the
corresponding visible image. This functionality
combines the benefits of both infrared and visual
imaging. The image quality is extremely clear as
it offers a resolution of 320x240 pixels. The
T400 offers both autofocus and manual focus
with a continuous 8x zoom. It can register high
temperatures up to 1,200 °C, having a thermal
sensitivity of 0.05 °C.

: 2}
) 4 I '\

Fig. 12. Real — time monitoring of calcium silicate
plate with T400 thermal imaging camera.

At the level of the lower facet, the
temperature is measured, in real time, with two
Pt100 thermoresistances glued to the upper part
of the cylinder, respectively of the aluminum
cube (Figure 13).

Fig. 13. Thermistor Pt100 soldered on the heating
elements (cube and cylinder) of the calcium silicate
plates.

Pt100 connects to the Spider 8 data
acquisition system (HBM) and the data is
viewed, in real time, using the CatmanEasy
software (HBM) as shown in Figure 14. The
temperature (t2) measurement frequency is 5 Hz.

The thermal expansion in plane (2D) or out of
plane (3D) is measured with the Q400 digital
correlation system from Dantec Dynamics
(www.dantecdynamics.com), that includes two
CCD cameras, 1/8”, 1624x1234 pixel resolution,
frame rate up to 30 Hz, electronic control, lenses
with 17 mm focal length and patented cold light
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system HILIS (High Intensity LED Illumination
System) for very homogenous illumination of
the specimen [61].

Fig. 14. CatmanEasy software interface configured for
t2 temperature measurement.

Before any measurement in case of 2D or 3D-
DIC a system calibration is necessary to be
performed. The system calibration is needed for
transforming image positions on the CCDs of
the two cameras of a specimen surface point to
the corresponding 3D coordinates of that point.
Calibration errors are potentially a major source
of systematic evaluation errors, limiting the
resolution of the results. The Q400 system has,
for a successful measurement, a calibration
procedure incorporated in the measurement and
analysis software (Isradd Software). To
determine the intrinsec parameters, a calibration
plate, according to Figure 15, is used, which is
rotated and translated manually in front of the
CCD cameras.

Fig. 15. Determining the intrinsec and extrinsec
parameters of CCD cameras using the calibration
plate.

The Isra4D software automatically records
the nodal points of the calibration plate in a
sequence of images and calculates intrinsec and
extrinsec parameters (Figure 16).

Thus, the intrinsec CCD camera 1 parameters
are: focal length (x; y) 3798+6; 379747,
principal point (x; y) 705%13; 488+7, radial
distortion (r* ; r* ) -0.171+0.017; - 2.2+1.0,
tangential distorsion (tx; ty) -0.0003+£0.0003;
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0.0011+0.0005 and for CCD camera 2 are: focal
length (x; y) 3813+7; 381047, principal point (x;
y) 716+13; 49248, radial distortion @) -
0.210£0.012; -0.50+0.15, tangential distorsion
(tx; ty) -0.0011£0.0003; 0.0004+0.0010.

Extrinsec parameters are represented by the
translation vector and the rotation matrix. Thus,
the extrinsec parameters for CCD camera 1 are:
rotation vector (x; y; z) -2.006+0.002;
2.0256+0.0017; - 0.567+0.003, translation
vector (x;y; z) -6.1£1.3; 2.2+0.7; 387.2+0.7 and
for CCD camera 2 are: rotation vector (X; y; z)
2.007+0.002; -1.974+0.002; -0.265%0.004,
translation vector (x; y; z) -40.3+£1.4; -3.2+0.9;
414.7+0.8.

Evaluation Setup for CorSeries1C2D1 % X
Camera Calboration Settings  Evaluation Steps = Evaluation Cameras = Advanced

Calibration Fie: C:\Users\Boteanu\Desktopal... \calibrare.isprp

Intrinsic parameters Camera Position 1 image:
Focal length {x; y}: (3798 % 6: 3797 £ 7)
Principal point {x: y}: (705 % 13: 488 £ 7}

Radial distortion {r?; r'}: {-0.171 % 0.017; -2.2 + 1.0}
Tangential distortion {t., ty}: {-0.0003 % 0.0003: 0.0011 % (

Extrinsic parameters Camera Position 1 image:
Rotation vector {x: y:; z}: {-2.006 + 0.002; 2.0256 * 0.C
Translation vector: {x: y; z}: {(-6.1 % 1.3; 2.2 % 0.7; 387.Z

Intrinsic parameters Camera Position 2 image:
Focal length {x:; y): {3 + 7:; 3810 % 7)
Principal point {x:; y}: }
Radial distortion {r?; r'}: -

Tangential distortion {ts, ty}: {-0.0011 * 0.0003

oK Cancel

Evaluation Setup for CorSeries1C2D1 2 X
Camera Callbration Settings  Evaluation Steps  Evaluation Cameras  Advanced

Calibration File: (C:\Users\Boteanu\Desktop\al. . \calibrare. isprp

31 distortion (%, T,77 (-U.0003 T U.0003; U.0UIT £ T,

Extrinsic parameters Camera Position 1 image:
Rotation vector (x: y: z}: {-2.006 £+ 0.002; 2.0256 + O.C
Translation vector: {x; y; z}: (-6.1 % 1.3; 2.2 %

Intrinsic parameters Camera Position 2 image:
Focal length {x; y}: {381 7

Principal point {x: y}: {
Radial distortion {r?; r'}: {
Tangential distortion {ts, ty}: {

Extrinsic parameters Camera Position 2 image:
Rotation vector {x; y: z}: {2.007 + 0.002
Translation vector: (x: y: z): (-40.3 + 1.4: -3.2 + 0.9: 414

< >

oK Cancel

Fig. 16. The intrinsec and extrinsec parameters of
CCD1 and CCD2 cameras.

DIC reconstruct displacements with subpixel
accuracy and tangential surface strains in the
pstrain range. For large deformations (>1%)
DIC is especially suitable. According to the tests
performed by the producer of Q400 system [61,
63, 64] the displacement errors are present in the
order of less than 0.02 pixels, strain errors are
limited to 0.2 mm/m when using a lens with 17
mm focal length. If present displacements are
small (lower than 50 pixels), the errors scale

linearly. Relative displacement errors are in the
order of 0.01-0.05%, strain errors typically
count 1-5 pe/pixel, related to the existent
displacements [61, 63, 64].

In the applications presented here the gray
value interpolation is bicubic spline, correlation
accuracy has a value of 0.1 pixels, correlation
residuum is 20 and 3D reconstruction residuum
is 0.4 pixels. For the circular model, the number
of subset references in the x direction (in
accordance with the diameter) is 31 and in the y
direction (in accordance with the diameter) is 29.
Since the facet (reference subset) size is 17
pixels, it follows that in relation to the x axis the
reference subset sum is 527 pixels (10.54
pixels/mm) and in relation to the y axis the
reference subset sum is 493 pixels (9.86
pixels/mm). For the rectangular model, the
number of subset references in the x direction (in
accordance with the diameter) is 28 and in the y
direction (in accordance with the diameter) is 26.
Since the facet (reference subset) size is 17
pixels, it follows that in relation to the x axis the
reference subset sum is 476 pixels (9.52
pixels/mm) and in relation to the y axis the
reference subset sum is 442 pixels (8.84
pixels/mm)

The size of the displacements in this study, in
relation to the x (denoted dx) and y (denoted dy)
axes corresponding to the xOy plane (according
to Figure 5) but also out of plane (denoted dz)
are below 1%. For this reason, measured strains
are typically accompanied by a large amount of
noise. If the strains are calculated by
differentiating the displacement field, the
numerical differentiation will amplify the noise
contained in the calculated displacements. One
possibility to solve this problem is to average the
measured strains over a large area where the
strain  distribution is supposed to be
homogeneous. A better result can be obtained
calculating in-plane Green-Lagrange strain
components by the analysis of the distortion of
each local facet as mentioned above [61, 62] or
simply use linear planes to approximate the
computed displacement field [57].

For anisotropic materials, CTE in relation to
the x and y axes normally doesn’t equal to CTE
in relation to the z axis because the anisotropic
materials usually undergo non-uniform thermal
expansion.



The displacement fields dx, dy and dz are
affected by the small rigid body rotation of the
calcium silicate specimen during thermal
expansion. For this reason, the Remove rigid
body movements option is activated in the Isra
4D software.

In Figure 17, the displacements in relation to
the x axis can be visualized for the circular and
square specimens in the form of a field of
isocolors.

Fig. 17. Field of displacements in relation to the x
axis.

The displacements in the y and z directions,
for the 2 considered specimens, are presented in
Figure 18 and Figure 19. From these
representations it can be seen that if in the case
of displacements in the direction of the x and y

T400 thermal
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axes, the isochromats are arranged linearly in the
case of displacement in the direction of the axis
z isochromats are arranged concentrically.

Fig. 18. Field of displacements in relation to the y
axis.

Fig. 19. Field of displacements in relation to the z
axis.

The block diagram of the experimental stand
can be viewed in Figure 20 and the experimental
s tand in Figure 21

Q400 System (Dantec Dynamics)

camera (FLIR)

CcCcD
camera 1

LED

(A)

/

Lighting

Sistem

CcCcD
camera 2

-

Aluminium Cube or Cylinder

Electrode

ECatmanEasy Softwaﬁg
[e oo

ol
Spider8 (HBM)

Data Acquisition System

Fig. 20. Block diagram of the experimental installation.
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Fig. 21. Experimental installation
1. The heating system of the analyzed calcium silicate
specimens; 2. DIC Q400 System; 3. Isra4D Software;
4. CatmanEasy Software; 5. T400 thermal camera.

3. CONCLUSIONS

In the initial section of the study aimed at
determining the coefficient of linear thermal
expansion (CTE) of calcium silicate, titled
"Introduction to the Measurement
Methodology," a comprehensive overview of
the various applications of this material is
provided. These applications span both civil
construction and the medical field, showcasing
the versatility and significance of calcium
silicate in contemporary practices. The text
delves into the fundamental concept of the linear
thermal expansion coefficient, offering a
detailed examination of the different
experimental techniques employed to measure it
effectively.

Furthermore, the principle of measuring
deformations through digital image correlation
(DIC) is introduced. This method is
characterized by its non-contact nature, which
presents both notable advantages and certain
disadvantages, warranting careful consideration
in its application. The text progresses by
detailing the step-by-step preparation of
samples, specifically focusing on the fabrication
of circular and square plates. It also outlines the
specialized equipment utilized in the
investigative process, ensuring that readers gain

a clear understanding of the methodologies
involved.

The calibration of the digital image
correlation system is meticulously described,
along with the established measurement
protocol that governs the experimentation. This
careful calibration is crucial for obtaining
accurate and reliable results, emphasizing the
rigor involved in the study.

As a transition to the second part of this study,
titled "Evaluation of Experimental Data," the
focus shifts to the displacement fields observed
across the entire surface of the two samples
examined. These displacement fields are
analyzed in relation to the reference axes x, y,
and z, providing a comprehensive overview of
how the materials respond to thermal expansion.
This detailed exploration sets the stage for a
deeper analysis of the experimental findings,
contributing to the overall understanding of the
material's thermal behavior.
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ANALIZA COEFICIENTULUI DE DILATARE TERMICA A SOLIDELOR ANIZOTROPE:
APLICARE LA SILICATUL DE CALCIU - PARTEA I - INTRODUCERE IN METODOLOGIA DE
MASURARE

Rezumat. Aceastd lucrare se propune determinarea coeficientului de dilatare termica liniard (CTE) pentru silicatul de
calciu utilizdnd o metoda opticd de mésurare a deformatiilor numitd metoda de corelare a imaginii digitale (DIC). DIC
furnizeaza campuri de deformare, in plan, a intregii suprafete a probei plane analizate, prin compararea imaginilor digitale
ale suprafetei specimenului obtinute inainte si dupa deformare. Probele evaluate in aceasta lucrare sunt doua placi de
silicat de calciu: una patrata (cu laturile de 50x50 mm si 3 mm grosime) si una circulard (cu un diametru de 50 mm si o
grosime de 3 mm). Standul de mésurare dezvoltat include un dispozitiv de incalzire, senzori termici si o termo-camera
pentru masurarea $i monitorizarea in timp real a temperaturii probei precum si un sistem de masurare 2D si 3D-DIC a
deformatiilor. Studiul se efectueaza pe parcursul a doud etape: Partea I — Introducerea in metodologia de masurare si

Partea II — Evaluarea datelor experimentale.
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