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1. Introduction

The ATHOR project is dedicated to the development of experimental and computational methods to characterize and model
refractory materials. This requires mechanical material characterisation to determine material parameters and to verify simulation
results. It is very important to characterise material properties at room temperature and at application temperatures as well
because the material behaviour differs significantly.

The characterisation includes methods for the determination of the Young's modulus and Poisson ratio, the fracture mechanical
behaviour and the creep behaviour.

Young's modulus and Poisson ratio define the linear elastic material behaviour. Due to the fact that in refractories material failure
can not be avoided, the characterisation of the fracture mechanical behaviour and the creep behaviour is essential for the
understanding of the material behaviour and for further improvement of refractories and linings.

In this report for the task 1.4 "Devices for thermomechanical characterization", a list of available devices for the characterisation
of the thermomechanical behaviour and their uses in the ATHOR network is given in section 2. For some tests (wedge splitting
test, Brazilian test, Young's modulus testing), devices with different characteristics are available. The table in section 3
summarizes the most important information concerning the devices and a detailed description of each device is provided in
section 4.

2. Llst of devices

Ultrasonic device for elastic properties measurement at room temperature (IRCER - UNILIM)

Ultrasonic device for elastic properties measurement at high temperature in controlled atmosphere (IRCER - UNILIM)
Acoustic emission device for damage monitoring at high temperature in controlled atmosphere (IRCER - UNILIM)
Wedge Splitting test at room temperature combined with 2 Parts Digital Image Correlation (IRCER - UNILIM)

Tensile test under controlled atmosphere at room temperature and elevated temperatures (IRCER - UNILIM)

Diametrical compression test (Brazil test) at high temperature in controlled atmosphere combined with Digital Image
Correlation (LaMé - UORL)

7. Wedge splitting test at room temperature and elevated temperature (CoC - MUL)
8. Mini wedge splitting test at room temperature (CoC - MUL)
9. Creep under tensile loads (CoC - MUL)

10. Creep under compressive loads (CoC - MUL)

11. RFDA - Resonant Frequency and Damping Analyser (RWTH and CoC - MUL)

12. Diametrical compression test (Brazil test) at room temperature combined with Digital Image Correlation
(IRCER - UNILIM)

13. DEBEN device for "in situ" room temperature micromechanical test (miniaturized bending test, miniaturized wedge
splitting test) combined with Digital Image Correlation (DIC) (IRCER - UNILIM)

14. Cyclic Thermal Shock Test - The Twin-chamber equipment (GHI - RWTH)

9’.0".#.03!\’—‘
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3. Table summarizing the most important information

Application L .
Nr. Purpose Sample geometry temperature Atmosphere Main interest Disadvantage
, o , Plate with two parallel faces. , If the sample strongly attenuates ultrasonic
Elastic properties with sound velocity Dimensions: thickness (of few mm to YwmsmM@m¢@meMw waves, a measurement of thicker samples
method. few cm) depends on the signal damping and Poisson's ratio becomes impossible.
1 Different modes (transversal or and of the biggest grain size. The Room temperature Air determination.
longitudinal and transmission or bigger the grain size is, the thicker the , o
reflection) are possible. sample should be to obtain Evaluation of anisotropy If the microstructure contains big grains, the
representative results. measurement is possibly not representative.
Cuboid. Dimensions: height from 60 to
150 mm‘and bgse side from 5 to 13 In contrary to RFDA, the sample needs to be
mm. Dimensions depend on the . . . '
) I . ; . . Young's modulus evolution glued using special cement. In case of
Elastic properties with sound velocity waveguide (e.g. diameter), ultrasonic o . : - .
2 ) 25-1750°C Air, argon during thermal cycling in a erroneous cement preparation, the results
method waves frequency, and material o
o ’ . specific atmosphere could represent not only the changes of the
properties (including stiffness and
. : . sample, but also of the cement.
density). Sample dimensions are
adjusted using a special simulator.
. - Information about temperature o .
Acoustic emissions due to Cuboid : False acoustic emissions in case of incorrect
. X upoid : range and stage of a thermal ; N o
3 microstructural changes during thermal Di ions: heiaht of 25 b 25.1550°C Air, argon cycle at which different damage equipment calibration (e.g. too low signal's
treatment are detected (e.g. cracks Imensions. neight of zo mm and base : e . amplitude threshold) or sample movements
f ; side of 5 mm within the microstructure could : ;
ormation) during experiment.
be generated.
Wedge splitting test allows stable
fracture mechanical tests on quasi-
brittle materials. For this reason, special | Cubic sample with groove (for loading Observation of crack propagation
load transmission pieces (composed of device) and starting notch. using 2P-DIC (Two parts digital
wedge, two rolls and two load Dimensions: side of a cube of 100 mm: image correlation) Sample shape can be too small for the
4 transmission pieces) are used to o ) ’ Room temperature Air development of the full fracture process zone,
transfer the vertical load, applied with a groove with d|menS|on§, of P , , especially in case of refractories with reduced
uniaxial testing machine, to a horizontal 22.5x22.5x100 mm?, Analysis of load-displacement brittleness.
one, causing a very stable crack starter notch with dimensions of curve (using standard DIC)
opening. Sample fracture propagates 3.5x12.5x100 mm? Determination of fracture energy.
from the starting notch in the direction
of the linear support.
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The purpose of the tensile test is to
obtain stress-strain characteristics of
tested material at a given temperature.

Cylindrical rod
Dimensions: sample length of 170 mm
and diameter of 20 mm;

Young's modulus at given
temperature derived from the
initial part of the stress-strain

curve.

Long procedure of sample preparation, drying,
gluing to the sample holders, uniaxial
machining, sample holders isolating for high

5 It's poss[ble test bth in tension or reduced section length of about'30 mm 25-1600°C Air, argon Observation of material's temperature tests
compression and using one or more (to place the extensometers with the . . ;
X . . behaviour - linear or non-linear -
testing cycles (allows observation of gauge length of 25 mm) and diameter closely linked with bhenomena Y
gradual sample degradation). of 16 mm; ¥ InKe p! ' Complex calibration of extensometers
occurring in tested materials.
The identification requires a priori assumption
The purpose of the diametric ' . _ _ about.the co_nstiltutive behaviour of the
. . The use of I-DIC doesn't require any Furnace 1: Furnace 1: material. which is normally not known
compression test is to perform the ; e o 0. : . P ; ' y :
e T standardized sample's size. For 25-1250°C; Air, argon; Identification of nonlinear .
identification of material's parameters . . X . The temperature range of Furnace 1, which
6 N - standard materials, a sample with behaviour of materials for further -~ . :
considering different constitutive laws, . . . . . o . has the possibility of using a reducing
. 50mm diameter and 50mm thickness Furnace 2: Furnace 2: use in numerical simulations. .
such as for example elastic and ; o . atmosphere, is too low.
iscoplasti will be used 25-1500°C Air
viscoplastic ones. The use of optical devices at high
temperatures is complex.
Geometry: cubic sample with groove
for load transmission pieces) and :
( startin notcE ) Observation of the fracture Impossible to observe the crack propagation
Dimensions: s?de o a. cube of Te'c?ar(\jisrp Oflref;.aCtOnyth in the SEM because of geometrical
e . . materials, determination or the considerations
7 | Wedge splltt:)r;?;ﬁ:t(;g;ig:cture testing 100x100x70 mm?. 25-1500°C Air, argon specific fracture energy, nominal
' Groove with dimensions of notch tensile strength and strain '
22 5x22 5x100 mma. softening behaviour via inverse | Results from hlgh temperature measurements
Notch with dimensions of evaluation may be influenced by creep
3.5x12.5x100 mméd,
. o Geometry: cubic sample with notch. _ .
Mini wedge splitting test for the . o Direct observation of the fracture ' L .
e . Dimensions: side of a cube of . : . Only observation of crack initiation is possible
8 | identification the fracture mechanism of Room temperature Air behaviour of refractory material .
X . 25x21x8 mm?. . . because the sample is small
refractory material on a microscale level under light microscope and SEM
Notch with dimensions of 10x1x8 mm3.
Observation of strain-time creep . . I
I - Lo P, Measurement is only possible in one direction.
Identification of uniaxial Cylinder: o . curve and identification of creep ;
9 . . Up to 1500°C Air/coke breeze , Measurement using corundum extensometers
tensile creep 230mmx30mm(diameter) parameters with regard to a )
creep law, introduce some errors.
Observation of strain-time creep . W —
T . Lo T, Measurement is only possible in one direction.
Identification of uniaxial Cylinder: o . curve and identification of creep ;
10 . . Up to 1500°C Air/coke breeze . Measurement using corundum extensometers
compressive creep 70mmx35mm(diameter) parameters with regard to a .
creep law, introduce some errors.
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In-situ characterization and Sensitive to dimensional tolerances. Big
monitorina of thermally induced scattering of data at high temperature possible
‘ . microstrugctural rocezses R depending on the type of material and
Elastic properties ura’ prt 9| damage state. Especially in case of dampin
. . . . phase transition, viscous phase 9 pecially ping
1 Young's modulus, shear modulus and Rectangular or circular in cross section 25-1500°C Air formation dam‘age or fatigue measurements, there is a lack of fundamental
Poisson's ratio determination With mo diffe d sample geometr.y knowledge relating to microstructural
also in-situ monitoring of ’ phenomena with the damping behaviour of
COMOSioN DOCESSes is gssible ceramic materials. This causes difficulties in
P P ' results interpretation.
= . To compare and investigate the |  Difficulties to assure correct load distribution
Brazilian test to compare and Geometry: cylinder tensile strenath of the materials
12 investigate the tensile strength Dimensions: diameter of 50 mm and Room temperature Air Itis an in dicgtor for the stren th‘ ) ]
of the materials thickness from 10 to 50 mm Fthe material 9 Tensile, compressive and shear loads occur
orine maierials simultaneously in one sample
To obtain strain field of materials,
Investigating the initiation of investigating the initiation of
microcracks affected by microstructures | pinj wedge splitting, Micro bending test: . mlctroc;afks afﬁtiCt?g tiyr' I Performing DIC under SEM or optical
under bending or splitting loads Geometry: rectangular parallelepiped microstructures of the material. microscope needs special tools
. S i . This test is especially interesting
13 Dimensions: different, for example: Room temperature Air for the small-scale analysis, as it
Use of the digital image correlation 56x10x3 mm used in Limoges for can be performed under an Fracture mechanical parameters are influence
method to obtain the strain fields bending up to now. optical microscope or in a by the small fracture process zone.
evolution. scanning electron microscope
(SEM).
No possibility to test carbon containing
. ~ No specific geometry requirement. The | v temperature To impose cyclic thermal shock materials, which require a reducing
(Sjﬁ;:ttshgpgr?g;?gir:?gk ai(;ucljngﬂst specimen’s dimensions should not 150800 on a refractory specimen in an environment for testing.
14 shock between two custom exceed the sliding gate opening (max Air unconstrained condition between No possibility to realise high-cycle
temperatures 200x150x60 mm3 length, width and M?;J;?Fgg%tyée two elevated temperatures in a fatigue tests.
' height respectively). g close system High maintenance equipment due to harsh
testing conditions.
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4, Some details about experimental devices

4.1. Ultrasonic device for elastic properties measurements at room temperature
This ultrasonic measurement device allows the determination of the Young's modulus E, shear modulus G and Poisson ratio of
the investigated material [1], [2]. The device is composed of:

o  Generator (power supply for transducers);
e Transducers (for measurement in longitudinal or transversal modes) working as emitter or receiver of ultrasonic waves;
o Attenuator and preamplifier;

e Oscilloscope used for digitalization of the useful part of ultrasonic signal (for further measurement of the flight time At
within sample thanks to further numerical treatment on computer);

The ultrasonic transducer is placed in direct contact with one surface of the test specimen and the sound waves are emitted
directly onto its surface. The sound waves past through the sample and are then either detected directly by a receiver or reflected
back to the Emitter/Receiver. The strength of the measured signal depends on the selected frequency and the choice of either
the transmission or reflection method (see Figure 1). Attenuation of the signal depends on intrinsic material properties, as well as
specimen thickness. Specimen thickness is in the range of several mm to several cm.

Echograms

a) Emitt
_ fHieer Coupling
—|' Emitier| Cougiing - ﬂu‘ Alu:rltna agent
Alumina agent J J p—\
part
/. Specimen
\f Jv. ¥ v
Receiver
{ Receiver
AT [ e
b Echogram
) { Emitter
& Coupling
Sample receiver agent - n [\ n
T "
201

Figure 1: Experimental measuring device in infinite medium by a) transmission; b) reflection from N. Tessier-Doyen [1].

This method assumes the investigation of an infinite medium, having much greater dimensions, than the wavelength used. Two
modes of ultrasonic measurement are used: longitudinal and transversal. Measurement in each mode allows the determination
of longitudinal Vi and transversal Vr velocities, using equations from Table 1.

Table 1: Formulas for calculation of velocities in different modes.

Transmission mode Reflection mode
e 2.e
Longitudinal velocity vV, = A v, = .
L T
) e 2.e
Transversal velocity T= A7 Vp = e
L T
7/29
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Once the Vi and V7 velocities are calculated and material's density is known, it is possible to calculate the aforementioned elastic
properties, using the following equations (Equ. 1, Equ. 2, Equ. 3):

2 Equ. 1
V_Lz 1
Vr
G=p=x VTZ Equ. 2
E Equ. 3
9= — _1 qu.
2G

4.2. Ultrasonic device for elastic properties measurements at high temperature
under a controlled atmosphere
This ultrasonic device allows determination of the Young's modulus evolution during a thermal cycle. The device consists of (see
Figure 2a):
e Transducer (composed of a magnetostrictive rod surrounded by a copper coil);

e Alumina waveguide glued to the magnetostrictive rod in order to transmit ultrasonic waves between the transducer and
specimen.

e Specimen glued to the waveguide using a high alumina content adhesive;
e  Furnace with high-temperature limit of 1750°C;

The transducer generates ultrasonic waves at a frequency inversely proportional to the length of the magnetostrictive rod. The
ultrasonic waves then propagate through the alumina waveguide and specimen. Some of ultrasonic waves are reflected due to
interface between the waveguide and specimen and others from the end of specimen (possible multi-reflections). An ultrasonic
echogram is created from the ultrasonic waves that are reflected back to the transducer.

a) b)
~
ﬂ“: A
Tlransducelr Furnace (up to 1750°C) o
Emitter/receiver Wave guide akdchiotutih bl ol O
[ Sample w
=
ps L =1
=]
=]
Ultrasonic echogram type E
I (qq 10kHz < fc < qq 100kHz) | “ | oo
LIl i o
N - &
a0l 3
to g

Temperature [°C]

Figure 2: Elastic properties measurement at high temperature from R. Grasset-Bourdel [3]. a) Schematic of the device,
b) Example of results for materials damaged and not damaged during thermal cycle.

The Young's modulus (E,) can be calculated, as a function of specimen density and velocity of ultrasonic wave within the
specimen, using Equ. 4:
2L\2 Equ. 4
Eus=p. V2 =p. (T) W
where p is the material density, V is velocity of ultrasonic waves within specimen, L is specimen length and z propagation time
within specimen.

An example of results from two materials with different behaviours during thermal treatment is shown in Figure 2b. The curve with
reversible behaviour indicates a stable material during heating while that with a hysteresis loop corresponds to a thermally
damaged material.
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4.3. Acoustic emission device for monitoring damage at high temperature under
controlled atmosphere

This acoustic emission device is used for monitoring specimen damage during thermal cycles and consists of (see Figure 3a):
o Transducer Micro80 (from Physical Acoustic) working in the 200-900 kHz range;

e Alumina waveguide providing a good ultrasonic transmission between the specimen and transducer. The top end of this
guide is carefully sharpened in order to optimised ultrasonic transmission from the specimen without any usage of
cement (dry contact);

o Other specific alumina parts are used around the sample in order to guaranty a constant contact pressure between
sample and wave guide (a constant transfer function is required during the entire test);
e Furnace with high-temperature limit of 1550°C.

This technique is based on recording of acoustic waves that correspond to sudden energy release phenomena, such as
microcracking. Once a microcrack forms, the generated acoustic wave, within specimen, propagates through the waveguide to
the transducer. All detected signals during the entire test are analysed using the Noesis software. Typical results of materials,
involving damage during a thermal cycle, is presented in Figure 3b. Damage mainly occurs during cooling stage.

a) b)

.
—>

Transducer Furnace (up to 1550°C)
receiver Wave guide d

0

- sample

—_—

— >
U Temperature [°C]
Figure 3: Acoustic emission device. a) Simplified schema of device with selected features of acoustic emission signal; b)

Evolution of cumulated counts vs. temperature for a material which is partially damaged during thermal cycle.
From R. Grasset-Bourdel [3].

Cumulated counts

4.4. Wedge Splitting test at room temperature combined with 2 Parts Digital
Image Correlation
This wedge splitting test is used to analyse stable crack propagation within heterogeneous refractory materials as well as to
evaluate mechanical properties such as specific fracture energy or nominal notch tensile strength.
The standard wedge splitting test setup (see Figure 4a) uses:

e  Cubic specimen (100x100x100 mm?3) with groove (24x22.5x100 mm?3) and starting notch (3.4x12x100 mm?3). Some
details are indicate in Figure 5;

o Wedge, rolls, load transmission pieces to transfer the vertical load (applied by the testing machine) to a horizontal load
(applied to the specimen);

o Linear support in contact with the bottom face of the specimen;

e CMOS camera to acquire images for optical measurements;

e LED lighting to keep stable lighting conditions during measurement;

o Classical DIC software to calculate the horizontal displacement 64 between right and left specimen parts;
e 2P-DIC (two parts digital image correlation) software to obtain a digital representation of the cracks.

Universal testing machine applies a vertical load to the wedge, which is then transferred through rolls and load transmission
pieces to the specimen (the load applied to the specimen has horizontal direction). The specimen is subjected to mode | crack
opening. During measurement, CMOS camera acquires images, which are later used for analysis using digital image correlation
techniques [4].
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a)

O
-
~
>

MAX

LED lights

&

15% of Fy,

Horizontal load Fy, [N]

CMOS camera y
’ Horizontal displacement &,; [mm]

Figure 4: The wedge splitting test. a) Schema of the mechanical device with an image acquisition setup. From Y. Belrhiti [4],

b) A load displacement curve for quasi-brittle material.
100

36 2
100 ) 4625 | 25

. 35

100

Figure 5: Sample dimensions for wedge splitting test.

A load-displacement curve (see Figure 4b) is plotted using values of:

o The horizontal load applied to the specimen (calculated from vertical load applied by the machine);

e The horizontal displacement &4 between right and left specimen parts determined by DIC technique.
The material strength can be characterized using the nominal notch tensile strength parameter, which is determined
using Equ. 5:

. — FHmax + 6FHmax-y Equ. 5
NT b.h b. h?
where b and h are specimen dimensions, Frmax is maximum horizontal load and y is distance between Fy and the middle of h (h

being the distance between the starter notch and the bottom of the specimen). The specific fracture energy G¢, corresponding to
the mean work per unit of projected fracture area required to propagate the crack, can be calculated using

the Equ. 6:

1 515% Fmax

Gr' = Zj Fy .d6 Fae
0

where A is fracture surface; Fy is horizontal load, and 815, . is 5+ corresponding to 15% of the maximal horizontal load.
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4.5. Mechanical device for the tensile (compression) test at high temperature
under a controlled atmosphere

This mechanical device for the tensile (compression) test is designed to investigate the stress-strain behaviour of materials at

high temperature under a controlled atmosphere.

This device is composed of (see Figure 6a):

¢ Instron 8862 machine with:

o rigid frame (100 kN)
o two hydraulic grips, being well aligned with axis of machine (frequent aligning required);
o aload cell with a maximum capacity of 5 kN;

e Specimen glued to metallic bushings, using a magnesium oxide based ceramic adhesive. Metallic bushings being then
clamped by hydraulic grips;

o Two capacitive extensometers with SiC rods located on the opposite sides of the central part of specimen with a reduced
diameter;

¢ Induction furnace with two susceptors: MoSi2 (under air atmosphere) and graphite (under argon atmosphere). The
temperature limit of this furnace is 1600°C.

The targeted load is applied to the specimen through the hydraulic grips. However, tests are mainly performed under displacement
control (typical speed of 0.001 mm/s) using displacement actuator sensor. During the entire test, strain in the central part of the
specimen is monitored by the 2 extensometers.

a) b)

Sample : ¢ = 20 mm, length 160-

>
>

200 mm with glued metallic
bushings

tension

2 Extensometers 1600 °C

(Lo=25mm - AL,,, =5 pm) \
—

Stress [MPa]

Strain'

A part with reduce diameter
Lo=25mm, ¢ =~ 16 mm

\ Induction oven /

compression S
’

susceptor

Figure 6: The tensile (compression) test. a) A 3D model of the mechanical device in tension with a description of selected
components (From R. Grasset-Bourdel [3]); b) A stress-strain curve exhibiting non-symmetrical mechanical behaviour.

The very beginning of the stress-strain curve (rather elastic linear) is used to determine the Young's modulus by linear regression
(typically between 0 and 0.5 MPa). Stress-strain curve of quasi-brittle materials can exhibit post-peak behaviour corresponding
to energy dissipation phenomena. In refractory materials, non-symmetrical mechanical behaviour can be observed between
tension and compression (see Figure 6b).

4.6. Diametrical compression test (Brazilian test) at high temperature in a
controlled atmosphere combined with Digital Image Correlation (DIC)

This diametrical compression at high temperature in a controlled atmosphere combined with Digital Image Correlation (DIC)
device, allows the inverse identification of materials parameters in tension and compression. The device will be employed for the
inverse identification of creep parameters for different constitutive models at high temperature. Table 2 and Figure 7 show the
equipment involved in this diametrical compression test.
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Table 2: Equipment involved in the diametrical compression test

Part Description

Furnace and testing A standard testing machine is used to perform the tests. The furnace has a glass window,

machine from which the sample can be seen and photographed during the test

CCD camera Used to take the pictures during the test, that will be further analysed using a DIC software

LabVIEW software A LabVIEW application is used to control the photos’ parameters. It also synchronizes the
beginning of the test with the beginning of photos’ acquisition

Furnace and
testing machine

CCD camera

LabVIEW software

Figure 7: Equipment involved in the diametrical compression test.

Since the inverse identification of material parameters will make use of Digital Image Correlation techniques, no specific standard
is required for the diametrical compression test. Nevertheless, it's suggested that the minimum dimension of the cylindrical sample
be at least ten times higher than the maximum material's grain size, to guarantee the reproducibility of the tests.

The test's protocol, adopted at the University of Orléans, uses the Integrated Digital Image Correlation technique (I-DIC) [5]. In
this technique, once the pictures from the diametrical compression test are obtained, a numerical model of the test is recreated
in a Finite Element's program. The algorithm to obtain the material's parameters is (see Figure 8):

e Step 1: Define an initial guess for the values of the material's properties
e Step 2: Perform a numerical simulation of the test, using the material's properties previously defined

e Step 3: Apply the displacements' field obtained through the numerical simulation to the reference image (image obtained
before the sample starts to be deformed). This is done by interpolating the pixels' grey levels' values.

e Step 4: Calculate the difference in the distribution of pixels' grey levels from the deformed experimental image and the
theoretically deformed image

e Step 5: Check if the difference between the images is below a defined tolerance.

e Step 6: If the difference between the theoretically deformed image and the experimentally deformed image is above the
tolerance, the initial guess for the material's properties is not correct. Therefore, an optimization algorithm needs to be
used to define a new guess, and the computation returns to Step 2.
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Optimization: Levenberg-Marquardt Algorithm NoO

R
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Reference Theoretically D'?:;E?;?cgf:;en
@ imsge deformed imgs experimental images

Initial guess for the
material's properties
(Eqovo,n,m,A ...)
! Theoretical Experimental image E ,v,n,m, A

displacement field (deformed)
Experimental

load

Figure 8: I-DIC algorithm.

Once the I-DIC algorithm converges, the material's parameters are obtained. Figure 9 shows an example of output from the I-DIC
algorithm for the identification of the Young's modulus of a material.

14 X10° X10° 4 4
©
o 12 I ] 1,2
=
~1,0 1,0
4

| =
— 0,8 0,8
= o
-8 0,6 0,6 ﬁ
S 0,4 0,4
n
O)o,2 0,2
c
g 0,0 = @ 0,0
s 1 2 3 4

Iterations

Figure 9: Example of output from the I-DIC algorithm.

4.7. Wedge splitting test at room temperature and elevated temperature

The wedge splitting test is frequently applied for Mode | fracture testing of coarse grained refractories, concrete and wood. It
enables stable crack propagation even for relatively large specimen dimensions due to the action of the wedge and the relatively
high fracture surface to sample volume relation. Main outcome of the test is the load displacement curve, from which the specific
fracture energy Gr and the nominal notch tensile strength onr is calculated.

In many cases, a significant fracture process zone is developed during the wedge splitting test. This is especially the case for
refractories with reduced brittleness. The observation of the fracture process development is possible for example by DIC (digital
image correlation) evaluation of pictures taken during the wedge splitting test.

The wedge splitting test can be carried out under room temperature and elevated temperature (20-1400°C). Additionally the
furnace enables gas purging. Figure 10 displays the testing setup, Figure 11: Wedge splitting test sample geometry the sample
geometry and Table 3 describes the parts used.
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Upper piston
Wedge
Transmission
pieces
Laserbeam Rolls
Linear
support

Lower piston

Sample after a wedge splitting test

Figure 10: Setup of the wedge splitting test.

Table 3: Parts used in the wedge splitting test.

Part Description

Load cell Maximum capacity : 5kN

Linear support Facilitate the crack initiation

Laser speckle extensometer | Displacement measurement in um

The outer dimensions of the sample are 100x100x75mm3. Further details may be seen in Figure 11 [6, 8]. The horizontal
displacement is measured directly on the sample surface via laser speckle extensometer [6, 9]. The green points in Figure 10
mark the location for the displacement measurement.

75 40 To[ 40

123117

100
60

7 7

Figure 11: Wedge splitting test sample geometry.

A typical result of a room temperature test is displayed in Figure 12. The figure shows the displacement measured on the front
and the rear side and the mean value curve. Usually an abort criterion of 10% of Frax is chosen to avoid a collision between
wedge and sample. A typical load application rate is 0.5 mm/min.
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Figure 12: Example of results obtained from the wedge splitting test.

From the raw data obtained, which consist of horizontal force and horizontal displacement, the following parameters can be
directly calculated in the following way (Equ. 7, Equ. 8, Equ. 9) [10], [11]:

Specific fracture energy G :

1 5FH.max15%
!
Gf =Zf0 FH*d(S Equ. 7
Notch tensile strength o :
FH,max 6 * y Equ. 8
o =52 (14757
Characteristic length |,
L, = Gf *E Equ. 9
ch 2
ONT

Fy : Horizontal force (N)
Maximum horizontal force(N)

FH,max :

Gy : Specific fracture energy (E)
oyt : Notch tensile strength (MPa)
lcn,  : Characteristic length (mm)

E : Young modulus (GPa)
: Vertical distance of the horizontal
load from the center of gravity of the

The wedge splitting test procedure is well-established for fracture testing of refractories under Mode | conditions. Compared to
the bending tests (three point bending, four point bending) and tensile tests the wedge splitting test has several advantages. It
allows for stable crack propagation even for relatively brittle materials as well as the formation of a fracture process zone with

dimension of up to 50 mm in width and length.
The measurement of the vertical displacement with laser speckle extensometers is more accurate than the displacement from

the traverse.

4.8. Mini wedge splitting test device at room temperature

The miniaturized wedge splitting test (WST) device, see Figure 13 and Table 4, allows direct observation of fracture events with
light microscope and SEM which is not possible with the standard wedge splitting test out of geometrical reasons. The device will
be employed for the identification of fracture mechanism for refractory materials on a microscale level.
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Displacement Load cell
gauge
Linear support Sample Piston with roller
Figure 13: Model of the miniaturised wedge splitting test.
Table 4: Parts used in the Miniaturised wedge splitting test.

Part Description
Load cell Maximum capacity: 300N
Piston with roller Apply the force onto the steel adapters
Linear support Facilitate the crack initiation
Displacement gauge Displacement measurement in um

The miniaturised WST follows the same principle as the standard WST [6]-[8] but using smaller sample geometry (21x25x8mm?
detailed with steel adapter Figure 14) compared to the standard geometry (100x100x75mm3). The crack propagation will be
observed under light microscopy and SEM (Scanning Electron Microscopy). For the application in the SEM the device was
designed to work in vacuum conditions. Special lubricants stable under vacuum had to be chosen. As the sample's size of the
miniaturised WST is significantly smaller, only the crack initiation can be observed whereas the standard WST allows for
pronounced crack branching [12], [13]. Figure 15 shows a typical result obtained from this mini wedge splitting test

N
4

\f’ : .,_-:' T

Figure 14: Geometry for a mini wedge splitting test sample and steel adapter.
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Figure 15: Example for a load / displacement diagram.

From the raw data obtained which consist of horizontal force and horizontal displacement, the following parameters can be directly
calculated (Equations Equ. 10, Equ. 11, Equ. 12) [10], [11]:

Specific fracture energy G'f ;

1 (SFH'max15%
GI=_f F. «dS Equ. 10
f 74 o H
Notch tensile strength o :
_ Frmax 6y Equ. 11
ONT = *(1+
bx*h h
Characteristic length |, :
!
_— Gf xE Equ. 12
ch 0_2
NT
Fy : Horizontal force (N)
Fy max : Maximum horizontal force(N)
Gy : Specific fracture energy (E)
oyt : Notch tensile strength (MPa)
lcn  : Characteristic length (mm)
E : Young modulus (GPa)
y : Vertical distance of the horizontal
load from the center of gravity of the
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The first results are visualised in Figure 16 for magnesia spinel.

Magnesia spinel
12

10 = Samplel

Sample2
Sample3

Sample4

Force (N)

Sample5

Sample6
0 Sample7
0 0.5 1 15 2 25  ———Sample8

Displacement (mm)

Figure 16: Results from mini WST with magnesia spinel.

4.9. Uniaxial tensile creep test device

The uniaxial tensile creep test allows investigation of creep behaviour in high temperature and under tensile loads. Since there
were no standardized methods for describing the high temperature tensile creep behaviour of heavy ceramic refractory materials,
the uniaxial tensile creep test has been developed (Figure 17). According to refractory material characteristics, accurate and long
term measurements of small displacements at high temperatures (up to 1600°C) with a suitable alignment (to avoid bending),
and applying uniform uniaxial stresses, are essential. These factors were considered in the design of the current test
apparatus (Table 5) [12], [13].

Alignment unit
Upper grip
Hydraulic tube

Water cooled

Water cooling adapter

tubes

Specimen

Tubular
furnace

High temperature
extensometer

Load cell

Figure 17: Uniaxial tensile creep testing device.

Table 5: Parts used in the uniaxial tensile creep test device.

Main Parts Description

Loading parts with load cell Load up to 20 kN

High temperature tubular furnace Temperature up to 1700°C

Two mechanical extensometer Measurement principle: linear variable differential transformer (LVDT)

The design of the specimen shape was completed with help of simulation in order to ensure the viability of the tensile creep
measurements. The specimen geometry is a cylinder with 30mm diameter (sufficient due to the size of biggest grains) and 230mm
height drilled from bricks; considering that only 100mm of the middle part of the sample is heated by the furnace. Then the sample
together with water cooled adapters are aligned and glued onto the fixing device (Figure 18); the fixing device keeps the sample
perfectly straight. After the glue hardens, the specimen is introduced in the test machine in vertical orientation. The homogeneity
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of temperature in the measured area is assured by placing 3 thermocouples at its surface; and the uniformity of the stress field is
also verified by room-temperature measurements using the strain gauges method. The alignment of the machine was certified
according to ASTME1012.

Figure 18: Uniaxial tensile creep test setup and sample.

Heating of the specimen with 5°C/min to testing temperature is the next step; also 1 hour holding time is considered for
homogenization of temperature in the specimen. Then the desired load is applied and two extensometers measure the
displacement in the surface of the sample (Sensor arm distance: 50 mm). The diagram below shows a typical result of a uniaxial
tensile creep test (Figure 19).

1.2
—Extensometer front

[y

— Extensometer rear

Displacement/ mm
© O ©o O
N B ooy

©
N O
(=]

10 20 30 40 50
Time/h

Figure 19: Uniaxial tensile creep test result of a specific sample.

After obtaining strain/time data, these data are employed with an inverse evaluation method in order to determine the creep law
parameters. Many models have been suggested to describe the creep behaviour of materials in terms of stress, time and
temperature based on uniaxial tests, among which the Norton-Bailey creep law is mostly applied (Equ. 13).

Norton-Baily law :
écr,j = K](T) X o™ X Scraj Equ. 13

j i creepstage

n : stress exponent

@ :creep strain exponent

K(T) : temperature dependant function
g uapplied load
£ icCreep strain
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The inverse estimation procedure (Figure 20) is performed separately for each temperature. Also for an accurate inverse
estimation of the creep parameters at least three creep curves under different loads are necessary.

Levenberg-Marquardt
Input data from nonlinear least-squares
compressive creep K0,20,n0 optimization algorithm

test results

l

Curve spilitting Initial parameters —

no

iesitingl LA

calculation

onvergence
criteria

Final parameters

Figure 20: Inverse estimation approach to define the Norton-Baily creep parameters.

Inverse evaluated result's curves obtained for all tensile creep stages of a selected material tested at 1450°C are
shown Figure 21.
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Figure 21: Example of an inverse estimation result of a specific material

4.10. Uniaxial compressive creep test device

The uniaxial compressive creep test allows investigation of creep behaviour at high temperature and under compression. The
apparatus (Figure 22, Table 6) was developed to overcome the disadvantages of previous testing approaches like RUL
(Refractoriness Under Load) and CIC (Creep In Compression). In contrast to these approaches, higher loads can be applied in

the current method (similar to the real world); also the load is applied after reaching the target temperature, so the starting point
of creep is well defined [14], [15].
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Figure 22: Compressive creep testing device.
Table 6: Parts used in the compressive creep testing device.
Main Parts Description
Loading parts with load cell Load up to 10KN at 1400°C
High temperature tubular furnace Temperature up to 1600°C, heating rate up to 10°C/min
Two mechanical extensometer Measurement principle: linear variable differential transformer (LVDT)

Preparation of the sample is the first step in the uniaxial compressive creep test procedure. Cylindrical shape specimens with
diameter of 35mm and height of 70mm are drilled and inserted in the creep device (Figure 23). Then alignment of the sample is
confirmed at room temperature by performing an elastic test and checking the extensometers measurement on both sides of the
sample. A height to diameter ratio of 2/1 reduces the impact of friction between the bearing and the specimen in the measured
area. In addition, considering an intermediate bearing component constructed of a creep resistant material can homogenize the
stress distribution.

Upper
piston

Corundum
plates

Lower
piston

Figure 23: Geometry for uniaxial compressive creep test sample and sample arrangement.

Heating of the specimen with 10°C/min to testing temperature is the next step, also 1 hour holding time is considered for
homogenization of temperature in the specimen. Then the desired load is applied and two extensometers measure the
displacement in the surface of the sample (Sensor arm distance: 50 mm). The diagram below shows a typical result of a uniaxial
compressive creep test (Figure 24).
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Figure 24: Uniaxial compressive creep test result of a selected sample.

After obtaining strain/time data, an inverse evaluation is applied in order to determine the creep law parameters. Many models
have been suggested to describe the creep behaviour of materials in terms of stress, time and temperature based on uniaxial
tests, among which the Norton-Bailey creep law is mostly applied (Equ. 14).

Norton-Baily law :
berj = Kj(T) X 0" X £, Y Equ. 14

j :creepstage

n i Stress exponent

@t :creep strain exponent

K(T) : temperature dependant function
g uwapplied load
£ i Creep strain

The inverse evaluation procedure (Figure 25) is performed separately for each temperature. For an accurate inverse evaluation
of the creep parameters at least three creep curves under different loads are necessary.

Levenberg-Marquardt

Input data from nonlinear least-squares

compressive creep K0,a0,n0 optimization algorithm
test results o

Residual e

calculation

onvergence
criteria

Curve spilitting Initial parameters — Final parameters

Figure 25: Inverse estimation approach to define the Norton-Baily creep parameters.
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In Figure 26, inverse evaluated result's curves obtained from the first compressive creep stage of a selected material are displayed
together with experimental results from 1300°C.
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Figure 26: Example of an inverse evaluated result for first creep stage of a selected material.

4.11. RFDA - Resonant Frequency and Damping Analyser

Resonant frequency and damping analyser rely on the impulse excitation technique (IET) to determine a set of fundamental
resonant frequencies f; and for each of them a damping value. Based on the dimensions, mass and resonant frequencies the
elastic properties (E, G, v) are determined.

In the impulse excitation technique the sample is excited by slight mechanical impact in the vibration's anti-node. The vibration
nodes depend on sample shape and desired vibration mode. Figure 27 shows an example of nodes configuration for flexural and
torsional vibration.

anti-node

anti-nodcl

il

node +nc:lde

e

Figure 27: Configuration of nodes and anti-nodes for flexural and torsional vibration.

An acoustic signal is detected by a non-contact transducer (microphone) and recorded in time domain. RFDA software performs
a Fast Fourier transformation to determine set of approximate resonant frequency values. The measurement of resonant
frequencies allows the determination of elastic properties: Young's modulus, shear modulus and Poisson's ratio. Young's modulus
and shear modulus can be calculated from Equ. 15 and Equ. 16 respectively.

L* Equ. 15
E= 0.9465pfr2(t—2)T1 9
where f; - flexural frequency, p - density, L - length, t - thickness, T+ - correction factor (=f(t/L and Poisson's ratio)).
G=4me2[ B ] Equ. 16
bt [1+A

where f; - torsional frequency

Internal friction, damping or mechanical loss Q-1 can be determined for each fr with the use of RFDA system. To obtain the Q-1
value an iterative simulation of the time-domain signal as a sum of exponentially damped sinusoidal functions is conducted.
Internal friction Q-1 and resonant frequencies fr are related by the Equ. 17:

Q-1=k/( T fr) Equ. 17
where k - exponential decay parameter of the vibration component of frequency.
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Young's modulus and damping measurements can be performed at high temperature with the use of a HT RFDA system (see
Figure 28), with suitable equipment modifications.

Figure 28: High Temperature RFDA equipment with measurement setup for flexural mode.

Results of Young's modulus and damping temperature dependency obtained with the use of HT RFDA for alumina-spinel brick
are visualised in Figure 29.

a) b)
0.05 - = 1st heating 1
! + . - 1st cooling 54
- 3rd heating T
» 3rd cooling 1
0,04 52—_
50
£
0,03 4 o 48 4
2 2
= = 464
S o002 3
[ =y
L=
=
=
0,01 = 42+
404
0,00 4 1
38
T T T T T T T T T T T T T T T T T T T T T T T T T T !
0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600

Temperature [°C ] Temperature [°C ]

Figure 29: Results obtained with the use of High Temperature RFDA, a) Damping and
b) Young's modulus temperature dependency.

4.12. Diametrical compression test (Brazilian test) at room temperature
combined with Digital Image Correlation

The Brazilian test is used to investigate the tensile strength of the materials using parts described in Table 7. It could be an index
for the overall strength of the materials. As detailed in Figure 30, the experiment is carried out by applying a vertical diametrical
compressive force along the thickness of a cylindrical specimen until failure occurs [4]. These specific loading conditions induce
horizontal tensile stresses within the specimen and, in some case, could induced relatively high compressive stresses locally in
the area close to the contact zone with the jaws. Nevertheless, tensile failure usually occurs rather than compressive failure.
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Table 7: Parts used in the Brazilian test.

Part Description
Loading parts The supports at IRCER are round, not flat
Load cell According to the frame of the device, the maximum capacity of Load Cell is 50 kN
DIC Instruments The strain field at the surface of the sample can be monitored
by Digital Image Correlation (DIC)
Strain gauges Average strain in the central part of the sample can be monitored by strain gauges

Load

P~ —
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\ | | z
T = | —t

s ) pe— i

\, Lower = =
gaugei curved L L% .
.......... ......'...Dm."....l..l.s Ioad
vl R IS | vearing - -
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DT
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Figure 30: Example of the Brazilian test configuration in IRCER.

The typical output of this test is a force-displacement curve, and in case of using Digital Image Correlation (DIC), it is possible to
also obtain strain field evolution versus applied load This test is easy to handle and is currently used by many communities
including refractories. Sample preparation requires specific attention to obtain repeatable results. According to ASTM D3967-95a,
the test specimen shall be a circular disk with a thickness-to-diameter ratio (e/D) between 0.2 and 0.75 to be in a plane stress
configuration. The diameter of the specimen shall be at least ten times greater than the largest grain within the microstructure of
the investigated material. The thickness-to-diameter ratio of 0.2 (the thinnest samples) is used in IRCER. Based on the
configuration of the jaws in IRCER (shown in Figure 31), the ratios are suitable to produce a rupture in the centre of the sample [5].

= Compression
----- Tensile
- « Shear stress

Figure 31: The typical stress distribution in a Brazilian test.
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In the Brazilian test, the tensile stress is determined using the following Equ. 18:

2.P Equ. 18
re.D

O, =

where P (N), e (m) and D (m) are the vertical applied load, thickness and diameter of the cylindrical sample respectively.

The primary objective of this test is to determine material tensile strength. Nevertheless, some authors investigated the possibility
to characterise elastic properties and fracture parameters [16]-[18].

4.13. DEBEN device for "in situ" room temperature micromechanical test

The micro-platine test device can be used to characterize the thermomechanical properties of refractories at very local scale, in
particular with regards to the effect of microstructure of the material. This device (DEBEN Co. MT5000), recently acquired by
IRCER, is up to now just operational to manage bending test with very small samples (typically parallelepipeds of 55x10x3 mm).
As shown in Figure 32, for such bending test, the sample can be subjected to a 4-point bending force. The parts of this device
are detailed in Table 8.

l----q] LVDT sensor —I--I-Sample place ’----
|\

|

i o I A e e s s s i s 2 7 7
F|gure 32 The Micro-Platine test device in the 4-point bending test configuration.

The compactness of the device (approximately 15 centimetres long, 12 centimetres wide and 4 centimetres high) allows to use it
under optical microscopy or even within the vacuum chamber of a scanning electronic microscope. This important point allow
thus to observe the effects of mechanical stresses on the microstructure of the materials.

Table 8: Parts used in the Micro-Platine test device.

Part Description

Main characteristics DEBEN Co. micro-platinum is approximately 15 centimetres long, 12 centimetres wide and
4 centimetres high (weighs 5 kg)

Frame capacity Maximum capacity: 5 kN

Load cells Three types of charge cells can be used: 660N, 2000N or 5000N

Speeds of extension Displacement speed from 0.1 to 1.25 mm/min

LVDT sensor Can measure displacement between two sample holders

Sample place It can be configured for 4 different mini tests: uniaxial compression test, direct tensile test,
3-point bending test, 4-point bending test

Sample holder Fix the sample for DIC treatment

DIC Instruments Used for monitoring the strain field by Digital Image Correlation (DIC)
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4.14. Cyclic Thermal Shock Test - The Twin-chamber equipment

The Twin-chamber equipment [20] allows a cyclic thermal shock to be applied on a refractory specimen in an unconstrained
condition between two elevated temperatures in a close system (Figure 33, Table 1). A full cycle consists of one cold shock and
one hot shock. In comparison with the tests where thermal cycles are done between one high temperature and the ambient air,
tests between two high temperatures allow a more realistic representation of the in-service conditions.

Sliding Gate —_—

Thermocouple

Specimen

Automatic
internal
transportation
system

Front view Side view

Figure 33: Schematic concept of Twin-chamber equipment and its components.

Table 9: Description of sample movement in the Twin-chamber equipment.

Part Description

Blue area Cold chamber

Red area Hot chamber

Vertical arrow Moving direction of the sliding gate
Horizontal arrow Moving direction of the specimen holder

The test is employed for studying the resistance of refractories to repetitive thermal shock loads. According to standards [21], the
resistance of a material is determined by the development of crack(s) (Figure 34) as well as the loss of Young's modulus and
residual strength (Figure 35) of the specimen after applying thermal cycles [22].
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Figure 34: The development of cracks on 4 samples of material SB1 after 50 thermal cycles between 1200°C and 300°C.

120
a)

-+SB1-1
§; =SB1-2
= -+SB1-3
k=]

2 +SB1-4
a =~ CFS1-1
3 & CFs1-2
z = CFS1-3
2
3
2
&
0 : . . : .
0 10 20 30 40 50 60 70
Number of cycles, -
100
b)
*
80
2 "
o
Fa

2 60 .

©

-

3 40

w .

D

o

20 *
0 T ‘ L T

0 20 40 60 80 100
Residual Young's modulus, %

Figure 35: Results of the thermal shock experiments for materials SB1 and CFS1: (a) residual dynamic Young's modulus,
(b) correlation of residual dynamic Young's modulus and MOR after 50 thermal cycles in the samples.
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