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Abstract

This paper deals with the problematic of the determination of the Young's modulus of refractory castables by the way of mechanical tests.
Two materials are considered: a cordierite based refractory castable that is reinforced with short steel fibres and an andalusite based refractory
castable. Discrepancies in Young’s modulus values are noticed depending on whether they are determined on direct tensile test curves, four
points bending test curves or compression test curves. Damage due to a first thermal cycle is underlined as enhancing these discrepancies
Original mechanical tests have been performed in order to understand the influence of such adamage on the four points bending and compressiol
behaviours. Results show that depending on the method that is used to measure displacements and strains, the calculated Young’s modulu
values can be highly influenced by local strain effects that occur at the contact between the sample and the loading system. Related to the damag
that develops in these materials during the first heat treatment, these effects are more important when samples have been previously fired.

© 2005 Published by Elsevier Ltd.
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1. Introduction and to the dissymmetry that is classically observed between
the tensile and compression behaviours. In order to be able
In awide range of industrial applications, refractory casta- to obtain behaviour curves under these two loading modes,
bles are subjected to severe solicitations, especially from ahigh temperature tensile tests and compression tests are now
thermomechanical point of view. Previous studies have al- under developmenrit® This paper deals with the comparison
ready been performed in the field of the high temperature of the Young's modulus values that can be obtained from the
behaviour of refractory castablés’ Nevertheless, they have  three considered testtypes. Large differences can be obtained,
been less studied than engineering cerahdosl there is still even if the Young’s modulus is normally an intrinsic prop-
a need in obtaining high temperature mechanical behaviourerty of the tested materials. Such observations have already
curves and in developing constitutive laws for these materi- been made by several authors who have performed two types
als. This is particularly true to develop numerical simulation of mechanical tests at least’:2191n this paper, an expla-
approaches in order to improve the design and the service lifenation of these Young’s modulus discrepancies is proposed
duration of structures that are based on refractory castablesby considering the results of classical and of complemen-
Bending tests are easy to perform at high temperature andtary original mechanical tests that have been made on two
are largely used to study refractory castables. But, it remainsrefractory castables.
difficult to develop constitutive laws from their results. This As for as the paper structure is concerned, the composi-
is mainly due to the non-linear behaviour of these materials tions and the processing routes of the two considered materi-
als are first given, as well as a description of the experimental
mpondmg author. Tel.: +33 5 63 49 31 61: fax: +33 5 63 49 60 99. devices that _are usedt Then, results of conventi(_)nal tensile
E-mail addresses: nazaret@enstimac.fr (F. Nazaret), tests, four points bending tests and the compression tests are
marzagui@enstimac.fr (H. Marzagui), cutard@enstimac.fr (T. Cutard). briefly presented. More attention is paid to the determination
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of the Young's modulus. The discrepancy phenomenon that : .-
is observed between the Young’s modulus values is particu- S iorocratl .
larly underlined. It is then established that this phenomenon ; LA
is enhanced for the materials that have been previously fired s 7 gt
at high temperature. The cases of four points bending tests
and of compression tests are presented and discussed succe
sively. Causes of the differences between the Young’s mod-
ulus values are exposed and explained.

2. Materials and experimental methods met.allié

‘ A Lo g fiber |
2.1. Presentation of the refractory castables /

Two refractory CaStabI_eS are consu_jered in the present pa-Fig. 1. Observation of damage in the FRRC castable after drying &tc10
per. One of these materials (FRRC) is a geopolymer based(scanning electron microscopy).
refractory castable that is reinforced with 1.5 vol.% of metal-
lic fibres. It is made of a geopolymer based matrix and of £
cordierite aggregates. The matrix is obtained by mixingama- §&
jor alumino-silicate oxide, thermal silica fume and an aque-
ous solution of potassium polysilicaté Concerning aggre-
gates, a mixture of four granulometric ranges of a cordierite
grog is performed with a maximum aggregate size close to
3 mm. Metallic fibres are made of an AlSI 310 stainless steel
and are processed by cold drawing. They are characterized
by a 0.38 mm diameter and by a 12.5 mm length. The FRRC 7 2P g
refractory castable is shaped by mixing these different com- ; N aad metallic
ponents during 5 min in a planetary mixer and by casting the ' fibey
mix under vibrations. The vibration amplitude is controlled . :
to remain constant and the vibration time is of 10 min. Com- [ 20 microns
plete polymerisation of the matrix is obtained after an isother- )
mal heat treatment of 12h at 8. The material is then  Fig 2. Observation of damage in the FRRC castable after firing atG00
fired at high temperature in order to stabilize the microstruc- (scanning electron microscopy).
ture for high temperature applications. Such heat treatments
are known to generate damage in the FRRC microstructure,
mainly because of the differential dilatometric behaviours of have shown that this particularly true for firing temperatures
the matrix, of the aggregates and of the metallic fiBre's. that are in the 110-90@ temperature rangé:> As these
Three firing temperatures are considered for this material: results have shown that firing this material at 7Qdeads to
110, 500 and 900C. Examples of damage which is gener- an important damage state in the microstructure, this firing
ated by first heat treatments are giverFigs. 1 and 2Dam- temperature level will be considered in the present paper for
age mechanisms deal with aggregate/matrix decohesions, fithis And-LCC castablerigs. 3 and £nable us to observe the
bre/matrix decohesions and with matrix microcracking too. damage mechanismsthat have occurred in this material after a
In the considered temperature domain, the higher the firing 700°C heat treatment. They deal again with aggregate/matrix
temperature is, the higher the damage level is. decohesions and with matrix microcracking. They are mainly
The second material (And-LCC) is a commercial grade of due to the differential dilatometric behaviour between the
a low cement andalusite based castable made of andalusiténatrix and the aggregates. The case of the’Cl@ried And-
aggregates, silica fume, alpha-alumina and of a calcium alu-LCC castable will be considered in that paper too.
minate cement. The samples are prepared by mixing the raw
materials in a planetary mixer with a 5wt.% water addition 2.2. Experimental methods
and during 5 min. The mixis then castin the moulds onanam-
plitude controlled vibration table and during 2 min. Moulds 2.2.1. Uniaxial tensile test
and samples are then immediately wrapped in plastic. They Uniaxial tensile tests are performed on a MTS 810 servo-
are cured at room temperature during 24 h and then extractechydraulic universal testing machine by the way of a non-
from the moulds before a 12C€-24 h drying step. As forthe  articulated tensile systentig. 5. Sample extremities are
FRRC castable, high temperature heat treatments are knowrglued on metallic plates that are water-cooled. At high tem-
to develop damage in this And-LCC castable. Previous works perature, the central part of the specimen is placed in a MTS
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Fig. 3. Observation of damage in the And-LCC castable after firing atZ00
(scanning electron microscopy).
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Fig. 4. Observation of damage in the And-LCC castable after firing atZ00
(scanning electron microscopy).

centrate the highest stress levels in the hottest area of the
specimen. Transversal dimensions of samples are limited by
the furnace size. Strain measurements are performed using
two high temperature extensometers that are characterized
by a 12.5 mm gauge length. They are placed on two opposite
faces of the specimen. Machining by grinding is performed
on the two opposite faces that support the extensometers. A
parallelism error lower than 0.05mm is obtained between
these two faces. A particular attention is also paid to obtain
the better alignment between the sample axis and the ma-
chine loading axis in order to minimize parasitic bending.
Monotonic tests and cyclic loading/unloading tests are per-
formed for each temperature configuration with a crosshead
displacement velocity of 0.04 mm/min. This tensile test con-
figuration allows to perform tensile/compression or compres-
sion/tensile tests too.

2.2.2. Compression test

The tests are performed at room temperature on an IN-
STRON 4467 electro-mechanical universal testing machine.
Samples have a cylindrical geometry and are axially loaded
between two metallic plates. They are characterized by a
30 mm diameter and a 45 mm height. As for tensile tests
samples, after a diamond machining step, a parallelism er-
ror lower than 0.05 mm is obtained between the sample ex-
tremities. Two types of loading are considered: monotonic
loadings and cyclic loadings-unloadings. The specimens are
tested with a crosshead displacement rate of 0.1 mm/min. The
load is recorded as a function of the crosshead displacement
that is corrected from the machine stiffness.

2.2.3. Four points bending test
For four points bending tests, a specific device installed on
a MTS 810 servo-hydraulic universal testing machine is used

653 resistive furnace with two heating zones and a maxi- (Fig. 6). Several works have shown that experimental results
mum capacity of 1400C. The specimen geometry has been of bending tests are very sensitive to the boundary conditions,

defined to allow tests in the 20—900 temperature range.
A reduced cross-section of 30 ma25 mm allows to con-

Fig. 5. Tensile test device: zoom on the active parts.

like the loading contacts and the degrees of freedom of the

Fig. 6. Four points bending device in the room temperature configuration:
zoom on the active parts.
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Fig. 7. Tensile test behaviour curves of the FRRC castable after firing &60%) and at 900C (B).

contact supportg?v:w As a consequence, some precautions scribe this room temperature tensile behaviour. At the begin-
have been taken in order to minimize the error sources thatning of the firstloading and during the first loading/unloading
have been previously identified in testing ceramics. Loading cycle, alinear elastic behaviour is observed. When the stress
is applied with alumina parts. The two lower alumina rollers levelincreases, the behaviour moves to a non-linear one. This
are 125 mm spaced and supported by a fixed base. The twds due to microcracking damage processes that occur in the
upper rollers are 45 mm spaced and are supported by a fred"RRC. Atthe stress peak, one or several macrocracks appear
rotation universal joint. Samples have a 150 mm length and ain the tensile test sample. The behaviour moves then to a soft-
25 mmx 25 mm cross-section. The lower and upper faces of €ning part, because of the presence of fibres that bridge the
the sample are machined by grinding to obtain a parallelism macrocracks. During the application of the loading/unloading
error lower than 0.05 mm between these two faces. Measure-cycles, permanent strains and hysteresis loops are measured.
ment of the sample deflection is made by a linear variable This must be related to the energy loss by internal friction in
displacement transducer (LVDT) coupled with a fine alumina the microcracks.

rod that is in contact with the central point of the sample lower ~ Focussing onthe beginning of the tests, the Young's modu-
face. For high temperature tests, the system is entirely p|acedUS can be calculated by a numerical interpolation of the linear
in a radiative furnace with a maximum capacity of 160 part of the behaviour curves. A 11.5 GPa Young’s modulus
Both monotonic tests and loading/unloading cyclic tests have Value is calculated on the strain—stress curve of the’600
been performed and a constant crosshead displacement vefired FRRC and a 13.0 GPa Young's modulus value is deter-
locity of 0.02 mm/min was retained. mined on the strain—stress curve of the 90dired FRRC.

The material elastic strength theory is applied to calculate ~ For the And-LCC castable, an example of a tensile test re-
the Young’s modulus and the nominal strength on the tension sult performed on a 700 fired specimen is shown fig. 8
sample face. This enable us to compare four points bendingAs described in a previous papéran important damage
curves obtained on different samples, even if sample crossdevelops during the first thermal cycle at such a tempera-
sections are not exactly the same. The nominal stregth, ture, and particularly during the cooling stage. This thermal

and the Young’s modulug; are calculated as follow: damage is a consequence of the differential dilatometric be-
3P(L — | haviours of the matrix and of the aggregates. The behaviour
= % 1) curve ofFig. 8is characterized by a very restricted linear do-
bh
P 1 8
E=—_——2(L-0Q2L?+2LI+1? 2
(L~ D@L? +2L1+ 1) )
whereP is the applied load; andh are, respectively the width 6
and the thickness of the specimédnand! are the distances sl
between the lower and the upper loading rollers gisdhe =
sample deflection. @47
£a
wn
2 4
3. Mechanical properties
1 4
3.1. Tensile test results 0 . ‘ . ‘
0,00% 0,02% 0,04% . 0,06% 0,08% 0,10%
For the FRRC, resullts of tensile tests performed both on a Strain

o . . .
500°C fll’ed.FRRC speum_en and on a 9@fired specimen Fig. 8. Tensile test behaviour curve of the And-LCC castable after firing at
are shown irFig. 7. Generic comments can be made to de- 7ggec.
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Fig. 9. Four point bending behaviour curves of the FRRC refractory castable after firing°a® $apand at 900C (B).

main at the beginning of the first loading. An initial Young’s this second specificity is unexpected for four points bending
modulus value of 21.0 GPa can be measured. The Young'stests. For highest stress levels, the behaviour moves then to
modulus values calculated on the three successive loading-a non linear domain indicating that damage processes occur
unloading loops are respectively, of 20.0, 16.5 and 11.5 GPa.in the materials. As for tensile tests, a peak stress is reached
This regular decrease in the Young’s modulus values coupledwhen macrocracking starts to occur.

with the increase of the permanent strain levels and of the  Abehaviour curve example is given Big. 10for the And-

loop opening indicates a damage increase in the microstruc-LCC castable after a 70 firing. This four points bending
ture. Such phenomenon have already been observed in othebehaviour is similar to the FRRC castable one and the same

classes of refractory castabfes19 specificities are particularly observed. The early beginning of
the curve exhibits a non linear part and the behaviour moves
3.2. Four points bending test results then to a linear domain. Loading/unloading cycles that have

been performed in this linear domain are again characterized

Fig. 9 shows four points bending curves with successive by a higher slope than the one of the first loading. Thus, a
loading/unloading cycles for the FRRC castable that has beeng.0 GPa Young's modulus value has been determined on the
fired at 500 or at 900C. As for tensile tests curves, a non- finear part of the first loading against a 12.0 GPa value on the
linear behaviour is observed but some specificities have ap-first loading/unloading loop.
peared on these four points bending curves. The first one
deals with the non linear part at the early beginning of the
test. Similar phenomena have been previously observed anc
attributed to the installation of the contacts between the spec-
imen and the loading rolle&Then the behaviour moves to
a linear part, on which a 8.0 GPa Young’s modulus value has ¢
been calculated in the both case$af. 9. The second speci-
ficity deals with the comparison of the linear domain of the
first loading and of the loading/unloading loops that are per-
formed in this domain. Calculating the Young’s modulus on
the first loading/unloading loop leads to a 10.5 GPa value for
the 500°C fired FRRC and to a 11.5 GPa value for the 900 1
fired one Table J. In both cases, a difference is observed be- o ‘
tween the Young’s modulus values that are calculated onthe  © 0,05
first loading and on the first loading/unloading loop. It must
be noticed that the highest values are obtained for the load-rig. 10. Four point bending behaviour curve of the And-LCC castable and
ing/unloading loops. In the case of a linear elastic behaviour, after firing at 700C.

Stress (MPa
N W A G D ~N @ 0

0,1 0,15 0,2
Deflection (mm)

Table 1
Young's modulus values (in GPa) determined from each type of test as a function of the firing temperature and of the considered material
FRRC fired at 500C FRRC fired at 900C And-LCC fired at 700C
Direct tension (1st loading) 13 130 210
Four points bending (1st loading) .8 80 80
Four points bending (1st unloading) .50 115 120
Compression (1st loading) .® 6.5 -

Compression (1st unloading) 0 100 -
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Fig. 11. Monotonic and cyclic compression behaviour curves of the FRRC castable after firing & ®QGnd at 900C (B).

3.3. Compression test results and for different firing cycles. Results show that many factors
can influence these Young's modulus values. For such mate-
Fig. 11 shows compression curves both for monotonic rials, changing the firing temperature leads to microstructural
tests and for cyclic tests in the case of the FRRC castableevolutions that can modify their elastic properties and there-
fired at 500 and at 90TC. For a given firing temperature, fore their Young’s modulus value. On the other hand, in the
the comparison of the monotonic and of the cyclic curves al- linear elastic domain, changing the loading mode or perform-
lows to observed the test reproducibility and to conclude that ing loading/unloading cycles should not modify the Young’s
performing cyclic tests does not significantly influence the modulus. Two types of discrepancies are observed in these re-
compression behaviour. The same behaviour description carsults. The first one deals with the different Young’s modulus
be made for these compression curves as for the four bendingvalues that are obtained for each solicitation mode, even for
ones. They first starts with a non linear domain before mov- a given thermal history of the material. The second one deals
ing to a linear one. As previously observed for tensile and with the higher Young’s modulus values that are determined
four points bending tests, increasing the stress level induceson the first loading/unloading loop compared to those that
another non linear domain that is due to the development of are determined on the initial loading when considering four
damage processes in the material. Furthermore, the two sam@oints bending tests and compression tests. The discussion
specificities are still present and particularly the slope differ- of the present paper will be devoted to this discrepancies and
ence between the linear part of the first loading and the first to their explanation.
loading/unloading loop. As a consequence, discrepancies are
obtained between the Young’s modulus values that can be de-
termined from these slopes. As an example, in the case of thed. Discussion on the Young’s modulus determination
900°C fired material, a 6.5 GPavalue is calculated on the first
loading against a 10.0 GPa value on the first loop unloading. /- Case of the four points bending test

The bending and the compression tests will be considered
separately in order to identify the mechanisms that lead to

The comparison between the behaviour curves in the ten-the observed Young’s modulus discrepancies under these two
sion, compression and bending configurations enable us toloading modes. In the four points bending configuration, dur-
observe some similarities. During the first loading, a linear ing the first loading, the contact under each loading roller is
domain is obtained for each type of tests and the behaviourof a hertzian type. Such local effects at the roller/sample con-
then becomes non-linear because of microcracking processefacts are known to influence the deflection measurement and
that act in the refractory castables. When the damage threshio generate non-linear behaviours for weak loadings in the
old is exceeded, evolutions of the loading/unloading loops case of refractory castabl&&ven if such mechanisms occur
are noticed. They deal with a decrease of their slope and withduring bending tests on refractory castables, it remains diffi-
an increase of their opening. A peak stress is then observectult to explain why the Young's modulus values determined
as soon as the damage processes move to localized ones arah loading/unloading loops are higher than those determined
generate one or several macrocracks. on the linear part first loading. In order to obtain more details

But differences are observed between the results of theon the effects of such a contact mode, a specific test has been
three considered test types too. Some unexpected ones dealeveloped and performed. It consists of an indentation test
with the characteristics of the linear domain of the first load- with a lineic contact, as described &iig. 12 It allows to
ings where the material behaviouris assumedto be linear elascharacterize the refractory castable behaviour in the contact
tic. Table lallows to compare the Young's modulus values area between the sample and the roller. Tests were carried out
that could be determined from the different behaviour curves on 25 mmx 25 mmx 25 mm cubic samples for each consid-

3.4. Comparison between the various mechanical tests



F. Nazaret et al. / Journal of the European Ceramic Society 26 (2006) 1429-1438 1435

to the slope of the first loading as well as permanent strains
are measured at low load levels. These effects are clearly en-
) 4 hanced when the refractory castables have been previously
fired at high temperature. As an example, in the case of the
FRRC castable, results indicate that the higher the firing tem-
perature of the castable is, the higher the slope changes and
i castable the more permanent strain amplitudes are. In other words, it
S ——— ample could be mentioned that the higher the initial damage level
‘ of the castable is, the higher the slope changes and the per-
manent strain amplitudes are. The same trend is observed for
the And-LCC castable when comparing the behaviour curves
of a 110°C dried sample and of a 70Q fired one.
In the case of four point bending tests performed on sam-
4. ples that have been damaged during a firing thermal cycle,
the measurement of the beam deflection is influenced by lo-
cal permanent strains that appear at the roller/sample contacts
since low load levels. That is the reason why important sim-

roller

Fig. 12. Principle of the lineic indentation test.

(A

Aluminium alloy———»

22,5 ilarities are observed between the load-displacement curves
5 2 of lineic indentation tests and those of four point bending
§ 151 tests. Thus, the measured deflection values do not only re-

flect the elastic bending of the beam. As a consequence, the
Young's modulus values that are calculated from the linear
part of the first loading of the four points bending curves are
‘ . ‘ : . | only apparent ones and they are lower than those determined
0 002 004 006 008 01 0,12 on the tensile test curves. In previous works, Schmitt &2 al.
Displacement (mm) have measured a 25.2 GPa Young's modulus value during ten-
Fig. 13. Lineic indentation test: behaviour curve of an AU4G aluminium sile tests performed ona magnes_la-carbon refractory. For the
alloy. same material, they have determined a 18.6 GPa value when
considering the load/deflection curve of three points bending
ered material. Loading and unloading rates are the same agests. Itcan be considered that the same trend is observed than
those retained for the four points bending tests and the re-for the materials considered in the present paper. Moreover, it
sults are plotted as the variations of the applied load versusis interesting to notice that these authors have determined the
the crosshead displacement. Such a behaviour curve is givervoung’s modulus from the measurements of strain gauges
in Fig. 13in the case of an AU4G aluminium alloy. too. These gauges were glued on the three points bending
In agreement with the theory of Hertz applied to an elastic beam and on the face that is mainly subjected to tension
material, the behaviour is non linear for weak loadings and stresses. In that case, the obtained Young's modulus value
gradually tends to a linear asymptotic one when the load level is of 24.0 GPa and is almost equal to the Young’s modulus
increases. Loading/unloading cycles show that this behaviourdetermined on direct tensile test curves. This result confirms
is quite reversible for this metallic alloy. It is almost the case that for refractory castables, the Young’s modulus values that
for the 110°C dried refractory castableif. 14). Neverthe- are determined on load/deflection curves are underestimated
less, results obtained on these dried samples, tend to indicat®ecause the beam deflection measurements are influenced by
an increase of the slope of the unloading curves comparedthe local phenomena that occur at roller/sample contacts.

54 4-
4’:’ Dried at 110°C His e 3,5  Driedat110°¢ Fired at 700°C
J 3]
2° | 3 \ \
T 2,5 - 2
@ @
2
3 15 Sl
14 / Fired at 900°C 14
0,54 - / 0.5
0- : T v ! 0 . : - .
0 0,05 0,1 0,15 0,2 0 0,05 0,1 0,15 0,2
(A) Displacement (mm) (B) Displacement (mm)

Fig. 14. Lineic indentation test: behaviour curves of the FRRC castable (A), of the And-LCC castable (B), for different firing temperatures.



1436 F. Nazaret et al. / Journal of the European Ceramic Society 26 (2006) 1429—-1438

In the case of high temperature bending tests, the de-Table 2
flection measurement is the easiest way to obtain dataYoung's modulus values (in GPa) calculated from the four loadings of suc-
on the strain state of the beam and is often performed. SeSSivé interrupted compression tests

Nevertheless, load/deflection bending curves must be care- FRRC sample FRRC sample
fully considered in the case of damaged materials. For a fired at 110°C fired at 500°C
given refractory castable, they can give qualitative data on Firstloading 20 70
the high temperature behaviour and quantitative ones deal—?ﬁﬁgqgigﬁ]zng 2 o
ing with the hot modulus of rupture or of other specific rqyth loading 25 170

strengths. But dealing with the Young's modulus determi-
nation and with strain calculations, they can be highly in-
fluenced by local phenomena that act at the roller/sample Between the two first loading curves, a 24% increase of
contact. the Young’s modulus is measured for the 2@dried sam-

ple whereas a 130% increase is measured for the’G00
fired sample. Thus, the firing cycle appears as enhancing
drastically the amplitude of this Young’s modulus increase.
This could be related to the initial damage state of the ma-
?erial that is higher in the case of the 50D fired sam-
ple. It appears that the higher the initial damage level is,

- the Young's modulus values calculated on the linear part the higher the Young's modulus increase is. These suc-
of the first loading are low compared with tensile test ones, Cessive compression tests show that the difficulty to deter-
- the Young’s modulus values calculated on the load- Mine the Young's modulus is enhanced for fired refractory

ing/unloading loops are higher than those calculated on castables. _ _
the linear part of the first loading. A second type of compression tests was carried out by

gluing the two sample extremities on the loading plates. This

As for bending tests and in order to obtain more details on configuration allows to minimize interface effects between
the sources of such discrepancies, specific compression testthe sample and the plates and to apply a tensile loading
have been developed and performed too. on the sample too. A behaviour curve example is given in

First they deal with successive interrupted compression Fig. 16A for a FRRC castable fired at 50Q@ and is com-
tests that have been carried out on the FRRC castable. Theyared with the behaviour curve of a classical compression
consist of applying a load on a compression sample up totest (non-glued sample). In the glued configuration, a linear
a given stress level that is just below the damage threshold.behaviour is observed in tension and in compression since the
Load is then totally withdrawn by removing the contact be- beginning of the test. The Young’s modulus remains constant
tween the loading plates and the sample. The same sequenceetween the tension and compression domains and is equal
is run four times on the same sample. Results of such succesto 11.5 GPa. This indicates that the Young’s modulus is not
sive compression tests are shownkig. 15for the FRRC intrinsically different under these two loading modes. Fur-
castable, both after a 12C drying and after a 500C firing. thermore, it can be noticed that this Young's modulus value
Considering only the loading curves, results show that the is the same as the one obtained during direct tensile tests
slope of the linear part gets steeper as the sequence numbe(iTable 1.
increases. This is particularly true between the two first se- Upto a stress level close tol5 MPa, the behaviour curve
quences. Young's modulus values have been calculated byremains linear. Beyond this threshold, the compression be-
linear interpolation on these linear parts and are given in haviour curve moves to an non-linear domain indicating that

4.2. Case of the compression test

In the case of compression tests, the same discrepancie
are observed:

Table 2 damage processes occur in the castable. It is now interest-
Strain Strain
41,00% -0,80% -0,60% -0,40% -0,20%  0,00% 1,00% -0.90% -0,60% -0.40% -020% 0,00%,
. . . : 0
First Loading -5 s
\ |10 -10
F-15 T“ First Loadin: =19 g
o 20 =
Second Loading r-20 E ~
.25 o «—Third Loading [-25 @
% L0 §
Third Loading"zg 2 35 éf-)'
L35 & | -
L -40 Second Loading / — . r-40
. Fourth Loading
«4— Fourth Loading | .45 L -45
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Fig. 15. Loading behaviour curves of successive compression tests on the FRRC castable aft€rarylihg (A) and after a 500C firing (B).
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Fig. 16. Comparison between the results of a classical compression test (without glue at the sample extremities) and the results of a compitbsgioe test
at the sample/plate interface (FRRC after firing at S0

ing to focus on the comparison between this behaviour curve had a|ready been made by Proﬁ']ﬁﬂ)r Compression tests

and the one of a classical compression te&.(16A and B). performed on an alumina based refractory castable. Such be-
Fig. 168 allows to see that adding an offset to the strain values haviour discrepancies between local and global strain mea-
of the glued configuration has made it possible to perfectly surements indicate that many local phenomena occur at the
superpose the high stress domain of the resulting curve withsample/plate contacts and generate the appearance of perma-
the linear domain ofthe classical compression test curve. Thisnent strains on the global compression curves. As a conse-

indicates that damage processes occur in this domain and thaguence, the linear domain that is observed on these curves
the 6.0 GPa Young's modulus value that has been calculatedduring the first loading is not only due to elastic strains of
on the classical compression tegakle ) must be consid-  the sample. As for bending tests, the Young’s modulus val-
ered as an apparent one. Moreover, concerning the discrepyes that can be calculated in this linear domain are apparent
ancies between the beginning of these two curves, it can begnes.
assumed that local effects can act at the sample/loading plate  |n the case of compression tests at high temperature, the
contacts, as previously observed for four points bending tests.measurement of the crosshead displacement or of the dis-
Indeed, in spite of the machining of the sample extremities tance between the two loading plates are the easiest ways to
and the adjustment of the parallelism between the loading obtain data on the strain state of the sample and is often per-
plates, there is no certainty that two perfect plane to plane formed. Nevertheless, the resulting behaviour curves must be
contacts are obtained between the sample extremities and thearefully considered in the case of damaged materials. As for
loading plates. deflection measurements in bending, local phenomena are ac-
In order to characterize the influence of such local effects, tive and the global displacement values that can be measured
a third type of compression test has been performed. It con-are not only due to the elastic behaviour of the compression

sists of introducing by machining a parallelism error between sample, even if the apparent damage threshold has not been
the two sample extremities. During that test, strains have beenexceeded.

determined both by the measurements of the crosshead dis-

placement and of the two extensometers that have been pre-

viously described. The extensometers have been placed op-

posite to each other in the middle part of the sample and their Strain

gauge length is fifteen times lower than the sample height. -0.10%  -008%  -006%  -0,04%  -002%  000%  002%
Results of this test are shown Big. 17. At the beginning of ' ‘ ‘ ; BK
the test, the two behaviour curves obtained from the exten-
someters are highly divergent. This indicates a tensile state Crosshead
on one side of the sample and a compression state on the op-
posite one. This is clearly due to the geometric defect that
has been voluntarily introduced. It appears that it is nec-
essary to reach a stress level close-#bMPa in order to
place the whole sample in a compression state. Furthermore,
it should be noticed from the loading/unloading cycles that
the extensometers, that are located far away from the con- 12
L?;;utgzcsg’élg\zonﬁt gﬁf\?édog’?glr::g?gnft:ﬁ;niro(ggt:zz dogi]:_li:ig. 17. Result of acompression test with a parallelism defect on the sample:

V ’ o ] strains have been calculated from the measurements of two extensometers
placement exhibits permanent strains. Similar observationsand of the crosshead displacement (FRRC after firing at )0

Stress (MPa)
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5. Conclusions and the French Ministry for Industry for their technical and
financial supports.
As a conclusion, it is really difficult to determine Young's
modulus values of refractory castables by the way of com-
pression or bending tests. That can be done by using strainReferences
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