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E. de Bilbao*, E. Blond®, C. Michel?, T. Cutard®, N. Schmitt?, J. Poirier®

A New Method to Determine the Young’'s
Modulus of Refractory Materials

1 Introduction

The high-temperature industry constantly
aims for a better process design and a better
energy efficiency. It requires an optimized
design of refractory structures to protect the
steel casing of the installations from con-
taining hot processes. Up to now, the design
of refractory linings has been conducted in
conventional ways. This approach has al-
lowed actual progress but does not enable
any more presently, and considerably in-
creases the time and cost due to the trial-
and-error method used. It is more and more
promising to develop numerical simulation
methods for refractory structures under
thermo-mechanical loading. These numeri-
cal simulation methods require the knowl-
edge of the thermo-mechanical properties
of the refractory materials. In particular, the
oldest parameters to classify materials are

! Institut PRISME, Polytech'Orléans, 8 rue Léonard de
Vinci, 45072, Orléans Cedex 2, France

? Institut CLEMENT ADER, Ecole des Mines d'Albi-
Carmaux, Campus Jarlard - 81013 Albi CT Cedex 09,
France

* LMT-Cachan, 61 av Président Wilson, 94230 Cachan,
France

“ CEMHTI, 1d avenue de la recherche scientifique,
45071 Orléans Cedex 2, France

the Young’s modulus usually known as

Modulus of Elasticity (MOE) and the tensile

strength limit, also known as Modulus or

Rupture (MOR). They particularly are rele-

vant because ceramics exhibit an elastic and

brittle mechanical behaviour in a large tem-
perature range. Moreover, their ratio, in
conjunction with the thermal expansion, in-
creases the thermal shock resistance which
is a parameter of interest for high tempera-
ture applications. Even if this behaviour be-
comes more complicated for refractory es-
pecially at high temperature with the appa-

rition of asymmetric creep behaviour [1],

the consideration of the evolution of the

Young’s modulus with the temperature is

the first step towards non-linear thermo-

mechanical simulation.

The experimental methods for the determi-

nation of the Young’s modulus require an

utmost care, and are not easy to interpret
due to the following reasons:

¢ The refractory are multi-component and
heterogeneous ceramics.

+ The thermo-mechanical behaviour of re-
fractory materials is not only elastic but
also shows a large non-linear zone.

Many tests have been designed to measure

the MOE. There exists a well-known dis-

crepancy between the results obtained from
each classical apparatus (i.e. tensile, com-
pressive, bending, ultrasonic, pulse).

Obviously, whatever is the experimental de-
vice for the measurement of the MOE, it is
easier to handle it for homogeneous materi-
als than for heterogeneous ones where
measurement devices have to be designed to
determine the average elastic modulus [2].
For tensile tests, for instance, the sample has
to be held to avoid strain localisation and
single crack propagation induced by the
heterogeneity of the material such as con-
crete [3—4]. Furthermore, for the characteri-
zation of refractory, the experimental set-up
must withstand high temperature and even-
tually controlled atmospheres. A particular
attention has to be paid to obtain good
alignment between the sample axis and the
machine axis to minimize bending effects
even during the heating-up [5]. Compres-
sion, namely the uniaxial crushing test, is
easier to handle but the effect of bending
has also to be minimized [2]. Moreover,
physical deformation mechanisms in com-
pression and tensile test are different. Ac-
cording to [2] these phenomena account for
the significant discrepancy observed be-
tween Young’s modulus deduced from both



tests. To bypass these difficulties, ultrasonic
tests allow the determination of the elastic
modulus from the measurement of longitu-
dinal and shearing wave velocities [6]. Spe-
cific technique has been developed to meas-
ure the modulus at high temperatures [7].
Nevertheless, discrepancies between tensile
and
served. For ten years, digital image correla-
tion techniques also have been widely used
in experimental mechanics. Strain measure-
ments carried out on refractory materials at
ambient temperature have shown that this
method is useful to quantify the low strain
levels characterizing the refractory during
the quasi-static test [8]. But now, it has to be
performed at a high temperature while re-
maining simply and versatile.

Three-point bending test [9] is widely used
in the refractory field because it is easier to
conduct in comparison to the tensile or
compressive one. It consists of a bending of
a beam test piece, whereby the test piece is
supported on bearings near its ends, and a
central force is applied. The Young’s modu-
lus is estimated by measurement of the de-
flection of the sample thanks to a linear var-
iable displacement transducer (LVDT) and
by using classical theory of elastic beam
[10-11]. Moreover, the flexural strength or
tensile strength (i.e. MOR) can be estimat-
ed, too. When the span to the height of the
sample ratio is small, the shear effect has to
be taken into account [2]. Hence, a four-
point bending test is performed rather than
a three-point bending test, because pure
bending moment is applied to the middle
part of the sample. Nevertheless, results
strongly depend on the experimental set-up.
The elastic modulus might not be estimated
with a good accuracy due to the low deflec-
tion of the refractory materials [5].

The purpose of this paper is to improve the
evaluation of the Young’s modulus using the
classical bending test without any change of
set-up. Indeed, whatever are the design
choices for the high temperature bending

ultrasonic measurements were ob-

devices, the origin of the experimental arte-
fact is the same (i.e. device deflection, con-
tact crushing). They just are different in
magnitude. Moreover, as good as the bend-
ing device can be, the discrepancy between
the Young’s modulus obtained by other tests
and the bending test is still being present.
So, it seems more promising to recast the
processing of the deflection measurement
and not the device itself.

The first section of this paper describes the
materials and the experimental set-up used
for the bending test. The following section
outlines the new data processing for the de-
termination of the Young’s modulus. Finally,
tests carried out on different materials are
presented in the last part of this paper. And
the new characterisation of the Young’s mod-
ulus implementation is applied. Although the
new method presented in this paper is ap-
plied on refractory materials, it is worth men-
tioning that it can be used to determine the
Young’s modulus of any material.

2 Material and experimental
methods

2.1 Materials

This contribution has been performed in the
framework of a French ANR project dealing
with the degradation of refractory materials
used in waste-to-energy facilities (ANR
project DRUIDE). The combustion cham-
bers of the waste-to-energy facilities are
composed of SiC refractory lining covering
metallic tubes in which high-pressure water
circulates. Due to their high thermal con-
ductivity SiC based refractory materials pro-
tect the metallic casing against high-temper-
ature corrosion and promote the thermal
transfer from flue gas. In service the SiC re-
fractory lining is exposed to thermo-chemo-
mechanical loading which can lead to fre-
quent degradations by means of cracking,
spalling or damage of refractory materials.
To develop the method proposed, three dif-
ferent materials were considered: two SiC
based refractory materials used in waste-to-

Table 1 « Material data

Material SF60 HSC90
G0 1.4 2.5 Al,0;
Cement 5 7.3 Si0,

Chemical analysis / mass- % | Si-Al phases 35 0.2 Fe,0,
SiC 60 90+2 SiC
Water 6.9

Bulk density / g/cm® 2.58+0.02 | 2.65+0.05

Apparent porosity / % 15.6 £0.4 15+2
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Fig. 1 » Universal testing machine and high
temperature four-point bending test

energy facilities, and an alumina alloy. The
alumina alloy with copper and magnesi-
um (2024, AU4G) was used as a reference
material in order to test the experimental
device and to test the proposed method of
measurement. Indeed, the homogeneous,
elastic and linear behaviour of alumina alloy
in a large range of stress allows to compare
the experimental curve with the theoretical
straight line and to compare the value of the
Young’s modulus finally obtained in com-
parison to the classical reference for alumina
alloy: 70 GPa.

The two SiC based refractory materials are
of two different natures: One is a low ce-
ment castable (LCC), while the other one is
a shaped refractory material obtained by
isostatic pressing and firing. The LCC is
manufactured by CALDERYS and referred
as SF60. It consists of 60 mass-% of SiC ag-
gregates. After being supplied as shaped
bricks, it was cured by heating at a tempera-
ture of 110 °C for 48 hours. It has been ob-
served that the SiC aggregates with a grain
size of up to 3 mm are embedded in a ma-
trix composed of a calcium-alumina ce-
mentitious phase and of other silico-alumi-
na phases [12]. The shaped refractory mate-
rial is manufactured by HAASSER, referred
as HCS90. It is composed of 90 mass-% of
SiC aggregates with a grain size of up to
5mm in a silica based bound phase. The
material data are listed in Table 1.

2.2 Experimental method

The four-point bending tests are carried out
using a MTS 810 universal testing ma-
chine (Fig. 1). A specific device has been set
up and installed in a high-temperature fur-
nace (1,600 °C). A force is applied to the
sample by means of four lamina roll-
ers (Fig. 2). The two lower alumina rollers
are 125 mm spaced and supported by a fixed
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Fig. 2 » Four-point bending test

base. The two upper ones have a distance
45 mm and are supported by a freely rotat-
ing universal joint. The specimens have a
length of 150 mm. For the alumina alloy the
cross-section is 25 mm x 25 mm; for the re-
fractory material the cross-section is 40 mm
x 40 mm. The lower and upper faces of the
samples are ground in order to obtain a par-
allax error lower than 0.05 mm between
these two faces. The measurement of the
sample deflection is performed by a LVDT
coupled with a fine alumina rod in contact
with the central point of the sample lower
face. The applied force and the beam deflec-
tion are recorded during the test.

Figure 3 exhibits the force-deflection curves
of a monotonic and a cyclic four-point
bending test carried out for SF60 at a tem-
perature of 800 °C. Regarding the monot-
onic test, the curve shows a slight non-line-
ar part at the early beginning which is clas-
sically explained by the setting of the whole
device. The displacement of 0.04 mm re-
veals a linear part which could indicate a
linear elastic behaviour with an elastic
module equal to 9 GPa. On the other hand,
the cyclic curve reveals the existence of a re-
sidual deflection with a hysteresis due to a
non-elastic behaviour. It is obvious that the
non-elastic behaviour can be explored only
during a cyclic test. The monotonic test
cannot reveal this type of behaviour. More-
over, it should be noted that the linear mo-
notonic curve is close to the envelope of the
upper parts of the cyclic-loading curves. It
follows that using the tangent line of the
monotonic curve only gives an “apparent
linear stiffness”. For the three last cycles the
curve reveals a slight reduction of the ap-
parent stiffness. This phenomenon could be
due to the damage of the refractory materi-
al. It is worth mentioning that the average
slope of the unloading-reloading loop

Fig. 3 » Force-deflection curves of four-point bending test of the SF60 per-
formed at a temperature of 800 °C (monotonic and cyclic tests)

seems to be constant over the cycles. Fur-
thermore, this slope is clearly higher than
that of the monotonic test previously
named “apparent stiffness”. Regarding this
fact we have to try to get to the bottom of
the physical meaning of the “apparent stiff-
ness”.

The cyclic four-point bending test was car-
ried out for the alumina alloy (2024) speci-
men at room temperature in order to un-
derstand the non-linear behaviour of the
previous curve. Indeed, this material has a
suitable linear elastic behaviour. Any hyster-
etic behaviour should not be observed.
Figure 4 exhibits the force-deflection curve
of this second test. It should be noted that
the cyclic curve shows the same behaviour
as the curve for the refractory material ob-
tained previously despite the well-known
elastic behaviour. It confirms that the non-
linearity of the curve also is induced by the
set-up and the measurement. Furthermore,
the higher the load, the closer the apparent
stiffness obtained during loading and un-
loading. This implies that the phenomena —
which generate the difference between the
evolutions of the monotonic and cyclic stiff-
ness versus the cycles — vanish with increas-
ing number of cycles.

This observation justifies the classical pro-
cedure of compressive tests in civil-engi-
neering: performing three (low) load-un-
load cycle to crush the plane contact be-
tween apparatus and sample before carrying
out the actual test.

3 Young's modulus determination:

a new approach

By applying the elastic beam theory Young’s

modulus usually is calculated as follows [5]:
P 1

——(L-1) RL* +2L1-17)

E=—
f 8bh’

(1)

where P is the applied force; b and h are the
width and the thickness of the sample, re-
spectively; L and 1 are the distances between
the lower and the upper loading rollers, re-
spectively. f is the deflection measured at the
central point of the lower face of the sample.
Following the observations for the stiffness
the calculation of the elastic modulus by
means of equation (1) may result to differ-
ent values depending on the slope extracted
from the experimental curve. Indeed, mo-
notonic loading only supplies the “linear ap-
parent stiffness” as shown in Fig. 3. It is ob-
vious that the calculation of the Young’s
modulus by means of the slopes within the
loading curves of the cyclic test supplies
higher values than the one deduced from
the monotonic test. The unloading slope
gives a third different value. The only im-
portant question is: which part of the exper-
imental curve enables a more accurate char-
acterization of the elastic behaviour?

The measured deflection is the relative dis-
placement between two points: a reference
point taken in the device and another “mov-
ing” point on the sample (usually the mid-
dle point of the lower or upper face). Then,
this displacement is not exactly equal to the
deflection calculated by means of the beam
theory, but is the sum of every strain occur-
ring through the chain links of the test de-
vice. Therefore, the displacement measured
by the LVDT is the sum of the sample de-
flection, device compressive strain, and con-
tact crushing, which may be elastic or not.
Finally, the measured deflection can be split
into four components (Fig. 5):

f=futtotftl.

where f,, is the elastic deflection of the set-
up; f,, is the elastic part of the crushing in
the contact area; f,. is the non-elastic part of
the measured displacement (i.e. indistinct

(2)
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Fig. 4 » Force-deflection curve of four-point cyclic bending test of alumina at

room temperature

sum of plastic deflection of the sample, con-
tacts, set-up), and f, is the elastic deflection
of the tested material. It is obvious that only
the last component is of interest to calculate
the elastic modulus.

Regarding the elastic crushing due to con-
tact, Hertz’s hypothesis applied to the con-
tact of a rigid cylinder onto an elastic half-
space plane leads to the following relation-
ship [13-14]:

F =K. f' ,

co

n>1 (3)

where F, is the normal force applied to the
contact; f,, is the displacement of the two
solids towards each other due to the crush-
ing, and K. and n are parameters depending
on the geometry of the contact and on the
materials. It must be pointed out that the
exponent n is strictly greater than 1. It also
has to be noticed that the indentation depth
might include a non-elastic part. In the case
considered here, this non-elastic part is in-
cluded in the global non-elastic deflection
f,. as explained above.

It is reasonable to assume that all materials
used in the device Have a linear elastic be-
haviour before exhibiting a non-elastic one
due to damage or plasticity. Thus, the suita-
ble elastic stiffness Ky, of the set-up can be
defined:

P = KXU f\'" (4)

The elastic stiffness of the sample (K.) is de-
fined in the same manner. Moreover, it is
obvious that the non-elastic part of the total
deflection measured is not recovered during
the unloading. That means that the plastic
part f,. of the total deflection f is not in-
volved in equation (2) during the unloading
phase. This leads to the equation:

1
[ﬁ) I R [;) (5)
dP )., K, K, an“" P/2

Whatever is the contact stiffness, the third
part significantly becomes smaller than the
second part when the force increases. It is
essential to point out that the effect of the
elastic return of the contact can be neglected
when the force and the contact stiffness are
high enough. Moreover, the first term of the
equation 5 can also be neglected for a set-up
being rigid enough (i.e. very high stiffness).
Hence, the elastic stiffness of the material is
roughly equal to the total stiffness during
the unloading phase. As a result, Young’s
modulus can be accurately determined from
the beginning of the unloading phase as:

dpP 1 N "
E=|— —(L-1) 2L +2LI-17) (6
[ dfl,,._:u o (L ) (6)
where (dP/df)gp< is the slope of the curve at
the beginning of the unloading.

4 Application and validation of
the proposed method

A program has been developed to deter-
mine the elastic modulus using the previ-
ously proposed method. The program per-
forms two main steps: The first step detects
the change of loading to find out the point

Fig. 5 ¢ Deflection split during unloading

where the unloading begins (dP < 0).
Secondly, the slope is determined by nu-
merical interpolation. Finally, the Young’s
modulus is deduced by means of equation
6. This program has been initially applied
to the alumina alloy bending test. The
values of modulus depending on the un-
loading are exhibited in the second row of
the Table 2. The third row lists the values
obtained by a classical linear interpolation
of the monotonic curve. The usual value for
this material is given in the last row. The
monotonic modulus is reduced by 21 % in
comparison to the usual value (70 GPa)
while the modulus calculated from the un-
loading part tends to the usual value. The
data support the assumption presented
above. For the first loops crushing effect is
still significant even during unloading, and
the Young’s modulus is underestimated as
expected. From the fourth loop MOE fairly
remains stable at 70 GPa in accordance with
the usual value. As a result, it supports that
the higher the force, the more accurate the
evaluation of the modulus. Moreover, while
the hysteretic behaviour of unloading-load-
ing cycles reduces during the cycles, the

Table 2 ¢ Young's modulus for alumina computed from four-point cyclic bending test

Young's modulus /
GPa

Unloading
number

Young's modulus deduced
from apparent stiffness / GPa

Usual Young's
modulus / GPa

43
55
65
68
71
71
76

N jluv | N | W N

55 70




Table 3 ¢ Young's modulus (in GPa) determined with unloading slope compared with
ultra-sonic test of the two considered materials

Material SF60 HSC90

Test temperature / °C 800 800

Ultrasonic test 50 150

unloading slope 20/25/28/32/38/40 | 53/123/125/135/137 /141

gap between successive modulus values
decreases.

The method has been also applied to the
two refractory materials presented in the
previous section. Seven loops have been
performed for both materials. The differ-
ence of the maximal force between two suc-
cessive unloads is about 1 kN. SF60 has been
tested at a temperature of 800 °C (Fig. 3)
performing seven loops. The force reached a
maximum of 10 kN. The elastic modulus
has been calculated for each peak The values
are shown in Table 3. As expected, the MOE
has a very low value for the first loops due to
the crushing effect, but rises up to about
40 GPa. Assuming that the last value of
MOE obtained with the proposed method is
the more accurate value, it is reduced by
20 % in comparison to the modulus ob-
tained with an ultra-sonic test [12] equal to
50 GPa. It is obvious that a MOE deduced
from the apparent stiffness should give a
larger difference with ultra-sonic modulus.
Regarding the HS90, this material has been
tested at a temperature of 800 °C. At this
temperature and after the first unloading
(i.e. as soon as the force has reached a level
being high enough), when the crushing ef-
fect can be neglected, the modulus reveals a
gradual increase from 120 to 140 GPa. For
this last material considered here, the values
determined with the presented method are
in good agreement with MOE measured by
means of ultrasonic test (150 GPa).

5 Conclusions

Although over the past years a lot of re-
search has been devoted to experimental
bending set-up and improvement of the

measurement device in order to correct the
accuracy in MOR and MOE evaluation,
Young’s modulus determination reveals a
common discrepancy of 10 to 30 % com-
pared with the values obtained by tensile
tests or ultrasonic measurements. This pa-
per highlights the main reason of this error:
The modulus usually determined by the
monotonic loading test actually is an appar-
ent modulus, because the non-elastic behav-
iour cannot be taken into account. As
shown, cyclic test provides many more char-
acteristics of the behaviour, but it is more
difficult to process. Indeed, without an ac-
curate analysis of the test, pracessing the da-
ta leads to an estimation of the modulus in a
poor agreement compared with other meth-
ods. Moreover, to achieve results by apply-
ing the cyclic test needs obviously more
time than executing the monotonic test.
Hence, most studies devoted to the bending
tests aim to mainly improve the set-up,
thereby avoiding the non-linear characteris-
tic of the force-deflection curve. On the
contrary, the authors rather advocate the
use of cyclic test. They propose to accept the
device as such and to process data taking in-
to account this specific behaviour.

While the deflection record during the mo-
notonic loading test is a complex sum of
many effects, the record of the elastic return
during unloading enables the accurate de-
termination of the elastic behaviour of the
sample. Indeed, at the beginning of the un-
loading, the part of the deflection return
mainly is driven by the sample stiffness. Us-
ing this consideration, the authors have de-
veloped a program which uses the begin-
ning of the unloading to estimate the

Young’s modulus. Results obtained are in
good agreement with the results obtained by
using other techniques. The results deter-
mined for the alumina reference material
support the assumptions presented here.
Tests carried out on refractory materials
gave a deviation with ultrasonic measure-
ment lower than 20 %.
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