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Abstract

Blast Furnace main trough is an industrial structure submitted to severe high temperature cyclic loading applied on its inner lining made of
refractory concrete. The attempt to increase the lifetime of such a structure by numerical simulation requires a proper experimental characterisation
of all materials involved and particularly of the refractory concrete. The present paper exposes an analysis of the conditions required for an
experimental setup in accountancy with the material working conditions. Then, the development of a performing high temperature mechanical
testing device aimed at characterising the castable behaviour in its service conditions is introduced. In particular an original extensometer allowing
high temperature direct measurement of the specimen height variation has been developed. Lastly, results of an uniaxiale compression test carried

out at intermediate temperature are presented and discussed.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The evolution of metallurgical industry in less and less
production sites generates great needs in production rate and
productivity. At the same time, processing temperatures are
rising, see for example the steel temperature in ladles or the
average pig iron temperature and tapping time in Blast Furnace
(BF),'3 whereas a continuous decrease of specific consumption
is reported.* This emphasises the R&D efforts of both refrac-
tory suppliers and consumers which result in longer life duration
of refractory materials involved. The Blast Furnace trough as an
industrial structure has a strategic role in the cast iron production
which requires its maximum liability.

A good understanding of the scope of the present study
requires a flashback on the R&D needs related to refractory
castable for the iron and steel industry. To meet the metallurgi-
cal industry’s requirements, the first refractory developments
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concerned the installation (flowability, setting time) and low
temperature physico-mechanical properties (bulk density, appar-
ent porosity CCS, MOR) of fired products.

The high temperature behaviour of refractory products has
been studied as far as static or dynamic corrosion, or thermal
shock resistance are concerned. The mechanical testing con-
cerned most of the time the “after firing” properties which reveals
the non-reversible changes occurred in the materials after an
exposure to high temperature. These tests were supposed to be
close to the refractory behaviour in service.

Nevertheless, despite the wide area scanned, those tests did
not completely reveal the actual behaviour, as far as they take
place after the material firing. From these observations, and
considering the development of the numerical methods for
engineers, the industry started to consider refractory products
high temperature mechanical properties and their influence on
the structure behaviour in the 1980s. First attempts have been
made towards the industrial structures such as: Blast Furnace
stacking,5 coal gasification vessel,6 BOF, steel ladles.8

A masterpiece of the numerical simulation of these industrial
installations should contribute to decrease the refractory specific
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consumption ruled by several factors.” Some of these factors
can be controlled by refractory suppliers at the development
stage. BF cast house observations reveal that thermomechanical
loadings may lead to structure disorders, such as structures per-
manent deformations and macro-cracks leading to perforations.

Nevertheless, to the authors knowledge, the thermomechan-
ical behaviour of a BF main trough lining had never been
assessed despite the scientific interest of this research topic.
Indeed, refractory materials stress—strain curves have hardly
been established and published, and most of the character-
isation undertaken concerned shaped materials such as high
alumina bricks,'% fireclay or MgO—C bricks.!! Among the
approaches followed, the use of specific tests or procedures
should also be underlined, such as creep test,!2 Weibull anal-
ysis based on Modulus of Rupture measurement'> or Young’s
Modulus measurements by ultrasonic techniques.!* Another
common approach to assess the thermomechanical behaviour of
the refractory materials in service is to characterise their resis-
tance to crack propagation using the well known thermal shock
resistance parameters defined by Hasselman.!> Other authors
developed a hydraulic testing machine and studied fireclays and
carbon bricks refractories at high temperature.'® They swept a
large range temperature behaviour but focussed on the visco-
elastic behaviour of the material. However, it appears that each
study gives a partial information on the refractory material or the
refractory structure behaviour, but none of them offers a global
view of both aspects. The target of these series of papers is to
present a global approach in which the refractory concrete high
temperature behaviour is first investigated and then related to
the behaviour of the whole structure.

For this purpose a mechanical testing experimental setup has
been designed and typical results of tests carried out on the mate-
rial at elevated temperature are presented in the present paper.
In the other following paper, the materials high temperature
mechanical behaviour is investigated and the influence of several
testing parameters is discussed. The specification sheet of the
relevant model describing the castable is also written down. In a
third coming paper, results derived from a BF main trough Finite
Element Method (FEM) modelling will be presented. A para-
metric study will illustrate the benefits induced by this global
approach.

2. Description of the BF main trough

The final object of the study being the numerical simulation
of a Blast Furnace main trough, it is necessary to sufficiently
describe the operation of such an industrial non-common struc-
ture. Blast Furnace main trough is a duct through which the pig
iron and slag produced by the BF are conveyed respectively to
the torpedo car and the slag pits. The separation between slag
and pig iron is achieved by settling the overflowing slag being
stopped by a skimmer. A typical main trough is 10-20 m long,
2 m deep and 3 m wide. It is composed of several refractory lay-
ers embedded in a metallic casing or in structural concrete in
few situations. Each layer has its own function, and therefore
its properties are adapted to it. From the internal side (fluid-
refractory interface) to the external side, one can find (Fig. 1),
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Fig. 1. Typical section of a Blast Furnace (BF) main trough.

firstly the working layer which endures the most intense ther-
mal loading, thus is frequently relined. Secondly a safety layer
or permanent layer, which supports less intense loads, but is
supposed to last 10-30 times longer than the working layer, and
to compensate any working lining perforation. Then comes an
insulating layer which protects the structure from excessive heat.
Lastly the structure, either metallic casing or concrete.

Most of Western Europe BF production rate ranges between
2000 and 12,000 pig iron T/day, the slag ratio being around
300 kg/T of pig iron. The pig iron temperature fluctuates around
1500 °C, slag temperature being 50 °C higher. A typical BF main
trough life cycle could be described as follows: complete instal-
lation, operation and demolition. The main trough demolition
occurs several years after the installation. This typical cycle is
represented in Fig. 2, where the castable hot side temperature is
plotted against time. The operative phase of the main trough is a
repetition of operative cycles composed of: a drying and heating
phase, the exploitation by itself: alternative fluid tapping (BF is
opened) and tap to tap time (BF is plugged), the draining out, and
then the working lining repair. The usual castable hot side tem-
perature and liquid level evolution during one operative cycle
are presented in Fig. 3.

2.1. Main trough working lining castable
Since the year 1970, Western Europe BF main trough work-
ing layers are lined with ULCC [Ultra Low Cement Castable].

This class of products has supplanted the formerly used ramming
mix in most of Western Europe BF cast houses. It usually con-
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Fig. 2. A typical BF main trough lifetime cycle.
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Fig. 3. A schematic typical unit operation cycle of a Blast Furnace main trough.

tains high alumina cement (so that the CaO content is between
0.2% and 1%), Al, O3 granulates and fine particles, 10-30% SiC,
microsilica and carbon provided in various structures (graphite
or carbon black) and additives. Particle size ranges from less than
1 wm to 15 mm according to the targeted application. Microsil-
ica addition helps to control the theology during installation. SiC
enhances the castable resistance to BF slag corrosion, but has
a limited resistance to iron, thus its amount is optimised with
respect to these constraints.!” Carbon containing raw materi-
als addition aims at imparting non-wettability by metallurgical
fluids.

First products developments have focused on installa-
tion techniques (mixing, vibration) and installation properties
(flowability, hardening).'® The second step of the castable devel-
opment concerned physics—chemical properties, as slag and iron
corrosion resistance or carbon oxidation slows down. ' Theoret-
ical analysis?® and performances survey”! have also established
that the refractory wear rate depends on the flow condition in
the BF main trough. Considering that the mechanical behaviour
of the working lining castable, and moreover, of the main
trough structure still remains a concern, the thermomechanical
behaviour of a typical BF main trough castable has been studied.
The castable selected is currently used in several BF cast houses.
The main features of this castable are listed in the Table 1.

2.2. Main trough working lining castable operating
conditions

Analysing the actual conditions of use of the castable, one
can outline the main features of its operative conditions as

Table 1
Chemical and physical description of the studied refractory concrete

follows. First of all the applied temperature must range from
20 to 1500°C.?> Then it should allow an extensive strain
rate range induced by the time variability of loads and the
damping due to heat diffusion resistance. On site material
bears different environments, in particular oxidising (upper sur-
face) and reducing (surface below the air-liquid interface, and
inside the lining) atmospheres. If possible, the investigation
of refractory—metal/slag interactions should be possible. And
lastly, the device should allow physico-chemical transforma-
tions over the whole temperature range. The operative conditions
listed above have constituted the starting point of the high tem-
perature mechanical testing device design.

3. Characteristics of the high temperature testing device

As the aim pursued is to study the actual behaviour of the
castable in service, it was purposely chosen to seek for the con-
sistency of testing parameters with working conditions. It was
also decided to neglect the liquid/refractory interaction influence
on the whole structure behaviour, conversely to an other work?3
which focuses on the internal pressure endured by the interface
zone in a steel ladle refractory due to slag infiltration in porosity.
The purpose is to investigate the macroscopic behaviour of the
whole structure, and with that respect, to consider that the local
modification of the castable properties does not affect the global
structure deformation.

The specificity of the material structure was also consid-
ered while defining the main features of the testing device.
Finally, the apparatus is constituted of four parts. The load
application, the regulation and data saving are performed with
a 400 kN electromechanical compressive press ZWICK Z400 E
equipped with ZIMT testing software. A PYROX electrical heat-
ing furnace with a maximum capacity of 1600 °C is installed.
A vertical displacement degree of freedom has been managed
in order to position the specimen relatively to the furnace with
the aim to ensure temperature homogeneity in the specimen.?*
Temperature regulation is realised by a precise PID controller.
Two thermocouples of K type measure the upper and lower
face temperatures of the sample, the discrepancy between the
two measurements is about 5 °C in general and never exceeds
12°C. The experiments take place in oxidising or reducing

Chemical analysis (after firing at 750 °C)

Al O3 (%) SiC (%) CaO (%) Fe,03 (%)
82 12 0.5 0.1

Physical properties after drying 24 h at 110°C

Bulk density (kg/m3) Open porosity (%) CCS (MPa) MOR (MPa)
3250 9 50 8

Other properties

Main aggregate Maximum grain size (mm)

Average expansion coefficient (°C~!)

Average thermal conductivity (W/m°C)

Brown fused alumina 8

7.5%x 1070

4.5
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Fig.4. Schematic representation of reducing atmosphere device for compression
tests.

atmospheres. Oxidising atmosphere corresponds to experiments
performed in air, while a specific device was developed to per-
form test under reducing atmosphere. Indeed, stainless steel
boxes containing a coke bed around the specimen were built
for this purpose (see in Figs. 4 and 5). Lastly, sample strain
measurement is obtained by means of four alumina rods which
transmit the total sample height variation to two capacitive dis-
placement transducers set outside the electric furnace, supported
by an aluminium ring. This class of sensors has been chosen for
its low temperature variation sensibility (12 ppm/°C).

4. Operational conditions
4.1. Sample preparation and testing procedure

Refractory concrete samples are formed by casting in stain-
less steel moulds. After mixing water, cement, aggregates and
additives, the concrete obtained is poured into moulds and then
vibrated up and down according to an industrial procedure.
The determined vibration direction probably creates particles
segregation in the concrete that can induce anisotropy in the
sample. However the material should have the same behaviour
in the other two perpendicular directions for cubic samples. This
potential anisotropy problem will not be studied in the present

paper.

Fig. 5. View of the reducing atmosphere testing device after compression at low
temperature.
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Fig. 6. Geometric and loading main parameters involved in indirect tensile test
performed on the testing device.

Cubic geometry specimen has been preferred to cylindrical
because grinding operations were excluded. Usually uniaxiale
compression tests are performed on cylindrical specimen with a
height to diameter ratio of 1.5-2, particularly on ordinary con-
crete. But when casting a cylinder sample in a steel mould one
obtains smooth cylindrical surface and just one smooth flat sur-
face (lower flat surface). The upper surface of the specimen,
free during the vibration phase, remains very coarse because of
free surface deformation caused by exothermic reaction during
the castable setting. In these conditions, the upper face quality
is not acceptable in terms of tolerance. Grinding operations on
the refractory concrete revealed that the included hard corun-
dum particles instead of being cut are ejected (see Table 1); the
resulting surface is then coarser than the initial one. Moreover,
these machining operations can initiate damage in the mate-
rial, which should be avoided. A specific mould has been then
designed and reserved to this purpose. Specimens were selected
cautiously by examining most of all the parallelism tolerance
between the loading surfaces: only 6/100 mm of maximum par-
allelism tolerance samples were accepted. Cylindrical samples,
40 mm in diameter and 80 mm in length, have been prepared for
indirect tensile tests (see in Fig. 6).

Different initial state thermal histories of the material have
been considered. Firstly crude state where the material had no
preliminary heat treatment. Secondly, dried state where samples
have been dried precisely during 24 h at 110°C. Lastly, fired
state in which the material has been fired at different tempera-
tures and various atmospheres, for instance at 800 °C for 24 h
and 800 °C in oxidising atmosphere or at 1100 or 1200 °C dur-
ing 5h in reducing atmosphere. The last parameter that can be
tested is the influence of the sample-pushing rods interface on
the material response through the use of different conditions:
direct contact, interposition of a graphite sheet or interposition
of a high temperature resisting mechanical grease.

4.2. Testing procedure, thermal conditions

A typical thermomechanical testing is carried out through
four consecutive stages: 1: heating up to the testing temperature,
2: holding the temperature until the material and experimental
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Fig.7. Typical thermal and mechanical loading conditions during a compression
test.

device stabilise from thermal point of view, 3: stress application
at the test temperature, regulated strain rate or constant stress
for creep, 4: cooling. These stages are illustrated in Fig. 7.

For the sake of data base homogeneity, it is compulsory
to observe a homogeneous heating procedure all along the
experiment programme. The selection of thermal parameters is
discussed below. A 200 °C/h heating rate is applied. This rate
has been determined as the best compromise between the ther-
mal shock resistance of the pushing bars, the electric furnace
power and the time available for the testing. The holding time
is determined in order to stabilize temperature evolution in the
sample. Indeed, the parameter depends on the testing tempera-
ture which determines the physics—chemical reactions that take
place in the material. In practice, a constant holding time of
four hours and half is considered. Lastly, the cooling stage has
no influence on the mechanical testing as it takes place after
the experiment. Nevertheless, when defining cooling rate, one
must remember that ceramic rods are very sensitive to decreas-
ing thermal shocks; therefore we have chosen to cool down at
150°C/h.

4.3. Testing procedure, mechanical conditions

A constant compressive load is applied during the heating
and holding time procedure so as to ensure a complete contact
between samples and rods. The load intensity should not be too
intense in order to minimise creep strain at high temperature, and
generally to avoid the activation of microstructure transforma-
tion. The Table 2 indicates the compression load applied on the
sample during heating and holding time according to test temper-
ature, before mechanical testing. Fig. 8 displays the evolution of
temperatures, global displacement of the machine and the local
displacement measured by the LVDT sensors. The regulation in
force induces an upward motion of the machine loading device

Table 2
Preload applied during heating and holding time
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Fig. 8. Typical evolution of local temperatures, local and global displacements
illustrated during a test.

in order to absorb the occurring thermal dilatation. One can see
in this figure that a certain time is necessary for the sensors to
thermally stabilise.

5. Typical monotonic compression loading behaviour

A huge tests campaign has been undertaken mostly at a con-
stant standard displacement rate of 0.1 mm/min corresponding
to a theoretical strain rate of 5 x 1073 s~!. In the present paper
a short illustration of the new design mechanical facility will be
presented. Fig. 9 displays a curve stress—strain for 40 mm cubic
edge specimen without lubrication in oxidising environment at
800 °C testing temperature. The general aspect reminds of a bell-
shaped curve characterised by the following two parameters: the
maximum stress or peak stress and the corresponding strain that
will be called peak strain. Otherwise one can see an uncertain

Axial strain
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Fig. 9. Example of a compression curve for a test performed at 800 °C, in
oxidised atmosphere without lubrication.

Temperature (°C) From 400 to 900 °C

From 900 to 1200 °C From 1300 to 1500 °C

Load (MPa) 1.8

1 0.6
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Fig. 10. Standard macro-crack network exhibited by a cubic specimen after a
compressive test at 20 °C.

Table 3

Compression characteristics at ambient temperature of the studied castable
Characteristic E (GPa) Omax (MPa) Epeak
Value 9 31 7.1x 1073
S.D. 37% 2.8% 23%

curve beginning followed by a linear to quasi-linear evolution
up to 30-70% of the peak stress; then the curve slope decreases
non-linearly until the peak stress and then the stress decreases
significantly. Peak strain values are about 5 x 1073 to 3 x 1072,
During the tests, cracks appear all along the non-linear part of
the stress—strain curve, but they are macroscopically visible only
after the peak of stress. Cracks are parallel to the compres-
sive loading direction because of transverse extension failure
(Fig. 10). The observation of fracture occurring is not possible
at high temperature because furnace walls are not equipped with
a visualisation window. This could be possible at room temper-
ature but the presence of carbon in the sample blackens it and
makes fracture observation quite difficult, in particular for opti-
cal micrographs observations. So, investigation of the evolution
of the material microstructure was not possible. In revenge at
the end of the test after a large deformation, the specimen crack-
ing has been examined. At this stage cracks are clearly visible
and somewhat conform to the result published about ordinary
concrete’ for low temperature behaviour of refractory concrete.
Table 3 gives the mean values of some of the thermomechanical
characteristics of the refractory concrete®> at room temperature.
Despite its ultra low cement content, the refractory castable
strength is comparable at ambient temperature to the average
ordinary concrete one.

6. Conclusion

In this paper, the necessity of improving the knowledge
of the BF main trough refractory castable thermomechanical
behaviour has been underlined. The essential features of a
mechanical testing device aiming at filling this gap have been
defined thanks to an analysis of the actual use conditions of
this castable. This analysis allowed us to design and construct a
performing testing device dedicated to the study of the thermo-
mechanical behaviour of refractory castable. The specificity of
this study is the development of a special extensometer device

allowing the direct measurement of the specimen height varia-
tion at high temperature. The first results obtained at elevated
temperature on a crude material show that the behaviour is quali-
tatively very close to one of the traditional ordinary concrete. The
features of the high temperature behaviour and the influence of
several testing parameters are presented in a second article. The
data collection will enable the selection of a suitable mechanical
model and the identification of its parameters in order to sim-
ulate the castable behaviour while incorporated in an industrial
structure.
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