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Abstract

AlL,O3-MgO-C (AMC) refractory bricks are used as linings for the sidewalls (metal line) and bottoms of steel-making ladles. As a structural
component of this type of vessel, these bricks undergo mechanical and thermal loading in service. For this reason, knowledge about their thermo-
mechanical behavior is needed for material selection and ladle design using structural calculus. Even when the mechanical response of AMC
refractories is similar to that of MgO-C bricks, which have been studied a great deal, they have distinctive features that have to be studied
specifically. The aim of this paper is to evaluate the mechanical performance of three commercial Al,0;—MgO-C bricks by stress—strain curves
from RT to 1260 °C, using a non-oxidizing atmosphere (nitrogen). From these curves, the following mechanical parameters were determined:
apparent Young' modulus (E), mechanical strength (og), fracture strain () and yield stress (oy). In order to infer what the main factors are in
determining the mechanical response of each AMC refractory, the tested specimens were analyzed by bulk density and apparent porosity
measurements and SEM/EDS. The increasing porosity (pores and microcracks), the loss of graphite and the new solids formed as products of the
reactions between the refractory components control the behavior of the studied AMC materials. However, the contribution of each depends on

the temperature and the refractories' characteristics.
© 2014 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction

AlLO;-MgO-C (AMC) refractory bricks, which emerged in
the 1980s as an alternative to MgO—-C and Al,Os—C bricks, are
used as linings for the sidewalls (metal line) and bottoms of steel-
making ladles. As a structural component of these vessels, these
bricks undergo mechanical and thermal loading in service. For
this reason, knowledge about their thermo-mechanical behavior is
needed for material selection and ladle design using structural
calculus. Even when the mechanical response of AMC refrac-
tories is similar to that of other members of oxide—C bricks' group
(such as MgO-C bricks, which have been studied a great deal)
they have distinctive features that have to be studied specifically.
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The complexity inherent to the mineralogy, microstructure and
texture of oxide—C refractory bricks leads to a complex behavior
of such materials under mechanical loading. Some of the
mechanical characteristics of oxide—C refractories are [1] the
non-linear stress—strain relationship in tension as well as in
compression, stiffness loss during loading, a residual strain in the
unloading, and a strong dependency with temperature affected
by chemical-reactions products, showing a quasi-brittle behavior
in the low temperature range and appearance of viscoplasticity at
high temperature. These particularities determine the perfor-
mance of carbon-containing bricks and in some cases, can even
limit their lifetime.

The graphite flakes have a fundamental role in the typical
mechanical behavior of oxide-C refractories. Due to the
cleavage on the basal plane and the lack of any directional
bonding on the plane, which makes sliding between flakes


www.sciencedirect.com/science/journal/02728842
http://dx.doi.org/10.1016/j.ceramint.2014.10.146
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2014.10.146&domain=pdf
www.elsevier.com/locate/ceramint
http://dx.doi.org/10.1016/j.ceramint.2014.10.146
http://dx.doi.org/10.1016/j.ceramint.2014.10.146
http://dx.doi.org/10.1016/j.ceramint.2014.10.146
mailto:agtomba@fi.mdp.edu.ar

V. Muiioz, A.G. Tomba Martinez / Ceramics International 41 (2015) 3438-3448 3439

easier, and the crumpling of flakes, graphite particles them-
selves are extremely flexible and have non-linear deformation
[2]. As a consequence, these particles are partially responsible
for the non-linearity of the stress—strain relationship, the flexibility
and the high strain to fracture exhibited by carbon-containing
refractories. Flexibility, defined as the ability to absorb stress [3],
is a desired property from a thermomechanical point of view
along with resistance to crack propagation (toughness); it is thus
favored in processes that absorb energy. The capacity to relieve
stresses in graphite products leads to the viscoplasticity displayed
by these materials, even at small loads and room temperature [4].
On the other hand, some authors consider graphite flakes as
critical flaws [5]; during the mechanical loading, and after the
particles have been deformed (along their basal planes) and slip
(lubricant effect), cracks are formed along and perpendicular to
the flakes. Another source of microcracks and associated non-
linear stress—strain relationship of graphite-containing bodies are
the Mrozowski cracks present into the flakes (formed by differ-
ential thermal contraction during the graphitization process [2]),
which play a role in mechanical response because they can close
when the brick is heated.

Besides those associated with graphite flakes, the matrix of
oxide—C brick has additional microcracks [2]. During loading,
fissures (independent of their origin) extend causing damage
accumulation, which contribute to the non-linearity of stress—
strain curves. Microcracks can also be created during the
mechanical loading. The cracks extend mainly within the
matrix and rounding aggregates [5], given that the interfaces
between the bonding phase and the coarse particles are weak
points in the structure [6]. Other contributions to the non-linear
behavior of this type of material are the microplasticity of the
organic binder and the relief of residual stresses introduced
during brick manufacture [2,5,7]. At higher temperatures, other
mechanisms for non-linearity are due to differences between
the thermal expansion coefficients of the aggregates and the
matrix, which could lead to microcracking, and the appearance
of a certain amount of ductility due to all the refractory's
components becoming more viscoplastic [5].

Another remarkable aspect of the mechanical behavior of
these refractories is the thermal dependency, which has been
widely studied by several authors for MgO-C bricks, with and
without antioxidants [5-17]. The influence of the microstruc-
tural and textural evolution caused by the reactions taking place
within the material (carbonization of the organic binder, direct
graphite oxidation, formation of carbide, nitride or oxides, spinel
formation) has been well established.

According to the major work done studying the deformation
and fracture mechanisms [8-11,14,15], the mechanical behavior
of MgO-C bricks in the medium range of temperatures (RT-
1000 °C) is determined by changes in the porosity/microcracks
due to the transformation of the organic binder (pitch or resin) and
the loss of graphite. Both processes diminish the mechanical
performance, bearing in mind the above-mentioned benefits pro-
vided mainly by graphite. Above 1000 °C, behavior depends on if
antioxidants are present or not in the composition of the brick; one
of the most studied additives is aluminum. This agent reacts with
other components to form new phases such as Al,Cs, AIN, Al,O3

and MgO - Al,O; spinel, depending on the temperature and
atmosphere. These new solids could contribute to enhancing the
mechanical response (besides inhibiting direct graphite oxidation)
up to 1400-1500 °C. The increase in the mechanical strength due
to the Al4C; formed in MgO—-C materials with aluminum (2.5 and
5.0 wt%) in the range between 1000 and 1500 °C (argon atmo-
sphere) has been attributed to the plate or skeletal shape of the
carbide particles [13,14,18]. As for spinel, Baudin et al. [14] found
an increase in the modulus of rupture (HMOR) between 1200 and
1450 °C, which was related to crack sealing by the crystallized
spinel particles. Taffin and Poirier [18] also detected an increase in
this parameter between 1300 and 1500 °C, but they attributed this
fact to the more compact structure of spinel compared to that of
the carbide it replaces.

Several of the aspects analyzed and reported for MgO-C also
apply to Al,O3-MgO-C (AMC) refractories, for which there are
not as many reports or such a deep level of analysis [19]. The
mechanical degradation of AMC refractories, strongly depends
on the range of temperature and the gases composing the
atmosphere, very similar to what happens with MgO-C bricks.
Moreover, this degradation is influenced by the composition,
microstructure and texture of the refractories, but the presence of
Al,O3 imposes some differences, such as the relevance of spinel
formation. For this reason, and since reports pertaining to AMC
refractories are scarce, it is necessary to establish the particular
characteristics of these materials in relation to their mechanical
behavior for both technological and scientific demands.

Taking into account the convenience of having a complete
stress—strain curve (s—s) for the mechanical evaluation of oxide—C
refractories (in comparison with more frequently used tests to
determine one parameter such as MOR, MOE, HMOR, HMOE),
this methodology is used here to study the behavior of commercial
AMC of different qualities. Compressive loading is applied in the
mechanical tests, because it avoids the problems associated to
tension in brittle materials. Moreover, compressive stresses are
prevalent in refractory structures, especially in oxide—C bricks
structures [20]. However, the compression testing has disadvan-
tages already known, such as the friction in the contact area
between the specimen and the platens, whose effects on the s—s
curve testing has been discussed in a previous work of the authors
[21]. The present study looks at the particularities of each AMC
material under mechanical loading, from RT to 1260 °C, in a non-
oxidant atmosphere, and the main determining factors. Beyond the
specific behavior of the evaluated AMC bricks, the study attempts
to find relationships among microstructure—texture-properties that
could be extended to other refractories of the same group.

2. Experimental procedure
2.1. Materials

Three Al,O3-MgO-C commercial refractory bricks manu-
factured by the same supplier and labeled as AMC1, AMC2
and AMC3 were analyzed. The bricks each have a different
MgO content and type of raw material used as the source of
alumina.
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Bearing in mind the aim of this work, these materials were
exhaustively characterized using a vast group of analytical
techniques: X-ray fluorescence (XRF), plasma emission spectro-
scopy (ICP-OES), gravimetry, X-ray diffraction (XRD), differ-
ential thermal and thermogravimetric analyses (DTA/TGA),
reflection optical microscopy and scanning electron microscopy
coupled with X-ray dispersive energy (SEM/EDS), measure-
ments of density and porosity, Hg-intrusion porosimetry, dilato-
metric analysis and permanent linear change (PLC). The results
of the refractories' characterization have been previously reported
[22], and the main data are summarized in Table 1.

From these analyses, it was determined that every refractory
contains brown electrofused alumina (EF) plus tabular alumina
(TA). AMCI has a higher proportion of TA aggregates to EF
aggregates, as well as a higher proportion of TA aggregates
compared to the other two materials. Furthermore, it was
confirmed that only AMC3 possesses bauxite, and that alumi-
num is used as an antioxidant in all three materials in similar
proportions. The higher amount of sintered magnesia in AMC2
is distributed in the medium-fine fraction whereas this compo-
nent is present only as fine particles in the matrix in AMCl1
and AMC3.

Graphite, whose particles have a similar aspect ratio in the
three materials, has a higher content in AMC?2, but its flakes
are the smallest. The amount of graphite in AMC3 is some-
what lower and its particles are the purest, which leads to the
higher temperature of the DTA peak corresponding to the
graphite oxidation, in comparison with the temperature of the
peaks displayed in the other two refractories. The bricks
contain a similar amount of resin as organic binders, although
it was not possible to determine what kind of phenolic resins
they are (novolaka or resol).

Regarding the texture, AMC2 has a larger amount of open
pores, although they are similar in size to those of AMC1. AMC3,
however, has the lowest values of open porosity, permeability and
pore size.

The dilatometric analysis of the refractories showed that the
expansion of AMC3 was less than the other two materials. This
fact indicates that, for AMC3: (a) the global thermal expansion
coefficient (a) was smaller, (b) the expansive reactions (mainly
the formation of spinel) had occurred to a lower degree and/or

Table 1
Composition and physical properties of AMC refractories.

(¢) the microstructure of the material had accommodated volu-
metric changes in a more efficient way by mechanisms such as
the crystallization of new phases into pores, microcracking or
sliding of the material by viscous flow of low melting point
phases. The presence of AlTi,O, in the bauxite aggregates
surely reduces the value of the global @ of AMC3. On the other
hand, the higher amount of impurities in this refractory could
encourage the presence of low melting point phases that assist
the sliding of particles at high temperatures.

2.2. Methodology

The response to thermal and mechanical loadings of AMC
bricks was studied by the measurement of stress—strain curves in
compression, at room temperature (RT), 700, 1000 and 1260 °C,
in a non-oxidant atmosphere (nitrogen), using an experimental
protocol specially designed for oxide—C refractories [21,23].

An Instron 8501 servohydraulic testing machine coupled with
an SFL electric furnace (MoSi, heating elements) was used for
mechanical testing. The tests were carried out by displacement
control, with a constant rate of 0.1 mm/min up to the specimen'’s
failure. Cylinders were used measuring 27 mm in diameter and
40 mm in height, which were obtained by cutting the bricks
and machining flat faces. A continuous flow (5 I/min) of N, gas
(99.995%) was selected, which represents a compromise between
efficiency to reduce graphite loss by direct oxidation with oxygen
from the atmosphere, and cost [21]. The axial displacement of the
cylinders was measured with an Instron capacitive extensometer
(£ 0.6 pm) for high temperature testing. Mechanical tests were
carried out by duplicate at least, although in most of cases more
than two nominally identical specimens were evaluated (up to
four) in order to obtain repetitive s—s curves.

Fracture features as well as changes occurring in the specimens
were also analyzed. Bulk density and apparent porosity were
measured for fragments of the tested cylinders, with a methodol-
ogy based on the DIN 51056 standard [24] using kerosene as the
known density fluid and a Sartorius BP 221S analytical balance
(£0.0001 g). SEM/EDS analysis was also performed on cross
surfaces of tested specimens previously packed in vacuum with a
polyester resin and which were transversally cut, ground and
polished (up to 3 pm diamond paste). The systematic analysis of

AMC1 AMC2 AMC3

Main phases (wWt%) Corundum (Al,O3) 82.7+0.3 57.6+0.3 70.5+0.3

Periclase (MgO) 5.40 +0.02 27.0 +£0.1 6.8 +0.1
Secondary phases (wt%) Graphite (C) 1.74+0.1 3.540.1 3.0+0.1

Resin (C, O, H) 54+0.1 5.6+0.1 5.0+0.1

Aluminum (Al) 1.39 +£0.02 1.37 +£0.02 1.60 £+ 0.02
Bulk density (kg/m?) 3.14 +£0.02 2.98 +0.01 3.14+0.1
Apparent porosity (%) 6.7+0.1 7.8+0.5 40+0.1
Total porosity (%) 1042 1242 T+2
Permeability (m*/Nw/s)* 0.013 0.015 0.008
AU (%)" 1.1 0.8 0.3

“For AP of 3 MPa.
"From dilatometric analysis in argon.
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the microstructures were carried out only at 1000 and 1260 °C
due to the formation of new phases occurring above 1000 °C
according to the DRX mineralogical and thermal evolution
analyses of these materials [25].

The following parameters were obtained from the s—s curves:
the apparent Young's modulus (E), calculated as the slope of the
linear part of the curve, the mechanical strength (og), corre-
sponding to the value of stress for the maximum load, the
fracture strain (eg), which is the strain corresponding to the
maximum load, and the yield stress (oy), defined as the stress
where the curve deviated from linear behavior. The ratio oy/og,
expressed as a percentage, was calculated as an indication of the
degree of non-linearity of the refractory's mechanical behavior.

3. Results
3.1. Stress—strain mechanical tests

Typical s—s curves of each of the AMC refractories at
different testing temperatures are shown in Fig. 1. As example,
s—s curves for nominal identical specimens of AMC3 tested at
1260 °C are plotted all together in Fig. 2. Taking into account
the high inherent dispersion expected for mechanical proper-
ties in such heterogeneous materials, these three curves were
considered representative of the material's stress—strain rela-
tionship at the testing temperature. Mechanical parameters vs.
testing temperature are plotted in Figs. 3 and 4, where error
bars correspond to standard deviations. Lines are used to
connect the media values for clarity only and do not indicate
the change in the respective parameter with temperature.

Stress—strain curves show the quasi-brittle behavior char-
acteristic of oxide—C refractories, and softening (the stress
drops gradually after the maximum, with a loss of stiffness) is
also observed in some cases. The degree of deviation from the
linear response and the degree of softening depend on the
particular AMC refractory and the testing temperature. With
respect to the mechanical parameters, some tendencies, such as
the notable reduction of the mechanical strength at 700 °C and
its recovery at higher temperatures, were similar for the three
materials. The evolution of the apparent Young's modulus, the
fracture strain and the oy/og ration depended, to more or less
degree, on the refractory's characteristics.

Fracture occurred at 45° (indicating unavoidable frictional
effects during the test) in most of the tested specimens, propagat-
ing through the matrix and around the aggregates in several cases.
This fact demonstrates the fundamental role of the bonding phase
in the mechanical behavior of this type of refractory because it is
the weakest link of the structure itself as well as the interface with
the aggregates. Except AMC3 specimens when they were
mechanically tested at 700 °C, the superficial decarburization of
the cylinders was evident in the rest of the cases.

3.2. Post-testing characterization
3.2.1. Bulk densities and apparent porosity measurements

Plots of the variation of the bulk density and apparent
porosity of the tested specimens as the testing temperature
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Fig. 1. Typical s—s curves of AMC refractories at different testing temperatures.

increased are shown in Fig. 5, where bars correspond to
standard deviations. Lines are used to connect the media
values for clarity only and do not indicate the change in the
respective parameter with temperature.

The volumetric fraction of open pores increases gradually as the
testing temperature rises. According to previous characterization of
the three AMC refractory bricks [22,25], resin transformation occurs
between 350 and 700 °C, and graphite oxidation begins from the
last temperature, with both processes being the main sources of
porosity (pores and microcracks) in these refractories. At higher
temperatures (> 1000 °C), the contributions of the oxidation of
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impurities and, according to the reaction mechanism, the spinel
formation, could also add [14,15]. Spinel formation by more than
one mechanism, such as the following:

4MgOy) +2Al ;) > MgAl, Oy +3Mg M
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Fig. 4. Variation of fracture strain (eg) and oy/og percentage ratio of AMC
refractories with testing temperature.

MgO ) + Al Os(5) = MgAl, Oy (2)

was confirmed in AMC1, AMC2 and AMC3 from 1000 °C
[22,25].

The difference in the apparent porosity between AMCI
specimens tested at 700 and 1000 °C is not significant taking
into account the experimental error; similar unchanged values
are observed in the case of AMC2 specimens tested at these
temperatures. This fact could be related to a possible reduction
in open porosity in the outer layers of the cylinders due to
the formation of sub-products such as soot (from: 2CO—
CO,+C)) [26] and the closure of open micropores by resin
transformation [27]. The higher susceptibility to oxidation
manifested by AMC1 and AMC2 refractories, and the way this
process advances in this range of temperature (which has been
previously reported by the authors [28]), brings support to this
hypothesis. On the other hand, AMC3 retained values of open
porosity smaller than those of the other two refractories up to
1000 °C, when it matched them. The remarkable increase in
the apparent porosity of AMC3 between 700 and 1000 °C is
due to the oxidation of graphite, which just begins in this range
of temperatures due to the inherent resistance of its flakes and
the lower volumetric fraction of open pores and permeability
of the original brick, as was reported in a previous work of the
authors [22].
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Fig. 5. Bulk density and apparent porosity of AMC refractories after
mechanical tests at different temperatures.

In general, the global density diminished as testing tem-
perature rose, with an opposite tendency to that of apparent
porosity. This fact demonstrates that density is determined by
the increase in open pores in most of cases, given that the
processes occurring in the AMC materials (mainly the resin
pyrolisis) lead to an increase in the solid density at least up to
1000 °C. The reactions at temperatures above 1000 °C lead to
the increase or decrease of solid density depending on the
reaction mechanism, which explains the higher global density
of AMCI after testing at 1260 °C in comparison with its value
at 1000 °C.

3.2.2. Microstructural analysis

SEM images of the cross surfaces of cylinders tested at 1000
and 1260 °C are shown in Fig. 6. The phases identified by
SEM/EDS in each case are reported in Table 2. The letter ‘i’
(indications) was used when the EDS compositions were not
conclusive regarding the presence of the phase.

The surfaces of the specimens of the three materials tested at
1000 °C exhibited high deterioration of the matrix, which is
associated mainly with the high porosity (open pores estimated
in Fig. 5, plus the contribution of closed pores that were not
quantified). However, chemical reactions previously established in

the thermal evolution analysis of the refractories [22,25], such as
4Alg) +Cis) = AlyCy() (3)

and reaction (1), took place in mechanically tested specimens, since
the solid phases, which were products of these reactions, were
identified by SEM/EDS, as is reported in Table 2. Nevertheless, the
local character of these phases seems to limit their contribution to
matrix cohesion.

Although difficult to detect, ‘holes’, such as those shown in
Fig. 7 for AMCI tested at 1000 °C, were identified on the
analyzed surfaces, which resemble the microstructure typically
found as a consequence of the reactions (1) and (3) involving
metallic aluminum [29]. Around the holes, the presence of
Al4C5 formed by reaction (3) was detected for every refractory
(Table 2). The fact that AIN was not identified in some cases is
attributed to its localized formation as well as the difficulty in
detecting light elements by EDS (the presence of nitride was
confirmed by XRD). Aluminum nitride could be formed
through the combination of the carbide with nitrogen from the
flow [29]:

A14C3(S) + 2N2(g) — 4A1N(S) + 3C(3) (4)

The appearance of AIN at a temperature lower than that at
which aluminum carbide was detected (< 900 °C) was also
reported [29], which could have formed due to the direct
reaction between Algy and Ny,

Regarding MgAl,O, spinel (MA, formed by reaction (1)),
EDS points with the composition of this phase were clearly
identified in AMCI1. Some holes in which MA composition was
detected were seen in AMC2 whereas in AMC3, the percentage
of spinel, when it was actually formed, was relatively small.

After mechanical tests at 1260 °C (Fig. 6), AMC1 was the
refractory having the best surface quality. The degree of cohesion
and continuity of the matrix was higher than those exhibited at
1000 °C, with the texture of the bonding phase clearly observed
along with the presence of broken or damaged aggregates. More-
over, ‘holes’ distributed in the matrix were evident, as well as a
foamy texture in the vicinity of some aggregates that could be
associated with the presence of spinel [14,22]. Bearing in mind that
the apparent porosity increased in AMCI between 1000 and
1260 °C (Fig. 5), the higher cohesion was attributed to the advance
of those reactions involving aluminum that lead to the formation of
new phases such as spinel, as was determined in the analysis of the
thermal evolution of AMC1 [22,25]. It was confirmed that spinel in
these materials could be formed by different mechanisms [22,25],
involving aggregates by reaction (2) for instance, as was also
previously reported by other authors [14,15].

Meanwhile, the surfaces of AMC2 showed a great amount of
the resin used to pack the samples in place of the matrix, even
when compared with the specimens tested at 1000 °C, to the
point that the typical microstructural features could not be
identified. A foamy texture next to some aggregates could be
observed in AMC2 as well. Something similar occurred with
AMC3, but in this case, it was possible to detect damaged
aggregates, some holes, and foamy regions in the vicinity of
coarse alumina particles. In both AMC2 and AMC3, an increase
in the apparent porosity occurred between 1000 and 1260 °C
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Fig. 6. Images of mechanically tested AMC specimens (SEM) at 1000 and 1260 °C; Black arrows (red arrow): cracks in aggregates; White arrows (blue arrows):

possible ‘holes’.

(Fig. 5), which explains the greater degradation of the respective
matrices. Additionally, the reactions between the refractories'
components took place, to a lower degree in AMC2 and AMC3
than in AMCI1, similarly to what was already found in previous
studies [22,25].

Conversely to what happened at 1000 °C, the microstructure
of the ‘holes’ detected in the specimens tested at 1260 °C was
very similar to those reported in the literature. This fact points
out the increased advance of the processes leading to the
formation of this characteristic texture at 1260 °C. Except for
AMC?2, in which only indications of the presence of aluminum
carbide were found (Table 2), this phase was detected around
the ‘holes’ in the other refractories. These results agree with the
presence of Al,C; reported by Baudin et al. inside MgO-C-Al

model and commercial refractories at 1200 °C under flowing
argon [14,15], which disappeared at 1450 °C. Furthermore, the
increase in the nitrogen content at EDS points in the outer
regions of the tested cylinders could indicate the presence of
AIN, likely formed by the decomposition of the carbide by
reaction (4). At this temperature, the formation of MgAl,O4
around the ‘holes’ was evident in AMC1. However, there were
only indications of the presence of spinel in AMC2 due to the
degradation of the matrix (Fig. 6).

A high percentage of Si was observed in some EDS points
of AMC3, as is shown in Fig. 8, and constituted the main
components in some cases. This fact is consistent with the
composition of the raw materials of this refractory, which
contain bauxite, and the higher content of impurities, minor
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SiO,-containing phases in particular [22]. Since the presence
of alkaline and earth alkaline elements such as Na, K and Ca
(minor components of raw materials) were also detected, the
presence of a glassy phase is likely. At increased magnifica-
tion, the images of the AMC3 tested at 1260 °C generally
show a microstructure with rounded edges and regions where
small crystals seem immersed in a phase that could be a
viscous one at the high temperature of the mechanical test
(Fig. 8). These aspects were not clearly seen on the surfaces of
AMC3 cylinders tested at 1000 °C.

4. Discussion

Before beginning the analysis of the particular character-
istics of the mechanical behavior of each AMC refractory in
the range of temperatures evaluated here, it is worth clarifying
that the Young's modulus, such as it is determined in this
work, is the result not only of the purely linear elastic strain
(which should be more precisely measured during the unload-
ing), but also of other types of strain, which can also contribute
to its value. For this reason it has been named as ‘apparent
Young's modulus’. The E parameter defined in this paper is an
indicator of the ability of the material to deform (in a reversible
or irreversible way): the higher the modulus, the greater the
stiffness and less deformable the material. The graphite (by
sliding along the basal planes and the crumbling of flakes),
pores (which contribute with a null Young's modulus) and
microcracks of any origin (by their propagation) are considered

Table 2
Phases identified in mechanically tested AMC refractories (1000 and 1260 °C).

Temperature (°C) Al C3 AIN MgAlLO4
AMC1 1000 X - XX

1260 X it XXX
AMC2 1000 X i XX

1260 i i i
AMC3 1000 XX - XX

1260 X i X

" (indications) is used when EDS analyses were not conclusive.

1000°C

SP——
= 2B

~

to be mainly responsible for the capacity of this type of
refractory to deform. These same factors are which cause the
deviation from linear behavior and the softening observed in the
stress—strain curves at room temperature. The microcracking is
considered the factor that determines the softening behavior: the
coarse- to medium-sized particles act as obstacles in the extension
of microcracks that run easier through the bonding phase due to
its low cohesion.

On the other hand, mechanical strength is related to the type
and/or the size of the flaws limiting the load bearing capacity of the
refractory structure, in combination with the mechanical strength of
the main components of the structure. In these refractories, flaws
are commonly the discontinuities between the matrix—aggregates
interfaces, and the microcracks and pores present in the bonding
phase. However, despite the fact that fracture occurred preferably
through the matrix, the cross surfaces of the specimens (Fig. 6)
show some broken aggregates. Based on this fact, it is expected
that that finest particles, which are less resistant, are involved in the
material's failure.

At room temperature, the mechanical parameters of AMC
refractories exhibited significant differences among them. AMC3
showed the highest value of the apparent Young's modulus, which
is attributed mainly to its lower porosity (Table 1) and a higher
affinity between resin and the rest of components of the matrix, as

Fig. 8. Image of AMC3 specimen tested at 1260 °C showing a region with a
high content of Si-containing phases: (1) Al or ALO;+MA or Mg+ phase
with Si; (2) MA +3A1,05.2Si0, (mullite); and (3) MA + phase with Al and Si.

1260°C

Fig. 7. SEM images where ‘holes’ in the microstructure are observed (AMCI1, 1000 °C); MA:MgAl,O,.
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was reported on the basis of the dilatometric behavior of this
material [25]. Both factors would reduce the deformation under-
gone by AMC3 with respect to AMC1 and AMC2, as is deduced
from its small fracture strain (Fig. 3). In AMCI, its lower graphite
content and its higher proportion of tabular alumina (stiffer and
more resistant than other sources of corundum such as brown
electrofused alumina and bauxite) could contribute to the greater
value of the Young's modulus of this refractory compared with
that of AMC2. As for the mechanical strength, AMC1 and AMC3
exhibited similar values, partially due to the similarities in their
mineralogical compositions. In the case of AMC2, the main
reason for its lower mechanical strength is its higher porosity
(pores and microcracks), which are the origin of a larger amount
and/or size of flaws. Moreover, this material has the greatest
proportion of magnesia and graphite, which are the least resistant
inorganic phases. The degree of deviation from linearity of s—s
curves, measured by the oy/oy ratio (Fig. 4), was very similar in
the three materials.

A significant decrease of the apparent Young's modulus and
the mechanical strength is displayed in AMC1 and AMC3
plots as the testing temperature rose to 700 °C, which is
expected taking into account the chemical and textural altera-
tions taking place in the materials above 300 °C. According to
results of a previous study on the oxidation of these refrac-
tories [28], graphite oxidation began before 700 °C in AMCI,
but not in AMC3. This fact was confirmed in the post-testing
inspection of specimens: a slight superficial decarburization
was observed in AMCI1, which was almost imperceptible in
AMC3. Bearing this fact in mind, apart from the similar
change in the apparent porosity (by formation and/or growth of
pores and microcracks) of both refractories, this change — and
not the loss of graphite — is considered to be the determining
factor in the mechanical behavior of AMC1 and AMC3. On
the other hand, any of the analyzed factors contribute to gene-
rating defects that reduce the structure's ability to bear a load:
the increase in apparent porosity, the loss of graphite and the
nucleation and extension of microcracks.

The fact that the value of the apparent Young's modulus in
AMC?2 was not modified in a significant way draws attention,
considering that the open porosity (pores and microcracks) also
increased in this refractory, retaining a large value at 700 °C as
well (Fig. 5). On the other hand, the mechanical strength
dropped (from the same causes mentioned above for the other
two materials), together with a significant drop in the fracture
strain. Possible justification for this behavior is found in the fact
that AMC?2 lost a proportion of graphite somewhat higher than
AMCT at 700 °C [28]. The loss of this component reduces the
capacity of the structure to deform and could compensate for the
increase in this ability due to its higher porosity.

An interesting aspect of the behavior of these materials is the
decrease in the degree of deviation from linearity for AMC1 and
AMC?2, demonstrated by the increase of the oy/og ratio when the
testing temperature changed from RT to 700 °C. These are the
only refractories in which the oxidation of graphite was deter-
mined in this thermal condition, as this component was one of the
main causes behind the non-linear s—s relationship. Even so, the
degree of softening was significant in the three materials and was

attributed to the increased microcracking, which is a product of the
matrix degradation caused by the resin pyrolisis.

When the testing temperature was increased to above 700 °C,
none of the parameters seems to be dominated by porosity growth,
even though it is considered to be the main cause of the severe
degradation and low cohesion of the matrices of tested specimens
(Fig. 6). An increase in mechanical strength was determined
between 700 and 1000 °C in the three AMC refractories, which is
attributed to the conversion of resin to a condensed C-structure
(residual carbon) and the reactions leading to the crystallization of
new solid phases (Table 2). Although of local character, the
generation of chemical bonds between the different components of
the refractory and the C-network increased the mechanical strength
of the structure, mainly during the bonding phase, when the failure
commonly begins. Nevertheless, the values of or remained
inferior to those at room temperature, in contrast to what was
found in other AMC refractories of similar composition [19],
which exhibited mechanical strength comparable or even higher at
1000 °C than at RT.

The differences in the extent of reactions taking place at
T > 1000 °C among the three AMC materials did not seem have
an effect on increasing their load bearing capacity between 700
and 1000 °C. The positive effect of these reactions could be
offset by other processes occurring simultaneously. In the case of
AMCI1, which showed more advanced reactions, there was a
deceleration in the advance of graphite oxidation [28], which is a
low resistant component. Meanwhile, the graphite loss was
manifest only between 700 and 1000 °C in AMC3.

On the other hand, the apparent Young's modulus showed a
different change depending on the material: the value was
unaltered in AMCI and AMC3 and it decreased in AMC2. The
behavior of the latter refractory could be dominated by the
increase in the porosity, which is supposed to be higher than that
shown in Fig. 5 (because it only quantifies open pores) and the
subsequent degradation of the matrix (Fig. 6), more than the
greater loss of graphite and the incipient formation of aluminum
carbide and spinel (Table 2). In AMCI and AMC3, these
conflicting factors (growth of porosity, on one side, and graphite
loss and new solid phase formation on the other) could offset
each other, leading to the constancy of E parameter. In each
case, the apparent Young's modulus at 1000 °C turned out to be
lower than the value at RT, conversely to what is reported for
AMC refractories of similar composition [19], whose values at
1000 °C were of the same order or notably higher than those at
room temperature.

Taking into account experimental error, the fracture strain
of AMC3 did not change in a significant way between 700
and 1000 °C although in AMCI1 and AMC?2, this parameter
increased, more notably so in the latter. When the mechanical
response is linear elastic, the fracture strain equals the ratio
between mechanical strength and Young's modulus (Hooke's
law). However, when the s—s behavior deviated strongly from
linearity and/or there is softening of the structure, the facture strain
departs from the ox/E ratio. In AMC2, the remarkable increase of
er 1s considered a product of the simultaneous variation of the
mechanical strength and the elastic modulus, but in opposite
directions. In AMC1, the slighter increase in fracture strain could
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be a consequence of the fact that only the fracture strength was
increased. Conversely, the deviation of e from the expected
value in AMC3 is attributed to well-developed softening at
1000 °C, as well as the degree of non-linearity, which was
somewhat higher than in the rest of materials (lower oy/oR ratio).
In this sense, an increased ability to accommodate volumetric
variations in its structure was inferred from the dilatometric
analysis of AMC3 [25], considered to be one of the responsible
factors in the microcracking. If so, this process could promote the
development of significant softening in AMC3.

Among 1000 °C and 1260 °C, the E parameter exhibited a
significant increase for AMCl and AMC2, higher in the
former, and a decrease in AMC3. The mechanical strength
changed similarly to the apparent Young's modulus in the first
two refractories, whereas it increased slightly in AMC3. The
fracture strain followed the change of the apparent Young's
modulus in AMCI1 and AMC?2 in spite of the higher non-
linearity of the s—s relationship (lower oy/0y ratio) at 1260 °C
in comparison with that at 1000 °C. This is attributed to the
fact that softening was less or almost null in AMC1 and AMC2
at 1260 °C due to the reactions that took place in the matrix
that made it more resistant to microcrack propagation.

The additional loss of graphite with respect to what occurred
at 1000 °C in AMCI1 and AMC2, besides the contribution of
the new crystallized phases (which in this case included AIN),
had a greater incidence of increase in E and oy than the growth
of porosity and, likely, of microcracking. The increase was
smaller in AMC2, which showed a more deteriorated bonding
phase and possibly a lesser extent of reactions that lead
to the formation of new phases (this could not be confirmed
by SEM/EDS due to the loss of the matrix). Even so, the
mechanical behavior was globally better at 1260 °C than at
1000 °C. It is possible that this was a consequence of the local
formation of the new phases, which, even in this way, turned
out to be very efficient in reducing the structure's flexibility
despite the fact that the matrix as a whole deteriorated due to
the loss of some of its components.

The behavior of apparent Young's modulus in AMC3 is
related to the dominant effect of the increase in open porosity,
the viscoplasticity and the microcracking, more than the
crystallization of reaction products from Al-reactions. The
presence of phases with high Si content at 1260 °C was observed
in this refractory, which surely contributed to the deformation of
the material by viscoplasticity and to the decrease in E as a
consequence. Moreover, it could be that the activation of viscous
flow requires an amount of stress greater than that needed to
initiate microcracking, thus favoring the linearity of the s—s
relationship (increase of oy/og ratio). On the other hand, the
mechanical strength of AMC3 did not change significantly,
indicating that the competition of the above-mentioned factors is
different in relation to the critical defects distribution, which
seems unaltered between 1000 and 1260 °C. The presence of an
additional phase such as AIN or even crack closure [14] could be
causes for the constancy of the mechanical strength of AMC3.
As a product of the slight differences in oy and E, the fracture
strain of AMC3 did not significantly change between 1000
and 1260 °C.

Bearing in mind the mechanical behavior of AMC refractories
within the temperature range studied, AMC1 and AMC3 were
the most resistant materials under thermal and mechanical
loadings due to the lower proportion of graphite. Besides this
feature, the higher amount of tabular alumina also contributes in
AMCI, and the lower porosity and higher oxidation resistance of
the graphite flakes contributes in the case of AMC3. Although
AMC?2 showed low stiffness and mechanical strength in general,
these properties could be favorable in reducing the tendency of
thermal shock damage to initiate and propagate. The flexibility of
AMC materials (considering fracture strain as indicator) was
different between the three refractories at RT and 700 °C, but it
tended to become more similar at higher temperatures. Above
1000 °C, AMC3 showed constancy in this mechanical para-
meter, which could be related to its ability to absorb volumetric
changes.

5. Conclusions

The mechanical evaluation of AMC refractories using
stress—strain curves in compression gave a detailed description
of their mechanical behavior up to 1260 °C in a non-oxidant
atmosphere (nitrogen). Furthermore, through an exhaustive
analysis of the mechanical parameter variations with tempera-
ture, together with data collected in the post-testing evaluation,
the processes involved that determined the s—s relationship of
each material were identified.

The thermal evolution of refractories' stiffness was determined
by the increase in porosity coming from the formation of
pores and cracks due to resin transformation, graphite loss, and
microcracking up to 700 °C; at higher temperatures, the new solid
phase formation (Al;C;3, AIN and MgAl,O,) and the viscoplas-
ticity caused by the presence of Si-containing phases (only in
AMC3 at 1260 °C) also contributed. The contribution of each
factor strongly depended on the material's characteristics.

Changes in the mechanical strength with testing tempera-
ture, which were more homogeneous among AMC refractories
than changes in the apparent Young's modulus, were con-
trolled by processes that generate defects that are basically the
same that determine the elastic parameter.

The degree of deviation from linear behavior was mainly
determined by the graphite content and the contribution of
microcracking, except in AMC3, in which the viscoplasticity
also contributed (at the highest temperature). The evolution of
the fracture strain as testing temperature increased was rather
complex and strongly dependent on the refractory's quality,
thus no general tendency could be found.
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