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Abstract

The advantages of Al,0;—MgO-C (AMC) refractories are achieved mainly by the incorporation of graphite and the formation of spinel by solid
reaction between alumina and magnesia. Regarding other members of oxide-C refractories (such as MgO-C bricks) and others properties (such as
the slag corrosion resistance or the PLC), the information about the mechanical behavior of this type of refractories is scarce. In this work, the
mechanical behavior of commercial AMC brick used in steelmaking ladles was studied by stress—strain curves in compression at RT and 1000 °C
(nitrogen atmosphere). Before the mechanical testing, a comprehensive characterization of AMC materials was performed by several techniques:
XRD, DTA/TGA, SEM/EDS, aggregate size distribution analysis and densities, porosities and thermal expansion measurements. Mechanical
parameters such as fracture strength and strain, yield stress and Young modulus were determined together with the main characteristics of the
fracture. In order to study the transformations occurred during the stay at high temperature, the specimens tested at 1000 °C were analyzed by the
same techniques used for the as-received bricks characterization (with the exception of the thermal expansion analysis). The AMC refractories
displayed differences in the mechanical behavior and its dependence on the testing temperature. These results were explained considering the

differences in the composition and microstructure of both refractories and in their thermal transformations.

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In spite of the increment in the bauxite price that restricts the
use of Al,03;-MgO-C (AMC) bricks in steelmaking plants
(working lining of ladles and furnaces) these refractories
maintain their high consumption level due to their excellent
properties. Beside the advantages associated to the presence of
carbon commonly in the form of graphite flakes, i.e., the
increment in thermal conductivity, thermal shock resistance
and slag attack resistance, the formation of spinel (MgAl,0,4)
by reaction between periclase and alumina induces an
expansion in the operative thermal conditions that helps to
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counterbalance the wear of the brick join [1-9]. This reaction
also produces microcracking because the thermal expansion
difference between the spinel and the periclase and the alumina
(in a lower degree) which favors the toughness of the refractory
(although it could also lead to slag penetration, so an optimum
content of MgO is required) [1,5,9]. The spinel itself is used
extensively as refractory due to its high melting point and high
slag corrosion resistance.

The superior mechanical properties of carbon based
refractories is related to the inelastic deformation (or flexibility)
given by the graphite. This behavior enables the brick to
accommodate the applied stress through ‘yield’, increasing the
strain to fracture. From this point of view, the fracture strain in
addition to the fracture stress is therefore a desirable data and
cannot be obtain in a conventional mechanical test (MOR, CCS,
HMOR). The structure flexibility is a very important property
that determines the durability of refractory materials in steel
work and represents a substantial criterion for the durability of

0272-8842/$36.00 © 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

doi:10.1016/j.ceramint.2010.12.019


http://dx.doi.org/10.1016/j.ceramint.2010.12.019
mailto:agtomba@fi.mdp.edu.ar
http://dx.doi.org/10.1016/j.ceramint.2010.12.019

1474 L. Musante et al./Ceramics International 37 (2011) 1473—-1483

refractory lining. Stress—strain curves are a suitable tool to
obtain this information [10]; actually, several parameters such
as fracture strength, fracture strain, yield stress and Young
modulus may be obtained in a unique test, with the additional
advantage of using variable conditions of temperature and
atmosphere. Moreover, constitutive equation of materials can
be obtained from stress—strain curves, which is essential
nowadays for structural calculus of vessels by finite element
codes. Together with the analysis of deformation and fracture
mechanisms, stress—strain relationships are useful to improve
the material design.

Despite of their excellent properties, during materials
service life, severe conditions such as thermal gradients,
mechanical loading by stirring or charge impact, abrasion due
to the presence of gases, particles and liquids in movement, can
degrade AMC refractories. For this reason, and with the aim of
evaluating the performance in service and establishing material
design criteria, the knowledge of the mechanical behavior at
high temperature is indispensable. Conversely to other
members of the oxide-C family for which there are a large
amount of information, as in the case of MgO-C bricks, or
regarding other properties of AMC materials such as slag
corrosion resistance or PLC, there is few data of high
temperature mechanical behavior of AMC refractories. The
use of stress—strain curves for the mechanical evaluation of this
sort of materials is even more unusual.

The general objective of this work is to evaluate the
mechanical behavior of commercial AMC bricks used in
steelmaking ladles at temperatures near to those in-service. In a
first stage, stress—strain curves were performed at room
temperature and at 1000 °C, a temperature close to that used
in the pre-heating of the ladles. A comprehensive characteriza-
tion of both commercial refractories was performed including:
mineralogical (XRD and SEM/EDS), thermal (DTA/TGA),
microstructural (optical and scanning electron microscopies)
and thermal expansion analyses and densities and porosities
measurements. The mechanical testing was conducted in
controlled atmosphere and several techniques (similar to those
employed for as-received materials) were used after the tests in
view of identifying the main factors determining the mechan-
ical response. With this aim, the differences in the mechanical
behavior and mechanical parameters were analyzed in function
of the compositional and microstructural characteristics of the
materials and their changes during the tests at high temperature.

2. Experimental
2.1. Materials

Two AMC commercial bricks fabricated by the same
manufacturer (Argentina) and labelled AM1 and AM2, were
studied. Both refractories have resin as organic binder and are
employed in steelmaking ladles. AM1 brick is used in the wall
and the less loaded regions of the bottom and AM2 is employed
in the impact zone of the ladle bottom.

The bricks were characterized by several techniques. The
mineralogical analysis was carried out by X-ray diffraction

(XRD; Philips PW3710) on powdered samples (<mesh 70),
using Cu K, radiation at 40 kV and 30 mA, with Ni filter. The
Rietveld method was employed for quantitative analysis
(FullProf software). The bulk density (p,) and the apparent
porosity (,) were determined based on DIN EN 993-1(DIN
51056) standard [11]. The pycnometric density (opic) was
measured on powdered samples (<mesh 70) employing
kerosene in accordance with an internal method based on
the ASTM C329- 88 standard [12]. The true porosity (7)) and
the close porosity (7.) were obtained by calculation using the
following  relationships: 7= (1 — pp/ppic) x 100 and
. =m — m,. The thermal expansion under load (0.6 MPa)
was determined in N, up to 1000 °C (Instron 8501) on
cylindrical specimens (50 mm in diameter, 50 mm in height).
The linear change was measured using contact extensometry
(scissor extensometer with alumina knives). The thermal
differential (DTA; Shimadzu DTA-50) and thermogravimetric
(TGA; Shimadzu TGA-50) analyses were performed on
powdered samples (<mesh 70) up to 1200 °C (10 °C/min) in
air. The microstructure of bricks was observed by optical
microscopy up to 150x (binocular glass Zeiss) and scanning
electron microscopy (SEM; Philips XL30) coupled with
elementary analysis using an X-ray energy dispersion spectro-
scopy (EDS) detecting unit. The surfaces for observation were
obtained by transversal cut of cylinders previously stuffed in
resin to avoid the crumbling of the specimen, and polishing
with SiC papers (320 grit) using kerosene as lubricant/coolant.
The digital image analysis was performed using the software
Corel Photo-Paint to enhance the digital quality of the images
and Image Pro Plus 9.0 to measure the size of MgO and Al,O3
particles (>0.06 mm).

2.2. Mechanical tests

Stress—strain curves were determined under uniaxial
compressive pressure using a universal servohydraulic testing
machine (Instron 8501) with a high stiffness framework and
high density mullite/alumina push-rods (60 mm in diameter).
The compressive load was applied parallel to the cylinder axis
and alumina disks were placed between the testing specimens
and the push-rods. The mechanical tests were carried out at
room temperature (RT) and 1000 °C (heating rate of 5 °C/min),
using an electrical furnace (SFL) with Mo,Si heating elements.
During the high temperature mechanical tests, a continuous
flow of nitrogen gas was employed to generate a non-oxidant
atmosphere.

The testing specimens (cylinders of 27 mm in diameter and
40 mm in height) were obtained by cutting and machining (70
grit) with diamond tools; the cylinder axis was parallel to the
direction of the main compressive loading on the bricks in
service. The change in the specimen height (from which the
deformation was calculated) was measured by contact
extensometry using a capacitive extensometer (40.6 pm;
25 mm of gauge length) with SiC knives suitable for high
temperature measurements. The tests were carried out in
displacement (of the actuator) control with a constant rate of
0.1 mm/min, up to the specimen failure.
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The mechanical behavior characteristic of each material was
analyzed from the stress—strain curves and the following
mechanical parameters were determined: Young’s modulus (E),
yield stress (oy), mechanical strength (oR), and fracture strain (eg).
The Young’s modulus was determined as the slope of the lineal
portion of the stress—strain curve. The value of o was considered
as the stress where the curve deviates from linearity in 1%; this
parameter is not commonly analyzed in the literature for this sort
of materials. The ratio oy/oy (in percentage) was considered as a
measure of the deviation from the linear elastic behavior by
inelasticity (due to a softening by microcracking, for example) or
plasticity (due to viscous flow, for instance); thus, this parameter
was also related to the type of dominant mechanical behavior
(ductile or brittle). In regard to the mechanical strength, it was
taken as the maximum stress displayed in the stress—strain curve
that is a common criterion used in this type of materials. The strain
corresponding to this condition was taken as ¢g.

The way in which the specimens failed at the end of the test
was evaluated considering the following typical fractures: (a)
‘ductile’, with low noise, notable previous strain and several
cracks; (b) ‘brittle’, with high noise, small previous strain and a
unique crack; (c) ‘quasi-brittle’, with intermediate character-
istics. Moreover, the main fracture paths were also analyzed by
visual inspection.

The microstructural changes occurred in the materials
during the high temperature mechanical tests were evaluate
using several techniques: mineralogical analysis by XRD,
DTA/TGA, density and porosity measurements, and observa-
tion by optical microscopy and SEM/EDS. The same
methodologies used for as-received materials were employed.
These data are complementary to the information obtained
from the mechanical testing and make possible to analyse the
main factors determining the mechanical behavior and the
deformation and fracture mechanisms.

3. Results
3.1. Materials characterization

In both refractories, AM1 and AM2, a-Al,O3 as corundum,
together with MgO as periclase and C as graphite were

identified as the main crystalline phases by XRD (Table 1). The
amount of Al,O3 was in excess in respect to spinel (less than
20 wt.% of MgO) in both AMC materials. Moreover, the weight
percentage and mol ratios between MgO and Al,O3 contents
were similar in both refractories: 9—10 and 4.0-4.4, respec-
tively. In the material AM1, peaks of mullite (3A1,05-2Si0,),
rutile (TiO,) and tialite (Al,TiOs) were also identified; the
phases’ contents were around 10 wt.%, 1 wt.% and 3 wt.%,
respectively. In both AMC refractories, low intensity peaks
were assigned to metals, aluminium (AM1: ~1 wt.% and AM2:
~2 wt.%) and silicon (AM1 and AM2: =1 wt.%), added as
antioxidant.

Aggregates of sinter and electrofused grains were identified
in the microstructural observation of the refractories. The
global aggregates size as well as the size of Al,03 and MgO
particles (>0.06 mm) aggregates were larger for AMI
refractory (Table 1). The mean size of alumina aggregates
was larger than that of periclase for both types of materials.In
Fig. 1, SEM images of the matrix of AM1 and AM?2 are shown.
Calcined bauxite aggregates (characterized by the presence of
an intergranular glassy phase) and tabular alumina (without
glassy phase between grains) aggregates in a minor amount,
were identified in AM1. Mullite, rutile and tialite detected by
XRD came from bauxite aggregates. The presence of these
secondary phases could be the reason of the lower content of
Al,O3 pointed out by XRD in AM1. Sinter aggregates of MgO
were also detected. Graphite flakes and antioxidants as Al were
clearly observed in the bonding phase (Fig. 1b) while the
presence of silicon cannot be confirmed by SEM/EDS. On the
other hand, AM2 only exhibited aggregates of brown alumina
(characterized by a smooth texture and the presence of
intergranular glassy phase). As in AM1, graphite flakes, sinter
MgO aggregates and Al antioxidants particles (<50 pm) were
also distinguished (Fig. 1d). The bonding phase of AMI
exhibited higher porosity than that of AM2.

The values of densities and porosities of AMC refractories
are reported in Table 1. The higher pycnometric density of AM?2
were partially attributed to the contribution of a larger amount
of alumina, with higher density than magnesia (3980 kg/m’
with respect to 3580 kg/m’) and the absence of secondary
phases as mullite (3180 kg/m?®). AM1 has a higher volume

Table 1
Characterization of as-received refractory materials.
AM1 AM2
wt.% (XRD) Al,O3 67+5 80+5
MgO 6+5 8+5
C 11+£5 945
Ppic (kg/m®) 3630 =+ 30 3710 + 60
oo (kg/m®) 3010 £ 10 3280 + 10
7, (%) 8+1 7+1
7 (%) 17+1 1141
7. (%) 9+1 4+1
DTA 440 °C 895 °C 440 °C 855 °C
Am (TGA) —2.2 wt.% —3.7 wt.% —3.0 wt.% —5.4 wt.%
Dso (mm) global 1.12 £ 0.02 0.76 +0.02
Al,O3 1.15+£0.02 0.80 +0.02
MgO 1.04 +0.02 0.69 + 0.02
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Fig. 1. SEM images of the as-received refractories surfaces.

fraction of pores than AM2 according with the SEM
observation; the highest difference was in the amount of close
pores (7. was 52% higher in AM1). This difference could be
associated to the presence of tabular alumina in AMI,
characterized by the presence of close pores, and the incidence
of graphite on close porosity [13]. The differences in the
particle size distribution should also affect the porosity values
of each refractory.

The DTA thermograms of both materials (Fig. 2) were very
similar in the position and the intensity of peaks. The maximum
temperature of the exothermic peaks identified by DTA in which
weight loss (Am) was also registered in the thermogravimetric
analysis (Fig. 3) is reported in Table 1. The weight losses in the
temperature range 300-600 °C were attributed to the organic
resin transformations. They consist in condensation, oxidation,
dehydration and decomposition reactions occurring simulta-
neously [14,15]. Up to 900 °C, H,O generated by several
reactions evolves, being the maximum evolution between 200
and 500 °C. At temperatures higher than 400 °C, CH,4, CO, H,, a
little amount of CO,, benzene and phenol derivates and aromatic
polycyclic compounds are evolved [14,16]. Product of these
reactions is a carboneous non grafitizable structure (glassy-
carbon) susceptible to further oxidation. This structure has a
partial ordering and tends to higher organization and defect
annealing at temperatures above 1000 °C [14].

The weight losses displayed over 800 °C for AM1 and AM2
were assigned to the graphite oxidation [17]. Based on the facts
that the refractories were fabricated by the same manufacturer
and DTA peaks assigned to the resin transformation were
located at the same temperatures for both materials, it may be

assumed that the resin and the crosslinking degree are basically
the same for both bricks (despising the influence of the other
components of the refractories that affect the curing process
[14]). Therefore, considering TGA results, the amounts of
organic binder and graphite would be higher in AM2. However,
the graphite content determined by XRD was lower for AM2;
this difference was attributed to the Rietveld method error
(£S5 wt.%) together with the incidence of the flakes orientation
on the intensity of the diffraction peaks. Additionally, the
reactions of the antioxidant during the heating (at a relatively
high rate) in the TGA run could lead to an incomplete oxidation
of graphite. These factors also explained the difference in the
weight percentages of graphite estimated by XRD and TGA in
both refractory materials.

The DTA thermograms also exhibited an endothermic peak
around 660 °C (at 676 °C for AM1 and at 670 °C for AM2), that
corresponds to the melting point of aluminium added as
antioxidant. At temperatures over 1000 °C, peaks with low
definition were attributed to the spinel formation from solid
state reaction between alumina and magnesia and/or to the
antioxidant reactions. These reaction forms as products:

(a) Al4C5zat T < 1000 °C by reaction of liquid Al with the more
reactive C coming from the organic binder, or with graphite
[18-21],

(b) Al,Ozat T > 1100 °C by reaction of Al,C; with CO coming
from the graphite oxidation [19],

(c) MgO-Al,0;5 by direct reaction of liquid Al with MgO (s) or
Mg (g) produced by carbothermal reduction of magnesia
[18-21],
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Fig. 2. DTA thermograms of as-recevied refractories and mechanically tested
specimens (1000 °C).

(d) SiO, at T~ 1100 °C by reaction of silicon with the O, of
the air; then, SiO, transforms to SiC by reaction with C [19].

The thermal expansion under load (0.6 MPa, Fig. 4) is in
agreement with DTA/TGA data. Several changes in the slope of
the AM1 curve were observed at temperatures below 700 °C.
They were associated to the structural transformations of the
resin described above plus the oxidation of the glassy-carbon
product that generally involve a volumetric shrinkage [14,22]
(decrease of the expansion rate). The alteration of the curve
slope around 800 °C was associated with the graphite
oxidation. It is worth mentioning that a volumetric shrinkage
was registered near 1000 °C that might be associated to
sintering assisted by load (the spinel formation, if occurs, is
expansive). An estimation of the linear thermal expansion
coefficient (a) ranged from ~9.6x 107°°C™' to
4.2 x 107°°C~". The first value was in agreement with o of
the main components of the refractory (between
13.5 x 107°°C~" for MgO and 5.3 x 107°°C~" for mullite;
a estimated ““mean” value for graphite, considering the extreme

weight percentage (wt.%)

-84
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Fig. 3. TGA thermograms of as-recevied refractories and mechanically tested
specimens (1000 °C).

« values due of its high thermal anisotropy, is 13 x 107¢ °C™"
[23] but its contribution to the thermal expansion of the
composite refractory is almost negligible [23]) but higher than
the values reported for this carbon-based material [ 14,24] due to

0,008
AM2

0,006 4
AM1

£ 0,004
0,002 A /
0,000 ; . |
250 500 750 1000
temperature (°C)
Fig. 4. Thermal expansion under load (0.6 MPa) curves.
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the applied load. The reduction in « was attributed to the lower
thermal dilation exhibited by the product of the resin
transformation, mainly produced by the elastic restriction
imposed by the crosslinked carbon network [14].

The expansion behavior of AM2 was similar to that of AMI,
although the changes were less evident and even some of them
were absent. The thermal expansion coefficients were in the range
of the values estimated for AM1 but more homogeneous. These
differences were attributed to the fact that the processes were not
so well developed in AM2 refractory. Conversely to AM1, the
curve of AM2 did not exhibited contraction near 1000 °C.

The differences between the expansion curves of both
materials showed that the refractory AMI suffered a higher
degree of structural changes in respect to AM?2 during the heating
up to 1000 °C. Since it was considered that the cured resin was
similar between both materials, being in a higher amount in
AM?2, it is possible that other factors influenced on the rate/
extension of the transformation. On one hand, the higher
apparent porosity in AM1 may favour the incoming of the
surrounding gas. Even when the N, gaseous stream used in the
mechanical test reduces the content of oxygen (by displacement
and dilution) a little amount of this gas remains and it could
encourage the processes [16]. On the other hand, the presence of
other components of the refractory, in different proportion, type
or granulometry, could alter the curing (generating a different
crosslinking degree) as well as the pyrolisis of resin [14].

3.2. Mechanical tests

Stress—strain curves of AMC refractories at RT and 1000 °C
are shown in Fig. 5 and the mechanical parameters are reported
in Table 2. The elastic modulus and the mechanical strength of
AM1 were higher than the values of AM2; the magnitudes were
in general in the order of those reported in the literature for
refractories of similar composition [20,24-26]. Overall, the
stiffness and the mechanical strength were higher as the testing
temperature increased. However, significant differences in the
mechanical parameters with temperature were determined in
AM?2 whereas the values were not so dissimilar in AMI,
especially the Young’s modulus. In agreement with this fact, the
strain to fracture showed only a little change with the testing
temperature in AMI1, but a significant reduction in AM2. The
increment of the yield stress to oy ratio from RT to 1000 °C
indicated a higher brittleness in the last condition.

Stress—strain curves at RT exhibited a marked deviation from
linearity and a softening behavior, i.e., the gradual loss of the load
bearing capacity and the stiffness during the mechanical loading
(Fig. 5). In the case of AM1, only a little portion of the curve was

Table 2
Mechanical parameters.
T (°C) E (GPa) or (MPa) er (%) oylog (%)
AM1 20 32+ 14 58+ 12 0.30 £ 0.01 31+9
1000 37+1 76 £21 0.24 £+ 0.01 60 +7
AM2 20 12£5 38£3 0.60 £ 0.05 70+9
1000 29+8 60 +£7 0.17 £+ 0.06 85+ 7

100
|lamM1 I e - 1000°C
80
=
[aW
=)
0 T T T T T T T
0.000 0.001 0.002 0.003 0.004
strain
100
|
80
1000°C
—~ 60+ 3
<
[aW)
2 :
g a0 ¥
7 RT
0 T T T T T T
0.000 0.002 0.004 0.006 0.008 0.010
strain

Fig. 5. Stress—strain curves at RT and 1000 °C.

linear, moving away from linearity rather early and showing a
marked softening behavior as was manifested by the low oy/oR.
The non-linear response was less marked at room temperature in
material AM2, even when the strain to fracture remained rather
higher than the value of AM1. The occurrence of irreversible or
residual strain, characteristic of those refractories containing
graphite [26,27] was evident in the loading-unloading cycle in
RT curve of AM2 (performed to re-locate the extensometer that
reached the limit of the measure range before the end of the test).

In every case, the fracture run diagonally across the cylinder,
as is characteristic of the compression tests where friction
effects act in the contact area between the flat surfaces of the
specimens and of the push-rods (or the disk between them). The
cracks propagated mainly through the bonding phase surround-
ing the aggregates in several cases. The failure of the specimens
had a higher ductile character at RT whereas at 1000 °C the
fracture was quasi-brittle to brittle, in agreement with the
increment in the ov/og ratio.

3.3. Post-testing characterization

The results of the characterization of the materials after the
tests at high temperature are reported in Table 3.
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Table 3
Characterization of post-testing refractory materials.
AM1 AM2
Composition (XRD) Al,O3
MgO
C
Ppic (kg/m3) 3580 £ 50 3720 £ 50
Do (kg/m3) 3000 =+ 20 3100 + 20
7, (%) 11+£2 8+2
7 (%) 17+2 16 +£2
7. (%) 5+£2 8+2
DTA 345 °C 476 °C 895 °C 358 °C 520 °C 850 °C
Am (TGA) —1.6 wt.% —1.6 wt.% —3.7 wt.% —0.6 wt.% 1.2 wt.% —3.4 wt.%
D5 (mm) global 1.35 +0.02 0.99 + 0.02
Al,O3 1.58 +0.02 1.51 £ 0.02
MgO 0.79 +0.02 0.57 +0.02

The same phases present in the original materials were
identified in both refractories AM1 and AM2 after the tests at
1000 °C. No new peaks corresponding to phases coming from
reactions of aluminium (AIl4Cz; or AIN) or to spinel were
detected. This fact shows that if chemical changes occurred
during the thermal treatment as can be inferred from DTA data
of as-received materials, these reactions were not massive but
occurred at a very local level (likely in the matrix) so that the
product amount could be lower to the detection limit of the
XRD technique. In fact, the overlapping of the diffraction peaks
of spinel with others of the main phases could difficults its
identification. Even when the detection of spinel has been
reported in the literature already at 1000 °C [21,28], it has been
generated from Al or by reaction of MgO with reactive alumina.
Migliani and Uchno [4] was not detected spinel at 982 °C and
Williams and Hagni [3] estimated a temperature around
1050 °C for the appearance of spinel in neutral atmosphere (not
specified). This temperature is slightly higher than that used in
the mechanical tests of the studied AMC refractories.

The DTA of high temperature tested specimens (Fig. 2)
exhibited differences with those of the as-received materials
mainly in the region of peaks corresponding to the resin
transformation. Similar changes were observed in both
refractories. The peak assigned to the pyrolisis of the organic
binder in the original materials (440 °C) was not detected in
none of the tested refractories, but other peaks were displayed
in the low temperature region (<700 °C, Table 3) indicating an
incomplete transformation and/or a higher susceptibility of the
products to be oxidized. The resin decomposes by a complex
mechanism briefly described above including several transfor-
mations and a wide range of temperatures. In those conditions
suitable to assure a complete transformation and a high coke
yield (50-60 wt.%), the gases evolution extends up to
temperatures near 1000 °C and even at higher temperatures
the ordering of the glassy-like carbon and the defect annealing
continue [14]. The transformation of the resin could not be
complete during the mechanical test due to several reasons: (a)
the heating rate could be not slow enough to complete the
processes (b) the existence of a thermal gradient into the
specimens, mainly during the heating, due its limited thermal

conductivity and (c) the closeness between the testing
temperature and that where the transformation stops.

Conversely, the peak assigned to graphite was located almost
at the same position in tested and as-received materials but the
weight loss was lower in the former (Tables 1 and 3). This fact
was according with the superficial discoloring exhibited by the
specimens after tests. The proportion of graphite oxidized
during the mechanical test was superior in AM2 (~36%, twice
the value of AM1).

Regarding aggregates sizes, a significant increment of the
global size was observed in AM1 and AM2 after the mechanical
tests at 1000 °C (between 20 and 30%). Alumina particles
tended to be larger whereas periclase ones exhibited the
opposite tendency; the changes were more pronounced in AM?2.
These facts showed that the transformations occurring in the
materials due to thermal effects not only involved the binder but
also the aggregates. Between the reactions explaining the
granulometric variations registered are: the carbothermal
reduction of MgO and the spinel formation. The carbothermal
reaction MgO(s) + C(s) — Mg(g) + 1/2CO,(g) and the further
re-oxidation of Mg(g) with the little amount of oxygen in the N,
stream used in the mechanical test could cause the growth of the
alumina aggregates and the reduction in the size of magnesia
ones. The MgO would recrystallize indistinctly on the surface
of alumina or periclase aggregates. However, alumina particles
were in higher proportions in both AMC refractories. Even
when the literature reports higher temperatures to initiate
carbothermal reduction, the occurrence of this reaction at
temperatures lower than 1000 °C has been inferred in MgO-C
refractories (unpublished data).

The spinel formation is often produced around the alumina
aggregates [3,29] by its reaction with MgO in solid state or with
Mg(g) formed by carbothermal reduction in gaseous phase [19—
21,28]. Both reactions explain the size variation of alumina and
magnesia aggregates. Moreover, the finer particles in AM?2
could account for the higher extent of the modifications
observed in this material, since the reduction of the magnesia
particles size benefits the spinel formation [30]. Similarly, the
higher specific surface of this material would favour the
carbothermal reduction. Alumina particles of AM1 and AM2
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Fig. 6. SEM images of tested refractories surfaces (1000 °C).

specimens tested at 1000 °C and analyzed by SEM showed a
peripheral rim having a different texture to those of the particle
centre and of the bonding phase. In the EDS analysis of the rim,
Mg was detected which can be as MgO or spinel. Anyway, these
results demonstrated the occurrence of chemical reactions
involving the aggregates of both refractories, more developed in
AM2.

No evidence of massive formation of new phases during the
test at 1000 °C were observed in the SEM/EDS analysis neither
in AM1 nor in AM2, according with XRD data. SEM images of
both refractories’ surfaces are shown in Fig. 6. The aspect of the
bonding phase was similar to that of the as-received material
and particles of metallic additives without reaction were also
observed [31]. Nevertheless, zones with different character-
istics to those of the as-received materials were identified in
AM1 and AM2 (Fig. 6b and d); the EDS analysis did not clarify
their chemical composition. Similar microstructural features
were reported in the literature and assigned to spinel coming
from reaction of Al at 1600 °C [21]. In AM1 and AM2, those
zones could be a product of an intermediate step in the spinel
formation, Al4Cs or AIN, formed around 1000 °C and further
dehydrated at room temperature [32]. In addition, the interface
between some aggregates and the matrix exhibited a certain
degree of decohesion and some damaged aggregates were
observed (Fig. 6a and c).

After the high temperature test, the pycnometric density of
AM2 was unchanged with respect to the original value where as

a decrease in ppc was observed in AM1. Except the spinel
formation, the rest of the reactions occurring up to 1000 °C
(resin pyrolisis, lost of graphite by oxidation or carbothermal
reaction, formation of Al4Cs or AIN) leads to a decrease of the
solid density. The expansive character of the spinelization
would also favour the higher thermal expansion registered in
AM?2 at the end of the heating (Fig. 4). Even when the spinel
could not be identified by XRD or SEM/EDS, there are other
signs indicative of a possible spinelization, more pronounced in
AM?2. Moreover, the difference in the solid density of Al,O;
(the component with the highest density that is replaced by
spinel) and spinel is less than the half of the difference between
the density of graphite and the rest of inorganic components.
Then, in the case of AM2 the dominant effect was the graphite
loss (higher than in AM1) opposing the possible effect of the
spinelization, while in AM1 occurred the opposite.

The porosity parameters were modified after the high
temperature test with the exception of the true porosity in AM1
that remained unchanged. In both refractories, the apparent
porosity increased as was reported in the literature for this sort
of materials [6,17,28] due to the volatiles elimination, the
cracks generation by volumetric differential shrinkages and the
graphite loss. The larger variation of i, in AM1 was associated
to the higher extension of the resin transformation in this
material.

On the other hand, the value of 7. increased in AM2 and
showed the opposite tendency in AM1. Among the changes
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occurring in the resin is the closing of open micropores
(produced by the crosslinking), being the maximum rate of this
process between 800 and 1000 °C [14]; this process accounts
for the behavior of AM2. The opposite trend in AMI1 was
attributed to the effect of densification by sintering (manifest in
the thermal expansion curve) between particles in the matrix
and also into the aggregates (taking into account the impurities
level and the presence of glassy phase).

In AMI, the opposite effects of the close and the open
porosities with the temperature up 1000 °C were equivalent,
producing no change in the value of 7,. In the case of AM2, the
true porosity increased mainly because of the close porosity
increment. The spinelization is usually accompanied by
generation of micropores [20] and cracks (during the cooling
down) [30]. Therefore, if this process occurred in a local level at
least, it contributed increasing the true porosity (mainly in
AM2).

In summary, there are evidences of incomplete transforma-
tions after the mechanical testing at 1000 °C involving the
carboneous binder (more developed in AM1), the graphite and
also the aggregates. The latter includes the spinel formation as a
possible process occurring in a higher extent in AM2. The
reaction of metallic additives could not be confirmed. More-
over, in AM1 was inferred a certain degree of densification by
sintering, without alteration of true porosity, whereas an
increment in the true porosity was registered in AM2 according
to the modification in the organic binder and the absent of
sintering evidences.

4. Discussion

Bearing in mind the characteristics of the fracture of the
mechanically tested specimens (cracks propagating through the
matrix itself and also breaking the interface with aggregates) it
is evident that the bonding phase has a fundamental role in the
mechanical response. The modifications involving the aggre-
gates at high temperature, indicates that they could be also
involved in the mechanical response too as was observed in the
SEM analysis (Fig. 6).

The fact that the matrix is the weakest link in the refractory
structure and the main responsible on the mechanical behavior
in cold and hot conditions is common in this sort of materials. In
oxide-C refractories, the bonding phase is highly heterogeneous
(novolaka or resol resin, binder, graphite flakes and fine
particles of magnesia, alumina and antioxidants) with
components having poorer mechanical properties than the
aggregates and dissimilarities that create low surfaces affinities
and discontinuities. These features lead to low cohesion and
finally, to cracks. The quality of the matrix-aggregate interface
is influenced by the fabrication methods and the particle
characteristics (magnesia or alumina, sintered or electrofused,
sources) among other things; this region is a weak point in the
structure. However, these discontinuities are also an advantage
for the thermal shock resistance of the refractory body. In
addition, the matrix suffers chemical, microstructural and
textural changes with temperature and atmosphere.

The quasi-brittle behavior of both refractories at RT related
to the softening behavior is associated to the presence of
graphite and mechanisms of irreversible deformation. They
include [13,15,26,27]: (a) microcracking of pre-existent
fissures in the matrix and between the matrix and the
aggregates; (b) sliding and crumpling of graphite flakes; (c)
plastic deformation of the flakes themselves by shear of the
basal planes [14] or microplasticy of the binder [27]. The more
marked softening in AM1, with a lower content of graphite, is
attributed to the effect of its high true porosity (pores and
cracks) favoring the microcracking.

At 1000 °C, the increment of the ratio oy/og in AM1 and
AM2 indicates a higher brittleness, also observed in the fracture
features. This behavior is mainly due to the loss of graphite
leading to a decrease of the system flexibility. Furthermore, the
resin and the produced glassy-carbon have high stiffness; the
latter exhibits a brittle or quasi-brittle behavior up to ~1100 °C
[14,15]. Other modifications of the bonding phase that will be
analyzed in the following, also contribute to this behavior.
However, the mechanical behavior of both materials is not
completely brittle and therefore similar mechanisms to those
occurring at RT are also operative, considering that at 1000 °C
the viscoplastic process are not active yet, in a massive way at
least.

At RT, the Young’s modulus of AMI is rather high in
comparison with the values for other carbon-based refractories
[15,20,27]; AM2 has a significant lower elastic modulus. The
strain to fracture of AM1 is only the half of the value of AM2, in
accordance to its high stiffness. The differences in the quality
(impurity contents including glassy phase and porosity) and the
grain sizes of alumina aggregates between AM1 and AM?2 are
difficult to quantify. Even when AM1 has calcined bauxite (low
purity and high porosity), it also contents a proportion of tabular
alumina of high quality (high purity and low porosity). On the
other hand, AM2 has aggregates of intermediate quality.
Nevertheless, bearing the global differences between both
materials in mind, it is considered that the high E value of AM1
is due to the presence of coarser high stiffness alumina grains
including tabular alumina. On the other hand, the low Young’s
modulus of AM2 is mainly attributed to the higher content of
graphite. Furthermore, the higher amount of resin and graphite
in this refractory could promote the presence of a higher
amount of cracks or larger sized cracks contributing to decrease
the value of E.

The values of mechanical strength at RT are also different
between AM1 and AM2. The same factors accounting for the
difference in Young’s modulus also explain oy values: graphite
and resin contents (the components with lower mechanical
strengths), characteristics of the more resistant particles
(alumina), amount or size of critical defects limiting the
fracture strength (as cracks).

The mechanical properties of both refractories enhance
significantly at 1000 °C with the exception of the Young’s
modulus and strain to fracture of AMI1, mainly due to the
structural and compositional changes occurring in the
carboneous component of the bonding phase. However, it is
important to remember that the fracture features manifest the
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relevance of the matrix and the matrix/aggregates interface in
the mechanical behavior of these refractories.

In accordance with the post-characterization data, several
processes contribute to the increment of E to more than twice
the value at RT in the case of AM2:

(a) the resin transformation, even incomplete, in a structure
with high stiffness due to the elastic restriction imposed by
the carbon network, and an equivalent mechanical
resistance [14,22],

(b) the reduction in the graphite content and, consequently, in
the structure flexibility.

(c) the formation, although incipient, of new phases from the
metallic additive reactions as Al4C; (or AIN) that has a high
modulus [20] and a binding effect [31],

(d) the recrystallization of magnesia coming from the
carbothermal reduction with C; when it deposits on the
surface of aggregates or into the open pores favors the
overall cohesion by interparticles linking,

(e) the cracks closure by the effect the mechanical loading, the
temperature and/or the occurrence of expansive reactions.

These factors overcome the effect of the true porosity
increment tending to a stiffness reduction and they also account
for the increment in the mechanical strength. In agreement with
the variation in these mechanical properties, the strain to
fracture shows a remarkable reduction. Furthermore, if
spinelization occurs even incipiently, it also favors the ceramic
bond although the spinel is considered a low modulus phase in
the case its formation is accompanied by microporosity [20].

The differences between AM1 and AM?2 in relation to the
above mentioned factors are: a higher extension of the resin
transformation, a smaller reduction in the graphite content, a
lower degree in the process modifying the aggregates’ size
(carbothermal reduction or spinel formation) and the occur-
rence of sintering. Even considering these differences, the same
factors determining the increment of o in AM2 are also
applicable to AMI1. The difference in the advance of each
process is the reason for the smaller increment of the
mechanical strength in the latter. The lower content of metallic
antioxidant additives in AM1 could decrease the effectiveness
of the binding effect at high temperature.

The behavior of the Young’s modulus (and the strain to
fracture) in AMI1 is unexpected in this context, since the
changes in the composition and microstructure should impact
on the elasticity modulus, as happens in AM2. It is possible that
the lower degree in the graphite loss is not compensated by the
(low) degree of transformation contributing to increase the
stiffness in AM1. In addition, it have to bear in mind the
negative effects of the spinelization and the lower binding effect
related to the smaller proportion of antioxidant in this
refractory. Furthermore, the resin pyrolisis is not necessarily
accompanied by a variation of stiffness, because it depends on
the initial crosslinking degree and the organization level
achieved by the glassy-carbon.

In summary, the mechanical behavior of commercial AMC
refractories, both resin-based materials, shows marked differ-

ences at room temperature and at near the pre-heating ladle
temperature (1000 °C). This fact indicates that their differences
in composition and microstructure, both in a relatively narrow
range, have a strong impact on mechanical properties and their
changes with temperature. In fact, it is verified that this occurs
even when the microstructural evolution of the refractories are
very similar, having only differences in the extent of the
processes. As a second stage of this work, the mechanical
evaluation at operation temperatures (around 1600 °C) is
planned for the future.

5. Conclusions

As a first stage in the obtainment and analysis of data about
the mechanical behavior of commercial AMC refractories used
in steelmaking ladles, stress—strain curves of two different resin
bonded bricks AM1 and AM2 were determined at room
temperature and at temperatures near the ladle pre-heating
condition (1000 °C). A detailed analysis of the mechanical
behavior based on a comprehensive material characterization,
the using of conventional (mechanical strength and elastic
modulus) and non-conventional mechanical parameters (yield
stress and fracture strain) and a complete post-testing
characterization data was carried out, which lead to the
following conclusions:

- during the heating up to 1000 °C (in nitrogen) the
transformation of resin was incomplete and the aggregates
were also involved in the chemical changes; AM1 suffered a
higher degree of structural changes related to resin
transformation but the chemical reactions (including an
incipient spinelization) advanced in a higher extent in AM2;
different changes in the solid density and porosity occurred in
each material mainly due to different contributions of resin
pyrolisis, graphite oxidation, incipient spinelization and
sintering.

at RT, AM1 exhibited higher values of mechanical strength
and Young’s modulus, mainly attributed to the presence of
coarser aggregates including tabular alumina; the more
marked softening behavior displayed by AMI1, even when the
strain to fracture remained smaller than the value of AM2, was
associated to the higher true porosity causing microcracking.
from RT to 1000 °C, the fracture was more brittle (higher oy/
o ratio) and the mechanical properties showed a significant
enhancement, except the Young’s modulus and the fracture
strain of AM1; the structural and chemical changes occurring
up to 1000 °C in AM1 and AM2 explained these variations.
the unexpected behavior of the Young’s modulus and the
fracture strain of AM1 were attributed mainly to the small
transformation degree of resin, graphite and aluminium.

Beside these achievements, this work reasserts that the
characterization and evaluation of commercial refractory
materials with the aim to give fundamentals to the experimental
data is a very complex and challenge task, hardly to be
performed in a conclusive way. Even then, valuable information
to understand and enhance the refractory performance in
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service and to give guidelines for the material design is
obtained.
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