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Abstract

Three processing routes for obtaining refractory castables within the alumina-rich zone of@geMyO—CaO ternary phase equilibrium
diagram were studied starting from mixtures of: (a) calcined alumina, synthetic spinel and calcium aluminate cements, (b) calcined alumina,
magnesia and calcium aluminate cement, and (c) calcined alumina, dolomite and calcium aluminate cement. The evolution of the phases
and microstructure was studied as a function of temperature and the processing route for both refractory concretes and their corresponding
matrices (<12m).
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction use of dolomite as an additive in refractory concretes has
not been widely reported in the literature. The composition
Intensive R&D carried out in recent years in the field of of the alumina-rich refractory concretes with added spinel,
refractory concretes (for the metallurgical sector) has led to magnesia or dolomite, which are currently employed in the
a considerable increase in their use as linings for secondarysteel industry is located within the alumina-rich corner of the
steel plant ladles. The presence of magnesium spinel in theAl,03—-MgO—-CaO ternary phase equilibrium diagram. The
composition of alumina-rich refractory concretes has clearly designing of materials in the high alumina zone within this
improved slag attack behaviour, reduced wear fafeand ternary system has two significant advantages:

as a consequence provided a longer lifespan for steel plant L . . .
ladles than other traditional refractory products. (&) The presence of high invariant points with temperatures

Now magnesia (dead burned magnesite) is used as an generally aboye 1700 malfes It possible to design ma-
additive as a means of generating “in situ spinel” by re- terials with a high refractorlness. S .
active sintering, resulting in an even greater resistance to(b) Due to the _broad primary crystallisation f|e|(_j of spinel
corrosion and slag penetration in comparison with high alu- (MoAl 20.3) N many OX|de.§ystem.s, the designed con-
mina concretes with added synthetic spinel. However, the cretc_a; wil Shov‘.’ lOW. solubility a_galnst molten products.
use of magnesia presents certain disadvantages due to hy- Additionally, spinel is a crystalline phase that absorbs a

; Fe Ft 2+
dration and other associated rheological problém$.The large amount of metal cations ( Fer, Mn=%, etc.)
into its structure, forming a wide range of solid solutions.

* Corresponding author. _ In this research work, thre_e processing routes for obtain-
E-mail addressedadiaz@incar.csic.es (L.A.1Bz), ing refractory concretes within the alumina-rich zone of the
riorre@incar.csic.es (R. Torrecillas). Al>,03-MgO-CaO ternary system were studied. In all of
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Table 1

Particle size results of the finer raw materials used to obtain refractory castables (results in vol.%)

Raw materials <am 2-4pm 4-8um 8-16pm 16-32um 32-62um >62pm
CT9SG 25.54 18.75 27.57 po%] 542 0.63 0.06
CL370C 58.73 17.46 20.52 .3

AR78 34.64 18.74 26.43 120 049

CA270 31.14 19.76 21.32 1B 753 3.76 2.72
Magnesia 39.10 12.54 15.76 .83 1015 3.07 1.55
Dolomite 30.33 18.56 24.01 A3 543 0.14

these materials large and medium grains of tabular aluminanesium oxide (CF Grade) (Dead Sea Periclase Ltd., Israel);
and white corundum were used, whereas the finest grainsand dolomite (Prodomasa, Spain). Darvan 7S (organic poly-
(fractions smaller than 135m) were made up of the follow-  acrylate polymer) was used in concentrations of 0.03 wt.% as
ing mixtures: an additive to control the rheological behaviour of the con-

) ) ) ) ] . cretesTable 1presents a granulometric analysis of the finest
(1) Calcined alumina, synthetic spinel and calcium alumi- f.4ctions (<125.m).

nate .cement. . . . . Two basic factors were taken into consideration in de-
(2) Calcined alumina, magnesia and calcium aluminate Ce'signing the compositiod? (a) chemical composition and (b)

ment. _ _ _ _ grain size.
(3) Calcined alumina, dolomite and calcium aluminate ce-

ment. ) N
2.1.1. Chemical composition

The evolution of the phases and microstructure as afunc-  Table 2contains the chemical compositions of the dif-
tion of temperature was studied for the different processing ferent matrices of the selected concretes. All the raw ma-
routes both in the refractory concretes and in their corre- terial mixtures were chosen so that at high temperatures
sponding matrices. (1650°C) the materials would have the same spinel content

in the matrix. Spinel contents of 5, 10, 15 and 20 wt.% were
studied, and their corresponding compositions were named

2. Experimental methodology 8D5%, 8D10%, 8D15% and 8D20%. In the case of materi-
als made from the addition of magnesia, calculations were
2.1. Design of the compositions carried out so that final spinel contents of 5, 10, 15 and

20 wt.% would be obtained at high temperatures (1650

The key to designing both shaped and monolithic refrac- once equilibrium had been reached. These compositions were
tory materials with excellent behaviour against molten slags named 8DM5%, 8DM10%, 8DM15% and 8DM20%. In the
lies in the appropriate selection of the components present incase of dolomite additions, the compositions were labelled
the finer fractions, i.e. amount, grain size, chemical compo- PKDOL5%, PKDOL10%, PKDOL15% and PKDOL20%. In
sition, etc. this case, only PKDOL5% has the same final spinel content as

Of the possible combinations of raw materials for the pro- 8D5% and 8DM5%, the others having similar magnesia con-
cessing of refractory concretes in the alumina rich zone of tents to those dfig. 1, where all the compositions designed
the Al,Os—MgO—-CaO ternary diagram, the following were have been located inside the ternary phase equilibrium dia-
used: tabular alumina (T-60, -14 mesh and 6—10 mesh) (Al- gram. The calcium aluminate cement content was kept con-
coa, Germany), calcined aluminas (CT9SG and CL370C) stant for all compositions (8 wt.%), except for those prepared
(Alcoa, Germany), synthetic spinel (AR78) and calcium alu- with dolomite, where 2wt.% was used for PKDOL5% and
minate cement (CA270) (Alcoa, Germany), white corundum PKDOL10% and 1.5wt.% for compositions PKDOL15%
(0-0.2 mm and 0.2—2 mm) (Pechiney, France); sintered mag-and PKDOL20%.

Table 2

X-ray fluorescence analysis of raw materials (results in wt.%)

Raw materials AlO3 SiO, FeO3 TiO, CaO MgO NaO K20 P05 LOI
CT9SG 9918 0.33 0.03 0.15 05 013 0.08 0.03 ®m1
CL370C 998 0.03 0.03 2 0.06

AR78 771 0.05 0.08 @5 224 0.13

CA270 735 0.2 0.07 2% 01 0.20 002
Magnesia 2 0.03 0.03 ®2 993

Dolomite Q011 0.018 0.008 37 2205 477
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Fig. 1. (A) Al,03—-MgO—-CaO ternary phase equilibrium diagram, (B) alumina-rich zone, and (C) location of all the designed compositions in the alumina rich
zone.

2.1.2. Grain size 25mm x 150 mm. The refractory concretes were subjected
So that the granulometric curve would be the same for to thermal treatments from 400 to 173D. The heating rate

all the concretes obtained by the different processing routesfrom room temperature to 98C was 330'C/h and from then

it was necessary to develop a software which would allow on to the final temperature the rate was 1C¢h. The sam-

us to calculate the chemical composition of the refractory ples were held at the maximum temperature for 12 h. The

concretes and that of the corresponding matrices (fraction,matrix samples were subjected to the same thermal treat-

<125u.m). The total granulometric curve was also calculated ment but they were held at the maximum temperature for

from the percentages of the raw materials used. The software2 h.

was based on Andeassen’s equation and follows a“gap-sized” Phase evolution as a function of temperature was stud-

granulometric curvé? ied by X-ray diffraction (Siemens D-5000, employing Cu
radiation and operating at 30 mA and 40kV). The sam-
2.2. Processing ples were ground and sieved down to4@ after being
subjected to the different thermal treatements. A semi-
First the mixtures were dry-mixed in a mixer (F¥atSub- quantitative analysis taking into account the integrated area

sequently water was progressively added (ratio water/cementof the peak intensity obtained by XRD was also carried
= 0.9), while the total mixture was subjected to continuous OUt. . . .

stirring for 3min. The corresponding matrices of the refrac- ~ The microstructure of the fired samples (matrices and
tory concretes were obtained by sieving the starting raw ma- concretes) was examined both in the case of the polished
terial mixtures down to 12hm. The powders obtained were Samples (concretes) and in the case of the fracture sur-
mixed at water/cement ratios of between 1.75 and 2.13. Thefaces (matrices) by scanning electron microscopy (SEM)
fluidity of the elaborated concretes was studied following (£€isS, DSM-942) equipped with EDX (Oxford Link Isis
the ASTM C230-90 Standard. All the samples were cured at |! EDS). All the samples were coated with a thin layer of
room temperature in airtight containers for 24 h and then dried 90ld- o _ _

at 110°C for 24 h before being subjected to the correspond-  Dynamic sintering studies up to 1650 at a heating rate

ing thermal treatments. The castables obtained were pouredf 5°C/min were carried out for concretes and their matrices
into metal moulds with the following dimensions: 25mm  Using a Netsch 402E dilatometer in air.
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3. Results and discussion

3.1. Microstructure and phase evolution with
temperature

The changes in microstructure and phase evolution during
the first stages of sintering were mainly due to the calcium
aluminate transformations, whereas at higher temperatures
the change in evolution was clearly due to alumina/magnesia
and alumina/dolomite reactionsig. 2a and b show the mi-
crostructure of composition 8D10% after the thermal treat-
ment at 1650C.

At low temperatures (11TC) the phases present in the
concretes are: alumina gel, traces of calcium aluminate ce-rig. 3. G,A; crystals with a cubic morphology and several microcrystals
ment hydrates (6AHg and CAHp) and calcined alumina, as  that have precipitated onto their surface (8Qy.
well as magnesia and dolomite, depending on the type of con-
crete. Phase evolution with temperature from 400 to 750
can easily be followed in the case of the concrete matrices.
The phases observed and their evolution are as follows:

C12A7: This phase becomes noticeable at 600n all
the matrices of the 8D compositions due to the dehydration
of the stable hydrates of the calcium aluminate cement. Its
degree of crystallinity gradually increases until it reaches a
maximum value in the 800-100C range. At 1100C this
phase cannot be detected by XRD. Examination of the frac-
ture surface of the matrices by scanning electron microscopy
shows that @A7 posesses the pseudomorphic appearance
of the hydrates from which it originates, with laminar, pris-
matic growth and a cubic structurgig. 3). In the case of
matrices corresponding to compositions containing magne-
sia, the maximum degree of recrystallisation occurs at lower
temperatures (600-80QC).

CA: This phase appears as traces from 8D®nwards tions formed with dolomite (PKDOL5%, PKDOL10% and
due to the reaction SA7 + A — CA. The maximum de-  PKDOL15%), the CA phase is undetectable at 12D0In
gree of recrystallisation is reached at 10@and from this  the case of the PKDOL20% the CA is also undetectable from
temperature onwards CA gradually reacts with the alumina 1400°C onwards, because this composition is located inside
to form CA. At 1400°C, CAis no longer visible. It presents  the CA-CA—AMgscompatibility triangle (seEig. 1), where
a globular morphologyKig. 4). In the case of the composi- the CA phase is not stable.

Fig. 4. CA crystal with a globular morphology (1200).

Fig. 2. (a) SEM microstructure of the 8D10% refractory castable (26%0(b) Detailed view of the previous SEM micrograph (1680). A, alumina; MA,
spinel.
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Fig. 5. (a) Intergrowth of CA and CAcrystals with vitreous phase (1300). (b) Perpendicular orientation of GArystals towards the white corundum crystal
(A) at 1300°C.

CAp: The formation of this phase from CA and alumina MA (MgAbQg4): Spinel is a stable phase at high tempera-
is associated with a 13.6% volume increase which becomestures as the compositions are located within its primary crys-
perceptible above 100€. The formation of a glassy phase tallisation field, with the exception of the 5% compositions
at about 1300C (seeFig. 5a) allows part of the aluminaand  (seeFig. 1). When the temperature is increased, alumina
CA to dissolve, precipitating CA Up to temperatures close is introduced as a solid solution inside the structure of the
to 1300°C, its morphological appearance under SEM is of spinel. As a result the X-ray diffraction peaks shift towards
the tabular type or one of oriented microcrystals that tend higher 2 anglest>® In the case of the compositions pre-
to become alligned perpendicularly to the white corundum pared with magnesia, spinel is formed at 12Qy reaction
crystals existing inside the matri¥ig. 5b). In the matri- of magnesia and alumina. The evolution of the amount of
ces corresponding to the 8D15% and 8D20% compositions, spinel with temperature presents two maximums, one in the
CA; can be detected once the samples have been subjectedi200-1300C range and a second maximum between 1500
to a temperature of 170@, whereas this does not occur and1600C. The second maximum shows a higher value than
in the case of the matrices corresponding to the 8D5% andthe former, which may be related with the coarse grain size of
8D10% compositions which were also subjected to this tem- the magnesia used in the preparation of materials. It should be
perature. This inconsistency is due to the fact that the com- pointed out that the temperature must be raised for the reac-
positions occupy different locations within the ternary phase tions to be completed (total reaction of magnesia). The size of
equilibrium diagram. Thus, the compositions with 15% and the spinel crystals obtained by sintering reactions (8DM com-
20 wt.% of synthetic spinel in the matrix are located within positions) is finer than the crystal size of the added synthetic
the CA—-AMss—CAMIgs compatibility triangle; whereas the  spinel (8D compositionsHig. 7). In the case of the compo-
other two compositions (5% and 10%) are located within the sitions made with dolomite, spinel does not appear in such
AM ss—CAMII ss~A compatibility triangle, where CAis not quantities due to the different locations of the compositions
a stable phase. The compositions with magnesia present awithin the AlLbO3—-MgO-CaO ternary system. Spinel appears
CA; phase evolution similar to that described above. For the
PKDOL5% and PKDOL10% compositions, GAs detected
between 1100C and 1400C, whereas in the compositions
with 15% and 20% dolomite, CAs detected above 160C
and 1700C, respectively.

CAg: This phase appears from 1400 onwards. Its max-
imum degree of crystallisation takes place at 1600and
from there onwards it begins to react with spinel to form
the CAMI and CAMII ternary compounds. The @Arystals
have a morphology of interwoven plateleisd. 6) and a re-
action aureole is formed around the corundum crystals. Of
the prepared matrices, the 5% compositions show the high-
est CAg content at 1600C, due to their close proximity to

CAg within the AMss—CAs—A compatibility triangle. In the 39900 - - —
case of the PKDOL20% matrix composition the £phase
cannot be detected by X-ray diffraction at 1780 Fig. 6. CAG platelets at 160 in the 8D5% matrix composition.
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with an AM composition, and another denominated M, with
a CAg composition. Therefore both compounds may be con-
sidered as two different structures with different block-piling
sequences: (WB), in the case of CAMI ¢ = 79.77,&) and
(MS),, in the case of CAMII ¢= 31.297,&). These two com-
pounds are polytypoidaP since they present variations in
composition as a result of the periodical changes in the block
piling sequence that gives form to their structure.

The CAMI phase was detected up to 1780in the
8D5%, 8D10%, 8D15% and 8D20% compositions; whereas
the CAMII phase was only detected at 178Din the 8D15%
and 8D20% compositionBig. 8a and b show the morpholog-
ical character of their crystallisation. In the case of the matri-
ces prepared with magnesia, the CAMI phase was detected
Fig. 7. Spinel crystals (AM) in the 8DM20% matrix composition at 16060 in the 1700-1750C range in all the compositions. How-

ever, only the composition of the 8DM20% matrix presents
from 1100°C onwards; its greatest degree of crystallisation the CAMII phase at 1758C. As regards the compositions
is observed between 1200 and 13@0in the 5% and 10%  made with dolomite, both the CAMI and CAMII phases are
compositions. For the PKDOL15% and PKDOL20% matri- observed at 1700C, except for composition PKDOL5%. At
ces, spinel is a stable phase, even at temperatures as high750°C, composition PKDOL20% only presents the CAMII
as 1750C, whereas it disappears at this temperature for the phase.
remaining matrices. It has a very fine grain size. Periclase (MgO) This phase is observed in all the com-

Alumina @-Al,03): The concentration of alumina startsto ~ positions of the 8DM type up to 140C. It is not detected
decrease above 100G due to the series of reactions withthe at 1500°C, its disappearance coinciding with the maximum
calcium aluminate cement phaseg #&7, CA and CA) up value of spinel crystallisation. In the compositions made
t0 1200°C. At 1300°C, the alumina begins to react with GA  with dolomite, magnesia is only observed between 800 and
to form CAg. In the 5% and 10% compositions, there is an 1000°C for the 15% and 20% compositions, due to the de-
increase in the alumina content at 17@) whereas alumina  composition of the dolomite. In these compositions, the mag-
is not present in the 15% and 20% compositions because ithesia disappears at 1200 as it reacts with alumina to form

is not a stable phase at this temperature. spinel.
CAMI (CaMgAl>g046) and CAMII (CaMgAl16027): Dolomite [Mg,Ca(CQ)2]: This phase constitutes the raw
These two new phases were first reported bpigels et al-’ material of the PKDOL-type matrices and it remains present

and lyi et al*® and are located on the line that connectssCA  unless it decomposes at 600 for the PKDOL15% and
and the stoichiometric spinel. They are made up of a laminar PKDOL20% compositions and 80C for the PKDOL5%
structure derived from C& which is isostructural with the ~ and PKDOL10% compositions.

structure of magnetoplumbite, but with much larger dimen-  Calcite (CaCQ): This is a metastable phase which can
sions along the axis. They possess a 3rd-order crystallo- be detected in the compositions made with dolomite in the
graphic axis with two structural blocks: one denominated S 600-800°C range.

Z0kU _Z24mm Sopm o
INCAR-CSIC FETT PEDOLZ0O 1TS0

OO0

Fig. 8. (a) Spinel crystals (AM) and CAMI compounds at 1780 (b) Spinel crystals coexisting with CAMII compounds (lower part of the micrograph)
(PKDOL20% matrix).
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Calcia (CaO) This was only detected in the PKDOL15%
and PKDOL20% matrices in the 600-800 range, due to

the decomposition of the dolomite.

3.2. Dynamic sintering curves

of the stable hydrate42\Hg (katoite), as a result of which de-
cohesion takes place between the large grains of the concrete
and the matrix, giving rise to an internal network of microc-
racks within the sample. Above 1100, the curves present

a different expansion behaviour depending on the type of
matrix under study. In the light of the XRD results, the ex-

Several dynamic sintering curves were obtained using Pansion can be ascribed to the formation of the CA and CA
cured test specimens for the different concretes and matricehases. After that, a significant contraction takes place be-
designed. After the dilatometric measurements were com-tween 1250 and 140, due to sintering in the presence of a
pleted, structural changes could best be appreciated in theransitory liquid phase (disappearance of CA), up to approx-

case of the matriced-{g. 9). In all of these tests, a slight
expansion can be appreciated up to approximately°C50

imately 1480 C, at which temperature there is a pronounced
expansion, except in the case of the 8D20% sample due to

which may be attributed to the process of conversion of the the formation of the CA phase. Once again, from 1600

metastable hydrates to stable hydrates. From 200 t6@G00

onwards, a slight shrinkage is observed as a result of sintering

there is a marked contraction due to the dehydration procesguntil 1650°C is reached. Up to 100@ the cooling curves

8D Matrices
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Fig. 9. Dynamic sintering curves from all the matrices tested.

manifest a fairly linear behaviour and are all practically paral-
lel. The behaviour of the dynamic sintering curve of the com-
position corresponding to the matrix of 8D5% differs from
the other compositions in that it is located within a different
compatibility triangle, i.e. within the CAME-CAMIIss—A
compatibility triangle, in which spinel is not a stable phase.

The results corresponding to the thermal expansion of the
matrices prepared with magnesium (8DM) are fairly similar
to those of the compositions made with synthetic spinel (8D),
except for the formation of the spinel phase around £10
Considerable expansion takes place from 1@B@nwards,
due to the formation of CAand the commencement of spinel
crystallisation. This expansion is proportional to the magne-
sia content in the compositions.

The dynamic sintering curves of the PKDOL matrices
present a significant expansion from 8@ onwards, due
to the decomposition of the dolomite and the crystallisation
of the CA phase. Another significant expansion is appreci-
ated around 1050C, due firstly to the crystallisation of the
CA2 and subsequently to the formation of spinel. This ex-
pansion is also proportional to the amount of dolomite added
to the matrices. In the 1450-1480 range, the expansion
of the matrices due to the formation of @Ayradually de-
creases as a function of the dolomite content. This behaviour
is in agreement with that observed previously for the 8D and
8DM matrices as, with the increase in synthetic spinel, mag-
nesia or dolomite contents within the matrix, the location of
the compositions moves away from the £phase.

4. Conclusions

The evolution of the phases with temperature correspond-
ing to the materials designed is determined by the series of
reactions that take place between the alumina and calcium
aluminate cement phases. Thex&; phase appears from
600°C onwards, its highest degree of crystallisation being
observed at a lower temperature in the compositions formed
with magnesia and dolomite as compared to those made with
synthetic spinel (8D). The CA phase appears as traces from
800°C onwards, its highest degree of crystallisation being
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observed at around 100C. Above this temperature, the CA  [6] Brandao, P., Goncalves, G. E. and Duarte, A. K., Mechanisms of
reacts with the alumina and thereby initiates the formation of hydration/carbonation of basic refractories. Part 2. Investigation of
the CAp phase This phase is very expansive especially after the kinetics of formation of brucite in fired basic brickRefract.

o . . Appl, 1998,3(2), 9-11.
O
1100°C, as any deformation is absorbed into the material due [7] Kaneyasu, A., Yamamoto, S. and Yoshida, A., Magnesia raw materi-

to the significant amount of liquid phase present at this tem- ais with improved hydration resistancBaikabutsu Oversead997,
perature. The CAphase becomes apparent at 140Qvith 17(2), 21-26.

a morphology of small, interwoven platelets, while above [8] Kaneyasu, A, Arita, Y., Yoshida, A. and Watanabe, T., Hydration
1650°C. it reacts with spinel to form the CAMI and CAMII resistance of MgO aggregate with added Ca@lkabutsu Overseas

" . . 1999,19(1), 30-34.

ternary phages. As. fort'he compositions mgde Wlth dolomlte 9] Kaneyasu, A., Yamamoto, S. and Watanabe, T., MgO raw mate-
and magnesia, spinel is formed due to sintering reactions " ia| with improved hydration resistanc@aikabutsu Oversead996,
with alumina above the temperatures of 1100 and T2Q0 16(2), 26-30.

respectively. Spinel is a stable phase at high temperatures[10] Kitamura, A., Qnizuka, K. and Tanaka, K., Hydration characteristics
except in the 5% compositions. The grain size of the self- __©f magnesiaTaikabutsu Oversead996,16(3), 3-11.

. . . . [11] Koga, Y., Sato, M., Sekiguchi, K. and lwamoto, S., Effects of alu-
formlng spmels (composmons 8DM and PKDOL) is much mina cement grade and additives on alumina-magnesia castables con-

finer than the crystal size of the added synthetic spinel (type taining aluminum lactateTaikabutsu Oversead998,18(1), 43-47.
8D compositions). [12] Malarria, J. A. and Tinivella, R., Degradation of refractory brick by
hydration.Am. Ceram. Soc. Bu)l1998, 69-73.
[13] Diaz, L. A., Materiales refractarios mondicos de alta alimina
dentro del sistema AD3—MgO-CaO Ph.D. thesis, Universidad
Acknowledgement Autonoma de Madrid, Spain, 2000, p. 238.
[14] Myhre, B., Particle size distribution and its relevance in refractory
The authors wish to thank the EU for its support under a castables. IriThe 2nd India International Refractory Congress, New
Brite Euram Project, under Contract No. BRPR-CT 97-0427. Delhi, 8th—9th February, 1996. Vol, 7 pp.
[15] Fuhrer, M., Hey, A. and Lee, W. E., Microstructural evolution in self-
forming spinel/calcium aluminated-bonded castables refractabies.
Eur. Ceram. So¢.1998,18, 813-820.
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