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Abstract

Use of spinel-containing high alumina refractory concretes has increased significantly over the last few years. Currently the high
cost of sintered or electrofused spinels limits their applications. This paper describes new and inexpensive new spinel-containing
refractory cements obtained by a reaction-sintering process between dolomite and alumina. The reaction-sintering process occurs in
two well defined steps: (a) reaction and (b) sintering. The reaction also happened in two successive stages: (a) dolomite decom-
position in the range 700-900 °C, and (b) reaction of lime and magnesia with alumina, in the range from 900 to 1250 °C. A selected
composition containing: 43+5 wt.% CaAl,O4, 15£3 wt.% CaAl40; and 4242 wt.% MgAl,O,4, showed a hydration and dehy-
dration behaviour similar to that of commercial calcium aluminate cements. The evolution of the hydrated pure CaAl,O4 cement

up to 1500 °C has also been studied.
© 2002 Published by Elsevier Science Ltd.
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1. Introduction

Alumina refractory materials with additions of syn-
thetic spinel (MgAl,0O,4) have attracted increasing inter-
est in recent years due to their good refractory
performance in many technological applications (e.g.
cement and concrete industry, glass industry and iron
and steel industry). Moreover, the progress in steel-
making technology involves the development of pro-
cesses with higher temperatures and longer holding
times with particular emphasis on steel ladle linings and
clean steel requirements. In this way, it was found that
spinel additions performed particularly well in steel-
making refractories.!?

Early trials carried out in pilot plants in Japan®#*
showed that alumina-spinel castables at ladle side walls
gave two to three times longer life than a castable con-
taining 70 wt.% zircon. Alumina-spinel castables at the
ladle bottom were shown to have five times the durability
of roseki bricks, while at the impact pad the castable only
has 20-30% of the durability of roseki brick.

Additionally, spinel was found to impart to the
castables improved resistance to both thermomechanical

* Corresponding author. Tel.: + 34-1-871-1800; fax: + 34-1-870-0550.
E-mail address: aza@jicv.csic.es (S. De Aza).

stress and slag attack. The spinel takes into solid solu-
tion large amount of bivalent and trivalent elements
(e.g. Mn"2, Fe*2, Fe™3, Cr*3 ..)) from the slag, chan-
ging the composition of this, making it more viscous
and compatible with the spinel-alumina castable and
diminishing considerably slag penetration into it.>~® On
the other hand, the use of alumina-spinel refractory
castables in ladles has improved the quality of the steel
since it avoids the silica contamination coming from the
alumina-silica and zircon refractory materials.

Summarising, the use of spinel in matrices in high
alumina castables confers excellent durability in steel
ladles. However, at the present time, the high cost of the
sintered and electrofused spinels represents a handicap
to more extended development of this kind of refractory
materials. Consequently, the aim of the present work is
to develop new refractory cements, already containing
spinel, by means of an innovative and economically
profitable reaction-sintering process between dolomite
[CaMg(CO3),] and alumina mixtures.

2. Theoretical design of the new cements

Although the mineralogy of calcium aluminate
refractory cements may vary considerably, one of the
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essential characteristics of these cements is that they are
fundamentally constituted by calcium monoaluminate
(CaAl,0y), which is the main phase responsible for the
hydraulic hardening of the cement. Thus, taking into
account the solid state compatibilities in the system
AlLO;~MgO-Ca0%!° (Fig. 1), new cements containing
calcium monoaluminate (CaAl,04) and spinel
(MgAlL,Oy4), as main phases, with calcium dialuminate
(CaAl4O7) as an additional hydraulic phase, can be
obtained by reaction-sintering of dolomite and alumina.
So, any mixture giving the mentioned group of phases
must be located within their subsystem in the segment
A-B (Fig. 1) of the line that join doloma (CaO-MgO)
and alumina. All these compositions, considering a the-
oretical dolomite, are given by the following general
equation:

(I +y) Al,O3 +1[0.5 MgO 0.5Ca0]
— (0.5 —y) CaAl,0O4 + yCaAl 04 )

where 0<y<0.5

From all these possible compositions, the selected one
must be among those giving a proportion of CaAl,O4
(the main hydraulic phase of the cement) in the range 40—
45 wt.% and having, as far as possible, the maximum

content of MgAl,O4. Thus, the composition selected
was that one with a y value equal to 0.075. This com-
position completely reacted and in equilibrium condi-
tion in the solid state, will be constituted by: 42.56 wt.%
CaAl,O4, 45.08 wt.% MgAl,O, and 12.36 wt.%
CaAl,0,.

On the other hand, the invariant peritectic point of
the subsystem CaAl,0,—~MgAl,O,—CaAl,O5 takes place
at 1567+2 °C (Fig. 1). Due to its location, for all the
compositions within the mentioned subsystem, calcium
monoaluminate (CaAl,O4) will be the first phase to dis-
appear by dissolution in the liquid phase as soon as the
temperature of the invariant point is exceeded. Conse-
quently, the reaction-sintering process between dolomite
and alumina must be carried out at temperatures lower
than 156742 °C.

3. Experimental procedure

The raw materials used in this investigation were:
alumina CT 3000SG (Alcoa, Pittsburgh, PA, USA) and
a finely milled mineral dolomite [CaMg(COs),] supplied
by Prodomasa (Productos Dolomiticos de Malaga,
Coin, Malaga, Spain). The alumina had an average
particle size of 0.4 um (by laser diffraction), a surface
area of 8 m?/g (by B.E.T.) and a purity >99.6 wt.%
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Fig. 1. Simplified Al,O3-MgO—-CaO system,’'? showing the subsystem CaAl,04~MgAl,04~CaAl,O7 and the line that joint the doloma (CaO-MgO)
and alumina (Al,03). Cement notation is used in the figure; i.e., C is CaO, M is MgO, and A is Al, O; (e.g., CAg is Ca0-6A1,0; or CaAl;, Oyo).
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Table 1
Chemical analysis of the dolomite
Analytical Species Content Theoretical
method composition
(Wt.%)

Gravimetry CaO 30.3+£0.1 wt.% 30.41
Gravimetry MgO 22.1+0.1 wt.% 21.83
Ignition loss 47.75£0.03 wt.% 47.73
1Cp? AlLO4 110 ppm +10 -

Si0O, 180 ppm £15 -

Fe,O5 80 ppm £5 -

TiO, 14 ppm +5 -

SrO 47 ppm +£38 -

MnO traces -

P,Os 59 ppm £20 -

Nb,Os 13 ppm +5 -
F. Ph®. Na,O 18 ppm +5 -

2 ICP =Inductively couple plasma; F. Ph.=flame photometry.

Al,O3 being the main impurities: MgO ~0.09 wt.% and
Na,O0~0.09 wt.% (by ICP-AES and flame photometry
respectively). The Prodomasa dolomite is one of the
purest in the world and its chemical composition is
shown in Table 1. This material had an average particle
size of 4.9 p (by laser diffraction) and a surface area of
2.5 m?/g (by B.E.T.).

The composition selected was prepared by mixing the
appropriate proportions of Al,O3 and CaMg(COs),
given by Eq. (1) where y=0.075. A 50 wt.% solids sus-
pension of the mixture with an optimum addition of 1
wt.% of an alkali-free polyelectrolite (Dolapix PC 33,
Zschimmer & Schwarz, Lahnstein, Germany) was made
to provide maximum stability of the aqueous dolomite-
alumina suspension.'! This was homogenised in an alu-
mina mill with alumina balls for 14 h, proceeding later
on to their drying in a plaster of Paris mould. The
compact material obtained in this way was used to
study the reaction-sintering process. Differential ther-
mal analysis and thermogravimetry (DTA and TG,
Netzsch STA 409); dilatometric analysis (Adamel-Lho-
margy DI-24) and X-ray diffraction techniques (DRX,
Siemens D 5000, Kristalloflex 710, K,=Cu, Ni filter)
were used to study the reaction-sintering process. To
support the reaction mechanism, thermodynamic calcu-
lations were performed using the HSC computation
package.!?

Isothermal treatments were achieved for different
times at temperatures ranging from 900 to 1500 °C. A
constant heating rate of 5 °C/min up to the selected
temperature was used.

Once the reaction mechanism was established, one
kilogram of the cement was obtained at 1450 °C for 2 h,
using the same thermal cycle that was described above.
The final phase composition was determined by quanti-
tative X-ray diffraction analysis.'®> The microstructure

was studied on diamond polished samples (up to 1 um)
by scanning electron microscopy (SEM) using a C. Zeiss
DSM-950 fitted wit an energy-dispersive spectrometer
(EDS, Tracor Northern).

The amount of water required for the hydration of the
cement was determined using the Ball-in-Hand Test.!#
A water cement ratio (w/c) of ~0.4 was determined and
considered as appropriate. Prismatic bars of 10x10x60
mm of pure CaAl,O4 cement were obtained using a
metallic mould in which the cement paste was placed
with the appropriate w/c ratio. The samples were
vibrated until all the air bubbles emerged from the
cement and its upper surface were smooth. Subse-
quently, the cement was cured at 20 °C in an atmo-
sphere controlled chamber with a relative humidity
atmosphere of 90%. The hydration and dehydration
behaviour and porosity evolution versus temperature
has also been studied using the above mentioned tech-
niques (DTA-TG, dilatometry and XRD) from room
temperature up to 1500 °C.

4. Results and discussion

4.1. Non-isothermal study of the reaction-sintering
process

When the selected dolomite-alumina mixture was
subject to thermal treatment at a constant heating rate,
several phenomena were observed by DTA, TG and
XRD.

The DTA plots recorded at 5 and 10 °C/min are
shown in Fig. 2a. Both curves exhibit three endothermic
effects: the first one, very broad, with a minimum at
~120 °C is attributed to a loss of free water, while the
second (~775 °C) and the third peak (~900-925 °C)
correspond to the decomposition of the dolomite
according to Otsuka'> and De Aza et al.!® The DTA
curve of the sample recorded at 5 °C/min shows a sharp
exothermic peak at 2950 °C, while in the DTA curve at
10 °C/min that peak overlaps with the broad endother-
mic calcite peak. However, this curve presents a small
exothermic effect at ~1120 °C which is not detected in
the DTA curve at 5 °C/min. The TG recorded at 5 °C/
min (Fig. 2b) shows clearly the weight loss of free water
and CO, which correspond to the endothermic peaks
shown in the DTA curves. The sample presents a sig-
nificant weight loss of ~22 wt.%.

The constant heating rate dilatometric curve (Fig. 2¢)
and its derived curve (Fig. 2d) show, apart of the
shrinkage effects corresponding to the dolomite decom-
position, three significant expansible effects at ~950,
~1100 and ~1200 °C, attributed to the formation of
CaAl,O4, MgAl,O4 and CaAl 05 respectively. At tem-
peratures higher than 1250 °C, the predominant effect is
sample shrinkage: initially in the solid state and later
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Fig. 2. (a) DTA’s of the dolomite-alumina mixture with y=0.075. (b) TG of the same sample at 5 °C/min. (c) Its dilatometric curve at 5 °C/min and

(d) derived dilatometric curve versus temperature.

(~ 1450 °C) in the presence of a liquid phase due to the
impurities contributed by the dolomite (Fig. 2d).

The results of XRD are summarised in Table 2. This
shows phase evolution with temperature in the range 900—
1500 °C with a holding time at each temperature of 0.1 h.
CaO is known to easily react with the moisture in the air
to form Ca(OH),, hence its presence in the XRD patterns.

The Gibbs energy (AG) and the enthalpy of formation
(A H) of the phases involved in the reaction in the range
900-1500 °C are shown in Fig. 3a and b respectively.
The changes in volume, that implies these reactions,
were also calculated (Table 3).

With all the above information, the mechanism of the
reaction-sintering process, in the range 700-1500 °C can
be established as follows:
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Table 2
Phase evolution versus temperature

Temperature AlLO; MgO Ca(OH), CaAl,0, CaAl,0; MgAl,O4
CH, CA CA, Ma
900 °C XXX XXX XX X - -
950 °C XXX XXX XX X - -
1000 °C XXX XXX XX XX - ?
1100 °C XX XX X XX - X
1200 °C X X - XX ? X
1300 °C - - XX X XX
1350 °C - - XX XX XX
1450 °C - - XXX XXX XXX
1500 °C - - XXX XXX XXX

XXX Very Abundant; XX Abundant; X Scarce; ? Do not present? It can
be present in small quantities, but the detection limit of this technique and
the overlapping of its characteristic diffraction lines with other present
phases does not allow to confirm it.

(b)
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Fig. 3. (a) Evolution with temperature of the Gibbs energy (AG) and (b) enthalpy of formation (A H) of the phases involved in the reaction.
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Table 3

Changes in volume that implies the following reactions.

Reaction AV (en %)
CaO + Al,03—CaAl,04 +24.49%
ALO; + CaAlL,O4— CaAl,04 +13.6%

1. The dolomite decomposes first, in the temperature
range from 700 to 900 °C, in the two following stages in
agreement with previous data:!>16

~775°C
CaMg(C03)2 — CaMg(l_x) (CO3)(27X)

(2)
+ xMgO + xCOx(g)
~900°C
CaMg(l,x)(CO3)(27x) — CaO + (1 — x)MgO (3)

+ (2 = x)COx(g)

where 0<x<1.

2. At ~950 °C calcium monoaluminate (CaAl,Oy)
formation takes place by an expansive and exothermic
reaction (see Figs. 2a and d and 3b and Tables 2 and 3).
This CaAl,O,4 formation is the reaction with the highest
negative value of AG (Fig. 3a).

3. Between 1000 and 1100 °C the expansile and exo-
thermic reaction of spinel (MgAl,O,4) formation occurs
(see Figs. 2d and 3b and Tables 2 and 3).

4. At ~1200 °C calcium dialuminate (CaAl4O,) is
formed by an expansile and endothermic reaction (see
Figs. 2d and 3b and Tables 2 and 3).

5. At temperatures higher than 1250 °C the sintering
process occurs, first in the solid state and later in the
presence of a liquid phase (Fig. 2¢ and d).

These results show that, in the reaction-sintering of
the dolomite-alumina mixtures, the reaction occurs
prior to densification. Chemical reaction of the reactants
was completed at 1300 °C whereas at this temperature
the porosity of the compact was 32% higher than the
initial value (green density =2.20 g/cm? and p;300=1.50
g/cm?). The origin of the porosity in the reacted samples
include such factors as the molar volume changes dur-
ing reaction (Table 3) and CO, weight loss (~22 wt.%).

4.2. Isothermal study of the reaction-sintering process

With the aim of selecting the most appropriate tem-
perature to proceed to the synthesis of the cement, an
isothermal study of the process was carried out at dif-
ferent temperatures in the range 1300-1500 °C, at which
the three main phases of the new cement (CaAl,Oy,
MgAl,O4 and CaAl O5) have already formed, holding 2
h at each temperature. The maximum temperature of

MgA|304

CaA1204

Arbitrary Units

| | | | |

1300 1350 1400 1450 1500 1550
Temperature °C

Fig. 4. Evolution of the different phases versus temperature in the
range 1300-1500 °C. Holding times: 2 h.

1500 °C was selected due to the presence of dolomite
impurities. These can reduce the theoretical maximum
temperature of synthesis (1567+2 °C, see Fig. 1), as
mentioned previously, giving place to the decrease or
disappearance of the calcium monoaluminate (CaAl,Oy)
phase. After each thermal treatment, a semi-quantita-
tive XRD analysis of the phases present as well as a
microstructural study by SEM-EDS was made.

The evolution of the different phases with tempera-
ture in the range 13001500 °C is shown in Fig. 4. As
can be seen all the phases present a maximum around
1400 °C. Typical SEM images of the samples heated a
1400 and 1450 °C/2 h respectively are shown in Fig. 5.
The samples treated at 1400 °C/2 h are porous with
small (<1 um) grain size of the crystalline phases.
However, the sample treated at 1450 °C/2 h shows low
porosity and an average grain size of ~2.5 um. No glassy
phase was detected in both samples by TEM. To distin-
guish between CaAl,O4 and CaAl,O; EDS analyses were
necessary because both phases present similar contrast.

These results suggested the thermal treatment of
1450 °C/2 h for cement synthesis. Then, a second batch
of one kilogram of cement was prepared. A typical
microstructure of the obtained cement is shown in Fig. 6.
The proportion of the different phases in the new cement
was determined by quantitative XRD analysis and the
results are shown in Table 4 revealing a good correlation
between the theoretical and experimental values.

The clinker of the cement was milled in tungsten carbide
mill and sieved 60 um. It had an average particle size of 4.2

Table 4.

Quantitative analysis of the obtained cement (wt.%).

New Cement MgAlL,O4 CaAl,0, CaAl,O4
MA CA, CA

Theoretical 45.08 12.36 42.56

Obtained at 1450 °C/2 h 4242 15+3 43+5
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Fig. 5. SEM micrographs of the microstructure of the samples treated at 1400 °C (left) and 1450 °C (right).

Table 5.

Evolution of the different phases during the hydration—-dehydration-re-crystallisation process

Temperature CA MA CA, ChA; CAH,o C3AHq AHj;
CaA1204 MgA1204 CaA14O7 C312A114033 CaA1204 Ca3A1206 AI(OH)-;

10H,O 6H,0

Anhydrous

Cement X X X - - - -

20 °C. w/c=0.4 X X X - - -

260 °C - X - - -

450 °C - X - X - -

800 °C - X - X -

1000 °C X X X X - - -

1500 nm
HV: 20 kV WD: 8 mm MAG: 20 000

Fig. 6. Typical SEM micrograph of the microstructure of the cement
obtained.

um (by laser diffraction), a surface area of 2.6 m?/g (by
B.E.T.) and a true density of 3.1 g/cm? (by He picnometer).

4.3. Hydration and dehydration behaviour versus
temperature

Hydrated samples, as described in the experimental
procedure, were studied by DTA and TG (Fig. 7a and
b) and dilatometry (Fig. 7c¢ and d) and, after heating
and quenching at selected temperatures, by XRD
(Table 95).

The cured cement under normal conditions produces
the metastable phases CaAl,O410H,O (CAH;y) and
alumina gel; heating to 110 °C in air, converts the hydra-
ted cement into a mixture of gibbsite (Al(OH);=AH3)
and hydrogarnet (Caz;Al,04-6H,O0=C3AHg). In the
temperature range 300400 °C, the most common and
accepted interpretation of the endothermic peaks and
mass losses is in terms of gibbsite (=320 °C) and
hydrogarnet (=360 °C) decomposition giving boehmite
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Fig. 7. (a) DTA-TG of the cement paste hydrated at 20 °C during 24 h. (b) DTA-TG of the converted cement. (c) Dilatometric curve of the cement
paste hydrated at 20 °C during 24 h. (d) Derived dilatometric curve of the hydrated cement paste versus temperature.

or diaspore (AlO-OH) and amorphous alumina.!”-!8
Heating to ~450 °C produces, according to MacKenzie
et al.,!” the diaspore decomposition and according to
Nurse et al.,'” Turrillas et al.?° and the present results
(Table 5), Ca;,Al14053 (C2A5) formation. At ~950°C a
small exothermic peak in the DTA curve (Fig. 7a and b)
indicates calcium monoaluminate formation (Table 5).
The TG and dilatometric data were used to construct
a curve showing the variation of density versus tem-
perature (Fig. 8). The criterion adopted to calculated the
density at each temperature is given by the expression:

P, P(1+AP)  (1+AP)

Pr="3= = Po
L} [Lo(1+ AL (1+AL) @
_ £0 poAP
(1+AL? (1+AL)®
1.75 A
51.65-
2
2 1.55 -
[}
e
8 1.45
1.35 —t—t—t——t——t———F 4ttt
O O O O O O O O O O O O O o O O©o
CRBSIBBRB883288¢88

Temperature °C

Fig. 8. Variation of density versus temperature of the hydrated cement.

where p is the density, P the weight, AP is the weight loss
(Py—Py) and L the length of the sample. The subindexes 0
and t denote that the value corresponds to room and to
the selected temperature respectively. This kind of repre-
sentation is new in the field of refractory cements and
concretes and gives a graphic representation of the effects
that the different processes of hydration, dehydration and
sintering have on density. Between room temperature and
~250 °C there is a density decrease due to loss of free
water and to dehydration and conversion of the meta-
stable hydrates CAH;(, and AH, gel. A decrease in den-
sity between 300 and 400 °C is attributed to the
dehydration of the stable hydrates C;AHg and AHs;.
Around 500 °C a small density decrease also happens due
to the continuous transformation of Ca;,Al;4053-like
phase into C;>Al;4053.'82°722 It must be emphasised,
however, that although there are some bibliographic
data!”!® showing the presence of diaspore (AIO-OH) in
this range of temperature, nevertheless this phase has not
been detected by XRD in the present study. Clearly,
more work needs to be done in this region. From 500 to
~900 °C the density remains practically constant and at
900 °C small continuous increase of density until
~1250 °C is due to the initial solid state sintering and
new formation of CaAl,O4 and CaAl,O;. Finally, above
1250 °C the density increases again first due to solid
state sintering and later due to liquid phase sintering.

Therefore, the new cement behaves during hydration
and dehydration much like traditional calcium alumi-
nate cements.
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Finally, although this work have been carried out
using a particular dolomite (Prodomasa, Coin, Malaga,
Spain) close to the theoretical stoichiometry, diverse
spinel-containing calcium aluminate cements can be
obtained within the subsystem CaAl,O,—MgAl,O4—
CaAl,O; with different proportion of phases, taking

into account the following equation:??

(14+y) ALLO; +[(1 —x) MgO-x CaO]
— (x —y) CaAl,O4 + yCaAl;O; %)
+ (1 - x) MgA1203

where 0<x<1 and 0<y<x.

5. Conclusions

New spinel-containing refractory cements can be
achieved by reaction-sintering of dolomite and alumina
mixtures.

The new cements behave as traditional calcium alu-
minate cements and can be used to produce spinel bon-
ded high alumina refractory concretes, avoiding or
reducing the use of expensive synthetic spinel.

A general equation based on the dolomite MgO/CaO
molar ratio, that allows preparation of a range of
cements with different proportions of the three main
constituents: CaAl,O4, MgAl,O4 and CaAl4O;, has
been established.
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