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Abstract

Starting from high energetic attrition milled mixtures of eitheAl ,O3 or amorphous (Al(OH) with CaCQ the binary compound
calcium monoaluminate (Cafd,) was synthesized with high purity. The processes were carried out on samples with the nomin&l,CaAl
stoichiometry. High energetic attrition milling of the reactants does not eliminate the starting carbonate, both batches showed a high degree
of homogeneity and they behaved similarly on heating, forming gaAt temperatures lower than 130D. These temperatures are lower
than that required for the traditional solid state reaction process. TheGagynthesis path implies the formation of cryptocrystalline and
crystalline ALO3, CaO, Ca,Al 14033 and CaALO; as transitory phases. The nucleation and growth of gaAtook place at 1300C and
shows a porous structure and small grain sizgé.bpm).
© 2004 Published by Elsevier Ltd.
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1. Introduction Nowadays, it is possible to decrease the synthesis temper-
ature of inorganic compounds through sol-gel mettfotds,

Calcium monoaluminate, Cag®s, is a refractory com-  polymerisation of organic solutions (Pechini methdd},
pound located in the AD3—CaO binary systefthat melts ~ combustion synthesis methé#@13 high energetic attri-
congruently at 1600C.> CaAbO, is the majority compo-  tion milling and mechanochemical treatments (especially
nent, and the main responsible for the hydraulic hardening, if at least one component contains carbonate or hydroxyl
of high alumina cements. In recent years, calcium alumi- groups)* The last aforementioned synthesis route is de-
nates based materials have found new applications in thescribed as a $oft mechanochemical methdd. The use
field of advanced ceramics as optical ceramiastalyst of mixtures that contains carbonates and/or hydroxides
support® flame detector$;® dental cemenfsand structural is an attractive alternative to produce low cost calcium
ceramics’ aluminates.

When CaApO,4 is prepared by conventional meth- This paper deals with the reaction sintering mechanism
ods the final product of solid-state reactions may con- of CaAl,O4 formation by means of high energetic attrition
tain phases like CaO, CafD; and CayAl14033 as main milled mixtures of eitherx-Al2O3 or amorphous Al(OH)
impurities below 1300C2° Hence, successful prepara- with CaCGQ.
tions of CaAbO, by solid state reaction required multi-
ple milling and high-temperature firings (above 158)).

2. Experimental procedure
" Corresponding author. The starting materials used in this investigation were: alu-
E-mail addressPpena@icv.es (P. Pena).

1 Presentaddress: Centro Federal de Ecimdecnobgica do Maranko, mina CT 3000 SG (Alcoa, Pittsburgh, PA, USA), analyti-
CEFET-MA Av. Gefilio Vargas, 04, Monte Castelo, CEP 65025-000s  Cal grade Al(OHy (Alfa Aesar, Jonhson Matthey, Germany)
Luis, MA, Brasil. and CaCQ@, calcite (Merck, Germany)Table 1shows the

0955-2219/$ — see front matter © 2004 Published by Elsevier Ltd.
doi:10.1016/j.jeurceramsoc.2004.06.021
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Table 1 as grinding media and isopropy! alcohol as suspension me-
Physical characteristics and chemical analysis of raw materials dia. A ball/powder weight ratio of 5/1 was used. In this case
Analytical method CaC® Al(OH)3 a-Al20z the particle/agglomerate size distribution was measured after
Chemical analysis (wt.%) different grinding times by laser diffractometry to select the
Ignition loss 43.75  46.00 0.045 optimum milling time.
?_'82 - 8-3? 8-83 The mill choice was taken bearing in mind the starting
A'|2é3 8 009 3.4 09 65 mixture quantity: 1000 g in the case of Cagl®@-Al 03 mix-
Cao 558 012 0.02 ture qnd 100g iq the case of Ca@/@I(OH)3 batch. The
MgO 0.08 0.02 0.1 grinding media, either AlO3 or Mg-PSZ balls, was changed
NaO <020 <02 0.1 from one batch to another due to the alumina balls shock-
Kz% 8-8(1)(2) 8-81 8-802 wear detected after the first mixture was processed. Then,
224 3 0.01 ! 2 ! A 4 Mg-PSZ balls were selected to process the CaBI00H)3

mixture due to its better tribology.

Calcite  Amorphous a-Al;0g After milling, the batches were spray-dried (Lab Plant,

Mineralogical analysis

Specific surfad®BET (m2g-1)  0.20 39.0 8.00 SD_-OS) and cold isostatically pressed at 50 MPa, to produce
Particle sizetso (1m) 13.80 6.25 0.38 cylindrical green compacts of about 10 mm diameter.

Real densit§ (g cm3) 2.69 2.20 3.93 Differential thermal analysis and thermogravimetry (DTA

a Undetermined. and TG, Netzch STA 409, Germany) studies were con-
b BET. ducted, in air, on green compacted samples at a constant
¢ Helium picnometry. heating rate of 5C min—1 up to 1450°C using Pt crucibles.

Dilatometric analysis (Setaram Setsys 16/18 withlumina
chemical analysis and physical characteristics of these raWSupport’ France) and X-ray diffraction (XRD’ Siemens D-

materials. 5000, Kristalloflex 710, with Cu K; » and secondary curved
Two mixtures of either-Al203 or amorphous Al(OH) graphite monochromator, Germany) were used to study the

with CaCQ; with compositions according to the stoichiomet-  reaction-sintering process up to 15%0 The dilatometric

ric proportions of Eqs(1) and (2)were prepared. They will  studies were conducted at heating rate @€%nin—1 on spec-

be referred through this paper as CA and CAG, respectively.imens of 20 mm length.
Additionally, isothermal treatments were performed in an

CaCQ + Al203 — CaAkO, + COAg) (CA) (1) electrical furnace with 1700C Super-Kanthal heating ele-
ments (Switzerland) at temperatures from 8GGo 1400°C
during 1 min. A heating and cooling rate of6 min—! was

CaCQ + 2Al(OH); — CaAlO4 + 3H20(g) used. The phase composition of the obtained compacts was

+ COx(g) (CAG) ) determined by XRD.

Microstructural analysis and phase identification, of the

Concerning the first case (1), a 50wt.% solids aque- obtained materials, was carried out by scanning electron mi-
ous suspension of CaGf-Al,O3 mixture was prepared. croscopy (SEM) using a C. Zeiss DSM 950 SEM (Germany)
To provide maximum stability to the suspension 0.8wt.% fitted with an energy dispersive spectrometer (EDS, Tracor
Dolapix-CE 64 (Zschimmer & Schwarz, Lanstein, Germany) Northern), on either polished and thermally etched samples
and 0.1 wt.% Trimetil Hydroxyl Ammonium (HTMA) were  or fractured surfaces, coated with gold by sputtering.
added. These last mentioned percentages are related to the To support the reaction mechanism proposed, thermody-
solids content. To obtain a homogeneous and high energeticnamic calculations of the Gibbs energy were performed using
attrition milled batch, the mixture was wet ground in a lab- the Thermo-Calt/ computation package. This software of-
oratory scale annular gap niflwith high-purity 3 mm alu- fers an exhaustive thermochemical database which includes
mina balls. 180 crh of alumina balls were used to have a enthalpy (H), entropy (S) and heat capacity (C) data for chem-
balls/powder weight ratio of 5/1. The unit can be loaded con- ical compounds.
tinuously and the milling process consisted on passing the
powder suspension through the mill chamber that contains
the alumina balls several times. The residence time of the3. Results
power suspension in the milling chamberi45 min/cycle.

After each milling cycle, the particle/agglomerate size dis- 3.1. Effect of grinding on the particle size and structure
tribution was measured by laser diffractometry (Mastersizer, of the CaA$O,4 precursors
Malvern Instrument, UK) to select the optimum milling time.

As mentioned before a CaG@\I(OH)3 batch was also The particle size distributions of CaGfa-Al ,03 powder
processed. In this case the powder mixture (2) was wet groundmixture, at the 1:1 molar ratio, after 1 and 9 milling cycles
in a closed chamber laboratory attrition mill using high-purity (namely CA1 and CA9) were bimodal and the maximums
1 mm magnesia partially stabilized zirconia balls (Mg-PSZ) are centered on 0.35 anquin, respectivelyFig. 1a and b).
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Fig. 1. (a—d) Particle size distributions of powder mixtures after milling. (a and b) GaC&,03 batch. (c and d) CaC£-Al(OH)3 mixture.

The maximum located at0.35um corresponds to the-
Al,03 powder and the one placed at abotrd is attributed
to CaCQ particles Table 1. As shown inTable 2 the av-
erage particle/agglomerate size valuikg, changed slightly
with milling time from 0.60 to 0.5.m. Otherwise, the max-
imum size of the 90 wt.% of the particleyodwere strongly

smaller than 1um (seeFig. 1b). Its initial specific surface
area was 5.6 Ayt which rises up to 8.04g?! after the
attrition milling.

The a-Al2,03 weight content in the CA composition (1)
slightly increases with milling time from 63.5 to 65.4%
(Table 2 due to the, above mentioned, alumina release from

dependent on the milling process and decreased from 7.10 tahe grinding media. This fact, as is discussed later on, is con-
2.96p.m. This latter parameter determines the reaction capa-sidered to have a positive effect on the results.

bility of the compacted powders. From the milling behavior it
is deduced that the CaGQhat presented some hard agglom-

As it is shown inTable 2andFig. 1c and d, the parti-
cle size distributions of CaC{I?Al(OH)3 powder mixture

erates above 40m, has reduced its average size to values at the beginning of the process (CAG-0) and after 30 min

Table 2

Physical characteristics of powders after milling

Analytical method CAl CA9 CAG-0 CAG-30

Chemical analysis (wt.%)
Ignition loss 23.65 22.50 45.40 45.46
Na;O 0.03 0.03 0.2 0.2
CaO 27.80 27.50 21.73 21.73
Al,03 48.35 49.85 39.68 39.68
K20 0.005 0.005 0.001 0.001
MgO 0.05 0.05 0.04 0.04
SiO, 0.15 0.15 0.15 0.15

Particle sizedsg (um) 7.10 2.96 21.95 5.68

Particle sizedsg (um) 0.60 0.56 7.15 2.19

Specific surfacd(m?g1) 5.60 8.00 22.00 27.00

Real densit} (g cn3) 2.19 2.23 2.31 2.34

a BET.
b Helium picnometry.

of milling (CAG-30) were monomodal with the maximums
centered on 7.74 and 2.86n, respectively Fig. 1d). The
maximum size of the 90 wt.% of the particlegpdwas also
strongly dependent on the milling process and decreased
from 21.95 to 5.6&m. In this case, the specific surface
area increases with the milling process from 22 to 2gnt
(Table 2.

Fig. 2a and d shows the XRD patterns of the unground and
ground mixtures. Differences between the diffractograms of
the original and the mechanically treated samples indicated
that calcite suffers significant structural degradatieig(2a
and b). The distortion of the structure induced by grinding
in CAG batch is reflected in the line boardening and shift in
reflections, as well as the reduction of peak intensities (ar-
eas). Recently, it was shown that this X-ray line boardening
is mainly due to lattice microstrains, rather than microcrys-
talline size!®
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Fig. 2. (a—d) XRD patterns of unground and ground starting mixtures. (a and b)4&GOH)3; mixture. (c and d) CaCga-Al ,03 batch.

3.2. Non-isothermal study of the reaction process pension media for the milling process, physically adsorbed
on the particles surface. The exothermic effects registered at
When the CaC@AI>03 and CaCQ@/2Al(OH)3 mixtures ~920°C and~1080°C are attributed to calcium aluminates
were subjected to thermal treatment at a constant heating rateformation: CaoAl 14033 and CaAbOy4, respectively.
several phenomena were observed by DTA, TG, dilatometry = The constant heating rate dilatometric curves registered
and XRD. for the green compacts of CA1 and CA9 samples are shown
The thermal evolution, DTA and TG plots, of the CA1 in Fig. 3 and d. Both samples show between 8C5and
and CA9 mixtures are shown Kig. 3a and b. Both samples  1280°C a significant expansion attributed to the formation
experienced significant weight loss of 23.41 and 22.89 wt.%, of calcium aluminates, mainly Cag04 (AV = 24.19%). At
respectively. These are related with the endothermic peakstemperatures higher than 1200, the predominant effect is
registered at~845°C and 852C for CA1 and CA9, re- shrinkage. The CA1 sample shows again an expansive effect
spectively. These effects are attributed toG€lease:? The at about~1.420°C.
exothermic peaks registered &R250°C are related to the The constant heating rate dilatometric study for CAG-30
combustion of the reological additives used, that are physi- sample is shown ifig. 4b. This sample show four shrinkage
cally adsorbed on the particles surface. Both samples showedeffects at~141°C, ~838°C, ~906°C, and~1280°C and
sharp exothermic peaks at 928 and 917C, respectively three expansive effects at325°C, ~850°C and~920°C,
and broad exothermic effects at about 1088attributed to attributed to the decomposition of Al(Okland CaCQ and
calcium aluminates formation: @gAl 14033 and CaApQOy, calcium aluminates formation, respectively.
respectively. In Fig. 5, the variation of apparent density versus temper-
The ATD and TG recorded curves for the CAG-30 mix- ature of CAl, CA9 and CG-30 compacted samples is repre-
ture are shown irFig. 4a. This mixture presents a signifi- sented. CA1 and CA9 densities were practically the same
cant weight loss 0f£45.46% in two separated stage26% up to ~800°C (2.01 and 2.03gcn¥) but then diverged.
and~20.46 wt.%, respectively). These stages matched with The density of CA1 decreased frori750°C up to 1200C
two endothermic effects. The first one, very broad with its and then increased rapidly. This compact has a density of
minimum at~141°C is assigned to the dehydration of the /o =89.93% at~1400°C. The density of CA9 decreased
amorphous aluminum hydroxide used, and the second onefrom ~750°C to 1150°C and then increased rapidly up to
with its minimum at~757°C to the carbonate decomposi- ~1400°C, reaching a final density gf/pin = 93.29%. On
tion. The exothermic peak registered~a#27°C is due to the other hand, the density of the sample CAG-30 presents
the combustion of residual isopropyl alcohol, used as sus-a different behavior. At low temperatures a small decrease
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Fig. 3. (aand b) Thermal evolution of Cag/@-Al ,03 green compacted samples. DTA and TG plots registered at heating r&t€ aiis?. (a) CA1 sample,
namely after one milling cycle, and (b) CA9 sample, that is after nine milling cycles. (c and d) Constant heating rate dilatometry curves rejeatrey at
rate of 5°C min~! for the green compacts of samples. (c) CA1 and (d) CA9 sample.

of the density can be observed, which reaches a minimumperatures are summarizedliables 3 and 4n all the samples

at 170°C; from this temperature up to 60C a small in- the reaction was complete at 130D. It is worth to mention
crement is registered and from this point up to 8CG0a that during the reaction process the phasesAG#®s and
new decrease in density can be seen. Finally from80® CaAl12019 were not detected in any of the studied samples.
1400°C density increases slowly, reaching a final density of The intermediate phase Gal 14033, was present in all the
pl pth = ~60%. samples treated attemperatures betweeri@@thd 1200C.

The crystalline phases identified in the CA1, CA9, and Furthermore, the presence of Ca@k was also detected as
CAG-30 compacted and heat treated samples at different tem-a transitory phase in the CAG sample.

Table 3

Phases identified by XRD analysis after 1 min annealing at different temperatures o§6afl@03; samples

Temperature CaCp CaO CQQAl 14033 CaA»04 CaA407 a-Al 203
CAL/RT +++ - - - _ S+
CA1/900°C - +++ ++ - — T+t
CAl/llOOOC - — ++ +++ _ ++
CAl/1200°C - - ++ +++ - -
CA1/1300°C - — ++ +++ - -
CAl/1400°C - - + +++ - -
CA1/1550°C - - + +++ - -
CA9/RT +++ - - - _ I
CA9/900°C - +++ + - _ F4+
CA9/1100°C - - ++ ++ - +++
CA9/1200°C - - ++ +++ ++ ++
CA9/1300°C - - - +++ + -
CA9/1400°C - - - +4++ + _
CA9/1550°C - - - +++ + -

+++, majority phases; ++, abundant phases; +, minority phases.
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Table 4

Phases identified by XRD analysis after 1 min annealing at different temperatures o§&C®l); samples

Temperature CaC9 Al(OH)3 CaO CaoAl 14033 CaAl,O4 CaAl;O7 a-Al203
CAG-30/RT +++ +++ — _ _ _ ~
CAG-30/900°C - - +++ ++ +++ — —
CAG-30/1100C - - - ++ -+ + T+
CAG-30/1200C - - - ++ " _ _

CAG-30/1300C - -

- +++ - -

+++, majority phases; ++, abundant phases; +, minority phases.

20004 (b)

0 200 400 600 800 1000 1200 1400
Temperature, (C)

Fig. 4. (a and b) Thermal evolution of CAG-30 green compacted sample,
that is CaCQ@/AI(OH)3 batch. (a) DTA and TG plots registered at heating
rate of 5°C min~1. (b) Constant heating rate dilatometry curve registered at

heating rate of 5C min~?.
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3.3. Microstructure development

3.3.1. Fractured surfaces

The microstructure evolution with temperature was stud-
ied by scanning electron microscopy in samples treated at
1000°C, 1300°C and 1400C during 1 min and subsequently
guenched. Samples heated at lower temperatures were not
suitable for study due to the high reactivity of the free CaO.

Fig. 6a and b shows typical SEM images of fractured
surfaces of the CA1 and CA9 samples, heated at 1G00
during 1 min. The samples show a high density of small pores
and the crystalline phases show a small grain size (<500 nm).
In these figures, clusters made up of CaO particles can be
clearly distinguished. These clusters have arouighm and
have been formed from the coarse Ca@articles presentin
the green compacted samples. Gaps between these clusters
and the finest fraction of the sample are also detected. At this
temperature neck formation between the finest particles is
beginning induced by sintering. It is worth to stand out that in
CA9 sample some-Al,03 particles of~5 um coming from
the wear of the grinding media are also detectéd.(7b).

The microstructures of samples CA1 and CA9 treated at
1400°C are shown irFig. 6c and d. These samples show
a significant sintering rate and an increased pore and grain
size,~2 and lum, respectively. The neck formation between
particlesis evident and the formation of pore channels by coa-
lescence of small particles is also clearly observed. In none of
the samples treated at 1400 the presence of CaO-rich sec-
ondary phases or segregations were detected by SEM-EDS.

Fig. 7a shows typical SEM images of fractured surfaces of
the CAG-30 sample heated at 10@for 1 min. This sample
shows a high density of small pores (<500 nm). The crys-
talline phases also show a small grain size (<500 nm). The
presence of clusters ofi8n, made up of CaO particles, can
be clearly distinguished. Gaps between these clusters and
the finest fraction of the sample are also detected in this case.
Fig. 7b shows the typical microstructure of a CAG-30 sample
heat treated at 130, which corresponds to a fine grained
porous monophasic compact. The Cg®J particles show a
~1.5pum grain size. It can be seen that the neck formation
between the finest particles is beginning.

3.3.2. Polished surfaces
Polished and thermally etched surfaces of CA1 and CA9

Fig. 5. Variation of apparent density vs. temperature of the CA1, CA9 and samples treated at 155C were studied by SEM-EDS

CAG-30 compacts.

(Fig. 8).
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CA1-1000 C° CA9-1000 C°

2um

Fig. 6. SEM micrographs of the fracture surfaces of CglaeAl,03 compacts treated at different temperatures. Back scattered electron images. (a) CAl
sample treated at 100C during 1 min showing clusters made up of CaO particles (L). These clusters have been formed from the coagsea@me®
present in the green compacted samples. (b) CA9 sample 1 min heated aC1€ii®ving the presence of CaO clusters and some fragment of alumina (A)
coming from the grinding media wear. (c and d) CA1 and CA9 samples treated at@40wing a porous and fine grained microstructure made up of
CaAl,O4. Neck formation between the finest particles is beginning induced by sintering.

In CA1 sample a high grain growth rate of the phase  The increase in the specific surface area, the reduction
CaAl,O4is observed and a significant quantity of liquid phase in grain size and the decrease in the crystallinity of particles,
is also detectedH(g. 8a). facilitates the reaction process and minimize the possibility of

Additionally, in CA9 sample large pores were observed. forming chemical segregations, as observed by other workers
In Fig. & it can be seen CadD; dark gray grains, as it  when the reaction sintering of samples with coarse grains of
has been confirmed by SEM-EDS, with an average size of calcite?® was studied.
~2pm. The total loss of weight due to decomposition of reac-

From the microstructural examination and the XRD anal- tants during the thermal treatment was calculated with the
ysis, Table 3 it can be concluded that in all the studied sam- equation,
ples the reaction process is ended at 1°3D0ut the sintering
process is not completed yet. AW = Xfi - AW; )
wheref; and AW; are the weight fraction and weight loss,
respectively, for every reactant. Using the weight loss data of
4. Discussion reactants, shown ifable 1 it is possible to establish theoret-

ical losses of 28.03% for the hydroxide and 15.78% for the

The initial powder mixtures were constituted by hard carbonate in CAG-30 sample. If we compared these values
coarse CaCe@ patrticles and either fine-Al,O3 particles with the ones found from thermogravimetiyig. 4), we can
or amorphous aluminum hydroxide agglomerates, which easily relate the first observed loss up to 660to the de-
were easily broken during the initial stages of milling hydration of aluminum hydroxide (28.03%) and the second,
(Tables 1 and 2andFig. 1). The specific surface area of between 700C and 1200C, of 17.66% to calcite decompo-
the CaCQ/a-Al>03 batch increased42.86% with milling, sition. If the global loss (encompassing the decomposition of
however CaC@AI(OH)3 mixture show an increase in spe- both reactants) is considered, the slight discrepancy between
cific surface area around of 23% with milling process. the theoretical (43.81%) and the observed (45.46%) is due to
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CA1-1550 °C

Fig. 8. Typical microstuctures of polished and thermally etched surfaces of
CA1 and CA9 samples treated at 1580 (a) CA1 sample with a high grain
growth rate of the CaAlO, phase and a significant quantity of glassy phase.
Cay0Al 17033 was detected by XRD and SEM-EDS on this sample as a phase
that has been devitrified from the liquid phase during the cooling process.
(b) CA9 sample with large pores and Ca@ dark gray grains and small
quantities of CaAOy7. See text for details.

Fig. 7. (a) Typical SEM images of fractured surfaces of the CAG-30 sam-
ple heated at 100TC for 1 min. The presence of clusters made up of CaO
particles (L) can be clearly distinguished. (b) The typical microstructure
of a CAG-30 sample heat treated at 13@) which corresponds to a fine
grained porous monophasic compact of G&3y. It can be seen that the
neck formation between the finest particles is beginning.

the volatilisation of the remaining isopropanol adsorbed on al.?3 Evidence arisen from experimental data allows the dif-
the surface of the powder (1.65%). In fact, the wide exother- ferent phase transitions, or reactions, to be distinguished.
mic peak registered at427°C is due to the combustion of

residual organic products. 4.1. Reaction process
On the other hand, in samples CA1 and CA9 the slight

diSCfepancy between the theoretical loss of WEight (2178%) Considering the Gibbs energﬁG) of the possib|e re-
and the observed (23.65 and 22.50% for CA1 and CA9, re- actions involved in the calcium aluminates formation within
spectively) is due to the evaporation of the remaining water the binary system CaO-40s (Table 5, together with the
and the combustion of the rheological additives physically thermal analyses, the studied sintering behawigg. 3-5
adsorbed on the powder surfaces (1.87 and 0.72%). In fact.and the crystalline phases identified by XRD and SEM-EDS

the narrow exothermic peak registered with a maximum at (Tab|es 3 and éndﬁgs 6_8, the f0||owing reaction mech-
~250°C is due to the combustion of these additives. anism is proposed.

The results obtained by DTA and TG, the dilatometric
analysis and XRD indicate that the reaction occurs beforethe 4 1 1 CaCQla-Al,O3 mixtures

sintering process. Therefore, it is clear that the reaction sin- The solid state reaction in both Cagi@-Al 03 samples

tering process between CaO an@®4 proceeds in two well (CAL and CA9) can be established as follows:
separated steps: (a) reaction and (b) sintering of the products.
This fact is in close agreement with the works of Alietdl., (1) The CaCQ@ decomposes giving up CaO (lime) in the

Singh and Mand& Rivas Mercury et af2 and De Aza et temperature range from 60C to 850°C according to
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Table 5

Thermodynamic calculations of the Gibbs energy3) from 25°C to temperature indicated

Reaction Equation AT (°C) AG (kJmol 1)
CaCQ — CaO + CQ(g) o) 25-800 75
7CaAbO4 + 5Ca0— Ca2Al14033 (8) 25-1100 -30
Al,03 + CaO— CaAlL,O4 (6) 25-900 -38
2a-Al,03 + CaO— CaAl,Oy (@) 25-1100 —-51
5CaAl;O7 + Cay2Al 14033 — 17CaAbOy (11) 25-1100 —-122
Cay2Al 14033 + 5A1,03 — 12CaAbO4 (9) 25-1200 —-172
7Al,03 + 12Ca0— Cay2Al 14033 5) 25-900 —275
17Al,03 + Ca2Al 14033 — 12CaALO; (20) 25-1200 -308

These calculations were performed using the Thermbtattmputation package.

the equation:

CaCQ — CaO+ COy(q) 4)

4.1.2. CaCQ/AI(OH)3 mixtures
The reaction process of the CAG studied bath can be sum-
marised as follows:

This is an endothermic reaction as the DTA clearly re- (1) The dehydration of amorphous Al(Off)progresses

veals. Theloss of weightrecordedin the TG plot confirms

this CO releasé® (Fig. 3a and b).

(2) At920°C Ca2Al 14033 formation takes place by an ex-
pansive AV = 36.20%) and exothermic reaction that
takes place between lime and alumina (ség 3a—d
andFig. 5). This transitory calcium aluminate formation
is the reaction with the highest negative value/dB
(AGRC = —275kImot?, Table 5.

Ta-Alo03 + 12Ca0 — CagAl 14033 (5)

quickly with the formation of cryptocrystaline AD3 (k
for short); these very small crystallites of A3 trans-
form to yield transition-A}Os in the temperature range
900-1100C:%4

Al(OH)3 — k-Al,03 + 3H.0(q) (12)
K-A|203 — OL-A|203 (13)

During heating neither boehmite nor transition-
Al,O3 were detected by XRD at any temperature
(100-1000C).

As mentioned, thermodynamic data indicate that the (2) The CaC@ decomposes at temperatures higher than

reaction (5) has the lowest Gibbs energy@) within the
system CaO-AlO3, and therefore is viable at tempera-
tures lower than 920C. However, it is obvious that the
reaction does not happen until Cag@ecomposes.

(3) At T > 1100°C the formation of calcium monoalumi-
nate (CaA$O,) takes place. Itis worth to mention that in

CA9 sample the formation of a second transient phase,

CaAl;07, has been detected (sEiy. 8o andTable 3.

The possible reactions involved in these calcium alumi-

nates formation are:

a-Al,03 + CaO — CaALOy (6)
20-Al,03 + CaO — CaAlO; @)
7CaAbO, + 5Ca0 — CaypAl140s3 (8)
5a-Al203 + Cag2Al14033 — 12CaAbO, )
17a-Al,03 + CaAl4Os3 — 12CaALO; (10)
5CaALO7 + CaoAl14033 — 17CaAbO, (11)

~700°C. CaCQ decomposes forming porous agglom-
erates or clusters made up of CaO particles according to
reaction (4) Fig. 4andFig. 7a).

(3) The reaction between lime and the cryptocrystalline alu-
mina occurs at temperatures higher tha®00°C. This
reaction involves the formation of transitory phases,
Ca2Al 14033 and CaALO7, at 916°C and 1100C,
respectively (Egs(5)—-(11). At temperatures higher
than 1100C the intermediate phases, {zAl 14033 and
CaAl;0y, are completely disappeared and only Gazy
was identified (as can be seerfig. 7b andTable 4.

As in the previous case, to support the reaction mecha-
nism proposed thermodynamic calculations of the Gibbs en-
ergy (AG) were usedTable 5. As in the above mentioned
case,AG computations for the formation of @gAl 14033,
CaAlb,O4 and CaALO7 confirm the much loweAG value
for Cay2Al14033 in the whole range of temperatures consid-
ered. Consequently, its appearance as the first phase during
the reaction of this sample is fully justified. These results are
in good agreement with reported activation energies of dif-
ferent calcium aluminate®, the results obtained in CaGO
Al(OH)3 mixtures at temperatures lower than 10Q0by the

The general features of the reaction process according toguthoré2 and higher than 1200 by Scian et af.

the thermodynamic calculations indicate that reaction (10)

has the lowest Gibbs energAG), hence it is the most
favourable Table § for the formation of CaA{O7 as a tran-
sitory phase.

Therefore, in both batches the solid state reactions be-
tween CaO and AlO3 occur with the nucleation of transient
phases such as CaO, {zAl 14033, and CaALOy at different
points of the solid—solid interface. Further reaction occurs by
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diffusion of reactant across the interface which depends of aggregates of lime and alumina particles and may produce

the particle size, mixing ratio and temperatéfedccording

to the present data and the works of Ali eBhland Singh
et al? the reaction happens by diffusion of the ion with the
lower oxygen affinity, C&" into Al,Os.

domains of CaA{O7 and, CaxAl 14033 of a few microns. In
CAG and CA9 samples the presence of few microns agglom-
erates and either amorphous alumina or some scratches of
alumina grinding media, respectively, may explain the forma-

Fig. 9a and b shows a scheme of the reaction mechanism.tion of transitory CaAlO; domains. At higher temperatures
It may be explained in terms of the initial differences between C&* from aggregates would diffuse through 1Al 14033

the grain/agglomerate sizes of Cagand ALOs. At temper-
atures ca. 900C, the larger CaCe@grains originate tempo-
rary porous CaO-segregations of 3+%. The first formation

of Cap»Al 14033 occurs within the contacts between the small

CaO

Room
Temperature

CaAl,0, CaAl0,

Ca, AL, O

1.400 °C

1.200°C

Al{OH)4
Room

CaAl0,

()

1.100°C 1.300°C

Fig. 9. Reaction mechanism sketch for the synthesis of gaAl(a)
CaCQ—a-Al 03 mixture. (b) CaC@-Al(OH)3 mixture.

and CaAlLOy; layers to react and originate a homogeneous
and porous single-phase Cafl, as a final product.

All the mentioned reactions occur with large changes in
volume. The loss of either COor H,O and the mentioned
volume changes occurring during reaction disrupt the ini-
tial microstructure and create a network of new porosity
(Figs. 6 and ¥. The formed amorphous AD3 and CaO show
a very small, nanometric crystalline size, which enhances the
reactivity of the mixtures. In all the studied samples the re-
action is finished at 1300. Once the reaction is finished
the densification begins. In the three samples the sintering
process takes place at temperatures higher than°1250

4.2. Sintering process

The upper temperature limit for sintering (14GD)
was established based on the CaG@4 phase diagram,
which exhibits a eutectic point at 1398 in the subsys-
tem CaAbO,—Ca2Al14033. Special care must be taken to
avoid reaching the eutectic temperature since small devi-
ations from the required stoichiometry can induce the de-
velopment of undesired liquid phases in the vicinity of the
CaAlLO4—Ca2Al 14033 invariant point. Furthermore, in the
CAG batch the presence of small sodium impurities in the
aluminum hydroxide, <0.2 wt.%T@ble 1), could provoke a
significant temperature decrease from the ideal one.

In the case of the CA1 sample, it has to be mentioned that
an expansive process occurs at 140@Fig. ). This can be
explained keeping in mind the above mentioneg@-CaO
phase diagram. The average chemical composition of CA1
(Table 2 is located in the subsystem GAl 17033—-CaAbO4
whose eutectic point occurs at 1395. Therefore, this ex-
pansive effect indicates formation of a liquid phase.

The presence of approximately 20% of liquid phase was
detected at 1550C in CA1 sample by SEMKig. 8a). The
small quantity of CgAl 17033 detected by XRD corresponds
to a phase that has been devitrified from the liquid phase
during the cooling process of the sample.

Otherwise, sample CA9 has a solid state sintering up
to 1550°C but with the formation of small quantities of
CaAl,O7. The formation of this phase is due to that the
Al,0O3 weight content in the CA composition (1) slightly
increases with milling time, from 63.5 to 65.4%, due to the
alumina release from the grinding mediaHig. &b it can be
seen a fragment of alumina coming from the alumina balls
wear. These observations indicate that very small differences
in the stoichiometry of the composition, <2 wt.%, provide
to the CA9 sample higher refractory characteristics with a
temperature of first liquid formation of about 160D.
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Additionally, in sample CAG-30 the milling process was 4.

optimized by the use of high-purity magnesia partially stabi-
lized zirconia balls (Mg-PSZ) as grinding media. In this case
wear of the grinding media and secondary phases were not
detected due to the better trybology of Mg-PSZ batig(7a

and b).

Bearing in mind the above mentioned results, the optimum
thermal treatments for the samples studied were established
at 1300°C for CAG-30, 1350C for CA1 and 1400C for
CA9 composition.

5. Conclusions

9.

The synthesis of CaAD, was conducted by reaction of
mixtures of eitherx-Al,03 or amorphous (Al(OH) with
CaCQ by means of high energetic attrition milling of the

reactants. Theptimumthermal treatments for the batches 13,

studied were established at 13@ for CAG-30, 1350C

for CA1 and 1400C for CA9 composition. Then, the syn-
thesis of CaAlO4 can be reached at lower temperatures start-
ing from high energetic attrition milled mixtures that contain
Al(OH)3. These temperatures are lower than that required for
the traditional solid state reaction process.

The sequence of reactions observed during the heat-
ing process is in agreement with thermodynamic calcula-
tions. Transient crystalline phases such ag8hk 4033 and
CaAl;0; are clearly detected during the reaction sintering

process resulting in the final formation of a finely grained 15.

CaAl,O4 material.
When high energy attrition mills are used it is mandatory
to use high wear resistant grinding media to either avoid unde-

sirable contamination or have the less harmful contamination 17.

of the sample. In the present case, a casual excesOgAl
with respect to the CaAD, stoichiometry 2 wt.% due to

the alumina coming from the alumina balls wear) have a pos-
itive effect on the results and ensures that highly refractory
material is obtained.
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