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ABSTRACT

Calcium hexaluminate (G is an intrinsically densification-resistant maértherefore, its
porous structures are key materials for applicatias high-temperature thermal insulators.
This article reports on the combination of calcirddmina and calcium aluminate cement
(CAC) in castable aqueous suspensions forirthgtu production of porous CA The CAC
content (10-34 vol.%) and the curing conditionsueasstructural integrity prior to sintering
and maximize the development of hydrated phasesn@ds in physical properties, crystalline
phases, and microstructure were investigated aftehermal treatments (120-1500°C), and
three sequential porogenic events were observesl hytiration of CAC preserved the water-
derived pores (up to 120°C), and the dehydroxyhated CAC hydrates (250-700°C)
generated inter-particles pores. Moreover, ithsitu expansive formation of CAand ChA
(900-1500°C) hindered densification and generaté@-particle pores. Such events differed
from those observed with other CaO sources, anditeglsin significantly higher pores

content and lower thermal conductivity.
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1. Introduction

Porous structures of calcium hexaluminate (G#&&b or CAs) show refractoriness
and chemical resistance and are used as hottanirfgg elements, catalyst carriers, and high-
temperature thermal insulators [1]. When compacedther ceramic materials used in the
same applications, such asAl,03[2,3] and mullite (ASisO16) [4], CAs resists long-lasting
densification, even when exposed to high tempezattor extended periods [5,6] due to two
major causes. Firstly, when produced by solid-stesetions between AD; and CaO, CA
results in a significant volume expansion and cqueat decrease in density (final density
ranges from 3.5 up to 3.7 g.€mwhereas that ofi-Al,Os is 3.8-4.0 g.cii) [7,8]. Secondly,
its typically asymmetrical plate-like crystals [b,§row over each other, resulting in a
microstructure with a large portion of intra-palei@ores [9-11]. Because such pores have a
high number of faces and few contact points amotigssurrounding particles, the material
shows intrinsic densification resistance.

The reactions involved in solid-state £#®rmation start at the interface between the
Al,O3; matrix and the CaO domains (from the CaO prece)seovhere the concentration of
Cc&”* ions is much higher than that in other parts & flystem. Consequently, CaO-rich
phases (G#Al,033 or GA, Ca2Al 14033 or GA7, and CaAlO, CA) are formed first at such
contact points. As heating continues, these lowingepoint phases melt and help to dissolve
the neighboring particles, and since such liquids @ogressively enriched in alumina, the
Al,O-richer compounds (CafD; or CA, and CA) crystallize. Several studies have
evaluated the effects of different raw material®-1#] and processing techniques [15-19] on
the physical properties of the resulting £#orous structures [20-25]. For instance, compared
to the sintering of pre-reacted particles [1,26f in situ formation of CA from aqueous
suspensions of individual oxides or their precwsssra straightforward process of substantial
energy-saving potential. The porous structuresywed typically show a small average pore
size and higher strength, which are features pdatily attractive in the production of thermal
insulators [14,27]. The process requires a carpfaparation of stable low-viscosity co-
dispersions of particles of AD; and CaO sources [28,29], the definition of an adés
heating schedule for the drying, dehydroxylatiomg @ecarbonation steps [6,14], and use of
hydraulic binders prior to sintering. However,létattention has been devoted to the role of
such binders in the evolution of the physical prips of porous CA

Hydraulic binders, such as hydratable aluminas)(ldAd calcium aluminate cement
(CAC), set in the presence of water and, througkerse chemical reactions, restrain particles’



movement strengthening the structure after castimgy curing [30,31]. Important events,

namely free-water withdrawal, dehydroxylation ohders’ hydrates, reorganization of the
microstructure, and formation of new phases takeegHburing the initial heating of hydraulic

bonded suspensions, [32]. Strength loss and pgrogitease can also occur, depending on
the type of bonding between the hydrate partichesthe surrounding matrix [33,34].

HA has been used as calcium-free hydraulic bindedscan simultaneously act as an
Al,O3 source -Al O3 is fully converted tax-Al,O3 above 900 °C) [3,4] in the formation of
CAs. However, HA-bonded suspensions typically regldreger and intense mixing steps due
to the particles’ large specific surface area, agsllt in low permeability set structures
[35,36]. Moreover, the hydraulic bonds amongstipiat break during the initial heating at
temperatures between 110-350 °C with a signifidasd of strength [3]. CAC, on the other
hand, is the most popular hydraulic binder for aefory castable systems [30,31] and,
differently from HA, is less sensitive to mixingdudrying conditions [37-39]. In fact, given
the abundant presence of water molecules in thatireg hydrates (such as Ca8L[(H,0)10
or CAH,o, and CgAl,0;[(H,0)s or GAHg), significant density variations occur during the
first heating, and the hydrates themselves canveefis porogenic particles [32-34].

Besides the porogenic action of the combinatio€ALC and water on the cured and
dried material, the formation of GAs readily expected from the cement hydrates upon
heating in the presence of a suitable source gDAlBecause the microstructure of such
porous materials formed situ depends strongly on the size ratio between alumauitbcalcia
sources, the CAformed from a CAC source, whose ions are mixednaatomic level [40],
might display characteristics different from thageother ALOs-CaO pairs. These issues are
addressed in the present article.

2. Materials and methods

Annex A describes the raw materials characteomatind the methodology employed
for the production of aqueous suspensions congicaicined alumina (CAl) and 10 vol.%,
20 vol.%, and 34 vol% of calcium aluminate cem&AC), as well as the compositions and
preliminary tests conducted for determining thet lsesing conditions and CAC load range.

The CAI-CAC suspensions were homogenized anduwedgr vibration as cylinders in

non-adhering polymeric molds of 38 mm lengtl88 mm diameter, for thermogravimetric



tests, 70 mm length 16 mm diameter, for flexural Young’s modulus, fleal strength, linear
dimensional change, and total porosity measuremants8 mm lengtkk 6 mm diameter, for
dilatometric analysis and thermal conductivity mgaments. Curing was carried out at 60 °C
for 24 h periods in a moisture saturated atmosphere

The drying and dehydroxylation behaviors of greemiad freshly demolded samples
(of approximately 100 g) were evaluated in tailcaeia thermogravimetric equipment capable
of supporting large samples (up to 500 g and ufi®e< 10 x 10 cn?) and testing both
monolithic and powdered samples. It monitors ambmds (every 10 s) the temperature and
weight changes of a sample placed in an electritatte (further details on the technique can
be found in [35]). During the thermogravimetrictigssamples were heated up to 120 °C (2
°C.min%) and kept at such temperature for 17 h for th@dviwal of non-chemically bonded
water [35,36,41]). After this period, the temperatwas increased (2 °C.mihup to 800 °C
for the release of combined water from hydrated maunds [35,36]. The instantaneous mass
loss (W, wt%) recorded was the sample’s total nlass, and the mass loss rate (dW/dt,
wt%.h') was obtained from the former as the slope betvaearcent values.

Samples for flexural Young’s modulus, flexuralesigth, linear dimensional change,
total porosity, and thermal conductivity measuretsevere demolded after curing and dried
at 120 °C for 24 h. They were then treated at 300, 700, 900, 1100, 1300, and 1500 °C (2
°C.min* heating rate; 3 h hold; 10 °C.rflicooling rate down to room temperature).

The flexural Young's modulus (E, GPa) of the heatted samples was measured at
room temperature (25°C) and during the first heafinom 25°C up to 1500°C, 2°C.mtn
heating rate) by Impulse Excitation of Vibrationchaique (Grindosonic HT, Belgium),
according to ASTM E 1876-01 standard (“Standardt Tdethod for Dynamic Young’s
Modulus, Shear Modulus, and Poisson’s Ratio by IsguExcitation of Vibration”). The
samples' flexural strength was measured at roorpasature (25 °C) by three-point bending
tests (MTS 810 TestStar Il tensile tester; 2'N@ading rate; ASTM C78: "Standard Test
Method for Flexural Strength of Concrete Using Seripeam with Third-Point Loading").

The solid density was determined for dried and-reaited samples (crushed, particles’
size below 100 pm) by Helium pycnometry. In eacke¢cdhe sample’s geometry (diameter
and length), mass, and solid density were usedhircalculation of the geometrical total
porosity (vol.%).

The length of hardened samples was measured aftegdt 120 °C (brieq), and after

the final heat treatment §luered. Their linear dimensional change (LDV, %) wasco#ted



according to the corresponding initial length (pigsi values represent expansion; negative
ones indicate shrinkage). Each result for Younglufus, flexural strength, total porosity,
and dimensional change is the average value obtdime 5 different samples (standard
deviation represented by error bars).

A continuous dilatometric analysis (DIL402C, Netzs Germany, 5 °C.mih heating
rate up to 1500 °C) was conducted on green sampdesously dried at 120 °C for 24 h.

The pore size distribution of samples sinteredl%@0 °C for 3 h was assessed by
mercury intrusion porosimetry (PoreMaster 33, Qaelmtome Instruments, USA; 0.480 N.m
! mercury surface tension, 130° contact angle, af61@ and 210 MPa applied pressure).
The thermal conductivity was measured from 600°Cl400°C in laser flash apparatus
(Netszch, LFA427, Germany) in samples sliced asdgls of 6 mm diametex 1 mm
thickness.

The phases formed at each heat treatment temperatere identified in crushed
samples (particle size below 100 um) by X-ray difron (XRD, Rotaflex RV 200B, Rigaku-
Denki Corp., Japan, Cudradiation § = 0.14506 nm), in the@range from 15 to 75° at 0.5
°min® scan rate) and quantified by Rietveld method (MATGoftware, 3.8 version,
Germany) [42]. The percent ratio of each phasectladeis showed as a bar chart in the
manuscript, whereas the full XRD patterns and camgds identification are detailed in
Annex B. The microstructure was observed by fietdssion-gun scanning electron
microscopy (FEG-SEM, Inspect-F50, FEI, Netherlands) fractured surfaces after gold
coating.

3. Results and discussion
3.1 Particles characterization and preliminary st

Annex A provides the results of both particlesadcterization (Table 1 and Figs. A.la-
c) and tests that determined the CAC load rangetlaanost suitable curing conditions for
maximizing the hydrates formation and bonding actbthe hydraulic binder (Figs. A.2 and

A.3).

3.2 Evolution of samples’ microstructure and phgbproperties upon heating up to 700 °C



Figs 1a-b show the thermogravimetric curves dflfhe demolded samples, where two
drying stages can be observed. From the origine@mvantent in the formulation, the fraction
not consumed in the hydration reactions is calleg-fvater, whereas the remaining one is
known as chemically bonded water [35,41]. Free-watast be released at the beginning of
the drying process as vapor between room temperatud 120 °C. For all compositions, a
significant portion of the initial water contentrmained in the hardened structure as non-
chemically bonded free-water. Since no significpaaks of anhydrous CAC phases were
detected by XRD in dried samples (Figs. 2 and Ar8) all compositions were prepared with
the same volumetric amount of water, the sampleéb higher CAC contents consumed a
larger fraction of the original casting water dgrimydroxylation. As expected, the higher the
initial CAC content in the formulations, the smaltbe release of free water (67, 78, and 88
wt% of the corresponding total, respectively fomgées containing 34, 20, and 10 vol.% of
CAC) [43]. Fig. 3a and A.1d-f (Annex A) show suangles’ microstructure, comprised of a
mixture ofa-Al,03, C;AHg and AI(OH} (Fig. 2; see Fig. B.1 in Annex B for complete XRD
patterns), as in [37-39,44].

Figure 1

Figure 2

Figure 3

After the removal of free-water, rising temperatured to the decomposition of
hydroxylated compounds between 200 and 500 °C 82Euring heating from 120 °C up to
800 °C (Fig. 1c), samples containing heavier CA&l® (20 vol% and 34 vol%) experienced
a more substantial mass loss related to the dekyldtoon of hydrates (22 wt% and 33 wt%)
than those prepared with 10 vol.% of CAC (12 wt.%smloss). The loss of combined water
increased particles’ density and reduced theirmelucausing a progressive disappearance of
bridging points amongst the particles of theAl,O; matrix, as shown in Fig. 3b-d. Heat
treatments up to 50TC resulted in an increase in total porosity andnéral loss of strength
and rigidity (Figs. 4a, 5a, and 6a), accompanied Bignificant linear shrinkage between 200
and 500 °C (Figs. 4b, 5b and 6b). Such resultsbeaexplained by the dehydroxylation of



Al(OH)3 and GAHg (in the 250-350 °C and 320-400 °C temperature e@angespectively,
[2,3,32,33]) and formation of 8 (Fig. 2).

Above 500 °C, although the total porosity growssy, a general recovery of strength
and rigidity occurs in all cases. In samples tradse 700 °C, practically all & was
converted to GA; and CA, which is in agreement with other studies [12,2},Fig. 3d
displays such compounds as thinner particles Idcatethe space amongst the calcined
alumina particles and their surfaces. The resu#is mdicate CaO-AlD; solid-state inter-
diffusion reactions, typically slow at temperatuamges below 1300 °C, were speeded-up by
shorter diffusion paths and a larger contact aneangst the particles formed, and explain the
formation of such CaO-richer calcium aluminates@nhparable low-temperature ranges and

the incipient sintering observed.

Figure 4

Figure 5

Figure 6

3.3 Evolution of samples’ microstructure and phgbproperties during reactive sintering
(900-1500 °C)

Although in all cases the dilatometry (continudesiting) showed maximum expansion
rate at approximately 1180 °C, samples treatedO@t &hd 1100 °C for 3 h underwent a
significant permanent (post-treatment) expansioiys(F4b, 5b, and 6b). In both cases,
because such an expansion can be associated wifbrthation of G,A; and CA (Figs. 2
and 3e), the higher the CAC content in the formaiatthe greater the expansion. At 1100 °C,
the microstructures are mixtures of ooiyAl,O3 and CA, and their simultaneous noticeable
increase in strength and rigidity may be relateth®early stages of sintering. Moreover, the
localized formation of small portions of the liquithase (Fig. 3f) due to the reaction between
calcium aluminates and impurities contained in the materials (particularly SKp may
have strengthened the structure [31,32,45,46].h&shieating proceeds up to 1300 °C, the
onset of sintering with densification can be obedrin the high-temperature Young’s
modulus and dilatometry curves and microstructérig. (3g), accompanied by a continuous

decrease in total porosity, which contributes tgignificant gain in rigidity and flexural



strength for all samples. The first diffraction kgaof CAs were also detected at this
temperature (Fig. 2).

For samples sintered at 1500 °C, all calcium ahates previously formed were
converted into C4 anda-Al,O3; remained as a residual phase in the system (RgdTable
1) and the evidence of liquid phases observed raples treated at 1100 °C and 1300 °C
(Figs. 3f-g) is no longer detected (Fig. 3h). Saaheffect occurs because, above 1300 °C, the
liquid comprised of CA and other residual impurities begins to dissolve $urrounding
alumina particles and changes its compositionsAg. Oue to a higher melting temperature,
the liquid crystallizes, displaying an asymmetribaixagonal plate morphology, typical of
CAg crystals [5,6,14].

The effect of the expansive formation of £and CA that tends to counteract the
sintering densification of the calcined alumina mxats particularly noticeable in samples
with higher CAC contents [6,47]. While samples with vol% of CAC (Fig. 4a) show a
continuous decrease in total porosity due to theali shrinkage observed, those containing 20
vol% (Fig. 5a) show a deacceleration in the reducdf total porosity, and those with 34
vol% CAC experience a significant total porositgrease and lower shrinkage (Fig. 6a).sCA
crystals intrinsically resist densification, asieaved elsewhere [5,6], because the formation
of their highly asymmetrical hexagonal plates psshpart calcined alumina particles and
other CA crystals. As a consequence of the high levelsotdl tporosity (36-50 vol.%),
compositions containing 20 and 34 vol% of CAC shadvenaller gains of strength and
rigidity. Nevertheless, such properties’ values asénilar to those reported in

[1,6,13,14,19,30], which tested porous Aructures of comparable porosity levels.

Figure 7

3.4 Comparison of microstructure and physical prips of porous CAformed from CAC

and other sources of CaO

The microstructure of the CAC-based porous ¢Cdamples produced differs
significantly from those observed in previous sisdiin particular after heat treatments
between 900 and 1300 °C (Fig.8). Saloreéal. [6] and Costat al [14], who used spherical
particles (15 um) of precipitate-CaCQ (or calcite) and p-CaC{or vaterite) as a calcia
sources, detected round pores after heat treatatebh100-1300 °C, whose final size and
shape were similar to those of the original Ca@@rticles. They appeared to be internally



lined by a glassy phase whose composition resengbieckture of G.A7, CA, and CA. After
sintering at 1500 °C, larger spherical pores resthigurrounded by smaller inter-particle
ones located amongst the £éxystals [14]. In the present study, the CaO-sewas the fine
particles of hydrates homogenously distributed agsbthe matrix particles (Fig. 3a). At 900
and 1100 °C, they evolved to sub-micron domain€;gfA; and CA crystals, preserving the
inter-particle pores (Figs. 3e-f) and, at 1300 S@;h crystals covered the surface of calcined
alumina particles, giving rise to a percolatingatdike porous phase (Fig. 3g). At the final
stage of sintering (1500 °C), typical g@érystals were formed, retaining a significant fiaic

of fine intra-particle and inter-particle poresdF3h).

Such a difference in the microstructure can bdagx@d by the average size of CaO
domains formed during initial heating. Coarser Ca@@rticles not only leave behind nearly
half of their volume as empty pores, but also regné longer diffusion paths. The liquid
phase that eventually forms and drains away migénh eontribute to increasing the average
diameter of the pores. On the other hand, becali§e @&* and G ions are already mixed
at an atomic level [33,34,40], the finely disperg&aamlD from CAC hydrates is more reactive
and hardly in excess, even if only locally. Theutesg calcium aluminates and dialuminates
are rapidly enriched with AD; towards the targeted hexaluminate, producing &iras of

significantly smaller average pore sizes and higbil porosity levels.
Figure 8

An important consequence of such fine-pores-coimgimicrostructure is its ability to
hinder heat flow represented by the low valuesefrhal conductivity (0.58-0.50 W.(m.K)
600-1400 °C) (Fig. 9)Pelissari et al[48] highlighted pores fractions above 50 % anthim
0.5-5 um average size range maximize the scatteriniipe thermal waves (or phonons)
responsible for most of the heat flow in such apgerature range. Concomitantly, the great
tortuousness of thin pores prevents air convedtiooughout the structure. These results are
in good agreement with others related to systemsimilar composition and physical
properties [49-51], and indicate the porous cast@l#s structures attained can potentially be
applied as high-temperature thermal insulatorstheaimprovements in insulation ability can
be achieved by, for instance, combining this metihagly with other porogenic mechanisms.

Such a hypothesis is currently under investigabypthe authors’ research group.

Figure 9
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4. Conclusions

Aqueous castable suspensions of calcined alum@#d) (and calcium aluminate
cement (CAC) can be used for the production of pemalcium hexaluminate (GAthrough
In situ reactions. Samples containing 10-34 vol.% of CAGveed structural integrity after
curing and were safely dried according to a heatictiedule that favored the release of free
water below 120 °C. After sintering at 1500 °Custures of 36-50 vol.% total porosity, 86-
50 GPa Young's modulus, 49-22 MPa flexural strengthd 0.5 W.(m.K} thermal
conductivity were obtained. A combination of thrperogenic mechanisms is proposed
towards explaining the evolution of both microstime and physical properties. The first is
the hydraulic action of CAC that preserved the paneated by the addition of water during
the setting, curing, and 120 °C drying steps. Téeosd is the dehydroxylation of CAC
hydrates (250-700 °C), followed by changes in dgrend crystalline phases that generated
inter-particle pores in the alumina matrix. Finallye third is the expansive formation of A
and CAs crystals (900-1500 °C) that hindered the dendificaof the structure and generated
extra intra-particle and inter-particle pores. Suwstchanisms occurred more intensely in the
composition containing 34 vol.% of CAC and the &rgmount of hydrates, resulting in the
highest total porosity values and stoichiometrics@#er sintering.

Differently from studies that used CagQparticles as a CaO source, the
microstructures obtained in this study contain rfiperes mainly amongst the large £A
crystals. Such a pore geometry was associated tivthsmaller average size of the CAC
hydrate particles, which promoted faster conversemactions, slightly higher total porosity

levels, and lower levels of thermal conductivity.
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Annex A: Preliminary evaluation of raw materials, calcium aluminate cement (CAC)
content, and green dried samples

A.l. Introduction: Calcium aluminate cement as a hydraulic binder to ceramic
suspensions

Calcium aluminate cement (CAC) is the most usedtdnylic binder for high-alumina
refractory castables systems [30,31]. It is addedoimpositions during mixing and connects
particles through chemical reactions with watesfraening their movement after casting. The
CAC's setting mechanism begins with the dissolutéalcium aluminates in water as®a
and (Al(OH))" ions up to the saturation of the medium [31,32]ctSa multi-ion solution
remains stable for a certain time. After the forgratof small solid nuclei at the surfaces of
the surrounding patrticles, the precipitation of ftopylated compounds begins to accelerate
[38-40,44]. These sub-micron crystals exhibit aglike shape, hinder the movement of the
surrounding matrix’s particles, and reduce the nawof pores amongst them [43,44].

Such mechanisms increase both strength and yigiofit the structure and are
temperature-time-dependent [38,39]. Reactions bel®w°C yeld CAH, as a hydrating
product and require at least 5 days to fully harthen structure. On the other hand, those
conducted above 10 °C result inAElg (10-30 °C) and ¢éAH¢ (above 30 °C) and show a
faster and higher gain of strength [40,44]. Aftee turing period, the solid monolithic parts
generated are strong and rigid enough to be demoldty no deformation. CAC’s binding
action also prevents drying shrinkage [30,31,394 axplosive spalling [35,36] caused,
respectively, by capillarity forces and vapor puesmtion during water withdrawal.

This section reports the preliminary tests aimedesermining a) the optimum curing
conditions for maximizing the gain of strength ahe& amount of porogenic hydroxylated
phases formed, and b) the range of CAC load adul#tetcompositions that ensures minimal
strength for handling, prevents excessive dryinminkhge, and avoids the formation of low-

refractoriness compounds.

A.2 Materials and methods

Particles of the raw materials tested (calciummahate cement, CAC, EL70, Elfusa

Geral de Eletrofusao, Brazil, and calcined alumi@al, E-sy 1000, Almatis, USA) were
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previously characterized regarding morphology d¢fiemission-gun scanning electron
microscopy, Inspect-F50, FEI, Netherlands), contpmsi(X-ray dispersive spectroscopy,
EDX 720, Shimadzu, Japan, after calcination at 1800or 5 h), average and maximum
particle diameter (B and Do, respectively, DT-1202, Dispersion Technology ,iidSA),
solid density (He pycnometry, Ultrapyc 1200e, Qaahtome Instruments, USA), specific
surface area (BET Nadsorption, Nova 1200e, Quantachrome Instrumésigy, ASTM C
1069-09 standard), and loss of ignition (thermognatry, TGA-Q50, TA Instruments, 25-
1000 °C, 5 °C.mift heating rate, synthetic air atmosphere).

The compositions were prepared initially dry-blegddifferent proportions of CAC and
CAl (Table 1) with a poly(ethylene glycol)-basedspkrsant (0.2 wt%, dry-basis, FS20,
BASF, Germany). They were mixed with distilled wabg a paddle mixer (PowerVisc, IKA,
Germany, 1000 rpm, 5 min) towards forming suspessicontaining 50 vol% of solids,
which were cast as cylinders of 70 mm lengt6 mm diameter for the preliminary tests.
Curing trials at 60 °C for 1 to 168 h in a moistsegurated atmosphere provided the time of
completion of the curing process and the crystalphases formed [35,38,39]. After regular
intervals, 5 samples were demolded, dried at 12bf@4 h, and tested for flexural Young's
modulus, flexural strength, total porosity, andidgyshrinkage, as described in what follows.
Each result is their average value (standard dewiaépresented by error bars).

Flexural Young’'s modulus (E, GPa) was measuredoamr temperature (25°C) by
Impulse Excitation of Vibration Technique (GrindogoHT, Belgium), according to ASTM
E 1876-01 standard (“Standard Test Method for Dyinafoung’s Modulus, Shear Modulus,
and Poisson’s Ratio by Impulse Excitation of Viat). The samples' flexural strength was
measured at room temperature (25 °C) by three-gmnding tests (MTS 810 TestStar Il
tensile tester; 2 Nsloading rate; ASTM C78: "Standard Test Method Ftexural Strength
of Concrete Using Simple Beam with Third-Point Lway). Their total porosity was
calculated with the use of their geometry (diameied length) and mass, and solid density
was measured by Helium pycnometry (after crushpagticle size below 100 um) [3,4,6,14].

The length of hardened samples was measured bgfee) and after drying at 120 °C
(Loried), and their linear dimensional change (LDV, %) wealculated concerning the
corresponding initial length (negative values repre shrinkage, and vice-versa).

Both samples’ morphology and crystalline phaseswtudied, respectively, in fracture
surfaces by scanning electron microscopy, and Xditisaction (Rotaflex RV 200B, Rigaku-
Denki Corp., Japan, Curadiation,A = 0.14506 nm, in the@range from 15 to 75° at 0.5
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°min® scan rate) combined with Rietveld refinement (MATCsoftware, 3.8 version,
Germany) [42].

A.3. Results and discussion

Table 1 and Figs. A.la-c, respectively, displag pihysical properties and morphology
of the as-received anhydrous CAC and CAI particlesspite the differences expected in
chemical composition and density, they show simg@ometry and average size. The
particles resulting from CAC’s hydroxylation, oretbther hand, are significantly smaller and
precipitate in the spaces amongst CAIl particles andtheir surfaces (Fig. A.ld-f).
Consequently, the higher the CAC content, the [Bm®us the structure. Although such
features related to the CAC hydration process hdeen described elsewhere
[28,30,39,40,43,44], they are important for thearsthnding of the evolution of the samples’
microstructure and pores formation during the ahitieating.

Table 1
Figure A.1

Towards the production of structures comprisesdtoiichiometric calcium hexaluminate
or calcium hexaluminate and alumina, the propogtiohCAC and CAIl were based on their
full conversion into CA[5,6,12]. For the particular grade used (TableHg,maximum CAC
content for a full conversion into stoichiometrié£was 34 vol.%.

Fig. A.2 displays the combined effect of varyingCload and curing time at 60 °C on
the samples’ rigidity, flexural strength, total psity, and drying shrinkage. Typically, curing
processes conducted between 10 and 30 °C rediiffenent hydroxylated compounds (e.g.,
C,AHg, CsAHg and Al(OH) [37-39]). However, at such low curing temperatutke gain in
strength is slow, and up to seven days might begseey for the reaching of the strength’s
maximum value [39]. On the other hand, during theng trials conducted at 60 °C for 1 to
168 h, no significant change occurred in the sashpigidity after the initial 24 h (Fig. A2.a).
According to Figure A.3, for the samples with thghest CAC content (34 vol.% CAC)
cured at 60 °C for 24 h, the crystalline phaseméat a mixture ofx-Al,O3 (from calcined
alumina), GAHg, and Al(OH), and no peaks of anhydrous CAC phases were détbgte

XRD. Therefore, curing was considered completera#é h, and the standard curing
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conditions for all compositions were set at 24 h6@t °C under a moisture saturated
atmosphere.

The original CAC content in the formulations attsttheir dried rigidity, strength, total
porosity, and shrinkage (Fig. A.2b-c). As the CAG@htent increased.€. higher volume of
CAC hydrates), progressive gains of rigidity, flexlustrength, and dimensional stability were
observed, whereas total porosity decreased. Regatde minimum CAC load required for
the production of stable structures, samples commgiless than 10 vol.% of CAC showed a
drying shrinkage above 0.5 %, which is the gengrdlsumed safety limit [30,31], therefore,

they were no longer tested.

Figure A.2

Figure A.3

A.4 Conclusions

The curing conditions for maximizing CAC bondingtian and hydrated compounds
formed were 24 h at 60 °C, in a high-humidity earment. Minimum CAC load to ensure
dimensional stability after drying: 10 vol.%. Maxam CAC load to form stoichiometric

CAg, preventing the generation of lower melting palhtminates: 34 vol. %.
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Annex B: Complete XRD patterns for samples containing 3 ®f CAC heat-treated at
different temperatures (120-1500 °C) for 3 h. FegRrshows a compilation of the results.

Figure B.1
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Figures captions

Figure 1. Thermogravimetric analysis of green husadples (freshly demolded) containing
different CAC contents: a) Mass loss and tempegatersustime curves; mass loss rate and
temperatureversustime curves during b) removal of free water, apdecnoval of combined
water from hydrated phases.

Figure 2: Relative weight fraction of crystallingses for samples containing 34 vol.% of
CAC heat-treated at different temperatures (1201%5) for 3 h.

Figure 3: SEM images of the fracture surface of@amcontaining 34 vol.% of CAC after
heat treatment for 3 h at: a) 120 °C; b) 300 °GGaf) °C; d) 700 °C; e) 900 °C; f) 1100 °C; g)
1300 °C; and h) 1500 °C.

Figure 4: Samples containing 10 vol.% of CAC: ajeEf of heat treatment temperature on
flexural Young’'s modulus, flexural strength, anthtgorosity; and b) Dilatometric analysis.

Figure 5: Samples containing 20 vol.% of CAC: ajeEf of heat treatment temperature on
flexural Young’s modulus, flexural strength, antatgorosity; and b) Dilatometric analysis.

Figure 6: Samples containing 34 vol.% of CAC: aleEf of heat treatment temperature on
flexural Young’'s modulus, flexural strength, anthtgorosity; and b) Dilatometric analysis.

Figure 7: XRD patterns for samples containing défé amounts of CAC and heat treated at
1500 °C for 3 h. Symbols identification (JCPDS)il® = a-Al,O3 (46-1212);%k = CAs or
CaAl;,019 (38-470).

Figure 8: SEM images of the fracture surface anme ge distribution of samples prepared
with different CaO sources: 34 vol.% CAC (presemtrky and 19 vol.% CaC{(Dsp = 15
um, from the literature [14]) after heat treatmeinis00 °C for 3 h. APS = Average pore size,
TP = Total porosity, E = Flexural Young’'s modul&§ = Flexural strength.

Figure 9: Dependence of thermal conductivity ongerature for the sample containing 34
vol.% of CAC previously sintered at 1500°C for 3References’ results are also shown
[14,50-52].

Figure A.1: SEM images of the morphology of as-nee@ particles of a-b) calcium aluminate
cement (CAC), and c) calcined alumina (CAl), andhaf fracture surface of dried samples
(120 °C, 24 h) containing d) 10 vol.%, e) 20 vol&nad f) 34 vol.% of CAC.

Figure A.2: Effect of curing time at 60 °C on a@Xural Young’'s modulus of dried samples
containing different amounts of calcium aluminaement (CAC). Effect of varying CAC
content on the properties of dried samples (cute@0a°C for 24 h): b) flexural Young's
modulus and drying linear change, and c) total gity@nd flexural strength.

Figure A.3: XRD pattern for samples containing 34.% of CAC dried at 120 °C for 24 h.
Symbols identification (JCPDS filel® = a-Al, O3 (46-1212);@® = C;AHg or CaAl,(OH)2
(2-1124);$> = a-Al(OH)3 (29-41).
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Figure B.1: XRD patterns for samples containingv®i% of CAC heat treated at different
temperatures (120-1500 °C) for 3 h. Symbols idmatifon (JCPDS file)O = a-Al,03 (46-
1212);@ = C;AHg or CaAl(OH)12(2-1124); = a-Al(OH)3 (29-41); A = GA or CaAl 06
(32-150); = Cy2A7 or Ca Al 14033 (48-1882);V = CA, or CaALO; (72-767) ;% = CAs or
CaAl; 2049 (38-470).
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Table 1. Raw materials and compositions tested.

Physical properties Calcined aluming(CAl) Calcium aluminate cement (CAC)
AlL,O5 99.4 67.4
Na,O 0.20 0.13
Composition Fe,0O; 0.03 0.43
(wt.%) Sio, 0.34 3.60
CaO 0.03 28.1
MgO - 0.34

Particle Size/ﬁm) Dso = 15/ Dgy=9.6 Dy = 2.0/ Dy =6.0
Solid density (g.cH) 3.97 3.23
Specific surface area (ng™) 1.3 0.6
Loss of ignition (wt. %, 5h, 1000 °C) <0.1 <0.1
Fraction of phases formed at 1500°C

Composition before

Compositions Al,O5/Ca0 e 0 o Theoretical Experimental

identification molar fractions firing (vol.% [ wt.%) (wt.%, [5,6,14]) (wt.%, Fig. 7)
CAl CAC a’-A|203 CAg a’-A|203 CAg

#100CAl_OCAC 1.00/0.00 100/100 0.0/ 0.0 100 0.0 - -

498CAIl_02CAC 0.99/0.01 97.5/97.9 25/2.1 92.8 7.2 - -

® 95CAl_05CAC 0.98/0.02 95/95.9 5.0/4.1 85.8 14.2 - -
90CAIl_10CAC 0.96/0.04 90/91.7 10/8.3 71.6 28.4 74.1 25.9
80CAI_20CAC 0.92/0.08 80/83.1 20/16.9 42.3 57.7 45.6 54.4
b 66CAI_34CAC 0.86/0.14 66/70.7 34/29.3 0.0 100 10.2 92.7

a) Compositions considered unsuitable for casting during the preliminary tests (Annex A); b) Composition to form stoichiometric CAg
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|ntensity (arbitrary unities)

34 vol% of CAC, sintered at 1500 °C, 3h
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Diffraction angle (20, degree)
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Pore volume (cm3.g1)
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34 vol.% CAC, 1500 °C
APS55006 0.5m

Reference [14]
D5, CaCO;: 15 um
AP 350006 16 m

TP: 51 % TP =44 %
E =51 GPa E = 88 GPa
FS =21 MPa FS = 40 MPa
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