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Abstract

Aluminum powder is quite often used in refractory castables either to minimize explosive spalling during castable de-watering or to inhibit
the oxidation of coke/graphite at high temperatures in carbon-containing materials. In the first case, the aluminum powder is expected to
increase the permeability of castables by generatingds during reaction with $#0 and forming open porosity within the microstructure. In
the latter application, on the other hand, it is desirable that a minimum amount of aluminum reacts@idlitihg castable processing, so
that most of the metal remains in the microstructure to prevent carbon oxidation. Therefore, the understanding of the mechanisms involved in
the Al-H,O reaction in refractory castables is of crucial importance for an appropriate use of aluminum powder in either of these applications.
This article aims at investigating the factors that determine the kinetics of the,@l+&hction in cement-based castables. The chemistry of
the castable aqueous solution was observed to play a major role on the kinetics of this reaction. A comprehensive qualitative model is proposed
in the paper to describe the rate-limiting steps and the driving forces that trigger the@\reldction in cement-based refractory castables.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction A common feature of these applications is the need to
control the reaction of aluminum powder with water during

Aluminum powder has been utilized for many years in castable processing. In addition tg ¢as, such reaction leads

the refractory industry either to prevent explosive spalling to the formation of alumina gel, boehmite (AIOOH) and/or

of castables during the de-watering prodees to avoid  gibbsite (Al(OHY), as follows

graphite/coke oxidation at high temperatures in carbon-

containing refractorie$.The role of the aluminum powder ~ 2Al +3H20 — Al203ge+ 3H2 1)

when used in carbon-based refractories is to act as a “sacri-

1
fice material” and be oxidized before the oxidation of carbon Al +2H20 — AIOOH + 15H> )
in Oz-rich environments. In the case of the de-watering pro- 1

cess, aluminum powder is added to the castables to react WitHA‘I +3H0 — Al(OH)3 + 15Hz 3)

water and, by generatingsHyas, to increase the refractory
permeability. This is expected to facilitate the evaporation
of water during drying and, thus, reduce the probability of
spalling during castable de-watering.

For de-watering purposes, itis required that the aluminum
extensively reacts with water to generate thg dhs re-
sponsible for opening permeable channels throughout the
castable. In carbon-containing refractories, on the other hand,
the aim is to inhibit the aluminum—-water reaction so that a

* Corresponding author. significant amount of the metal remains in the microstruc-

E-mail addressandre.studart@mat.ethz.ch (A.R. Studart). ture after castable processing. Therefore, the understanding
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R to the impurities of the aluminum specimens (0.420% Fe,
1500 Curing | e 03 1000 0.085% Si, 0.006% C4).
temperature: | _ The large similarity between the various corrosion stages
1250 L 30°C F 0.05 large : y . g
. bog o 1 = of aluminum in water and the stages observed duringéh-
1000 - 1004 € eration in castable§{g. 1) suggests that the aluminum—water
E 750 L Joo0s T reaction is governed by the same mechanism in both cases.
® 1 2 However, a more detailed analysis of the kinetics of these
g 500 - 1002 g processes reveals that the reaction of aluminum in the casta-
T 50l . loo1 < bles occurs markedly faster than that reported in the corro-
Aluminum content (wt%) | sion studies. It is important to note that these comparisons
or | | § 7000 take into account the significant difference in surface area
ploge 1 (Stage2) Stage3; Staged ] of the Al particles used in castables and the Al plates em-
(@) 0 5 10 15 20 ployed in corrosion investigations. The amount of aluminum
. — ; : . reacted in the castables (in mol of Al/Al surface area), for
36 L o3g | 1 instance, achieved levels as high as 8.70~° mol/cn? af-
35'_ / . ] ter 10 h, whereas in the corrosion experiments only .3
3 Auminum | 0.2 ] 10-° mol/cn? of aluminum had reacted after a period of time
@ 34l content (wt%) i : ] as long as 100 days® This can be attributed to the maximum
é - i ' reaction rate of almost three orders of magnitude higher for
g 1 the aluminum added to castables1(9 x 10~>mol/h cn?)
2 | ] in comparison to the aluminum used in the corrosion study
5 I | (~7 x 108 mol/h cn?).1-> A more detailed discussion about
§ 31 § the corrosion stages observed in the castables will be given
- in Section 3.4
oF ! 1 An extensive number of papers on aluminum corrosion
o 5 10 15 20 have focused on the role of aggressive anions, particularly
(b) Elapsed time (h) CI~, on the corrosion behavior. After a thorough compila-

tion of experimental findings reported in the literature, Féley
Fig. 1. (a) Pressure increase and amount pfges evolved as a function suggested that the Al corrosion process comprises the fol-
of time for castables'containing different aluminum powQer contents (grade lowing sequential steps: (1) adsorption of the reactive an-
LOVAINR) at a curing temperature of3D Graph (b) displays the tem- ) oy the oxide-covered aluminum, (2) chemical reaction
perature variations detected in the castables as a function of time. . . . . .

of the adsorbed anion with the aluminum ion in the Al ox-

ide/hydroxide surface lattice, (3) thinning of the oxide film

by dissolution, and (4) direct attack of the exposed metal by
of the kinetics of the above reactions under the process-the anion. According to Foley, the overall Al corrosion be-
ing conditions of castables (pH, temperature, ionic strength havior is in most cases controlled by one of these sequential
and species) is crucial for optimizing the use of aluminum steps?
powder either as a gas-generating additive or as inhibitor =~ Two special features differentiate the chemical environ-
of carbon oxidation in refractory materials. Such knowledge ment found in cement-based refractory castables from that
would eventually allow us to control the Al reaction kinetics usually considered in Al corrosion investigations: the pH and
so that both functions can be accomplished in carbon-rich the concentration of aggressive anions. In cement-based re-
refractories. fractories the pH is markedly higher (>11) and the concen-

Several factors that affect the aluminum—water reaction in tration of CI~ is negligible in comparison to those usually

refractory castables have been outlined by the authors in areported in corrosion studies (5 < pH < 8, 0.1N <ClI
recent papet.The reaction was assessed by monitoring the < 1.0N typically). In this study, we aim at understanding
pressure developed by Al-containing castables as a functionhow this different chemical environment affects the corrosion
of time, as depicted ifrig. 1 Due to the lack of model stud-  of Al powder, determining which of the above-mentioned
ies on this subject in the refractory field, these results were steps controls the reaction Al-B in cement-based refrac-
initially interpreted taking into account past investigations on tory castables. This would allow us to identify the reasons
the corrosion behavior of aluminum metal in wetérThe for the faster rates and higher yields observed in castables
three main corrosion stages identified in these studies were atin comparison to those reported for the corrosion of alu-
tributed to the sequential formation of a boehmite (1st stage, minum metal. The identification of the rate-limiting steps
slow rate) and a bayerite (2nd stage, highest rate) surfaceinvolved in the Al-BO reaction promises better use of alu-
layer, followed by a long term corrosion stage (3rd stage, minum powder either as a gas-generating agent or an in-
slow rate)? It should be mentioned that in these investiga- hibitor of carbon oxidation at high temperatures in refractory
tions no major effect on the overall corrosion was attributed materials.
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2. Materials and methods castable was placed for curing. The sealed vessel was kept
inside a water bath at a constant pre-set temperature. An elec-
2.1.1. Castable composition tronic transducer monitored the pressure increaA®) (nside

the vessel while two J-type thermocouples recorded the bath
The refractory castables prepared in this work consisted of and the castable temperatures. Pressure and temperature data

98 wt.% alumina (Alcoa Chemicals, USA; Alcoa Aldmio, were gathered by computer at 10-s intervals until the pressure
Brazil) and 2wt% calcium aluminate cement (CA-14, Al- stabilized inside the vessel.
coa Chemicals, USA). Calcined aluminad, (< 100pm, The amount of H produced by the aluminum—water reac-

A1000 SG and A3000 FL) were used as matrix fine powders tion (nH,) was calculated from the measuradP values (in
(22 wt.%), whereas white fused alumina of varying particle mmHg), using the ideal gas law
sizes (4.5 mm to~40pm, grades 4/10, 8/20, 10/36, 20/40 APV
and 200F) were used as aggregates (76 wt.%). ny, = v (4)
The particle size distribution of the castable composition RT
(Fig. 2) was adjusted to a theoretical curve, based on An- whereV, is the free volume of the vessel (0.738 I)is the
dreasen’s packing model with a coefficient of distributepn  curing temperature and is the universal constant of gases
=0.21, in order to obtain potentially self-flow castablés. (62.36 mmHg L mott K1),
The aluminum powder investigated in this study (99.7%
Al, 0.15% Fe, 0.13% Sidsg = 32um, surface area =
0.07 nt/g) was supplied by Alcoa Alumio/Brazil in coated 3. Results and discussion
(with paraffin) and uncoated grades (101-R and 101/11-NR,
respectively) and added to the dry composition in amounts 3.1. Effect of cement
ranging from 0.1 to 0.3 wt.%. The amount of impurities in the
Al powder studied in this work is significantly lower than that The presence of calcium aluminate cement in the refrac-
reported in other investigations on aluminum corrosién.  tory castables leads to significant changes in the chemistry
Therefore, these minor impurities are not expected to play aof the interparticle aqueous solution and may, therefore, also
major role on the corrosion data obtained in our study. affect the reaction between aluminum powder and water.
Citric acid (anhydrous, Labsynth, Brazil) in previously ~ When in contact with water, cement particles start to
optimized content (0.05wt.%) was used as dispersing agentdissolve yielding C&" and Al(OH),~ ions, leading to an
in all compositiong. The castables were prepared by mixing increase of the pH and the ionic strength of the agueous
water (4.52wt.% dry basis) to the raw materials in a pad- medium? After a certain period of time, the dissolved species
dle mixer for approximately 5min. The curing temperature achieve a super-saturation level in the aqueous solution,

ranged from 8 to 50C. which persists until nuclei of calcium aluminate hydrates
are formed. The nucleated hydrates are then rapidly grown,
2.2. Measurement of evolved hydrogen causing a marked decrease in the concentration &f @ad

Al(OH) 4~ ions in the liquid mediumKig. 3).
The amount of H gas generated by the aluminum—water

reaction was assessed by measuring the pressure developed T
inside a hermetic vessel in which 500 g of the Al-containing 20 PO 000 .
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Diameter (um) tion during cement dissolution and precipitation processes (graph adapted
from Barret et aP). The C&* and AI(OH)Y~ ions are represented in the
Fig. 2. Particle size distribution of the Al-containing castables prepared in graph as the respective oxides CaO anglAl which leads to the following
this study. concentration ratios: [Ga]:[Ca0] and [Al(OH),~]:2[Al ,03].
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" T Once the effect of cement has been confirmed, the main
0.10 | @ issue is then to understand how the chemical environment
! Water + Al + Cement | developed during the dissolution/precipitation process of ce-
~ 008} § ment Fig. 3) influences the Al-HO reaction.
fEi . ] Due to their spontaneous and highly exothermic nature,
T 006} . the reactions (1)—(3) are not expected to be the kinetics-
5 controlling step of the overall mechanism of generation.
3 004} . Instead, the overall reaction rate is often controlled by the
E ! = thin aluminum hydroxide layer rapidly formed around the
0.02 | Water + Al aluminum particles as a result of these reactions. This thin
Eo surface hydroxide layer tend to prevent the aluminum from
000 et @ being further oxidized by the water molecules, leading to the
@) (‘) - é - 1'0 . 1'5 - 2'0 - 2'5 - 3‘0 - 3‘5 - 4’0 usuaI_Iy high corrosion r_esistance of aluminum metal. There-
fore, in order to determine the effect of &aand Al(OH)~
wolb T T T ] dissolved ions, as well as the precipitated hydrates, on the
L ®) kinetics of the Al reactions, one has to understand how these
90F L Water + Al + Cement T species interact with the hydroxide protective layer.
8ol é ] Previous studies have shown that the presence of such pro-
o - tective layer may not be enough to avoid the corrosion of alu-
o O : T minum parts used, for instance, in coolant circuits of nuclear
£ eol $ ] power reactors.One of the hypotheses for the corrosion of
‘é& sol 5 aluminum in such application is that the aluminum hydroxide
2 i E ] protective layer is gradually dissolved into the agueous solu-
40 L Water + Al tion, allowing the water molecules to corrode the inner alu-
sl % a T minum metal. The dissolution of the hydroxide surface layer
| ] in water has been indeed observed by Mori and DrHley,
20 e as well as by Hatcher and R&kAlthough the first authors
0 5 10 15 20 25 30 35 40 - . .
have argued that this dissolution process plays a minor role
(b) Elapsed time (h)

on the corrosion behavior of aluminum in relatively short pe-

Fig. 4. (a) Amount of H evolved and (b) temperature increase observed for riods (up to 40 days), Hatcher an.d Rae have Sho,wn that this

aluminum-containing suspensions (grade 101-R) either in the presence orabPhenomenon controls the corrosion rate of aluminum when

sence of cement (curing temperature@). Similar results are expectedfor ~ €xposed for longer periods of time (1-1.5 years). In the latter

suspensions containing the uncoated aluminum powder grade (101/11-NR).case, the water in contact to the aluminum parts became tur-

bid with time due to the precipitation into gibbsite particles

The effect of the dissolution/precipitation process of ce- of the aluminate ions (Al(OH)") previously dissolved from

ment on the Al-HO reaction was evaluated by performing the hydroxide surface layét.

a set of experiments with suspensions containing only alu-  The dissolution of the hydroxide layer on the surface of

minum powder and water either in the presence or absencealuminum particles might also have occurred in the refrac-

of cement. These suspensions were prepared using the samiery castables. This hypothesis is strongly supported by the

amount of aluminum powder, water and cement required for fact that the solubility of aluminum hydroxide at the usual

the preparation of 500 g of castable (1.5, 22.3 and 10 g, re-pH range of cement-containing castables (11.5 < pH < 12.5)

spectively). is 4—6 orders of magnitude higher than that observed in the
Fig. 4 shows that the Al-KO reaction occurs much ear-  pH at which the results from Mori and Draféyand Hatcher

lier and faster in the presence of cement than in its absenceand Raé! were obtainedRig. 5). In fact, the dissolution

A marked temperature increase was observed in the cementof cement in the castables leads to pH values quite close to

containing suspension concurrently to the evolution f H those required in the Bayer process for completely dissolving

whereas no temperature change was detected in the susper@uminum hydroxide into concentrated aluminate solutions

sion containing only aluminum and water. Additionally, only (Bayer liquor). This explains the much faster reaction rates

42% of the aluminum present in the suspension without ce- observed in the refractory castables in comparison to the alu-

ment was reacted after 40 h of experiment, in contrast to theminum parts used in the coolant circuits of nuclear power

almost complete (95%) reaction of aluminum in the cement- reactors.

containing composition. This indicates that the presence of

cement has a decisive effect on the aluminum—water reaction3.2. Reaction kinetics

and probably accounts for the discrepancies observed be-

tween the results obtained in cement-based castdfilpsly Four different stages can be identified in thedéneration

and those found in literature for the corrosion of aluminum. curves depicted ifFig. 1, with the H» gas being predomi-
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Fig. 6. Amount of residual aluminum powd&/(/Wo) presentin the castable

Fig. 5. Solubility diagram of aluminum hydroxide in water as a function of a5 a function of time, assuming that the stoichiometry of reactions (1)—(3)

pH, illustrating the typical pH ranges encountered in aluminate-rich liquors  remains constant along the lgeneration process (results obtained for casta-

of the Bayer process, cement-based refractory castables and coolant circuitgles containing 0.3 wt.% Al powder and cured argy).

of nuclear power reactors. Experimental data (symbols) were obtained from

amorphous aluminum hydroxide precipitatésyhereas the dashed line was

taken from the Pourbaix diagram for boehmite (AIOGH). . .
(dW/dt) on progressing from stage 2 to stage 3. Interestingly,

the dissolution rate remains constant within each of these

nantly released during stages 2 and 3 of the process. In orde?tages' indicating a zero-order dissolution reaction 0) at

to determine if the dissolution of the surface hydroxide layer tr}eEsurfgc_e (_)ftt?f Al particles. A.‘S a}lresult, tlhte rtiteg_o nk?a?_t
is indeed the mechanism that controls the AdEHeaction of Eq. (5)is in this case numerically equal to the dissolution

rate, one can attemptto correlate the kineticspfeheration rate dMdt.
(Fig. 1) during stages 2 and 3 with the dissolution kinetics of
Al(OH)3 particles in water. 3.3. Effect of temperature
The dissolution rate {¥/dt) of solid particles in water is _ )
usually dependent on the residual weight of the salit) ( The influence of the curing temperature on the dén-
as stated by the following general equatidh® eration process and the residual Al curves may provide ad-
ditional insights on the rate-controlling step of the Ak

aw —kw W ) reaction.Fig. 7 shows that the weight los$\¢/Wp) of alu-

a -V minum particles in the castable markedly changes by varying

the curing temperature between 8 and60Higher temper-
atures lead to faster reaction rates in both the second and

The reaction orden depends on the mechanism that con- third stages of the residual Al curveBig. 7). The effect of

trols the dissolution process. In the case of gibbsite particlestemper"’m“'.re on the kinetics of d'|ssolut|on reqcUons IS usu-
(AI(OH)3), Packter and Dhillo13 observed that a two- ally taken into account by assuming the following Arrhenius
directional attack on the hexagonal platelets (in highly alka- dependence for the rate constipt
line solutions) leads to a first-order reaction{1), whereas kew(T) = koe™Ea/RT (6)
a three-directional dissolution in acidic conditions renders
values of 2/3 or 4/3. The one-directional dissolution at the wherekg is a constant anf,, is the activation energy of the
basal faces of gibbsite platelets would lead to zero-order re-dissolution process. Based on this equatigndata obtained
actions f = 0), where the kinetics does not depend on the fromFig. 7were used to assess the activation energy involved
residual solid weight\W;).12 in the second and third stages of the Ap@reaction.
Assuming that the stoichiometry of reactions (1)—(3) does  Activation energies of 62 and 53 kJ/mol for the second and
not significantly change during the,Hyeneration process, third stages, respectively, of the residual Al curveg(7)
one can calculate the residual amount of Al powder in the were obtained from the Arrhenius plots shownFhig. 8.
castable as a function of time, as showrFig. 6. The data Even though the residual Al dat&i@. 7) may not be the
presented ifrig. 6were normalized with respect to the initial most appropriate means to accurately determine the acti-
Al weight Wy and correspond to the results showrfig. 1 vation energy of the B generation process, the values ob-
for castables containing 0.3 wt.% Al powder cured atG0 tained here are comparable to those found in the literature
The calculated curve exhibits a quite unusual weight loss for the dissolution of partially and totally crystallized alu-
profile, with a pronounced increase in the dissolution rate mina gels (gibbsite) in concentrated NaOH solutions (76 and

wherekyy is the rate constant andis the order of the disso-
lution reaction.
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83 kJ/mol, respectively}? Contrarily, activation energies as
high as 450 kJ/mol have been reported for the corrosion of
aluminum plates in nuclear power pladfsThese results
corroborate to the initial hypothesis that the dissolution of
the protective hydroxide layer controls the kinetics of the
Al-H>0O reaction in cement-containing castables.

3.4. Influence of retarding/accelerating admixtures

One aspect that still remains unclear is the reason for the
presence of different stages in the elvolution curves, and
the relatively abrupt increase in reaction rate observed in the
third stage of the Al-HO reaction Figs. 1 and Y.

Fig. 7 shows that the relative amount of Al powder re-
acted in the second and third stages significantly depends on
the castable curing temperature. Higher Al contents react in
the second rather than in the third stage as the curing temper-
ature decreases. The fact that the curing temperature strongly
influences the cement dissolution and precipitation rates sug-
gests that these processes might play an additional role on the
kinetics of the Al-HO reaction. This supposition was eval-
uated by measuring theoHjeneration behavior of castables
containing admixtures that either accelerate1®s) or re-
tard (HsBOy) the dissolution/precipitation process of cement
particles.

Fig. 9 reveals that the acceleration of the cemenBH
reaction by adding LICO3 also resulted in a faster release
of Ho gas in the castables. Similarly, the addition aB®,

Fig. 7. Effect of curing temperature on (a) the normalized residual Alweight  strongly retarded the cement dissolution/precipitation pro-

(W;/Wp) and (b) the temperature of castables containing 0.3 wt.% aluminum cess aswell as the Al-4® reaction. Itis important to mention
powder (grade 101/11-NR).

Ink

Fig. 8. Temperature dependence of the rate condtanat stages 2 and
3 of the AI-H,O reaction process (see Figs. 1 and 6). The rate constants
presented in this graph were calculated from the results shown in Fig. 7. The
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that although the addition of #80O, imparts a pH decrease

in the castable, this effect usually does not take longer than
30-60 min, beyond which the highly alkaline conditions of
cement-containing compositions prevail. These results sug-
gest that the influence of cement on the gas generation pro-
cess is not restricted solely to a pH effect; it also seems to
involve the kinetics of the dissolution/precipitation reactions
of cement particles in water.

3.5. Reaction mechanism

Taking into account the effects of pH, admixture and tem-
perature described above, an attempt has been made to qual-
itatively describe the actual mechanism of reaction between
aluminum powder and water in cement-containing refractory
castables.

Assuming that the dissolution of the hydroxide layer
formed on the Al particle surface controls the AbL®ire-
action, one can use the Pourbaix diagram shovifign10to
predict the pH conditions and aluminate concentrations under
which the aluminum hydroxide layer is dissolved or not from
the Al surface. According to this diagram, low pH values (6
< pH < 9) and high aluminate concentrations would favor

data obtained in this work for refractory castables are compared to values the Stabi“ty of the hydrOXide Iayer, protecting the Al parti-

obtained by Packter and Dhilléffor the dissolution rate of totally (gibbsite)

and partially crystallized alumina gel in 1 M NaOH aqueous solutions.

cle from reacting with water. Alkaline pHs (11 < pH < 14)
and low aluminate concentrations, on the other hand, would
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0.08 — . . . . . . . . promote the dissolution of the hydroxide protective layer, ex-
0.07 | posing the Al surface to water. Once the aluminate concen-
tration and pH values are located on the corrosion region of
006F ¢ Fig. 10 the reaction kinetics and the thermodynamic driving
g 0.05 1 § [ force for dissolution is then determined by the distance be-
=, ¢ = —O—Citricacid + Li,CO, tween the actual position in the diagram and the equilibrium
T 0o { & = Citricacid line that separates the corrosion from the passivation region.
£ 003f g P70 Citric acid + H,80 Therefore, larger distances would lead to faster reaction rates.
g . l Based on this diagram, a model mechanism is suggested
< = J in Fig. 11to describe each of the stages of thegéneration
0.01} . process in cement-based castables.
0.00 L W According to this model, the dissolution of the protective
T R ! ! ! . . ! aluminum hydroxide layer starts already in the first stage
@ 0 2 4 6 8 10 12 14 16 of the process. Cement particles are expected to extensively
- - - . . . . . . dissolve within the first 30—60 min, increasing the pH and
62 - Citric acid + Li,CO, the concentration of Ga and Al(OH)~ ions to a super-
60 L ,f saturation level in the solution with respect to the calcium
o N aluminate hydratedg. 3). The fact that the concentration
o %8r " of Al(OH),4~ ions at this condition+0.035 mol/L) remains
£ s | H Citric acid below the saturation level shown in the corrosion diagram
g Y (Fig. 10, leads to a continuous dissolution of the aluminum
§ sl 1) Citric acid N H,BO, hydroxide surface layer according to the following reaction:
(] 1
2 .
§ 52F Al(OH)3()+ OH™ = Al(OH) 4aq) @)
% ' In spite of the onset of this reactiony kit not generated
48 L1t within the first stage due to the presence of an aluminum

Fig. 9. Effect of accelerating (€03, 0.005 wt.%) and retarding @804,

Elapsed time (h)

hydroxide layer that keeps the aluminum inner atoms still
protected from the water molecules at such early period of
the processKig. 11).

The second stage starts when a considerable amount of

0.10 wt.%) admixtures on (a) the amount of &/olved and (b) the tempera- 4 ) -
ture of castables containing 0.3 wt.% aluminum powder (curing temperature: the hydroxide protective layer has been dissolved from the

50°C, Al grade: 101-R). Similar results are expected for castables contain- particle surface, so that any further dissolution of the hydrox-
ing the uncoated aluminum powder grade (101/11-NR). The admixtures usedide creates sites on the surface where the aluminum metal

were supplied by Labsynth/Brazil in anhydrous form.

is exposed to water. Due to its highly exothermic charac-
ter, the Al-HO reaction occurs almost instantaneously on

10% ¢ , , : e . these sites, releasing,Hyas and forming new Al hydrox-
F L ide species at the Al4O interface (see reactions (1)—(3)).
g W AI(OH)_ stable S It is not clear whether the Al hydroxide species formed at
E 10° | _J . /," ] the interface build up a gel/solid phase on the Al surface or
< 1w'f Fassivatlon .~ Stages 182 ] promptly form AI(OH)~ ions. The formation of a gel or a
= o ] ] solid hydroxide phase on the surface is certainly favored by
*% 0% F 2l A b the locally high concentration of Al hydroxide species. In this
g 0%k ? Stages 384 ] case, the Al hydroxide gel/solid phase has to be dissolved to
,8 WF : allow further reactions between Al andh@. As discussed
£ 10°F e AI(OH), unstable L earlier, the dissolution of this Al hydroxide layer becomes,
S 0%f 2 o 4 thus, the rate-controlling step of the; ldeneration process
< R Corrosion : (Fig. 8).
107 i The transition from the second to the third stefgig (11) is
107 L : : i characterized by a considerable increase in thewdlution
6 7 8 10 11 12 13 14

Fig. 10. Corrosion diagram of aluminum in water (25 describing the

pH

rate, which remains approximately constant over the entire
time period of the third stage. Based on the corrosion diagram
(Fig. 10, such increase of thedfeneration rate can be at-

conditions of pH and aluminate concentration under which the aluminum FribUted either to a sudden pH in_crease_or an abr_upt_ (_jecrease
hydroxide layer (boehmite) is stable or not on the Al powder surface (adapted in the concentration of AI(OH)™ ions. Since no significant

from Pourbai%®).

pH increase is expected to occur in the castable after curing
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i i i
i : i
012 ! Site available for ! Sagsaot =
i Aqu:} reaction i - —» AOH); : Cured and
— ! ' I — AiOH), | hardened
o r = : i 5 ] i castable
£ S : = —> AlOH), |
E ] ! AI(OH); = 7] :
~ s : s o> AHOH), |
r 008 |3 ! ] 0 : o
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Fig. 11. Schematic diagram illustrating probable reaction mechanisms that take place during the four stagesgsribeation process in cement-containing
refractory castables.

timesfrom6to 8 h, itis very likely that the higher reactionrate would most likely react just at the rate observed in the third
observed is caused by the reduction of the concentration ofstage.

Al(OH) 4~ ions in solution due to the precipitation of calcium Although the above model seems to be quite suitable to ex-
aluminate hydrated{g. 3). This would increase the rate at plain the results obtained, one should not totally discard the
which Al reactive sites are formed on the aluminum particle hypothesis that the sharp increase in reaction rate between
surface, enhancing theoHjeneration rate until most of the  stages 2 and 3 might also have been caused by the spalling
aluminum powder is reactedrig. 11). It is worth mention- of the oxide film layer on the surface of Al particles. Such
ing that the temperature increase due to the precipitation of phenomenon could be triggered by thermal stresses gener-
hydrates and the Al40 reaction itselfigs. 1, 4, 7 and® ated at the Al/oxide interface due to local heating at this re-
may also have contributed to increase thegeneration rate.  gion during the exothermic Al4O reaction. This would

However, according to the Arrhenius plots showrfig. 8, eventually expose the Al metal directly to water and lead
this temperature increase is expected to have a secondaryo an abrupt increase in the reaction rate. Additionally, one
effect on the AlI-HO reaction rate. should also keep in mind that the model describes the proba-

Based onthe model described above, one can also interpreble mechanisms involved in the Al-B reaction in a rather
the four different stages observed in the suspensions containsimplistic manner, without considering the complexity and
ing only aluminum and water~{g. 4). The increase of the  multi-component feature of commercial cement products.
reaction rate between stages 2 and 3 could be, in this case, Eventhough some of the suggested mechanisms have still
related to the precipitation of AI(OHY ions into gibbsite to be validated with additional experiments, we expect the
particles in the solution, as previously suggested by Hatcherpresent model to be useful in indicating the most important
and Raé"! This would occur if the AI(OH)~ ions dissolved parameters that one should consider in order to deliberately
from the Al particles achieve a supersaturation condition in control the chemical reactions that take place in Al-containing
the solution, favoring the precipitation of aluminum hydrox- refractory castables.
ide. Further investigations would be required to check this  Based on the model proposed, one may think of new ap-
hypothesis. proaches to control the Al-HD reaction, by manipulating

A particular feature of the Al-pD reaction in cement-  the chemistry of the aqueous solution during the curing pro-
based castables is that the Al(QH)ion is involved in both cess. According to the aluminum hydroxide solubility dia-
of the main two reactions, namely the dissolution of the gram ig. 10, the main parameters that one may tailor to
hydroxide protective layer and the dissolution/precipitation control the dissolution of the Al hydroxide surface layer and,
of calcium aluminate cement. Due to this particularity, the thus, the Al-HO reaction are the pH and the concentration of
dissolution of the aluminum hydroxide surface layer is AI(OH)4~ ionsin solution. These parameters can be manipu-
suppressed during the period when the solution is super-lated by properly choosing the hydraulic binders, admixtures
saturated in respect to the cement ions, leading to two and/or reactive powders added to the castable composition.
distinguished reaction rates in the lgeneration process To control the pH, for instance, one may select hydraulic
(stages 2 and 3). If AI(OH)  would not be a common ion  binders that lead to lower/higher final pHs (e.g. reacpive
for the above-mentioned reactions, the aluminum powder Al>Os3 for lower pHs) or use chemical admixtures that would
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buffer the castable pH to the desired value. The concentrationSwitzerland) for fruitful discussions, as well as to the Brazil-
of Al(OH) 4~ ions, on the other hand, can be manipulated by ian research funding agency FAPESP and the companies AL-
using additional sources (suppliers or consumers) of theseCOA S.A. and MAGNESITA S.A. for supporting this work.

ions in the castable composition in the form of chemical ad-
mixtures (e.g. aluminate salts) or soluble Al(QHtpntaining

powders (e.g. partially soluble aluminas or alumina spinels). References

Depending on the requirements involved (fast or low reac-

tion rates), many possibilities may be envisaged to control

the kinetics of the Al-HO reaction based on the suggested
model.

4. Conclusions

A qualitative model has been proposed in this paper to de-

scribe the reaction of aluminum powder with water in cement-

based refractory castables. According to this model, the rate-

limiting step of the Al-HO reaction is in this case the dis-

solution of the aluminum hydroxide layer that protects the
aluminum powder surface from reacting with water. The high
dissolution rate of the hydroxide protective layer at the very

alkaline pHs of cement-based castables is used to explain the”
significantly higher reaction rates observed in the castables
in comparison to those that have been reported in aluminum g

corrosion experiments. The fact that the dissolution of alu-

minum hydroxide strongly depends on the concentration of

aluminate ions (AI(OH)™) in solution may explain the two
distinguishable AlI-HO reaction rates observed during the

curing process. The lower reaction rate at earlier stages is

then attributed to the high concentration of aluminate ions

resulting from cement dissolution. The precipitation of the 10.
aluminate ions into calcium aluminate hydrates provides the
reason for the higher reaction rate observed at a subsequeng;
stage. The understanding of these reaction mechanisms is
expected to provide insights on new approaches to control12.

the kinetics of the Al-HO reaction in aluminum-containing
refractory castables.
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