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The energy transition from the incineration of fossil fuels to biomass confront refractory linings to severe
corrosion issues, due to the high content of alkalis as well as the wide variety of biomass sources. Incin-
erators optimised for fossil fuels are commonly lined with mullite, ALO,~Cr,0,- or SiC-based refractory
products, however those materials are not always suitable for the use of organic combustible. Calcium
hexaaluminate (Ca0 - 6Al,0,) based refractory products have shown promising performance because of
their high resistance against alkali attack. Indeed, previous works have shown that the reaction between
Ca0 - 6Al,0, and alkali does not lead to the strong volume expansion observed with other mineral phases
like corundum or andalusite.

The present work aims to assess the reaction mechanisms between Ca0 - 6Al,0, materials and selected
biomass ashes compositions. Therefore, the main oxides (Ca0, SiO, and K,0) contained in an average bio-
mass composition were selected to examine the high-temperature reactions with CaO - 6Al,0,. The analy-
ses used mainly Scanning Electron Microscope (SEM) and X-Ray Diffraction (XRD) analysis supported by
thermodynamic calculations. The experimental trials were carried out on powders, matrices and full range
castables, with a strong focus on the results obtained for the matrix components. The corrosion resistance
was compared with the performance of an alumina matrix to determine the suitability of Ca0 - 6Al.0, to
replace aluminosilicate. The Ca0 - 6Al,0, matrix showed less contact surface to react with the slag with
lower permeability and lower average pore size. This resulted in lower extent of reaction for CaO - 6AL 0,
than for the alumina matrix, with slower dissolution kinetics. Moreover, the microstructure of the alumina
matrix is strongly damaged after the corrosion due to structural spalling, while the Ca0 - 6Al,0, micro-
structure remained sound. This work contributes to propose Ca0 - 6Al,0, as innovative raw material for
new energy applications.
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The environmental considerations about
global warming are willing to reduce the
carbon footprint. The search for sustainable
alternatives to fossil energy leads to the
replacement of coal through biomass in ex-
isting combustion plants. The inorganic con-
tent of solid fuels is not converted during
the combustion and gather as solid waste
on the lining wall of incinerators leading to
slagging and fouling issues, as the deposit
melt or vaporise and subsequently con-
dense.

The transition towards biomass fuel chal-
lenges the refractory producer on two as-
pects:

ition variation of ashes due to the differ-
ent origins of biomass fuels.

e On the other hand, they also must be re-
sistant to alkali, since biomass ashes can
contain up to 60 mass-% of K0 [1].

The usual refractories: fireclay, andalusite,

mullite or chromia alumina used to line

biomass incinerators [2], have limits due to
increasingly high temperature and severe
corrosion by aggressive slag and alkaline
vapours. Calcium hexaaluminate is an in-
novative alternative. It has already proven
to have a high stability to alkali, avoiding
catastrophic volume expansion known as
“alkali bursting”. This property is due to its
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Fig. 1 Dissolution in molten slag of the calcium hexaaluminate protective layer surround-
ing alumina grain during the corrosion of andalusite brick with wood ash at 1600 °C

crystal structure, which has a similar density
to the products formed during the reactions
with K0 or Na,0, hence no volume vari-
ation occurs during the reactions. However,
the chemical resistance against liquid slag
at higher temperatures was hardly tackled
[3, 4], despite the relevance for incineration
processes, where the remaining mineral
content of fuels tend to melt locally and dis-
solve the refractory components at the lin-
ing interface. Beyond the high resistance to
alkali bursting, the possible advantages of

calcium hexaaluminate should be defined
regarding its stability to molten oxides to
allow considering this refractory phase as
an alternative to aluminosilicates in refrac-
tory products designed for new energy ap-
plications.

This led to the achievement of this work
within the framework of the Federation for
International Refractory Research and Edu-
cation (FIRE) to support potential develop-
ment of refractory raw materials and refrac-
tory products.

On a wider scale, the understanding of the
dissolution of calcium hexaaluminate in
slag is relevant in many different cases (cor-
rosion of cement bonded matrix, corrosion
of high alumina refractories with a calcium
aluminate build-up, etc.). Therefore, even if
commercial calcium hexaaluminate based
raw materials are only starting to emerge
in the refractory industry, the knowledge of
the dissolution mechanisms and kinetics of
this phase can be extended to other corro-
sion issues encountered in various applica-
tions.

A typical example is shown in Fig. 1 with
the dissolution of a calcium hexaaluminate
protective layer around an alumina grain
surrounded by slag, formed in an andalusite
brick after reacting at 1600 °C with molten
wood ash. The further corrosion of the re-
fractory aggregate is indirect, governed by
the dissolution kinetics of the calcium hexa-
aluminate layer.

2 Materials and methods

In this work, the corrosion behaviour of
calcium hexaaluminate refractory samples
against liquid ashes (slag) is considered at
different scales: powder, matrix and cast-
able, and compared with the performance
of tabular alumina. The aim is to express
the advantages of this oxide instead of
alumina in refractory products for biomass
incineration/gasification by focusing on
liquid-solid reactions in the system Al,O.—~
Ca0-5i0,~K,0. This work includes both in-
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Fig. 2 Schematic description of the corrosion study

refractories WORLDFORUM 13 (2021) [1]

43



Chemical propertics Physical propertics

T Ty i

/
{ Transport
| mechanisms |

\\\_7_/,@/" B \\\)\\__1//

[ Corrosion l‘

[ Chemical ‘l‘
| reactions |

|
‘.\ kinetics /

R L

Fig. 3 Articulation of the different aspects
of corrosion

dustrial and laboratory materials, allowing
the comparison and the extrapolation of the
results from one system to another. The re-
fractory samples are thoroughly character-
ised prior to laboratory testing, using X-Ray
diffraction (XRD), X-Ray fluorescence (XRF),
laser granulometry, helium pycnometry,
mercury and water porosity measurements,
gas permeability and electronic microscopy

(Scanning  Electron  Microscopy coupled

with Energy Dispersive X-Ray Spectroscopy,

SEM-EDX).

The examination of a corrosive refractory

system is most of the time hindered by the

heterogeneity of its microstructure and the
diversity of its chemical composition, con-
cerning both the refractory and the slag.

In this work, three axes are chosen to sim-

plify the complexity of the corrosive system:

o A focus on the castable matrix based
on formulations without aggregates to
characterise the corrosion properties of
the fine fraction of the castable. This part
tends to be more reactive and prone to
infiltration, because of the higher open
porosity and the higher presence of con-
tact interface.

o Acomparison of the corrosion mechanisms
between an industrial biomass slag con-
sisting of residual wood ash (containing
50 % Ca0, 20 % K,0, 10 % Si0,, 10 %
Mg0, 5 % P,0,) and two Ca0-Si0,~K,0
model slags. This analogy allows corre-
lating the reactions observed with avail-
able thermodynamic data. For synthetic
slags, two compositions were chosen
based on average biomass compositions
found in the literature [1]: a binary slag
with 50 mass-% Ca0 — 50 mass-% Si0,
and a ternary slag 40 mass-% Ca0 —
40 mass-% SiO, — 20 mass-% K,0. SiO,,
CaCo0, and K,CO, powders were mixed
as reagent grades to obtain the targeted
compositions. The slags are decarbon-
ated at 1000 °C for 12 h and melted at
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Fig. 4 Comparison of the mono-mineral layers formation in contact with molten wood
ash; the alumina castable reacts by forming a superimposition of CA, and CA, layers, the
calcium hexaaluminate castable forms an interfacial layer of CA,

respectively 1550 °C and 1400 °C/1 h for
a final homogenization prior to quenching
in water.

e The matrix samples are formulated to tar-
get alumina and calcium hexaaluminate
as the only remaining detectable phases
after the sintering, using respectively col-
loidal and cement (Secar 71) bond.

The experimental parameters are provided

in Fig. 2 to give an overview of the experi-

mental plan.

Depending on the aspect addressed by

those corrosion tests (infiltration, spalling,

reaction kinetics, etc.), the features of cor-
roded interfaces are either assessed visually
with macro- or microscopic observations
or grounded to allow X-Ray analysis (XRD
and XRF) for determining the composition
of phases after reaction. The axes of exam-
ination were drawn based on the definition
of corrosion as an interfacial phenomenon

(Fig. 3), whose kinetics are controlled both

by the chemical reactions and by the trans-

port of the chemical species to the reactive

interface [5].

According to this definition, three different

aspects of the corrosion mechanisms with

molten slag are addressed:

e thermodynamic modelling and post-
mortem examinations to define the
chemical reactions;

e quantitative XRD to assess the corrosion
kinetics;

e characterisation of the porous network
to evaluate the impact of the refractory
microstructure on the transport mech-
anisms.

3 Results and discussion

3.1 Reactions based on
thermodynamic equilibrium
calculations combined with
post-mortem chemical and
mineralogical analysis

The determination of the corrosion reac-
tions between the refractory and the slag
samples is based on post-mortem analyses
of the microstructure and phase compos-
ition measured with XRD. The results are
compared with phase composition at the
equilibrium obtained from the thermody-
namic calculation software FactSage. The
reaction mechanisms occurring between
the castable samples and the molten wood
ash can be schematized as in Fig. 4.

Both alumina and calcium hexaaluminate
show a slag infiltration hindered by the
formation of interfacial layers of calcium
aluminates: CA, in the case of calcium
hexaaluminate and a succession of mono-
mineral layers of CA, and CA, in the case
of alumina castable (Fig. 4). Beyond those
solid protective layers, only a few spe-
cies from the slag have diffused, not only
manganese which is known to have a high
mobility [6], but also potassium ions which
penetrate further in the refractory to form
f-alumina.

The comparison with the ternary model
slag made of Ca0, Si0, and K,0 shows
the same reaction products, mainly potas-
sium B-alumina, calcium di-aluminate and
liquid. However, the micrographs show a
different phase distribution in the interfacial
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Fig. 5 Microstructure of the CA, matrix after reacting
with model Ca0-5i0,-K,0 slag at 1400 °C: formation
of potassium beta alumina (1.), and CA, precipitation
in the vicinity of the CA, grains (r.)

microstructure: the corrosion with model
slag does not occur through the forma-
tion of a protective solid layer (Fig. 5). The
composition of the model slag leads to a
quick infiltration of the melt in the refractory
microstructure. The precipitation of calcium
di-aluminate is found locally in the vicinity
of CA, grains, which is being dissolved by
the synthetic slag, without any formation of
protective layer at the interface.

The differences observed in the corrosion
mechanisms is attributed to the complex
chemistry of the wood ash, resulting in dif-
ference in its physical behaviour. Especially
the influence of P,0,, which is an import-
ant compound in living organisms and
biomass composition, should not be under-
estimated. This oxide acts as a network
former and increase the polymerization of
the slag, substituting silica oxide. Moreover,
the presence of phosphorus oxide increases
the melting temperature of the system and
can also favours the formation of refractory
solid phases and lowers the impregnation
[7]. This difference in the interface morph-
ology comes from a different sequence of
reaction mechanisms (Fig. 6).

The discrepancy between predicted phases
and phases observed in the microstructure
have highlighted the impact of the species
transport. The thermodynamic modelling
based on refractory and slag global chem-
istries has not predicted the formation of
potassium beta alumina, while it was ob-
served in the post-mortem microstructure.
This observation points out that the reac-
tion mechanisms are composed of two
steps (Fig. 7). The potassium contained in
slag is highly mobile and is the first to re-
act with calcium hexaaluminate. This leads

with model slag CSK
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and the molten wood ash

to the formation of potassium B-alumina
and calcium di-aluminate as solid reaction
product. Afterwards, the liquid slag is de-
pleted in potassium and the further dissolu-
tion of calcium aluminates and B-alumina
occurs.

The description and quantification of the re-
actions also reveal the first asset of calcium
hexaaluminate compared to alumina. After
being in contact with the liquid slag, the
calcium hexaaluminate matrix shows lower
extents of reaction. Thermodynamic calcu-
lations support the hypothesis of the lower
reactivity: during the reaction with the same
amount of Ca0-5i0,—K, 0 slag, the remain-
ing quantity of calcium hexaaluminate at
the equilibrium is higher than the remaining
quantity of alumina.

Fig. 6 Comparison of the corrosion mechanisms observed for the model slag

3.2 Kinetics of the dissolution
in contact with molten oxide —
impact on the lining lifetime

The knowledge of reaction kinetics is re-
quired to predict the service lifetime of a
refractory product. This part tackles the dis-
solution rates of calcium hexaaluminate, fo-
cusing on the indirect dissolution in ternary
model slag at 1400 °C. The comparison
with the dissolution behaviour of alumina
matrix is also tackled.

The kinetics determination was performed
on matrix samples to estimate the effect of
the castable microstructure. The dissolution
kinetics were determined through ex situ
trials. The slag was grounded and uniaxial-
ly pressed (0,5 mm x 0,5 mm x 2,5 mm)
to be put on a slice of refractory matrix
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Fig. 7 Phase composition at the thermodynamic equilibrium; Step 1: Reaction modelling between

calcium hexaaluminate and potassium oxide with varying potassium oxide amounts;
Step 2: Reaction modelling between calcium hexaaluminate and K,0 depleted slag
composed of 50 mass-% Ca0 - 50 mass-% SiO, with varying slag amounts
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Fig. 8 Ex-situ XRD quantification of phase composition inside the refractory matrix after
reaction with 40 mass-% Ca0-40 mass-% Si0,-20 mass-% K,0 slag
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Fig. 9 Microstructural characteristics of alumina and calcium hexaaluminate matrices

(0,5mm x 1 mm x 3 mm). The corrosion
couple was introduced in a resistive furnace
at 1400 °C and quenched in water prior
to XRD quantitative analysis. This aims to
freeze the high temperature microstructure
and phase composition, but the possible par-
tial crystallisation of the liquid phase upon
cooling should be considered. Different dur-
ations are tested in the range from 10 min
up to 24 h. For both alumina and calcium
hexaaluminate matrices, the dissolution is
fast (Fig. 8), followed by a slow precipitation
of an intermediate compound, calcium hexa-
aluminate in the case of alumina samples
and calcium di-aluminate in the case of cal-
cium hexaaluminate samples, as described
previously. The trial allows to confirm the
dissolution/precipitation as reaction mech-
anism, since the formation of a transitional
liquid phase is detected, both with XRD and
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with SEM. The limits of ex situ measurements
are encountered, since the dissolution takes
place in the first minutes of contact.

In situ XRD measurement cannot be con-
sidered for the matrix samples due to
limitations in terms of experimental equip-
ment. The main kinetic effect determined
experimentally is the rapid formation of
the B-alumina due to the potassium con-
tained in the model slag which occurs as
soon as the refractory is put in contact
with the molten slag. As explained pre-
viously, this formation is not predicted by
thermodynamic calculations and is as-
signed to a higher mobility of the potas-
sium. The thermodynamic equilibrium also
shows that the potassium B-alumina phase
is not stable. The further dissolution of the
B-alumina is observed once all the potas-
sium from the slag has been consumed.

The low amounts of potassium measured
with EDX in the post-mortem samples after
24 h point out the possible volatilization of
the potassium as the B-alumina is decom-
posed. This is also deducted from the XRD
results, where the amounts of f-alumina
formed are lower than the expected
quantities.

The kinetics study also highlights a bet-
ter performance of calcium hexaaluminate
matrix in comparison with the alumina
matrix. The XRD experiments show a better
stability of the calcium hexaaluminate, with
89 mass-% remaining phase after 24 h,
against 67 mass-% for the alumina matrix.
Those results agree with thermodynamic
calculations predicting lower extent of reac-
tion for the calcium hexaaluminate than for
the alumina with same slag amount.
Moreover, the liquid content is lower in
the calcium hexaaluminate matrix, slowing
down the transport of the reactants toward
the interface. Beside the lower extent of re-
action for the calcium hexaaluminate matrix,
further trials have also shown that the rates
of transformation are higher for alumina, es-
pecially with increasing slag amount. How-
ever, the poorer performance of the alumina
regarding the resistance to dissolution might
result from the more permeable microstruc-
ture, hence the necessity to address the in-
fluence of the porous network.

3.3 Microstructural advantages of
the calcium hexaaluminate with
respect to liquid slag infiltration

After determining the corrosion reactions
and their kinetics, the last aspect concerns
the different microstructural features in-
volved in the corrosion process.

The characterisation of the refractory sam-
ples after casting and sintering showed that
the advantages of the calcium hexaalumin-
ate is microstructural as well, due to:

o Its lower permeability and lower average

pore diameter

The reduced reactions for calcium hexaalu-
minate samples can also be attributed to
the lower permeability of the microstruc-
ture. The porous network of both alumina
and calcium hexaaluminate matrices are
characterised prior to the corrosion test
(Fig. 9). Alumina samples show higher per-
meability values, which offer more surface
to react and show indeed a greater extent
of reaction with Ca0-Si0,—K,0 slags. The
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alumina castable is elaborated using a
colloidal binder (boehmite sol-gel) with
restrictive  rheological properties which
may impair resulting microstructure of the
monolith. In the same way the reduced pore
size of the calcium hexaaluminate castable
can be attributed to the rheological prop-
erties of the cement (Secar 71) containing
castable, which is well deflocculated by
using a commercial polymeric dispersant.
Lower permeability and pore size hinder the
molten slag infiltration and enhance the re-
sistance against dissolution:

o [ts better resistance to structural spalling
Although alkali bursting is not hold ac-
countable for the expansive reactions in
the trials conducted in this work, corrosion
tests on alumina matrix samples with wood
ash results in strong volume expansions
(Fig. 10). The XRD measurements allow
identifying the responsible reaction as the
calcium hexaaluminate formation upon the
dissolution of alumina. The precipitation of
calcium hexaaluminate is not only linked
with an increase of the specific volume
of the solid phase, but the growth is also
strongly anisotropic, generating compres-
sive stresses in the microstructure, leading
to enhanced cracking.

Those effects were not observed in the cal-
cium hexaaluminate matrix microstructure:
the geometry of the sample is stable in con-
tact with both alkali containing model slag
and wood slag, which is a strong asset for
its potential application.

4 Conclusion and practical
industrial perspectives

This study provides a support to understand
the corrosion with molten ashes, the main
solicitation for refractory linings in com-
bustion plants. The difference of corrosion
behaviour between calcium hexaaluminate
and alumina was addressed to further
understand their performances in contact
with alkali containing slag regarding their
thermodynamic, kinetic and microstructural
features against molten slag infiltration.
The advantages of hexaaluminate, com-
pared to alumina as a matrix of castables,
for the applications of biomass incineration
or gasification can be summarised as:

* lower permeability and pore sizes;

e lower chemical spalling;

e enhanced chemical stability with lower
extent of reactions and slower kinetics.
An industrial test with nine different re-
fractory materials has been realised in the
secondary combustion chamber of the haz-
ardous waste incineration facility at Port-
Arthur, Texas/US. The results confirm that
the hexa-aluminate material has a high cor-
rosion resistance and is a promising alter-

native.

Thus, hibonite (Ca0 - 6A10,) as raw mater-
ial for refractory products shows promising
performance for incineration and gasifica-
tion of biomass. These results offer signifi-
cant and innovative prospects for the devel-
opment of high-performance refractories in
the field of new energies.
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