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Two K2O–MgO–Al2O3–SiO2 based geopolymer gels with bulk chemical composition corresponding to cordierite
(Co) and 1:1 mullite-cordierite (MuCo) were successfully transformed to crystalline bonds in high temperature
service of cold-setting made refractory concretes. Kyanite aggregates changed the flexural strength of the gels
from 11 to 28MPa due to the development of good adhesive bonds. Under thermal cycles, up to 1250 °C, the cu-
mulative pore volume remained at 0.09mL/g, as from the absence of important densification/shrinkage. Howev-
er, the behavior of the cumulative pore volume curves changed from that of a matrix with a wide range of
distribution of pore sizes to that, of matrix, consisting of relatively coarse grains. The latter exhibits a rise at
10 μm as void spaces created around the contact points among the coarse kyanite grains and that at 0.054 μm
as poreswithin the crystalline phases (cordierite, kalsilite, leucite,mullite, enstatite) formed. Themicrostructural
observations confirmed the transformation of gel pores (size around 0.01 μm) to interparticle and intergranular
pores due to the crystallization. The flexural strength of refractory concretes increased from 28MPa to 40MPa in
agreement with the increase in the elastic modulus from 9 to 30 GPa. The crystallization was enhanced by the
MgO content (being important in Co compared to MuCo) and the kyanite concentration as particles of kyanite
effectively acted as phase separation and nucleation sites.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Projection of the use of K-geopolymer binder as refractory bonds es-
sentially has objectives to propose alternatives to traditional silicate or
aluminosilicate bonds, derived from the vitrification reactions, for more
sustainability in the production of refractorymaterials [1–4]. The technol-
ogy is based on the transformation of the geopolymer gels to ceramic
bonds upon firing. However unlike the formation of kalsilite, mullite
and leucite, formulations available into the literature have proved to de-
velop a considerable amount of liquid phase detrimental for the
thermo-mechanical stability of the final products [2]. The thermal behav-
ior of the K2O–MgO–Al2O3–SiO2 geopolymer gels designed recently as re-
fractory bond [5] proved to have different sintering behavior with an
improvement in thermal stability, significant reduction of the vitrification
and shrinkage.While K2O–Al2O3–SiO2 gels presented vitrification as from
1000 °C, the cordierite and mullite-cordierite shown optimum
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dimensional stability up to 1250 °C [5]. The new geopolymer refractory
bonds conduct to the formation of concretes with the microstructure
that will alter in service: transformation of the geopolymer gel to crystal-
line bond ensuring to the refractory composites low cost, low energy con-
sumption for the processing and more sustainability.

The cordierite and mullite-cordierite geopolymer based refractory
concretes fall in classification within refractory castables that can be
produced in situ. The microstructure that will be finalized upon firing
imposed the control of the particle size distribution of the raw powders
solid precursors of the geopolymer gels as well as that of the fine aggre-
gates responsible for the skeleton of the refractorymatrix. Fine particles
of metakaolin andmeta talc as well asmetastable alumina from bauxite
will control the rheology of the wet system, packing and establishing
hydraulic bonds to insure the consolidation for the mechanical proper-
ties of the unfired system. In general, similar results are obtained with
the K2O–Al2O3–SiO2 system. However the originality of the new formu-
lations of cordierite and mullite-cordierite refractory concretes is found
in the difference in densification and sintering of the amorphous gel,
their capacity to withstand high temperature and favor crystallization
maintaining the control of their pore system up to 1250 °C. The good
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Table 1
Formulation of mixture before the calcination at 700 °C (Note: The fractions of rawmate-
rials are on the basic of raw oxides including the water that would not appear in the cal-
cined products. It is why the apparent total is above 100 wt.%).

Proportion
(wt%)

Cordierite mixture (Co)
(Mg2Al4Si5O18)

Mullite-cordierite (MuCo)
Al4.5Si1.5O9.75

Kaolin 53.36 77.51
Talc 42.21 21.61
Bauxite 21.07 34.73
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adhesion bonds established between the geopolymer gel and the aggre-
gates, the particular sintering behavior of the composites can allow the
achievement of a microstructure in which micro cracks are reduced to
the minimum providing useful toughening while increasing the resis-
tance to cracks propagation and the thermal shock resistance. Heindl
and Pendergast [6] found excellent agreement between the flexural
strength and the elastic modulus for fired plastic refractories. Mong
and Pendergast [7] easily correlated the elastic modulus E determined
in four-point flexural and resonance methods for fired plastic refrac-
tories. In the applications where strength is important, impact-erosion
or crack initiation resistance need to be high. For this reason it is critical
to achieve high density in the matrix phase of a refractory with bond
phase having optimum adhesionwith denser aggregates [1]. In cordier-
ite and mullite-cordierite geopolymer based refractory concretes, the
evolution of the flexural strength between the pastes (11 MPa) and
the refractory products (21 to 28 MPa) demonstrated that good com-
patibility was achieved between the matrix and the kyanite aggregates
[5], then the porous and coarsening microstructure of the latter were
found to be contributive for the toughening and strength enhancement.
According to Williams E and Robert Moore [1,8], aluminosilicate bricks
formulated from coarse grains and unfired bonds are likely to survive
thermal shock. The loose texture of these bricks and the presence of nu-
merous cracks made it difficult for cracks to extend. The use of K2O–
MgO–Al2O3–SiO2 systems and not K2O–Al2O3–SiO2 should significantly
modify the leucite formation give priority to more MgO-based crystal-
line phases as from low temperature as 800 °C with the reduction of
the thermal expansionmismatch due to the absence of extensive liquid
phase. When a leucite reinforced ceramic matrix is cooled, leucite con-
tracts along the α axis during both the phase transformation from the
cubic to tetragonal form and the cooling. The evolution of the bi-axial
four-point flexural strength of the cordierite and mullite-cordierite
geopolymer concretes is investigated in relationwith the kyanite aggre-
gates content and the temperature development. The changes in elastic
modulus are correlated to the phases transformation to understand the
microstructure and the flexural strength of the composites under ther-
mal cycles. The variation of the pore volume and pore size distribution
are used to complete themechanical, mineralogical and thermal behav-
ior providing a comprehensive understanding of the refractoriness and
behavior in service of the geopolymer refractory concretes.

2. Experimental procedures

The formulations of cordierite (Co) and mullite-cordierite (MuCo)
were designed as improvement to K2O–Al2O3–SiO2 geopolymer refrac-
tory systems described in the literature [2,3,9]. The refractoriness of ky-
anite aggregates [5], the sintering behavior of K2O–MgO–Al2O3–SiO2

gelswith high probability of crystallization, the polymorphous behavior
of cordierite and its capacity to integrate alkaline ions like potassium
and exists in a large range of temperature as from 800 °C render the for-
mulations under study theoretically promising for the design of high
temperature refractory castables through the geopolymerization route
[10–14]. The phase evolutionwith the kyanite aggregates and tempera-
ture as well as the thermal behavior were detailed in the first article of
this project [5]. The informations referring to the phase evolution and
the sintering behavior will be used here just for support the physico-
mechanical properties and microstructure results.

2.1. Geopolymer refractory concretes processing

Two powderswith bulk chemical formulae of cordierite (Co) and 1:1
mullite-cordierite (MuCo) were prepared as solid precursors for the
production of the refractory bonds. Bauxite [14], Kaolin [5] and Talc
[15] from Cameroon were collected calcined, pulverized and mixed in
appropriate proportions in order to develop cordierite (Mg2Al4Si5O18)
and 1:1 mullite-cordierite (3Al2O32SiO2–Mg2Al4Si5O18). The powders
obtained were ball-milled under 80 μm and mixed with alkaline
solution in porcelain jar still with ball-mill to obtain an homogeneous
paste. The alkaline solution was a mixture of 1:1 volume of potassium
hydroxide (8 M) and potassium silicate (SiO2/K2O molar ratio of 3.01).
The potassium hydroxide and potassium silicate were provided by
Ingessil, Verona, Italy. The proportions of each constituents in both Co
andMuCo formulations are presented in the Table 1. Kyanite aggregates
were crushed and granulated at 2 mm N ф N100 μm. The solid/liquid
ratio of 1.7 was considered [5]. 20, 25 and 30 wt.% of each geopolymer
bond obtained (Co and MuCo) were combined to 80, 75 and 70 wt.%
of kyanite aggregates to have Co20, Co25 and Co30 for the cordierite se-
ries, MuCo20, MuCo25 and MuCo30 for the mullite-cordierite series.
Highly viscous slurries were obtained and pressed using uni-axial hy-
draulic press at 5MPa to formdisks of 4.2 × 0.7 cm. For each formulation
and temperature, a series of 5 specimens was considered to ascertain
the reproducibility of mechanical testing. The pressed specimens were
sealed immediately in plastic films for 72 h at ambient temperature
(21 ± 2 °C; 54% humidity). The curing continue up to a stable weight.
The refractory concretes were fired to different temperature: 800 °C,
and from 1050 °C to 1350 °Cwith an interval of 100 °C, in an electric fur-
nace at 5 °C/min with 1 h soaking time at maximum temperature. This
thermal treatment has the objective to simulate the thermal behavior
of the refractoriness.See Table 2

2.2. Bi-axial four-point flexural strength and elastic modulus

The mechanical properties of the cylindrical specimens were deter-
mined according to ASTM F-373 [16], the piston-on-three balls, using
a testing machine (MTS 810, USA) with maximum loading of
10,000 kN for all the experiment. For the execution of the test a load is
applied to the specimen centered by a right circular cylinder of hard-
ened steel. The test specimen was supported on three ball bearings
with a diameter of 2.67 mm and positioned at 120° to each other on a
circle of 9.5 mm diameter. The specimens were loaded centrally at a
rate of 3 mm/min, using a spherical indenter with a diameter of
1.66 mm. The result presented for each formulations and temperature
is the average for 5 specimens considered.

The Young modulus was measured using the ultrasonic method de-
scribedby Tessier-Doyen et al. [18]. The ultrasonicwaves propagation in
the “infinite medium” with contact transducers is used. Low frequency
(1 MHz) was applied in order to limit the attenuation effects. The time
delay τ between the two echoes was determined by intercorrelation
[19]. Τ is the travel time of the wave in the sample. Young's modulus
is calculated using both the transit duration of ultrasonic waves (τL for
longitudinal waves, τT for the transversal waves) and the apparent den-
sity of the material:

VT ¼ e
τT

ð1Þ

VT ¼ e
τT

ð2Þ
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3:V2

L−4:V2
T
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VT
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Table 2
Phases, Cumulative pore volume, principal pore bands and pores description in MuCo and Co refractroy concretes.

Cumulative pore
volume/mL·g−1

Peaks of principal
pore bands/μm

Pores description

25 °C 1250 °C 25 °C 1250 °C 25 °C 1250 °C

Co20 0.093 0.098 0.01 0.054
and
7

Predominance of gel pores with small
amount of larger capillary pores

Interparticle pores
Co25 0.086 0.094
Co30 0.074 0.088
MuCo20 0.087 0.100 Interparticles pores + closed pores
MuCo25 0.085 0.099
MuCo30 0.081 0.084

Fig. 1. Variation of the bi-axial four point flexural strength of geopolymer concretes MuCo
as function of the kyanite content and the temperature.
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In order to obtain significant values over the whole sample, several
measurements are carried out on various zones. The scattering of the
experimental values was 3.5% and the measured Young's modulus in-
creases with the inclusion content.

2.3. Pore volume, pore size distribution and microstructure

One important aspect of the microstructure of ceramics and refrac-
tories is the porosity. The interconnected, open pore size distribution
in a porousmaterial ismost easily assess using the technique ofMercury
Intrusion Porosimetry (MIP) in which a holder is partially filled with
weighed, dried sample, evacuated and filled with Hg [17]. Optical mi-
croscopy remains not only the easiest but also the most important
method for refractories characterization. The resolution allows an over-
all impression of themicrostructure [8]. However, to fully characterize a
complex microstructure as that geopolymer refractory concretes, scan-
ning electron microscope (SEM) is necessary to determine the grains
morphology, crystals structure, the relation of kyanite aggregates with
the geopolymer bonds (interfaces), porosity andmorphology. The envi-
ronmental SEM is particularly useful, in conjunction with a heating
stage. Themicrostructure of the as prepared and fired specimens of cor-
dierite and mullite-cordierite based geopolymer composites was stud-
ied by SEM (mod. XL40, Philips, The Netherlands). Freshly fractured
surfaces and polished specimens were used for each sample. The
polished specimens were etched in 5% HF-HNO3 solution for 30 s for
crystalline phases identification. All the specimens for SEM analysis
were mounted on aluminum stubs and sputter-coated with 10 nm of
Au/Pd to facilitate imagining. The microanalysis was performed using
EDS (X_EDS INCA, Oxford Inst.).

The stereo opticalmicroscope type SZX10wasused for the collection
of the global impression of theMuCo and Co refractory concretes. SZX10
motorized focus drive makes the digital documentation with extended
focal imaging (EFI) efficient. This even allows creation of pseudo 3D im-
ages, closing the gap between documentation and what the eyes have
seen before through the stereoscopic light path. In addition the SZX10
allows the quick change between stereoscopic view and axial light
path for the camera. The advantage of the axial light path setting is
that measurements taken with the camera are reliable and precise in
all directions making results independent from the orientation of the
sample under the microscope.

The Mercury Intrusion Porosimeter (MIP) used was an Autopore IV
9500, 33,000 psia (228 MPa) MIP covering the pore diameter range
from approximatively 360 to 0.005 μm having two low-pressure ports
and one high-pressure chamber [17]. Pieces collected from themechan-
ical test were used to prepare specimens of ~1 cm3 of volume for the
MIP.

3. Results

3.1. Correlation of the sintering behavior and phases evolution with
physico-mechanical properties

Figs. 1 and 2 show the variation of the bi-axial flexural strength of
cordierite andmullite-cordierite based geopolymer refractory concretes
as function of the kyanite content and temperature. It is observed that
the refractory binders used for the design of the concretes have bending
strength value of ~11MPawhich is the value generally observed for the
metakaolin based inorganic polymer cement [2,5,16]. The effective de-
velopment of 3D network of geopolymer gels were verified using
NMR investigations. The introduction of the Kyanite aggregates resulted
forMuCo series in an important increase in bending strength from 11 to
20 MPa with 75 and 80 wt.% of aggregates. The bending strength even
reached 23MPa for 70wt% of kyanite aggregates. For the similar content
of aggregates, Co series showed up to 28 MPa of bending strength [5].
This improvement of the mechanical properties of the refractory con-
cretes correspond to a variation of the bulk density of the pastes from
1.5 g/cm3 to 2.7 g/cm3. Both increase in densification and mechanical
properties were ascribed to an important reduction of the open porosity
from 33 to 14 vol.% for Co series and 35 to 13 vol.% for MuCo series.
The good interfacial bonds established between the geopolymer
pastes and coarse kyanite explains the increase in mechanical strength.
The interfacial bonds benefits from the porous structure of kyanite ag-
gregates and contribute to improve the adhesion behavior between
the components [5].

Under thermal treatment, MuCo paste shown a relative high rate of
the increase of the bending strength that moved from 10 to 40 MPa be-
tween the room temperature and 1250 °C. Further increase in tempera-
ture above 1250 °C reduced the mechanical strength and promoted
micro cracks: enhancement of the porosity (due to the expansion of
the volume as characteristics of the K2O–MgO–Al2O3–SiO2 systems
[20,21]), with appearance of liquid films. Differently, the increase of
the flexural strength of Co paste with the temperature was continue
up to 1350 °C. It was observed a decrease in strength between 1150 °C
and 1250 °C with another scale of improvement between 1250 °C and
1350 °C that contrast with the MuCo series. The difference in mechani-
cal behavior of Co and MuCo series between 1250 °C and 1350 °C was



Fig. 2. Variation of the bi-axial four point flexural strength of geopolymer concretes Co as
function of the kyanite content and the temperature.

Fig. 3. Variation of the elastic Modulus (E) of geopolymer concretes Co with kyanite con-
tent and temperature.

Fig. 4. Variation of the elastic Modulus (E) of geopolymer concretes Co with kyanite con-
tent and temperature.
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ascribed to the relative amorphous phase (liquid) slightly important in
MuCo compared to Co and sufficient to decrease the mechanical
strength. The Co series resulted with very low expansion with respect
to MuCo. In the MuCo series there was not a real difference in mechan-
ical behavior at high temperatures linked to the variation of the kyanite
aggregates content between 70 and 80 wt.% (MuCo20, MuCo25 and
MuCo30). As it can be observed into the Fig. 2, all the three formulations
showed ~30 MPa at 1150 °C, ~40 Mpa at 1250 °C and ~20 MPa at 1350
°C. In Co series, similar values of 30 MPa is observed at 1150 °C. The in-
crease of the flexural strength between 1150 °C and 1250 °C was not as
important as in the MuCo series: Co20 with 80 wt.% of kyanite aggre-
gates showed value of flexural strength above 40 MPa; the sample
Co25 presented a value slightly above 30 MPa and Co30 with value
under 30 MPa. At 1350 °C, Co20 and Co25 still have their flexural
strength above 30 MPa while that of Co30 is relative down to 30 MPa.
This difference inmechanical behavior betweenMuCo and Co series fol-
lows that of physical properties as shrinkage of MuCo and Co pastes:
7.0% for Co and 8.0% for MuCo [5]. The change in dimensions is one
of the most important parameters that is used to evaluate the sintering
behavior of the refractory castables. This change in dimensions was not
visible in MuCo and Co refractory concretes up to ~500 °C, temperature
at which all the samples showed expansion (b0.5%). At temperature
above 1000 °C samples return to develop shrinkage and evidently the
value of expansion decrease near to 0 as described into the previous
work [5].

The value of the elastic modulus (E) of MuCo series increased from
9.9 to 13.13.7 GPa between 20 and 25 wt.% of geopolymer cement and
decreased to 11 GPa when the content of geopolymer cement reached
30 wt.%. The value of the elastic modulus of Co series increased from
14.9 to 17.1 GPa when the geopolymer cement increased from 20 and
25 wt.% of geopolymer cement (Co20 and Co25) before decrease to
13.7with 30wt.% of geopolymer cement Co (Figs. 3 and 4). For the sam-
ples treated thermically, the increase in the geopolymer cement contin-
uously increase the elasticmodulus (Fig. 3). The variation of the value of
E for the as prepared geopolymer concretes seem to be comparable for
Co andMuCo series (Figs. 3 and 4). Conversely, the thermal treatment at
1250 °C evidenced a net difference inmechanical behavior between the
two series (Figs. 1 to 4). The values of E are 30.3, 34.7 and 29.8 GPa for
MuCo (20, 25 and 30 wt.% of geopolymer cement respectively) treated
at 1250 °C; values two times higher with respect to Co series (13.3,
14.2 and 16.4 GPa respectively) as it can be observed in the Figs. 3 and 4.

The variations bi-axial flexural strength values with the geopolymer
cement and temperature as that of the elastic modulus can be
interpreted considering the intrinsic structure of each formulations.
These, in relation with the phases development and the adhesion con-
tact between the geopolymer cement and kyanite aggregates. The cor-
relation between the four-point flexural strength and the elastic
modulus was already established by Mong and Pendergast [7] for the
refractory castables. The structure and phase evolution into the two re-
fractory systems can be described as follow: (i) transformation of amor-
phous gels to crystalline phases at the range of the temperature
between 1000 and 1250 °C preceded by a continuous dehydration and
densification; (ii) brittle-to-ductile transition as from 1150 °C from the
formation of liquid films. This softening is accompanied by a significant
volume expansion in the case of K2O–MgO–Al2O3–SiO2 under study
[18–21]. Above 1250 °C the liquid content became detrimental for the
mechanical strength for MuCo series while it relative low amount in
Co explains the lowexpansion and the continue increase of themechan-
ical strength.

As detailed into the first part of this study, the geopolymer cement
Co developed cordierite as principal crystalline phase together with
kalsilite, enstatite, leucite and mullite. Residual quartz and talc were
still present. All enveloped in a high fraction of amorphous phase.
Upon thermal treatment, the same crystalline phases remained but
with important increase of the peaks cordierite, kalsilite and mullite.



Fig. 5. Variation of the cumulative pore volume of the geopolymer refractory concretes
with the kyanite aggregates content: (a) as prepared Co series; (b) Co series treated at
1250°C.
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MuCo shown similar crystalline phases of cordierite, kalsilite, mullite
and enstatite with quartz and talc as residual unreacted minerals that
remained after geopolymerization. The principal difference between
the MuCo and Co geopolymer cement treated between 1050 °C and
1250 °C is the amorphous content more important in MuCo [5]. Both
formulations belong to the quaternary system K2O–MgO–Al2O3–SiO2.
System that can be identified asmodified K2O–Al2O3–SiO2with kalsilite,
leucite and amorphous mullite in the process as geopolymer refractory
materials [2,9]. The high rate of densification/shrinkage of the latter sys-
tem enhances the formation of liquid phase and reduced the crystalliza-
tion activities yet at low temperature. The presence of the MgO (for the
newly system under study) reduced the shrinkage, densification and by
the way the liquid phase formation. The reduction of the liquid and
amorphous phase was important as the content of MgO was high con-
sidering the MuCo and Co formulations. In fact the introduction of
MgO changed the sintering behavior of both formulations. In the ab-
sence of liquid phase or their significant reduction, the pore evolution
is favorable to the crystallization. Numerous techniques have been de-
scribed into the literature for the synthesis of porous cordierite [23].
Most of the techniques are based on the gel casting that can be com-
pared to the geopolymerization. The phase separation that accompa-
nied the process allows the reduction of the densification rate and
improve the crystallization phenomenon [23]. The polymorphous
forms of cordierite is favorable for the objectives of this work as cordier-
ite exist in a large interval of temperature. In fact peaks ascribed to sap-
phirine (Mg8Al9Si6O20) is described in the cordieritic gels as from800 °C
[23]. Sapphirine will transformed to β-cordierite (Mg2Al4Si5O18) at
1250 °C. At low temperature metastable μ-cordierite is possible to be
formed as well as β-cordierite. At high temperature, hexagonal form is
developed [23,24]. The kyanite aggregates act to improve the phase sep-
aration playing the role of nucleation sites and enhance crystallization.

3.2. Porosity and pore size distribution and microstructure

The cumulative pore volume, the pore size distribution and detailed
informations relative to the pores present in the geopolymer refractory
concretes are summarized into the Table 1, Figs. 5, 6, 7 and 8. The Co se-
ries showed values of 0.093, 0.086 and 0.074 mL/g for the cumulative
pore volume respectively for 70, 75 and 80 wt.% (30, 25 and 20 wt.%
of geopolymer cement) as it can be observed in the Fig. 5a. For the sim-
ilar geopolymer content, MuCo showed values of 0.087, 0.085 and
0.081 mL/g for the cumulative pore volume (Fig. 6a). The decrease of
the cumulative pore volume with the increase of the amount of the ky-
anite aggregates is linked to the difference of porosity between the
geopolymer gels (with higher volume of pores) and the kyanite aggre-
gates more dense and less porous. So for the range of formulations
under study, the higher the aggregates content, lower is the cumulative
pore volume. The curves of the cumulative pore volumes of Co (Fig. 5a)
and MuCo (Fig. 6a) vs the pore diameters are characteristics of a single
piece of material in which there is a wide range of pore sizes. The good
adhesion developed between kyanite aggregates and the geopolymer
cement conducted to a relative homogenous matrix considered by the
MIP as a single piece of material. The thermal treatment of the
geopolymer concretes up to 1250 °C did not affect in significantmanner
the cumulative volumes: the cumulative pore volume for Co series
remained at 0.098, 0.094 and 0.088 mL/g respectively for 70, 75 and
80 wt.% kyanite content (Fig. 5b); that of MuCo presented 0.100, 0.099
and 0.084mL/g respectively (Fig. 6b). However, the curves of the cumu-
lative pore volumes of Co and MuCo series treated at 1250 °C shown a
change in their structure. Actually, curves are characteristics of samples
with relatively coarse grains. They exhibited two distinct parts with a
first rise at high diameter of pores (10 μm) due to the void spaces creat-
ed around the contact points among the coarse grains of kyanite aggre-
gates and the second rise (0.1 μm) due to pores within the crystalline
phases formed at the interfaces of aggregates during the sintering of
the refractory concretes.
Figs. 7a (Co series) and 8a (MuCo series) confirm the characteristics
of the curve of the cumulative pore volumes of as prepared geopolymer
concretes. It is observed peaks of pores at 0.01, 0.013, 0.02, 0.036, 0.052,
0.36, 9.76 and 84.13 μm confirming the wide distribution of pore sizes
for Co and MuCo series. The intensity of peaks at 0.036, 0.052, 0.36,
9.76 and 84.13 μmare not as important inMuCo as in Co. This can be as-
cribed to the relative difference in the viscosity of the two gels linked to
their bulk chemical compositions: particularly the action ofMgO.When
the specimens of geopolymer concretes are treated thermically to 1250
°C, the changes in pore structure are illustratedwith the Figs. 7b and 8b.
For both Co and MuCo composites, two pore bands are observed: one
with peak at ~0.054 μm and the secondmore larger with high intensity
centered at ~10 μm. The pores around 10 μm characterize porosity be-
tween coarse kyanites aggregates that dominate the matrix (70 to
80 wt.%) and the band at 0.054 μm describe the interparticle pores
from the crystalline structure existing in the interparticle regions ofma-
trices as already evidenced above. The concentration of the pores in
both bands justify the behavior of the cumulative pore volume orga-
nized in two rises (Figs. 5–8). The results discussed here have been ver-
ified for 10 firing cycles. Cycles during which the mechanical properties
remained constant as illustrated into Figs. 1 to 4. This can be described
as a significant improvement for the thermal behavior of K2O–Al2O3–
SiO2 geopolymer systems described in the literature [2,9]. The improve-
ment includes the stability of the pore volume upon firing, significant



Fig. 6. Variation of the cumulative pore volume of the geopolymer refractory concretes
with the kyanite aggregates content: (a) as preparedMuCo series; (b)MuCo series treated
at 1250°C.

Fig. 7. Pore-size distribution in the matrices of geopolymer refractory concretes as func-
tion of the kyanite aggregates content: (a) as prepared Co series; (b) Co series treated at
1250°C.
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reduction of the fraction of liquid phase and disappearance of micro
cracks and deformation. Apart from theMgO that acts to favor the crys-
tallization and delay densification, Kyanite aggregates play in the sys-
tem the role of phase separation and nucleation sites. The kyanite
aggregates are closely bounded to the paste providing a pathway for
more rapid and complete dehydration without damage (shrinkage,
micro cracks, creeps, …) of the microstructure (Fig. 9). This resulted in
a particular network of pores that can withstand thermal transforma-
tion at high temperature. The pore network as described in the Figs. 5
to 8 are contributive for the thermal shock resistance and thermal sta-
bility of the geopolymer refractory concretes. The changes of the posi-
tion of the pores bands from 0.01 to 0.054 and 10 μm are correlated to
the transformation, during sintering, of the geopolymer gels that are
generally characterized by an important band of pores with peak cen-
tered at 0.01 μm [25–28]. As already indicated above, before sintering,
the geopolymer refractory concretes present homogeneous macro-
structure with kyanite aggregates bound together through the good
contact adhesionwith the geopolymer cement (Fig. 9). During the ther-
mal treatment, the amorphous geopolymer gel is transformed to crys-
talline grains and the band of pores at 0.01 μm disappeared with the
formation of new classes of pores with band centered at 0.054 μm char-
acterizing the pores between the crystalline phases and that centered at
10 μm characterizing the porosity around the coarse aggregates of kya-
nite which are not covered by the gel but by crystalline phases.

The geopolymer refractory concretes can bedescribed as refractories
designed with properties to alter in service through sintering reactions
that enable complete transformation of the amorphous geopolymer
gel to well crystallized phases capable to withstand further thermal cy-
cles. Thermal reactions improving the properties and refractoriness of
the castables (geopolymer refractory concretes) are the targeted evolu-
tion of those matrices through thermal cycles in service. For these rea-
sons the microstructure detailed here is that of the heat treated
specimens where the mechanical properties and the pore structure
were verified up to 10 cycles of the firing-cooling at 1250 °C. For
these, the typical microstructure of the cordierite and mullite-
cordierite geopolymer refractory concretes consists of grain and bond
phases [1,8]. The bond phases are made from the transformation of
amorphous gel to crystalline aggregations with binding properties and
the grains are kyanite aggregates. In the Fig. 10, bond phases and kya-
nite grains are not altered during the firing process up to 1250 °C. Impu-
rities such as TiO2 and Fe2O3 are visible and present an even contrast in
micrographs (Fig. 10). These impurities together with local inhomoge-
neity (local concentration of K+) can facilitate the liquid sintering and
enhance bonds between kyanite grains and crystalline phases formed.
The transformation of the amorphous gel to crystalline phases and the



Fig. 8. Pore-size distribution in the matrices of geopolymer refractory concretes as func-
tion of the kyanite aggregates content: (a) as preparedMuCo series; (b)MuCo series treat-
ed at 1250°C.
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possible development of liquid film act together to make the adhesion
bond in the matrix more important and resistant after firing. For Co se-
ries, crystallization predominated with relatively low probability of
Fig. 9. Optical micrographs of the geopolym
liquid phase formation. Consequently the flexural strength and elastic
modulus remained with lower values with respect to MuCo series
(Figs. 1–4). Co series remained with more coarsening microstructure
that justify a relative grow in porosity with respect to MuCo (Figs. 5–8).

The binding properties of the as-prepared gels and their successful
transformation upon thermal cycles to crystalline (refractory) bonds
permit to evaluate as promising the cold-setting process that provide
useful refractory phases at high temperature improving strength to
the final products. Fig. 11 shows the crystallization feature in the Co20
and MuCo20. The interparticle spaces between kyanite grains are
completely filled with crystalline phases: complex aggregations of cor-
dierite, kalsilite, enstatite, mullite and leucite. The level of crystallization
inMuCo is affected by the predisposition of thematrix bonds to develop
liquid phase. Cordierite one of the principal crystalline phases exists
with variousmorphologies in relationwith the temperature [1,8,23]. Es-
tablishing that refractory processing from large particle size distribution
leads to a complicatedmicrostructure, we can understand the large, dis-
crete aggregates (fillers) refractory grains held together by a continuous
bonding matrix with extensive porosity, so-called grain and bond mi-
crostructure. The common features of such microstructure are micro
cracks from the thermal expansion mismatch of different phases, and
from sintering of the fine particles fraction causing shrinkage and open-
ing up cracks between the larger particles which do not sinter as rapidly
[1,8]. One of the advantage of the cordierite and mullite-cordierite
geopolymer refractory concretes is the sintering behavior which does
not favor the shrinkage and the highly limitation of liquid phase
which maintains the matrix with a relative porosity, contributive for
the resistance of the materials for thermal shock, micro cracks and de-
formations. The compatibility between the kyanite aggregates and the
matrix bond was effective [5]. The difference between the twomatrices
is the ability more pronounced for Co series to develop crystalline
phases, with consequent grow of porosity. As it can be observed in the
Fig. 12. The significance of the liquid film in theMuCo reduced the prob-
ability of crystallization. The increase in strength and elastic modulus
seem to be linked to the growth of tabular grains with liquid film that
results in an increase in the fraction of closed porosity. Fraction impor-
tant for the improvement of the toughness and strength.

4. Discussion and conclusion

Theneed to protect the environment and, therefore people, fromun-
healthy waste and emissions has motivated the orientation to technol-
ogies, raw materials for ceramics and processes of ceramics and
refractoriesmore sustainable. The production of the refractory castables
through geopolymerization of cordierite andmullite-cordierite systems
can be classified as in situ refractories [1]. In fact the achievement of
er concretes: (a) Co20; (b) MuCo20.



Fig. 10. Low magnification micrographs showing the constitution of the geopolymer based refractory concretes after 10 cycles of firing at 1250°C: (a) and (b) Co20 and (c) and (d)
MuCo20: K = kyanite aggregates, bond = cordierite and mullite-cordierite crystalline matrices.
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final properties of refractories including porosity, microstructure and
mechanical strength is performed during the first firing cycle although
the shrinkage, the initial strength and the stability of the system
throughout thermal cycle allow the consideration of the non-fired
geopolymer refractory concretes as a proper and effective refractory
[5]. The grains and bond microstructure of the cordierite and mullite-
cordierite geopolymer refractory concretes included kyanite aggregates
which are natural and low cost grains that do not require any pre-
Fig. 11.Micrographs of Cordierite andMullite-cordierite based geopolymer concretes evidencin
(c) and (d).
treatment, so sustainable and environmentally-friendly compared to
grogs (from clays andMagnesia), chamotte, calcined bauxite, fused alu-
mina, etc. …. The MuCo and Co bonds are designed using cold-setting
process. The setting established a good adhesion between aggregates
with geopolymer gels that is transformed at high temperature to high
strength bond due to the crystallization of the amorphous geopolymer
gel to complex, crystalline structure including cordierite, kalsilite, mull-
ite, enstatite and residual quartz.
g the difference in crystallization behavior between Co series, (a) and (b); andMuCo series,



Fig. 12. Effects of the liquid films on the ceramic bonds and formation of closed porosity at T N 1250°C: (a) Co20 and (b)MuCo20; Co= cordierite, Mu=mullite, Ka= Kalsilite, Enstatite,
Lu = Leucite, H = hexagonal cordierite.
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In theMuCo series, crystallization is accompanied or is in competition
with the formation of liquid film that promoved closed porosity and addi-
tional bonds at the origin of the improvement of the elastic modulus and
theflexural strength. A good correlationwas establishedbetween the var-
iation of the elastic modulus E and the four-point flexural strength.
Changes in the Emodulus of Co andMuCo could be explained by the con-
stitutional transformation such as dehydration, conversion of the amor-
phous geopolymer gel to crystalline phases, important in MuCo with
respect to Co. Results in agreement with those obtained by Mong and
Pondergast [7] and Heindl and Pendergast [6]. Both Co and MuCo were
then successfully identified as significant basic formulations for the design
of refractory bricks and in situ monolithic castables applicable in various
field where refractoriness and thermal shock resistance are critical.

Kyanite resists relatively more than quartz and others feldspar ag-
gregates at high temperature. Their good adhesion contact with the
MuCo and Co geopolymer bonds let them play the role of phase separa-
tion conducing to an improvement of the resistance to densification and
vitrification. Moreover the kyanite particles act as nucleation sites for
the cordierite, kalsilite, mullite, leucite, enstatite. The MuCo and Co
geopolymer binders with the K2O–MgO–Al2O3–SiO2 quarternary sys-
tem can be described as the improvement of K2O–Al2O3–SiO2 with an
enhancement of the crystallization behavior, the reduction of densifica-
tion/shrinkage, a particular sintering behavior with an hierarchical po-
rosity compatible with the thermal behavior refractory materials.
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