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Ceramic material of composition belonging to the Al,O;—CaAl,,0,~ZrO, compatibility field was obtained as a result of
hydration and sintering of the mixture of A,O; and Ca,ZrAl,0 s powders. The hydrated Al,O~Ca,ZrAl,O s mixture products
were studied by XRD, DTA-TG-EGA and FT-IR after 14 days of curing and hydration at 50°C. C;AH,, AI(OH); and CaZrO;
compounds were formed upon hydration. CaZrOj; and the lime-rich calcium aluminates formed as transient phases during
hydration and dehydration processes were converted to CAg and ZrO, in the presence of an excess of Al,O; during sintering
at 1500°C. The Al,Os-based dense refractory composite material was investigated by XRD, FT-IR, SEM-EDS and mercury
porosimetry. The sintered ceramic microstructure consists of a homogeneous distribution of zirconia grains in an alumina
matrix reinforced with the calcium hexaaluminate phase. The presence of Al,O; CaAl,,O,, and ZrO, in the synthesized
material was confirmed by XRD and FT-IR techniques. By applying the mercury intrusion porosimetry technique, the

heterogeneous pore size distribution of the refractory composite material was determined.

INTRODUCTION

The phase diagram of the system CaO-Al,O;, and
its binary compounds, was studied extensively in the past
because of the interest especially in the production of
calcium aluminate cements (CACs) [1-4]. Because of the
high melting temperatures in this system, and due to the
hydraulic properties of some calcium aluminates, CACs
are successfully used in the corundum refractory castab-
les [5-6]. Among the binary phases in the CaO-Al,O,
system[7],e.g. Ca;Al,Og4, CajpAl 0,55, CaAl,0,, CaAl,O,,
and CaAl,,0,y, calcium heksaaluminate CaAl,,0,, has
the highest melting point (1849°C) but it has no reaction
with water. Calcium monoaluminate, CaAl,O,, that melts
incongruently at 1604°C, is the majority component of
high alumina cement. Commercial CACs are known to
contain minor phases CaAl,0, (1764°C), Ca,,Al,,O;
(1425°C) and a-Al,04 (2050°C).

One of the most important aspects of CACs che-
mistry is constituted by the hydration process [8-9].
The calcium aluminates in CACs react with water to
form calcium aluminate hydrates of various possible
forms, depending on the water-solid ratio, time and
temperature of hydration [5, 10-11]. The following cal-
cium aluminate hydrate phases may be formed in the
hydration of calcium aluminates: CAH,,, C,AH;, C;AH,,

C,AH, (C=CaO, A=Al,0,, H=H,0), and crystalline
Al(OH); or amorphous aluminate hydrate gel (AH;-gel)
[12]. At 50°C, or above other ternary phases are rapidly
replaced by cubic C;AH,, the only calcium aluminate
hydrate which is thermodynamically stable at ambient
temperature [13].

In the CaO-ZrO,—Al,O; system, the ternary com-
pound, i.e. calcium zirconium aluminate, Ca,ZrAlOs,
that shows incongruent melting point at 1550°C, has
been found by Berezhnoi and Kordyuk [14]. Ca,ZrAl,Oq
is a hydratable compound [15-19] that reacts with
water to yield calcium aluminate hydrates (C—A—-H),
aluminium hydroxide and calcium zirconate, CaZrO;.
The degree of hydration of Ca,ZrAl O 5 is determined by
water addition, temperature and time [18]. The hydro-
garnet phase (C;AH,), a crystalline form of aluminium
hydroxide (Al(OH),) and CaZrO,, was the product from
the hydration of Ca,ZrAl,O,4 at 60°C [18]. The hydrates
CAH,,,C,AHg;andC,AH,,,obtained atlowertemperatures
[16-17], are metastable phases that transform with time
to more stable and denser cubic hydrogarnet C;AHq.
The hydration products of Ca,ZrAl,O,; were similar to
those formed in the hydration reaction of CACs. In low
cement castables (LCCs), the calcium aluminate cement
is replaced by hydratable aluminas [6]. This is, the way
to reduce the lime content of the refractory concrete.
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The aim of this study is to characterize the reac-
tion and phases of the cementitious materials: reactive
alumina (Al,O;) and calcium zirconium aluminate
(Ca,ZrAlOy) at two temperatures (50°C and 1500°C).
This is an important issue for a possible application of
Ca,ZrAl O as a binding material in the high alumina
castables technology.

EXPERIMENTAL

Solid way synthesis procedure of
calcium zirconium aluminate (Ca,ZrAl,O,s)
and methods of investigation

Calcium zirconium aluminate was prepared by the
solid state reaction method using calcium carbonate
(CaCO;, 98.81 % Chempur), aluminum oxide (Al,O,,
99.7 % Acros Organics) and zirconium oxide (ZrO,,
98.08 % Merck) as the starting materials. The specific
molar ratio of calcium oxide, aluminum oxide, and
zirconium oxide (Ca0O:Al,05:ZrO,) was 7:3:1, respec-
tively. The reactants were thoroughly milled together,
using the conventional ball milling apparatus for 2 h. The
milled powders were then pressed into cylindrical green
pellets of 20 mm in diameter and comparable height at
30 MPa and were pre-sintered at 1300°C for 10 h in air
using the electric furnace. The calcined products were
crushed and ground using a mortar and pestle, followed
by sieving using the 60 pum test sieve to obtain better
powder homogenity. The sieved powders were compacted
again into disk-shaped samples (pellets) with a 20 mm
diameter under a pressure of 30 MPa. The compacted
pellets were subsequently sintered at 1500°C for 30 h
in air, cooled together with the furnace and powdered.
The formation of the crystalline phases of the sintered
samples was analyzed by X-ray diffractometry (XRD)
at room temperature using the PANalytical X Pert Pro
MPD diffractometer system with Cu Ka radiation from
to 5° to 90° at 20 intervals. The grain size distribution
of cementitious materials i.e. the synthesized calcium
zirconium aluminate (Ca,ZrAl,O,;) and commercially
available reactive alumina (Al,O;, Alteo-P172SB) pow-
ders was examined by dynamic light scattering (DLS)
techniques (Malvern Mastersizer 2000).

Preparation of the reactive
alumina-Ca,ZrAl;O s anhydrous and
hydrating mixtures and methods
of investigation

The anhydrous mixture of ALO; and Ca,ZrAl,Oq
powders was prepared by conventional mixing of reac-
tive alumina with the addition of 10 % by weight of the
synthesized Ca,ZrAl;O,; phase. The powder mixture
was homogenized during a 1-hour period of continuous
mixing. As the next step, thirty three grams of mixture
of hydratable alumina and calcium zirconium aluminate

(A—C,;A,Z) was mixed with 10 g of distilled water. One
hydration condition was employed, i.e. hydration for
14 days at 50°C in a sealed polyethylene bag above 80%
relative humidity. The phase composition of the unhyd-
rated (A—-C,A,Z; Z=7r0,) and hydrated (A-C,A,Z-H)
samples was determined by X-ray diffraction. The infra-
red spectra (FT-IR) of the samples were recorded in
the spectral range of 4000 - 400 cm™ after 128 scans at
4 cm™ resolution with the help of the Fourier BIO-RAD
FTS60 V spectrometer. The samples were analyzed as
KBr pellets. The hydration extent of the hydrated sample
was investigated using simultaneous TG, DTA and EGA
technique (NETZSCH STA 449 F3 Jupiter) at a heating
rate of 10°C-min”" under a flow of N,/O, (20 ml'min™),
using a-Al,O; as a standard. Before XRD, FT-IR and
DTA-TG-EGA, the hardened A—C,A;Z—H paste was gro-
und and the reaction was stopped by cold acetone [20].

Preparation of the Al,O;-based
refractory composite and methods
of investigation

The study of the reaction behaviour of high-tempe-
rature synthesis of alumina-based refractory ceramic was
analyzed in the Ca0O-Al,05-ZrO, system. The pressed
cylinders formed from the hydrated paste (A-C,A;Z-H)
were sintered in the electric furnace at a temperature
of 1500°C for 10 h with a heating rate of 2°C-min’".
The microstructure and pore size distribution of the
sintered samples were examined by Scanning Electron
Microscopy (SEM) using the FEI NOVA NANO SEM
200 machine and mercury porosimetry with the Pore-
Master 60 Quantachrome, respectively. The samples
were also ground to fine powder and analyzed by XRD
and FT-IR methods.

RESULTS AND DISCUSSION

Characterization of
the starting materials

Figure 1 depicts the XRD pattern of the Ca,ZrAl,O,
sample sintered at 1500°C for 10 h. The Ca,ZrAl,O, is
confirmed by comparing the observed XRD pattern with
the International Centre for Diffraction Data (ICDD)
pattern (No. 98-015-7989). The remaining of the small
XRD peaks are ICDD-traced to be residual CaZrO,
phase are in agreement with the ICDD No 98-009-7466.
XRD experiments at room temperature revealed that the
commercially available hydratable alumina does not
contain any impurity phases. All the XRD peaks were
completely ICDD-matched, thus confirmed to be those
of a single-phase AlLLO; (No 01-078-2426). Particle
size distribution (PSD) of the cementitious materials
i.e. reactive alumina and calcium zirconium aluminate
(Ca,ZrAl,O,), was characterized by the median (d,s)
which corresponds to 0.3 um and 3.4 pum, respectively.
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The reactive alumina-Ca,ZrAl,O,; anhydrous and
hydra-ting mixtures were prepared basing on powders
with monomodal size distribution.
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Figure 1. The XRD pattern of the synthesized Ca,ZrAlOs.

X-ray diffraction (XRD) and FT-IR
studies of the reactive alumina-Ca,ZrAl,O
anhydrous and hydrating mixtures

Figures 2a and b present the measured XRD
patterns of the anhydrous mixture of reactive alumina-
Ca,ZrAl O, and hydrated paste, respectively. As shown
in Figure 2b, it can be seen that all peaks of Ca,ZrAl,O,
disappeared on the XRD pattern of the hydrated paste
(A-C,A,Z-H) dueto phase consumption during hydration.
At 50°C, the hydration products of Ca,ZrAl,O,; were
the stable cubic phase (hydrogarnet), Ca;[Al(OHy)],
(C;AH¢) and gibbsite, AI(OH),. These findings are in
very good agreement with our previous results concer-
ning the hydration mechanisms of Ca,ZrAl O, at ele-
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vated temperature [18]. In the XRD pattern of the
hydrated paste (A—C,A,Z-H) (Figure 2b), reflections
for unhydrated Al,O; and some reflections for newly
for-med calcium zirconate, CaZrO; were identified.
CaZrO, formation during hydration of Ca,ZrAl,O,; was
also reported in the literature [16-19].

The FT-IR analyses of dry and hydrated AL,O; and
Ca,ZrAl O, phases have been extensively reported in
the literature [16, 21-22]. However, these studies have
focused on hydration behaviour of these cementitious
materials at room temperature, but have not at elevated
temperature. The FT-IR data of dry and hydrated
mixtures of cementitious materials are illustrated in
Figure 3. Basing on IR analysis it can be noted that
the infrared spectrum of the unhydrated form of the
Al,0,—Ca,ZrAl,O,; mixture (Figure 3a), compared to
the spectra from the hydrated mixture (Figure 3b),
exhibit significant differences.

Absorbance

T x T ¥ T ¥ T ¥ T ¥ T ¥ T v
500 1000 1500 2000 2500 3000 3500 4000
Wave number [cm™]

Figure 3. FT-IR spectra of the Al,O;—Ca,ZrAl;O,; mixtures
before (a) and after hydration (b) in the range of 400-4000 cm™.
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Figure 2. The XRD patterns of the Al,0;—Ca,ZrAl,O, an-hydrous (a) and hydrated (b) mixtures.
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The absorption bands appearing at about 453, 490
or 488, 606 and 640 cm™ in FT-IR spectra of both dry
and hydrated mixtures of cementitious materials are
attributed to a-AlL,O, (Figure 3a and b).The IR bands of
a-AL,O; have been assigned according to the study of
Tarte [21]. It is interesting to note that major bands of
Ca,ZrAlO,;, appearing in the 580 to 840 cm™ region
[16], have disappeared completely after hydration.
The Ca,ZrAlO,¢ hydration with water gives up to the
development of calcium aluminate hydrates [15-19].
At 50°C or above; the formation of C;AH, and gibbsite
is virtually immediate [13] and it was also reported in
our previous work [18]. The FT-IR spectrum of the A—
C,A;Z—H hydrated paste has a very broad band due to
the O-H groups in the 3000 - 4000 cm™ region [23]
(Figure 3b). This spectrum has bands sited at 3470,
3530 and 3624 cm™ due to the polymorph of aluminium
hydroxide, gibbsite, AI(OH), and OH-free absorption
band at the 3670 cm™ wavenumber of due to C;AH;
[22].

Analysis of thermal dehydration of
the reactive alumina-Ca,ZrAl O, hydrated
mixture by DTA-TG-EGA

The DTA, TG and EGA curves of thermal decom-
position of the hydrated paste of cementitious materials
are shown in Figure 4. The dehydration processes occur
in the temperature range 30 - 1000°C and are registered
on the DTA curve as three endothermic peaks with
maxima at 87, 252 and 297°C, respectively. A broad
endothermic reaction with a peak at 87°C, accompanied
by a slow mass loss (1.14 %), due to decomposition
of AH;-gel [24, 25], was observed on the TG curve.
According to Day and Lewis [26] or Bushnell-Watson
and Sharp [27] the amorphous or micro-crystalline
aluminium hydroxide gel may be fully decomposed as
high as 200°C or 300°C. The two endothermic DTA
effects occurring between 240 and 330°C are associa-
ted with the decomposition of crystalline phases, i.e.
Al(OH); and C;AH, [18, 24]. The maximum at 252°C
(DTA) accompanied by 1.37 % mass loss (DTG data;
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Figure 4. TG/DTA/EGA profiles of the Al,0,—Ca,ZrAl,Oq
hydrated mixture cured at 50°C for 14 days.

2.51 % TG data) is attributed to dehydration of AI(OH),
[24]. The third endothermic peak in the DTA spectra at
297°C and a weight loss of 1.25 % (DTG data; 3.76 %
TG data) could be ascribed to dehydration of C;AH,.
According to Cardoso et al [24] C;AH; may be fully
decomposed as high as 370°C. A further gradual mass
loss 0f 2.23 % completed at 1000°C (DTG data; 5.99 %
TG data) was due to the decomposition of residual A—H
or C—A—H phases. Evolution of H,O shows a parallel
run to the DTA curve having sharp local maxima at the
similar temperature values, 247 and 287°C, connected
with the decomposition of AI(OH), and C;AHj, respec-
tively.

Investigations of the alumina-based
dense composite

X-ray diffraction (XRD) and
FT-IR studies

The XRD pattern of the Al,O;-based refractory
composite sintered at 1500°C is given in Figure 5. X-ray
diffraction experiments indicate that the product of
sintering at 1500°C for 10 h consists mainly of a-Al,O,,
CaAl,,0,, and the secondary monoclinic polymorph of
zirconia. It can be concluded that the lime-rich calcium
aluminates, especially Ca,,Al,,05; (C},A;) [19], formed
as dehydration products formed on continuous firing of
the A-C;A,Z-H green humid sample, reacted with an
excess of ALO; to form the alumina-rich phase, such
as CaAl,0,, (CAy). As it has been reported by Vishista
and Gnanam in Ref. [28] and Singh in Ref. [29], CA(
may be formed by the reaction between C and A; the
reaction between CA, and A; the reaction among CA,
CA, and A. According to the phase diagram for the
Ca0-Zr0O,-Al,0; system, proposed by Berezhnoy
and Kordyuk [14], calcium zirconate CaZrO, formed
during the hydration reaction of Ca,ZrAl,O,,, coexists
with CaAl,O, and CaAl,O,, but not with CaAl;,0,,.

800
* ALO,

o CaAl_O

1219
v m-ZrO,

600

Intensity [a.u.]

Figure 5. The XRD pattern of the Al,0,—CaAl,,0,,~ZrO, cera-
mic composite material.
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The Al,0,—CaAl;,0,ZrO, elementary compatibility
triangle was found in the CaO-ZrO,-Al,0O, system.
Therefore, the chemical reaction between CaZrO; and
Al O,, given by Eq. (1) occurred.

CaZrO; + 6ALO, — CaAl,,0,, + ZrO, (1)

The FT-IR studies have been used to confirm the
formed compound. The spectrum of the Al,O;-based
refractory composite is presented in Figure 6. As it was
investigated by Tarte [21], the characteristic frequency
ranges of inorganic aluminate phases are as follows:
“condensed” AlO, tetrahedra in the spectral range of
900-700cm™, “isolated” AlO, tetrahedra (800 - 650 cm™),
“condensed” AlO, octahedra (680 - 500 cm™) and
“isolated” AlO, octrahedra (530 - 400 cm™). Corundum
a-AlO; is a representative compound of the “condensed”
AlQ, octahedra category. As it can be seen from Figure 6,
the strong absorption bands due to AlO, octahedra are
centered near 640 and 604 cm™ [21]. This spectrum has
also bands centered at about 465, 528, 552, 618, 704,
and 777 cm’', due to synthetic calcium hexaaluminate,
CaAl,0,y (CA¢) [30]. One additional absorption
band centered at about 739 c¢cm™ is distinctive for the
monoclinic ZrO, polymorph [31].

Absorbance

T T T T T T T
400 600 800 1000 1200 1400

Wave number [cm™]

Figure 6. FT-IR spectra of the Al,0,—CaAl,,0,,—ZrO, ceramic
composite material.

SEM/EDS observations

Figures 7 and 8 present the scanning electron mi-
croscope image of both polished and fractured sections
of the Al,O,-based refractory composite sintered at
1500°C. SEM image of polished sections from the
sintered Al,O;-based ceramic material shows calcium
hexaaluminate (Figure 7 — point 1), dispersed as a rein-
forcing phase in the alumina matrix (Figure 7 — point 2)
with a homogeneous distribution of zirconia grains
(Figure 7 — point 3). SEM of the fracture section of
a sample shows the elongated grain morphology of

CA, while the alumina grains are small and irregular
(Figure 8). The performed microstructure observations
using the scanning electron microscope as well perfor-
med quantitative X-ray analysis confirm the presence
of Al,O,, CaAl;,0,, and ZrO,, detected by XRD and
FT-IR analysis.
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Figure 7. SEM photomicrograph of the polished section of the
Al,0;—CaAl,,0,,ZrO, ceramic composite material. (Spots 1-3)
EDS analysis: 1 — CaAl,0,y, 2 — Al,O5, 3 — Z1rO,.
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Figure 8. SEM photomicrograph of the fractured section of the
Al,0,—CaAl,,0,,—ZrO, ceramic composite material.

Mercury intrusion porosimetry

The Al,0;—CaAl,,0,—ZrO, refractory composite
material has a multi-modal pore size distribution,
with the pore diameters of 0.004 um, 0.09 um,
0.14 um, 0.24 um, 0.41 pum, 7.10 um and 10.19 pm.

Ceramics — Silikaty 60 (1) 27-33 (2016)

31



Madej D., Szczerba J.

The predominant pore size is centered around 0.41 pum.
For this composite, the average open porosity,
as determined by mercury intrusion porosimetry,
was 13.3 %. The pore size characteristics of the
Al,0,—CaAl,,0,y—ZrO, composite are presented by
pore size distribution both in the form of differential
and cumulative pore size distribution and are shown in
Figures 9 and 10, respectively.
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Figure 9. Differential pore size distribution curve for the

Al,O;—CaAl,,0,—ZrO, ceramic composite material.
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Figure 10. Cumulative pore size distribution curves the Al,O,—
—CaAl,0,y—Zr0O, ceramic composite material.

CONCLUSIONS

The subject of this paper was to characterize the
reaction and phases from the hydratable materials:
reactive alumina (AL,O;) and calcium zirconium alumi-
nate (Ca,ZrAl,O,) at 50°C and 1500°C. Our investiga-
tions concerned the transformation of hydraulic bonding
in the hydrated mixture of Al,O; and Ca,ZrAl;O, into
calcium hexaaluminate, acting as a ceramic bonding

phase in the alumina-based ceramic material. For this
purpose DTA-TG-EGA, XRD, FT-IR and SEM/EDS
techniques were employed.

Products of the hydrated mixture of Al,O; and
Ca,ZrAl O 5 were studied by X-ray diffractions (XRD),
thermal analysis (TG-DTA-TG) and Fourier transform
infrared spectroscopy (FT-IR) after 14 days of curing
and hydration at 50°C. According to these results, the
thermodynamically stable crystalline hydrates, i.e.
C;AH, and AI(OH),, were formed at 50°C.

Calcium zirconate CaZrO,, also formed during
the hydration process of Ca,ZrAl;O,5 and the lime-rich
calcium aluminates, formed upon dehydration of C;AH,
were not stable and reacted with Al,O; to form mono-
clinic zirconia and calcium hexaaluminate, respectively.
The presence of m-ZrO, and CaAl,,0,, was confirmed
by XRD and FT-IR. A microstructural examination
of the Al,O;-based ceramic showed a dense structure
with dispersion of the reinforcement of the calcium
hexaaluminate phase with a homogeneous distribution
of zirconia grains. The heterogeneous pore size distribu-
tion of the Al,0,—CaAl,,0,,—ZrO, ceramic composite
material with the predominant pore size centered at
0.41 pm was identified. Characterization of the reaction
in the Al,0,—Ca,ZrAl,O,,—H,0 system, its dehydration
behavior and phase changes are important from the point
of view of possible applications of Ca,ZrAl,O,4in high
alumina castables technology.
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