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Calcium zirconium aluminate (Ca7ZrAl6O18) cements were prepared by solid state reaction and polymeric
precursor methods, and their phase evolution, morphology, and hydration behavior were investigated. In poly-
meric precursor method, a nearly single phase Ca7ZrAl6O18 was obtained at relatively lower temperature
(1200 °C) whereas in solid state reaction, a small amount of CaZrO3 coexisted with Ca7ZrAl6O18 even at higher
temperature (1400 °C). Unexpectedly, Ca7ZrAl6O18 synthesized by polymeric precursor process was the large-
sized and rough-shaped powder. The planetary ball milling was employed to control the particle size and
shape. The hydration behavior of Ca7ZrAl6O18 was similar to that of Ca3Al2O6 (C3A), but the hydration products
were Ca3Al2O6·6H2O (C3AH6) and several intermediate products. Thus, Zr (or ZrO2) stabilized the intermediate
hydration products of C3A.

© 2013 Elsevier Ltd. All rights reserved.
1. Introduction

In dentistry, calcium silicate-based cements are used for dental root
canal filling and repairmaterials, but their radiopacity is not sufficient to
be visualized radiographically [1–4]. To distinguish the filling and repair
materials from the surrounding anatomical structures (dentine),
radiopacifyingmaterials such as bismuth oxide, zinc oxide, and zirconi-
um oxide has to be added to the calcium silicate-based cements [1,5,6].
However, the addition of a radiopacifier in a minimal amount can
change the setting chemistry, biocompatibility, and physical properties
of the cements. In this aspect, it is beneficial to develop the cementwith
the radiopacifier as a component instead of as an additive, and ZrO2-
containing calcium aluminate (Ca7ZrAl6O18) cement is a promising
candidate.

Ca7ZrAl6O18 is only a compound with hydration reactivity in CaO–
Al2O3–ZrO2 system [7–9]. Its crystal structure is orthorhombic with a
space group of Pmn21, in which five types of Ca atoms and four types
of AlO4 tetrahedra are positionally and orientationally disordered,
respectively [9]. The hydration behavior of Ca7ZrAl6O18 is comparable
to that of Ca3Al2O6 (C3A), and Ca7ZrAl6O18 is free from premature
setting. Ca7ZrAl6O18 is expected to take the place of Ca3Al2O6 in normal
Portland cement and have a potential application as dental root canal
filling and repair materials, but the studies were very limited and very
few reports have been published [7–10].

Ca7ZrAl6O18 has been synthesized by a conventional solid state reac-
tion [7,9], which requires a high temperature and a prolonged sintering
time. Polymeric precursor (or Pechini) method is a low temperature
28841413.
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sol–gel route based on the polybasic acids (e.g., citric acid) to form
chelates with metallic ions. The chelates undergo polyesterification
upon heating with the polyhydroxyl alcohols (e.g., ethylene glycol) to
form the large metal–organic complexes [11,12]. This method offers a
molecular level mixing resulting in the powders with a high purity, an
ultrahigh homogeneity, a wide range of particle size, and a lower
calcination temperature. The polymeric precursor method has been
employed to prepare the calcium aluminate and calcium silicate ce-
ments [13–15], but it has not been applied to synthesize the Ca7ZrAl6O18

cement.
In this study, calcium zirconium aluminate (Ca7ZrAl6O18) was syn-

thesized by polymeric precursor and solid-state reaction methods, and
their phase evolution and morphology were investigated. The synthe-
sized Ca7ZrAl6O18 powder was treated by planetary ball milling to con-
trol the particle size and morphology. In addition, the hydration
behavior and radiopacity of Ca7ZrAl6O18 were examined and compared
with that of Ca3Al2O6 (C3A), whichwas prepared in the similar manner.

2. Materials and methods

For solid state reaction synthesis, the stoichiometric mixture of
CaCO3 (Acros, Geel, Belgium), ZrO2 (Fine Materials, Korea), and Al2O3

(Aldrich, Milwaukee, WI) was mixed in acetone, ball milled for 24 h,
and then dried in an oven for 24 h. The dried mixtures were pre-
calcined at 900 °C for 3 h in air and then annealed at 1000–1400 °C for
3 h. In polymeric precursor process, Ca(NO3)2·4H2O(Aldrich,Milwaukee,
WI), ZrO(NO3)2 (Aldrich,Milwaukee,WI), andAl(NO3)3·9H2O (Aldrich,
Milwaukee, WI) were used as starting materials. The resin was com-
posed of 60 wt.% citric acid monohydrate and 40 wt.% ethylene glycol,
and the resin content was fixed at 85 wt.% of the oxide weight. The
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Fig. 1. X-ray diffraction patterns of Ca7ZrAl6O18 synthesized by solid-state reaction as a
function of annealing temperature; (A) 1000, (B) 1100, (C) 1200, (D) 1300, and (E)
1400 °C.
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Fig. 2. X-ray diffraction patterns of Ca7ZrAl6O18 synthesized by polymeric precursor pro-
cess as a function of annealing temperature; (A) 1000, (B) 1100, (C) 1200, (D) 1300,
and (E) 1400 °C.
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mixed solution was heated to evaporate the water and charred at
250 °C for 3 h. The resulting gels were finely ground and then calcined
at 750 °C for 3 h. The calcined powderswere annealed at 1300–1600 °C
for 3 h in air. For comparison, Ca3Al2O6 (C3A) was prepared by poly-
meric precursor process using Ca(NO3)2·4H2O and Al(NO3)3·9H2O,
and the annealing was conducted at 1200 °C for 3 h. To reduce the
particle size, as-calcined powders (at 900 °C) were ground by planetary
ballmill with zirconia balls and zirconia jar in absolute ethanolmedium.
The rotation speed was 250 rpm and milling time was 1 h. The milled
powders were dried at 80 °C for 24 h and then annealed at 1200 °C
for 3 h.

For the hydration studies, annealed powders (Ca7ZrAl6O18 and
Ca3Al2O6) were mixed with distilled water, and pastes were cast into
plastic vials. Thewater to cement ratio (w/c)wasfixed at 1.0 for all sam-
ples. The vials were stored in a sealed container containing water and
demolded after fixed times (1 min–7 days). The hydrationwas stopped
by immersing the crushed samples in methanol for 3 days, and the
methanol exchanged samples were dried in a N2 atmosphere.

The phases of annealed and hydrated samples were examined by
X-ray diffraction (XRD, D8-Advance, BRUKER MILLER Co.) using Cu Kα
radiation (λ = 1.5406 Å). Themorphology of the powderswas observed
by field emission scanning electron microscopy (FE-SEM, JSM-7401 F,
JEOL). The semi-quantitative elemental composition was determined
by energy dispersive X-ray spectroscopy (EDS) at an acceleration
voltage of 15 kV using an ISIS 300 system (Link Analytical, Oxford In-
struments). The specific surface area of the annealed powderswasmea-
sured using nitrogen absorption (BET, Model ASAP 2010, Micromeritics
Instrument Corp., Norcross, GA). The temperature changes during
hydration were measured by inserting the conventional probe type
digital thermometer in the pastes. For a radiopacity evaluation, the
specimens (Ca7ZrAl6O18 and Ca3Al2O6) were cured at 37 °C for
28 days. The specimens were placed directly on a phosphor imaging
plate adjacent to a calibrated aluminum step hole with 3 mm thickness.
A standard X-ray machine (GEC Medical Equipment Ltd., Middlesex,
UK) was used to irradiate X-rays onto the specimens using an exposure
time of 0.48 s at 10 mA at a cathode-target film distance of
300 ± 10 mm. The tube voltage was set at 65 ± 5 kV. The radiographs
were processed in an automatic processing machine (Clarimat 300,
Gendex Dental Systems, Medivance Instruments Ltd., London, UK) and
a digital image of the radiograph was obtained.

3. Results and discussion

3.1. Phase and morphology

The XRD patterns for Ca7ZrAl6O18 powders prepared by solid-state
reaction are shown in Fig. 1 as a function of annealing temperature. At
1000 °C, CaZrO3 and Ca3Al2O6 (C3A)were formed, but unreacted starting
materials (CaO, ZrO2, and Al2O3) were still observed (Fig. 1(A)). With
increasing the annealing temperature, the peak intensity for CaZrO3

and C3A increased with the expense of starting materials (Fig. 1(B),
(C)). At 1300 °C, these two phases were transformed into Ca7ZrAl6O18

with a small amount of CaZrO3 (Fig. 1(D)). According to the intensity
ratio of XRD main peaks (ICaZrO3/ICa7ZrAl6O18), the amount of CaZrO3

secondary phasewas estimated to be ~2.6%. The obtained diffraction pat-
tern of Ca7ZrAl6O18 was well matched with the previous pattern based
on the orthorhombic crystal structure with a space group of Pmn21 [9].
However, CaZrO2 could not be eliminated even at higher temperature
(Fig. 1(E)) or for a longer annealing time.

In polymeric precursor method, Ca7ZrAl6O18 was obtained at as low
as 1000 °C although the peaks were broad and the peak intensity was
weak (Fig. 2(A)). No intermediate secondary phases such as Ca3Al2O6,
Ca5Al6O14, and Ca12Al14O33 were observed [8,16]. With the increase of
annealing temperature, the peak intensity for Ca7ZrAl6O18 increased
and the diffraction peaks were well separated indicating the enhanced
crystallinity (Fig. 2(B), (C)). No difference was found in the XRD
patterns of the powders annealed at 1300 and 1400 °C (Fig. 2(D), (E))
and thus, the annealing temperaturewas fixed at 1200 °C for the subse-
quent studies. Consequently, the polymeric precursor methodwas very
effective to synthesize the Ca7ZrAl6O18 phase at the relatively low
temperature. In all the powders prepared by polymeric precursor
process, a minor amount of CaZrO2 (~0.9%) was present, and a single
phase of Ca7ZrAl6O18 was realized when the less amount of ZrO(NO3)2
than the stoichiometric ratio (≤0.95)was used (see the Supplementary
data Fig. S1a). The lattice parameter of single phase Ca7ZrAl6O18

(ZrO(NO3)2 = 0.9) was determined by the Si internal standardmethod
(see the Supplementary data Fig. S1b). The refined lattice parameters
based on the orthorhombic crystal structure (Pmn21) were a =
10.844(3), b = 10.601(1), and c = 7.669(1) Å, which were well agreed
with the reported data [9].

The morphology of a nearly single phase Ca7ZrAl6O18 is shown in
Fig. 3. The Ca7ZrAl6O18 powder prepared by solid-state reaction at
1300 °C exhibited a rather round shape with a smooth surface, and
the particle size was approximately 5 μm (Fig. 3(A)). Further increase
of annealing temperature to 1400 °C caused the significant coarsening
(or sintering) and resulted in the larger particle size. On the other
hand, the powder synthesized by polymeric precursor process at
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Fig. 3. FE-SEM images of Ca7ZrAl6O18 synthesized by (A) solid state reaction at 1300 °C and (B) polymeric precursor process at 1200 °C. (C) Ca7ZrAl6O18 prepared by polymeric precursor
process and planetary ball milling and (D) C3A prepared by polymeric precursor process at 1200 °C.
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1200 °C showed the rough and irregular fracture morphology with an
inhomogeneous size distribution (Fig. 3(B)). This was unexpected
because the polymeric precursor process commonly produces the very
fine, homogeneous, and spherical powders [17,18]. To reduce the parti-
cle size and size distribution, the powder calcined at 900 °C was ground
by planetary ball milling and annealed at 1200 °C. The formation of
Ca7ZrAl6O18 was examined by XRD and the size reduction was con-
firmedby SEM (Fig. 3(C)). Consistentwith SEMobservation, the specific
surface area increased from 0.7 to 1.7 m2/g after milling. It is expected
that the size of Ca7ZrAl6O18 powder can be further reduced after
a prolonged milling time. To compare the hydration behavior of
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Fig. 4. XRD patterns of hydrated Ca7ZrAl6O18 synthesized by polymeric precursor process
as a function of hydration time; (A) 10 min, (B) 1 h, (C) 1 day, (D) 3 days, and (E) 7 days.
Ca7ZrAl6O18 with that of Ca3Al2O6 (C3A), C3A was synthesized in
the same way using the polymeric precursor process. The particle
morphology and particle size were similar to those of Ca7ZrAl6O18

(Fig. 3(D)), and the specific surface area increased from 0.8 to
1.4 m2/g after milling.

3.2. Hydration

Ca7ZrAl6O18 immediately reacted with water after mixing. The
XRD pattern of the paste hydrated for 10 min (directly synthesized
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Fig. 5. XRD patterns of hydrated Ca7ZrAl6O18 synthesized by polymeric precursor process
and planetary ball milling as a function of hydration time; (A) 10 min, (B) 1 h, (C) 1 day,
(D) 3 days, and (E) 7 days.
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Fig. 6. Temperature rise during hydration of Ca7ZrAl6O18. Both cements were prepared by
polymeric precursor process at 1200 °C. Sample (B) was planetary ball milled.
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Ca7ZrAl6O18 by polymeric precursor method) showed the weak diffrac-
tion peaks for hydration products (Fig. 4(A)). The peak intensity for hy-
dration products increased with the curing time, and after 1 day,
Ca7ZrAl6O18 phase almost disappeared (Fig. 4(C)). Further increase of cur-
ing time to 7 days resulted in the increase of peak intensity for hydration
productswithout the phase change (Fig. 4(D), (E)). The CaZrO3 phasewas
still present in the hydrates up to 7 days. The hydrates of Ca7ZrAl6O18

were different from that of C3A. When the hydration of C3A occurs,
Ca3Al2O6·6H2O (C3AH6) was readily formed, but C3A still re-
mained up to 7 days (not shown here). In the diffraction patterns
of Ca7ZrAl6O18 hydrates, CaCO3 andC4ACH11 (4CaO·Al2O3·CO2·11H2O)
phases were identified. The rest of the un-indexed peaks were weak and
broad and could be indexed to be 2CaO·Al2O3·8H2O (C2AH8),
4CaO·Al2O3·19H2O (C4AH19), Ca2Al(OH)7·3H2O (C4AH13), and
3CaO·Al2O3·Ca(OH)2·18H2O [19–21]. To confirm the hydration
products of Ca7ZrAl6O18, TG-DTA and FT-IR analyses were additionally
performed (see the Supplementary data Figs. S2 and S3 and Tables S1
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Fig. 7. FE-SEMmicrographs of hydrated (A, B) Ca7ZrAl6O18 and (C, D) C3A. All the cements were
were planetary ball milled cements.
and S2). Based on the obtained results and previous report [10],
C2AH8, C4AH19, and C4AH13were finally identified as hydration prod-
ucts of Ca7ZrAl6O18 along with CaCO3 and C4ACH11. These phases are
known to be themetastable intermediate hydration products of calcium
aluminate cements, which eventually convert to C3AH6 [21]. However,
the intermediate phases were still found in the paste hydrated for
28 days and C3AH6was not detected. It is speculated that the presence
of Zr (or ZrO2) stabilizes the intermediate hydration products. The
Ca7ZrAl6O18 powder prepared by solid state reaction exhibited the sim-
ilar hydration behavior. On the other hand, the different hydration
products were found in the paste of Ca7ZrAl6O18 prepared through
planetary ball milling as shown in Fig. 5. Both C3AH6 and intermediate
phases were immediately formed (Fig. 5(A)) and they continued to
exist up to 7 days (Fig. 5(B)–(F)). The peak intensity was almost un-
changed with curing time and no conversion from intermediate phases
to C3AH6 was observed. The peaks for Ca7ZrAl6O18 were not found in
the pastes hydrated for more than 1 day similar to the directed synthe-
sized Ca7ZrAl6O18 (Fig. 4(C)). Consequently, the formation of C3AH6
during hydration of Ca7ZrAl6O18was strongly dependent on the particle
size or surface area. To find out the origin for the different hydration
products depending on the particle size, the temperature change at
the early stage of hydrationwasmonitored by inserting the convention-
al probe type digital thermometer in the pastes (Fig. 6). The tempera-
ture rise was faster and the maximum temperature was higher in the
paste of Ca7ZrAl6O18 prepared through planetary ball milling. It is
known that the metastable C4AH19 and C2AH8 phases convert to
C3AH6 when left in air or when heated [21,22]. Thus, the formation of
C3AH6 in the paste of Ca7ZrAl6O18 prepared through planetary ballmill-
ing can be attributed to the higher exothermic reaction or higher tem-
perature rise.

The morphology of the pastes hydrated for 3 days are shown in
Fig. 7. Only irregular flakes were observed in the paste of directed syn-
thesized Ca7ZrAl6O18 (Fig. 7(A)) and both irregular flakes and isotropic
particles (octahedron-like) were found in the paste of Ca7ZrAl6O18 pre-
pared through planetary ball milling (Fig. 7(B)). The hydration products
of C3A pastes had the isotropic morphology close to spherical shape
3µm

3µm
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prepared by polymeric precursor process at 1200 °C and hydrated for 3 days. (B) and (D)
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Fig. 8. FE-SEM image and EDS mapping of hydrated Ca7ZrAl6O18 prepared by polymeric
precursor process and planetary ball milling (3 day hydration).

Fig. 9. Digital images of X-ray radiographs of C3A and Ca7ZrAl6O18 cements hydrated for
28 days.
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(Fig. 7(C) and (D)). The intermediate phases, C4AH19 and C2AH8, com-
monly have the morphology of hexagonal flake or irregular flake, and
the C3AH6 phase exhibits the isotropic or cubic morphology [19–21].
Thus, the observed morphology of Ca7ZrAl6O18 pastes was consistent
with the XRD results.

The elemental distribution in the hydrate of Ca7ZrAl6O18 was exam-
ined by EDS (Fig. 8). The EDS mapping showed that Ca and Al were
uniformly distributed, but Zr was rather locally present. The isotropic
particle marked by “A” contained 1.2 at.% Zr whereas the irregular
flakemarked by “B” had 5.6 at.% Zr. Consequently, Zr wasmore concen-
trated in the intermediate hydration products, and the presence of Zr
(or ZrO2) retards or inhibit the transformation into the stable hydration
product (C3AH6). Madej et al. reported that CaZrO3 was separated from
Ca7ZrAl6O18 during hydration based on the increased intensity of
CaZrO3 peaks in the hydrated sample [10]. However, CaZrO3 phase
was not detected in the hydrates of single phase Ca7ZrAl6O18 prepared
in ZrO(NO3)2 = 0.9 condition (see the Supplementary data Fig. S4),
which indicates that Zr is present in the hydration products instead of
separating into CaZrO3 phase.

The radiopacity of Ca3Al2O6 and Ca7ZrAl6O18 was evaluated by a
standard X-ray machine, and the digital images of the radiographs are
shown in Fig. 9. When calcium aluminate or calcium silicate is used as
a root-end filling material, it needs to be discernible from dentin and
root canal filling material. The International Organization for Standard-
ization (ISO) 6876 specification for dental root canal sealing materials
states that the radiopacity should be greater than a 3 mm thickness of
aluminum [23]. The images indicate that 1 mm thickness of Ca7ZrAl6O18

has a radio-opacity equivalent to not less than 3 mm of aluminum, and
it shows a better radio-opacity than C3A. These preliminary results
showed that Ca7ZrAl6O18 has a potential for substituting the C3A phase
in dentistry.

4. Conclusions

A nearly single phase Ca7ZrAl6O18 was synthesized at relatively low
temperature of 1200 °C through polymeric precursor process. The
hydration behavior of Ca7ZrAl6O18 was similar to that of C3A, but the
hydration products were different. The intermediate hydration prod-
ucts of C3A persistently exist in the hydrates of Ca7ZrAl6O18, which
appears to be related to the degree of heat evolution, but further studies
are required to find out the reason. The Ca7ZrAl6O18 shows a better
radiopacity than C3A and thus, Ca7ZrAl6O18 cement is expected to be
used as a dental root filling and/or repair material with a radiopacifier
(ZrO2).
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