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bstract

he room temperature stabilized �-cristobalite ceramic powder has great potential for use in production of engineering ceramic materials due to
ts high resistance to thermal shock, low expansion coefficient, high chemical resistance and low density. However, the use of this material is not
ommon in ceramic industries. The problem is shown to be the instability of �-phase during milling. The applied external force leads to phase
ransformation to �-cristobalite and thus the material shows poor thermal stability and so on. In this study, a reliable �-cristobalite ceramic powder

rom CaO–Al2O3–SiO2 ternary system was investigated at different compositions and under various sintering temperatures and sintering times.
he phase stability of the powder sample was investigated by milling for 50 h using a planetary mill. The crystalline phases were examined by
-ray and FTIR analysis and the results were discussed with respect to the phase homogeneity through the particle mass.
2009 Elsevier Ltd. All rights reserved.
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. Introduction

The crystalline silica ceramic powder takes different poly-
orphic forms as quartz, tridymite and cristobalite at room

emperature. Each crystalline form represents a distinct arrange-
ent of silicon–oxygen tetrahedral into a three-dimensional

rystalline network. The cristobalite phase exists in two
olymorphic forms as low-cristobalite (�-cristobalite) and high-
ristobalite (�-cristobalite). Originally, the �-cristobalite has
hase stability above 1470 ◦C. The phase normally transforms
nto low-cristobalite form when it is cooled. The tempera-
ure range is between 170 and 270 ◦C. The actual temperature
epends on the crystallization conditions.1–3 This is accompa-
ied by a volume decrease of approximately ∼5%.4 Because of
he large volume change, the �-crystallization causes cracking
roblems and thus leading to an inferior product. The other sta-

le form of high-cristobalite material is the product obtained at
oom temperature and it has great importance for use in ceramic
abrication. The promising engineering properties are the high
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esistance to thermal shock and the low expansion coefficient.
he high chemical resistance and the low density are the addi-

ional advantages.
The high-cristobalite ceramic powder could be obtained at

oom temperature by phase stabilization using “stuffing” cations
hich was first described by Buerger,5 where the incorporation
f foreign ions (Ca, Sr, Cu, Na) in the interstices of silicate
tructure is charge-compensated by the substitution of Al3+ for
i4+ in the framework. Saltzberg et al.6 presented a formula
or the high-cristobalite stabilization such as Si1−xAlxMx/n

n+O2,
here Mn+ represents the cations occupying the interstices of the

ramework. It was also noted that the presence of foreign impu-
ities in the interstices presumably inhibits the contraction of the
tructure during the � ↔ �-cristobalite transformation.7 Addi-
ionally, the best result regarding the yield of a well-crystallized
-cristobalite was investigated for the doping levels ranging

rom x = 0.04 to 0.08. This study also proposed that the dop-
ng level should be x = 0.05 while Thomas et al.8 and Alcala et
l.2 indicated different results. They concluded that the compo-
ition corresponding to a substitution level should be x = 0.06

nd x = 0.07, respectively.

In spite of the favored properties, the chemically stabilized
ristobalite ceramic powders could not been extensively used
or manufacturing of industrial ceramics. Two prominent

mailto:cozgur@dumlupinar.edu.tr
dx.doi.org/10.1016/j.jeurceramsoc.2009.04.013
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roblems are: (i) significantly large size of the synthesized
-form powders7 and (ii) instability of the powder sample
uring size reduction operations. The applied external force
eads to phase transformation of the �- form to �-cristobalite4,7

nd thus the material shows poor thermal stability when the sin-
ering proceeds. The large volume change of �-crystallization
roduces some cracks thus leading to inferior products.

It is not obvious that the applied external forces with high
nergy milling always convert the high-cristobalite phase to low
orm. This may be the result of the insufficient stabilization. In
ight of this data, it is necessary to synthesize a �-cristobalite
eramic powder with high stability values to enhance use of
he ceramic powder in fabrication of high performance engi-
eering ceramic materials. The reliable �-cristobalite ceramic
owder from CaO–Al2O3–SiO2 ternary system was investigated
y changing the concentration of stuffing ions and applying
ifferent sintering temperatures and times.

. Materials and methods

The chemically stabilized �-cristobalite ceramic powder
rom SiO2–Al2O3–CaO ternary system was examined adopt-
ng the chemical composition by the formula given by Saltzberg
t al. 6 (Si1−xAlx+yCax/2O2+1.5y) as stoichiometric (y = 0) and
on-stoichiometric (0.02 < y > 0.1) compositions (see Table 1).
he stuffing cations (Al3+ and Ca2+) were supplied from
luminum-nitrate-nonahydrate Al(NO3)3·9H2O, and calcium-
itrate-tetrahydrate, Ca(NO3)2·4H2O. The addition of colloidal
ilica to such aqueous solutions and stirring for 30 min led to gel
ormation and then the material was dehydrated at 120 ◦C for
4 h to obtain amorphous powder. The powder was deaglomer-
ted by using agate mortar (Fritsch Pulverisatte 0) and sintered
t the temperature range of 1000–1300 ◦C for 4 up to 140 h. The
eating and cooling rates of the furnace were 5 ◦C min−1.
The influence of stress inducing on the phase stability of �-
orm crystallization was investigated by grinding the samples
or 50 h by using a planetary ball mill (Retsch-PM 200) with

C jars and grinding balls with a speed of 200 rpm. The crys-

able 1
he chemical compositions of the samples for preparation of the high-
ristobalite ceramic powder.

omposition types Sample
code

x y

toichiometric Si1−xAlxMx/n
n+O2

S1 0.02 –
S2 0.04 –
S3 0.05 –
S4 0.06 –
S5 0.07 –
S6 0.08 –
S7 0.10 –

on-stoichiometric Si1−xAlx+yCax/2O2+1.5y

NS1 0.02 0.02
NS2 0.04 0.04
NS3 0.05 0.05
NS4 0.06 0.06
NS5 0.07 0.07
NS6 0.08 0.08
NS7 0.10 0.10

e
m
d
s
w
t
g

F
t
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alline phases of the samples were analyzed between the range
f 10–70◦ using X-ray diffractometer (XRD, Rigaku-miniflex)
y using Cu K� radiation with Ni filter. The scanning speed
as 2◦ min−1 and step of 0.01◦. Crystalline phases were also

nalyzed by using FTIR (Burker Vertex 70). The homogeneity
f phase distribution on the particle surface was investigated
rom the surface charges determined by a Zetasizer (Malvern
eta-Sizer Nano ZS).

. Results and discussions

The room temperature stabilized �-cristobalite ceramic pow-
er from CaO–Al2O3–SiO2 ternary system was investigated
or producing material with phase stability during high energy
illing. The composition of stuffing ions, applied sintering tem-

eratures and times were examined. The experimental results
ere discussed with respect to X-ray findings and the results of
TIR analysis along with the measurement of surface charge of

he particles.

.1. The phases with X-ray analysis

The �-cristobalite ceramic powder was investigated from the
stoichiometric” and “non-stoichiometric” statement where the
and y values vary from 0.02 to 0.1 (see Table 1). The X-ray

hases of the powder samples sintered at 1100 ◦C for 24 h were
etermined. The X-ray detected crystallizations are shown to
e same for both the stoichiometric and the non-stoichiometric
ompositions. It is interesting that the non-stoichiometric com-
osition has contained two times higher alumina. The X-ray
esults for the stoichiometric compositions are given in Fig. 1.
he current results are not different than previous literature stud-

es and similar findings of those studies are called surprising.8

e proposed that the statement asserting there is no influ-
nce of the high alumina contamination on the crystallization
echanism is doubtful and thus this type of concept should be

iscussed with respect to the additional characterizations. In this

tudy, the work was planned as three stages: (i) phase analysis
ith FTIR, (ii) investigation of the phase homogeneity of par-

icles mass from the surface charge measurements and (iii) the
rinding test with high energy milling.

ig. 1. X-ray analysis of the powder samples sintered at 1100 ◦C for 24 h for
he experiments conducted on stoichiometric compositions.
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phases (see Fig. 4) might change the surface properties of the
powder material. Thus, the zeta-potential of samples was inves-
tigated for a wide range of pH values (see Fig. 5). The samples
ig. 2. The X-ray analysis of samples coded as S3; the experiments conducted
t low temperature at 1000 ◦C: (a) 24 h, (b) 48 h, (c) 140 h and high temperature
t 1200 ◦C (d) 24 h.

The amount of doping ions such as Al3+ and Ca2+ have great
nfluence on the crystallization in which only two states (exper-
ment coded as S3 and NS3) indicate relatively good �-type
ristobalite crystallization, the others show impurities such as
uartz, plagioclase and �-cristobalite crystallization. Here, the
ccurate detection of whether the crystallization is � or � is diffi-
ult. Diffraction pattern of the �-cristobalite can be distinguished
rom that of �-cristobalite by the presence in the �-cristobalite
attern of reflection at d-spacing of 2.49 and 2.84 Å, which are
bsent in the �-cristobalite pattern.9,10 For the low doping level,
p to x = 0.05, quartz and �-cristobalite phase is present with
-cristobalite crystallization. When the doping level is higher

han x = 0.05, the plagioclase phase (anorthite) appears with the
eaction between the excess stuffing ions and the Si4+ ions. The
esults regarding the yield of a relatively good crystallization
ere obtained for a doping level of x = 0.05 and the result best
tted for the experiments conducted by Saltzberg et al.6

Besides some impurities such as quartz and �-cristobalite,
he above mentioned two compositions were furthermore inves-
igated for the production of well crystallized �-cristobalite by
onducting the experiments at 1000 and 1200 ◦C for longer soak-
ng times up to 140 h. The results of X-ray analysis are given in
igs. 2 and 3. Fig. 2 presents the experiments conducted at high

emperature (at 1200 ◦C) and low temperature (at 1000 ◦C) for
onger soaking times up to 140 h. And Fig. 3 demonstrates the
xperiments in which an intermediate temperature (at 1100 ◦C)
as set for less time sintering at about 4 and 12 h. The experi-
ents indicated that the amount of �-cristobalite increased with

levation of the sintering temperature. In this case, the obtained
-cristobalite was retransformed into �-cristobalite. For the low

emperature sintering (i.e., at 1000 ◦C), the X-ray detected amor-
hous phase appeared with the �-cristobalite crystallization.
ncreasing of the sintering time decreased the amorphous phase
ut it remained despite the longer soaking time. On the other
and, the intermediate sintering temperature together with less

ime sintering, both 4 and 12 h provided well crystallization
see Fig. 3). The observed well crystallization is the only pri-
ary finding. The actual crystallization will be explored after

R analysis and so on.

F
s
a

ig. 3. The X-ray analysis patterns: (a) NS3 sintered at 1100 ◦C for 12 h, (b)
S3 sintered at 1100 ◦C for 4 h, (c) S3 sintered at 1100 ◦C for 12 h and (d) S3

intered at 1100 ◦C for 4 h.

.2. The phases with FTIR analysis

The well �-crystallization observed in X-ray findings (see
ig. 3) was also investigated by FTIR analysis (see Fig. 4).
ccording to the experimental results, only one powder sam-
le was well crystallized (experimental code: NS3) in which
he composition was non-stoichiometric and the sintering
as applied at 1100 ◦C for 4 h. The impurities with non-

toichiometric sample sintered for 12 h and with the stoichiomet-
ic samples sintered for both 4 and 12 h were shown to be includ-
ng �-cristobalite-like structures. Whereas the �-cristobalite in
R analysis gave a peak at about 619 nm,11 here the peak was
bserved at about 608–610 nm. The slightly different finding
as attributed to the occurrence of “cristobalite-like structure”.

.3. The phase homogeneity of particles investigated from
urface charge

The above mentioned very small quantity of residual �-like
ig. 4. The FTIR analysis results: (a) NS3 sintered at 1100 ◦C for 12 h, (b) NS3
intered at 1100 ◦C for 4 h, (c) S3 sintered at 1100 ◦C for 12 h and (d) S3 sintered
t 1100 ◦C for 4 h.
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Fig. 5. The surface charges of the samples: (a) S3 sintered at 1100 ◦C for 12 h,
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b) NS3 sintered at 1100 ◦C for 4 h, (c) NS3 sintered at 1100 ◦C for 12 h and (d)
ully �-cristobalite (reference sample).

ave similar sizes (∼15 �m) and thus there is no influence on the
urface charge measurement. Irrespective of the experiment on
on-stoichiometric sample (NS3) and sintering applied for long
ime (12 h), the experiments proved the same surface charges
or the samples with and without residual �-like phases (exper-
mental code: S3 for 12 h sintering and NS3 for 4 h sintering)
etermined by IR analysis (see Fig. 4).

The observed different surface charges of the two powder
amples are highly interesting; one sample is the high-
ristobalite powder (NS3 for 4 h sintering) and the other is the
ristobalite-like structure (NS3 for 12 h sintering). The high-
ristobalite powder indicates the surface properties are the same
hrough the particle mass. It is well crystallized which is sup-
orted by both the X-ray and IR analyses. The surface charge
f the cristobalite-like structure is attributed to the differences
n formation of the surface phases: the particles have �-type
rystallization but the long time sintering may lead to crystal-
ization at the surface as �-cristobalite. The mechanism was a
ell known process such as the grain growth mechanism like

irconia and other silicates.7,12–14

At this point, the same observed surface properties for the
ully �-type cristobalite (NS3 for 4 h sintering) and the sample
ontaining residual �-like phases (S3 for 12 h) were very sur-
rising. In this case, the �-like phase was not on the surface, it
as in a hiding place, may be located within the grains or grain
oundaries.

The above prediction (the occurrence of �-cristobalite at the
urface of the �-cristobalite particle mass) is supported by an
dditional study; a fully �-cristobalite powder was prepared by
sing colloidal silica particles, which was sintered at 1400 ◦C for
h. Fig. 5 also shows the zeta-potential of the reference material
nd indicates that the surface charge is close to the previously
tated long time sintered non-stoichiometric sample (NS3 for
2 h sintering).
.4. The grinding test with high energy milling

The above mentioned �-crystallization, with and without
esidual �-like phases, was investigated with respect to phase

o
w
i
e

Fig. 6. The particle size distributions after milling for 50 h.

tabilities during the milling process. The external forces were
pplied to the particles through milling for 50 h. The obtained
izes and distributions were different (see Fig. 6) as well as
he crystalline phases after milling (see Fig. 7a–c). The particle
izes after milling were smaller than the critical grain size for
–� phase transformation which was about 4–5 �m.7

The �-cristobalite was a brittle crystalline phase,15 thus
illing of this type of material produced fine size particles. In the

resent study, the residual �-like phases influenced the milling
erformances. While one sample increased the milling perfor-
ance (S3 for 4 h of sintering) and the other decreased (NS3

or 12 h of sintering). The different milling performance was
gain an indication of the predicted diversity of crystallization
ones. The residual �-like phases at the surface of the particles
ecreased the milling performance and thus produced coarser
ize with broad intervals. The crystallization within the grains
r grain boundaries increased the area of weak zones depending
n the weak crystallization (cristobalite-like structures) and thus
ner size with narrow interval could be obtained.

The fully �-cristobalite powder (NS3 for 4 h of sintering)
ad the same crystalline phase after the milling processes (see
ig. 7a) meaning that the powder sample had promising engi-
eering properties; high performance ceramic materials could be
abricated by the nano-size powder through the sample which
as high resistance to thermal shock and low expansion coeffi-
ient.

The powders with residual �-like phases showed instabili-
ies after the milling processes (see Fig. 7b and c). The sample
aving cristobalite-like structures within the grains or grain
oundaries (S3 for 4 h sintering) showed amorphous phase with
-cristobalite crystallization (see Fig. 7b). The amorphous phase
as not present before the milling processes (see Fig. 3). Dur-

ng the milling operation, the particles broke from the weakest
ones leading to the defect areas which were shown as amor-
hous phases. The milling had different influence on the other
ample having the residual �-like phases located on the parti-
le surface (NS3 for 12 h milling); this material indicated the
-crystallization. This result was attributed to the external force

n the phase transformation which could only have occurred
ith the sample having �-cristobalite-like structures depend-

ng on the excess sintering. This prediction was supported by
xperimental findings and fully �-cristobalite crystallization.
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Fig. 7. (a) X-ray analysis of the sample of NS3 sintered at 1100 ◦C for 4 h after
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illing for 50 h. (b) X-ray analysis of the sample of S3 sintered at 1100 ◦C for
h after milling for 50 h. (c) X-ray analysis of the sample of NS3 sintered at
100 ◦C for 12 h after milling for 50 h.

. Conclusions

The crystallization of �-cristobalite in SiO2–Al2O3–CaO
ystem was studied and sub-micron size powder was obtained
y milling without phase transformation to �-phase. The suc-

ess can be explained by the crystallization provided without
ny residual �-like phase. The best crystallization was obtained
ith the non-stoichiometric composition 38SiO22Al2O3CaO. It
as produced by sintering of the powder sample at 1100 ◦C for

1
1

eramic Society 29 (2009) 2945–2949 2949

h. The applied sintering and cooling rate was 5 ◦C min−1. The
roduct was powdered for 50 h by using a planetary ball mill and
ean particle sizes at about 900 nm were obtained. The external

orce exposed by the milling did not change the high-cristobalite
tructure.

The composition produced with stoichiometric type
38SiO2Al2O3CaO) had very small amount of residual �-like
hase which was detected by FTIR. The X-ray analysis was not
ufficient to detect the minor constitutions. The residual phase
ad great importance on the phase stabilities of the product sam-
le during the milling in which the �- to �-phase samples for
ong time soaking also led to occurrence of the minor constitu-
ion of �-like transformation was determined. The sintering of
ither stoichiometric or non-stoichiometric phase.
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