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A chemically stabilized B-cristobalite, which is stabilized by stuffing cations of Ca® and Al™, was prepared by a
solution-palymerization route employing Pechini resin or PVA solution as a polymeric carrier. The polymeric car-
rier affected the crystallization temperature, morphaology of caleined powder, and particle size distribution. In case
of the polyvinyl aleohol (PVA) solution process, a fine f-cristobalite powder with a narrow particle size distribution
{(average particle size: 0.3 um) and a BET specific surface area of 72 m%g was prepared by an attrition-milling for
1 h after calcination at 1100°C for 1 h. Wider particle size distribution and higher specific surface area were ob-
served for the fB-cristobalite powder derived from Pechini resin, The cubic(B)-to-tetragonalio) phase transformation
in polycrystalline B-cristobalite was induced at approximately 180°C. Like other materials showing transformation
toughening, a critical size effect controlled the P-to-ot transformation. Densified cristobalite sample had some
cracks in its internal texture after annealing. The cracks, occurred spontaneously on ecooling, were cbserved in the
sample with an average grain sizes of 4.0 pm or above. In caze of the sintered crizgtobalite having a composition of
Cal-2A%1,0,-40810., small amount. of amorphous phase and slow grain growth during annealing were observed.
Shear stress-induced transformation was also obgerved in ground specimen. Cristohalite having a composition of
Ca0-2A1,0,- 80810, showed a more sensitive response to shear stress than the CaO-2A1,0, 40510, type cristobalite.
Shear-nduced transformation resulted in an nerease of volume about 18% in w-cristabalite phase an annealing for

above 10 h in the case of the former composition.
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I. Introduction

-cristobalite, a high-temperature polymorphic form of

8i0,, hae 810, tetrahedra arranged in a diamond-like
lattice with shared corners On cooling, the fully ex-
panded structure undergoes a reversible displacive phase
transformation to a eollapsed o-form at about 265°C. This
transformation involves a volume decrease of ap-
proximately 3.2%.>" The materials, which show a dis-
placive or martensitic phase transformation with a ne-
gative volume change or unit cell shape change, are suit-
able for exploiting the “phase transformation weakening”
mechanism. The “phase transformation weakening’
mechanism has been demonstrated in several materials by
Kriven.** In phase transformation weakening phenomena,
the crack energy was consumed both in the nucleation of
the phase transformation and in the creation of new sur-
faces in the transformation weakening interphase.*®

The temperature of the ¢-f inversion in cristobalite is
variable and depends on the crystal structure of the
starting material® In order to obtain the B-cristobalite
phase at room temperature, -cristobalite structure can
be chemically stahilized with "stuffing” cations."**" Espe-
cially, in the Ca0-Al,0,-810; system, the incorporation of
foreign jons (Ca™) in the interstices of gilicate structures
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is charge compensated by the substitution of Al* for Si*
in the framework.”* The presence of foreign ions in the
interstices presumably inhibits the contraction of the
structure, which would normally occur during the o-p
cristobalite trangition. Thus, the chemically stabilized
cristobalite containing Ca0 and AlQ, as dopants, has
characteristics of the cubic § form at room temperature
rather than the tetragonal o form.

In this work, the preparation of a fine and homo-
B-cristobalite powder by a solution-po-
lymerization route™® is discussed. The solution-po-
lymerization route, better known as "Pechini type” pro-
cess,™™ was suggested to produce a stable and ato-
mistically homogenenug powder without using expensive
and unstable alkoxides. Furthermare, thiz process is a
gimple and low-cost process. In the Pechini type process,
the Pechini resin™® was used as an organic carrier of
pre-ceramic powders®™ The Pechini resin consisted of ci-
tric acid as a chelating agent and ethylene glycol as a po-
lymerizing agent for ssterification process. In this work,
a rather simple-structured and inexpensive polymer, po-
lyvinyl alcohol(PVA), is also used in the solution-po-
lymerization route. The PVA polymer which is a non-che-
lating polymer having large chain molecules as the po-
Iymeric carrier has hydroxyl functional groups.”™™ A
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stearic entrapment of the metal ions is achieved by us-
ing these large chain molecules.™" Both cases are sug-
gested to form a soft and bulky precursor.””***

The aim of this study is to prepare a fine and pure -
cristobalite powder by the solution-poelymerization route
and to find out the effect of dopant content and heat
ireatment on induced phase transformation behavior of
the chemically stabilized B-cristobalite.

II. Experimental Procedure

L. Preparation of chemically stabilized B-cristo-
balite

The chemically stabilized p-cristobalite with a com-
position of Ca0-ALO;-5i0, was synthesized with two
kinds of polymeric carriers, Pechini resin or PVA solu-
tion, by the solution-polymerization method. A clear sol
was prepared from Ludox SK Colloidal silica (26 wit%
suspension in water, Du Pont Chemicals, Wilmington,
DE} ag a source of silica, aluminum nitrate nenahydrate
(AIINO,); 9H;O, reagent grade, Aldrich Chemical Co.,
Milwaukee, WI), and ecalcium nitrate hexahydrate (Ca
(NQa)y- 4,0, reagent grade, Aldrich Chemical Co.,
Milwaukee, WI) in proportions to achieve various final
compositions. After mixing these reagents with DI waler,
the polymeric carrier was added, and then the mixture
was heated up to 120°C,

Either the Pechini resin or the PVA solution as the po-
lymeric carriers was added to the mixture. The 85 wi%
Pechini resin,™ which consisted of 50 mol% citric acid
monohydrate and 50 mol% ethylene glycol, was used in
this process. The PVA solution was made from § wi%
PVA (degree of polymerization-1700) dissolved in water.
The amount of the PVA to cation sources in the solution
were adjusted in such a way that there were 4 times
more positively charged valences of cations than the
negatively charged functional ends of the organics.'” As
viscosity of the solution increased by evaporation of
water, the mixture was vigorously stirred. The re-
maining water was then dried, transforming the gel into
a porous solid.

Finally, the precursors were crushed and calcined at
1100°C for 1 h. The heating rate was 10°C/min. To pro-
duce finer particles, the caleined powder was subjected
to attrition milling at 18¢ rpm for 1 h. The charge in-
cluded 30 g calcined powder with 1 kg zircomia ball
media (ball diameter: 5 mm). The jar volume was 1200
ml and 500 ml ise-propyl alechol was used as a medium
for milling. The attrition milled and dried powder was
uniaxially pressed at 20 MPa followed by iso-static press-
ing at 170 MPa for 10 min. The pellet-shaped green com-
pacts were sintered at 1300°C for 1 h, and finally cooled
down to room temperature at furnace conling rate. After
sintering, each sample was suhjected to annealing at
1250°C for various times. The stress-induced transafor-
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mation was achieved by grinding the annealed speci-
mens on a 800 mesh SiC paper.

2. Characterization

(A} Thermal Analysis: The pyrolysis and decomposition
behavior of crushed precursors were monitored by simul-
tanepus differential scanning calorimetry and ther-
mogravimetric analysis (DSC/TGA) (Model STA 409,
Netzsch GmbH, Selb, Germany) up to 1200°C at a heat-
ing rate of 5°C/min, in an air atmosphere.

(B) Specific Surface Area Measurement: The specific
surface area of the calcined powders and attriton-milled
powders were measured by nitrogen gas absorption
(Model ASAP 2400, Micromeritics, Norcross, GA). The sur-
face area data were obtained by five-point BET analysis.

(C) Average Grain Size Measurement: The average
grain size of the sintered cristobalite after annealing was
analyzed according to the Jeffries-Saltykov method.™

(D) Porosity Measurement: The porosity of the sint-
ered hody at different sintering temperature was measur-
ed by Archimedeswater displacement technique.

{E) X-ray Diffraction Analysis: The phase change
between o and B-cristobalite was studied as a function of
hesting temperature and annealing time using a Rigaku
spectrometer (DMax automated powder diffractometer,
Rigaku/USA, Danvers, MA) with CulKo radiation (40 kV,
40 mA). The relative ratip of o and [-cristobalite phases
were determined by integrating the X-ray peak areas of
{102) of o-cristobalite and {222) of B-cristobalite hy the
equation:™

Vo=I1(102),/1(222),+1(102),

in which, V, was the volume fraction of o-cristohalite,
and I(102), and I{222), were the peak intensities of (102),
and (222),, respectively.

{F) Thermal Expansion Behavior: The thermal ex-
pansion behavior of sintered polycrystalline cristobalite
samples was determined with a recording dilatometer
{Netzsch Dilatometer, 402E, Germany) up to 1100°C at a
heating rate of 5°C/min.

(&) Electron Microseopy: The powder morphology and
microstructure of sintered cristobalite were examined by
scanning electron microscopy, (SEM, ISI DS-130, Int-
ernational Secientific Instruments, Santa Clara, CA). To
observe grain size and microeracks, polished and then an-
nealed samples were chemically etched in boiling phos-
phoric acid for 30 sec, The grain morphology and select-
ed area diffraction patterns were examined by transmis-
sion electron microscopy, (TEM, Philips EM-420, Philips
Instruments, Inc., Mahwah, NJ). The TEM specimens
were prepared by standard ceramic polishing, dimpling
and ion-milling techniques.

III. Results

1. Effect of polymeric carrier
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Fig. 1(a) shows the DSC and TGA results for a chem-
ically stabilized cristobalite precursor obtained from
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Fig. 1. Simultaneous DSC/TGA analysis of the chemically
stabilized B-cristobalite precursers derived from (a) PVA
solution and (b) Pechini resin. The composition of the pre-
cursors ig CaQ 2AL0,- 80810,

A .
Fig. 2. SEM micrographs showing the effect of the polymeric carriers on the powa:r morphology (composition of the powders:

CaC 2Al,0,-803i0). (a) and (b) show the caleined and attrition-milled powders derived from PVA solution, and (¢} and (d} show
the calcined and attrition-milled powders derived from Pechini resin, respectively.
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PVA solution process. Thermal analysis revealed a two
step weight loss with corresponding exothermic curves.
The first weight loss was ohgerved up to 200°C. Thig was
associated with decomposition of NO, compounds, from
nitrate salt, and the pyrolysis of polymeric carrier.”””
The second major weight loss in TGA occurred between
200°C and 400°C with a corresponding exotherm in the
DSC curve. The weight loss was caused by the burnout
of the pyrolized orgamics.” In case of the precursor pre-
pared using 85 wt% Pechini resin, the major weight loss,
corresponding to two exothermic peaks around 400°C, oc-
curred between 300°C and 500°C, as shown in Fig. 1(b).
Further weight loss at higher temperatures was due to
the removal of residual carbon. In contrast to the pre-
cursor from PVA solution method, NO, compounds were
decomposed during the heating and stirring process. A
small exothermic peak, which iz associated with cry-
stallization, was detected at around 1050°C in both cases.

Fig. 2 shows SEM photographs of both pre and post at-
trition-milled calcined powders. In ecase of the calcined
powder derived from PVA solution process (Fig. 2(a)),
particle size distribution was narrower, and average par-
ticle size was smaller than those of the calcined powder
prepared by Pechini resin method. The caleined powder
showed an elliptical morphology and agglomeration (Fig.
2(a)). In Pechini resin process, the calcined powder show-
ed broad particle size distribution and irregular shape
with sharp corners and edges (Fig. 2(c)). The powder was

LOum
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more porous than the powder derived from PVA solution
process. The attrition-milled powder derived from PVA
solution process showed comparatively narrower particle
size distribution, and had an average particle size of a-
bout 0.3 um (Fig. 2(b)). The BET specific surface area of
the caleined and attrition-milled powder derived from
PVA solution process were 30 m’/g and 72 m*g, respec-
tively. The attriton-milled powder derived from Pechini
resin process had a high specific surface area of 103 m'/g
with a broad particle size distribution (the specific sur-
face area of calcined powder: 24 m’g) (Fig. 2(d). The
high specific surface area of the caleined powders pre-
pared by the solution-polymerization route, in spite of
larger average particle size than that of the attrition-
milled powder. implies that the caleined powder was
quite porous and soft.

Fig. 3 shows development of crystalline phases from
the precursors at various heating temperatures. An
amorphous phase was observed at 1000°C in both cases.
Ahove 1050°C, the p-cristobalite crystalline phase was de-
tected in the powder derived from PVA solution, and j-
cristobalite X-ray peaks were developed almost com-
pletely at 1200°C. With increasing temperature the
amount of o-cristobalite phase increased gradually,
while the amount of B-cristobalite decreased. At 1400°C,
p-cristobalite remained as a minor phase in the o-cris-
tobalite matrix. In case of the precursor derived from
Pechini resin process, the development of crystalline
phase was a little delayed in comparison. with the case of

oe » a-cristobalits
o pcristobalite

14a0°C

Intensily
Intensity

&0 20 30 L1} 50 &0
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Fig. 3. X-ray diffraction patterns showing the development
of erystalline eristobalite from the precursors derived from
ta) PVA solution and (b) Pechini resin. The composition of
the precursors is CaQ- 241,00, 80510,
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Fig. 4. Dilatometry curves for polyerystalline cristobalite
samples derived from (a) PVA solution and (b) Pechini resin.
The samples having a Ca0-2AL0; 80510, compasition were
sintered at 1300°C for 1 h.

PVA solution process. Dilatometry curves for the sta-
bilized cristobalites are shown in Fig. 4. The o < B
transformation occwrred at 180°C on heating and at
170°C on cooling. Transformation temperature was lower
than that of pure cristobalite because of the dopant ef-
fect.” As the graphs show, the thermal expansion coef-
ficient of p-cristobalite was approximately 1.5X 10°%rC
and tended to decrease on heating. A change in thermal
expansion coefficient was observed at the o < transfor-
mation temperature. This change was less for the po-
lycrystalline cristobalite derived from Pechini resin pro-
cesz than the one derived from PVA solution process.
The difference in the change of thermal expansion coef-
ficieni was attributed to the content of o-eristobalite
phase in the polyerystalline cristobalite.

Finally, microstretures of the sintered and sub-
sequently annealed cristobalite are shown in Fig. 5. In
hoth cases, intergranular cracks were observed. The
cracks ocenrred spontaneously due to thermally-induced
phase transformation on cooling. The microstructure was
more homogeneous in the case of the sintered cris-
tobalite derived from PVA solution process.

2. Effect of dopant (stuffing cation} content

The phases present and porosity for sintered cristobalite
at different molar ratios are listed in Table 1. Densification
of eristobalite was improved with increasing dopant content
at 1100°C. At 1300°C, almost complete densificaton was
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Fig. 5. SEM photographs of polished and etched surfaces of
smtered cristobalite specimens derived from (a} PVA solu-
tion and (h) Pechini resin, The specimens were sintered at
1300°C for 1 h and annealed for 30 h at 1250°C. The com-
position of the cristebalite specimens 1s Ca(-2A1,0; 805810,

Table 1. Sinterability and Development of Crystalline
Phaze for Chemically Stabilized p-Cristobalite at Different
Dopant Content az a Punction of Sintering Temperature

Sintering | Poro- | py ;oo observed by

Composition temp{sg;ture Tlﬂg XRD
o020, w0, 100 | 03 | el mmbouy
0 2450, 6050, 1300 | 5 | Kenabatie e ciavaie
Ca0 2AL0: 8050, | 1300 | T8 | ermisbatte ermiobette)

{ ¥ indicates much smaller amount relative to other phases
present.
*amorphous phase ovserved by TEM.

achieved for all specimens and the difference in porosity
was reduced. In CaQ- 28L0,-40810,; composition, amor-
phous phase was detected in the densified sample. In con-
trast, the dencified sample having a composition of
Ca0 2A1.0, 805i0, showed a small amount of c-eris-
tobalite phase in the B-cristobalite matrix. Ne amorphous
phase was detected in this case. The amorphous phases de-
tected in all compositions at 1100°C were due to incomplete
crystallization of amorphous-type B-cristohalite
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Table 2. Results of the Relation Between Phase Transfor-
mation and Grain Size as a Function of Annealing Time at
Different Dopant Content,

Ratio of
Annealing | o/p XRD | Average | Thermally
Composition time at peak | grain size induced
1250° (h) | intensity (1om) crack
{9e)
0 =0 15 No
Ca0-2AL.Q,- 40810, 10 18 3.0 No
30 43 45 Yes
0 4 1.6 No
Ca0-241,0,-608i0,] 10 29 5.4 Nao
30 45 51 Yes
0 12 20 No
Calr 2AL,0; 80RO, 10 48 4.4 Yes
30 68 5.9 Yes

3.0pm

Fig. 6. SEM n..~rographs of the polished and etched sur-
faces of sintered cristobalite having a (Ca0-2A1,0, 40810,
composition at varwus annealing times of (&) 0 h, (b} 10 h,
and (&) 30 h.
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The induced phase transformation behavior of B-cris-
tobalite depended on the grain size, which wag affected by
annealing time and amount of dopant content. The results
of the relation hetween phase transformation and grain
size as a function of annealing time at different com-
positions are summarized in Table 2. Typically, average
grain size increased with increasing annealing time. The
content of the thermally-induce transformed a phase also
increased with increasing average grain size. Thermally-in-
duced cracks, which cceurred spontaneously by critical size
effect™” on cooling, were observed in the specimens hay-
iﬁg an average grain size of about 4.0 pm and ahove, Mi-
crostructures of the sintered cristobalite at different an-
nealing tumes are shown in Figs. 6 and 7. In case of the
densified cristobalite having a high dopant content, the mi-

Fig. 7. SEM micrographs of the polished and etched sur-
faces of sintered cristobalite having a CaO 2Al,0; 805i0,
composition af various annealing times of (a} G h, (b} 10 h,
and i(c) 30 h,
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crostructure after sintering was denser, and the average
grain gize was smaller than the cristobalite containing
emall amount dopant (Figs. 6(a) and 7(a)). In particular,
the rate of grain growth during the annealing time was dif-
ferent in each case. A faster grain growth was observed in
the cristobalite having a lesser dopant content. Thermally-
induced cracks were ohserved at the sintered cristobalite,
which had an average grain size of 4.0 pym or above, as
mensioned in Table 2. The sample having an average
grain size of 34 pm and CaO-2A1,0, 608i0; composition
did not have any continuous intragranular cracks in the
internal texture even though some thermalli~induce
transformed a-cristobalite was detected (Table 2).

The transformation of B to o-cristobalite was also sus-
ceptible to the influence of shear stress. Shear stress-in-
duced P— w-cristobalite conversion for annealed and
ground specimens at various annealing times and dif-
ferent dopant contents are compared with unground
specimens in Fig. 8. The amount of transformed o phase
by shear siress increased with increasing annealing time.
In case of the high dopant content, the increase in
amount of shear-induce transformed o phase in the
ground specimens was slightly higher than the unground
specimens. About 5 vol% o-cristobalite was increased hy
the shear-induced transformation at annealing for 30 h.
In comparison, the specimens containing low dopant con-
tent were more sensitive to shear stress. An increase of
about 13 vol% a-cristohalite was calculated above 10 h of
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Fig. 8. Grinding effect on the ratio of o/f XBRD peak in-
tensity of sintered cristobalite having a composition of {a)
Ca( 2A1,0,-40810, and b)) Ca(- 2410, 80Si0, at varicus
annealing times.
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Fig. 9. Bright-field TEM micrographs and corresponding
SATDY patterns of the sintered cristobalite specimens of (a)
[110], zone axis diffraction pattern from unannealed [-cris-
tobalite and (b} [021], zone axis diffraction pattern from in-
duce-transformed o-cristobalite after annealing for 3¢ h
Arrow B shows the presence of a intergranular glasey phase.
The composition of the specimens is CaQ-2A1,0; 405i0,.

annealing time.

Transmigsion electron microgcopy studies confirmed
the critical size effect on the phase transformation of cris-
tobalite. Fig. 9 shows the TEM hright-field image of a
and p-cristobalite grains and corresponding SAD pat-
terns of the sintered crigtobalite having a compaesition of
Ca0-2A1,0,-408i0,. A cubic B-cristobalite pattern was re-
vealed in the unannealed specimen.®™ The specimen an-
nealed for 30 h showed a tetragonal ¢-cristcbalite pat-
tern for the grain with a size of 4 ym and above. In-
tergranular glassy phase (arrow B) was also found.

1V. Discussion

The calcined powders showed totally different mor-
phologies with different polymeric carriers. A parrower
particle size distribution and smaller average particle
gize were observed in the calcined powder derived from
PVA solution process. Moreover, the precusor prepared
by PVA solution process showed faster organie burnout
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behavior and development of crystallization than the pre-
cursor derived from Pechini resin process. These results
indicate that chelation of the metal ions by the car-
bhoxylic end groups, as in the Pechini resin case, is not
the only route to obtain chemically stable precursor. The
results also showed thal a fine and homogeneous silicate
powder can be produced by polymerization mechanism
via stearic entrapment of the metal jons by hydroxyl
functional groups. The large chain molecules of PVA act-
ed as a more effective polymeric carrier in the solution-
polymerization technique in spite of the small amount of
polymer in the & wt% PVA solution.

Submicron powder, which have high specific surface
area, could be obtained by attrition-milling for just 1 h.
It was attributed to the soft and porous nature of the cal-
cined powder.

Cantent of oxide dopants, CaQ, ALQ,, affected the sin-
terability and grain growth of polycrystalline eristobalite
as well as the stabilization of cubic silica. Excess dopant
content enhanced densification but it remained as a resi-
dual intergranular glassy phase in the cristobalite ma-
trix. The glassy phase decreased the critical size effect
on the sheardinduced phase transformation. However,
thermally-induced transformation behavior was in-
dependent of the glassy phase. At similar average grain
gize, the amount of thermally-transformed o-cristobalite
was almost identical, as shown in Table 2. The spon-
taneous thermally-induced cracks occurred at the av-
erage grain size of 4.0 pm or above by critical size effect.
In order to use the chemically stabilized B-cristobalite for
the transformation weakening mechanism, more ex-
tensive shear stress induced transformation is desirable.
For that, the chemieally stabilized B-cristobalite con-
taining lesser amount of dopant (CaO-2Al1,0; 808i0,),
which is more sensitive to shear stress, is required.

V. Conclusions

A solution-polymerization route has been employed for
the preparation of chemically stahilized B-cristabalite powd-
er. The characteristics of powder and its sintered sample
were affected by the type of polymeric carrier and amount
of dopant. PVA solution process was more effective to pre-
pare the B-cristobalite powder having a fine and narrow
particle size distribution than did Pechini resin precess.

Intergranular glassy phase in the sintered cristobalite,
formed by excess dopant content, lowered the response
to induced phase transformation by shear stress. A erit-
ical grain size for the f— o transformation was about 4.0
um and 13 vol% shear induce transformed o-cristobalite
was observed at around the critical grain size, in the
Ca0- 2A1,0,- 80510, composition.
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