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"SECTION 1 INTRODUCTION AND OVERALL OBJECTIVES

Introduction to transformation weakening of interfaces

The concept of “phase transformation weakening” introduced by
Professor Kriven has led to the search for a displacive or martensitic phase
transformation with a negative volume change or large shape change at
fiber/ matrix or laminate/ matrix interfaces (see Table 1). Several materials are
considered to be promising candidates as "phase transformation weakeners”.
Preliminary studies have been conducted on enstatite (MgO. SiO or MgSiO3),
which is accompanied by a 5.5 % volume contraction on transformation. In
applying such a phase transformation, a distinction is drawn between a
thermally induced transformation and a shear stress induced transformation.
Figure 1 illustrates a mechanism for shear stress induced weakening of an
interface and thereby, overall toughening of a composite. The difference
between a shear induced mechanism and a thermally induced one is that in
the latter, all the interfacial grains have already been transformed prior to
crack approach.

MATRIX '
FIBER

TRANSFORMABLE
OXIDE INTERPHASE

M

Transformed grains

with lower E and
microcracks /

Fig.1  Schematic diagram illustrating “transformation weakening of ceramic
interphases” leading to overall toughening of a ceramic matrix compostte. In
thermally induced transformations, all interphases are pre-transformed before
the approach of a crack with some consequent loss of overall strength of the
material. In the ideal shear-stress induced case, an on-coming crack induces a
transformation in is immediate environment, with strength only minimally
reduced throughout the bulk. Maximum toughening is achieved since the
propagating crack need to do work to overcome the nucleation barrier and cause
transformation, and onset of the other synergistic toughening mechanisms
occurs.

Thus, fiber/ matrix interfaces in ceramic matrix composites must be
sufficiently strong to provide for mechanical integrity of the composites, but
also weak enough to prevent transition of cracks from matrix to fibers. This
project explores a fundamentally new concept of a “variable-strength”




interface, viz., one that is strong when no cracks are present, but suddenly
weakens and arrests the propagation of a crack when it arrives near such an
interface. The effect is produced by coating ceramic fibers with a thin layer of a
ceramic material capable of quick, stress-induced transformation with a
negative volume change and/or a large unit cell shape change.

Overall Objectives

Thus, the objective of this work was to mvestlgate a novel concept for
developing superior fiber-matrix interfaces in ceramic matrix composites by
utilizing the “transformation weakening effect.” Since many of the
transformable phases are oxides, this work opens the door to high
temperature, oxidation resistant composites. The proposed transformation
weakening mechanism for toughening of fiber-reinforced, oxide, ceramic
composites is illustrated in Fig. 1.

In this work the concept would be tested on model laminate systems,
using processing, mechanical evaluaiton and microstructure characterization
techniques of XRD, SEM, TEM, HVEM , to measure the amount of
transformed material.
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Toughening of Ceramic Composites by
Transformation Weakening of Interphases
(Part I. Powder Preparation and Critical Size Effect of
Chemically Stabilized B-cristobalite)

Sang-Jin Lee* and Waltraud M. Kriven*
Department of Materials Science and Engineering, University of Illinois at Urbana-
Champaign, Urbana, Illinois 61801, USA

Abstract

A chemically stabilized B-cristobalite, which shows phase transformation
weakening behavior, was prepared by a solution-polymerization route employing PVA
solution as an organic carrier. Ca®* and AI** cations were used as the stabilizers. An
amorphous-type cristobalite powder with an average particle size of 0.3 um and BET
specific surface area of 80 mz/g was prepared by a ball-milling for 12 h after calcination at
750 °Cfor 1 h.

The cubic(B)-to-tetragonal(c) phase transformation in polycrystalline B-cristobalite
was induced at =180 °C on cooling. Like other materials exhibiting transformation
toughening, a critical size effect controlled the B-to-a transformation. The grain size was
controlled by varying the annealing time at 1300 °C. Pellets, both densified under hot
pressing or under pressureless sintering conditions, had some cracks in the internal texture
after annealing. The cracks occurred spontaneously during the cooling process, and were
observed in samples with an average grain size of 5 um or above. In the case of the hot-
pressed sample, extensive cracking was observed after annealing times of 30 h or more.
During annealing, a higher initial grain growth rate was observed in the case of hot-pressed
samples than in the case of pressureless-sintered samples. Shear stress-induced
transformation was also observed on grinding the specimens. An increase of about 13
vol% o-cristobalite by stress-induced transformation was measured in hot-pressed

specimens after 12 h annealing.

* Members, The American Ceramic Society.




I. Introduction

In the search for ceramic composite materials which are tough or exhibit “graceful
failure,” it is now well established that toughening results from debonding at an interface
between a matrix and a reinforcing phase.l’:Z The latter can take the form of fibers and
weaves, second phase particulates or platelets, or the composite may have a laminated
structure with a weak interphase.”” Interfacial debonding is a crucial step leading to crack
energy dissipation, such as frictional sliding at the interface with a resulting load transfer to
the reinforcing fibers.

A new concept of “phase transformation weakening” of an interfacial interphase has

810 14 proposes that debonding between a matrix and

recently been introduced.
reinforcement can be achieved by inducing a displacive, crystallographic phase
transformation, which is accompanied by a negative volume and/or unit cell shape change,
and which can cause tensile or shear stresses and possibly microcracking in the interphase.
The associated energy dissipative mechanisms and debonding result in an overall increase
in the toughness of the bulk composite. B-cristobalite (SiO,) has been chosen as a low
temperature model system in which to study the transformation weakening effect.
B-cristobalite is a high temperature, low pressure polymorph of silica (Si05) in
which the SiOj4 tetrahedra are arranged in a diamond-like lattice with shared corners.'' The
B-cristobalite has cubic symmetry while a is tetragonal. The fully expanded, high
temperature,  structure undergoes a reversible displacive transformation to a collapsed o
structure on cooling at 265 °C. This is accompanied by a volume decrease of

12,13

approximately 3.2%. The temperature of the o <> f inversion in cristobalite is variable

and depends on the crystal structure of the starting material.** In order to stabilize the B-
cristobalite down to room temperature, it can be chemically doped with “stuffing”
cations.”® In particular, in the Ca0-Al;03-SiO; system, the molar ratio of calcium oxide
to alumina is one in which aluminum occupies a silicon tetrahedral site, while the calcium

. . . .y . 7-
ion occupies all the interstitial non-framework sites.””

The presence of foreign ions in
the interstices presumably inhibits the contraction of the structure, which would normally

occur during the o <> B cristobalite transformation. The chemically stabilized cristobalite
containing CaO and Al,Oj3 as dopants has cubic rather than tetragonal symmetry.

A critical particle size effect is believed to control the f to o transformation in the
metastable B-cristobalite, by analogy with the onset of nucleation in zirconia (Zr02)20 and in

21-23

some other silicates. In general a large particle size favors the spontaneous formation

of low temperature phase on cooling, whereas a small particle size stabilizes the high

temperature phase even at ambient temperatures. Thus, a critical particle size exists for a




given transformation, which depends on densification temperature-and annealing time. In
practice it is an important factor in controlling the transformation weakening behavior.

In this work it was proposed to synthesize the chemically stabilized cristobalite
powder by a solution-polymerization technique developed in our laboraltory.z‘i':7 Nitrate
salts of cations are dissolved in aqueous solutions containing an organic stearic entrapping
agent such as polyvinyl alcohol (-[CH,CHOH],- or PVA). Subsequent polymerization and
organic burnout yields a high purity, chemically homogeneous oxide powder without the
use of expensive and unstable alkoxides. The extremely high specific surface area and
sometimes nano size crystallites result in a highly reactive and readily sinterable,
stoichiometric powder. The non-chelating PVA polymer consists of large chain molecules
containing hydroxy!l functional groups.28 By using a molar ratio of cations to functional
groups of approximately 4 : 1, homogeneous stearic entrapment of metal ions is achieved in
these powders.

The aim of this study was to prepare a fine p-cristobalite powder of precisely doped
composition by the PVA solution-polymerization route. It was desired to determine the
critical grain size for the B to o phase transformation in cristobalite, by studying the effect
of densification temperature during sintering or hot pressing, as well as annealing time.
The transformation behavior would be evaluated by X-ray diffractometry (XRD) as well as

scanning and transmission electron microscopy (SEM/TEM).
II. Experimental Procedure

1) Powder Preparation and Sintering Process

A clear sol was prepared from Ludox AS-40 colloidal silica (40 wt% suspension in
water, Du Pont Chemicals, Wilmington, DE); Al(NO3)3-9H,0 (reagent grade, Aldrich
Chemical Co., Milwaukee, WI) and Ca(NO3),-4H,0 (reagent grade, Aldrich Chemical
Co., Milwaukee, WI) in proportions to form a final composition of CaO : 2 Al,O5 : 80
Si0,.181° After dissolving these reagents in DI water, the organic carrier, PVA solution,
was added and the mixture was heated. The PVA solution was prepared from 5 wt% PVA
(degree of polymerization-1700, Air Products and Chemicals, Inc., Allentown, PA)
dissolved in water. The proportions of the PVA to cation sources in the solution were
adjusted in such a way that there were 4 times more positively charged valences from the
cations than the negatively charged functional ends of the organics.24 As the viscosity
increased by evaporation of water, the mixture was vigorously stirred. The remaining water

was then dried, converting the gel into a solid. Finally, the precursor was finely ground

and calcined at 750 °C for 1h. The calcined powder was ball milled with zirconia media for




12 h. Iso-propyl alcohol was used as a solvent for milling. The ball-milled powder was
uniaxially pressed at 20 MPa followed by iso-static pressing at 170 MPa for 10 min. The
pellet-shaped green compacts were either pressureless sintered in an air atmosphere at 1350
°C for 1 h, or hot pressed at 1200 °C for 1 h under 28 MPa pressure in an Ar atmosphere.
In both cases the furnace was cooled down to room temperature. After sintering, each
sample was subjected to annealing at 1300 °C for various times. Some stress-induced
transformation was achieved by grinding the annealed specimens on a #8300 mesh SiC

paper.

2) Characterization

(A) Thermal Analysis : The pyrolysis and decomposition behavior of crushed precursor
were monitored by simultaneous differential scanning calorimetry and thermogravimetric
analysis (DSC/TGA) (Model STA 409, Netzsch GmbH, Selb, Germany) up to 1200 °C at
a heating rate of 10 °C/ min, in an air atmosphere.

(B) Particle Size Distribution Analyses : The patticle size distribution of calcined or ball-
milled powders were examined by X-ray absorption spectrometry (Sedigraph Model
5000E, Micromeritics). The powders were suspended in a calibrated dispersion liquid.
The suspensions were ultrasonicated for 3 min before analysis.

(C) Specific Surface Area Measurement : The specific surface area between the calcined
powder and ball-milled powder was compared by nitrogen gas absorption (Model ASAP
2400, Micromeritics, Norcross, GA).

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

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

Va =1(102)a / 1(222)p + 1(102)a
in which, V was volume fraction of a-cristobalite, 1(102)a and 1(222)g were peak
intensity of (102)a and (222)g respectively.

(F) Relative Density Measurement : The density for the sintered specimens was estimated
by the Archimedes method using distilled water as a displacement liquid. The relative
density of each specimen was calculated from density of the o and B-cristobalite (2.33

g/cm3 and 2.26 g/cm?3, respectively) as a theoretical density at a given volume ratio.




(G) Thermal Expansion Behavior : The thermal expansion 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.

(H) Electron Microscopy : The powder morphology and microstructure of sintered
cristobalite were examined by scanning electron microscopy (SEM) (ISI DS-130,
International Scientific Instruments, Santa Clara, CA). To observe grain size and cracking,
polished and annealed samples were chemically etched in boiling phosphoric acid for 30
sec. The grain morphology and selected area diffraction patterns were examined by
transmission 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

Fig. 1 shows the DSC and TGA results for a chemically stabilized cristobalite
precursor. The thermal analysis revealed that the precursor underwent a three step weight
loss process. The first weight loss was observed in the temperature range up to 170 °C,
which may be associated with loss of water and NOx compounds. A corresponding
exotherm was observed in the DSC curve. The second major weight loss in TGA with a
corresponding exotherm in the DSC curve occurred between 300 °C and 450 °C. The
weight loss above 300 °C was due to the removal of the carbon formed during
decomposition and pyrolysis process. After two exothermic peaks, the weight loss
diminished gradually until 650 °C. There was no further weight loss after 700 °C. A small
exothermic peak, which was associated with crystallization, was detected at around 1050
°C. The ball-milling process for producing a fine and homogeneous particle size was
performed after calcination.” The calcination temperature of 750 °C was determined to lie
between 600 °C, the highest temperature required for polymer burnout, and 1050 °C, the
crystallization onset temperature. Fig. 2 displays the particle size distributions and SEM
powder morphologies for the powders calcined at 750 °C for 1 h or ball milled for 12 h
after calcination. The calcined powder had a wide particle size distribution in the range
from 80 wm to 5 um and were of soft and irregular shape with sharp corners and edges.
However, the ball-milled powder had a quite narrow particle size distribution with porous
agglomerates and small particles of approximately 0.1-0.4 um in size. The calcined
powder had a BET specific surface area of 25 m?/g. The high specific surface area from
the large particle size meant that the calcined powder was very porous. The ball-milled

powder had a specific surface area of 80 m?/g.




Room temperature XRD spectra following the development of crystalline phases of

the calcined powders at various heating temperatures are shown in Fig. 3. An amorphous
phase was observed at 1000 °C. Above 1100 °C, the B-cristobalite crystalline phase was

detected and B-cristobalite peaks were developed almost completely at 1200 °C. With
increasing temperature the amount of o-cristobalite phase increased gradually, while the
amount of B-cristobalite decreased. At 1450 °C, B-cristobalite still remained as a minor
phase in the a-cristobalite matrix. Dilatometry curves for the stabilized cristobalite are
shown in Fig. 4. The o <> B transformation occurred at 180 °C on heating and at 170 °C
on cooling. The transformation temperature was lower than that of pure cristobalite
because of the dopant effect.”” As the graphs show, the thermal expansion coefficient of -
cristobalite was approximately 1.5 x 10-6/°C and tended to decrease on heating. A change
in thermal expansion coefficient was observed at the o <> f transformation temperature.
This change was much less for the polycrystalline cristobalite sintered at 1350 °C than the
one at 1450 °C. The difference in the change of thermal expansion coefficient was
attributed to the a-cristobalite content. In the case of the polycrystalline cristobalite sintered
at 1350 °C, a.-cristobalite was present in the P-cristobalite matrix whereas, for the
polycrystalline cristobalite sintered at 1450 °C, the a-cristobalite was the matrix phase (Fig.
3).

The formation of o.-cristobalite on cooling was affected by varying the grain size.
Spontaneous transformation from P phase to o phase occurred at larger grain sizes. In
contrast, a small B-cristobalite grain size stabilized the § phase. The grain size of the
stabilized B-cristobalite was controlled by annealing time. Fig. 5 shows the plot of
integrated X-ray peak intensity ratios of I1(102)a / I(222)g + I(102)« and average grain sizes
for hot-pressed or pressureless-sintered samples as a function of annealing time. It was
impossible to compare the intensity of the (111) and (220) peaks from f-cristobalite with
the (101) and (200) peaks from a-cristobalite, which are the high intensity peaks of the
cristobalite system, because the peaks were located at the almost the same 28 value.
Therefore, the relative amount of o and B-cristobalite phase was compared from the relative
intensity of (102), and (222)g peaks. -

In general, ratios of o/B-cristobalite phases and the average grain size showed an
increase with increasing annealing time. The ratio of a/f XRD peak intensity and average
grain size for the pressureless-sintered sample, which had a sintered density of 2.15 g/em’
(94% relative density) at 0 annealing time, increased very gradually for annealing times
over 30 h. The average grain sizes and the ratios of o/f XRD peak intensity at 30 h and 50
h anealing times were about 5 um, 60 vol%, and 5.6 um, 63 vol %, respectively. In the

case of the hot-pressed sample, which had a sintered density of 2.24 g/cm3 (98% relative




density) at O annealing time, grain growth occurred at a faster rate than the pressureless-
sintered sample during the first 12 h of annealing time. The rate of grain growth decreased
gradually from 12 h annealing time onwards. In contrast to the pressureless-sintered
sample, the ratio of a/p XRD peak intensity and grain growth increased till the annealing
time of 50 h. Large grain sizes of about 8.5 pm at an annealing time of 50 h resulted in
fragile samples having extensive cracks. This was because the thermally-induced
transformation occurred spontaneously primarily due to the critical size effect. The sample
annealed for 50 h showed almost 80 vol% o-cristobalite. Fig. 6 is an SEM micrograph of
a shattered cristobalite sample which was hot-pressed and annealed for 50 h. Thick and
extensive cracks rather than fine microcracks were observed.

The polished surface micrographs of cristobalite annealed at various times are
shown in Figs. 7, and 8. The microstructure of the pressureless-sintered sample annealed
for 12 h (Fig. 7(b)) was not dense, with an average particle size of 3 um. Longer
annealing times (30 h) increased the average grain size to about 5 um. However, the grain
growth occurred inhomogeneously. Some small grains coexisted with large grains of over
5 um size even after long annealing times of 30 h. The coarse microstructure having
numerous micropores showed a very gradual increase in the ratio of a/f XRD peak
intensity. This was because the large grains increased in size with increasing annealing
time, while the small-size grains, in contrast, did not grow despite long annealing times.
About 40 vol% B-cristobalite was found in the matrix after annealing for 30 h (Fig. 5(2)).
As seen in Fig. 7(c) some cracking was induced by the thermally-induced transformation
which occurred spontaneously in the large-grain sized sample.

The hot-pressed and un-annealed sample had a smaller grain size and denser
microstructure than did the pressureless-sintered sample. Hence, the grain growth
occurred at a faster rate and was more homogeneous than in the pressureless-sintered
sample. It is attributed to easier mass transportation through the dense microstructure
during the annealing process. This resulted in an increase in the ratio of &/ XRD peak
intensity up to a 50 h annealing time, in contrast to the pressureless-sintered sample (Fig.
5(b)). Some cracks were detected in the microstructure having an average grain size of 5
um, at annealing times of 12 h. The hot-pressed cristobalite annealed for 30 h consisted of
about 72 % a-cristobalite as shown in Fig. 5(b). It also exhibited cracks in the
microstructure having an average grain size of 7 um.

The transformation of f to o cristobalite was susceptible to the influence of stress.

Shear stress-induced f—>a-cristobalite conversion for annealed and ground specimens are

compared with the un-ground specimens at various annealing times. Fig. 9 displays the
result. The amount of stress-induced o phase increased with increasing annealing time. In




case of pressureless-sintered cristobalite, the ratio of o/ XRD peak intensity for ground
specimens was slightly higher than for un-ground specimens. About 7 vol% o-cristobalite
was increased by the stress-induced transformation after annealing for 20 h. In
comparison, the hot-pressed specimens were more sensitive to shear stress. An increase of
about 13 vol% a-cristobalite was calculated after 12 h of annealing time. In contrast to
pressureless-sintered specimens, the increase in the amount of a-cristobalite in the ground
specimens over that in the only annealed specimens, decreased with increasing annealing
time above 12 h. This may be attributed to the fact that the amount of B-cristobalite, which
can be transformed by stress, was decreased by the thermally-induced transformation
which occurred in the over-sized grains.

Transmission electron microscopy studies examined the critical size effect on the
phase transformation of cristobalite. Fig. 10 (a) and (b) are TEM bright-field micrographs
of o and B-cristobalite grains and corresponding SAD patterns for the hot-pressed and
annealed samples. A cubic p-cristobalite pattern was found in the un-annealed specimen.zg
The specimen annealed for 12 h showed a tetragonal a-cristobalite pattern in the grain

which had a size of 5 um and above.

IV. Discussion

For extensive phase transformation it is necessary to have uniform grain growth for
a homogeneous microstructure. Therefore, a starting powder should have a small particle
size and have a narrow particle size distribution. The solution-polymerization route
employing PVA solution was quite effective in achieving a fine powder for chemically
stabilized cristobalite. The soft and porous powder obtained after calcination at 750 °C
made it easier to get a fine powder on further ball-milling of the powder. The powder
calcined above 900 °C started becoming harder and denser. This was because the powder
after polymer burnout was active enough to be densified at that temperature. If during the
calcination process, powder densification was initiated, then the powder could not be ball
milled to a fine particle size. The particle size distribution was also quite narrow in this
method. However, in the case of the pressureless-sintered specimen, uniform grain
growth did not occur because of the presence of pores between grains. The non-uniform
grain growth resulted in only localized phase transformation. This fact was demonstrated
in Fig. 5(a) and Fig. 7(c) where about 40 vol% pressureless-sintered B-cristobalite was

retained even after 30 h of annealing. This was because the smaller grains were not

affected by thermally-induced transformation. X-ray analysis of the calcined powder
heated at 1450 °C (Fig. 3) still showed B phase, despite the high enough temperatures




needed to cause thermally-induced transformation. This is also attributed to the presence of
particles which were too small to be transformed. Hot-pressing was very effective in
controlling the porosity and a relatively uniform grain growth was possible during the
annealing process.

Internal cracks were formed due to thermally-induced transformation, which
spontaneously occurred on cooling, and were developed from an average grain size of 5
um. Shear stress-induced transformation during grinding also depended upon the grain
size. However, the pressureless-sintered cristobalite displayed less dependence on the
grain size because of non-uniform grain growth resulting in a coarse microstructure. In
order to use the chemically stabilized B-cristobalite as a transformation weakening
mechanism, more extensive shear stress-induced transformation is desirable. For that, a
homogeneous microstructure having an average grain size of 4-5 um is required. The
critical size of 4 um is a little smaller than the grain size of 5 um at which cracks due to

thermally-induced transformation occurred spontaneously.
V. Conclusions

The solution-polymerization method employing PVA solution as a polymeric carrier
was a suitable process for synthesizing chemically stabilized B-cristobalite. The
amorphous-type cristobalite powder, which was very fine and had a relatively narrow
particle size, was fabricated by ball-milling the soft and porous calcined powder.

The o/pB-cristobalite ratio and average grain size of annealed B-cristobalite increased
with increasing annealing time. The pressureless-sintered polycrystalline cristobalite
experienced non-uniform grain growth during the annealing process. This resulted in
inhomogeneous microstructure and localized phase transformation. The hot-pressed
cristobalite had a denser microstructure and more extensive phase transformation than did
the pressureless-sintered cristobalite. The intra-granular cracks were produced by
thermally-induced transformation at a grain size of 5 um and above.

It was more easy to shear stress induce the f—a-cristobalite conversion in the hot-
pressed specimens than in the pressureless-sintered specimens. About 13 vol% stress-
induced oa-cristobalite was obtained on grinding the cristobalite, which had been hot-
pressed followed by annealing for 12 h. A critical grain size of 4-5 um can be considered

to be suitable for phase transformation weakening behavior of chemically stabilized {3-

cristobalite.
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Figure captions

Figure 1. Simultaneous DSC/TGA analysis of the chemically stabilized p-cristobalite
precusor containing PVA solution as a organic carrier.
Figure 2. Particle size distribution of the amorphous-type cristobalite powders and SEM
micrographs of the powders (a) calcined at 750 °C for 1 h and (b) ball milled for
12 h after calcination.
Figure 3. X-ray diffraction spectra of calcined powders heated at various temperatures with
a holding time of 1 h.
Figure 4. Dilatometry curves for chemically stabilized cristobalite samples sintered at
(a) 1350 °C for 1 h and (b) 1450 °C for 1 h.
Figure 5. Integrated X-ray peak intensity ratios of a(102) / [B(222) + a(102)] and average
grain sizes of (a) sample pressureless sintered at 1350 °C for 1 h and (b) sample
hot pressed at 1200 °C for 1 h under 28 MPa as a function of annealing time.
Figure 6. SEM photograph of shattered cristobalite sample hot-pressed at 1200 °C and
annealed at 1300 °C for 50 h.

Figure 7. SEM micrographs of the polished and etched surfaces of cristobalite pressureless
sintered at 1350 °C for 1 h according to different annealing times of (a) 0 h (b) 12
h and (c) 30 h (arrows indicate intra-granular cracks).

Figure 8. SEM micrographs of the polished and etched surfaces of cristobalite hot pressed
at 1200 °C for 1 h under 28 MPa according to different annealing times of (a) 0 h
(b) 12 h and (c) 30 h (arrows indicate intra-granular cracks).

Figure 9. Grinding effect on the ratio of o/ XRD peak intensity of (a) pressureless-

sintered cristobalite and (b) hot-pressed cristobalite at various annealing times.

Figure 10. Bright-field TEM micrographs and corresponding SAD patterns of the hot-

pressed specimens of (a) [111] zone axis diffraction pattern from un-annealed
B-cristobalite and (b) [022] zone axis diffraction pattern from transformation-

induced a-cristobalite after annealing for 12 h.
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Toughening of Ceramic Composites by
Transformation Weakening of Interphases
(Part II. Mullite/Cordierite Laminate with

B-cristobalite Interphase)

Waltraud M. Kriven* and Sang-Jin Lee*
Department of Materials Science and Engineering, University of Illinois at Urbana-
Champaign, Urbana, Iilinois 61801, USA

Abstract

A new concept for achieving graceful failure in oxide composites is introduced. It
is based on debonding of a weak interphase between a matrix and reinforcement (e.g.
fiber), or in a laminated composite. The interphase can be thermally or shear stress induced
by transformation weakening, which results from an accompanying significant volume
contraction and/or unit cell shape change, on cooling from a high temperature to low
temperature crystal structure.

Mullite/cordierite laminates with a B—a.-cristobalite transformation weakened
interphase were investigated in order to demonstrate interphase debonding behavior. The

laminates were fabricated by stacking alternate tape-cast green sheets of chemically
stabilized p-cristobalite and a mullite/cordierite matrix mixture. The laminate showed

fracture behavior dependent on a critical size effect. The grain size of polycrystalline -
cristobalite was controlled by annealing time at 1300 °C. With increasing annealing time,
the strength decreased due to the formation of internal microcracks in the cristobalite layer
which occurred spontaneously during thermally-induced transformation. The hot-pressed
laminate, annealed for 10 h at 1300 °C, had an average grain size of 4.2 um and a strength
of 131 MPa. Its work of fracture was 2.38 kJ/m? with a non-catastrophic fracture
behavior. The indentation response indicated crack deflection along the cristobalite

debonding interphase.

* Members, The American Ceramic Society.




1. Introduction

The brittleness and unreliability of ceramics in oxidizing environments remain
difficult and unsolved problems. Attempts to impart “graceful failure” analogous to
ductility in metals have been partially successful with the use of composites. These are
ceramic matrices reinforced with fibers, particulates, platelets or whisker-shaped second
phases.1 It is now well established that toughening results from debonding at the interface
between matrix and reinforcement phase2'7 This is a crucial step leading to crack energy
dissipation such as frictional sliding at the interface, while transferring load bearing forces
on to fibers,7'13 or causing crack deflection mechanisms to operate in laminates.*"’

For long term retention of high temperature properties in oxidizing environments,
chemically stable oxide fibers, coatings and matrices are highly desirable components in
ceramic composites. At present single crystal saphire (Al,O3) and yttrium aluminum garnet
(Y3AlsO1, or YAG) fibers are available at an extremely high price from Saphicon Inc. (33
Powers St. Milford, NH, USA). While fine grained, polycrystallize alumina-mullite fibers
(Nextel 720) can be obtained at a lower cost from the 3M company (3M Center, St. Paul,
MN, USA), they are unable to withstand temperatures above 1300 °C due to

microstructural rearrangment. More recently, however, research into more economical

20-22

techniques for producing mullite (3A1,03-2810;) and YAG fibers is underway.
Amorphous fibers can be produced by a laser melting, containerless technique
(Containerless Research Inc., Evanston, IL, USA) involving rapid pulling of deeply
undercooled melts and subsequent crystallization. Depending on the phase diagrams, this
may be a general method for the production of any oxide as a fiber.

While the interfacial debonding mechanism has clearly been demonstrated in SiC
materials reinforced with SiC fibers that were previously coated with a thin layer of
compliant graphite (C) or boron nitride (BN), they only operate at ambient temperatures or
under vacuum at high temperatures. In air at high temperatures both SiC and graphite
decompose, leaving the ceramic body porous and friable. In the past few years, different
types of oxide interfacial layers have been proposed to replace C or BN coatings around
oxide fibers (e.g. saphire). One such coating is based on micaeous cleavage materials such
as fluorophlogopite or hibonite (CaO-6A1203).23 Alternatively, lanthanide phosphates such
as monazite (LaPOy) or zenotime (yttrium phosphate, YPO,) have been introduced as
oxidation resistant interfaces capable of operating up to 2000 °C in air.> "> While at first
sight the monazite-type interfaces appear to be viable, bulk mechanical data for strength,
toughness and stress-strain curves are still lacking. However, fiber push-out

measurements of debonding shear strength (t4) have been made for monazite (LaPO,)




coatings of various thickness, around saphire, embedded in Al,O; or in YAG.”® The
debonding shear strength (t4) varied from 140 MPa to 110 MPa, where the latter
corresponded to a minimum monazite thickness of 2 um around YAG fibers.”®
Measurements of the analogous zenotime coating on YAG fibers yielded a tq of 95 MPa."
In comparison, T4’s for graphite coatings are generally reported to be 10-15 MPa."" Ttis
fair to say that optimum debonding shear strengths for oxides are not yet known, but at
first glance they appear to be still too high for monazite-type interfaces, although there may
be an optimum value such that higher values may promote more crack energy dissipation.

Another perceived problem with the monazite system is its sensitivity to
decomposition under conditions of slight deviations from stoichiometry.28 In the presence
of AL,Oj it tends to form a magnetoplumbite (Al,05-11La,03) and porosity, with some
volatilization of phosphorus. Zenotime (YPO,) appears to be more stable, eg. with YAG,
due to its lack of 4f electrons.’®*’ However, YPO, is not necessarily compatible with
many compounds (e.g. Al,O3). A further shortcoming of the interface slippage mechanism
operating in the lanthanide phosphate-type systems is that it relies on the fiber preserving a
smooth and clean interface. This places a stringent requirement on the manufacture and
handling of fibers, and hard-to-control restrictions on subsequent changes in surface
microstructure during prolonged service at high temperatures. The fibers tend to take on a
corrugated surface mimicing the grain shapes in the polycrystalline matrix, as they attempt
to achieve equilibrium dihedral angles with the matrix grains. The theories for smooth
fiber/matrix pullout then no longer apply.

Since copious quantities of oxide fibers or weaves are not yet available, systematic

1415 Recently a

investigation can still be carried out with model laminar ceramic composites.
strong and damage tolerant laminate system has successfully been fabricated based on a
zenotime (yttrium phosphate, YPO,) interphase.m19 A high flexural strength (e.g. 392
MPa) was derived from the choice of matrix to be a triple layer of yttria stabilized zirconia
(3Y-TZP), zirconia toughened alumina (30 vol% 3Y-TZP - 70 vol% Al,03), and 3Y-TZP
again. The high interfacial debonding strength of YPO, was thus also offset by
optimization of thermal expansion coefficient of the triple layered matrix with the
interphase. The high temperature thermal properties of this oxide laminate system depend
on the relative thermal expansion coefficients of the components, however, and still remain
to be evaluated. '

The aim of this work was to introduce a new mechanism of interfacial debonding
which is less dependant upon mismatch of thermal expansion coefficients. It is postulated

that an overall increase in toughness can be achieved by inducing a phase transformation in

an oxide coating which is accompanied but a large, but negative volume change on cooling,




or significant unit cell shape change. The proposed mechanism is schematically illustrated
in Fig. 1, % and is based on the analogy with transformation toughening in zirconia (ZrO,)
which is accompanied by a volume increase of (+) 3.0 % at 950 °C or (+) 4.9 % at room
temperature. The terminology of “transformation weakening” was first introduced™ to
describe the deleterious effect of the -5.5 % volume contraction in enstatite (MgO-SiO; or
MgSiOs) as it transforms from orthorhombic protoenstatite to monoclinic clinoenstatite at
865 °C on quenching. Elastic tensor calculations of the enstatite transformation strain™"
indicated an anisotropic volume contraction with a maximum of -16.5 % in the [c] axis of
the product phase with respect to parent crystal lattice. This gives rise to oriented

29,31

intragranular microcracks perpendicular to the [c] monoclinic axis. Intragranular

microcracks due to thermally induced transformation have been previously observed™
clinoenstatite grains which were overaged beyond a critical particle size of 7 um. >

A distiction can be drawn between thermal versus stress-induced transformation.
Displacive transformations can be associated with a critical particle size effect in dense
ceramics.’>>’ Overaged grains exceeding their critical particle size transform
spontaneously on cooling through their transformation temperature. Optimally aged grains
can be metastably retained down to room temperature, but can be induced to transform
through the action of shear or tensile stresses. %4 Fig. 1 illustrates overall toughening
by a localized shear-induced mechanism. Ina composite, the difference between a shear
versus thermal induced mechanism is that in the latter, almost all of the interphase coating
grains have already transformed at room temperature, while in the former, most of the
grains are ideally at their optimum critical particle size ready to be stress induced by a
propagating crack or by the critical resolved shear stress needed for transformation.*”*

The potential advantages of interphase debonding by a transformation weakening
mechanism are suggested in Fig. 1, where a variety of synergistic toughening mechanisms
may be activated. These include; (i) energy dissipation by creation of new surfaces as
microcracks; (ii) in the shear-induced case, crack energy is used to overcome activation
energy barrier and nucleate the transformation; (iii) frictional work is done by the crack as it
debonds from the reinforcement and passes through the weakened interphase; (iv) load
bearing by the fiber, with subsequent crack closure forces exerted on the main matrix
crack, grain bridging e.g. in the case of an interphase coated reinforcement (fiber
particulate, platelet or whisker).

The shear stress-induced transformation may be an extremely powerful toughening
mechanism in fully dense bodies. In the as-fabricated state, the composite has maximum
bulk strength, and specifically, transverse strength in directions perpendicular to fiber

lengths. Should a matrix crack approach the fiber, however, it induces transformation




weakening in the interphase, but only in the immediate environment of the crack, rather
than in all the interphases throughout the bulk of the material, as occurs in thermally-
induced transformation.

During long term use, the fatigue properties are not expected to deteriorate
catastrophically, since the transformational damage is localized to the interphase and is
beneficial for toughening. Essentialy, in the long term, the stress-induced toughening
reverts to thermally induced toughening. If crack healing in the transformed interphase did
occur during prolonged use at high temperature, a useful feature would be to recycle the
interphase. Heating above the transformation temperature to the high temperature volume
expanded, parent phase should induce crack healing and restore an essentially dense and
untransformed interphase in almost pristine condition.

For high temperature applications in an oxidative environment, oxide interphases
are required, together with oxide reinforcement and matrix phases. Tables of currently
known or suspected phase transformations in oxide ceramics have been published
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elsewhere,

and are a topic of ongoing research. For comparison and scientific
completeness, transformations involving positive volume changes on cooling (e.g. zirconia
(Zr0,) where Ty=950 °C or the lanthanide sesquioxides (Ln,03) where Ty=1850 °C on
cooling) are also listed,zf)’w"“"49 since it remains yet to be determined whether or not the
generation of microcracking or stress intensity sites (also generated with volume increases)
are beneficial for crack deflection along the interphase and resulting interphase debonding.
Again, for high temperature applications, the maximum use temperature is set by
the transformation temperature (To), which, in the case of displacive or martensitic
transformations, is known to vary by hysterisis for a given system. The transformation
weakening effect is expected to operate over a range of temperatures up to To, provided that
the microstructure of the interphase is appropriately designed. Factors such as interphase
thickness, grain size and composition need to be controlled and maintained during
prolonged annealing at elevated temperatures. The interphase needs to have stable phase
equilibria with adjacent matrix and reinforcement compositions. For a shear stress-induced
transformation, the critical particle size of an interphase will need to be preserved, e.g. by
the addition of chemically compatible, non-transformable, second phases to inhibit grain
growth. Thus a variety of metallurgical techniques such as chemical additions to produce
second phase precipitates and grain boundary pining may be explored to inhibit grain
growth above the critical grain size. In the case of a transformable second phase, its Ty
may cover an even higher temperature range. Multiple coatings with different Ty’s may

also be applied to cover a wider range of temperatures.




In this paper we describe work to demonstrate the feasibility of transformation
weakening as a viable debonding mechanism in ceramic matrix composites. A model
system was chosen based on the cubic (B) to tetragonal (a) transformation in cristobalite
(SiO,). The high temperature B structure transforms displacively to a at 265 °C on
cooling, and is accompanied by ~3.2 % volume decrease. The critical particle size range
for shear-induced transformation in chemically modified cristobalite was established in Part
I of this work.”’ In the absence of commercially available mullite fibers, a model laminate
configuration was chosen. In order to optimize the match of thermal expansion coefficients
of mullite and cristobalite, to improve the sinterability of mullite, and to maximize the
strength of the mullite matrix layers, a 60 vol% mullite/40 vol% cordierite mixture was
used as the matrix phase.37 A tape casting technique was used to engineer a series of
laminated composites in various sequences of stacked and hot pressed tapes. The phase
transformation and fracture behavior were investigated in laminated composites of
mullite/cordierite matrix mixtures separated by a cristobalite interphase. The grain size of
the polycrystalline B-cristobalite was controlled by varying the annealing time at 1300 °C,
and examined by SEM. In addition, the effects of the laminate design and heating
condition on the strength and toughness of the laminated composite were studied both
qualitatively by optical microscopy and indentation techniques, as well as quantitatively by

measuring flexure strengths.
II. Experimental Procedure

(1) Preparation of Powder and Laminate

Amorphous-type B-cristobalite powder was prepared by the solution-
polymerization technique employing PVA solution as a polymeric carrier.”””" The details
of the preparation method were described in a previous paper (Part I).37 Amorphous-type
cordierite powder was also prepared by the same method.””> The cordierite powder was
synthesized from Mg(NO3),-6H,O (reagent grade, Aldrich Chemical Co., Milwaukee,
WI); Al(NOs3)3-9H,0 (reagent grade, Aldrich Chemical Co., Milwaukee, WI) and Ludox
AS-40 colloidal silica (40 wt% suspension in water, Du Pont Chemicals, Wilmington,
DE). The average particle size of the amorphous-type cordierite powder, after calcination at
750 °C for 1 h and ball-milling for 12 h, was about 0.3 um with a specific surface area of
80 mz/g. Commercial mullite powder (KM Mullite-101 Kyotitsu, Nagoya, Japan), which
had an average particle size of 0.8 um and a specific surface area of 26 m?/ g, was used in

the mullite/cordierite mixture.




The monolithic starting powders and the mullite/cordierite mixtures having different
cordierite content were characterized for relevant properties such as thermal expansion
coefficient, flexural strength, linear shrinkage behavior, and the phases formed after
sintering. Specimens for the above tests were fabricated in the form of pressureless-
sintered pellets which were prepared by uniaxial pressing at 20 MPa followed by cold
isostatic pressing at 170 MPa for 10 min.

Laminates were fabricated by the tape casting process according to the procedure
summarized in Fig. 2. The slurries consisted of ~25 vol% oxide powders, ~63 vol%
solvent and 12 vol% organics. The 0.5 wt% (dry weight basis of oxide powder) polyvinyl
butyral (PVB, Monsanto, St. Louis, MO) was added to the slurries as a dispersant. The
solvent was composed of a mixture of trichloroethylene (CICH=CCl,, Aldrich Chemical
Co., Milwaukee, WI) and ethanol (CH3;CH,OH, Aldrich Chemical Co., Milwaukee, WI)
while the organics included a binder (polyvinyl butyral (PVB), Monsanto, St. Louis, MO)
and plasticizers (polyethylene glycol (PEG) 2000 and dioctyl phthalate (DP), Aldrich
Chemical Co., Milwaukee, WI). After pulverization, dispersion and mixing by ball-milling
two times, the slurries were stirred in vacuum. This helped in removing bubbles and
adjusting the working viscosity. After ageing for 2 days, the slurries were tape cast using a
doctor blade opening of 150-300 um to obtain tape cast green sheets of 60-150 um
thickness. Drying of the cast tapes was carried out under a saturated solvent atmosphere
for a day.

The green laminate composites had area dimensions of 25 mm x 51 mm after
stacking green sheets. Thermocompression was performed at 10 MPa load for 30 min at
80 °C, which was the softening point of the organics. The organic additives were removed
by heating to 550 °C in an air atmosphere, using a two step heating process. After these
additives were burned out, the green laminates were iso-statically cold pressed at 170 MPa
for 10 min. The laminated green bodies were pressureless sintered at 1350 °C for 1 h, in
an air atmosphere. The laminates were also hot pressed by loading them in a graphite die
and surrounding them with compatible oxides. Hot pressing was done under an argon
atmosphere at 28 MPa, at a temperature of 1200 °C for 1 h.

All laminate composites after densification had a 30 layer repetitive sequence of
matrix and interphase. These were made in different thickness ratios of matrix to
interphase by stacking each green sheet in proportion to the respective thickness ratio after
densification. After sintering, the laminates were cut into bend-bars, the cutting direction
being parallel to the area length. The bend-bars with dimensions of 30 mm x 3.0 mm x

2.5-3.0 mm were polished to a 15 um finish with diamond paste. The specimens were
then annealed at 1300 °C for different times.




(2) Characterization

(A) Thermal Expansion Coefficient Measurement : The experiments for examining the
variation of thermal expansion coefficient for different mixing ratios of mullite and
cordierite were performed in a dilatometer (Netzsch Dilatometer, 402E, Germany). To
obtain a relative density above 95% in each specimen they had to be sintered at different
temperatures.

(B) Linear Shrinkage Behavior : The linear shrinkage of each specimen was measured in
the temperature range of 900 °C - 1600 °C by determining the dimensions with Vernier
callipers.

(C) X-ray Diffraction Analysis : To examine the phases formed after sintering of each
starting powder/mixture, a Rigaku spectrometry (Dmax automated powder diffractometer,
Rigaku/USA, Danvers, MA) with CuK, radiation (40 kV, 40 mA) was used.

(D) Relative Density Measurement : The density for the sintered specimens was estimated
by the Archimedes’ method using distilled water as a displacement liquid. The relative
density of each specimen was calculated from density of the mullite (3.18 g/cm ) cordierite
(2.52 g/cm ®) and cristobalite (o phase: 2.33 g/cm® and B phase: 2. 26 g/cm3) as a
theoretical density at a given volume ratio.

(E) Flexural Test : 4-point flexural testing was performed using a 10 mm inner span and a
20 mm outer span, at a crosshead speed of 0.01 mm/min on a universal testing machine
(model 4502, Instron Corp., Canton, MA). A minimum of five bars were tested for each
composition. The apparent work of fracture was obtained by dividing the area under the
load-displacement curve by the cross-sectional area of the sample.

(F) Indentation Test : A Vicker’s hardness test was carried out with a micro-hardness
tester (Zwick 3212, Mark V Lab. Inc.) under a 6 kg indentation load in order to study crack
propagation profiles and interaction with the microstructure.

(G) Microstructure Characterization : The crack propagation behavior in the laminates
after bend testing was observed by optical microscopy (Nikon SMZ-2T, Japan) and
scanning electron microscopy (SEM, Model DS-130, International Scientific Instruments,
Santa Clara, CA).

III. Results
(A) Composition of Laminate

Fig. 3 shows the variation of thermal expansion coefficient and flexural strength for

the mullite/cordierite mixtures as a function of cordierite content. As expected, the thermal

expansion coefficient and flexural strength decreased as cordierite content was increasesd.




To match the thermal expansion coefficient to the chemically stabilized p-cristobalite (1.5 x
10-¢/ °C),37 the mullite/cordierite layer should also have a low thermal expansion coefficient.
The thermal expansion compatibility is an important factor in fabricating a stable laminate
structure without thermal stresses at the interface. However, in order to design a high
flexural strength laminate, a low cordierite content is important in this case.

The trends in variation of shrinkage of the compacts for each powder at various
sintering temperatures are shown in Fig. 4. An amorphous-type B-cristobalite powder
compact reached almost full densification at 1300 °C. The commercial mullite powder
compact could not be densified below 1600 °C. In the case of the synthetic, amorphous-
type cordierite powder compact, densification occurred earlier than that in cristobalite. As
10 wt% amorphous-type cordierite was added to the mullite, the sintering shrinkage
increased largely in comparison with the shrinkage of monolithic mullite. In the
mullite/cordierite mixture, the sintering temperature was limited to below 1470 °C because
of the melting of cordierite (m.p : 1475 °C).

Fig. 5 displays X-ray diffraction patterns for each compact after sintering at 1300
°C. B-cristobalite phase was observed to have crystallized from the amorphous-type
cristobalite powder compact (Fig. 5 (a)). Crystalline a-cordierite phase was detected from
the amorphous-type cordierite (Fig. 5 (b)). The 60 wt% mullite and 40 wt% amorphous-
type cordierite powder compact showed mullite and a-cordierite phases without any
chemical reaction. To design a laminate composite with matching thermal expansion
coefficients and sintering shrinkages between laminated materials and still have reasonable

strength, the 40 wt% cordierite content was selected for the mullite/cordierite matrix layers.

(B) Sintering and Annealing Effects on Fracture Behavior

To study the fracture behavior of the laminates, three kinds of laminates with the
same matrix to interphase thickness ratio were studied for different laminate compositions
and heating conditions. The detailed conditions are listed in Table I. The sintering
temperature was determined from the densification temperature of each component as
indicated by the observations of Fig. 4. For pressureless sintering and hot pressing, the
sintering temperatures were selected to be 1350 °C and 1200 °C, respectively.37 After
densification, annealing was done at 1300 °C. Table II displays a relative density of each
component at each densification condition. Hot pressing improved densification.

The relative ratios of o, B-cristobalite phases, average grain size, strength, and
work of fracture obtained for each experiment at different annealing times are listed in Table

III. For experiment 2, the sintered laminate was denser than the laminate in experiment 1

due to the higher sinterability of the cordierite powder. Morever, good compatibility of




—

thermal expansion can be expected between the cordierite and cristobalite laminate.
However, in spite of the low thermal stress between the laminate and dense microstructure,
the strength of the experiment 2 at each annealing time was lower than that of experiment 1.
® This could be attributed to the low strength of cordierite. In all cases, the strength
decreased when the annealing time was increased. The work of fracture showed maximum
values at different annealing times for each experiment. The maximum work of fracture of
1.93 kJ/m” in experiment 1 was observed at annealing times of 30 h. In contrast, the
® highest work of fracture of 2.38 kJ/m* was observed in the more dense hot-pressed
' laminate with a strength of 131 MPa at annealing times of just 10 h. This indicated that the
hot-pressed laminate was more appropriate for phase transformation weakening when it
had a dense microstructure.

o Fig. 6 presents load-deflection curves for experiment 3, under un-notched, 4-point
flexural testing, as a function of annealing time. For the un-annealed bend bar, the curve
showed brittle fracture behavior. For the 10 h annealing case, the curve showed non-
catastrophic fracture behavior. The step-wise load drops were characteristic of non-brittle

o fracture. This implied that the matrix crack was notably deflected by the interphase, giving
a significant work of fracture. The optical micrographs confirming crack deflection in the
laminate samples are seen in Fig. 7. In comparison with the un-annealed laminate, the
crack was notably deflected, especially in the central shear region of the cristobalite layer in

® the laminate annealed for 10 h. Pronounced delaminations between the mullite/cordierite
mixture layer and cristobalite layer were also detected after flexural testing of the same
sample. The relation between the work of fracture, strength, and average grain size is
shown in Fig. 8. The result showed a parabolic curve form. The curves had a maximum

® work of fracture in the range from 100 to 150 MPa strength except in experiment 2. At the
maximum point of work of fracture for each case, the laminates had an average grain size
of 4-5 pum, as shown in Table III. The strength decreased with increasing average grain
size. This meant that microcracks>’ in the cristobalite layer, which increased when

o annealing time was increased, decreased the frexural strength in the laminate structure.
Cracks occurred due to thermally-induced transformation during the cooling process.37

The thermally-induced cracks in the hot-pressed laminated cristobalite layer before
conducting flexural strength tests are shown in Fig. 9. In a laminate annealed for 10 h, no

P severe crack existed in the cristobalite layer (Fig. 9 (a)). In contrast, a 36 h annealed
sample, with an average grain size of about 7.3 um, had a severe crack inside the
cristobalite layer. The laminate, which had the severe microcrack, showed a low strength
even though matrix crack deflection was observed in the flexural-tested laminate as shown

in Fig. 6. The thermally-induced microcracks in the cristobalite layer played the role of a
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crack deflecting source. However, this kind of deflection did not decrease crack energy
significantly in this laminate system. The excessive work of fracture in the laminate
annealed for 10 h indicated that here, the crack deflection occurred mainly by shear stress-
induced phase transformation, and not just by the microcracks caused by thermally-induced
phase transformation.

To examine the interaction between crack propagation and the laminated
microstructure, Vickers indentation cracks were introduced and the SEM micrograph is
shown in Fig. 10. Indent-induced cracks, in the laminate hot-pressed and annealed for 10
h, displayed a preferred propagation path through the mullite/cordierite layer. However,
the crack did not cross the cristobalite layer. This indicated that the indentation produced
cracks along the cristobalite layer by the phenomenon of transformation induced

weakening.

(C) Thickness Ratio Effect on Fracture Behavior

Laminates experienced a large thickness change after densification because of the
complicated processing variables. The thickness ratio of the green body was not consistent
with the thickness ratio of the densified body. Table IV summarizes the variation of
strength and work of fracture as a function of thickness ratio between cristobalite and the
mullite/cordierite matrix. The laminates were hot-pressed and annealed for 10 h. The
given thickness ratios in Table IV were determined by optical microscopy, by measuring
the thickness of each layer in a densified laminate.

When the thickness ratio of cristobalite to the mullite/cordierite layer increased, the
strength decreased. The strength was as low as 48 MPa at a thickness ratio of 5 : 1. Work
of fracture was also quite low in the laminate having a thicker cristobalite layer than the
mullite/cordierite layer. On the other hand, the laminate having the thickness ratio of 1: 5
showed a high work of fracture of 2.38 kJ/m’. Figs. 11 and 12 are load-deflection curves
and optical stereo micrographs for the laminates having different thickness ratios. At the
thickness ratio of 3 : 1, the fracture curve followed similar behavior to the brittle material
with a low strength of 52 MPa. Crack deflection occurred for the thickness ratio of 1 : 1
and for the cases where there was a thicker mullite/cordierite composite layer than
cristobalite layer. For the thickness ratio of 1 : 7, a notable crack deflection was observed.
However, the work of fracture was lower than the laminate having a thickness ratioof 1 :
5. This may have been due to some part of the thin cristobalite interphase in the laminate
having thickness ratio of 1 : 7 which did not work as a phase transformation weakening

layer, because there was not enough interphase thickness to provide an easier propagation




path for the deflection of the matrix crack. The arrows in the Fig. 12 (e) indicate the matrix

crack passing the thin cristobalite interphase without deflection.
IV. Discussion

The cordierite prepared by the PVA solution-polymerization route was highly
sinterable. Thus, it was very effective in improving the densification of the
cordierite/mullite mixture despite the poor sinterability of mullite (Fig. 4). During hot
pressing, this improvement in sinterability resulted in a more densified microstructure at a
relatively low temperature of 1200 °C under 23 MPa pressure. The high work of fracture
in the hot-pressed laminate was attributed to the high strength of the dense microstructure
as well as the better response of the cristobalite interphase to shear stress-induced
transformation. The hot-pressed laminate had a more uniform grain size of cristobalite than
did the pressureless-sintered laminate.”” The laminate annealed for a long time possessed a
low strength. However, the work of fracture was higher than for the un-annealed laminate
(Table III and Fig. 6). This was attributed to the notable crack deflection by thermally-
induced cracks in the cristobalite interphase. In this case, crack propagation did not
consume as much energy, resulting in lower work of fracture than the laminate having
crack deflection by shear stress-induced transformation. Crack deflection by the thermally-
induced microcracks showed a long displacement without pronounced step-wise load drops
(Fig. 6). The superior mechanical behavior exhibited by the optimally aged interphase (10
h at 1300 °C) was consistent with a shear stress-induced transformation mechanism.

The laminate having a thickness ratio of 1 : 7 yielded a lower work of fracture than
did the laminate having thickness ratio of 1 : 5. This was attributed to the probability of a
crack tip meeting a grain to be acted upon as a crack energy consuming source by a phase
transformation being quite low in the laminate with the thin cristobalite layer. As seen in
Fig 11, a low frequency of step-wise load drop in the laminate of 1 : 7 thickness ratio, in
comparison with the laminate of 1 : 5 thickness ratio, explains the passing of the matrix
crack through the thin cristobalite layer.

A new laminate design can be considered for higher strength and work of fracture
from the results of this study. As shown in the comparison of fracture behavior between
the cordierite laminate with cristobalite interphase and the cordierite/mullite laminate with
cristobalite interphase (Table IIT), the strengh of the laminate was affected more by the
strength of the interphase material than by the compatibility of thermal expansion and
sintering shrinkage in the laminate structure. Thus a very low cordierite content mullite
mixture could be substituted for monolithic mullite. In the latter case, for densification, hot
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pressing at higher temperature would be suggested. At the same time, a cristobalite and
" mullite combination could be used as another type of transformable interphase. The
cristobalite/mullite combination can be expected for inhibition of severe thermally-induced
microcracks by excessive grain growth of cristobalite during the high temperature sintering

process. Further work on this design is in progress.
V. Conclusions

Matrix-crack deflection by shear stress-induced phase transformation was observed
at the critical grain size of 4-5 um, resulting in a comparatively high work of fracture. A
hot-pressed laminate sample, annealed at 1300 °C for 10 h with an interphase to matrix
thickness ratio of 1 : 5, showed the highest work of fracture of 2.38 kJ/m? with a strength
of 131 MPa. A comparatively low strength in spite of high work of fracture at longer
annealing time was attributed to severe microcracking in the cristobalite interphase. The
severe microcracking, which was caused by spontaneous thermally-induced phase
transformation during the cooling process, provided an easier propagation path for crack
deflection without as much reduction in crack energy. The pronounced crack deflection by
induced phase transformation was observed in laminates with thickness ratios lesser than 1
. 1. The laminate having a 1 : 7 thickness ratio revealed a lower frequenéy of step-wise
load drops than did the 1 : 5 ratio in the load-deflection curve. This meant that a matrix
crack in the laminate having a 1 : 7 thickness ratio passed through a few thin cristobalite
layers without crack deflection.

Thus, the design of an oxide laminate composite consisting of a mullite/cordierite
matrix separated by a transformation weakened cristobalite interphase has successfully been
engineered. The mechanical behavior exhibited by the optimally aged interphase (10 h at
1300 °C) is consistent with a shear stress-induced transformation mechanism.
Conventional ceramic processing techniques of tape casting and hot pressing were used,
but the concept of transformation weakening of interphases leading to overall graceful
failure has essentially been demonstrated. Although the absolute values of strength are
modest due to the weak matrix layers, this work lays down the foundation for the
development of high strength and toughness composites based on strong, load bearing
fibers such as mullite or YAG, as soon as they become commercially available. There is
wide scope for theoretical mechanics design, together with improved coating and
processing techniques. However, this mechanism for inducing interphase debonding is
still applicable with other choices of higher temperature transformable coatings in
combination with chemically compatible oxide fibers and matrices.
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Figure Captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure7.

Figure 8.

Figure 9.

Schematic diagram illustrating “transformation weakening of ceramic
interphases” leading to overall toughening of a ceramic matrix composite. In
thermally induced transformations, all interphases are pre-transformed before the
approach of a crack, with some consequent loss of overall strength of the
material. In the ideal shear-stress induced case, an on coming crack induces a
transformation in its immediate environment, with strength only minimally
reduced throught the bulk. Maximum toughening is achieved, since the
propagating crack needs to do work to overcome the nucleation barrier and cause
transformation, and onset of the other synergistic toughening mechanisms
occurs.
Flow chart of tape casting procedure for fabrication of laminated composites.
Variation of thermal expansion coefficient and flexural strength for
mullite/cordierite mixture as a function of cordierite content.
Shrinkage behavior for the powder compacts of amorphous-type cristobalite,
cordierite, commercial mullite, and their mixture at various sintering
temperatures.
X-ray diffraction patterns of (a) amorphous-type cristobalite, ( b) amorphous-
type cordierite, and (c) 60 wt% mullite and 40 wt% amorphous-type cordierite
mixture after sintering at 1300 °C for 1 h.
Load-deflection curves (from experiment 3) for laminates of 15 mullite/cordierite
matrix layers separated by cristobalite interphases under 4-point flexural testing,
as a function of annealing time at 1300 °C.
Optical micrographs (from experiment 3) of crack propagation in laminated
samples annealed at 1300 °C for (a) 0 h and (b) 10 h after 4-point flexural
testing.
Relation between strength, work of fracture, and average grain size in laminates
of mullite/cordierite separated by cristobalite interphases.
SEM micrographs of hot-pressed laminates annealed at 1300 °C for (a) 1 0 h and
(b) 36 h. A pronounced thermally-induced microcrack was observed
propagating in the cristobalite interphase in the laminate annealed for 36 h.

Figure 10. SEM micrograph of indentation crack pattern in hot-pressed laminate annealed

for 10 h.

Figure 11. Load-deflection curves for hot-pressed laminates having different densified
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thickness ratios (annealing time : 10 h).




Figure 12. Optical micrographs of crack propagation in hot—pressed laminates having
" different densified thickness ratios of (a) 5 : 1, (b)3: 1, (c) 1 : 1, (d)1:5, and
(e) 1 : 7 after annealing for 10 h.
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Ceramic powder + dispersant
+ solvent

ball milling for 24h

Add plasticizers + binder

De-bubbling and viscosity control

aging for 48h

Tape casting and drying

ball milling for 15h

Cutting, stacking and lamination

Binder burn-out

Cold isostatic pressing

Sintering

Dispersant : PVB
Solvent : ethanol
trichloroethylene

Plasticizer : PEG / DP
Binder : PVB

Viscosity : about 10000
~15000 cP

Casting rate : 1 cm/sec.
Drying condition

: saturated atmosphere
at room temp.

Lamination condition
: 80 °C for 30 min under an
uniaxial compression

Burn-out condition
: R.T-400°C (1°C/min) 2h hold
400-550°C (0.5°C/min) 3h hold

CIP condition
+ 170 MPa for 10 min

Pressureless sintering

: 1350 °C for 1h

Hot pressing _
: 1200 °C for 1h at 28 MPa

under an Ar atmosphere
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Table L Different Laminate Compositions and Heating Condition
Mullite/Cordierite Laminates Separated by Cristobalite.

for Three Kinds of

Experiment 1

_Experiment 2

Experiment 3

Composition

Thickness Ratio
between TM/3C and ¥Ct

Sintering Condition

Annealing Temperature

60 wt% M/40 wt% C
with Ct interphase

5:1
Pressureless sintering

at1350°Cforlh

1300 °C

C with Ct interphase

Pressureless sintering
at1350°Cfor1h

1300 °C

60 wt% M/40 wt% C
with Ct interphase

5:1
Hot pressing
at1200°Cfor1h

1300 °C

M : mullite

§C : cordierite

¥Ct : B-cristobalite




Table II. Relative Ratio of o/B Cristobalite Phase, Average Grain Size, Strength, and '

Work of Fracture for Each Experiment at Various Annealing Times.

Experiment 1 Experiment 2 Experiment 3
Annealing Time (h) 0 12 30 50 0 12 30 0 10 12 36
T [(102)q
1(222)B +1(102)g 0.28 0.45 0.60 0.63 0.32 0.49 0.60 0.22 047 052 0.77
t Average Grain Size (um) 12 3.0 50 5.6 11 3.0 50 08 42 50 173
Strength, Omax (MPa) 140 125 100 85 120 108 89 180 131 112 92
2
Work of Fracture (kJ/m ) 0.80 1.10 193 1.75 0.67 0.75 1.28 1.20 2.38 2.00 1.82

tReference 15

Table I1L. Variation of Strength and Work of Fracture as a Function of Thickness Ratio
Between Cristobalite and Mullite/Cordierite Layer in Hot-Pressed Laminate

Annealed for 10 h.
TThickness Ratio 1:7 1:5 1:1 3:1 5:-1
Strength, Omax (MPa) 168 131 107 52 438
Work of Fracture(kJ/m?) 1.90 2.38 1.54 0.41 0.37

TThickness ratio of cristobalite to mullite/cordierite composite




Polymerized Organic-Inorganic Synthesis of Mixed Oxides

Mehmet A. Giilgiin, My H. Nguyen, and Waltraud M. Kriven,
University of Illinois at Urbana-Champaign, 105 S. Goodwin Ave., Urbana, IL 61801,
USA

Abstract

A new and simple, chemical route was used to synthesize mixed oxide
powders. The method employs long-chain polymers without chelating functional
groups as organic "cation carriers". The chemistry of the precursor solution differs
from other solution-polymerization techniques. The stabilization of the cations in
the precursor is established through the physical entrapment of the metal ions in

the network of the dried polymer carrier.

Pure, single phase calcium aluminate (CaAl,0,), yttrium aluminate

(Y3Al50;,), and yttrium phosphate (YPO,) powders were produced while
maintaining a ratio of 4:1 of positively charged valences of the cations (Me"™) to

negatively charged hydroxyl (-OH") groups. The ceramic yield of the new method is

approximately 2, being the weight of the ceramic powders to the weight of the

organics used in the preparation.

Introduction

Traditionally, refractory mixed oxide powders are produced by high
temperature solid state reactions. However, this route can be very cost ineffective
and often leads to a final product with multiple, unwanted phases. Mixed oxide
powders thus produced have low surface area and large crystallite sizel.

Various chemical methods have been developed for the synthesis of pure,
single phase mixed oxide powders with controlled powder characteristics?18. Even
some of these chemical routes tend to result in other phases along with the desired

mixed oxide. One of the more successful techniques for single phase mixed oxide
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powders is the so-called Pechini process?, a solution-polymerization route!®. The
basic reactions of this process is schematized in Fig. 1. In general, the process relies
on the ability of certain organic acids (alpha pyroxycarboxylic acids to chelate metal
ions (step I in Fig. 1)8101119, Then, with the help of polyhydroxyl alcohols, the
chelates undergo polyesterification when heated (step II in Fig. 1)19. The
polyesterification reactions result in a polymerized resin which has the various
cations distributed uniformly in stoichiometric proportions. The polymerized resin
containing the chelated cations, is the pre-ceramic powder which can then be
calcined to obtain the mixed-oxide powder. Since its invention in the 1960’s, the
Pechini method (and slight variations thereof) has been utilized to produce
niobates, titanates, zirconates, chromites, ferrites, manganites, aluminates,
cobaltites, and silicates2-411,18, The synthesis of various calcium aluminate phases

by the same method has also been reported earlier>4. For the synthesis of yttrium
aluminate garnet phase (Y3Al;0;,, abbreviated as “YAG”), small amounts of
dopants need to be used to eliminate discontinuous grain growth12, Other

methods13-16 yield the yttrium aluminate perovskite phase (YAIO3) and/or yttrium

aluminate monoclinic phase (Y,A1,0,, abbreviated as “YAM”), along with YAG.

In general, it is assumed that chelation, or chemical fixation of the cation by
the organic molecule is a pre-requisite for a stable, multi-cation precursor.
However, in the calcium aluminate system, our previous studies on Pechini
precursors with very high metal ion to polymer end group ratios have shown that
the precursors were able to support a higher amount of cations than they could
chelate3. Thus, it is reasonable to suppose that other mechanisms of cation
stabilization beside chelation are operative in these organo-metallic precursors.
However, there are very few studies on the chemical synthesis of oxide powders via

non-chelating organic precursors20:21,

In order to explore the possibility of synthesizing stable precursors from
simpler molecules polyvinyl alcohol (-[CH,-CHOH]-,, or PVA) and polyethylene

glycol (H[O-CH,-CH,]-,OH, PEG) were used as polymeric carriers. As seen in Fig. 2
(a), PVA has only hydroxyl (-OH) groups attached to every second C atom in the
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carbon backbone of a long-chain molecule. In PEG, (Fig. 2 (b)) there are only two
functional groups (also hydroxyl) at the two ends of the polymer. Thus, neither of
the organics possesses chemical chelating capabilities. Here, we report on the
synthesis of various mixed oxides and phosphates using a relatively simple, long-
chain polymer as a carrier for the ceramic precursor. A discussion on a plausible

mechanism for cation stabilization by non-chelating polymers is also included.
Experimental procedure:

Throughout this work, nitrate salts (e.g. Ca(NO3),*4H20 (Reagent grade, EM
Sci., Gibbstown, NJ), A(NO3)3+9H20 and Y(NOs); ¢ 5H,O (Reagent grade Aldrich

Chem. Co., Milwaukee, WI)) were used as cation sources. The polymeric precursor
for the calcium aluminate was prepared by mixing stoichiometric proportions of the
nitrate salts into a 5 wt% aqueous solution of PVA. Solutions were prepared from
100 mol% hydrolized PVA (MW 50000, Aldrich Chem. Co., Milwaukee, WI) and
several types of 78 mol% hydrolyzed PVA with different degrees of polymerization
(DP), i. e. DP 1700 (KH-17s Gohsenol, from Nippon Gohsel Co., Japan), DP 580 (405-
S, from Kuraray Co., Japan ) and DP 330 (403-S, from Kuraray Co., Japan). For
yttrium aluminates, 78 mol% hydrolized PVA (kH-17s Gohsenol, DP 1700), and
nitrate salts of the metals were used. 100 mol% hydrolized PVA solutions were
prepared by stirring on a hot plate at 68°C. 78 mol% hydrolized PVA solutions were
stirred at room temperature. Phosphoric acid (H,PO,, EM Science, Gibbstown, NJ)

was used for YPO,.

The amount of PVA to cation salts (i.e. nitrates) in the solution was adjusted

in such a way that there were 4 times more positively charged valences from the
cations (Me"") than negatively charged functional end groups of the organics (in the

case of PVA, -OH” groups). Thus, it was assured that there were more cations in

solution than the hydroxyl functional groups of the polymer could chemically bond
with. To illustrate the mechanism of stearic entrapment of the cations in the
network of entangled polymer in the absence of functional groups, polyethylene

glycol (PEG) was used as the polymeric carrier. The concentration of the cations in
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the solution, in this case, was adjusted such that for every monomer, there were
four positively charged valences in solution. The precursof solutions were then
heated on a hot plate until the water of solution evaporated, and a crisp, light
brown, aerated gel formed. This gel was ground with an agate mortar and pestle
after which it was calcined in air at various temperatures.

The phase formation and precursor to ceramic powder conversion were
studied by differential thermal and thermogravimetric analyses (DTA /TGA, (Model
STA 409, Netzsch GmbH, Selb, Germany)), and x-ray powder diffractometry (XRD,
(DMax Automated Powder diffractometer, Rigaku/USA, Danvers, MA)). Solid
state nuclear magnetic resonance (NMR, (home-built spectrometer based on a
Nicolet 1280 data-acquisition system)) and Fourier transform infrared (FTIR,
(Nicolet)) spectrometries were used to gain information about the structure and
chemistry of precursors as well as amorphous and crystalline powders. Raman
spectroscopy of YAG powders was performed using a micro-raman spectrometer
(Jobin Yvon T64000). Surface area measurements were made by five-point BET
analysis (Micromeritics Model ASAP 2400, Micromeritics, Norcross, GA), and the
particle size was studied using a LASER absorption spectrometer (Micromeritics
Sedigraph Model 5000E, Micromeritics, Norcross, GA). Selected powders were
examined by scanning electron (SEM, (ISI DS-130, International Scientific
Instruments, Santa Clara, CA)) and transmission electron microscopy (TEM, (CM 12,
Philips Instruments, Inc,, Mahwah, NJ)). A more detailed description of chemical

synthesis and characterization of the powders has been reported earlier??22,

III. Results

During precursor processing (<300°C), no precipitation from the solution was
observed, although a high ratio of metal ion to hydroxylic end groups in PVA
containing solutions, or ether oxygen in the case of PEG containing solutions were
used. Stable, crisp precursor powders with cations in the desired stoichiometric
proportions were obtained.

TG/DT analysis of the precursors showed that most of the organics and other

volatiles (H,0, NO, et c.) were burnt off below 650°C in calcium aluminate system
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(Fig. 3 a), and below 900°C in yttrium aluminate system. (Fig. 3 b). The strong
endotherm below 300°C and the corresponding weight loss indicated evaporation of

water from the precursors. Complex decomposition reactions of the organics

occurred between 300°C and 800°C in several steps. A slight, additional weight loss
(~2 wt%) occurred above 900°C in the calcium aluminate and yttrium aluminate
systems.

Pure, fine and amorphous powders were obtained at temperatures as low as
650°C. Corresponding crystalline powders, i.e CaAl,Oy Y3Al504, or YPO,, were

produced when precursors were calcined at 900°C for about an hour (Fig. 4 (a) and
(b)). The powders thus prepared were single phase and pure as determined by XRD.
Precursors that used PEG instead of PVA as their polymeric “carrier” exhibited a
similar behavior. Crystalline, single phase powders in desired stoichiometries were
formed at 900°C.

FTIR and NMR studies of the powders calcined at various temperatures
between 500°C and 900°C were performed in order to gain more insight into the
structure and composition of the amorphous powders, and to characterize the gel-
to-ceramic conversion. Fig. 5 shows a portion of a typical FTIR spectrum from the
powders calcined at 600°C and 800°C for an hour. IR study revealed absorption
bands at 1421 and 1493 cm™ that are usually associated with carbon-oxygen stretching
in inorganic carbonates. A Raman spectrum of the YAG precursors showed a band
at 1051 cm™ which is typical of carbonates.

Along with the precursor gels that contained the cations, a “bare” PVA gel
and 78 % hydrolized PVA powders were studied by FTIR and NMR spectroscopies
before calcination. The “bare” PVA gel solution had been subjected to the same
procedures as the precursors with the cations. However, it did not had the cation
salts in its composition. Fig. 6 shows the FTIR spectra from pure 78% hydrolyzed
PVA powders (a), a “bare” PVA gel (b), and a YAG precursor (c). PVA powder and

the gel show more or less the same spectra. Besides the bands associated with CH,,

CH,, and OH groups, the bands due to the acetate groups are observable in the

spectra. The spectrum from YAG precursors appeared rather different than the one

from the “bare” gel (Fig. 6(c)). The major discrepancies occurred in regions from




1000 to 1700 cm™ and 2700 to 3700 cm”. There are strong shifts in the bands
associated with the acetate groups (1600 to 1800 cm™?), and in bands corresponding to

hydroxyl groups (3000 to 5700 cm™). An additional peculiar change between the
spectra was the disappearance of the absorption bands due to CH, and CHj

stretchings at 2700 to 3000 cm™ (arrowed in Fig. 6 (c)).

The NMR spectra from PVA powders and YAG precursors before calcination
revealed similar differences. The spectrum from PVA powders showed strong
peaks associated with methyl (12.5 ppm) and methylene (44 ppm) carbons along
with the peak for the carbonyl carbon at 170 ppm?3. On the other hand, the
spectrum from YAG precursor had a strong peak at 170 ppm, a broad hump between
100 and 150 ppm, and a small peak at 20 ppm. Peaks due to methylene carbon were
very weak.

Fig. 7 presents a series of “A-NMR analyses from calcium aluminate
powders calcined at temperatures 500 -900°C. Three distinct peaks at 10, 40 and 75
ppm were detected at low temperatures. As the calcination temperature was raised
above 550°C the peak at 40 ppm disappeared. However the peak at 10 ppm was
detected up to 700°C. The peak at 75 ppm progressively became sharper with
increasing calcination temperature and shifted to 80 ppm at 900°C.

When calcined at low temperatures (i.e. 650 to 800°C), the powders prepared
via this new method had a BET specific surface area of about 12 m*/g. Electron
microscopic studies (SEM, TEM) of the powders revealed that most of the surface
area was due to the interconnected, internal porosity. (Fig. 8 (a) and (b)). The
particles were agglomerates of smaller primary particles approximately 50 to 100 nm
in size. The morphology of the agglomerates was closely related to the chain length
of the polymeric carrier, i.e. PVA1922, Smaller molecular weight PVA resulted in
round hollow agglomerates, whereas longer PVA chains yielded star-shaped,

dendritic agglomerates.

IV. Discussion




A polymerized organic-inorganic route employing simple, long-chain
polymers as the carrier organic phase is a viable, inexpensive technique for
nroducing mixed oxide powders. These simple polymer chains have no special
chelating end groups, in contrast to the alpha pyroxycarboxylic acids of the so-called
Pechini precursor. The technique has a ceramic to polymer yield of close to or
above 2.0, being the weight ratio of the ceramic powders to the organics used in the
preparation, as compared to 0.15 for the Pechini method?24.

Since there are no chelating organics in the solution, the choice of the cation
sources becomes critical for the success of the process, especially as the number of
cations in the mixed oxide increases. An important criterion in the selection of the
cation sources is the aqueous solubility of the appropriate salts. All salts used in this
study have very high solubility in cold water2>. Nitrates are the most suitable,
commercially available sources of cations at the present time. Less soluble salts
cause phase inhomogeneities in the final product due to precipitation during
precursor formation. Nitrates have an additional advantage of being strong
oxidizing agents, and thus, facilitating the pyrolysis of the organics. This, in turn,
helps in reducing the amount of carbonates formed. The formation of carbonates
may cause disproportionation of the cations in the precursor, and hence, may lead
to unwanted phases?2. In the cases of calcium aluminate, yttrium aluminate and
yttrium phosphate no precipitation from aqueous solution was observed during
processing. Hence, no disproportionation of the cations from the desired
stoichiometry was expected. As the x-ray studies showed, firstly uniform,
amorphous powders were obtained at low tefnperatures. As the temperature was
raised to above 900°C crystalline powders of the corresponding stoichiometries were
produced.

FTIR analyses of the powders calcined at lower temperatures (e.g. at 600°C and
800°C) revealed a duplet around 1400 to 1500 cm™. This is the wavenumber region
where carbonates usually have their absorption band. However, the existence of a
dublet instead of a single band, as well as absence of any crystalline peak in the x-ray
spectra were indicative of amorphous compounds. The Raman studies of similar
powders detected bands associated with carbonates. ¥Al NMR studies conducted

with a calcium aluminate precursor calcined at lower temperatures showed that Al
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was involved in more than one type of configuration in these powders. The peaks
at 10, 40 and 75 ppm could be assigned to six, five and four-fold coordination of the

Al atom, respectively26. Alis in four-old coordination in Al-O tetrahedra of
CaAl,O, and CaAl,0,%7. Thus, the existence of a small amount of six-fold

coordinated aluminum along with the FTIR and Raman results indicated that
powders calcined at temperatures lower than 900°C contained amorphous
carbonate-like compounds. The amount of this compound decreased as the
calcination temperature was raised, as observed in the weakening of the absorption
band in the FTIR spectra (Fig. 5).

Vibrational spectroscopy analyses (FTIR and NMR) of “bare” PVA gel and the
precursors revealed important clues with respect to the formation of a stable
precursor, and the precursor-to-mixed oxide ceramic conversion. The
disappearance of the bands due to CH, and CHj stretchings in 2700 to 3000 cm!
region and the corresponding decrease in the intensity of NMR peaks for methyl
and methylene carbon were probably due to the degradation of PVA in the presence
of a strong oxidizing agent, i.e. NO; . The shifts in the absorption bands associated
with the acetate groups (1600 to 1800 cm™) indicated that some metal ions were
chelated by the carboxylic end groups of the acetates and were chemically bound in
the polymer structure. This type of metal jon stabilization mechanism is known to
operate in so-called Pechini-resins!8. There were only a small amount (35%) of
acetate groups in 78 % hydrolized PVA, and this mechanism alone cannot
accommodate all the cations in precursor solutions.

A second strong change between the spectra of the PVA gel and the ceramic
precursor was associated with the hydroxyl groups of PVA. The OH bands (300 to
3700 cm™) were skewed towards higher wavenumbers indicating interactions with
the metal jons, and perhaps a stronger ordering in the precursors. Thus, some of
the metal ions in solution were tied up with the hydroxyl groups of the polymer.
However, as stated earlier, there were more e cations in the precursor solutions
than there were functional groups (i.e. hydroxyl and acetate groups) in the polymer.
Since no precipitation during precursor processing was observed the cations had to

be stabilized in the structure of the polymer by means other than mere chemical

linking.
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The following scheme is proposed for physical entfapment of cations in the
network structure of polymers with no chelating end groups:

In aqueous solution of PVA many metal can be stabilized at the polymer by
the interactions with the hydroxyl groups. However, there are still cations left in
solution that do not have a direct link to hydroxyl groups. These ,floating” metal
ions are localized around the polymer by the bridging action of the water molecules
between the metal ions linked to the hydroxyl groups and the free floating metal
ions, as depicted in Fig. 9. As most of the water of solution is evaporated during
precursor processing, the polymer chains come closer to each other, and the
viscosity of the solution increases. The free space between the polymer molecules
shrinks and chain entanglement causes a close polymer. At this stage, the mobility
of the cations is greatly reduced, and the small amount of water left in the precursor
is enough to keep all the cations in the entangled polymer network. Hence, there is
no precipitation to cause off-stoichiometry. Thus, stable precursors are obtained.

Experiments with polyethylene glycol as the polymeric carrier in the pre-
ceramic gels confirmed the observations made with the PVA based precursors.
Chemical synthesis of mixed oxide powders via the system containing PEG as the
carrier will be elaborated upon in a further communication?8.

The results of this study indicate that the metal ions in the organic precursor
can be physically stabilized within an entangled polymer network. Thus, “cation
chelation” by the carboxylic end groups, as in the Pechini resin, is not a necessary
route to stable ceramic precursors. Previous results from Pechini precursors with
very high metal ion to polymer end group ratios have shown that the resin was able
to support a higher amount of cations than it could chelate3. The new synthesis
method differs from solution polymerization techniques, such as the Pechini process |
and its many derivatives, in two aspects: (i) The organic phase is a long chain, and so
does not require polyhydroxyl alcohols (such as ethylene glycol) to promote
polymerization. ii) The polymer does not have a chelating functional group.
Therefore, chelation, which is regarded as a prerequisite in the Pechini type processes,
is not the main operating mechanism for a stable precursor in this method. In this
study, the precursor had a ratio of 4:1 of positively charged valence from cations to

negatively charged functional groups. Despite this large charge imbalance, no

9




precipitation from solution was observed. This was also ciosely related to the very
high aqueous solubility of the nitrate salts of calcium, yttrium, and aluminum.
Further investigation on the synthesis of various calcium silicates is underway to
study mixed oxide systems whose precursor salts are less soluble in water than the

ones reported here.

V. Conclusions
A polymerized organic-inorganic complex route was successfully emploved

to synthesize various monophase, fine and pure mixed oxide powders. The new
technique uses simple long-chain polymers like polyvinyl alcohol (-[CH,-CHOH]-,
PVA) or polyethylene glycol (H[O-CH,-CH,]-,OH, PEG) as the “organic carrier” for

the pre-ceramic gel. The results show that “metal ion chelation” of the solution
polymerization method is not the only mechanism to obtain molecularly
homogeneous, stable precursors for complex mixed oxide powders. The cations of
the mixed oxide are stearically entrapped in the entangled network of the organic
polymers. An important criterion for the selection of the cation sources is the
aqueous solubility of the corresponding metal salts. The more soluble the salts, the

higher is the yield of the new process.
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Fig. 1. Schematic illustrating the basic reactions of the Pechini process.
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Fig. 8 (b) TEM micrograph of YAG powders showing a porous particle.
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Nano-Size, Amorphous Cordierite Powder Prepared by a

Solution-Polymerization Route !
: !
|

®
Sang-Jio Lee* and Waltraud M. Kriven* |
Department of Materials Science and Engineering, University of lllinas at Urﬁana—l
Champaign, Urbaga, Illinois 61801, USA {
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Abstract \
A nauo-size, amorphous-type cordierite (2MgQ-2A1,0,-35i0,) powder was mace
by awriton milling a calcined precursor which was prepared by a soluﬁon-poiynierizaﬁoz
. H

route. A Pechini resin and a PVA soluton were used in the soludon-polyrz%eﬁZadon
process as the organic carriers. In case of the cordierite preparsd using PVA solution, the
maximum densificarion was achieved much earlier then in the case of the Pechiini resin
process. The densification process of the amorphous cordierite was a visc%:u&ﬂow
® simtering type and depended om the amount of amorphous silica. The deusification was
inhibited by the crystallization of sifica in both cases and it was the reason for thfe coarse
microstructure of the sintered cordierite. Sintered cordierite did not show the prejsenca of
any amorphous silica phase as was observed in the case of the soludon—pclyni}er;zation

routs employing PVA solurion. '

® . . iy - N
The cordierite having a dense microsiructure and 2 therrial expansion coefficieat of
2.2 x 10/°C, was synthesized from nano-size pamicles prepared by amrition: milling.
Effectve aurition milling was possible in less than an hour.
i
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I. Introduction .
Cordierite ceramics have inwinsic low thermmal expansion coefficients, fdieiecrric
constant and density, coupled with high chemical and thermal stability. Therefore,
cordierite ceramics are expected 1 be used as heat exchangers for gas turbine }engines,
industrial fornaces and integrared circuit substrares.*® However, it has been impossibiE o
sinter pure cordierite without any sintering aid because of the narrow sintering r&fqge near
the meongruent melting point of cordierite.!” Addition of sintering aids such as K70 or
TiO,, which increased rhe deasity from less than 90 % to 98 % of theoretical, resuiiteci ica
large thermal expansion, an increase of dielectric constant and 2 decrease in cryséilizaﬁorx
teraperarure. ®? The preparation of homogeneous and fine, reactive cordierite! powder
which can be sintered without the addition of impurity, therefore, is considered to be
indispensable. '

It is well known that alkoxy-derived gel powders are very fine and retact:ive.‘s’
However, in multi-component systems such as cordierite ceramics, the difference in
hydrolysis rates of each alkoxide caused inhomogenety in the resultant oxides.® ‘ffoldas“"'
demonstrated that the degres of hydrolysis of alkoxides could be conwolled by the
hydrolysis temperature, types of catalyst and concentration of alkoxides and water.
However, it has been difficult to determine the optimum conditious for hyciiro[ysis.
Morever, gel-derived compacts often suffer from the commencement of crystallization
before densification is completed, leaving large pores unremoved. In the case cf:f silica-
containing gels, it is very difficulr to remove the remaining pores after the t';anset of
crystzilization. This is because the densification by atomic diffusion is much SIOT?M’.I‘ than
the densification by viscous sintering which is the dominant mechanism for densification
before crystallization.* Therefore, it is important that the kinetics of viscous sima:-ring are
substandially faster than those of crystallization, to obtain dense sintered bodies. |

In this work, the preparation of fine, reactive and homogeneous cordierite fJowders
by a solution-polymerization route''™ is discussed, and the sintering behavior iof these
powders is studied. The solution-polymerization routs, which is very simple and l‘?W cost,
employed the Pechini resin®*? or the PVA solution®® as the organic carrier of the pre-
ceramic powders.l The Pechini resin comsists of cimic acid, as the chelating agzjant_. and
ethylene glycol, to promote polymerizadon during the esterification process.!? ?A rather
simple-structured and inexpensive polymer, PVA, has a steric entrapment route on
polymerization."® Both cases are suggested to involve the formaron of 2 soft and bulky
precursor. The purpose of this study was to obrain a fully densified and high-phrity -
cordierite ceramic using the solution-polymerization roure. [n addition, to éachieve
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densification before crystallization, powder prepared from this method was SUbJGCIEd to
anriton milling™®™ before sintering.

IX. Experimental Procedure
(1) Powder preparation and sintering :

The powders were synthesized from Mg(NOs)-6H;0 (reagent grade,' Aldrich
Chemical Co., Milwaukee, WI); AI(INO3);-9H2O (reagent grade, Aldrich Chenncai Co.,
Milwaukee, WI) and Ludox AS-40 Colloidal silica (40 wt% suspeasion i Warter, gDu Pont
Chemicals, Wilmingron, DE). For each precursor, the nirawe salts and the colloidal silica
were dissolved in dejomized water in stoichiomerric proportions. As an organicf: carrier,
eithertne Pechiui :w’nnc;gic PVA solution was added to the mixture. The 83 m% Pechini
resin,™ which consisted of 350 mol% ciric acid monchydrete and 30 mol% Eethylene
® glycal, was used in this process. The PVA solution was made from 5 wi% PVA (degree
of polymerization-1700) dissolved in water. The proportions of the PVA to cation sources
in the solution were adjusted int such a way that there were 4 tmes more positivelv" charged
valences from the cations than the negatively charged functional eunds of the oraamm o
The resulting solutions were heared and stmed until a erisp, aerated gel was formed The
gel was finely ground aud caleined in an air at 750 °C for 1h. '

To produce finer particles, the calcined powders were subjected © ammon mﬂ]mcr
at 180 rpm for various milling times. The charge included 10g calcined powders w-xth 700g
zirconia ball media (ball diameter : Smm). Tke jar volume was 600 ml and lOO ml iso-
® propyl alcohol was used as z solveur for milling. Each of the amidon milled and dried

| powders were uniaxially pressed at 20 MPa followed by iso-static pressing at 25 , 5,000 psi
for 10 min. The peller-shaped green compacts were sintered at various temperamres, with
lh scaking time, and finally the farnace was cooled down 10 TOO temperature. !

[\

[
(2) Chaéacterz‘zation f
The particle size distribution and specific surface area of powders were§ studied
using an X-ray absorption spectrometer (Sedigraph Model S000ET, Vﬁcromentzcs) and
nizogen gas absorption (Model ASAP 2400, Micromeritics, Norcross, GA). Tne phase
® variation of the precursors for cordierite was examined as a function of Lemperan:llre using
ap X-ray spectrometer (DMax auwtomated powder diffractometer, Rigakw/USA, Danvers,
MA) operated with CuKe radiation (40 kv and 40 mA). The density for the'% sintered
specimens was estimated by the Archimedes method using distilled Wateré as the -
displacement liquid. The relative density was celculared using the demsity of the &-.
cordierite (2512 g/cm3) as the theoretical density. The linear shrinkage beh;avior of

-
o
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compacted amorphous cordieriie as a functmn of temperature, and the thermal é}.DdITSIOn
coefficient of the sintered specimens were determined using & dilatometer \(Nemc’z
Dilatometer, 402E, Germany) with 2 heating rate of 10 “C/min. The morphology of
powders and microstructure of sintered bodies were swmdied by scanaingi eleciren
microscopy, SEM (ISI DS-130, Iaternadonal Sciensific [nstruments, Santa Clara, !CA) and
rapsmission elecon microscopy, TEM (Philips EM-420, Philips insoruments, Inc.,
Mahwai, NJ) equipped with energy dispersive specrroscopy, EDS (EDAX P‘V 9900,

EDAX International, Inc., Prairie View, IL). The SEM sammples were orepa red by
polishing and chemical etching in 20 % HEF for 30 sec. For TEM powder speczmens holey
formvar films were supported on copper grids. Some powder was then sprayved on the fiim
and carbon coated. The TEM specimer for sintered cordierire was prepared by 1stand.—:.v:c_!
ceramic polishing, dimpling and jon-milling rechniques. 5
III. Resulits ’
(1) Densification behavior and pizase changes ll

Both precursors were very soft and porous and easy to grind. A very ﬁne powder
was obtained only by hand grinding for a few minutes. Fig. 1 shows a pan;c:[e size
disibution and SEM micrographs of the calcined powders derived from different orgaaic
carriers. The powder derfved from the Pechini resin had a narrow particle size dis:m"oution
with particle sizes ranging from 3 um 1© 50 um. Most of the particles were of imregular
shape with sharp corners and edges, In the case of the powder derived from PVA %oluﬂon,
tiough the powder morphology was very similar to the powder prepared W‘ithi: Pechini
resin, it had a wider particle size diswiouon with particle sizes ranging from 1 LLG':L o 100
wm. ‘

Fig. 2 shows variation of phase for amorphous cordierire, derived from the Pechini
resin, as 2 function of heating temperamure. Crystalline spinel phase appeared at 906 °C and
persisted till 1250 °C. On the other hand, silica remained amorphous up t© 1130‘“C As
temperature further increased to 1200 °C, amcrphous silica crystallized to quarcz -
cordierite started to form at 1250 °C by the solid-state reaction between quarnz. cn']s‘obahta
and spinel. The a-cordierite was formed directly, without a sequential forrn:ar:;ou of
crystalline cordierite (amorphous—»u—=c:). All phases rurned to e-cordierite at 1350 °C.

In comparison, the X-ray diffraction %g{;;n} of amorphous cordierite derivf::d from
PVA solution are shown in Fig. 3. The precussor remained amorphous at 9200 *C.
However, in contrast w the Pechini resin process, u-cordierite appeared with crg'.rsrzﬂjne
spinel at 1000 °C. The u-cordierite was detected below 1200 °C and coexisted :with -

.
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cordierite at & temperature ranging from ilOO °C to 1200 °C. However, as the tenlxperamre
increased to 1200 °C, u-cordierite phase disappeared and crystallized a—cordiex'-ite The
onset temperature of ¢icordierite was lower than for the Pechini resin process. \Onlv -
cordierite remained at 1300 °C. : : |
Fig. 4 shows the linear shrinkzige of amorphous-type cordierite compa:xcrs as a
function of temperature. The cordierite compact prepared with the PVA solution fdensifiec?
rapidly between 700 °C and 1000 °C. However, the densificaton stg@at the ten!meramre
of crystallizadon of y-cordierite. At temperatures above 1200 °C, the powder! Jcompact
continued to swell slightly. On the other hand, the densification of the powder%compav.
prepared with the Pechini resin occurred conmtinuously untl a-cordierite was formed ar
1250 °C. The densification was not affected by the crystallization of spinel phase%. These
results indicate that the densification, in both cases, stops at the cryswllization point of
amporphous silica. The powder compact derived from the Pechini resin also showefc! a lidle
swelling above 1300 °C. !
Fig. 5 shows varjation of bulk density for cordierite compacts ar differeat :siﬁtering
temperatures. The bulk density of sintered specimens derived from PVA solutic;n had a
maximum value at 1100 °C. The bulk density of a-cordierite was higher than the rue
density in the temperature range from 1000 °C to 1200 °C, because u~cordierite and spinel
phase were the marrix phases of the sintered body. The reduction in density above 1100
°C, which is relared to the swelling in the shrinkage curve (Fig. 4), can be ascr'bgd to the
formation of ¢-coedierite, Wwith no more densification oecurring. [z the case of the powder
compact derived from Pechini resin, the maximum depsity was displayed at 125d °C and
then the reducrion in density occurred due to the formation of q-cordieirre. The hig;f'ner bulk
deasiry, than the true density of c-cordierite at above 1100 °C, is atmibuted to d:uf;: spinel,
quartz and cordierite-type glass phases i the mawiz. Even though only a—cordie;rite was
detected in the sintered bady by X-ray diffraction at 1350 °C (Fig. 2), that the density was
higher thar true density of c-cordierite indicated thar the cordierite-type glass pb.z;scs sull
rernained in the matrix after densification.
Morever, the thermal expansion coefficient (3.8 x 10¢/°C) of the sintered specimen
was higher than that of pure a-cordierite. This result confirmed the fact that the Isintered
body did not cousist of only a-cordierite, but also had some cordierite-type glassy|phases.
In conwast, the close match of the thermal expansion coefficient (2.1 x 105/°C)Y of the
sintered specimen, prepared with PVA solution, with that of a-cordierite shows ltha: the
sintered specimen had high purity. The low thermal expansion coefficiear meant that most
of the y-cordierite and the other phases changed into c—cordierite through sohd—state atomic
diffusion above 1100 °C. : |
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The observed densification behavior reflected that the main sintering m:echanism
was by viscous-flow sintering of the cordierite-type glass phases in both cases. [n the
PVA solution process, the viscous-flow sintering stopped at the temperature at which
amorphous silica crystailized w© pt—cordierite- In the case of the Pechini resi_ng process,
however, the densificaticn by viscous-flow lasied longer than the powder% compact
prepared with PVA solution due to the residual cordierite-type glass. This is the r;":asm for
the enhanced densification abserved in the Pechini resin process. i

The scanning electron micrographs of sintered cordierite specimens are %hown in
Fig. 6. The micrograph of the sintered specimen derived from the Pechini resin vlvas more
dense than that from the PVA solution process. The circular-type pores conﬁ;_]i—l:aed that
viscous-flow sinrering had occurred. On the other hand, the sinvered spedmeé derived
from PV A solution retzined some large pores after viscous sintering. This was be%:ausa the
amorphous silica was depleted by cryswllization of u-~cordierite pefore full Viscpus—ﬂow
sintering occurred. The formation of u~cordierite ar around 1000 °C also occurted in the
sol-gel powder preparation process'® This means that the PVA soludon process 1'5 a more
atorustically homogeneous syathesis method in comparison with the Pechini resin process.
Therefore, the sintered cordierite specimen prepared with the PVA solurion had a high
purity, with a negligible amorphous silica content. However, the sinterad densit:'i did not
reach the full degsity of cordierite. If enough densification occurs before the crysn!allizatiou
of the amorphous silica begins, it is possible to prepare dense cordierite ceramics.| Hence,
it is mecsssary to obtain a fine and reactive powder, which can enzble near fill densification
atan eady stage, for producing a high-density cordierite from the solution-polymerizarion
route.

(2) Densification behavior of attrition milled powder

The calcined powder derived frcm PVA solution was subjected o a:zriticzﬁ wmiiling
to prepare fine powder for achieving full densification before cryswallization. To obtain
sintered cordierite having least amount of amorphous phase, modificadon of l:be PVA
solution process was imporant. Fig. 7 shows the variation of linear shrinkage and densiry
of compacted amorphous cordierite as a function of atirition milling time. In ceneral te
longer the attrition milling time, the Iaraer was the shrinkage observed. Nearly "9% linear
shrinkage occurred in the sample sintered at 950 *C when the milling was done for only 15
min. The shrinkage improved remarkably up to the milling time of 60 min. The cl‘nanoc in
shrinkage with increasing milling time was insignificant after 60 min- A large shrinkage of
about 36% was observed when the milling was done for 60 min. The 36% shrinkage was
obtained when the specimen was sintered ar 950 °C which is the temperature before
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crystallization to p-cordierite. The density of the specimens sintered at 950 °C wa;s higher
than the true density for all milling times. This was because the main phases of the mairix
were amorphous silica and some y.-cordiérite. In the case of the specimen siatered; at 1300
°C, the shrinkage for the same milling tf:me was 2 litle lower than that of the séecimens
sintered at 950 °C because of the formation of a~cordierite with no more wlsc?u.s—flow
sintering. Accordingly the density also decreased due to the open stuciure ca;v.sed by
formarion of a-cordierite. The measured thermal expansion coefficient of the specimen,
arrrition milled for 60 min apd simered & 1300 °C, was 2.2 x 106/°C. Both the densiry
Jand P w«;:rnf& and the thermal expansion coefficient of this specimen were quite closg to those of pure o

@o1d

s g v a 3 a N ' - -
L cordierite.| Fig. 8 shows a transmission elecon micrograph of the amorphous cordierite
. . u . . . ~ - i .

powder atrition milled for 60 min. The powder comsisted of very fine primery parncxes-
30 om in size, and had a BET specific surface area of 181 m¥/g. These results were almos:
similar to the mano size particles propared by the sol-gel pracess.®*® EDS utcrc:mnaiysw
(Fig. 8) showed that the atwion milled and calcined powder retained a sivichiometric
compositon of cordierite and ouly 0.01 wi% tmpurity was added during the! attrition
milling. In addition, the average composition calculated from 3 data points by EDS
analysis shows that the powder had a uniform spatial distibudon of constituent ph‘ase on a
nano-size scale. The micrographs of nhe polished and chemically erched surfaces of the
specimens, attrition milled for two different dmes and sintered at 1300 °C, are show: in
Fig. 9(2), (b). The both microstructures were much more dense than that of an t.n‘attnnon-
milled specimen shown in Fig. 6(b). In: case of the specimen anriton millec for%GO min,
the pore size was smaller than the specimen amrition milled for 240 min. Fig. 1(;) shows
TEM bright-feld intermal texture and corresponding SAD pasem of the spectmen: atridon
miiled for 60 min, The cordierite crystailite, approximately 0.8 wm in dizmeter, was
observed and the SAD pettern showed reflections from crystalline c-cordierite called
indialite (stable hexagonal form) without any amorphous ring patterm. ,
|

IV. Discussion

The mechanism of sigtering of the amorphoﬁs cordierite powders prepiared by
solution-polymerization route consists of viscous-flow and subsequent crystallization with
coalescence. In the case of the Pechini resin process, the sintering process was observed
until the final stage. Free silica cations were produced during the procsss and res!ulted in
amorphous silica phase in the warrix. The chelation of the dissolved metal ions by the
carboxylic acid end of the ciric acid was incomplete in the Pechini resin procesis- The
chelating action is suggested to be responsible for the formation of a stable, a‘tozr.:x.?stic.-'illy
homogeneous, pre-ceramic organometzllic. However, the stabilization of the metai ions in
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the organics was not enough in the multi-component system when the Pechini resin was
used. o

In the case of PVA solution method, the polymer only had hydroxyl ’Ljuncdonal
groups and sieric entrapment of the metal ions was achieved by using these large chain

molecules. The crystallization of u-cordierite from amorphous silica at an early; stage of

sintering and depletion of amorphous silica after sintering are a result of this sterc
: 1

entrapment of the metal cations. Hence a chemically homogeneous structure, at the

molecular-scale level, was possible.

The nano-size powder prepared by mechanical amiton milling, with wet| grinding
condition, was very effective in improving densificadon. It enabled these pamcles. with 50
wm $ize, to amain nearly full dens_uc:anon by viscous-flow sintering. Though in_reased
shrinkage resulted on atrition milling for longer HGmes, the loager milling time increased the
contamination due to media wear. Iheréfore, it is desirable 0 optimize the milling dme
reach uear full densification with least possible comtamination. In the visclws—ﬂow
sintering of the nano-size particles, some spherical-type pores remained in the matnx which
is typical of glass powder sintering (Fig. 6, 9). On the other hand, the smte*ea density
using the nano-size particles did aot increase even though the shrinkage mc:.-ea|Sed with
milling tmes of more than 60 wmin (Fig. 7(b)). This is caused by increase in siize of the
residual pores in the sintered body. The larger pores may be due to partcle aggicmeration
during viscous sintering, and then coalescence of cordietite grains after thei viscous
sintering stopped with no further shrinkage. The driving force for particle agglo:mcration

and coalescence of grains increased with the increase in surface arez of the powdet.
|
!
V. Conclusions : i

A dense and pure c~cordierite was obrzined from mano-size powder by iapplying
attzition milling to the calcined powder prepared by a solution-polymerizari'ﬁn Toute
employing aqueous PV A soludon. The éoluﬂon—polymeﬁzation process was a sir:,upla and
inexpensive technique for producing multi-component systems, such as a cardierite, on a
molecular-scale level. The nano-size amorphous—tvpe cordierite powder auriton ﬁ:iﬂed for
60 min bad a BET specific swrface area of 181 m¥/g and stoichiometic |corcheme
composition. The powder was densified fully before the onset of crvstallization to u-
cordierite at 950 “C. The atrition mﬂling was very effective on the soft and| porous,
amorphous-type, cordierite powder.
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Figure Captions ‘ [
Fig. 1. Effect of organic carriers on the p&m‘cle size distribution of the calcined po»;vders
® SEM micrographs showing the effect of the organic carriers in the precursors on the
particle size distribusion of the czzlcmezz’ powders derived from (a) Pechini rasuz ard
(b) PVA soluion. i
Fig. 2. X-ray diffraction s;;m of amorphous cordierite derived from Pechini resin at
P various heating zemaemmre (holding time at each temp. : 1) ;
Fig. 3. X-ray diffraction speerﬁuaf amorphous cordierire derived from PVA solution ar
various heating temperature (holding time ar each temp. : 1h). !
Fig. 4. Linear shrinkage of compacted amorphous cordierite prepared with Pechzmi resin
and PVA solution as a funcrion of sintering temperature. 1
® Fig. 5. Bulk dersity of the amorphous-type cordierite powder compacts sinrered zzr various

temperatures for 1h. Thermal expansion coefficient of the specimens szmerad at
1300 °C for 1h. |
Fig. 6. SEM photographs of polished surface of sintered cordierite specimens derzLed from
® (a) Pechini resin and (b) PVA solution sintered ar 1300 °C for 1h
(etching condition : 20 % kydrofiuoric acid for 30 sec).

Fig. 7. Linear shrinkage and density of compacted amorphous cordierite sintered
at (a) 950 °C and (b) 1300 °C for 1k, derived form PVA solution after various
arrrition milling times.

® Fig. 3. IEM micrograph and ZDS speczrum of the amorphous cordierite powder,
which is derived from PVA solution and attrizion milled for 60 rrin. i

Fig. 9. SEM micrographs of the cordierite specimens aurition milled for (a) 60 rmflz,

(B) 240 min and sinzered ar 1300 °C for 1h.
® Fig. 10. TEM brigh-field image with corresponding SAD partern of the specimen attrizion
milled for 60 min and sinrered at 1300 °C for 1h.
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