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Shear-induced phase transformation behavior of chemically stabihzed [f-cristobalite was stucied by the fiber push-
out technique. To cbtain the critical grain size for phase transformation, the hol-pressed polycrystalline B-cris-
tohalite, which was used as the mterphase between fiber and matrix, was annealed at 1300°C for 10 h. Two types
of fibers, mullite and sapphire fiber, were used in this study. Debonding between mullite fiber and cristobalite in-
terphase ocourred at a eritical load of 230 MPa. Static friction and fiber shding were cantinmonsly followed by de-
bonding Shear-induced transformation indueed cracks in the cristobalite interphase at the debonding stage. In the
case of the sapphire fiber, the debonding occurred at a lower load of 180 MPa due to the residual stress in the in-
terface caused by the difference in thermal expansion coefficients between the fiker and the cristobalite interphase
The load was insufficient for shear-induced phase transformation.
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1. Introduction

61y hase transformation weakening® mechanisms of in-

terphase materials have been recently imtroduced.™
Tt has been proposed that debonding occurs at the weak-
ened interphase in a laminated or fiber coating structure **
It can be achieved by inducing a displacive, crys-
tallographic phase fransformation, which is accompanied
hy a negative volume and/or unit cell shape change, there-
hy causing microcracks in the interphase, The dissipative
energy associated with the transformation results in an
overall increase in the toughness of the bulk composite. En-
statite” has been intensively researched as a transfor-
mation weakener. In recent, P-cristobalite (S0 was
found to exhibit phase transformation weakening effects at
Toom temperature.

B-cristobalite is a high temperature, low pressure po-
lymorph of silica (8i0.) in which the 8i0, tetrahedra are
arranged in a diamond-like lattice with shared corners,”
The fully expanded, high temperature, P-structure un-
dergoes a reversible digplacive transformation to a col-
lapsed c-structure on cooling at 265°C. This is accom-
panied by a volume decrease of approximately 3.2%.""
In order to stahilize the B-crigtohalite at room tem-
perature, it can be chemically doped with “stuffing’ ca-
tions."™® In a chemically stabilized B-cristobalite, the
presence of foreign ions in the interstices presumably in-
hibits the contraction of the structure. This normally oc-
curs during the o< B cristobalite transformation. The
chemically stabilized cristobalite has cubic (B form} rath-
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er than tetragonal (o form} symmetry after cooling

A critical particle size effect is believed to control the
B to o tranmsformation in the metastable B-cristobalite
analogous to the onset of nucleation in zirconia (ZrOy)"™
apd in some other silicates.”®™ In a polycrystalline B-eris-
tobalite, the grain size depended on densification tem-
perature and annealing conditions. For pelyerystalline 3-
cristobalite doped with Ca® and Al* eations, the eritical
grain size of 4~5 pm was required to transform to o-cris-
tohalite.”™ The shear-induced transformed o-cristobalite
was observed in the polycrystalline B-cristobalite after
grinding."

In this paper, the chemically stabilized B-cristobalite
powder, synthesized by solution-polymerization tech-
nmique using PVA solution as a polymeric carrier, was
densified by hot pressing in a fiber/cristobalite in-
terphase /mullite-cordierite matrix structure. In the crit-
ical grain size range, the shear stress-induced transfor-
mation behavior was evaluated by fiber push-out tech-
nique.

II. Experimental Procedure

Tn order to make amorphous-type [-cristobalite powder,
a clear sol was prepared from Ludox AS-40 Colloidal sil-
ica (40 wt% suspension in water, Du Pont Chemicals,
Wilmington, DE); AIINO,), 9HO (reagent prade, Aldrich
Chemical Co., Milwaukee, WI) and Ca(NOj, 4H,0
{reagent grade, Aldrich Chemical Co., Milwaukee, WI) in
proportions with a final composition of CaO:2A10,:
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808i0,."" After dissolving ithese reagents in DI water, a
PVA solution, acting as a polymeric carrier, was added
and the mixture was heated up to 120°C. The PVA solu-
tion was prepared from 5 wi% polyvinyl aleohal {PVA, de-
gree of polymerization 1700, Air Products and Chemicals,
Inc., Allentown, PA) dissolved in water. The amouni of
PVA to cation sources im the solution was adjusted in
such a way that there were 4 times more positively
charped valences of cations than the negatively charged
functional endg of the organics.'” As viscosity of the solu-
tion increased by evaporation of water, the mixture was
vigarously stirred. The remaining water was then dried,
transforming the gel into a porous solid. Finally, the pre-
cursor was ground and caleined at 1100°C for 1 hour.
The calcined powder was attrition-milled with zirconia
media for 1 hour at 180 rpm. Iso-propyl alcohol was used
as a solvent for milling. 30 g of calcined powder was at-
trition-milled in a 1200 ml jar.

The dipping slip for fiber coating was prepared with 25
vol% amorphous-lype B-cristobalite powder and 75 vol%
water. 0.2 wt% (dry weight basis of powder) Darvan C (R.
T. Vanderbilt Company, Inc.} and 0.1 wt% PVA solution
(& wt% PVA dissolved in water) were mixed to the slip
as a deflocculant and binder, respectively. The mixture
was ball milled with zirconia media for 6 hours. The ma-
trix, consisting of 50 wt% mullite (KM Mullite-101 Kyo-
titsu, Nagoya, Japan) and 50 wt% cordierite (Baikalox
705G, Baikowski International Co.), was prepared by
wel ball-milling the mixture for 12 hours and seiving the
dried powder.

Amorphous-type [(-cristobalite powder was dip-coated
on to continuous mullite and sapphire fibers. The fibers
were cut approximately into 15 mm long, cleaned by HF,
and dip coated with [(-cristobalite slurry. The thickness
of coating was maintained at ~30 pm by repeated dip-
ping and drying.

The [iber-containing pellets, which were made by
uniaxially dry press, were loaded in a graphite die with
compatible oxides surrounding the pressed materials,
then hot pressed under an argon atmosphere at 28 MPa,
at temperature of 1200°C for 1 hour. The specimens for
push-out test were prepared by slicing perpendicular to
the fiber direction. The thin sliced samples, which have
a thickness of 0.8 mm, were polished and annealed at
1300°C for 10 hours. Push-out test was conducted in a
universal testing machine (model 4502, Instron Corp.,
Canton, MA) to evaluate the interfacial properties of
mode] composite. It is shown in Fig. 1. The testing was
conducted using a constant crosshead speed of 1 um/s. A
load-displacement curve was recorded by a computer.
The scanning electron microscopy (SEM, Hitachi S-530,
Japan) was used to examine the debonded interface.

The specific surface area of the atirition-milled powder
and the average grain size of the hot-pressed and an-
nealed cristobalite were measured by nitrogen gas ab-
sorption (Model ASAP 2400, Micromeritics, Norcross, GA)
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Fig. 1. The set-up of push-out test for model of interface
system

and Jeffries-Saltykov method, respectively.” The phase
change between ¢ and f-cristobalite was studied using a
Rigaku spectrometer (DMax automated powder dif-
fractometer, Rigaku/TISA, Danvers, MA) with CuKo ra-
diation (40 kV, 40 mA)."” The pellets for XRD analysis
were hot-pressed and annealed with the same method as
the fiber-containing pellet. The shear-induced transfor-
mation behavior was tested by grinding the anmnealed
specimen on & 800 mesh SiC paper.

III. Results and Discussion

The attrition-milled, amorphoustype [-cristobalite
powder had an average particle size and a BET specific
surface area of 0.3 um and 72 m%g, respectively."” The
phage transformation hehavior of polyerystalline B-eris-
tobalite is listed in Tahle 1. After hot pressing and an-
nealing for 10 hours, the densified cristobalite, con-
sisting of 61 wvol% B-cristobalite and 39 vol% o-cris-
tobalite, had an average grain size of 4.2 pm. Thermally-
induced transformation, which occurred spontaneously
on cooling, resulted in the formation of the a-cristobalite
in the B-cristobalite matrix. However, microcracks were
not accompanied by the transformation, After prinding
the densified cristobalite, 13 vol% transformed to o-cris-
tobalite through shear stress.

The result of fiber push-out test was represented hy
four individual steps. Stage I showed a linear elastic
loading, followed by debonding in stage II. Stage III ex-
hibited interphase sliding, and finally, stage IV revealed

Table 1. Shear-Induced Phase Transformation Behavior of
Chemically Stabilized p-Cristobalite {Condition for Critical
Grain Size: Hot press at 1200°C for 1 h and Annealing for 10
h at 1300°C)

Average Ratio of Amount of shear-induced
grain size o/p phase | transformed o-Cristobalite by
{m) (val%a) grinding (vol%)
42 B: 61 o 39 13
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the matrix crack and further sliding. Representative
push-out curves for mullite and sapphire fiber systems
are shown in Figs. 2 and 3. In the mullite fiber system,
the load increased linearly with displacement until a crit-
ical load P1. At the critical load F1, the interfacial stress
was large enough to produce a shear-induced phase
transformation resulting in microcracks in the B-cris-
tobalite coating layer which wag observed by a volume
decrease. The shear-induced transformation ac-
companying 3.2% volume decrease, which was estimated
in Table 1, resulted in the microcracks in the cristobalite
interphase. The debonding within the interphase de-
creased the critical load to P2, which is followed by a
static friction increasing the load to P3 as seen in the
push-out test of the SiC/SIAION composite™ Over the
maximum static friction, the fiber experienced frictional
sliding, When the fiber slid to P4, the matrix at the bot-
tom of the specimen was chipped due to the growth of
the interphase cracks into matrix. Finally, the load drop-
ed to P5. The fiber continuously slid out after P5.

The push-out curve for sapphire fiber ig shown in Fig.
3. The dehonding stress of sapphire fiber/B-cristobalite
interphase was lower than that of the mullite fiber sys-
tem. The difference was caused by a differential thermal
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Fig. 2. Push-out load vs. displacement curve for mullite
fiber/B-crigtobalite interphase.

200 — — ———————— T

+ Fiber: Sapphire
» Coating: §-Si0

wm
o

2

w
=]

Stage IV

Shear Stress on Interface, v {MPa)
=
[=]

Stage IT

1

i) L M L PR 1 FE n

o] 10 20 30 a0 50
Displacement, § (um )

Fig. 3. Push-out load vs. displacement curve for sapphire
fiber/3-cristobalite interphase.
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expansion coefficient. The thermal expansion coefficient
of sapphire fiber was ~8x 10C,* which was much high-
er than the thermal expansion coefficient of [B-cris-
tobalite, ~1.5x 107 C." When specimen was cooled down
from hot-pressing and anpealing, some residual tensile
stress was induced in the interface resulting in the de-
bonding within the interface between the sapphire fiber
and the B-cristobalite interphase.

The length of stage TIT in the push-out test was quite
different between the two fiber systems. In the sapphire
fiber, it was ~8 um, but only ~3 pm for mullite. This was
caused by the different debonding mechanisms. The
smoother debonding surface in sapphire fiber/p-cris-
tobalite resulted in less microcracks in the f-cristobalite
interphase in comparison to the mullite fiber/f-cris-
tobalite systemn which had a debonding in the interphase.
It was due to the longer progressive sliding length in the
push-oul test of the sapphire fiber.

The SEM micrographs identified the process in the fib-
er push-out. Fig. 4(a) shows the pushed-out fiber from
the view of the mullite fiber/B-cristobalite bottom. The
rough appearance was observed on the fiber surface, and
the chip-out-characteristic existed in the matrix near the
interphase. The thickness of interphase was approximate
25 pm. Fig 40b) was the back scattering electron mi-
crograph of a close up view of the interphase. The pri-
mary cracks were ohserved in hoth radial and cir-
cumferential directions. Several microcracks were also
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Fig. 4. (a) SEM photograph of mullite fiber/B-cristobalite in-
terphase after push-out test and (b) its enlarged (circle re-
plon) back scattering electron image.
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Fig. 5. (a) SEM photograph of sapphire fiber/B-cristobalite
interphase after push-out test and (b) ils enlarged pho-
tograph (circle region) for sapphire fiber surface.

observed in the interphase as indicated by the arrow.
The same contrast between fiber surface and interphase
indicated neo difference in composition. This result meant
that debonding occurred within the interphase, rather
than the interface between the mullite fiber and f-cris-
tobalite interphase. The SEM micrographs of sapphire
[iber after push-out are shown in Fig. 5. The site of de-
bonding and sliding was located at the interface hetween
the sapphire fiber and the B-cristobalite interphase (Fig.
&(a)). Some pieces ol cristobalite were observed on the
smooth sapphire fiber surface in the electron micrograph
(Fig. 5(b)).

IV. Conclusions

The f— o phase transformation weakening behavior m
the chemically stabilized B-cristobalite was observed by
the fiber push-out technique. Tn a mullite fiber/ecris-
tobalite interphase / mullite-cordierite matrix structure, de-
bonding occurred within the cristobalite interphase by fib-
er push-out test. The critical load, 230 MPa, for debonding
resulted in primary and secondary microcracks in the cris-
tobalite matrix. The microcracks were due to the [-— o
phase transformation weakening by shear stress.
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