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ABSTRACT
We have fabricated uniduectional fibrous monoliths based on dense ZrSiOA cells that are

surrounded by a porous, weak ZrSi04 cell boundary phase. We coextruded a duplex
fikunen~ cut it to short lengths, bundled the lengths and packed them into an extruder, and
then extruded anew filament. This filament was cut and packed into a bar die to produce test
specimens. After heat treatmen~ the specimens were tested in four-point flexure and
examined by scanning electron microscopy. Load-displacement curves were linear to failure,
but some evidence of toughening was observed microscopically.

INTRODUCTION
A fibrous monolith (FM) is a composite ceramic that contains a strong cellular phase that

is surrounded by a phase that will dissipate energy during fi-acture. FMs, which are produced
in-situ Iiom powders, retain some load after the peak load is applied during flexural testing,
and thus they fkil gmcefilly. They constitute a low-cost alternative to conventional
continuous-fiber ceramic composites [1-4].

FM structures can be produced from many materials systems. Systems being
commercially explored today include SisN4./BN, SiC/graphite, and various cermets. To
produce an FM structure flom these systems, hot pressing, which limits the shapes that can
be produced, must be used to densify the green material. Because we want to sinter rather
than hot-press the FMs and because of stability concerns, we are working on oxide FMs.
Use of sintering allows more freedom in sample design.

The cell materials that are of interest to us are &@, mullite, yttrium ah.uninum game~
and ZrSiOA. Each of these materials exhibits good high-temperature properties. Through
doping and control of particle size, they also can be processed over a range of densities. The
FMs that we are produce contain a we~ porous boundary phase that surrounds strong,
dense cells. We chose ZrSiOd for our fust set of FMs. ZrSiOd powders are readily available,
and they require little secondary processing. Our goal was to produce ZrSiOA samples over a
range of densities and strengths and then learn to fabricate duplex structures with matched
shrinkages during sintering and thermal contraction during cooling. Once suitable powders
and ftig schedules had been identified we fabricated ZrSi04/ZrSiOd FMs and characterized
their microstructure and fracture properties.

EXPERIMENTAL PROCEDURES
ZrSiOApowders were obtained flom Alfa Aesar and Remet. The Alfa Aesar powder was

used for the dense cell and the Remet powder was used for the porous cell boundary. Each of
these powders was processed differently. The as-received Alfa Aesar powder had an average
particle size of 1 pm. It was ball-milled in isopropyl alcohol with ZrOz milling media for
72 h, dried, and screened though a 100-mesh sieve. The resulting average particle size was 0.5
~m. Remet flour-grade powder was first processed to remove the finest particles.
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Approximately 100 g of Remet ZrSi04 powder was placed in a 1000 ml beaker with 800 rnL
of deionized water and 20 drops of Darvan C dispersant. The solution was mixed for =1 min
and then allowed to stand =3 min. The remaining solution was decanted and the settled
material was retained. The resulting avemge particle size of the Remet ZrSiOA was 13 pm.
After the powder was sieve~ it was ready for plastic processing.

The frost step in plastic processing was to batch the necessary composition and
vibratory-mill the mixture overnight [5]. Table I shows the components and concentrations
that were used in our plastic mixes.

Table I. Composition of plastic mixes used for extruding ZrSiOAfilaments.

I Constituent Alfa Aesar ZrSiOA(g) Remet ZrSiOq (g)

78 wtYo xylene/22 wt.’Mo butanol 20 15

Monsanto S-160 Plasticizer 10 10
Dilute fish oil in xylenehdzmol 10 10
ZrSiOA powder 200 200
Rohm&HaasAT-51 Binder 21 21
Carbon powder o 0.25

After the mixes were milled overnigh~ they were de-aired tape cast to a thickness of
=0.5 mq driet and stripped. The tapes were allowed to sit overnight and were then mixed in
a Brabender high-shear mixer. Mixing was used to adjust viscosity to the necessary levels for
coextrusion. In the coextrusion process, two Brabender screw extruders were attached to a
coextrusion die (Fig. 1). The mixed Alfa Aesar and Remet plastic mixes were fed into
separate extruder hoppers and forced into the coextrusion die to produce an initial filament
(Fig. 2). These fdaments were dried for several days. They were then cut into 10-cm
sections and bundled. The filament bundles were placed in a ram extrusion die and extruded.

The resultant filaments were cut into 50-mm sections and pressed in a bar die at a
pressure of =100 MPa. The resultant bars were then heat treated. Binder burn out was
accomplished in flowing 02. Each bar was heated to 140”C at 50°C/h and held for 0.1 h.
After the hol~ each bar was heated to 500”C at 5°C~ held for 3 h, and then cooled to room
temperature at 50°C/h. The bars were sintered at 1550”C for 3 h to complete the processing
of our ZrSiOq FMs.

RESULTS AND DISCUSSION
The thermal-expansion curves for a 95% dense ZrSiOA sample and a 70’%0dense ZrSiOA

sample were similar (Fig. 3). These expansions were sufficiently close that we did not expect
significant cracking to be caused by stresses from thermal-expansion mismatch.

The ZrSiOA FM microstructure is shown in Figs. 4-6. Figure 4, which is a scanning
electron microscopy (SEM) photomicrograph of a polished cross section of one of the FM
bars, shows that there was a difference in shrinkage between the cell and cell boundary. The
resultant void is shown in Fig. 5. The observed difference in shrinkage may have a positive
effect on the properties of the FM. With a fracture, the surfaces should slide along each other
and dissipate energy as individual cells pull out. Figure 6 shows a polished longitudinal cross
section of our ZrSi04/ZrSiOA FM.



Four-point flexure tests were conducted at room temperature on the ZrSi04 bars and the
FMs. The inner and outer load spans were 20 and 40 mnL respectively. The rate was
1,27 mm/min. Typical load-displacement plots for these samples are shown in Fig. 7. The
fracture strengths of porous and dense ZrSi04 monoliths were 55A 2.6 and 254* 33 MPa,
respectively. The fracture strength of the FMs was 131 + 7 MPa. As expected, the strength
of the dense ZrSi04 was highest. The FM strengths fell between the values of the individual
constituents. Although little nonlinearity was observed in the load-displacement plots,
inspection of the FM fracture surfaces by SEM revealed some evidence of cell pullout and
crack deflection. Figure 8 shows some crack deflection. The crack path did not go straight
through the sample, but rather deviated substantially. Figures 9 shows an example of cell
pullout. Figure 10, a photomicrograph taken from the side of a flactured FMs, shows
delamination within the porous cell-boundary phase and crack deflection.

We believe that the limited toughening imparted by our FM structure can be improved
substantially. We are now working to promote delamination along the intefiace of the cell
and cell boundary through reduced sintering between the two phases and through
strengthening of the ZrSi04 cell.

SUMMARY
Using a process of coextruding filaments, bundling therq and extruding the mass, we

produced ZrSi04/ZrSi04 filaments. These filaments were used to fabricate FMs that
consisted of a porous boundary phase that surrounds dense cells. FM bars were sintered in
air at 1550°C. The resultant fwst-generation FMs exhiiited some promise. Delaminatio~
crack deflectio~ and cell pullout were observed in fractured FMs. In order to increase the
amount of delamination and cell pullout, the bonding between the cell and the boundary phase --~
must be reduced.

ZrSi04/ZrSi04 FMs have served as prototypes for refining our processing methods. ~
Once we have improved the structure and properties of this FM syste~ we will begin to -
work with other oxides, such as mullite and Alz03, that exhiiit better promise for practical
applications.
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Fig. 1.
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Photograph of(a) coextrusion die and (b) core pin of coextrusion die.
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Fig. 2. Cross-sectional view of coextrusion die showing material flow.
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Fig. 4. SEM photomicrograph of polished cross section of the ZrSi04/ZrSi04 FM.
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Fig. 5. SEM photomicrograph of cellhoundary interface of ZrSi04/ZrSiOa FM.

Fig. 6. SEM photomicrograph of longitudinal cross section ZrSiOQ/ZrSiOa FM.
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Fig. 7. Load-displacement curves fo~ Alfa Aesar ZrSiOq (circle), Remet ZrSiOq (square),
FM #1 (diamond), and FM #2 (triangle).

Fig.8. SEMphotomicrograph of fractire surface of ZrSiO~ZrSiOq FMafierfow-point
flexural testing.
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Fig. 9. Higher magnification SEM photomicrograph of fracture surface that shows a small
amount of cell pullout.

Fig. 10. SEM photomicrograph that shows crack deflection and sliding of cells.


