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ABSTRACT

Fibrous monolithic SizN4/BN (=85 vol.% Si3N4/15 vol.% BN) and monolithic
SisN4 ceramics were compressed at a nearly constant strain rate (&) at
1200-1400°C in Np. The € range was =1 x 106 to 5 x 106 s°1; the stress (o)
range was 37-202 MPa. The Si3N4 and the unidirectional fibrous monoliths that
were oriented with the long axis of the Si3Nj cells parallel to the compression
direction exhibited plasticity at 1300 and 1400°C, with € < 6. A 0/90° cross-ply
Si3N4/BN laminate also exhibited significant plasticity, but it was weaker than the
above-mentioned ceramics. The unidirectional fibrous monoliths that were
compressed perpendicular to the cell direction fractured at =50 MPa in all tests.
A +45° laminate tested at 1300°C fractured at a stress of =<40 MPa. Low fracture
stress correlated with shear through BN layers.

INTRODUCTION

Fibrous monolithic ceramics, which generally consist of a strong ceramic cell
surrounded by a weaker cell boundary, exhibit graceful failure [1-5]; in flexure,
they splinter. Fibrous monoliths are produced from powders by conventional
ceramic fabrication techniques, such as extrusion [1,2].

Several compositions of ceramics and cermets have been processed
successfully in fibrous monolithic form [4]. The most thoroughly investigated




fibrous monolith consists of Si3Ny cells and a continuous BN cell boundary [3-5].
Through appropriate selection of initial powders and extrusion and hot-pressing
parameters, very tough final products are produced. The high toughness is due
primarily to the presence of textured platelike BN grains.

The mechanical properties of Si3N4/BN fibrous monoliths have been studied
extensively at both room and high temperatures [3-9]. Although elevated-
temperature creep failures of ceramic composites often occur by shear [10],
Si3N4/BN fibrous monoliths have not been tested in compressive or shear loading.
We report here on initial tests of SisN4/BN fibrous monolithic specimens that
were compressed at 1200-1400°C in N3. For comparison, Si3Ny4 specimens with
a composition similar to that of the cell phase were also compressed.

EXPERIMENTAL DETAILS

Fabrication Procedures

The fibrous monoliths were fabricated from Si3N4/BN coextruded green
filaments [2] that were 320-330 pm in diameter, flexible, and produced by melt
coextrusion of a blend of =52 vol.% ceramic powder mixture in an ethylene-based
copolymer binder [11]. The coextruded filaments contained nominally 85 vol.%
core Si3N4 material (E-10, Ube Industries, Tokyo) and 15 vol.% BN cladding
(HCP Grade, Advanced Ceramics Corporation, Cleveland). The SigN4 was a
sinterable composition, 92 wt.% commercial SisN, powder, 6 wt.% Y»03, and 2
wt.% Al;O3.

Sheets of uniaxially aligned green filaments were produced by a winding
operation that placed the coextruded filaments side-by-side on a cylindrical
mandrel. The filaments were held in place with a spray adhesive that, upon
drying, allowed the unidirectional sheets of green fibrous monolith to be removed
from the mandrel. The sheets were stacked to fabricate the specimens [5]. Three
laminated architectures were fabricated: 0°, 0/90°, and +45°. The laminates were
cut into the desired preform and warm pressed at 160°C to produce a solid green
panel.

In this study, simple rectangular flat panels were fabricated for the property
evaluations. The panels underwent a binder pyrolysis step that consisted of
slow heating in flowing N> to 600°C over a period of 42 h. The SisN4/BN panels
were then hot pressed at 1740°C for 1 h under =28 MPa pressure. This
procedure yielded fibrous-monolith billets that were >98% of their theoretical
density. Pure Si3Njy billets were also hot pressed.

Creep Tests and Microstructural Analysis

Right parallelepiped specimens =3 x 3 x 5 mm were cut from the fibrous-
monolith and SizNy billets with a slow-speed diamond-blade saw. The
compression surfaces were polished to be flat and parallel. Five types of
specimens were prepared (Fig. 1).




Each specimen was compressed at constant velocity between Si3Ny platens
in an Instron Model 1125 universal tester [12]. The atmosphere was stagnant
Na, the temperature was 1200-1400°C, and the engineering strain rates (£) were
~1 x 106 to 5 x 10-6 s-1.  All compressive tests were completed within 10 h. For
most tests, the specimen were unloaded and reloaded and at least two data points
were taken.

The maximum strain (€) was <0.04, but some specimens fractured during
testing. Fracture surfaces and polished sections were examined by scanning
electron microscopy (SEM). One as-received specimen was thermally etched to
reveal the Si3Ny grain size.
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Fig. 1. Schematic diagram of specimens that were compressed: (a) SizNy, (b) 0°
laminate, (c) 0° laminate compressed at 90°, (d) laminate of alternating 0 and 90°
layers, and (¢) laminate of alternating + and —45° layers; arrows indicate
compression direction.

RESULTS AND DISCUSSION

Key microstructural features of the monolithic Si3N4 and fibrous-monolithic
Si3N4/BN are shown in Fig. 2. The Si3Njy grains in both types of specimens were
generally elongated, with a maximum length of =5 um. The cells of the fibrous
monoliths were slightly distorted by hot pressing. Most cells were approximately
hexagonal; the maximum cross-sectional dimension was =100-200 pm. The BN
boundary layer was thin and nearly continuous.

A summary of the test data is shown in Table I. The selected range of &
proved to be too fast to allow appreciable plastic deformation at 1200°C. The
Si3N4/BN specimens that were compressed perpendicular to the long cell direction
were rather weak.

At 1300°C, the Si3Ny4 specimen appeared to achieve steady-state stresses; i.e.,
the stress saturated. The SizN4#/BN that was tested parallel to the long cell
direction appeared to also achieve steady state, but at a stress (o) that was ~20%




lower than that for the Si3N4. As was the case at 1200°C, the 90° specimen
fractured at a 6 = 50 MPa. The cross-ply laminates exhibited vastly different
responses, with the +45° laminate fracturing at low stress. The 0/90° laminate

Fig. 2. SEM photomicrographs of (a) thermally etched SizsNy cells in which grains
are exposed and (b) Si3sN4/BN fibrous monolith in which cell structure is evident:
dark Si3Ny4 cells surrounded by lighter BN phase.

Fig. 3. SEM photomicrographs of fracture surface of +45° Si3N4/BN laminate
compressed at 1300°C: (a) low-magnification view and (b) higher-magnification
view that shows platelike BN grains.



appeared to achieve steady-state creep at € ~ 2 x 106 s-1, but upon retesting,
fracturing became evident. Its maximum strength was approximately half that of
the Si3Ny4 or the unidirectional fibrous monolith that was compressed parallel to
the long cell direction. The +45° laminates were very weak. Examination by
SEM indicated that fracturing occurred between layers, through the BN boundary
phase (Fig. 3).

At 1400°C, the SizN4 and the 0° SisN4/BN fibrous monolith exhibited very
similar responses. The BN volume fraction was only =15% in the SizN4/BN,
and, because of the structure of the BN boundary phase, it probably offered
some resistance to creep. Furthermore, the orientation of the BN boundary
phase should have minimized a propensity to fracture. Nearly equal creep
resistance was thus to be expected for these two ceramics; for both, € o o, as
would be expected for creep by diffusional flow [13,14]. The relatively low

Table I. Summary of compressive-test data for SizN4 and Si3N4/BN specimens.

Specimen T (°C) €(-1) o (MPa) Comments
SizNg4 1400 2x106 463,564 =steady state
4x10% 97.4 = steady state
SizN4/BN (0°) 1400 1x106 29.1 =steady state
2x106 53.8 ~steady state
SizN4/BN (90°) 1400 2x10% 52.0 =steady state
5% 100 52.8 fractured
SizNy 1300 1x106 87.4 ~steady state
2x 106 202 = steady state

SisNgBN(0° 1300  1x106 575  steady state*
2x106 156.5  test suspended

Si3N4/BN (90°) 1300 1x 106 52.0 steady state**

5x10% 52.8 fractured

SizN4/BN (0/90°) 1300 2x 106 102 steady state**
2x 106 92.2 fractured
SizNy/BN (+45°) 1300 2x 106 41.7 fractured
(second sample) 2x 106 36.9 fractured

SizNy 1200 1x106 —_ elastic

SisNg/BN (0°) 1200  1x10%6 209 fractured
SizN4/BN (90°) 1200 2x 1090 48.7 fractured

* Apparent steady state, but actual steady-state stress was probably higher.
** Apparent steady state, but slow fracture was likely [13].



steady-state stresses at 1300 and 1400°C, which imply fast creep rates, are
probably due to a glass phase at the grain boundaries that was created by the oxide
sintering aids [15,16].

The 90° Si3N4/BN specimen fractured, as at the lower test temperatures, at a
stress of =50 MPa. Examinations by SEM indicated that the fracture propagated
between the highly aligned platelike BN grains.

The tests were conducted over relatively short periods, with only one replicate
specimen being tested; thus, the ascribed steady-state stresses must be considered
as approximate only. Furthermore, the stress/strain curves for the fibrous
monoliths (Fig. 4) exhibited significant serrations, probably from minor cracking of
weakest sections, which further complicated identification of the steady-state
stresses. Nevertheless, the following conclusions can be drawn from these tests:

Monolithic Si3Ng and fibrous monolithic SisN4/BN that were compressed
parallel to the long axis of the SizNy cells exhibited similar creep responses.

Fibrous monolithic Si3N4/BN compressed perpendicular to the long axis of the
Si3Ny cells fractured at a stress of =50 MPa, independent of temperature and £
over the ranges examined. Fractures propagated through the weaker BN phase.

Cross-ply SisN4/BN laminates were weakest in shear, with fractures
propagating through the BN phase.

Boundaries between laminates, which consisted of essentially doubly thick
layers of BN, proved to be the weakest regions in the Si3N4/BN fibrous
monoliths.
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Fig. 4. Stress-vs.-strain curves at 1400°C for (a) Si3Nyg and (b) unidirectional
Si3N4/BN compressed parallel to the fibroid direction; the specimen was unloaded
and reloaded twice in (a); in (b), the strain rate was changed during the test..
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Our preliminary data and observations strongly suggest that laminate
architecture should be tailored to match service stress states. The stresses
imposed by our tests to date were relatively large. Lower-stress creep tests,
conducted at constant o rather than constant £, are in progress. The new tests
should more accurately probe the performance of Si3N4/BN fibrous monoliths in
applications.

SUMMARY

Fibrous monolithic SisNg/BN and SisN4 ceramics were compressed at
1200-1400°C in N3. The unidirectional fibrous monoliths that were oriented with
the long axis of the SizNy parallel to the compression direction exhibited a creep
response similar to that of the SisN4. Both ceramics exhibited steady-state creep
at 1300 and 1400°C. A 0/90° cross-ply SisN4/BN laminate also exhibited
significant plasticity at 1300°C, but was weaker than these ceramics. The
unidirectional fibrous monoliths that were compressed perpendicular to the long
axis of the Si3N cells fractured at =50 MPa in all tests. The +45° laminate tested
at 1300°C fractured at a stress of =40 MPa. Low fracture stress correlated with
shear through BN layers.
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