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ABSTRACT _,,-,ou,.

Duophase (_'/$') sialon is being developed for ceramic engine applications

by using the Quickset TM injection molding process, followed by pressureless

sintering and a thermal treatment. The sialon had an average four-point

flexural strength of 670 MPa at room temperature and 490 MPa at 1370°C. It

survived the flexural stress rupture test at 1300°C and 340 MPa for 190

hours. X-ray diffraction (XRD) and transmission electron microscopy (TLM)

characterization showed that crystallization of the grain boundary phase

improved the high temperature flexural strength of this sialon material.

The creep behavior was also found to be affected by the crystallized grain

boundary phases. The formation of a yttrium aluminum garnet (YAG) phase

and elongated grains yielded better creep resistance. The correlation

between mechanical properties and microstructure is discussed.

INTRODUCTION

Silicon nitride (Si3Nd) is one of the prime candidate materials for high

temperature ceramic turbine engine appllcations.(1) Most of the high

performance silicon nitrides used in the Advanced Turbine Technology

Applications Project (ATTAP) require hot-isostatic-pressing (HIP) to

achieve high density and good mechanical properties. Two important issues

related to the HIPped silicon nitride need to be addressed: i) HIP is a

very expensive process, and is thus not a cost-effective manufacturing

process for ceramic engine components and 2) the mechanical properties of

silicon nitride with an as-HIPped surface are worse than that with an as-

machined surface, (2) probably due to the glass reaction layer on the as-i

I| HIPped surface resulting from the glass encapsulation process. In M STER
comparison, pressureless sintering is a lower cost manufacturing process
and does not require glass-encapsulation. However, to achieve full

density, greatex amounts of sintering aids musc be employed for ..... IS UNLIMITEDDISTRIBUllON OF THIS DOCUMEN" _/
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pressureless sintered ceramics. Typically, the high temperature mechanical

properties and oxidation resistance of pressureless-sintered silicon

nitride are greatly reduced by the increased amounts of grain boundary

phases generated form the sintering aids.

Several techniques involving the modification of the grain boundary

phases have been used to improve the high temperature mechanical

properties. They can be classified into the following approaches" (i)

Decrease the amount of the grain boundary phase by using less or no

sintering aid. However, this method requires glass-encapsulation HIP or

hot-pressing to achieve high density. C3) (2) Increase the viscosity of the

glassy grain boundary phase by using more refractory sintering aids such as

yttria, instead of magnesia (3) Crystallize the grain boundary phase. (4)

(4) Diffuse some of the elements within the grain boundary phase into the

matrix grains during densification, c5) For the pressureless-sintered

material examined in this study, the focus was on approaches (2), (3) and
(_).

Beta silicon aluminum ox)nitride (_'-sialon), formed from the liquid

phase sintering of silicon nitride with the addition of yttria and alumina,

has been under development for more than a decade for cutting tool,

extrusion die and other engineering applications. However, the application

of 3' sialon in the ceramic turbine engine was limited by the degradation

of the grain boundary phase at temperatures exceeding 1200°C, similar to

other types of pressureless-sintered silicon nitride materials. Recently,

the duophase (='/3') sialon material was found to perform very well in

cutting tool applications. (s) The purpose of this study is to develop the

duophase (='/3') sialon for ceramic engine applications. This paper

reports the room temperature and high temperature mechanical properties of

the duophase sialon and their correlation with microstructure and

processing. The focus is on grain boundary engineering for improving the

high temperature mechanical properties through the post-sintering
treatment.

MATERIALS AND METHODS

Materials Preparation

The duophase sialon was prepared from silicon nitride powder with optimum

amounts of yttria (Yz03) and 21R (SiAI6OzNs) as sintering aids. The green

billets having dimensions of 25 mm x 50 mm x 9.4 mm were produced using the

Quickset _ injection process, which is the forming process for engine

component fabrication at Ceramics Process Systems Corporation. The details

of the forming process are described elsewhere. (2.8) The green parts were

sintered in a graphite furnace in a flowing nitrogen atmosphere. The

nitrogen pressure was only slightly higher than ambient pressure. The
post-sintering thermal treatment was carried out in the same furnace, but

at lower temperatures. Three different batches of samples, #G, #H and #I,

having the same composition, but different firing cycles, are evaluated in
this paper.

Mechanical Testing

The flexural strength was measured by using a four-polnt loading fixture

following MIL-STD-1942(MR) specification. The "A" bar configuration, with

a specimen size of 1.5 x 2 x 30 mm, was used for measuring the room

temperature flexural strength and the "B" bar configuration, with a size of

3 x 4 x 50 mm, was used for the hlgh temperature flexural strength and

c_c. _,,,_,,,_ _r4_ Th_ InmHJn= v_r_ fn_ th_ rnnm rpmp_r_t,)r_ flpx,)ralr _" _ ....................................
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testing was 0.2 mm/min and that for the high temperature flexural testing

was 5 ib/s. The room temperature fracture toughness was measured by using

the controlled-flaw strength method. (9)

The flexural creep tests were conducted using a SiC four-point fixture

having inner and outer spans of 20 and 40 mm, respectively. During the

testing, an LVDT tracked the downward displacement of the load ram. A

computer monitored this displacement as well as the load on each specimen

and provided necessary adjustments to maintain the desired stress level.

The calculation of the tensile creep strain from the flexural strain

data was based on the formulation of Hollenburg.(1°) The creep behavior

generated from the flexure test are described by the equation, (I:)

dc,idt_A °(aa/ao)n

where des/dr is the steady-state creep rate, Ao is a pre-exponential

factor, aa is the applied stress, ao is a normalizing parameter (-I MPa),

and n is the creep exponent.

TEM/EDS Characterization

Transmission electron microscopy (TEM) was used to identify the secondary

phases and characterize the morphology of the grain boundary phases in each

sample. TEM specimens were cut from the samples before and after creep

deformation. The specimens were mechanically thinned to -75 >m in
thickness, dimpled down to -25 #m in thickness and ion milled at 6 kV and I

amp at 15°. The analytical electron microscopy (AEM) was performed at 200

kV in a JEOL 2000FX equipped with a Kevex Quantum ultra-thin window energy
dispersive spectrometer (EDS).

X-ray diffraction (XRD)

X-ray diffraction was used to identify the intergrangular phases and _'/_'

contents in the duophase sialons. The XRD system consisted of a Cu X-ray

tube operated at 45 kV and 40 mA, 230 mm radius goniometer, and a Ge solid-

state detector. Patterns were collected at 0.1°/mit scanning rate. Phase

identification was based on reference patterns contained in Sets 1-40 of
the Powder Diffraction Files.

RESULTS

Mechanical/Thermal Properties

Flexural strength The four-point flexural strengths of the

duophase sialon are plotted in Figure I. The strength of the as-sintered

material decreased gradually from 745 MPa at 25°C to 550 MPa at 1200°C, and

then dropped to 350 MPa at 1300°C and 1370°C. In comparison, the duophase

sialon after post-sintering thermal treatment had a lower room temperature

flexural strength of 670 MPa, but maintained relatively good strength at
high temperatures, having a flexural strength of 490 MPa at 1300°C and

1370°C. These results demonstrate the importance of the post-sintering
thermal treatment on the mechanical properties of the duophase sialon.
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Figure i. Comparison of the flexural strength of the duophase sialons

before and after a post-sintering thermal treatment.

Flexural stress rupture The flexural stress rupture was tested
at stresses of 240 MPa and 3A0 MPa at 1300°C. The strain verse time curves

of the samples, #G, _H and =I, are plotted in Figure 2. At 240 MPa,

samples #H and #I had better creep resistance than sample #G. k_hen the
stress was increased from 240 MPa to 340 MPa, #I showed better creep

resistance than #H, indicating that sample r-H was more sensitive to the

applied stress. The secondary creep rates of the these samples tested at

different conditions are summarized in Figure 3. Notice that the creep

rate of sample _I was not as sensitive to the applied stress. From these

data, the creep exponents (n) of #H and #I were calculated to be 2.7 and

0.7, respectively.

4.000 • - • _ , 1 , "1
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Figure 2. Creep behavior of samples #G, #H, and #I at I300°C and several
stress conditions
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Figure 3. Secondary steady-state creep rates of samples #G, _H and #I under
various conditions

Hardness The hardness, measured using a Vickers indenter, was 20.5

GPa, which was higher than the hardness of pure _' sialon of 17 GPa. (12)

Microst_cture/Phase Characterization

The microstructure and phases of the sialon materials were characterized

using XRD and A_M. In the as-sintered samples, the sialon had an amorphous

grain boundary phase, as determined by electron diffraction. After a post-

sintering heat treatment, the grain boundary phases were crystallized. In

addition to equiaxed grains of both _' and _', elongated _' grains were

obse_ed, as shown in Figure 4. Several crystalline grain boundary pockets

are arrowed in this figure. _...........
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Figure 4. TEM image showing typical microstructure of c_'/,B' sialon material

(sample #I). Several crystalline grain boundary pockets are arrowed.

There were several mlcrostructura_!/phase differences observed between

the three batches of samples, _<_, #H and #I, corresponding to the

differences in creep behavior of these three samples. From XRD, the major

difference between the #G, #H and #I was the _' and _' contents. #G had

much less _' sialon (-19 %) than #H and #I (-37 %), and #G also was found

to have fewer elongated _' grains than #H and #I. Among these three

samples, #H had the highest amount of elongated grains. Two different
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types of elongated grains were found in #H, the normal elongated _' grains

and highly faulted elongated grains, as shown in Figure 5 (see morphology

of the labelled grains and the inset electron diffraction pattern). From

EDS, the faulted elongated grains were found to be a (high-Al)-Si-O-N

(Figure 6(a)), as compared with the (high-Si)-AI-O-N _' sialon grains

(Figure 6(5)). This (high-Al)-Si-AI-O-N phase was identified as _-

Si3AI70_N_(13)by XRD.

\ _ .% .,

Figure 5. TEM image of sample =H showing elongated 8' grains as well as

elongated and highly faulted [-Si3AI703N 9 grains (labelled). Diffraction

pattern of a [-Si3AITO3N 9 grain is inset.
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Figure 6 EDS spectra from (a) an elongated [-Si3AITO3N 9 grain and (b) an

elongated _' grain

The major grain boundary phase found in these three samples was a

yttrium aluminum garnet (YAG) phase as identified by XRD. From EDS

characterization, a small amount of silicon (Si) was found in the YAG phase

(Y3AIbOIz). Thus, a Si-diffused YAG phase was formed. These YAG pockets

were large enough such that any contribution to the Si from surrounding

Si3N4 grains was minimized. Other minor grain boundary phases identified by
XRD were K-phase (¥SiO2N) and melilite (Y2SI303N4). Sample #G appeared to
h_ve more of the Y-Si-O-N (K-phase or melillte) from AEM characterization.
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Following creep testing, TEM samples were prepared from both the

tensile and compressive faces of the test bars. Sample #G had many cracks

at the tensile side of the specimen, with the cracks running perpendicular

to the tensile face, as shown in Figure 7. In fact, TEM samples were

extremely difficult to prepare from this sample as the surface repeatedly

crumbled during the grinding and polishing steps. Samples #H and #I showed
no obvious microstructural differences following creep. There were no

microcracks and no cavitation was observed in either sample. The phases

remained unchanged in each sample after creep at 1300°C, as determined by
XRD.

Tensile
Face

f

Figure 7. TEM image of =G after creep testing at 240 MPa and 1300°C,

showing cracks running perpendicular to the tensile surface.

DISCUSSION

The improvement of the high temperature flexural strength of the duophase

sialon after the post-sintering thermal treatment can be related to the

crystallization of the grain boundary phases. The crystallized grain
boundary phases also decreased the room temperature flexural strength,

perhaps due to residual stresses resulting from the thermal expansion

mismatch between the crystallized grain boundary phases and the sialon
grains.

The creep behavior of the duophase sialon was also affected by the

microstructure and grain boundary phases. Samples #G, #H, and #I, having

the same formulation but different firing cycles, had quite different creep
behaviors. Sample #G had the worst creep resistance and the lowest e'

content. The smaller amount of _' phase in #G indicates that more yttrium

was left in the grain boundary phases. Thus, more yttrium-containing grain

boundary phases formed. The melilite and K-phases found in _G appeared to

be more than that in #H and #I. Therefore, the creep resistance was worse

than that of sample #H and #I. The elongated grains in sample #H and #I

are also believed to improve the creep resistance• The creep resistances
of #H and #I were close to each other at the lower stress (240 MPa), but #I

material had better creep resistance at the higher stress (340 MPa).

Further evaluation on the differences between these two samples is in
progress.

The creep exponent (n) could be calculated using the equation
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(I/(2 = (al/a2)n, where (I and a2 are the strain rates and the _I and a2 are
the applied stresses. From the data in Figure 3, the stress exponents of

samples #H and #I were calculated to be 2.7 and 0.7, respectively. Sample
#H had a stress exponent larger than one, indicating that some creep

mechanism, in addition to Coble diffusional creep, played an importaI_t role

in the creep behavior of this material. Sample #I had a stress exponent
close to one, corresponding to its good creep resistance.

In addition to the relationship between the grain boundary phase and

the high temperature mechanicel properties of the duophase sialon, the

development of elongated grains was also of interest for the following
reasons • (i) Some of the elongated grains were highly faulted and rich in

aluminum, not normal Si-rich Si-AI-O-N sialon grains. From the XRD

results, the faulted elongated grains are a zeta-Si3AlTO3N 9 aluminum silicon

oxide nitride phase. (2) The elongated grains might be able to improve the

toughness and creep resistance of the materials. (3) Too many elongated

grains might degrade the flexure strength. Further experiments are

underway to explore the new phase, ways to control the growth of elongated

grains, and their correlation with the mechanical properties.

CONCLUSIONS

A duophase (_'/_') sialon for high temperature ceramic turbine engine

application has been developed to have the following properties"
Density 3.25 g/cm 3
Hardness 20.5 MPa

Fracture Toughness 5.5 MPa-m I/z

4-pr Flexural Strength
25°C 670 MPa

1200°C 510 MPa

1300°C 490 MPa

1370°C 490 MPa

Flexural Stress Rupture

1300°C, 240 MPa No failure after 190 hrs

Strain rate 0.0010%/br

1300°C, 340 MPa No failure after 190 hrs

Strain rate 0.O014%/hr

The grain boundary phases played an important role in controlling the

high temperature mechanical properties of this duophase sialon. Optimum

post-sintering thermal treatment improved the flexural strength from 350
MPa to 490 MPa at 1300°C and 1370°C. This was due to the formation of

isolated and crystallized yttrium-rich refractory grain boundary phases.

The creep behavior of the duophase sialon was affected by the

crystallized grain boundary phase, a'/_' content and grain morphology. The

formation of a YAG grain boundary phase and elongated grains yielded better

creep resistance.
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