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1.       STATEMENT OF PROBLEM STUDIED 

Silicon nitride is a potential candidate for several high temperature structural applications, like heat 
engine components, cutting tool inserts, bearings, and wear parts. In use, the ceramic component 
is often subject to dynamic loading conditions at elevated temperatures. Hence, it is necessary to 
evaluate the performance of the material under dynamic loading conditions over a range of 
temperatures. 

This research project focused on the behavior of in situ reinforced silicon nitride, under dynamic 
compressive loading, over a range of temperatures. Novel experimental (the Split Hopkinson 
Compression Bar) and analytical (Differential Strain Measurement) techniques have been 
developed to aid the evaluation of the dynamic properties of in situ reinforced silicon nitride over a 
range of temperatures. The properties (primarily, the elastic modulus and the failure stress) of the 
material has been studied from room temperature to 1000°C. The experimental work has been 
supplemented by microstructural studies, both before and after testing, in order to gain an insight 
into the mechanisms of failure. 

2.       SUMMARY OF THE MOST IMPORTANT RESULTS 

2.1 The Microstructure and Boundary Phases of In-Situ Reinforced 
Silicon Nitride (published manuscript) 
M. Liu and S. Nemat-Nasser 

Abstract: The microstructure of an in-situ reinforced silicon nitride, gas pressure sintered with 
La203, Y203, and SrO additives and then heat treated, is examined with X-ray diffraction, SEM, 
and high resolution TEM. Two crystalline rare-earth apatite phases, LasSi3012N and Y5Si3012N, 
are identified at the grain pockets and at the two-grain boundaries. The thickness of the crystalline 
phases at the two-grain boundaries is approximately 1.7nm, in compliance with the suggested 
equilibrium intergranular spacing. A glassy phase is also present at the grain pockets and at the 
two-grain boundaries due to incomplete crystallization of the boundary phases. The thickness of 
the amorphous phase at the two-grain boundaries varies from 0.7nm to 3.0nm, suggesting that 
compositional inhomogeneities exist at these areas. Based on the microstructural observations, the 
structures of the crystalline boundary phases, the equilibrium intergranular film thickness, and the 
mechanisms resulting in incomplete recrystallization of the glassy phase in the in-situ reinforced 
silicon nitride are discussed in this research paper. 

2.2 Microstructure of a Bearing-Grade Silicon Nitride (submitted manuscript) 
M. Liu and S. Nemat-Nasser. 

Abstract: The microstructure of a bearing-grade silicon nitride, pressurelessly sintered with 
Ti02, Y203, and AIN additives and then hot-isostatically pressed, is examined with high-resolution 

Submitted 5/1/99 UCSD/CEAM 
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TEM, SEM, and XRD. The material consists of large acicular ß-Si3N4 grains and small equiaxed 
a-Si3N4 grains. An amorphous phase containing the sintering aids is observed to exist at the two- 
grain boundaries and at the grain pockets. No crystalline phase is identified. The a-to-ß and ß-to- 
ß grain boundaries appear straight and well defined. (1010) and (1120) are the dominant crystalline 
planes observed at the ß-grain boundaries. The intergranular spacing of the two-grain boundaries 
is l.Onm for the high contrast boundary phase and is 0.8nm when a low-contrast boundary phase 
is present, confirming that the film thickness is strongly dependent on the boundary-phase 
composition. The a-to-a boundaries are often curved and the thickness of the amorphous film at 
these boundaries varies from 0.7 to 1.1 nm. Evidence of near-intimate contact between ß-grains is 
also observed. 

2.3 Dynamic Properties of in situ Reinforced Silicon Nitride at Elevated 
Temperatures (manuscript in-press) 
G. Raghavendra, S. Nemat-Nasser and M. Liu 

Abstract: This study is aimed at evaluating the compressive dynamic response of in situ 
reinforced silicon nitride at elevated temperatures. The material has been characterized before 
experimentation microstructurally. A unique experimental facility, the modified split Hopkinson 
pressure bar, has been developed for the purpose of conducting high strain-rate tests at elevated 
temperatures. A new measurement technique, called Differential Strain Measurement (DSM) has 
been developed to obtain accurate values of strain. Extensive tests show that the elastic modulus 
and the failure stress of the material decreases with increasing temperature. 

(Refer to Appendix A for full paper) 

2.4 High Temperature Testing of In-Situ Toughened Silicon Nitride (ISTSN) 
On-Going Research (Graduate Student - G. Raghavendra) 

Purpose 
To study the high temperature high strain rate properties of in situ reinforced silicon nitride 
(IRSN), involving both single loading failure modes and high strain rate fatigue. 

Experimental Goals 
1. Measure stress strain data for IRSN at temperatures ranging from 25 to 1200°C. 
2. Develop high temperature fatigue testing procedures. 
3. Use ultrasonic techniques to measure elastic modulus of the material and assess degradation of 

elastic modulus with loading cycles. 

Experimental Techniques Developed 
1. Simplified Specimen Geometry reduces chipping of specimen ends and premature failure in the 

gage section. Experiments showed that a cylindrical specimen was least prone to chipping. 

Submitted 5/1/99 UCSD/CEAM 
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2. Thorough Specimen Preparation further reduces the tendency for premature failure. All 
specimens were polished to a 1 micron finish using a STRUERS automatic polisher, and, only 
specimens with flat and parallel faces were used for testing. 

3. Confined Tungsten Carbide (WC) Platen system is used to prevent premature failure of the 
specimen-platen interface. The WC inserts are impedance matched with the bars and confined 
in a thin walled Inconel 625 cylinder. The confinement increases the failure strength of WC 
substantially and prevents failure of the platens during the experiment. 

4. Bar Movers are particularly important at higher temperatures of testing as they ensure that the 
bars are kept at relatively low temperatures during the high temperature experiment. 

5. Multi-stepped Strikers allow multiple fatigue cycles in one event. Special double tapered striker 
bars have been developed. 

6. Ultrasonic Measurement Techniques have been developed to measure the elastic modulus of the 
material. In future tests, the elastic modulus will be measured periodically after some number 
of loading cycles. 

Differential Strain Measurement 
The strain measurement in a high strain rate tests is obtained using strain gages mounted on the 
incident bar. This measurement not accurate because of an interface error which arises due to the 
high stiffness of the ceramic. Strain gages cannot be mounted directly on the specimen for two 
reasons: 

(a) small size of the specimens makes it difficult to mount strain gages onto the specimen surface. 

(b) the adhesives used to mount the gages cannot be used at elevated temperatures. 

A technique has been developed wherein two specimens of different lengths are tested and the 
interface error is determined and corrected. After careful calibration, it is possible to correct the 
strain data directly obtained from the strain gage of the incident bar without any additional 
measurements or tests. 

Results of the Experimental Work 

• Ultrasonic Measurements 
The longitudinal wave speed through in situ reinforced silicon nitride was found to be 10,896 m/s. 
The density of the material being 3,000 kg/m3, the elastic modulus of the material was found to be 
342 GPa. 

• Dynamic tests 

Room-temperature tests: 
Specimens were tested elastically to stresses of around 2.76 GPa (400ksi) at room temperature. 
The tests were conducted at two strain rates -700/s and 1,700/s. 

Submitted 5/1/99 UCSD/CEAM 
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* The DSM technique was applied on elastic tests at room temperature and the elastic modulus 
was determined. The value obtained was 350GPa (for a strain rate of 700/s), which correlates 
well with the ultrasonic value. 

* The failure stress at room temperature at a strain rate of 1,700/s was found to be 5.17 GPa 
(750 ksi). 

Tests over a range of temperatures: 

High strain-rate tests were conducted over a range of temperatures from room temperature to 
830°C. Both elastic tests as well as tests to failure were carried out. At each temperature, the 
elastic modulus of the material was determined by using the DSM technique. 

* The elastic modulus was found to decrease with increase in temperature (see Figure 1, 
page 6). 

* The failure stress was found to decrease with increase in temperature (see Figure 2, page 6). 
* A change in modulus was observed just prior to failure at elevated temperatures (above 

630°C). 

* Some inelastic deformation was observed at elevated temperatures (above 630°C) at stress 
levels of 2.5 GPa and higher. 

* All specimens shattered during failure. 

* Specimens that were not polished properly failed prematurely. 
* Premature failure of the platens led to premature failure of the specimen in one test. 

* At 830°C, oxidation of the platens occurred. A green-blue deposit was found on the platen 
surface after the test. The region where the specimen was in contact with the platen was not 
oxidized. 

Submitted 5/1/99 UCSD/CEAM 
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Variation of elastic modulus with temperature 
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Figure 1: Plot showing variation of elastic modulus with temperature 
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Figure 2: Plot showing the variation of failure stress with temperature 
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2.5     Microstructural Study of Fractured Silicon Nitride Samples 
On-going research (Graduate Student - G. Raghavendra) 

Purpose 
To microstructurally characterize the material both before testing and after testing, in order to 
understand the influence of different microstructural features on the failure mechanisms and the 
toughening mechanisms in in situ reinforced silicon nitride. 

Primary Characterization 

The material was characterized prior to any testing, using SEM, XRD and high resolution TEM. 
The work showed that the material consisted of large acicular ß Si3N4 grains and small equiaxed a 
Si3N4 grains, with an intergranular boundary phase. Details of the microstructural features may be 
obtained from Liu & Nemat-Nasser, Materials Science & Engineering A, (1998) 242-252. 

Characterization after Testing 
The specimens that failed during high temperature testing, at high strain rates (1700/s), shattered 
during the test. The powders were examined in the SEM and the TEM. The following 
observations were made: 

The failure was predominantly inter-granular. This was concluded from both SEM studies, where 
the crack-path was found to be clearly intergranular, and, from TEM studies, where the individual 
particles were found to be grains. 

There was evidence of grain pull-out. In the SEM figures 1 & 2 (page 8), there are clearly regions 
that were occupied by ß grains, that, have been v pulled-out', as a result of the loading. This 
suggests thatbgrain pull-out is a toughening mechanism in in situ reinforced silicon nitride. 

Submitted 5/1/99 UCSD/CEAM 
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Figure 1: SEM image showing grain-pull out; the acicular ß grains have been pulled 
out. 

Figure 2: SEM image showing the crack path in in situ reinforced silicon nitride. 
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APPENDIX A 

Dynamic Properties of in situ Reinforced Silicon Nitride at 

Elevated Temperatures 

Gayathri Raghavendra, Sia Nemat-Nasser*and Mingqi Liu 

Center of Excellence for Advanced Materials, 
University of California, San Diego, 

La Jolla, CA 92093-0416, USA 

Abstract 

This study is aimed at evaluating the compres- 

sive dynamic response of in situ reinforced sili- 

con nitride at elevated temperatures. The mate- 

rial has been characterized before experimenta- 

tion microstructurally [1]. A unique experimen- 

tal facility, the modified split Hopkinson pressure 

bar, has been developed for the purpose of con- 

ducting high strain-rate tests at elevated tem- 

peratures. A new measurement technique, called 

Differential Strain Measurement (DSM) has been 

developed to obtain accurate values of strain. Ex- 

tensive tests have been performed over a range of 

temperatures, and these tests show that the elas- 

tic modulus and the failure stress of the material 

decrease with increasing temperature. 

Keywords: Silicon nitride, high strain-rate, ele- 

vated, temperature. 
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1 Introduction 

Silicon nitride has a unique combination of me- 

chanical and thermal properties that make it 

an ideal material for high-temperature structural 

applications; [2], [3], [4]. Some of the impor- 

tant applications of silicon nitride are heat en- 

gine components and cutting tool inserts. Many 

moving components are subjected to dynamic 

loading and, hence, it is necessary to study the 

dynamic response of the material over a broad 

range of temperatures. It is also important to re- 

late the dynamic response and failure modes to 

the microstructure, as the material performance 

can be significantly improved by appropriate mi- 

crostructural design. The purpose of this study 

is to evaluate the compressive dynamic response 

of the material, over a range of temperatures. 

2 Experimental Procedure 

2.1    Material 

The material used for this study is in situ re- 

inforced silicon nitride (AS800), provided by Al- 

lied Signal Inc. It is produced from silicon nitride 

powders sintered at a temperature above 1,750°C 



in a nitrogen atmosphere with a gas pressure of 

about 20.7 MPa. The sintering aids are La,20$, 

Y2O3, and a small amount of SrO. After sinter- 

ing, a post sintering treatment is performed. 

2.2 Microstructure 

A preliminary microstructural study has been 

carried out on this in situ reinforced sili- 

con nitride using High Resolution Transmission 

Electron Microscopy (HRTEM), X-Ray Diffrac- 

tion (XRD), Selected Area Electron Diffrac- 

tion (SAED) and Scanning Electron Microscopy 

(SEM); see [1]. 

2.3 Ultrasonic measurement 

To measure longitudinal wave speed in the mate- 

rial, ultrasonic tests are conducted on a Matec 

MB 800 system along with a Marconi Instru- 

ments signal generator and a Tektronix dual- 

beam oscilloscope. The Young's modulus (E) of 

the material is related to the longitudinal wave 

speed VL by: 

E-- ^(1+gÜ;").    w 
where, p is the density (3300A;g/m3) and v is the 

Poisson ratio (0.222). 

the sample. To overcome this problem, a mod- 

ified split Hopkinson compression bar apparatus 

is used ([7]). 

Another modification to this instrument is the in- 

clusion of impedance- matched tungsten carbide 

(WC) inserts between the sample and the bars. 

The main purpose of the inserts is to prevent the 

yielding of the mar aging steel bars during a test, 

when the sample is subjected to very high stress 

levels [8]. At elevated temperatures of testing, 

it is found that the inserts themselves fail at the 

high stress levels. To overcome this, the inserts 

are confined by a thin- walled cylinder of Inconel. 

Figure 1 shows the details of the modified split 

Hopkinson compression bar apparatus, and Fig- 

ure 2 shows the details of the WC inserts. 

Incident natva 

■irikar bar Irafltmiiaton bar 

raaetlpn mail 

Figure 1: The modified split-Hopkinson pressure 

bar for dynamic tests at elevated temperatures 

2.4    Dynamic testing 

Dynamic tests are carried out over a range of 

temperatures, using a modified split Hopkinson 

compression bar. In the classical split Hopkin- 

son compression bar ([5], [6]), the tensile pulse 

which reflects off the incident bar and the sam-   Figure 2: Schematic of the WC inserts used for 

pie interface, is in turn reflected from the free end   recovery dynamic testing at elevated tempera- 

of the incident bar as a compressive pulse and   tures 

reloads the sample. Hence, this technique suffers 

from the drawback of uncontrolled reloading of   To produce a constant strain rate in the sam- 



pie, a copper pulse shaper is used at the striker- 

incident bar interface, to generate ramped pulses 

([8]). Details for choosing an appropriate geom- 

etry and dimension of the pulse shaper are given 

in [7]. 

2.5    Strain-measurement technique 

An important issue in the dynamic testing of 

hard ceramics, such as silicon nitride, is the abil- 

ity to accurately measure strains in the sam- 
ples. The problem arises due to the high effec- 

tive impedance of the material, which results in 

a small reflected pulse [8]. In addition, because 

of their high hardness, the samples indent the 

loading platen and the measured strain is usu- 

ally many times greater than the actual sample 

strain. At room temperature, this problem can 

be overcome by mounting strain gages on the 
sample and measuring the strain directly as the 

sample is deforming. Strain gages, however, have 
a limited temperature range of operation and 

cannot be used at elevated temperatures (above 

500°C). A new technique which we call Differ- 
ential Strain Measurement (DSM) has been de- 

veloped to obtain accurate and reliable measure- 
ments of strains for dynamic tests at elevated 

temperatures. 

The (DSM) technique is based on the fact that 

an interface error is introduced due to the inden- 
tation of the bars by the sample. It turns out 

that the interface error is essentially constant for 

a given cross-sectional area of contact between 

the sample and the bars. Two high strain-rate 

tests are conducted on the Hopkinson bar with 

two samples of different lengths, but of the same 
cross-sectional area. By subtracting the displace- 

ments obtained in the two cases, it is possible to 

determine the interface error. After careful cali- 

bration, it becomes possible to determine the ac- 

tual stress-strain data from the stress-strain data 

obtained from a test, by accounting for the inter- 
face error. 

3    Results and Discussion 

3.1    Microstructure 

The material consists of approximately 90% sil- 

icon nitride and 10% second phase at the grain 

boundaries; [1]. Figure 3 is an SEM micrograph 

of the polished surface of the AS800 silicon ni- 
tride specimen, in the unetched condition. The 

grain structure can be clearly seen after the spec- 

imen is etched at 400° C in molten NaOH for 4-6 

min. As shown in Figure 4, AS800 silicon ni- 

tride consists primarily of acicular grains. Due to 

the high sintering temperature, grains with dif- 
ferent widths and lengths are formed. The aver- 

age grain width is approximately 0.8/zm and the 
aspect ratio is greater than 4. This morphology 

is typical for a/ß mixtures. 

Figure 3: SEM micrograph of the polished sur- 

face of AS800 silicon nitride - Boundary phase 

(white) is extensively seen at the grain pockets 

Figure 5 is an SEM fractograph of AS800 sili- 

con nitride subjected to high strain-rate shear, 
revealing a typical interlocking microstructure, 

which is highly resistant to deformation. Un- 

der compressive loads, the acicular grains inter- 



Figure 4: SEM micrograph of the polished and 

etched surface of AS800 silicon nitride - the 

boundary phase has been etched away, leaving 

acicular silicon nitride grains 

lock, resulting in increased creep resistance by 

inhibiting grain boundary sliding. Under tensile 

stresses, in addition to limiting grain boundary 

sliding, the elongated grains improve the stress 

rupture properties by bridging the microcracks; 

[9]. 

MLäS^?'.* 

Figure 5: SEM micrograph of AS800 silicon ni- 

tride with an interlocking microstructure 

Figure 6 is a high-resolution electron micrograph 

taken at a planar grain boundary region, show- 

ing an amorphous phase at a two-grain boundary. 

The thickness of the boundary phase is approxi- 

mately 1.8nm. 

3.2    Ultrasonic measurements 

The longitudinal wave speed through in situ re- 

inforced silicon nitride is found to be 10,896 m/s. 

Figure 6: HRTEM micrograph of AS800 silicon 

nitride showing an amorphous grain boundary 

phase 

The density of the material being 3, OOOkg/m3, 

the elastic modulus of the material is found to 

be 342 GPa. 

3.3    Dynamic testing 

3.3.1 Room-temperature tests 

Specimens are tested elastically to stresses of 

around 2.76 GPa (400 ksi) at room temperature. 

Tests are performed using the set up described in 

the earlier sections. The tests are conducted at 

two strain rates - 700/s and 1,700/s. 

• The DSM technique is applied on elastic 

tests at room temperature and the elastic 

modulus is determined. The value obtained 

is 350GPa (for a strain rate of 700/s), which 

correlates well with the ultrasonic value. 

• The failure stress at room temperature at a 

strain rate of 1,700/s is found to be 5.17 GPa 

(750 ksi). 

3.3.2 Tests over a range of temperatures 

High strain-rate tests are conducted over a 

range of temperatures from room temperature to 

830°C. Both elastic tests as well as tests to fail- 

ure are carried out.   At each temperature, the 
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• All specimens shatter during failure. 

• Specimens that are not polished properly fail 

prematurely. 

• Premature failure of the platens led to pre- 

mature failure of the specimen in one test. 

• At 830°C, oxidation of the platens occurs. 

A green-blue deposit is found on the platen 

surface after the test. The region where the 

specimen is in contact with the platen is not 

oxidized. 

Stress strain curves for AS 800 at 730 C 
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Figure 8:   Plot showing the variation of failure   Figure 9: Stress-strain data for in situ reinforced 

stress with temperature silicon nitride, tested to failure at a strain rate of 

1,700/s at 730°C - note that there is a decrease 

elastic modulus of the material is determined by in modulus prior to failure (test data has been 

using the DSM technique. corrected using the DSM technique) 

• The elastic modulus is found to decrease 

with increase in temperature - Figure 7. 

• The failure stress is found to decrease with 

increase in temperature - Figure 8. 

• A change in modulus is observed just prior 

to failure at elevated temperatures (above 

630°C) - Figure 9. 

• Some inelastic deformation is observed at el- 

evated temperatures (above 630° C) at stress 

levels of 2.5 GPa and higher - Figure 10. 

The two important mechanisms which are ap- 

plicable to crack growth in silicon nitride in the 

present testing scenario, are the Surface Rough- 

ness Mechanism ([10], [11], [12], [13] and [14]) and 

Grain Boundary Sliding ([15], [16], [17] and [18]). 

Over the range of temperatures and strain rates 

of testing in this study, it is possible that more 

than one mechanism is operative. Depending on 

the regime, one mechanism may be more domi- 

nant than the other. Of particular interest is the 

fact that a change in elastic modulus is observed 



Stress strain curves for AS 800 at 730 C 

Figure 10: Stress-strain data for in situ rein- 

forced silicon nitride, tested to 2.5 GPa at a strain 

rate of 700/s at 630°C - note that there is some 

inelastic deformation at stress levels of 2.5 GPa 

and higher (test data has been corrected using 

the DSM technique) 

just prior to failure at the elevated temperatures. 

This non-linear deformation behavior may be at- 

tributed to the ongoing accumulation of creep 

damage (micro-cavities and micro-cracking) dur- 

ing dynamic testing. Similar observations have 

been made in [19] and [20], where the response 

of silicon nitride over a range of stress rates and 

temperatures is studied. It is suggested that the 

minor deviation from linearity just prior to fail- 

ure is a result of compliance changes due to sub- 

critical crack growth of the failure -inducing flaw. 

Damage accumulation by formation and growth 

of creep cavities and micro-cracks could cause a 

decrease in Young's modulus and lead to an ap- 

parent non-linear stress-strain behavior [21, 22]. 

The non-linear deformation could be attributed 

to creep processes related to diffusion, viscous 

flow or other mechanisms or a combination of 

these. 
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