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FOREWORD

This is the Pinal Report on AFWAL Contract F33615-79-C-5100,

""Property Screening and Evaluation of Ceramic Turbine Materials",

covering the period 1 July 1979 - 30 July 1983.

Data obtained for each material have bee:- integrated with

data previously reported on AFML Contract F33615-75-0-5196.

Thus, results to date on all materials and test parameters are

summarized and interpreted herein.

"Zirconia materials that have potential use in diesel engines

were also evaluated on this program. These results are also

reported here.

A corrosion-erosion study also formed part of this program.

This DOE/METC-sponsored program entailed the corrosion-erosion of

various carbide, nitride, and oxide ceramics in a high tempera-

ture coal-gas environment. This work, "Evaluation of Corrosion/

Erosion Behavior of Various Ceramic Materials" will be issued as

a separate AFWAL Technical Report in 1984.

IITRI personnel who have contributed to this program include

J. L. Sievert, B. N. Norikane, G. T. Jeka, W. R. Logan, H..

Nakamura, and J. Berlanga. The many discussions on the subject

of the properties and microstructure of technical-.ceramiA. with

S. A. Bortz, Y. Harada, and R. F. Firestone, are acknowledged.

- - - Thanks are due the organizations that have contributed test

samples to this program. The various .personnel in the organi-

zations that have contributed more than sixty materials to this

program are listed in the accompanying table. Their contribu-

tions and cooperation are greatly appreciated.

We are indebted to Dr. H. Priest and Mr. F. Burns at USAMMRC

for supplying oxygen content data. Also, thanks to Mr. J. Muntz

-of AFWAL for supplying cation impurity analyses performed by

spectrographic and atomic absorption techniques. Additionally,



the continued support and aid of Mr. D. Zabierek and Capt. P.

Coty of AFAPL, and Mr. N. M. Geyer, Dr. K. S. Mazdiyasni, and Dr.

P. Land of AFWAL is acknowledged. IITRI is also grateful for the

added support from Dr. S. Wax of AFOSR. The direction provided

by Dr. H. C. Graham of AFWAL also deserves mention.

Finally, special appreciation for the many helpful discus-

sions and active collaboration with the Air Force Project Mana-

ger, Dr. Robert Ruh of the Processing and High Temperature Mate-

rials Branch of AFWAL's Metals and Ceramics Division. Dr. Ruh

served both as project monitor as well as co-investigator on many

aspects of this program.
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1. INTRODUCTION

St Itcon-ba1e ceramics, si[[1, con nitrido and siI. con earbide,

anud '.Lreonia ceramics, have potential structural app] i et ton in

a ivauced heat engines such as ga.; turbines and diesel engines.
C v::pot~ents nialude rotor blades, stator vanes, combustion cham-

bers, piston caps, and cylinder liners. Such utilization of

c',anircs ofCers several potential advantages, including higher

t(niniperature operation leading to increased thermal efficiency and

decreased specific fuel consumption, decreased weight and thas

lower stresses in rotating components, greater thrust-to-weight

ratio, lower potential life cycle cost, decreased complexity

through the use of noncooled components, and reduced dependency

on the use of strategic materials (e.g., cobalt and chromium)

that are used in metallic superalloys.

Over the past decade the various forms of Si 3 N4 and SiC have

been the most promising materials for advanced heat engine appli-

cation. These materials are high strength, oxidation-resistant,

and thermal shock resistant. Improved versions of SiC and Si 3 N4

are currently being developed within the ceramics industry.

"These materials have enjoyed oiome success, although limited, as

structural components in the hot section of prototype and demon-

stration engines. For ceramics to become a reality in the in-

tended application, various requirements must be met including:

the development of overall life prediction methodology; employ-

ment of realistic design methodology; and demonstration of fabri-

cation process feasibility for the required ceramic component

configurations. What is currently lacking for structural ceram-

ics is uniformity, reproducibility, and reliability. Much work

L9s being performed to develop an overall life prediction method-

ology for various ceramic component designs. The biggest chal-

lenges Lacing designers in the use of structural ceramics

include: the statistical strength distribution; low fracture

toughness and surface sensitivity; the existence of

•,1



U ime-dependent efCects such as subcritical crack growth and as-

,tociated strength degradation; the lack of' data regarding the

combined environmental effects of oxidation, corrosion, erosion,

and deposition from the fuel combustion products; batch-to-batch

variability resulting from inadequate process control; and lack

o: an NDE technology capable of detecting critical strength-

"miniting flaws.

These challenges are compounded by the fact that new canli-

date materials for advanced heat engine applications are continu-

alLy emerging, and their properties are strongly dependent on

imncrostructure, purity, and processing history. Therefore, this

program was established with the purpose of supporting various

current component design efforts through the comprehensive scree-

ning characterization of a wide variety of silicon-base ceramics

that have potential use as components in high-temperature gas

turbines, radome structures, and other high performance/severe

environment applications. There is clearly a need to continue

property generation and microstructural studies of these materi-

als that are in a continual stage of improvemeriu.

In this program, thermal and mechanical property data were

measured on candidate materials, and the results interpreted with

respect to microstructure, purity, secondary phases, environment-

al effects, and processing methods. Measured properties were

related to microstructure. Failure modes and the nature of the

critical strength-controlling flaws were determined by optical

and SE.M fracture surface analysis. Structure-property relations

were developed, and generated data were compared to literature

data. To date, over sixty materials have been extensively char-

acterized. Properties measured include: flexure strength, elas-

tic modulus, stress-strain, fracture toughness, creep, oxidation,

thermal expansion, thermal diffusivity, thermal shock, and stress

rupture. Emphasis is placed on defining the limiting aspects of

each material, such as the time-dependent strength relating to

Property measurements were made up to 15000 C in air atmosphere.
Property measurme ns o ereabl e s ub ptioal crckgro

S~2
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n progiiam has the saleo olt j ctl.tv( and noope a1,: its prode-

,,,,';:; or, A ,"WAI, Cun tr:at., No. 1"33615-75-C-5196. T[hat pJ)roujrami was

SUimmav'1i,- .;od In AIM I, -Tk-79-41188.1 'Mhi:; r't:port Skilwna ri zo; ; iand oveor-

view.; the pert.ineint propertios, obtain;d t On over sixty (60)

siLicori-base arnd -,Irconia ceramics that ar(e candidates; Vor ad-

vanced heat engine applications. Emphasis ic placed on predoi.,

nant behavioral trends for each material type to aid in materials

selection. Details of this work may be found in the widely dis-

ttribited semiannual interim technical reports issued on this

pro"ram,.2 " 6 Additionally, various papers have been presented and

pAblished that deal with specific aspects of this program. 7 -18

It is noted that zirconia materials were included on this

I)r gLram. These materials in transformation-toughened forms are

currently receivingr much attention for potential use in diesel

engines.

This program involved much more SEM microscopy and micro-

structural analysis than its predecessor. Reflected light micro-

structural analysis reveals grain size and porosity distribution.

These aspects of microstructure are directly correlated with the

strength of ceramics. We cannot overemphasize the importance of

SEM examination of fracture surfaces to reveal fracture mode and

f'racture origins.

This properties screening and evaluation work is a continu-

ing effort in this laboratory. A follow-on program with similar

obJectives and scope has been initiated (AFWAL Contract F33615-

82-C-5101). In the continuing work, the major emphasis is on

ceranic-matrix composites, however.

This report is organized as follows. The first two sections

that follow list the specific materials studied on this program

and the test plan. The chemical composition and phase assemblage

of the materials are then presented in Section 4. Section 5 con-
tains the details of the test methodology used on this program.

Thotographs of specific test equipment are included. Section 6

presents the room-temperature strength and elastic properties of

3



the SiC and Si 3 N4 materials, as correlated to the nature of their

iucrostructure (grain size and porosity). Typical fracture ori-

4ins for each material are discussed. Elevated temperature

strength behavior is presented in Section 7. Here we correlate

the high temperature strength and deformation behavior with the

fracture mode and the existence of oxide intergranular phases,

leading to subcritical crack growth or other forms of static

fati:gue. Sections 8-11 contain information on (1) creep, (2)

thermal expansion, (3) thermal shock, and (4) oxidation behavior.

1'inally, Section 12 presents our evaluation of various 'foreign

and domestic technical zirconia ceramics.
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2. MATERIALS

A wide variety of silicon-base ceramics have emerged during

recent years that have potential application as components in
A high temperature gas turbines and other advanced heat engines.

Silicon nitride and silicon carbide, in hot-pressed, reaction

bonded, and pressureless sintered forms are currently the most

promising materials for-this application. These materials range

from commercially available (which in most cases are in a contin-

ual state of development) to.highly developmental. Also, certain

materials have been specifically developed for lower cost, less

stringent applications. Thus, the intended ap-lication and the

processing maturity must be considered when comparing materials

performance.

Available Si 3 N4 and SiC bodies represent a large family of

"materials with wide property variation and broad response charac-

teristics during interaction with severe environments. Even

though some are termed commercially available, they are in a con-

tinual state of development and change. In general, property

differences between materials of a given type are directly re-

lated to: (1) existence of secondary phases, (2) purity, (3)

microstructural aspects such as pore size and distribution, grain

size, etc., (4) phase stability, (5) microstructural stability,

(6) existence of subcrltical crack growth, and (7) the nature of

tne critical strength-controlling flaws (e.g., contaminant inclu-

sions, pores/pore agglomerates, large grains, unreacted parti-

cles, impurity particles, etc.) and how the critical flaws change

with time, temperature, and environmental exposure.

Table 1 contains a listing of all materials evaluated on
this program (and its predecessor) arranged according to material

type (excluding various developmental AFWAL materials.). All

- materials, with the exception of the Norton materials investi-

gated early on Contract F33615-75-C-5196 (Norton NC-132, NC-435,

T 5
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TABLE 1. MATERIALS EVALUATED TO DATE

A. Hot-Pressed Si 3N

"* Norton NC-132 HP-Si 3N4 (1% MgO)
"* Norton NCX-34 HP-Si 3N4 (8% Y203)

• Harbison-Walker HP-Si 3 N4 (10% CeO2 )

* Kyocera SN-3 HP-Si 3N4 (4% MgO, 5% AI2 0 3 )
• Naval Research Laboratory HP-Si 3N4 (4-16 wt% ZrO2 )

* AFML Developmental HP-Si 3 N4 (CeO2 and BN Additives)

• Ceradyne Ceralloy 147A, HP-Si 3 N4 (1% MgO)

* Ceradyne Ceralloy 147Y, HP-Si 3N4 (15% Y2 03 )

• Ceradyne Ceralloy 147Y-1, HP-Si 3N4 (8% Y2 03 )

• Fiber Materials HP-Si 3N4 (4% MgO)

• Toshiba HP-Si 3 N4 (4% Y2 03 , 3% A12 03 )

- Toshiba HP-Si 3 N4 (3% t 2 03 , 4% Al2 03 , SiO2)

• Westinghouse HP-Si 3 N4 (4% Y203 , SiO2 )

NASA/AVCO/Norton HP-Si 3N4 (10% ZrO 2 )

B. -Hot Isostatic Pressed Si3

• Battelle HIP-Si 3N4 (5% Y2 03 )

C. Sintered Si 3E

* Kyocera SN-205 Sintered Si 3 N4 (5% MgO, 9% Al 2 0 3 )
.•Kyocera SN-201 Sintered Si 3 N4 (47 MgO, 7% Al2 03 )

• GTE Sintered Si 3N4 (6% Y20 3 )

• AiResearch Sintered Si 3N4 (8% Y20 3, 4% Al 20 3 )
• Rocketdyne SN-50 Sintered Si 3 N4 (6% Y2 03 , 4% AI2 03 )

- Rocketdyne SN-104 and SN-46 Sintered Si 3N4
(14% Y207 3 7% SiO2 )

- . Reaction Sintered Si 3 4

_ 1976 Norton NC-350 RS-Si 3N4

* Kawecki-Berylco RS-Si 3 N4

6



TABLE 1 (cont.)

D. Reaction Sintered Si 3N (cont.)

. Ford Injection Molded RS-Si 3 N4

. AiResearch Slip Cast RS-Si 3 N4 (Airceram RBN-101)

. Raytheon Isopressed RS-Si 3 N4

. Indussa/Nippon Denko RS-Si 3 N4

• AiResearch injection Molded RS-Si 3 N4 (Airceram RBN-122)

• 1979 Norton NC-350 RS-Si 3 N4

* Annawerk Ceranox IR-115H RS-Si 3 N4

. Associated Engineering Developments (AED) Nitrasil RS-Si N

G Georgia Tech RS-SiBN4

* AýE RS-Si 3 N4

• AiResearch RBN-104 RS-Si 3 N4

E. Hot-Pressed SiC

. Norton NC-203 HP-SiC (n,2% AI 2 03 )

. Ceradyne Ceralloy 146A, HP-SiC (27 A1 2 03 )

. Ceradyne Ceralloy 1461, HP-SiC (2% B4 C)

F. Sintered SiC

S. General Electric Sintered P-SiC

- *Carborundum Sintered a-SiC (1977 vintage)

- Kyocera SC-201, Sintered a-SiC (1980 vintage)

• Carborundum 1981 SASC (Hexoloy SX-05)

- ESK Sintered a-SiC

G. Silicon-Densified SiC (Siliconized)

- Norton NC-435 Si/SiC

- U.KAEA/BNF Refel SiISiC (diamond-ground and as-processed)

- Norton NC-430 Si/SiC
- Coors Si/SiC (1979, SC-l)

Coors Si/SiC (1981 and 1982, SC-2)

- ,• General Electric Silcomp Si/SiC (Grade CC)

I.7



TABLE 1 (concluded)

H. SiC Coatings

* Chemetal/SFL CNTD-SiC Coating/Graphite Substrate

I. SiAION Materials

- AFIM¶/General Electric GE-129 SiAlON

- AFML/General Electric GE-130 SiAlON

* BuMines ZrSiO4 -doped Sintered SiAlON (3 compositions)

* BuMines Y2 0 3 -doped Sintered SiAlON

J. Oxide Materials

"• Corning Glass Pyroceram 9606 Glass-Ceramic

"• AFML Zyttrite ZrO2 (YSZ)

"• Zirconia Ceramics from Australian, German, Japanese,
and Domestic Sources

"• Ceres/NRL Single-Crystal Zirconia

8



and rN,-350*), were supplied without charge by the respective

manufacturers. In cases where material billets rather than as-

sintered or machined test samples were supplied, AFWAI, arranged

for machining under a separate contract.

Table 2 contains density and machining information on all

materials, as well as the date each material was received. The

date received is important since several materials are termed

commercially available but are actually still being developed.

N Some materials have undergone various processing modifications

recently which have resulted in improved properties. The indica-

tion of the date received thus permits an assessment of the per-

forriance of the material as determined in this program, with

respect to Its maturity level. Some suppliers have made signift-

cant Imurovements in processing technology over the duration of

this program, and have supplied new upgraded versions of their

materials. It is expected that this will continue with various

manufacturers as improved processing techniques yield upgraded

materials.

*Early on the previous program (Contract F33615-75-C-5196), the
work scope allowed for test samples to be purchased. On the
present program, however, funding was not available for this.

S~9
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3. TES'P PLAN

Tables 3 through 5 Present the various pro-test and post-
test characterization parameters, as well as the general test

"plan for this program. For any given material, the specific

tests that are conducted are a function of number of test samples

available, expected properties (determines specific test tempera-

tures), and intended use of the material. In general, tests are

conducted at room temper,.. to establish a baseline, and in the

= I appropriate elevated tempe-ature range where the properties
(e.g., strength) are expected to begin to change rapidly (i.e.,

T 1000*C). All testing is being performed tn air. The maximum

test temperature is 15000C. For strength behavior, it is impor-

tant to recognize this as a screening effort where the typical

test sample population is five to ten for any given test tempera-

ture. Therefore, only rough estimates of Weibull moduli can be

made.
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TABLE 3. PRE-TEST CHARACTERIZATION PARAM4TF.R.-,

* Density-Porosity Characterization

e Microstructural Analysis

e Impurity Content

o Cations - spectrographic (AFWAL)

* Oxygen - neutron activation analysis (AMMRC)

o Phase Identification - XRD (AFWAL)

* X-radiographic Inspection (AFWAL)

TABLE 4. POST-TEST ANALYSIS

o Correlation of Properties

o Comparison with Literature Data

o Establish Structure-Property Relations

* Interpretation of Mechanisms

o Failure Mode' Analysis, Identification of Critical
Flaws by Fractographic Techniques. Performed on
vi. rgin and exposed flexural test bars broken at
25"C( and at elevated temperatures.
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TABLE 5. SCREENING TESTS CONDUICTEDa

• Flexural Strength-Modulus (4 point), Stress-Strain

(250C, 10000-15000C)

- Fracture Toughness

* Controlled Flaw (25*C, 1000 - -1500*C)

"* Creep (stepwise) (1300 0-1500*C); rate, stress-dependence

* Long Term Oxidation Exposure (100 and 1000 hr at -1400*C)
Residual Strength at 25*C. fracture origins, weight changes,
surface scale morphology (optical and SEM), scale products
(XRD, XRF)

a Thermal Expansion (25*-1500*C)

- Thermal Diffusivity (25 0 C, 800*-1500*C)

3 e Thermal Shock

• Water Quench/Internal Friction/Residual Strength
SAnalytical Thermal Stress Resistance Parameters

0 Dynamic Young's Modulus (room temperature)

* Slow Crack Growth Evaluated on Selected Materials Using
Differential Strain Rate Tests

* Stress Rupture

Tests conducted in air atmosphere.
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4. MATERIALS CHARACTERIZATION

Materials characterization parameter. include X-ray phase

identification and spectrographic metallic impurity analysis

(both performed by AFWAL). Table 6 lists the phases present in

the materials studied to date, as determined by X-ray diffrac-

tion. Spectrographic impurity analysis results are presented in

Table 7. Elements present in quantity <0.2% were detected by

emission spectrographic analysis. For elements present in quan-

tities >0.2%, an emission spectrographic technique was used

wherein unknown samples were fused, dissolved into solution, and

appropriate standard references established. The dilute unknowns

were then submitted for standard spectrographic analysis to de-

termine the cation impurity levels. Oxygen analysis of supplied

test materials was conducted at USAMMRC, Watertown, Mass. Re-

sults obtained to date are presented in Table 8.
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TABLE 6. X-RAY DIFFRACTION ANALYSIS RESULTS

Phases Present
Material Major Minor

Hot-Pressed Si 3 N
Norton NC-132 (1% MgO) B-Si 3 N4  Si 2 N4 0

Norton NCX-34 (8% Y2 0) B-Si 3 N4  Y2 0 3 "Si 3 N4

Harbison-Walker (10% CeO2 ) B-Si 3 N4  a-Si 3 N4

Kyocera SN-3 (MgO, AI 2 03 ) a-Si 3 N4  c-Si 3 N4 , Si 2 N2 0

Ceradyne 147A (1% MgO) a-Si 3 N4

Ceradyne 147Y-1 (8% Y2 0 3 ) a-Si 3 N4

Ceradyne 147Y (15% Y2 0 3 ) B-Si 3 N4  YSiO2 N

Fiber Materials (4% MgO) B-Si 3 N4

Toshiba B-Si 3 N4

Toshiba (cylinder liner) $-Si 3 N4

Westinghouse B-Si 3 N4  Y2 Si20 7 , a-Y 2 Si 2 O7 ,

trace Y4S 3 1

NASA/AVCO/Norton (10% ZrO2 ) 8-Si 3 N4

Battelle HIP-Si 3N4 (5% Y2 0 3 ) a-Si 3 N4  Y5 (SiO4) 3 N

Reaction Sintered Si34

Norton NC-350 (1976) a--Si 3 N4  B-Si 3 N4

KBI a a

KBI ai-Si 3 N4  0-Si 3 N4

Ford (IM) a-Si 3 N4  a-Si 3 N4

AiResearch (SC) a a

Raytheon (IP) 0,-Si 3N4  B-Si 3 N4

Indussa/Nippon Denko a-si3N4  a-Si3N4

AiResearch (IM) ai-Si 3N4  O-Si 3N4

Norton NC-350 (1977) ac-Si 3 N4  a-Si 3 N4

Norton NC-350 (1979) a-Si 3 N4  B-Si 3 N4

Annawerk Ceranox a-Si 3 N4  8-Si 3 N4

AED Nitrasil

Ba-ch 1 a-Si 3 N4  a-Si 3 N4

Batch 2 c-Si3 N4  8-Si 3 N4

Batch 3 a -Si 3 N4  0-Si 3 N4

Batch 4 a a

lBatch 5 a-Si 3 N4  -Si 3 N4

%G c9rgia Tech a a
"AME a-Si 3 N 8-Si 3 N4
AiResearch RBN-104 a -SiON4  $-Si3N4
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sm
TABLE 6 (cont.)

Phases Present
Material Major Minor

Sintered Si3N
Kyocera SN-205 (MgO, Al2 03 ) 0-Si 3 N4  ez-Si 3N4

Kyocera SN-201 (14gO, A1203 ) 0-Si 3N4

GTE (6% Y20 3 ) 0-Si 3N4

Rocketdyne SE-50 (Y2 03, A12 03) a-Si 3N4

Rocketdyne SN-104 (Y2 03 , SiO2) 8-Si 3 N4

SiC Materials

Carborundum SSC (1977) a-SiC
(4H, 15R, and/or 21R)

General Electric SSC (Bl) $-SiC (3C)
General Electric SSC (B2) a-SiC (3C) Trace a-SiC (15R?)

Norton NC-435 Si/SIC a-SiC Si

UKAEA BNF Refel Si/SiC a-SiC Si
(4H, 15R, and/or 21R)

Norton NC-430 Si/SiC a-SiC Si
(6H, 15R)

Coors Si/SiC (1979) a-SiC a-SiC (3C), Si
(2H, 4H, 6H, 15R)

Ceradyne 146A HPSC (2% A120 3) a-SiC
(4H1, 15R, and/or 21R)

Ceradyne 1461 HPSC (2% B4 C) a-SiC
(4H, 15R, and/or 21R)

Norton NC-203 HPSC (2% A120 3) a-SiC B-SiC (3C)
(6H, 33R, 51R)

Chemctal CNTD SiC Coating
Batch 1 $-SiC (3C) Trace c-SiC
Batch 2 0-SiC (3C) Si; trace c-SiC

Kyocera SC-201 SSC a-SiC
(6H, 15R, 21R?)

Coors Si/SiC (1981) a-SiC a-SiC (3C)
(6H, 4H, 15R, 2H)

Carborundum SSC (1981) a-SiC
(6H, 4H, 15R)

G. E. Silcomp Si/SiC a-SiC (3C) Si, trace a-SiC

Coors Si/SiC (1982) c-SiC (6H,4H,2H) Si, trace a-SiC, 21R

ESK SSC a-SiC (6H,4H,2H) Trace a-SiC (21R)

aApproximately equal amounts o0 '-Si 3N4 and '-Si 3 N4 .
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'77777-777 V47% V''. CT

II
TABLE 8. OXYGEN CONTENT OF CERAMIC TEST MATERIALS

Oxygen,
Material wt/a

A. Hot Pressed Si 3N

. Norton NC-132 HP Si 3 N4 (1% MgO) 3.33

• Norton NCX-34 HP-Si 3 N4 (8% Y2 0 3 ) 3.33

0 Harbison-Walker HP-Si 3 N4 (10% CeO2 ) 2.81-2.95

0 Kyocera SN-3 HP-Si 3 N4 (4% MgO, 5% A1 2 0 3 ) 9.97

r Ceradyne Ceralloy 147A, HP-Si 3 N4 (1% 'e9gO) 1.72

* Ceradyne Ceralloy 147Y, HP-Si 3 N4  5.16
(15% Y2 0 3 )

• Ceradyne Ceralloy 147Y-1, HP-Si 3 N4  4.43
(8% Y2 0 3 )

' Fiber Materials, Inc. HP-Si 3 N4 (47. MgO) 2.51

- Toshiba (4% Y2 03 , 3% Al 2 0 3 ) 2.26

• Toshiba (3% Y2 03 , 4% Al 2 03 , SiO2 ) 4.29

, Westinghouse (4% Y2 03 , Sio2 ) 3.16

B. Sintered Si3N

0 Kyocera SN-205 Sintered Si 3 N4  8.94
(5% MgO, 9% AI 2 03 )

0 Kyocera SN-201 Sintered Si 3N4  6.20
(4% MgO, 7% A12 03 )

• GTE Sylvania Sintered Si 3N4 (6% Y20 3 ) 3.04
AiResearch (IM) Sintered Si 3N4  5.57

(8% Y2 03 , 4% A12 03 )

• Rocketdyne SN-50 (6% Y2 03 , 4% A12 03 ) 4.81
* Rocketdyne (147. Y2 03, 7% SiO2 ) 7.42

C. Reaction Sintered Si 3 4

• Norton NC-350 RS-Si 3N4 (1976) 0.84
• Kawecki-Berylco RS-Si 3N4  1.14
• Ford Injection Molded RS-Si 3N4  1.39

AiResearch Slip-Cast RS-Si3N4 1.26
(Airceram RBN-101)

"Raytheon Isopressed RS-Si 3N4  1.65
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TABLE 8 (cont.)

Oxygen,

Material wt%a

C. Reaction Sintered Si N4 (cont.)

"• Indussa/Nippon Denko RS-Si 3 N4  0.85

"" AiResearch Injection Molded RS-Si 3N4  1.75
(Airceram RBN-122)

"" Norton NC-350 RS-Si 3N4 (1977 As-fired) 1.02

• Norton NC-350 RS-Si 3N4 (1979 Vintage) 0.89

• Annawerk Ceranox NR-115H RS-Si 3 N4  2.29

* Associated Engineering Development, Ltd. 1.15
Nitrasil RS-Si 3N4

• Georgia Tech RS-Si 3 N4  1.74

• AME RS-Si 3 N4  2.66

AiResearch RBN-104 RS-Si 3 N4  1.48

D. SiC Materials

* Norton NC-435 Siliconized SiC 0.34

& General Electric Boron-Doped Sintered 0.02-0.10

5-SiC
* Carborundum Sintered a-SiC 0.01

• UKAEA/British Nuclear Fuels Refel Si/SiC 0.01-0.02
(siliconized)(diamond ground and as-
processed)

& Ceradyne Ceralloy 146A, HP-SiC (2% A120 3 ) 0.49

• Ceradyne Ceralloy 1461, HP-SiC (2. B4 C) 1.28

• Norton NC-203 HP-SiC (02% A.203) 1.27-1.31

• Norton NC-430 Si/SiC 0Ab

• Coors Siliconized SiC 0.03

* Chemetal CNTD SiC Coating 0.05

* Kyocera Sintered a-SiC 0.05

* ESK Sintered c-SiC 0.05

G.& Silomp Si/SiC Composite c

• Coors 1982 SC-2 Si/SiC c

aMeasured at USAMMRC by neutron activation analysis.
bBelow limit of detection.

CSubmitted to AM/Y.RC for mreasurement.
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5. TEST METHODOLOGY

The test methodology employed on this program foLlows stan-

dard methods and procedurec that are used widely throughout the
technical ceramic industry.

5.1 REFLECTED LIGHT MICROSCOPY

The goal of microstructural analysis is to reveal the grain

size and shape, the amount and distribution of any porosity, and

the existence of any highly reflective metal inclusior.s (impurity

particles). This is done by refLlected light examination of as-

received samples that have been polished and etched to reveal the

microstructural features.

Samples of the SiC and Si 3 N4 materials were prepared for

optical microscopy by rough grinding through 220, 360, and 600

grit diamond-bonded metal disks using water as a lubricant.a

They were ultrasonically cleaned between every stage of prepara-

tion. Rough polishing was done on chemotextile lap coverings

through 9, 6, and I pm diamond pastes using a water-base extend-

er. In general, a 0.25 pm diamond micropolishing stage concluded

the preparation. However, a final polishing with 0.3 Vm a-A1 2 0 3

instead of the diamcnd paste was found to be useful for some of

the silicon-densified forms of SiC. The various etching proce-

tdures used Cor the hot-pressed, sintered, and siliconized forms

of SiC are summarized in Table 9. The various etching procedures

used for the hot-pressed and sintered silicon nitride materials

are summarized in Table 10. Etched samples were cleaned and

examined with a Leitz MM-5px metallograph.

aprocedures for the zirconia materials are discussed in Section

12.
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TABLE 9. SUMMARY OF MICROSTRUCTURAL ANALYSIS ETCHING PROCEDURES
FOR HOT-PRESSED, SINTERED, AND SILICONIZED SiC

Material Etching Procedure

Hot-Pressed and Boiling Murikami's reagent (60 g KOH + 60 g
Sintered a-SiC K Fe(CN) 6 + 120 ml H2 0) 3 to 10 min to prefer-

e~tially reveal a-a and a-R grain bounda-
ries. 19

Sintered a-SiC A fused salt mixture of 90 wt% KOH + 10 wt%
KNOý at 450-C, 30 sec to 1.5 min to reveal 0-0
grain boundaries. 1 9 May be used in conjunc-
tion with the Murikami's reagent etch.

Si1.iconized SiC An electrolytic etch of 20% KOH in distilled
water using direct current, 6 V at 1 amp for 2
to 4 mi. 2o

TABLE 10. SUMMARY OF MICROSTRUCTURAL ANALYSIS ETCHING PROCEDURE
FOR HOT-PRESSED AND SINTERED Si 3 N4

a) A chemical etch of 7:2:2 concentrated H2 SO8:HF:NHIF solution
in a Pt container at 3000C for times from 0.5 to 11 min. 2 1

b) HC1 swabbed onto surface at room temperature for normally 20

to 60 sec (up to 5 rain for some materials). 2 2

c) Boling phosphoric/sulfuric acid (3:1) for 6 hr. 2 3

d) A solution of 100 ml H20 + 8 ml HF + 8 g NaHF 2 + 1 ml H202
at 800C for 1 to 1.5 min. 24
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5.2 FLEXURAL STRENGTH AND ELASTIC MODULUS

Flexure strength was determined in the quarter 11-point con-

figuration on test samples that were of nominal dimensions 1/8 x

1/4 x 2 1/4 inch. Test samples were usually supplied diamond

ground or as-nitrided by the manufacturer (refer to Table 2).

All samples were corner chamfered. All machined samples were

diamond ground in the longitudinal direction, i.e., parallel to

the tensile axis of the bend bar.

Unless otherwise indicated, the upper and lower spans were

0.875 and 1.750 in., respectively. For room-temperature tests,

a stainless steel fixture was used. The upper pins were indepen-

dently free to adjust for any taper across the sample width. The

entire upper carrier was free to adjust for any taper along the

sample length. Loads were applied in an Instron Uni.c'sa! test

machine at a crosshead rate of 0.02 in/min. Elastin -c •ius was

obtained using a 120 Q foil strain gage applied at 17 center of

the specimen on the tension side. Prior to load application, the

alignment was checked visually by inspecting for any light gap

between specimen surface and pin. Alignment is also checked by

attempting to move the upper pin carriers with gentle pressure of

the hand. If the pin is squarely on the specimen surface, move-

ment is not possible.

The outer fiber tensile stress was computed from simple

elastic beam theory. Using the nomenclature shown in Figure 1,

the lower span is L, the upper span is L/2, and the load applied

is P. The outer fiber tensile stress for the bar in bending is

1Mc)

A few samples tested were only 1.25 in. long. The upper and

lower spans in these cases were 0.500 and 1.000 inch, respec-
t tvely.

29



0
-r4

4-,1

4-' X
0 tcu

a..

u Cz
00

-4-

4.51

300



where a = outer fiber tensile stress (flexure stress)

M = bending moment = Pa/2

a = L/4 for the quarter 4-point config, .. tion

c = distance from the specimen neutral axis to the
oute,- tensile fiber = h/2

1 = moment of inertia of Ihe specimen cross-section about
the neutral axis - bh0/12

Substituting:

3Pa (2)
bh

High temperature flexure tests were conducted in an ITTRI

designed and constructed SiC-element furnace which was roiled in

and out of an Instron load frame. The furnace was equipped with

a shuttle to move specimens Into test position while the furnace

was at temperature, and with several access ports to permit ma-

nipulation of the specimen and fixtures. The fixturing is unique

in that it provides for some degree of self-alignment at tempera-

tures up to 1500 0 C. The system is shown schematically in Figure

2. Photographs of various parts of the fixturing are shown in

F.lgure 3. Silicon carbide pins are fixed to the saddle fixture

(refer to Figure 2). The specimen is pushed onto the saddle fix-

ture using the AI 2 0 3 alignment pins to center the specimen. The

top load rod/upper load fixture assembly is then lowered into

position with the aid of the A12 0 3 alignment pins. The upper

load fixture (upper span) allows alignment in two directions

through the use of the key/side plate method of attachment to the

Lop loading rod (see Figure 3). The top loading rod applies a

line contact load to the upper fixture load pin. Outside the

furnace, alignment is further attained through the use of hemi.-

spherical load platens located between the loading rod and the

Instron movable crosshead. Fixtures are mnade with a combination

of materials, mostly various commercially available forms of sil-

icon carbide.
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UF;,er Load Notched pin for
Fixture Irt-r..ce ar.•)• ..... Attachment to Up'Der

"Load Rod

- Load Pins (upper span)

i• •____Speci men 1-

- Manipulator Alignment Pins" •)" • (A 1203)
Specimen

Specimen 0O

Support Pins
0( in.)

- -- (lower span)

Saddle
Fixture ,

'----- Rods to
Deflect or eter

i• ~ Lower Support, '

S~Fixture "

Figure 2. Schematic of high-uemperature flex:ure apparatus.
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(a)( )
Front and side views of upper load fixture and loading rod. Load is applied

:•• to pin at top of upper load fixture. Keys and side plates allow alignment

in two directions while providing attachment to load rod.

isi

II

(c) (d)

Front and side views of top load rod/upper load fixture assembly being
lowered onto saddle fixture.

Firure 3. Various views of silicon carbide fiexure fixturing.
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E~levated temperature flexural deformationi was recorded con-

tinuously using the I 'r'HI.-designed and bu~it 3-point electro-

mechanical deC Lectomete r sihowni in iWigru r 11. The three deflecto-

meter rods (KT-SiC, A1203 , or sapphire) contact the tensile sur-

face or' the bend bar within the region of pure bending. Account-

ing for test fixture deformation is not necessary, since the test

sample deformation is measured directly from th e relative move-

ienet of the center rod with respect to the mean position of the

two outer rods, giving AS, the beam deflection,, which is related

t~o the outer fiber tensile strain. From simple beam theory,25

with reference to Figure 14, the maximum deflection at the center

of the beam, Smax' is

I 6ma Pa M3L 2 _ Ila 2) (3)

The de~l7ction at the outer deflectomneter rod, 6X is

_ Pa- rL --x2_a 2 (14)
x 12EI I3x

The sample deformation AS 6max - 6X is the difference in these

two deflections

AS= Pa- [1 2 _ Lx + x2(5)

T1he heart of this def'lectometer is a DC-DC displacement

transducer * having 10-5 in. resolution. This device is an inte--

grated package consti'ting of a precision linear variable differ-

ential transformer, a solid state oscillator and a phase-

sensitive .?_-modulator. The output of this high linearity., high

resolution, high sensitivity transducer 1i, a DC voltage propor-

tional to the displacement of the axial core (center deflecto-

meter rod) wýithin a coil assembly (attacbed to outer two

*TrasTek Series 2140.
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Jeflectometer rods). The entire deflectometer was calibrated

with a high-precision micrometer head with resolution to 10-5 in.

Use of this deflectometer system in conjunction with the Instron

load cell permits recording of continuous load-deflection curves,

which are then used to construct stress-strain curves.

5.3 CREEP AND STRESS RUPTURE

Creep rates were measured in 4-point bending at temperatures

up to 15000C in air. The stepwise method was used, with defor-

mation continuously recorded using the 3-point electromechanical

deflectometer described above. Samples were tested at various

incremental stress levels, with enough time spent at any given

level to obtain stage 2 (secondary) creep (maximum of 24 hr at

any stress level). Deadweight loadirg was employed. Testing

continued for 3-4 stress steps per sample. Testing of approxi-

mately three samples in this manner permitted the steady-state

stress dependence of the creep rate to be assessed for each mate-

rial studied. The interior of the creep test rig, showing the

SiC fixturing, is presented in Figure 5.

Static fatigue tests were conducted on a stress rupture

apparatus with deadweight loading. A photograph is provided in

Figure 6. The sample was loadeu at constant stress, and the time

*• to failure was recorded.

Dynamic fatigue testing has also been used on this program.

These tests are often referred to as differential strain rate

flexure tests, and are conducted on an Instron universal test

machine. The stressing rate (i.e., crosshead speed) was varied

to give a range of sample failure times. The resulting strength-

time curve is analyzed like a static fatigue or stress rupture

curve, i.e., by linear least-squares curve fitting analysis.

5.4 DYNAMIC ELASTIC MODULI

A flexural sonic resonance technique was used to measure the
dynamic Young's elastic modulus. The apparatus conforms to that

36
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I'3

(l

Figure 5. SiC flexural creep deflection fixturing for use
at 1500°C in air.
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Figure 6. Stress-rupture furnaces for use
at 1500*C in air.
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described by Spinner and Tefft, 2 6 which is the accepted standard

of the industry. An oscillator (sonic frequency) signal was fed

to a power amplifier, which energized a piezoelectric driver.

The driver frequency was measured with a frequency counter. The

mechanical vibration was transmitted to and from the sample by

suspending it from the driver and pickup transducers. Cotton

thread worked well at room temperature while platinum/rhodlum

wire may be used at elevated temperature. The pickup signal was

amplified and detected on a meter and/or as a maximum in the

Lissajou pattern on an oscilloscope.

Suspending a flexure bar of nominal dimensions 0.090 x 0.250

x 2.500 in. from points just adjacent to the flexural nodal

points permitted detection of the flexural resonant frequency,

and subsequent computation of the dynamic Young's moduli from the

relation
2 6

4 2
0.94642 pL f2T (6)

where E = Young's elastic modulus for flexural resonance

of a prism of rectangular cross-section, psi

p = density, lb in. -3

= sample length, in.

f = flexural resonant frequency (fundamental mode),
Hz

t = sample thickness, in.

T = correction and shape factors given by Spinner
and Tefft. 2 6

Similarity, if a wider sample is used, e.g., .090 x 1.000 x

2.500 in., the sample can be suspended from opposite corners, and

torsional as well as flexural vibrations induced. 2 6 This is men-

tLoned because it is a relatively easy way to obtain Poisson's

ratio for ceramics. The shear modulus is given by the relation

4 f 2 pRL 2  (7)G -3-n (7)
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...

where G = shear modulus for torsional resonance

f = torsional fundamental resonant frequency

R = shape factor 2 6

Poisson's ratip, •, is computed from the Young's and shear moduli

using the relation:

E (8)

5.5 THERMAL SHOCK/INTERNAL FRICTION

Thermal shock resistance was determined on this program by

the water quench method, with the initiation of thermal shock

damage being detected by internal friction measurement. This

technique was chosen not in an attempt to simulate in-service

engine conditions, but rather as a relative ranking of candidate

materials in severe thermal down-shock. In conducting this test,

internal friction was measured before and after water quench from

successively higher temperatures using the flexural resonant fre-

quency Zener bandwidth method. A marked change in internal fric-

tion (specific damping capacity) indicated the onset of thermal

shock damage (i.e., thermal stress-induced crack initiation).

This defined the critical quench temperature difference, ATc,

which was compared to analytical thermal stress resistance param-

eters.

Zener 2 i and others 2 8-3 0 have provided excellent reviews of

internal friction. Hookean elastic theory implies a direct and

instantaneous linear relation between low level force application

and resultant deformation. However, as the rate of loading and

unloading is increased, there appears a phase lag between stress

and strain which results in the absorption of energy. This time-

dependent elastic behavior is termed anelasticity. Internal

friction may be defined as the amount of energy absorbed during

deformation compared to the maximum amount of energy applied

initially. As the number and extent of flaws in a body
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increases, the amount of energy absorbed through flaw surface

friction, plastic zone dislocation motion, etc., also increases.

Thus, the Internal friction is an integrated effect, the measure-

ment of the total flaw spectrum in a material.

On the present program, test samples were suspended from

piezoelectric drive and pickup transducers as described above for
dynamic elastic modulus measurement. Using a Hewlett-Packard

spectrum analyzer, the frequency range just adjacent (above and
below) the fundamental resonant frequency was scanned. The Zener

bandwidth 2 7 method involves computing the internal friction, Q-1,
from the measured peak width at half maximum amplitude:

-1 Af
Q_ 9

/3 f

where Q-1 = internal friction

f = resonant frequency

Af = peak width at half amplitude

The concept is illustrated in Pigure 7. This method is use-

ful for measuring the range of internal friction normally found

in ceramic materials (10-2 to 10-6).

5.6 THERMAL EXPANSION

Thermal expansion was measured from ambient room temperature

to 15000C using a NETZSCH automatic recording single pushrod dil-

atometer. Samples of nominal dimensions 1/4 x 1/8 x 2 in. we2e

temperature cycled in air at 1 0 C/min from 250 to -200°C, and :at

5*C/min from 2000 to 15000C. The cooling rate was approximately
"50 C/min. Sample length changes were continuously recorded during

both heating and cooling cycles with a precision LVDT system

exhibiting 1 micron resolution. The apparatus is illustrated in

SModel No. 3580A.
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pJ

Internal Friction
for Thermal Shock Analysis

I f, Hz Af, Hz Q_-

Unshocked 6176.4 1.63 1.52 x 104

Thermal 6011.9 9.62 9.24 x

-4H shocked

I Hz -

4-.

Thermal

lUnshocked Shocked

Frequency

Figure 7. Typical amplitude-frequency curves of unshocked
and thermal shocked ceramics for internal friction
measurement.
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Figure 8. A tungsten standard reference material* was used to

calibrate the system. The data were reported as percent linear

expansion vs. temperature. Pirom these data, any average or

instantaneous coefficient of expansion can be computed.

5.7 THERMAL DIFFUSIVITY

Thermal diffusivity is defined as the ratio of the thermal

conductivity to the density-specific heat product. The thermal

diffusivity was measured in air at 250C, and at various tempera-

tures from 10000 to 15000C. The.sample vas .contained in an

IITRI-built molybdenum wire-wound zirconia tube furnace with a

porous zirconia sample holder. The laser pulse method 31 was

employed. The front face of the disk-shaped sample (9/16 in.

dia. x 0.050 in. thick) was irradiated with a single pulse of

laser energy (25 joule pulse at 6943 A, 500 psec pulse

duration),§' and the resulting sample back face temperature

transient recorded. A liquid nitrogen-cooled indium antimonide

detector" was used to detect the temperature response at 250C,

and a biased silicon photodiode•§ was used at elevated tempera-

tures. The general apparatus is shown in 'Figures 9 and 10, and a

typical rear face temperature response is shown in Figure 11.

Initial time, to, for the measurement was determined when lasing

occurred through the use of an auxiliary photodiode system moni-

toring the ruby laser performance.

Thermal diffusivity, a, was computed "" ne expression:

0.1388 (10)
tl/ 2

14*BS SRM NO. 737.

§Korad pulsed ruby laser, Model K1.

*Texas Instruments, ISV 3105

"§§EGG SGD-100-A.
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Figure 8. Thermal expansion apparatus.
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Figure 10. Thermal diffusivity apparatus.

M
L.

Time

Figure 11. Temperature transient for
thermal diffusivity measurements.
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where L sample thickness, cm

tl/2= time for rear face temperature to reach

half its maximum value.

It' the laser pulse width is not small compared to the char-.

acteristic transit time through the sample, a correction must be

applied to account for the resulting finite pulse time ef'ect.

This usuaily occurred for high density, high thermal diffusi\ity

silicon carbide tested at low temperatur-. In that case the

finite pulse time correction 3 2 -34 was applied to the data using

the relation:

(0-13155)L 2  (11)

The term T is the pulse width, and this relationship applies for

t1/2/tc < 1.8, tc being the sample characteristic rise time:

tc - ,L (12)

One of the boun'lary conditions employed to obtain the ideal

analytical solution to this experiment is that there are no heat
losses from the specimen surfaces that would alter the shape of

the temperature transient. This boundary condition is often
eiolated by radiation losses at high temperatures. Taylor 3 4

discusses a convenient correction for this effect based on

Cowan's original work. 3 5 This correction involves comparison of
the shape of the experimentally obtained temperature transient at

ti'mes out to -lOt1 1 / 2 to the shape of the Ideal rear face temper-

eture transient obtained from the ideal analytical solution (the

"general shape of the rear face temperature transient is indepen-

dent of sample thermal diffusivity). The correction was applied

to all data generated on this program above 800 0 C.
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6. MICROSTRUCTURE, ROOV-TEMPERATURE STRENGTH,
AND ELASTIC PROPERTIES

The room temperature strength ai•. ioacture mode of silicon-

base ceramics are determined by the microitructurail features of

grain size and shape, the size and distribution of porosity, and

the nature of the particular processing defects (or machining

flaws) that cause fracture (i.e., the type of defect, and its

size and shape). The elastic properties are determined by the

nature of the atomic bonding in the basic system.

6.1 SI 3 N4 MATERIALS

Silicon nitride materials are ocessed by hot-pressing,

sintering, and reaction sintering. The highest strengths are

achieved with HP-Si 3N4, the use of pressure-assisted consolida-

tion and oxide additives (Mg0, Y2 03 , Ce0 2 , Zr02 ) resulting in
nearly fully dense materials. Pressureless sintering also in-
volves the use of oxide densification aids. Densities and

strengths are somewhat lower than for hot-pressed forms. Reac-
tion sintered Si 3 N4 is processed by nitridation of precompacted

silicon powder. This process results in a relatively porous body
'(up to 20% porosity), with correspondingly lower strength.

6.1.1 Microstructural Features

The microstructures of tne various hot-pressed Si 3N4 mate-
rials evaluated on this program are presented in Figure 12.

These micrographs were generally obtained from polished/etched
sections viewed in reflected light. The micrographs for the
various sintered Si3N4 materials are presented in Figure 13.

*The results for the highly developmental sintered SiAlON
materials from the U.S. Bureau of Mines are presented in
Reference 36.
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(a) Norton"NC-132 (1% MgO) etched 6 min.

(b) Replica TEN micrograph of Norton
NC-132 (1% MgO). Courtesy of
K. S. Via"-di2yasni, ANWAL.

Figure 12. SEM micrographs of polished and
etched hot-pressed silicon nitride mate-
rials (Etchant: 7:2:2 H2S04/HF/NHAF
etchant shown in Table 10).
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(c) Morton NCX-34 (8% Y2 03 ) etched 6 min.

(d) Harbison-Walker (10% CeO2) etched 3.5 min.

Figure 12 (cont.)
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(e) Kyocera SN-3 (47% MgO, 5% A1 2 0 3 ) etched
15 sec at room temperature.

(f) Ceradyne Ceralloy 147A (1% Mg0) etched
10 min.

Figure 12 (cont.)
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(g) Ceradyne Ceralloy 147Y (15% Y2 03 )
etched 6 min

(h) Ceradyne Ceralloy 147Y-1 (8% Y2 0 3 )
etched 7 min

Figure 12 (cont.)
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(i) Fiber Materials, Inc,, (4% MgO)
etched 11 min

izn

(j) Westinghouse (4% Y20 P Sio2 )
etched 5 min

Figure 12 (cont.)
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(k) Toshiba (4A7 Y20 3 , 3% A120 3 )
etched 0,5 min

(1) Toshiba (3% Y2 03 , 4% A12 03 , Si02 )
etched 0.75 min

Figure 12 (cont.)
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(m) NASA/AVCO/Norton (10% ZrO2 )
etched 2.5 min

2•

(n) Battelle HIP-Si 3 N4 (57. Y2 0 3 ) etched
2,5 min

Figure 12 (cont.)
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(a) Kyocera SN-205 (5% MgO, 9% A1 2 0 3 )
etched 55 seea

-2 Imi

(b) Kyocera SN-201 (4% MgO, 7% Al 2 03 )
etched 35 seca

Figure 13. Sv11 micrographs of etched sintered
silicon nitride materials.
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(c) GTE Sylvania (6% lY203Jetched 6 hrb

(d) AiResearch (8% Y203 0 4%. A120 3)
etched 5 mitnc

Figure 13 (cont,)
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II

(e) Rocketdyne SN-50 (6% Y20 3 , 4% A12 0 3 )
etched 9.5 minc

(f) Rocketdyne SN-104 (14% Y2 03, 7% SiO2 )
etched 6 minc 2

Figure 13 (cont.)

aH2S04/HF/NH4F shown in Table 10.
bHC1 etch shown in Table 10.
c 3 : 1 Phosphoric/sulfuric acid etch shown in Table 10.

20/./NaHF2 /H 20 2 etch shown in Table 10.
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that can be readiLy etched to reveal grain size and :shape. Thus,

the major features observed in the microstructural analysis of

RS-Si 3 N4 materials are the size and distribution of porosity and

the existence of any free silicon metal. Pores and pore agglom-

erates are often identified as the fracture origins in RS-Si 3 '4.

Accordingly, polished sections were prepared of all RS-S13N4

materials evaluated on this program. Both reflected light

(optical) microscopy and scanning electron microscopy were used

to view and record the nature of the microstructure of these

materials. The photographic results are compiled in Appendix A.

The results of microstructural analysis for the hot-pressed,

sintered, and reaction sintered Si 3 N4 materials (as well as sin-

tered SiAlON materials) are summarized in Table 11. In this

tabulation, we include density, mean room-temperature fracture

strength, and the average and maximum grain size. The approxi-

mate grain size determination was made by an overall visual in-

spection of the micrographs, and not quantitatively determined by

'lineal analysis or other statistical techniques. The comments in

Table 11 regarding fracture origins were made from the fracture

surface analysis of bend bars broken at room temperature.

It is observed that for fully dense RP-Si 3 N4 , the average

grain size typically ranged from 0.5-2 pm. In some materials,

occasional gralis as large as 17 lim were observed. For sintered
S "N4, with usually slightly lower density, the grain size was

also typically 0.5-2 pm. The size range of the largest grains

observed in these materials was 5-10 irm. These HP- and sintered-

Si3N4 materials generally exhibit graiLL•s t'.tt are slightly elon-

gated and randomly oriented. This leads to an interlocking type

structure that generally results In higher fracture toughness

than in other types of ceramics where the grains are equiaxed.
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Pore size, rather than grain size, was characterizeJ Cor the

reactlon-sintered silicon nLtr~de materials since porosity is

generally the strength-limiting feature of the microstructure of

RS-Si 3 NS . With reference tc Table 11, it is seen that a wide

range of average and maximum porosity was observed. The materi-

als with the finest pore structures were Nortcxa N,-350 and

AiResearch RBN-122. Average pores ranged in size from 0.5--3.0

urM, while the largest pores were 12-20 pim in size. In some of

the ot'ier RS-Si 3 N4 materials, average pore sizes were as great as

15 iim, and the mnaximumn pores approached 100 jon in size.

6.1.2 Flexural Strength/Fracture Sources

and Elastic Properties

The room temperature 4-point bend strength and elastic modu-

1i (static aid dynamic) of all t•3N4 materials evaluated to date

are tabulated in Tables 12 and 13. Strength data are plotted as

a function of bulk density and volume fraction porosity in Fig-

ures 14 and 15, respectively. Density (and thus strength) gener-

ally increases with respect to processing method in the following

progression: reaction sintered with few additives, reaction

sintered with iron additives, sintered with oxide additives, hot-

pressed with magnesia additive, and finally hot-pressed with

yttria additive. A least-squires regression of the linearized
S•oe-bP

form of the exponential strength-porosilty relation a =

gives

a = 87.le-5" 5 5 P

as shown in Figure 15. The strength behavior of the thirty-nine

(39) hot-pressed, sintered, and reaction bonded Si 3 N4 materials

is welt described by the strength-porosity data fit. This enpir-

ical strength-porosity relation is not strictly valid at low po-

rosity, however, even though it accurately lescribes the strength

of the high density hot-pressed mateoials in this region. This

is the ca.e because the fracture strength oV the hot-pressed

materials is not expected to be related directly to porosity as
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For legend, refer to Table 12
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Figure 15. Room-temperature flexural strength vs. volume
fraction porosity for various Si 3N4 materials.
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it is . vr the lower den:. tty sintered and reacIt~on-bonded mate-

rials. That is, the critical strength-controlting Flaws in the

lower density materials are expected to be pores or pore clus-

ters, while fracture sources in high density hot-pressed materi-
als have typically been traced to large grains, metal inclusions,

unreacted particles, surface or subsurface machining damage, or a

single isolated pore not affecting the overall density.

The hot-pressed materials with strengths greater than 100

ksi are Norton NC-132 (1% MgO), Norton NCX-34 (8% Y2 0 3 ), and

Toshiba (4% Y2 03 , 3% A12 03 ) materials. For RS-Si 3N , it is noted

that the strength of two Norton NC-350 materials is -40 ksi, well

above the trend line.

Fracture surface analysis was conducted on this program wit'

a 6-60X stereoscopic optical microscope with photographic attach-

ment. The objective of this examination was to attempt to iden-

tify the general nature of the fracture origins. Room tempera-

ture fracture sources in Si 3 N4 are tabulated in Table 11. It is

observed that the Norton hot-pressed materials (NC-132 and NCX-

34) were relatively processing-mature in that the fracture

sources that could be identified were predominantly machining

induced flaws at the diamond-ground surface. All other hot-

pressed materials exhibited fracture origins consisting of

inclusions and other subsurface processing defects.

The fracture sources in the various sintered Si 3 N4 materials

were a mixture of inclusions and porosity (surface and subsur-

face). Porosity and inclusion particles were also the predomi-

nant fracture sources in RS-Si 3 N4 materials. The inclusions are

most probably unreacted silicon particles and ircri-rich parti-

cles. Iron is a common impurity (and sintering aid) in RS-Si 3 N4.

Spectrographic analysis results (Table 7) 'ndica'e as much as

1.3% Fe impurity in these materials. How, r, porosity is the

predominant microstructural feature in RS-Si 3 N4 that can be de-

scribed as detrimental to those properties necessary for high

performance.
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Evanls 3 
1 presents an enlightening analysis or the sensitivity

of' iIP-8I 3NN4 materials to various types of' processing defects. As
iummariv.ed 1n Pigure 18, the Fracture streos is relatively insen-

sitive to t ung.sten carbide Lnclusiorls, arid progresswively more

sensitive to Fe, C, and voids. Unreacted 6i'icon particles and

surface cracks were found to have the stron-est effect on

strength.

The relaxed elastic moduli obtained during flexure testinw

of all Si 3 N4 materials are plotted as a function of porosity in

Figure 16 (data compiled in Table 12). The dynamic moduli (ob-

tained by a flexural resonant frequency method) of all S3i3 4

materials are ::or~iled in Table 13 (where the static modull are

repeated for cot, rison). The 250C relaxed and dynamic elastic

moduli for all St3 N4 materials are plotted as a function of vol-

ume fraction porosity in Figure 17. Good agreement is obtained

between the static and dynamic moduli at room temperature. The

data fit for all Si 3 N4 static and dynamic moduli has the exponen-

tial form;

-2.99P
E = 45.1e

6.2 SiC MATERIALS

Silicon carbide materials are processed in hot-pressed,

sintered, and silicon-densified forms. All are essentially fully

:iense. There is no analogy to porous reaction-sintered silicon

nitride for the SiC system.

Silicon carbides have high elastic modulus co,,wpared to Si 3 N4

materials. The Young's modulus is typically 50-60 x 106 psi.
This is -50% higher than the elastic modulus of dense HP-Si 3 N4.

The strength of hot-pressed and sintered SiC is intermediate to

the strength of hot-pressed and reaction sintered S3i 3 N. Room-

temperature strength in SiC is usually controlled by the grain

size. Hot-pressed SIC using Al2( 3 as a denslfication ail nas

higher strength than when B4C is used. A12 0 3 inhibits grain

growth, the graln size is typically 1-2 pm, and the strength is
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nigh. The converse is true for UP-SiC doped with B4C, where the

grain size ranges from 10-40 um.

Sintered SiC is processed in a- and a-SiC crystal structures

(predominantly hexagonal and cubic, respectively). Bend

strengths are typically 45-65 ksi. The R-SiC structure appears

consistently stronger than a-SiC. Fracture origins in a-SiC are

often large (-50 Pm) individual needles/platelets that have

experienced exaggerated grain growth during processing. Single

isolated surface-connected pores are also found in a-SiC. Both
forms of SiC fracture predominantly in the transgranular mode.

It is for this reason that fracture phenomena in SiC are more

often associated with grain size, rather than porosity or inter-

granular phases. The predominance of transgranular fracture also

makes fracture surface analysis and the identification of frac-

ture origins more difficult than in HP-Si 3 N4 , where the fracture

path is usually intergranular. Details are presented in the

following paragraphs.

6.2.1 Strength-Grain Size Relation

The results of the microstructural analysis of all SIC mate-

rials evaluated to date are summarized in Table 14. In this

tabulation we include the density, mean room-temperature fracture

strength, average and maximum grain size, and the location of any

porosity. The approximate grain size determination was made by

an overall visual inspection of the micrographs, and not quanti-

tatively determined by lineal analysis or other statistical tech-

"niques. In assessing the location of porosity, void features

with rounded corners were Judged to be actual porosity, whereas

void features with sharp/angular corners were Judged to be pol-

ishing pullouts. The comments in Table 14 regarding fracture

origins and fracture mode were derived from the fracture surface

analysts oC bend bars broken at room temperature. The strength

and elastlc moduli of all SiC materials evaluated, as correlated

with density/porosity, are tabulated in Tables 15 and 16. The

modulus-porosity data for SIC are plotted in Figure 19.
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(a) Hot-pressed SiC. The room-temperature strength of' SiC

can be correlated with grain size in general, as would be ex-

pected since the fracture path in SiC is predominantly trans-

granular. For instance, the strengths of the three fully dense

hot-pressed (HP) SIC materials evaluated on this program are com-

pared in Table 14.* The reflected light micrographs of these

three materials are presented in Figure 20. Norton NC-203 ?P-

SiC, doped with -2% A12 0 3 , has very high strength (a >100 ksi)

since it is so fine-grained. Its grain size averages 1-4 orn,

with the largest grains being -10 pm in size (see Table 14). All
grains in NC-203 are equlaxial. This information is seen in the

micrograph presented in Figure 20c. The strength of the compan-

ion Ceradyne material, Ceralloy 146-A which also contains nomi-

fnally 2% AL2 03 as a densification additive, is much lower, i.e.,

-60 ksi at room temperature. Figure 20a illustrates a larger

grain size for Ceralloy 146-A than for NC-203, i.e., and average

grain size -4-1-2 pur, with a -30 om maximum. Thus, the grain size

of the Ceradyne material is a factor of four larger than the
grain size of NC-203, and the strength or the Ceralloy 146-A is

roughly half that of NC-203. This is exactly what would be

predicted from the known strength-grain size relation for

ceramics; that is, the strength being inversely proportional to

the square root of the grain diameter. 3 8 '0 9

The room-temperature strength of Ceradyne Ceralloy 146-I HP-
SiC, which is doped with -2% B4C to promote densification, is

even lower, -45 ksi as shown in Table 14. Figure 20b illustrates

the microstructure of Ceralloy 146-I. The average grain size is

shown to be even larger than for the A12 03 -doped HP-SiC materials

(i.e., 10-30 um average grain diameter, with a maximum of -50

*In this discussion of grain size we are only concerned with room

temperature strength; at elevated temperature other factors
affect the strength, mainly the amount of oxide intergranular-
phase and resulting subcritical crack growth (refer to Section

-7.2).
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(a) Cer-aiiie- Cerallo6y 146-A H'P-Si -C (2% A1203)etched 9.6 min with boiling Murikami s
reagent.

(b ezadyne Ceralloy 146-1 HP-SiC (2% BC
etched 8.6 min with boiling Murikami s
reagent.

Figure 20. Reflected light micrographs of hot-
pressed silicon carbide materials.
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fc) Nbrton NC-203 HP-SiC (',2% A1203) etched
9.6 min with boiling Murikami's reagent.

- Figure 20 (cont.)
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pi m). Again, the data follow the inverse square root strength-

grain diameter relation. The grain size of Ceralloy 146-1 is

about an order of magnitude larger than that of' NC-203, and the

room-temperature strength is about one third that of NC-203. The

reasoi c.c the factor of three grain size dif'erence in the two

Cer ,y ie materials has to do with the effect of the oxide addi-

tive on grain growth during processing. The presence of A12 0 3

inhibits grain growth; B4 C promotes grain growth in SiC. The

resulting effect on strength is shown in the present data. The

grain growth in the B4 C-doped material is apparently anisotropic,

since the grain morphology in Ceralloy 146-I is largely tabular,

.iith an aspect ratio of approximately 3:1.

(b) SIntered SiC. Sintered SiC materials from General

~e:.'•ric, Carbc-undum, Kyocera, and ESK* were evaluated on this

p• gram. SIntered Si.C is processed in the a and a crystal

structures (predoni.nantly hexagonal and cubic, respectively).

The General Electric material used to be referred to as boron-

doped a-SiC. The materials from Carborundum (1977 and 1981
vintages) and Kyocera (SC-201 1980 vintage) are of the

crystalline form. The ESK material is also a-SiC. All, except

ESK, employ boron as the primary sintering aid. Emission spec-

trographic analysis indicates all have -0.4-0.5 wt% boron and

-0.2-0.3 wt% iron impurities (refer to Table 7). On the other

hand, AI2 03 was the primary sintering aid for the FSK material

(high Al impurity as shown in Table 7).

Strength data for these sintered SiC iaterials are shown in

Table 14. The reflected light micrographs for these materiali

are presented in Figure 21. The various microstructural analysis
parameters are summarized in Table 14. The 0-SiC structure ap-

pears consisten41y stronger than a-SiC. Table 14 shows that

General Electric a-SiC is a nominally 65 ksi material. Figure

""Elektrosohmelzwerk Kempten, Kempten, FRO.
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(a) 1980 Kyocera SC-201 sintered ci-SiC etched
8 min with boiling Murikani's reagent.

(b) General Electric Bintered S-SiC etched
5 min with boiling Mtxrikami's reagent
(ct-etch).

Figure 21. Reflected light micrographs
of sintered silicon carbide materials.
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(0" aGeti~al fEctric s ihteredd -SiC etched
Smint with boiling Murikami's reagent
(ct-etch) and 1.5 min with a fused salt

* mixture of KOH1 and KNO3 (8-tc)

(d 97 Catborundum sintered a-SiC etched
10.3 min with boiling Murikami's reagent.

Figure 21(cant.)
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(e) •991 Carborwidum sintered -a-SiC polished
an- etched 7: 5 mini with toiling Murikami' s

---reagent.

Figure 21 (cont.).
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f)ESK sintered a-SiC polished and etched
8 min with boiling Murikami's reagent.

1.0 izn

(g) ESK sintered a-SiC.

Figure 21 (cont.)
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21c i.lustrates that this high strength is achieved by obtaining

a very fine a-SiC grain size (typically 0.5-2 pm). This material

actually has a small amount or the a-structure present. Figure

21b shows some evidence of long needles/platelets of a-SiC in the

overall structure. The X-ray diffraction results shown in Table

6 confirm that a small amount of the a-structure can be present

in this O-SiC from General Electric. The acicular a-phase grains

can become quite large (i.e., -100 gm long in Figure 21c), but

apparently are so few in number as to not override the influence

of the much smaller 1-crystals and not be detrimental to the

strength of the overall structure. Since this would appear to be

a violation of the weakest link theory, perhaps these long a-

needles impart a whisker-like reinforcement to the structure.

The two etching procedures used to delineate the features of the

a and a crystal phases shown in Figures 21b and 21c are explained

in Table 9. The development of the microstructure in General

Electric O-SiC is described in detail by Johnson and Prochazta.40

The a-SiC materials from Carborundum and Kyocera are lower

in strength compared to General Electric 8-SiC. Carborundum 1977

a-SiC has a room-temperature 4-point bend strength of nominally

45 ksi, whereas the strength of Kyocera 1980-vintage SC-201 a-SiC

is on the order of 55 ksi. The reflected light micrographs shown

in Figures 21a and 21d illustrate the equiaxed grain configura-

tion for these materials. The grain diameter of the Kyocera a-

SiC is slightly smaller than that of the Carborundum material.

The average grain diameter of Kyocera SC-201 ranges from -1.5 to

5 Um. An occasional 10 pm grain is observed. The average grain

size range and maximum grain diameter of 1977 Carborundum a-SiC

are 2-8 um and 15 om, respectively. Therefore, the higher

strength of the Kyocera material appears to be related to its

slightly smaller grain size. No evidence of exaggerated growth

of a grains is observed for these materials.

Carborundum 1981 sintered a-SiC (Hexoloy SX-05) was Injec-

tion-molded and supplied in the as-fired condition (the 1977

material was slip-cast and diamond ground). The 1981 material
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had sl ghtly lower density. Both materiaals hlad :int Iar phase

content (a-SiC, with similar polytype structures) and cation

impurities. The rnicrostructures of these materials are similar.

The more recent material was slightly stronger (refer to Table

114).

The ESK material exhibited a ruorn-temperature 4-point bend

strength of 41.7 ksi. This is on the low end of the range of

strengths exhibited by the other sintered SiC materials evalu-

ated. Microstructural analysis yields two explanations: exag-

gerated c-grain growth and large intergranular porosity, as il-

lustrated in the micrographs shown in Figure 21 f and g. The

average size of the a-grains is 3-8 pm. Most of these grains are

not equiaxed, but have an aspect ratio of -1:7. A number of

large a-grains have grown to platelet size, 60-120 pm. Some

pores are as large as 10 pm in diameter. Fracture surface analy-

sis indicated that surface and subsurface pores were the primary

fracture origins at room temperature, so it may be that the large

a-grains had no effect on the strength. At this time the compo-

sition of the light areas on the micrograph shown in Figure 21g

is not known; they may be A12 0 3 -rich areas.

(c) Silicon-Densified SiC. Bend strength data for the

silicon-densified SiC materials are presented in Table 14. The

micrographs are shown in Figure 22, and the microstructural

parameters are also summarized in Table 14. The strongest mate-

rials at 250C are Norton NC-435 and Coors 1979 SC-l Si/SiC (51-57

ksi). The micrographs illustrate that these materials have the
1 • smallest grain size, which accounts for their high strength. The

average grain size range for these two materials is -1-6 Pm; the

maximum grain size observed is -12 Um. The reflected light

*! micrographs in Figures 22a and 22f illustrate that the grains of

NC-435 are equiaxial, whereas about 25% of the Coors 1979 SC-l

Si/SiC grains are tabular with approximate aspect ratio of 10:1.

The distribution of the continuous silicon phase is about the

same in both materials, uniform, and appearing to be -10-20% by

volume in extent.
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(a) Norton NC-435 siliconized SiC
electrolytically etched 4 min
with 20% KOH.

Figure 22. Reflected light micrographs of
siliconized silicon carbide materials.
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(b) UKAEA!British Nuclear Fuels Refel silicon-
ized SiC; microstructure of diamond-
ground material, electrolytically
etched 2 min with 207. KOH.

(c) UKAEAkBrittsh Nuclear Fuels Refel silicon-
ized SiC; dense interior microstructure
of as-processed material, electrolytically
etched 3 min with 20% KOH.

Figure 22 (cont.)
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(d) IJKAEA/British Nuclear Fuels Refel silicon-
ized SiC, as-processed with high purity
SiC and silicon-rich surface layers in-
tact; electrolytically etched 3 min with

0%KOH.

(e) Noi-ton N-430 siliconized SiC, electro-
lytically etched 2 min with 20% KOH.

Figure 212 (cont.)
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(f) Reflected light micrograph of 1979 Coors SC-1
siiliconized SiC, electrolytically etched
3.0 min with 20% KOH.

-(g) Reflected light micrograph of 1981 Coors SC-2
siliconized SiC, electrolytically etched
2.5 min with 20% KOH.

Figure 22 (cont.)
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(h)'~e.~ce lih m ograph -of 1982 Coors SC-2

siliconived SiC,, electrolytically etched
T5, miin with 20% K(OH.

Fi-gure 22 '(cont.)
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r The UKAEA/BNF Refel Si/SiC was received from the manufac-
-• I turer in two conditions, diamond-ground and as-processed. The

II difference in these two conditions mainly involves the near-

surface microstructure, and was described by Kennedy et al., 4 1

and discussed in a previous report on this program. 4 2 With ref-

erence to Figure 22d, as-processed material has a highly crystal-

line -25 pm layer of silicon carbide on the outer surface. Below

this thin surface layer is a -100 pm thick layer of silicon-rich

material (-38 vol% silicon by manufacturer's estimate). Both of
• I these outer layers are clearly seen in Figure 22d. Below these

two outer layers of the as-processed material is the dense bulk

$i/SiC, which the manufacturer states to contain 8-10 vol% con-

Stinuous silicon phase. The micrograph presented in Figure 22d

clearly shows all three microstructural regions of the as-

processed material. It would be expected that the diamond-ground

version of Refel would have two outer layers removed and exhibit

the mincrostructure of the dense bulk material. This fact is con-

firmed in the micrographs in Figures 22b and 22c, and summarized

in Table 14: the interior sections of both diamond-ground and

as-processed maLerial had average grain diameters ranging from

approximately 0.5 to 4 pm, and the silicon phase looked rela-

tively uniformly distributed in both.

Another silicon-densified SiC material evaluated on this

program is Norton NC-430. The strength is seen in Table 14 to be

only 30 ksi, the lowest of the Si/SiC materials. The inicrostruc-

ture shown in Figure 22e explains this; NC-430 is an extremely

coarse-grained material. Actually, NC-430 exhibits a bimodal

distribution of SiC grains: a network of relatively fine 2-10 pm

SiC grains, and a distribution of extremely angular, extremely

large 50-175 Pm SiC grains. This structure is bonded together by

the continuous silicon metal phase, but it is rather nonuniform

in NC-430, as evidenced by the large silicon-rich region shown in

tne micrograph presented in Figure 22e.

It is noted that Coors has supplied three Si/SiC materials

to this program. Spectrographic analysis results reveal about
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the same level of cation impurities in all the materials (Table

7). X-ray studies indicate all generations of material contain

similar SiC polytype structures (Table 6). The most recent mate-

rial, 1982 SC-2, has about the same density (3.097 g cm- 3 ) as

1981 SC-2, and about 3% higher than 1979 SC-1.

Reflected light micrographs of these three materials are

presented in Figures 22f-h. The micrographs reveal that 1982 SC-

2 has about the same silicon metal content as 1981 SC-2. The

earlier 1979 SC-l material had slightly higher silicon content,

and a smaller and more uniform SiC grain size. Again, like 1981

SC-2, there are two distinct size ranges of SiC grains in 1982

SC-2 Si/SiC. In the more recent material the finer, submicron

grains appear to be evenly distributed around the larger grains,

instead of clustered together as was seen in the 1981 material.

6.2.2 Effect of Porosity

All forms of SiC thus far evaluated on this program (i.e.,

hot-pressed, sintered, and silicon-densified) are essentially

nearly fully dense, at least compared to the range of densities

obtained for the various processing methods for silicon nitride

(i.e., fully dense hot-pressed to reaction-sintered, which has up

to 20% porosity). Therefore, porosity is not a major limiting

factor in the behavior of SiC, as it is for RS-Si 3N N, for exam-

ple. High elastic modulus and high thermal expansion are usually

cited as the most limiting factors of SiC from a properties

standpoint.

However, porosity in SIC does exist and can affect proper-

ties. Thus it is informative to view the porosity in SIC. The

micrographs shown for hot-pressed (Figure 20), sintered (Figure

21), and silicon-densified (Figure 22) forms of SiC show that the

porosity is almost entirely in the grain boundaries. Knowing

this location of the porosity in SiC helps to interpret the

transgranular fracture mode observed for all forms of SiC (see

Table 14). Rice 3 8 points out that in general, other factors

being equal, the advancing crack front usually follows tne most
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• porous path. Fov, example, intergranular failure occurs with

predominantly intergranular pores, and conversely, a transgranu-

far fracture modo is obtained wit-, Intragranrlar porosity. The

predominance ol' --i transgranular £racture roodo in riC in the pres-

ence of Intergraiul ar poroO3ity means that either (a) there is not

enough grain boundary porosity in SIC to make the fracture path

rintergranular, or (b) the low cleavage energy of the SiC crystals

promotes transgranular fracture and overrides the e,?fect of the

intergranular porosity. We suspect that the latter explanation

may be the reason.

6.2.3 Fracture Origins

The fracture or-igins Cor all forRis of S.iC evaluated on this

program are summarized in Table 14. Strength is correlated (in-

versely) with grain size in SIC since the fracture mode is trans-

granular, and since minimal porosity and intergranular impurity

phases are present. Fracture origins in SiC are typically large

grains, with some impurity inclusions and some isolated surface-

connected porosity. Fracture in both a and a forms of sintered

SiC can sometimes be traced to exaggerated grain growth of the a-

phase, leading to very acicular (needle-shaped) SiC crystals.
Huwever, sometimes this microstructural feature is there, but not
found to be detrimental. While a noticeable number of large

grains/a-needles were observed in the !981 Carborundum sintered

a-SiC, the fracture origins were mostly surface and subsurface

pores. The most dramatic example of this is the ESK material,

for which the strength-limiting flaw was almost always porosity,

even though some a-platelets were 60-120 jii in size.

In general, fracture source identification in SiC is more

difficult than it is in Si3f4. This is due to the transgranular

fracture path in all foms of SiC, and to the heterogeneous na-

ture oi the siliconized-SiC materials. In such cases the condi-

tions are not favorable for the development of fracture surface

features that permit the straightforward assessment of the source

of fracture.
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7. ELEVATED TEMPERATURE SPRENGTH AND TIME DEPENDENCE

The most fundamental driving force for the uE-e of structural

ceramics in heat engine applications is the ability to extend

operating temperatures upward beyond the limits of metallic su-

peralloys. Therefore, elevated temperature propez'ties for ceram-

ics are generated, thereby exposing deficiencies that are often

related to processing variables. This leads to process itera-

tions with the aim of improving elevated temperature performance.

Perhaps the most crucial issue in the high temperature be-

havior oi' ceramics is time dependence of strength. This is the

central theme in the developing of life prediction methodologies.

The most general term to describe the time dependence of strength

in silicon base ceramics is static fatigue--i.e., a reduction in

strength as a function of no other externally applied variable

other than time (as opposed to mechanical or thermal fatigue).

Quinn4 3 reviews the published static fatigue data in generally

early forms of silicon nitride and silicon carbide. It is

pointed out that static fatigue is the general name for this

observed time dependence, but that various origins and mechanisms

can be involved, either acting singly or simultaneously operable.

Por instance, stress corrosion is environmentally assisted

strength degradation in materials subjected to an externally

applied stress. The mechanism involves the growth of cracks by

dch;mical reaction with and attack by one or more elements or

compounds present in the surrounding gaseous or liquid environ-

ment. The material at the existing crack tip is chemically

changed and/or the local stress intensity is increased at the

crack tip in an atomistic-level process. Alternatively, micro-

-ccacks may nucleate (be created) in certain cases of stress cor-

nosion.

Another for:m of static fatigue is creep rupture or creep

fracture. This phenomenon refers to diffusion or
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A third form of static fatigue is slow or subcritical crack
growth (SCG). The concept of SCG involves the growth of pre-

existing flaws under the applied stress, to the extent that the

critical stress intensity at the crack tip is reached (thus lead-
• t'ig to rapid fracture) at a lower macroscopic stress level than

if the cracks were stable and unable to grow. The exact mecha-

nism of SCG is related to material microstructure. For example,
in many hot-pressed Si 3 N4 materials, the deformation of the in-

tepgranular phase leads to grain-boundary sliding. This promotes
slow crack growth leading to lowered strength. The pre-exisiting
rlaws in HP-Si3N4 are often thought to be voids existing ab in-

tergranular triple points. Their extension is the mechanism to

accommodate the grain-boundary sliding. As the flaws get larger,
the strength, of course, decreases. Current materials research
involves ways of achieving full densification with more deforma-
tion resistant intergranular phases.

Another form of strength degradation at elevated tempera-
ture, which can be termed static fatigue, is the generation of

surface flaws by high temperature oxidation or gaseous corrosion
mechanisms. This also includes the deposition of foreign ele-
ments on the material by the fuel. The concept here is that the
intrinsic volume flaw population in the material is changed to a
surface-related critical flaw population. This effect may or may
rnot be related to the stress corrosion mechanism discussed above.

The following subsections of this report overview the ele-
vated temperature strength observed for various silicon-base

ceramics evaluated on this program. The observables are the
strength and stress-strain behavior of The various materials.

The existence or lack of strength or elastic modulus degradation
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is correlated with the nature of the fracture surfaces as viewed

in the optical microscope, and the material impurities and micro--

structure. The results are usually interpreted assuming that

slow crack growth is the predominant mechanism leading to

strength reduction. This is readily observed on the fracture

surfaces.

7.1 SILICON NITRIDE MATERIALS

The following sections overview the nature of high-

temperature fracture in hot-pressed, sintered, and reaction-

sintered forms of silicon nitride. Many of the basic differences

in these materials were discussed in the final report of the

predecessor to this program, AFML-TR-79-4188, 1 and presented at

various conferences and symposia. 7 , 1 1 ,14,15,44

7.1.1 Hot-Pressed SiN1

The basis for the comparison of all hot-pressed St3N4 mate-
rials is the behavior of Norton NC-132. This material is the

most processing-mature, and was the most-utilized material in

early component development programs. Its limitations form the

basis for all of the strategies for improving high temperature

properties through grain-boundary modification. During the time

of the current program, significant developments have been accom-

plished. We can trace the need for such improvements and the

path taken for realizing them by considering the behavior of the

various HP-Si 3 N4 materials evaluated on this program.

(a) MgO Additives. The oxide additives used in hot-

pressing Si 3 N4 to achieve full densification can result in the

creation of intergranular phases in processed bodies that can

deform readily at elevated temperature leading to strength redui-

tion by subcritical crack growth. Evidence for subcritical crack

growth in HP-Si 3 N4 is observed in both stress-strain data and

directly on the fracture surfaces. Figure 23 illustrates the 4-

point bend strength of HP-Si 3NN4 materials containing various

amounts of MgO additives. The baseline here is the behavior of
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Norton NC-132, which contaLns nominally 1% MgO. It Is welt docu-

mented in the ceramic literature how the presence of' magnesia

results in an amorphous intergrannlar phase in NC-132. Plastic-

ity in the grain boundary silicate glass phase in NC-132 leads to

strength reduction by SCG at temperatures T > 12500C as shown in

Figure 23. Evidence for increased plasticity at T > 1250°C is

shown in the stress-strain behavior illustrated in Figure 24.

The stress-strain curve is linear at 12000C, and increasingly

nonlinear with large increases in the strain-to-failure at 135000

and 1500 0 C. The absence of SCG at 12000C is confirmed by the

appearance of the fracture surface, as shown in Figure 25. At

higher temperatures SCG is observed on the fracture surfaces of

NC-132, but the features of crack branching that indicate an

operative slow crack growth mechanism are generally obscured by

rapid oxidation at 13500C and 15000C. At 15000C we have observed

SCG to propagate through about 40% of the sample cross-section in

NC-132.

With the behavior of NC-132, containing nominally 1% MgO,

serving as a baseline, we can describe what happens when greater

amounts of oxide additives are used to achieve densification.

This applies, for instance, in the early development of a mate-

rial, or in cases where the material is being developed for lower

temperature applications, where economic consLderations lead to
larger amounts of oxide additives being used in processing.

Kyocera, for instance, has developed a HP-Si 3 N4 with 4% MgO and

5% A12 0 3 additives. Figure 23 illustrates that the low tempera-

ture strength is only maintained out to -7500C. The stress-

strain behavior correlates with this observation. Figure 26
illustrates that linear stress-strain behavior is exhibited for

Kyocera SN-3 at 7500C, with distinctly nonlinear behavior ob-

tained at 10000C and above. Table 8 shows that this material

contains -10% oxide intergranular phase. Since this material is

MgO-doped, it is expected that this phase is largely amorphous

and deforms quite readily leading to strength reduction caused by

SCG. Figure 27 shows the appearance of the fracture surface of
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Figure 25. Fracture Surface (Tensile Surfaces Together)
of Norton NC-132 HP-Si 3 N4 (1% MgO) Broken in Flexure

- at 12000C.
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-<xi ?Figure 27. Fracture surface (tensile
surfaces together) of Kyocera SN-3
HP-Si 3 N4 (4% MgO, 5% A1 2 0 3 ) tested

-in flexure at 1125 0 C.
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the Kyocera material tested at 1125C. The extensive subcritical

crack growth is evident. Similar reasoning can be used to ex-

plain the behavior of the FMI HP-Si 3 144 containing nominally 4%
MgO. The otress-strain behavior presented in Pigure 28 Lllus-

trates distinctly nonlinear behavior at 12500C.

(b) Y03 Additives. It was recognized by the early-to-mid

1970's that MgO additives resulted in amorphous magnesium sili-

cate ("glassy") grain boundary phases in HP-Si 3 N4. We discussed

the use of CeO 2 and Y2 0 3 as alternate additives in the final

report on Contract F33615-75-C-5196 (AFML-TR-79-4188) 4 The

graphical results are presented for early versions of such mate-

rials in Figures 29 and 30. The problem with these materials was

generally that while good densification was achieved, a major

problem existed at intermediate temperatures in the form of

accelerated oxidation of one of the phases present, leading to

material destruction. This is discussed in detail in Section 11,

dealing with cumulative oxidation results to date.

A major emphasis in the Si 3 N4 technical community during the

time of the present program was finding a suitable location in

the Y2 0 3 -SiO 2 --Si 3 N4 phase diagram in which to prccess to avoid

the oxidation instability problem. The Y2 0 3 -modified HP-Si 3 N4

materials from Westinghouse and Toshiba evaluated on the present

program illustrate the improvements that have been achieved.

Figure 31 illustrates that these two Y2 0 3 -modified Si 3 14 ma-

terials show much promise for improved high temperature strength.

This is particularly evident for Toshiba HP-Si 3 N4 (4% Y2 0 3 , 3%

A12 0 3 ). Figure 31 illustrates the improved strength at T >

12000C for this material relative to NC-132. The stress-strain

n)ehavior for the Toshiba material shown in Figure 32 confirms the

decreased intergranular plasticity when compared to NC-132. No

evidence of SCG is visible on the fracture surface of Toshiba 47%

Y203, 3% AL2 0 3 -modified Si 3 N4 tested at 13500C, as illustrated in

f-igure 33. Oxidation of this Y2(03 , A12 0 3 -doped material was

rapid enough at 15000C to completely obscure the fracture
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-, Figure 33. Fracture surface (tensile surfaces
together) of Toshiba HP-Si 3N4 (4% Y203 , 3%
A120 3 ) broken in flexure at 13500 C (sample
TOlF30).
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reatures. However, the oxidation rate or Y2 0 3 , StO2 -modlfted

SSi3N 4 struc ture s is lower, and the rracture Peatures at both

13500 and 15000 C are readiLy observed 'or Westinghouse HP-S1 3NN4 ,

as shown in Rigure 34. This material exhibited improved strength

when compared to NC-132 (Figure 31), with no 0%tectable SOG at

1350-C. At 1500-0, some SOG is visible on the fracture surface,

as shown in Figure 34. These observations correlate with the

shape of the stress-strain curve for the Westinghouse material,

presented in Figure 35. Note that at l.'?5OoC nearly linear behav-

ior was obtained, whereas the stress-strain relationship is

distinctly non-linear at 15000 C.

The improved elevated temperature strength of the Westing-

house and Toshiba materials is the result of the use of Y2 03 as a

densification additive. Y2 0 3 dopants result in an oxide inter-

granular phase that can be crystallized by post-densification

heat treatment. This results in more deformation resistant grain

boundaries, and less gra½n boundary sliding, resulting in less

subcritlcal crack growth. The stress-strain behavior and appear-

ance of the fracture surfaces confirm this. X-ray diffraction

studies, however, were inconclusive in attempts to identify cry-

stallinity within intergranular regions. Higher resolution tech-

niques such as transmission electron microscopy are required to

detect the presence of a crystalline intergranular phase.

These results Cor the Westinghouse and Toshiba materials

using Y203 as a processing additive illustrate the potential of

ceramics to be successfully utilized in structural high tempera-

ture applications. It is judged that the Westinghouse material

has extended the temperature limit approximately 1000C beyond

that of MgO-doped NC-132 HP-Si 3NN4 . The -90 ksi room-temperature

strength is maintained out to 12500C, where linear stress-strain

bohavior is still observed. At 13500C, the stringth drops to -63

ksi, but there is only a slight departure from . ess-strain

linearity, and SCG is not visible optically on fracture surfaces.

The Toshiba HP-Si 3 N4 , modified by 4% Y2 0 3 and 3% A12 0 3 addition,

also extends the potential use temperature of silicon nitride out

114
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(a) 1350*C

(b) 15000C 2

Figure 34. Fracture surfaces (tensile
surfaces together) of Westinghouse
HP-S4114 (4% M 203, Si02) tested at
1350 and 15001C.
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Sto 13500C. This material exhibited a bend strength of 94 ksi at

this temperature, withi nearly l.inear stress-strain, and no opti-

cally discernible evidence oV subcritical crack growth on the

fracture surfaces. However, the Toshiba IIP-9i 3 N4 (4% Y2 0 3 , 3%

A1 2 0 3 ) appears to be oxidation-limited at 1500 0 C. This is

thought to be due to the A1 2 0 3 additive.

These results are encouraging. They demonstrate that Y2 0 3

additions can be used to achi-ve a deformation-resistant inter-

granular phase that results in improved properties at elevated

temperature. The Toshiba material achieved this through the use

of Y2 0 3 and A1 2 0 3 additives. The Westinghouse material achieved

this through the use of Y2 0 3 and Si0 2 additives. Other oxide

additives, or combinations of successful ones, however, can have

an adverse effect on high temperature strength. For instance,

Figure 36 illustrates another Toshiba material, which was devel-

oped for a lower temperature application. It exhibited rapid

strength degradation after T -1000°-ll00°C. This material con-

tained 3% Y2 0 3 , 4% A12 0 3 , and an undetermined amount of Si0 2 .

The stress-strain behavior shown in Figure 37 further illustrates

that degradation occurs at above 1100°-1200°C. Note the extreme-

ly nonlinear behavior at 13500C. Figure 38 confirms that signif-

icant crack-branching was observed on the fracture surfaces at

temperatures as low as 12500C. Table 8 showed that almost twice

as much oxygen was present compared to the other Toshiba mate-

Srial. Apparently SiOp was present in significant quantities, and

either resulted in amorphous silicate grain boundary phases or

inhibited the crystallization of yttrium silicate intergranular

phases. However, the presence of SiO2 does increase the oxida-

tion resistance of Y2 0 3 and Y2 0 3 -AI 2 0 3 modified silicon nitride

materials.

The souccess of Y2 0 3 as a densification aid Vor HP-Si 3 N 4 lies

in the fact that the resulting yttrium silicate intergranular

phase can be crystallized. If more than 4% Y203 is used (i.e.,

8% or more), we have found that there is a strong tendency to be

in that part of th Sti3 N4 -Y 2 0 3 -SiO 2 phase triangle that results

Sj- 117
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"(a) 1250°C

. ... (b) 1350oC

Figure 38. Fracture surface (tensile
surfaces together) of Toshiba HP-
Si 3 N4 (3%. Y0 3 , 4% Al 0 Sio0)
broken -in flexure at 1290°C and
13500C.
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in oxynitride phases that are unstable in oxidizing environments.

These phases experience accelerated oxidation, with resulting

macrocracking of the ceramic body. This will be discussed in

detail in Section 11, Oxidation.

S(c) HIP-SiN 1 (Y20 3 j. �The use of Y2 03 densification addi-

tives for Si 3 N4 discussed above illustrates that intergranular

crystallinity greatly impedes the relative movement of grains,

thereby reducing the phenomenon of slow crack growth accommodated

by cavity nucleation, extension of pre-existing triple-point

voids, etc. There is one other route to decreasing SCG being

investigated by several laboratories: hot Isostatic pressing.

HIP'ing is performed at much higher pressures than can be

achieved in uniaxial hot pressing (e.g., 30,000 psi). Thus, the

Si 3 N4 powder can be compacted to full density using a lower
concentration of oxide additive, thereby minimizing slow crack

growth, and improving the elevated temperature strength and creep

resistance. HIP'ing has the additional economic advantage of the

potential for near-net-shape fabrication of complex components.

A small quantity of Battelle HIP-Si 3NN4 containing nominally

5% Y203 was available for evaluation on this program. This mate-
rial was prepared by isopressing Si 3 N4 powder at 30,000 psi,

followed by HIP'ing at 17250C for 1 hr at 30,000 psi.• 5 The

material was reported to consist of submicron equiaxed Si 3 N4

grains and a thin amorphous intergranular film that is very re-
fractory. Battelle compressive creep data for this material are

compared to flexural creep data for various Y2 0 3-containing HP-

$S3 N4 evaluated on the present program in Figure 39. This

material exhibits low creep rates and shows much promise. Accor-

dingly, time-dependent flexure tests were conducted on the pres-

ent program at 14000C in air. In this test the fracture stress

is compared with the time-to-failure. These tests are sometimes

referred to as dynamic fatigue or differential strain rate tests,

and yield a quantitative measure of the time-dependent strength

degradation by the phenomenon of subcritical crack growth. These

tests are essentially regular flexure tests where the
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NCX-34 (8% Y2 03 )
t4 10 "0 015 0 03 )
, ---- C Ceradyne (8% Y2 03 )
X -13500C

AS

SToshiba, 1350 0 C

'4

4- -4(7 23 7.A23 i2

l-1 oshiba, 1350°C .. /.-
-(4% Y20 3 , 3% A12 0_-

10

C.)
0)

4(45

Battelle(4 5 )

Westinghouse (4, Y 20 3,Si0 2) HIP-Si 3N4 (57% Y2 03 )"W(1350ou (Compression, 14000C)-

io- 6  1 i I i I 1 I I I I
2.8 3.2 3.6 4.0 4.4 4.8 5.2

lOg10 o, psi

Figure 39. Steady-state flexural creep rate vs. applied
stress for various Y2 0 3 -modified Si 3 N4 materials.

122



S~ time-to-failure is varied by adjusting the testing machine cross-

head speed. Regression analysis or the resulting fractureI. strength vs. time relation yields a value for n in the relation v
= AKn, where v is the crack velocity, A is a constant, and K is
the stress intensity at the crack tip. A large value of n indi-

cates very little subcritical crack growth, andi thus time-

invariant strength.

The results of these tests are plotted in Figure 140 along

with (a) Battelle data on the same material, tested at 11400oC,

but at a machine crosshead speed a factor of' 25 raster (0.005

ipm), and (b) our rast fracture results (crosshead speed 0.02

ipm) ror various other Y2 0 3 -containing HP-$i 3 N1 4 materials evalu-

- I ated on this program. It is seen that the Battelle HIP-$i 3 N1 4 (5%
Y2 0 3 ) material has a room-temperature strength of -90 ksi. The

i 1)400°0 strength of the HIP'ed material is very good, -63 ksi.

The present IITRI data agree with the Battelle generated

: strength. This material has a 1140000 fracture strength about the
-- •same as we previously found for Westinghouse HP-$i 3 N1 4 , which is

Sdoped with nominally 14% Y2 03 and an undetermined amount of SiO2 .

What is significant here is that the Battelle and IITRI strengths

were measured at crosshead deformation rates a factor of 25 and

100, respectively, slower than the Westinghouse and other mate-
Srials, as shown in Figure 140. This means that there is apparent-

i ly very little subcritical crack growth occurring prior to frac-

ture in the HIP'ed material (however, the Westinghouse maierial
•' was not subjected to the slow (0.0002 ipm) flexure test, so no

* direct comparison can be made).

SFigure 141 illustrates the fracture surfaces of the Battelle

SHIP-Si3 N4 (5% Y2 0 3 ) material after slow 11400°C flexure testing,

•- i where the time-to-failure was typically 113 min. We see only
• I_•_ •slight evidence of crack branching on the fracture surfaces, the

• I $0G region extending over about 3% of the test bar cross-section.
• ! Battelle4 5 indicated that it was reasonable to assume that this

material would exhibit some SOG prior to fracture at 11400°0, but

they could not detect any in optical examination of the fracture

123
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Figure 40. Flexural strength of MgO- and Y2 03 -doped
HP-Si3N4 materials.
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17X
(a) Sample BWlFl

17x
* (b) Sample BW1F2

Figure 41. Fracture surfaces of Battelle HIP-Si 3 N4(5% Y20 3 ) after time-dependent flexure test at1400*C. (The time-to-failure was typically 113min; the machine crosshead speed was 0.0002 ipm.)
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surfaces. However, their test was conducted at a deCormation

rate a factor of 25 faster than the present IITRI tests. The

time-to-failure in the Battelle test was -5 min (by IITRI esti-
mate, as no time-to-failure data were reported by Wills and
Brockway). Thus, the IITRI and Battelle results are consistent:

very good strength retention at 1400 0 C, and cnly slight evidence

of SCG phenomena when the fracture times approach 2 hr.

It is interesting to compare our present slow-flexure re-

sults on this HIP'ed material with results we have obtained for

Norton NC-132 HP-Si 3 N4 (1% MgO) and Norton NCX-34 HP-Si 3 N4 (8%

Y2 0 3 ). In thi case, direct comparison of the materials is pos-

sible since all were flexure-tested at a crosshead deformation

rate of 0.0002 ipm, which resulted in fracture times on the order

of 2-3 hr. The comparison of these materials is presented in

Figure 42, whe.-e fracture stress is plotted against time-to-

failure. It is seen that Norton MgO- and Y2 0 3 -doped HP-Si 3 N4

materials experienced significant strength degradation at 1400°C,

the degree of subcritical crack growth being characterized by n

values of 16 and 12, respectively. In contrast, the 1400°C n

value of Battelle HIP-Si 3 N4 (5% Y2 0 3 ) was estimated to be much

higher, n -30,. which indicates much less SCG.

The fracture surface features of these three materials are

consistent with this interpretation. The appearance of the frac-

ture surface of NC-132 HP-Si 3 N4 (1% MgO) after 0.0002 ipm flexure

testing is presented in Figure 43. The strength of NC-132 was

33% lower than the 14000C fast fracture strength, the time-to-

failure was typically 44 min, and slow crack growth extended over

-20% of the sample cross-section. For NCX-34 HP-Si 3 N4 (8% Y2 0 3 ),

the strength for the same test conditions was 47% lower than the

14000C fast fracture strength; but the failure time was typically

206 min, considerably longer than for NC-132. Figure 44 illus-

trates that the degree of SCG was lower in NCX-34, the SCG mark-

ings only extending over -10% of the bend bar transverse section.

These two fracture surfaces for NC-132 and NCX-34 are compared to

tne fracture surface for Battelle HIP-Si 3NN4 (5% Y2c3) tnat was

126



z %0

IfI
Ct-4U

NI0 W~
C) r-4 -C:U

0 o i-

1 14 V ' -

r-4 0 -C: r. L
t10 41 0 c0
P4 04 Our.r1

(10 0 0

m 0A

M 0 C-4 co 0 C)

00 E
%-, r4

:r 00 E-4
M C14

/ -4J

InIcl;

0 0 ~ t- ' tt--4

127



12x

Figure 43. Fracture surface of Norton NC-132
H-P-Siffl4 (1% !4g0) after time-dependentflexure test at' 1400*C. (The strength was337% lower than the 14000C fast fracturestrength; the time-to-failure was typically
44 min; the machine crosshead speed was
0.0002 ipm.)
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12X

(a Sm le 51F60

12X

"(b) Sample 51F58

Figure 44. Fracture surfaces of Norton NCX-34
HP-Si 3 N4 (8% Y 0-) after time-dependent flex-
ure test at 1400 C. (The strength was 47%
lower than the 1400 0 C tast fracture strength;
the time-to-failure was typically 206 min;
the machine crosshead speed was 0,0002 ipmn.)
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presented in Figure 41. As discussed above, SCG features only

extended over -3% of' the cross-sectional aoea of the HIP'ed

material.

Therefore, the present results indicate that the degree of

subcritical crack growth and associated strength degradation can

be substantially reduced by utilizing the high pressure attain-

able with the HIP'ing process to attain full density with a loaer

concentration of oxide additive. The ultimate behavior goal

might be to achieve the time-invariant strength of additive-free

reaction-sintered Si 3 N4 .* Figure 42 illustrates the results (or

Norton NC-350 RS-Si 3NN4 in the slow flexure tests. The test tem-

perature was 15000C (1000C higher than for the HP- and HIP-Si 3NN4

materials), and for all practical purposes the strength did not

vary with time (n = 100). This goal may not be reached for hot-

pressed or HIP'ed 3i 3 N4, because some small amount of oxide addi-

tive may always be necessary to achieve full density in pressure-

assisted sintering of Si 3NN4 powder.

(d) ZrO2 -containing SiO 4 . Yttria and ceria are not the

only potential additives for HP-Si 3P 4 being investigated. It has

been thought for some time that zirconia compounds in intergranu-

lar regions would be quite resistant to deformation. Furthermore,

zirconia-based materlals might not exhibit the intermediate-

temperature phase instabilities often associated with yttria

additives.

NASA-Lewis supplied a HP-Si 3 N4 (10% ZrO2 )** material to ,s

program that has proven to be quite interesting. The materia]

*This comment is made only with resp(-ct to the absence of inter-
granular SCG at high temperature. Certainly, it is recognized
that the denser forms of 3i 3 N4 have advantages over porous RS-
o $i3N 4 such as higher low-temperature strength and lower surface
area. Internal oxidation ia one of the major disadvantages of
reaction-sintered Si3NN4 .

- AFWAl-Jeveloped Zyttrite, a fully stabilized ZrO2 containing 6
M0ol% (10.8 wt%) Y230
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cu.m'ept t developed by Vasilos et a14 7 at AVCO in an attempt to

imptove the stress rupture behavior and cýreep strength of Si 3 N4

by using ZrO2 additives to create a zirconium oxynitride grain

boundary phase. The actual material evaluated In this program

was fabricated at Norton Company, using the same starting powder

} I and procedures used for NC-132. We have thus termed this mate-

rial NASA/AVCO/Norton HP-Si 3NN4 (10% ZrO2 ). Our verification of

its improved creep properties will be presented in Section 8.

Figure 31 illustrated that the high-temperature strength of

this material is generally lower than that of the other high-

performance Si 3 N4 materials shown. However, fracture origins at

all elevated temperatures were the same shiny dark inclusion par-

ticles that were the sources of fracture at room temperature.

Thus, the NASA/AVCO/Norton material is distinctly different from

the others. Its elevated-temperature strength is controlled by

the same inclusion-related fracture origins that were dominant at

250C. There is no evidence of' subcritical crack growth in this

material, even at 15000C in the fast fracture test. Evidence for

this is shown in Figure 45b. The optical photograph of the frac-

ture surface reveals no observable markings that would indicate

operative slow crack growth (SCG). Note also in Figure 45b that

the 1500°C fracture surface features are not obscured at all by

oxidation. Thus, it can be expected that ZrO2 additives lead to

superior oxidation resistance when compared to other oxide addi-

tives (such as MgO). For comparison, the 15000C fracture surface

of the Westinghouse HP-Si 3 N4 (4% f203,' Si0 2 ) material was shown

in Figure 34b. Note the region of SCG extending across -20% of

the bend bar cross section. Figure 31 illustrates that the Tosh-

iba HP-Si 3 N4 (4% Y2 0 3 , 3% A12 0 3 ) was the strongest Si 3 N4 evalu-

ated on this program. Its fracture surfaces were badly obscured

by oxidation at 1500 0 C. Thus, no estimate of the extert of' SCG

was possible (no attempts were made to remove the oxide, such as

by soaking in hydrofluoric acid).

The stress-strain behavior for the NASA/AVCO/Norton material

also indicates the presence of a deformation-reststant grain
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24X
(a) 'ample NAiF5 tested at room temperature

12X
(b) Sample NA1UI~4 tested at 15000C

Figure 45. Fracture surfaces of NASA/AVCO/
Norton HF-Si 3 N4 (10% ZrO 2).
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boundary phase. Figure 46 illustrates linear behavior in the

limited testi,,d at" 15000C. This is the first evidence of such

behavior that h:ns been observed ror any hot-•pressed Si 3N4 evalu-

ated on this pv,.Žrai.. The stress-strain behavior of the Y2 0 3 -

doped Toshiba and Wet ringhoase inate.rials was presented in Figures

32 and 35, respe.,t"veLy. Note the ,ionrinearity at 15000C, espec-

'ally for the We,-ti..ghouse mater-ial.

The linear sttess-.strain behavior and the abse.ce of observ-

able SO, markinv.•. on the fracture surfaces oF the NASA-AVCO/

Norton HP-Si 3 N4 (10% Zr0 2 ) waterial in 15000C fast fracture tests

Iliusirate that this materlal has a very refractory intergranular

phase. This w~ll expliain the excellent creep resistance for this

material whi.rn ic; rsported in Section 8. It would be expected,

then, that this maIte'rial would exhibit noticeably better time-

dependent t'lexure -. trength and stresz rupture behavior au well.

Accordingiy, fast and slow fiexure strength tests were conducted

at 14COGC, and the time-to-failure was recorded. The results of

these constantr stress rate tests are summarized in Figure 47,

wh.'1:h illustrates tile fraoture stress vs. time for various sili-

(too nitride matertaL5 evaluated on this program. The slope of

the cu.-ves is -1/n, where n is the exponent in the v = AKP rela-

tion describing ce'ack velocity vs. stress intensity. A high

value of the n parameter in Figure 47 indicates less ti,ne depen-

dence of the strength, and thus less subcritical crack growth.

SIt is observed that the NASA/AVCO/Norton material exhibits the

_ highest n ,alue of any iP-3 3 N1 4 material evaluated on this pro-

Sgram (n = 36?. This agrees with the fast fr*acture results dis-

cussed above. This material exhibits surprisingly little SCG and

resultant strength degradation. at elevated temperature. The

fracture surface of a typical NASA/AVCO/Nortron HP-Si 3 N4 (10%

ZrO2 ) material broken in slow flexure is snown in Figure

Note the absen-e of SCO markings. Corresponi~ing L'racture sur-

races of the other hot-preesed bilicon nitride ,naterials compared

in the stress-time plut of Pigure 47 were shown In Figur:es 41,

. 43, and 44. The ,(. of SCG seen on vhe fracture surfaces
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correlates with the amount of strength degradation with time seen

in Figure 47.

Since the NASA/AVCO/Nortori material exhibited no noticeable

SCG in fast fracture tests, and very good behavior in the slow

flexure tests where the failure times were typically 1-2 hr, it

was of interest to evaluate this material at much longer times.

Accordingly, flexural stress rupture tests were conducted, where

a constant stress was applied, and the time to failure was re-

corded. The tests were conducted at 14000C in air atmosphere.

The results are summarized in Figure 49. It is observed that at

an applied stress of 30 ksi (65% of the 1400 0 C fast fracture

strength) sample failures were not obtained in times as long as

over 1700 hr. Even when fracture was obtained, for instance at

209 hr at an applied stress of 35 ksi, Figure 50 illustrates the

absence of significant SCG. This is a significant achievement in

hot-pressed silicon nitride technology, and indicates the advan-

tage of using ZrO2 as an additive. In contrast, Figure 47 illus-

trates the much more rapid strength degradation of MgO-doped HP-

S 3N4-

In sunmary, it has been shown that the NASA/AVCO/Norton HP-

-Si 3N 4 (10% Zr0 2 ) material exhibits superior high-temperature

properties. This is the result of the zirconium oxynitride in-

tergranular phase that results in significantly reduced slow

crack growth and improved time-dependent strength.

7.1.2 Reactlrn-Sintered

At the other end of the silicon nitride behavioral spectrum

is reaction sintered (RS) Si 3 N4 . Figures 51 and 52 illustrate

th-,e strength-temperature behavior of typical high performance RS-

Si 3 N4 materials. The room-temperature strength is only 30-40 ksi

at best, caused by the presence of 10-20% porosity. Fracture

origins are typically large pores and pore agglomerates (Figure

53). However, RS-Si3P 4 materials are very pure, and thus their

strength is maintained at elevated temperatures (any strength

increase observed at high temperature is thought to be caused by

137!K
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Figure 50. Fracture surfaces of NASA/AVCO/
Norton HP-Si 3 N4 (10% Zr02) after 1400 0 C
stress rupture test in air atmosphere
(the applied stress was 35 ksi; the sam-
pie failed at 209 hr; the sample ,-i
soaked in HF to remove the oxide _-le
to better observe the fract-'- _,sface
markings).
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(a) Sample :tested at room-temperature

(b) Sample tested at 1400%

Figure 53. Fracture surfaces (tensile surfaces
together) of AiResearch RiBN-104 RS-SiIN 4
tested at room temperature and 140000.
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oxidation, i.e., blunting and roun.'ng of sharp pore features)

Indeed, Table 8 shows that the oxygen content of HS-Si 3 N4 mate-

rials is very low. Typical stress-strain curves are given in

Figure 54. Note that linear behavior is obtained at 15000C.

Figure 55 shows the fracture surface appearance of Norton NC-350

RS-Si 3 N4 tested at 150000 in air atmosphere. Note the absence of

SCG markings on the fracture surface. Therefore, the absence of

oxide intergranular phases is the reason for the excellent ele-

vated temperature strength eetent'°-• in RS-Si 3 N4.

7.1.3 Sintered SiN

Sintered Si3 N4 is similar to hot-pressed silicon nitride in

that oxide additives are employe- to achieve consolidation.

Analagois to HP-Si 3 4, this is accomplished somewhat at the ex-

pense of elevated temperature properties. However, sintered

Si 3 N4 has one distinct advantage--the capability to produce net

shapes of rather complex configuration. Only a few SSN materials

were evaluated on this program. The results are summarized in

Figures 56 and 57.

7.2 SiC MATERIALS

Tne effect of intergranular phases resulting from processing

additives on subcritical crack growth and strength reduction is

much less pronounced in SiC than it is in Si 3 N4. Figure 58 il-

lustrates the strength-temperature behavior of the hot-pressed

SIC materials evaluated on this program. The most successful HP-

SiC contains -2% A12 0 3 as a densification aid. This results in

aluminosilicate intergranular phases, the deformation of which is

partially responsible for the strength reduction in HP-SiC at

elevated temperature. Boron carbide, B4 C, results in a more

deformation-resistant grain boundary. This is seen in Figure 58.

However, as discussed in Section 6.2 above, B4C promotes growth

of SiC grains, which results in comparatively low strength.

With the successful development of fully dense sintered SiC,

comparatively little work continues on HP-SiC. Sintered SiC
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Figure 55. Fracture surface (tensile surfaces
together) of Norton NC-350 RS-Si3N4 tested
in flexure at 15000C.
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offt'ers the advantage or the fabricab i ty of' complex shape•;

This technology has advanced by the incorporation of carbon and

boron that permit sintering to full density. Furthermore, these

additives do not result in elevated temperature strength degrada-

tion like the addit'Ives for silicon nitride. Figure 59 illus-

trates the strength-temperature behavior of sintered SiC, which

contains few additives, if any. This is in contrast to that of

hot-pressed SiC, which contains 1-2% A12 0 3 additive to achieve

densification, but which results in aluminosilicate grain boun-

dary phases. The low temperature strength is maintained much

better out to 1500 0 C for the sintered materials. Sintered SiC

contains very little residual oxide impurity. Figures 60 and 61

* (for the Carborundum Hexoloy SX-05 and Kyocera SC-201) show,

analagous to high purity RS-Si 3N4N, that linear Rtress-strain

behavior is obtained in sintered SiC at 15000C. Figure 62 illus-

trates typical fracture surfaces for sintered SiC tested at

10000, 12500, and 15000C. No fracture surface features are visi-

ble (at this level of magnification) that would indicate an oper-

ative slow crack growth mechanism. Oxide additives in HP-SiC do

not affect the strength as much as they do in hot-pressed Si3N 4.

Figure 63 illustrates that only slightly nonlinear behavior is

observed in 15000C stress-strain data for Norton NC-203 HP-SiC,

which contains -2% A12 0 3 . Most HP-Si 3 N4 materials exhibit much

more pronounced nonlinear stress-strain behavior at 1500°C. For

the same reason, the temperature at which the strength begins to

decrease precipitously is lower for Si 3 N4 (-1250°C). The reason

for the less pronounced temperature dependence observed for SiC

may be due to a combination of effects: (a) the absence of sig-

nificant intergranular phases in sintered SiC, (b) the alumino-

silicate intergranular phase in HP-SiC being relatively refrac-

tory, and (c) the fracture mode in SiC being predominantly trans-

granular, rather than intergranular as in Si 3 N4. A summary of

the elevated temperature elastic properties of various sintered

SiC materials evaluated on this program is presented in Table 17.
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Table 17

ELASTIC MODULUS OF SINTEhREP SiC

Elastic Modulus, 106 psia
General

Carborundum Carborundum Electric Kyocera
Temp., 1977 1981 Injection Boron-Doped SC-2010C Slip Cast (a) Molded (a) (B) (a)

25 58.2 55.9 54.8 60.5

1000 67.0 51.1 63.2 60.5

1250 63.3 40.8 57.1 50.1

1500 54.7 42.1 58.3 44.9

aSecant Young's modulus determined using electromechanical
deflectometer to continuously read outer fiber tensile strain
during a 4-point bend test at a machine crosshead speed of
0.02 ipm in air atmosphere. The values tabulated are as-
measured, and not corrected for porosity.

TABLE 18. ELASTIC MODULUS OF COORS SILICONIZED SiC

Elastic Modulus, 106 psia

Temperature, °C 1979 SC-1 1961 SC-2 1982 SC-2

25 51.1 53.8 54.2

1000 42.6 55.5 55.5

1200 34.0 42.0 47.9

1350 29.6 33.9 40.7

aSecant Yc'ing's modulus measured during 4-point bend test. Not

corrected for porosity.
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Seven silicon-densified SiC materials were evaluated on this

program. Their strength-temperature behavior is shown in Figure

64. At elevated temperature, their elastir properties are deter-

mined by the amount and distribution of the silicon metal phase.

This is illustrated in Table 18 and in Figures 65 and 66.

As discussed above, static fatigue is of primary concern in

structural ceramics. Figure 67 illustrates the fracture stress

vs. time-to-failure from dynamic fatigue tests. The n value in

Figure 67 is related to the slope of the strength-time relation,

and is the exponent n in the relation v = AKn, where v is the

crack velocity and K is the stress intensity at the crack tip (A

is a constant). A large value of n means little slow crack

growth and time-invariant strength. As shown in Figure 67, SIC

exhibits much less SCG and strength degradation than does Si 3 N4.

The mechanisms of SCG and strength degradation appear to be

different in Si 3NN4 and SIC. In Si 3 N4 the existence of slow crack

growth is usually correlated with a grain boundary sliding

mechanism. Accommodation for this deformation is provided by the

nucleation of intergranular voids or the extension of pre-

existing grain triple-point voids. The result of this is

readily observable on Si 3 N4 fracture su races.

The current speculation for SIC is that slow crack growth is

an atomistic-level process occurring at the crack tip, being re-

lated to stress corrosion by an oxidation mechanism. The crack

path is generally transgranular in SiC, and SCG is not readily

observable on fracture surfaces at the level of magnificaition

used on this program. Srinivasan et al. 5 0 report no detectable

SCG in sintered a-SiC tested in argon at 15000C. However, in air

at 1500*C there was evidence of significant SCG, the mechanism

being atmospheric attack of intergranular regions leading to

grain separation. McHenry and Tressler 51 also indicate the

mechanism of SCG in NC-203 HP-SiC to be stress-corrosion by

oxidation.
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7.3 SUMMARY OF HIGH TEMPERATURE FRACTURE ORIGINS
IN S1 3 N4 AND SiC

For convenience and reference, the sources of fracture at

elevated temperature that have been observed on this Program for

both Si 3 N4 and SiC materials are tabulated in Table 19. Iý is

noted that all fractography was performed with a low magnifi-

cation optical binocular microscope.
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8. CREEP 13EHAVIOR

Creep resistance is of primary concern in the rotating com-

ponents of a turbine engine. High creep rates can lead to toth

excessive deformation and uncontrolled stresses.

Creep is a thermally activated process, characterized by a

linear or power law stress dependence. ACter load application

there is an instantaneous strain, followed by three regions of

creep behavior. Primary creep (transient) is characterized by a

creep rate that continually decreases with time. This is f'ollow-

ed by secondary (steady-state) creep behavior where the creed

rate remains constant with increasing strain and time. Tert-ary

creep can be observed just prior to fracture in some materials

and is characterized by a rapid increase in creep rate. Steady-

state secondary creep behavior is of greatest interest in struc-

tural applications. The steady-state creep rate, *,is governed

by an empirical relation, the general form of which is:

= Aa ne-E/kT

Creep deformation mechanisms are deduced in part by analysis

of measured creep rates with respect to this relation. Experi-

mental schedules normally cover a range of stress, a, and ternper-

ature, T, which permit analytical determination of the stress

exponent, n, and activation energy, E. The term A in the empiri-

cal relation above is a constant. A knowledge of the stress

exponent and activation energy permits some mechanistic interpre-

tation, which is important in understanding the measured behavior

and eventually improving materials "oerties. However, this

information alone is not sufficient - a comprehensive mechanis-

tic study. Microstructural analysis of crept specimens using

light microscopy and scanning, replica, and transmission electron

microscopy can reveal features that suggest the rate-controlling

mechanisms involved. Such features include grain boundary
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sliding, nucleation of microcracks, porosity on gr±rin boundaries,

dislocations, diffusion within grains, diF'Cusion along grain

boundaries, etc.

The creep data obtained on this program and its predecessor

for various HP-SiQN4 materials are presented in Figure 68, where

the steady-state creep strain rate is plotted as a function of

applied stress. The stress dependence and activation energy data

are tabulated in Table 20. Figure 69 and Table 21 contain simi-

lar information for the reaction-sintered silicon n'tride mate-

rials evaluated. The data for SiC are presented in Figure 70 and

Table 22.

This týW,.'ormation is summarized in Figure 71, where data

bands of cre,-, behavior for silicon nitride and silicon carbide

materials ace plotted as a function of processing method.

8.1 HP-S1 3 N 4

For hot-pressed Si 3 N4 , good results are beginning to be

achieved in recent processing efforts to control the composition

and thus properties of the grain boundary phases. Recall that
MgO-doped 1IPSN had an amorphous intergranu. .r phase that was not

resistant to deformation under stress. Grain boundary plasticity

and associated cavity nucleation and growth resulted in low high-

temperature strengths and high creep rates. The high degree of

stress dependence of the creep rate in such MgO-modified HP-

Si 3 NO, characterized by 1.5 < n < 1.8, suggested such a visco-

elastic mechanism.

Efforts were then directed toward Y2 03-mod-.ied Si 3 N4 struc-

tures. At 13500C, HP-Si 3 N4 materials by Ceradyne (8% Y2 03 ) and

Toshiba (3% Y2 03 , 4% A12 03 , Si0 2) did not exhibit improved creep

resistaice when compared to magnesia-doped Norton NC-132. Th•I•s

is ilMustr'•ted in Figure 71, where curve A falls within the band

or data Cor MgO-doped HP-Si 3 N4. We then evaluated too other
Y2 03 -doped materials at 13500C, Norton UCX-34 (8% Y2,)3, and Tosh-

iba (4% Y2 03 , 3% A12 03 ). The results for these two materials are

represented by curve B in Figure 71. It is observed that iome
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Applied Stress, ksi

0I2 1 2 5 10 n 4 80 19n

Ceradyne HPSN
(87. Y2 0 3 ) H-W(107. CeO2 )

1350 0 C 1350"C NC-132
1350/1400°

4

FMI (4%MgO) Ceradyne
1350% H__ PSN (17. MgO)

13500C

*.4

u Toshib(4%Y0P 3% Al 20 3 )

13500C•J

C,,
'0

Toshiba

(3% Y2 03 , 4% AI 2 0 3, SiO2) N'ASA/AVCO/Norton
J10 1350 0 C IIPSUI (10% ZrO2 ) 7-

1350 0 C

Westinghouse ttPSN (4% Y2 0 3 , SiO2 )

0o6  1 1350 0 C
2.8 3.2 3.6 ,.0 4.4 4.8 5.2

logl 0 o, psi

Figure 58. Steady-state flexural creep rate vs. appl.ieud stress
for various hot-pressed Si 3N4 materials at 1350 0 C.
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TABTL, 20. 20 DE.]TVED CRFI'P ST'PPSS D10"DNDT NCE ,\ND ACTUVATION
INEIR(Y FOR VAR[OUS 8 iN MATIJRI IALS IVALUATI)D.

Stress Activation
Tcmp., Exponent, Energy,

Material 0C n kcal/mole
Hot-Pressed

Norton NC-132 1350 1.6 1 3 0 a

(1% MgO) 1500

Ceradyne Ceralloy 147A 1350 1.5

(17 MgO)

Norton NCX-34 1350 0.7- 91
(8% Y2 03) 1500 0.8

Ceradyne Ceralloy 147Y-1 1350 1.8
(8% Y203)

Ceradyne Ceralloy 147Y 1350 0 . 9 b

(15% Y2 03 )

Fiber Materials 1250 ,.0.5
(4% MgO) 1350 2.3

Harbison-Walker 1350 0.9
(10% CeO2 )

Toshiba (4% Y20 3, 3% A12 03 ) 1350 0.9

Toshiba (3% Y2 03 , 4% A1 20 3, 1350 1.4

Sio2)

Westinghouse 1350 1.3i ~(4% Y20, Si02

NASA/AVCO/Norton 1350 1.0
(107, ZrO2)

Sintered

Rocketdyne SN-46, SN-104 1250 1.1 114
(14% Y2 03, 7% SiO2 ) 1350 --

aComputed from IITRI and Seltzer 5 2 data.
bMaterial decomposed, exhibited spontaneous catastrophic phase

- instability.
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Applied Stress, ksi

0 -2 1 2 10 20 so 190

Im

- • 1976 NC-350,15000C

0-3 AED Nitrasil
_ 1."3 -Batch 5, 1500 0 C

Annawerk Ceranox
- 1500 0C

AED Nitrasil
Batches 1,2

15000C
Airceram (SC) RBN-101

PU 15000CS10- 4
immmmml••' / /; / Airceram (III)

S- / / "KBI i / RBN-122
14.

0 KBI 1350 0 C 1500 0 C// 1500°C/
1--00C •1979 NC-350

- / 1500 0C

.Raytheon

105 15000

- Ford. 15000C
S1 5NC-350

- ~14750C (52, 53
AED Nitrasil (Seltzer)

Georgia Tech Batch 4
- 1500 0 C 1500 0 C

-6
2.8 3.2 3.6 4.0 4.4 4.8 2

log1 0 o(str,:ss, psi)

Figure 69. Steady-state flexural creep rate vs. applied stress
for various reaction-sintered Si 3N4 materials.
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TABLE 21. DERIVED CRPEP STRESS DEPENnENCE AND ACTIVATION ENWRGY
FOR VARIOUS RS-Si 3 N4 MATERIALS STUDIED

Stress Activation
Densit• Temp., Exponent, Energy,

Material' gcm •C n kcal/mole

Norton NC-350 (1976) 2.41- 1500 1 . 3a A90

2.55

"KBI 2.35- 1350 1.5- 74
2.53 1500 1.6

Ford (IM) 2.76 1500 0.9 --

AiResearch (IM) Airceram 2.68 1500 1.1

RBN-122

AiResearch (SC) Airceram 2.88 1500 1.3

Norton NC-350 (1979) 2.34- 1500 1.7
2.47

Annawerk Ceranox IIR-115i 2.65 1500 2.2

AED Nitrasil
Batch 1.2 2.52 1500 1.7
Batch 4 2.61 1500 1.2 --

Batch 5 2.63 15nn 2.1 --

Raytheon (IP) RSSN 2.37- 1500 1.7 --

2.42

Georgia Tech 2.49- 1500 1.6
2.64

Daata of Seltzer. (52,53)

bC td from IITRI and Seltzer data.
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Applied Stress, ksi

2 1 2 5 10 20 40 80 120
- I I I I I -

A Norton NC-435 Si/SiC, 1350°C

A Norton NC-435 1200*C

1981,1982
Coors SC-2

Si/SiC, 1350 C

Ir4

w General Electric
Sintered SiC

• 10 / 1500"C
1979 SC-I /

Coors Si/SiC/ /
4 1350o'5c " /

-40A /Refel Si/SIC
P~ 13500C
U/

Norton NC-203

Ceradyne HP-SiC (2% B4C0 3HP-C
-M 15006C BC 5

1977,1981
'a-/ Carborundum

Sintered a--SiC-.. _ .•,15000C-

Ceradyne HPSC
M" A1203,1500 C)* //

Norton
S- NC-430 SI/SiC4. yocera SC-201 Sint. SiC / 1350oc

15000 C /

2.8 3.2 3.6 4.0 4.4 5.2

loglo a (stress), psi

S'Fiure 70. Steady-state flexural creep rate vs. applied stress
for various silicon carbide materials.
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TABLE 22. DERIVED CREEP STRESS DEPENDENCE AND ACTIVATION ENERGY
FOR VARIOUS SiC MATFRIALS STUDIED

Stress Activation
iTemp., Exponent., Energy,

Material 0C n kcal/mole

Sintered SiC

General Electric 1500 1.1-1.2 210-250a
Sintered SiC

1977, 1981 Carborundum 1500 0.8-1.1
Sintered SiC

Kyocera SC-201 Sintered 1500 1.4 SIC

- Hot-Pressed SiC

Ceradyne Ceralloy 146A 1500 0.3
HP-SiC (2% A1 2 0 3 )

Ceradyne Ceralloy 1461 1500 1.5
- HP-SiC (2% B4 C)'

Norton NC-203 HP-SiC 1500 0.9
(2% A1 2 0 3 )

Silicon-Densified SiC

Norton NC-435 1200 0.9 235C
- Si/SIC- 1350

UKAEA/BNF Refel Si/SIC 1350 1.2 --

Norton NC-430 Si/SiC 1350 1.2 --

1979 Coors -SC-1 Si/SIC 1350 2.9 --

- i - 1981, 1982 Coors SC-2 Si/SiC 1350 1.9 --I---

aGeneral Electric data. (54)

bData of Seltzer.

- ? CComputed from IITRI and Seltzer data.

-- - 173



APPLIED STRESS,* ksi

,o2 1 2 5 10 20 40 80 120

MgO-DOPED
HP-SI3 N4

1350 - 1500*C

40-

U)
>L

'4

ZzO2-Doped HP-Si3N4

HP AND SINTERED SiC

28.236404.4 4.8 5.2
Iogjl, APPLIED STRESS (PSI)

Figuire 71.. Flexural creep behavior of various Si N4 and SiC materials.
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improvement in creep resistance was beginning to be attained.

This was accompLished by the controLled crystallization of the

intergranuLar phase in these materIals.

Our most recent results f'or hot-pr'xsed Si 3 N1 are quite

encouraging. Much improved creep resistance was observed for the

Westinghouse material, doped with 4% Y2 03 and an undetermined

amount of SiO2 . This is illustrated in Oigure 71 by curve C

SI (also shown in Figure 68). The same is true for the NASA/AVCO/

Norton material, which is prepared with nominally 10% ZrO2 addi-

tive (also represented by curve C in Figure 71). Thus, Y2 0 3 and

ZrO2 dopants for Si 3 N4 are beginning to fulfill their promise of

improved properties. Note that these two materials fall into the

data band for SiC materials in Figure 71. Additionally, low

stress-dependence is observed (1.0 - n < 1.3, Table 20). These

are the best HP-Si 3 N4 materials investigated on this program.

These creep results correlate with the good high temperature

strength reported above.

Recall that the NASA/AVCO/Norton HP-Si 3 N4 (10% ZrO2 ) mate-;3
rial exhibited excellent long-term elevated temperature behavior

in that a minimal amount of static fatigue was observed. The low

creep rate and stress dependence obtained for the material is

consistent with this, and is also a result of the deformation-

resistant grain boundary phase. The Naval Research Laboratory

has reported initial results in attempts to obtain more refrac-

tory silicate intergranular phases in HP-S1 3 N4 with zirconium-

based densification additives such as Zr0 2 , ZrSi04, ZrC, and

ZrN. 5 5 -- 7 We have evaluated early versions of Zr0 2 -doped NRL HP-

Si 3 N4 on the previous AFML program. 5 8 The concept here is that

zircon (ZrSiO4 ) would be present at the grain boundaries either

by the direct use of it as an additive, or through the reaction

of the additive binary zirconium compounds with surface-absorbed

SiO2 . Rice and McDonoughS5 have pointed out that zirconium

silicate is a desirable intergranular compound since it has a

reported melting point as high as 25000C and solidus temperature

of >1775%C (compared to >15000C for magnesium silicate and
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-13000C t'ot' ziagnrieS lu" •; IL cat,! w t i a 1'(!w wt% CaO impuriIty)

Furthermore, the Younig' -; eIa.;f. J..c mo(IUl i ; anrd coeCrtclentt or

thermal expansion of ZrSiO4 (-25 x 106 p~l arld 5 x 10-6 OC-I1

respectively) are generally better matched to those of Si 3 N4 (-45

x 106 psi and 3 x 10-6 oC-I, respectively) than are those of the

lower modulus, higher expansion magnesium silicates (-20 x i06

psi and -II x 10-6 oC-I, respectively). 5 5

In summary, Y2 03 and ZrO2 dopants for HP-Si 3 N4 are beginning

to fulfill their promise of improved properties. The creep re-

sults for the Westinghouse and NASA/AVCO/Norton materials fall

within the band of behavior we have previously reported for the

very creet-resistant SIC materials (Figure 71). This is a signi-

ficant advancement in Si 3 N4 technology.

8.2 RS-Si 3 N4 MATERIALS

The RS-Si 3 N4 materials studied to date generally have very

good creep strengths due to the lack of significant oxide impuri-

ty phases. Stress exponents are lower than for HP-Si 3 N4, being

typically 1.1 ± 0.2. Grain boundary sliding models have been

proposed for reaction sintered S1 3 N4,5 9 ,60 where accommodation is

by microcracking and boundary separation. However, other inves-

tigators contend that the rate-controlling process in Si 3 N4 is

not the grain boundary sliding itself, but rather the microcrack

formation necessary to accommodate the relative crystal

movement. 61-63

8.3 SiC MATERIALS

For all forms of SiC studied, especially hot-pressed and

sintered, creep rates are extremely low, and a linear stre.s

dependence is observed. This is observed In Figure 70 and Table

22. Siliconized SiC materials have substantially higher creep

rates, probably due to the presence of the continuous silinon

metal phase. This phase is very near its melting point ui. ier the

creep test conditions, and would be expected to exhibit hiigh

rates of creep deformation. Since the creep strength of
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I it)-prezied anl ti nter'ed '_;.D U:. 1;c p i I, (I. , c'rep i'.t ' .,o ).I,,

very few applications studies have tderimt ied creep deformiti on

to be a predominant failure mode ['or SIC. Por this reason, only

a few mechanistic studies have been undertaken. The linear

stress dependence of the creep rate in SiC suggests that dltT'fu-

sion is the rate-controlling process. A carbon-vacancy diffusion

mechanism has been proposed. 6 '1,65

1
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9. THERMAL EXPANSION

A? One of the reasons that silicon-bape ceramics are prime

candidates for use in advanced gas turbine applications is their

low expansion coefficient and high strength, which makes them

less susceptible than many other ceramics (especially oxides) t

thermal shock damage. However, it is recognized that such low

thermal expansion can be a disadvantage also; for instance, in

the creation of thermal expansion mismatch situations with higher

expansion metal engine components. As with many other aspects of

heat e -ine materials selection and component design, many trade-

offs exist.

Thermal expansion is perhaps the least variable property of

silicon ceramics. It is mainly a function of the solid phase and

thus not strongly affected by porosity and minor impurities.

* Figure 72 presents thermal expansion data bands for various sili-

con-based ceramics. Details for specific materials are contained

in Figure 73. Tabular data for the various forms of silicon

nitride and silicon carbide investigated on this program are

presented in Tables 23 and 24, respectively.

All forms of SiC have -50% higher thermal expansion than all

forms of S 3 NN4. Within a given material performance band, the

effect of additives can be seen. For instance, within the ther-

-mal expansion data band for SIC shown in Figure 72 exist curves

foe additive-free sintered SiC, hot-pressed SIC (which contains

-ý2% A12 0 3 ); and siliconized SIC (which contains -10-20% silicon
- metal). Siliconized forms of SIC exhibit the lowest expansion,

-z sintered SIC has intermediate expansion, and A12 0 3 -doped hot-

pressed SiC the highest expansion. The low expansion for $i/SiC

is due to the low expansion of the silicon rnetAl phase. The high

--- expansion for hot-pressed SIC is caused by their slight alurnino-

silicate grain boundary phase (oxides having much higher expan-
s--ion than pure SIC).
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0.8

Ceradyne HP-Sic (2%B

GE and Carborundum sintered SIC -

0.6 Ceradyne HP-SiC (2% A1 2 0 3 )

0.5 Refel Si/SiC
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- Figure 73. Thermal expansion of various Si 3 N4 and SiC materials.
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TABLE 23. THERMVAL EXPANSION OF Si 3 N4 MATERIALS

Percent Mean Coefficient of
Linc.ar Thermal Expansion,

Expansion (200-10000C),
Material at 10000C 10-6/oC

Hot-Pressed Si
3!I

Norton NC-132 (1% MgO) .295 3.01

Ceradyne 147A (1% MgO) .299 3.05

Fiber Materials (4% MgO) .336 3.43

Norton NCX-34 (8% Y2 0 3 ) .315 3.21

Ceradyne 147Y-1 (8% Y2 0 3 ) .322 3.29

Ceradyne 147Y (15% Y2 0 3 ) .385 3.93

Harbison-Walker (10% CeO2 ) .341 3.48

Toshiba (43/ Y203, 3% A1 2 0 3 ) .305 3.11

Toshiba (3% Y2 0 3 , 4% Al 2 0 3 , SiO2 ) .316 3.22

NASA/AVCO/Norton (10% ZrO2 ) .355 3.62

Reaction-Sintered Si 3N

Norton NC-350 (1976) .274 2.80

Kawecki-Berylco .280 2.86

Ford (IM) .300 3.06

-' AiResearch (SC) RBN-101 .297 3.03

AiResearch (IM) RBN-122 .296 3.02

Raytheon .289 2.95
-Norton NC-350 (1979) .292 2.98

AED Nitrasil (Batch 4) .302 3.08

Georgia Tech .268 2.73
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TABLE 24. THERm1AL EXPANSION OF SiC MATERIALS

Percent Mean Coefficient of
Linear Thermal Expansion

Expansion (200o_10000C),
Material at 1000'C 10- 6 /OC

Hot Pressed SiC

Ceradyne 146A (2% A1 2 0 3 ) .449 4.58

Ceradyne 1461 (27% B4 C) .438 4.47

Norton NC-203 (2% AI 2 0 3 ) .451 4.60

Sintered SiC

Carborundum 1977 a-SiC .438 4.47

General Electric $-SiC .432 4.41

Kyocera SC-201 a-SiC .445 4.54

Carborundum 1981 a-SiC .430 4.39
(Hexoloy SX-05)

Siliconized SiC

Norton NC-435 .427 4.36

UKAEA/BNF Refel .424 4.33

Norton NC-430 .424 4.33

Coors 1979 (SC-i) .425 4.34

Coors 1981 (SC-2) .420 4.29
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'Trend; I 'or 3L 3 N1, mat(. rc l:a .'nr' :;trurig, ' 'rid directl y coreru-

lated with the amount or Inturgraniular ox Ide phasoe pr•"-erit In the

r,:crostructure. This is seen by consideration of' the tabular

data in Table 23. In the limit of minimal intergranular phases,

the lowest thermal expansion is observed. This represents the

pure RS-Si 3 N4 materials. The hot-pressed forms of' Si 3 N4 all con-

tain varying amounts of the high expansion oxide phase in inter-
granular regions.

Compared to the various forms of Si 3 N4 , the thermal expan-
sion of SiC only varies a maximum of -5% as a function of pro-

cessing method. As shown in Table 23, the difference in thermal

expansion between a reaction-sintered Si 3 N4 and a highly doped

hot-pressed Si 3 N4 can be as much as 30%. As mentioned previous-

ly, this is another indication that the properties of the various

forms of SIC are more intrinsic, and that the properties of Si 3 N4!3
are-mainly dependent on the existence or the lack of an oxide

grain boundary phase, and its specific character (i.e., phase

composition, structure, and resulting mechanical properties).

I18
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10. THERMAL SHOCK RESISTANCE

The ability to withstand the thermal stresses generated dur-

ing ignition, flame-out, and operating temperature excursions is

an important consideration in evaluating potential ceramic heat

engine materials. Thermally created stresses may initiate a

fracture which can result in a catastrophic failure, or cause

existing flaws to grow giving a gradual loss of strength and

eventual loss of component integrity. However, the evaluation of

thermal stress resistance is a complex task since performance is

dependent not only on material thermal and mechanical properties,

but is also influenced by heat transfer and geometric factors

(I.e.,, heat transfer coefficient and component size).

Thermal shock resistance was determined on this pr3Sram by

the water quench method, with the initiation of thermal shock

damage being detected by internal friction measurement. The

methodology for this was discussed in detail in Section 5.5. In

conducting this test, internal friction is measured before and

after water quench from successively higher temperatures using

the flexural resonant frequency Zener bandwidth method. A marked

-change in internal friction (specific damping capacity) indicates

-the onset of thermal shock damage (i.e., thermal stress-induced

crack initiation). This defines the critical quench temperature

difference, AT., which is compared to analytical thermal stress

resistance parameters. The parameter which is most applicable to

the experimental severe water quench is R = a(I - p)/aE, where

-a is> the strength, p is Poisson's ratio, a is thermal expansion,

and E is the elastic modulus. The details, interpretation, and

limitations of this procedure for assessing relative thermal

shock resistance was discussed previously. 6 7

Hasselman's theory68 unified considerations of thermal

"stress fracture initiation and the degree of damage due to subse-

-- quent crAck propagation.. It was demonstrated that the material
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pa ramtori;er tha t are req ui.rtcd to vlv1 e r'"i t.; rs 1tarioe to the r-

mal stress Vrac ture inittation (high Atr'eigth , Low Young's OLas-

I tic modulus, high thermal conductivIty, low thermal expansion,
etc.) are, in general, mutually exclusive to the requirements

providing greatest resistance to crack propagation and material

damage due to thermal stresses (low strength, high modulus, high

I •fracture surface energy, etc.). These properties and the behav-

1 ior of a material experiencing. thermally created stresses are

influenced by the Initial size and density of cracks or flaws

(i.e., the total flaw structure of the material). This structure

affects the material's ability to store elastic thermal strain

-I energy, the driving force for crack propagation. In general a

- material resistant to fracture has a low flaw density, so once a

sufficiently high stress level (or level of stress intensity) is

obtained in such a material, its high stored energy causes the

most deleterious flaw to propagate catastrophically or in a

kinetic manner. This occurs because the energy release rate is

greater than that needed to merely balance fracture surface ener-

gy. Resistance to thermal stress damage means the material is

resistant to crack propagation, as opposed to fracture initia-

tion. When cracks are propagated due to thermal siresses in such

a case, the propagation is quasi-static in that only enough crack

length is generated to absorb the available strain energy. The

rate of strain -energy release is lower in such materials and less

strain energy is available as a driving force for continued prop-

agation. This usually occurs in a more highly flawed material.

This discussion shows why internal friction, as a measure of the

total flaw spectrum, is useful in monitoring thermal shock

performance.

k The baseline (unshocked) levels of' Internal friction for all

silicon-base materials evaluated on this program are presented in

-I Tables 25-27. Figure 74 compares the observed internal friction-

quench temperature difference behavior for various general

classes of silicon ceramics. Table 28 presents the various ana-

lytical thermal stress resistance parameters that have been

S.. .. 185
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TABLE 25. BASELINE UNSHOCXED LEVEL OF INTERNAL
FRICTION FOR HOT PRESSED Si 3 N4 MATF.RIALS

Baseline
Internal Friction
Approximate Range,Material x 104

1. Norton NC-132 HPSN (1% MgO) 1.0

2. Norton NCX-34 HPSN (8% Y2 0 3 ) 0.5-0.8

3. Ceradyne 147A HPSN (1% MgO) 0.9-2.7

4. Ceradyne 147-Y-1 HPSN (8% Y2 0 3 ) 0.9-1.2

5. Ceradyne 147-Y HPSN (15% Y2 0 3 ) 0.7-1.3

6. Fiber Materials tIPSN (4% MgO) 1.1-1.4

7. Harbison-Walker HPSN (10% CeO2 ) 0.6

8. Toshiba HPSN (4% Y2 0 3 , 3% AI 2 0 3 ) 0.9

9. Toshiba HPSN (3% Y2 0 3, 47% A1 2 0 3 , SiO2 ) 0.8-1.4

10. Westinghouse HPSN (4% Y2 0 3 , SiO2 ) 0.6-1.0

11. NASA/AVCO/Norton HPSN (10% ZrO2 ) 3.5
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TABLE 26. BASELINE UNSH1OCKED LEVELS OF INTERNAL
FRICTION FOR REACTION SINGERED Si N4 M'ATERIALS

Baseline
Internal Friction
Approximate Range,

Material x10

1. Norton NC-350 RSSN (1976) 2-3

I2. Kawecki-Berylco RSSN 2-5

3. Ford (IM) RSSN 1.7-2.5

4. AiResearch (SC) Airceram RBN-101 4

5. AiResearch (IN) Airceram RBN-122 1.4-2.6

6. Raytheon (IP) FSSN 2.8-4.9

7. Norton NC-350 RSSN (1979) 2.2-2.7

8. AED Nitrasil RSSNT 1.4-2.2

9. Georgia Tech RSSN 1.9-2.2

I-187
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TABLE 27. BASELINE INTERNAL PRICTION OF SiC MATERIALS

Baseline
Internal Friction
Approximate Range,

Material x 104

1. Norton NC-435 Si/SiC 1-2

2. Carborundum Sintered a-SiC 1.6-2.3

3. General Electric Sintered s-SiC 2-2.7

4. UKAEA/BNF Refel Si/SiC 0.6-2.7

5. UKAEA/BNF Refel Si/SiC 5-10

6. Ceradyne 146A HPSC (2% AI 2 0 3 ) 1.4-2.4

7, Ceradyne 1461 HPSC (2% B4 C) 1.2-3.7

8. Norton NC-203 .HPSC (2% AIO 3) 1.2

9. Norton NC-430 Si/SiC 1-1.5

10. Coors Si/SiC (1979, SC-I) 0.9

11. Kyocera SC-201 Sintered SiC 2.7-3.3

12. 1981 Coors SC-2 Si/SiC 1.5
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derived. |For the water-quetnch test, it was mont iotied Bi)oyV tha

the R parameter is most appropriate.

Cumulative analytical and experimental thermal shock results

, are compiled in Tables 29 through 31 for hot-pressed and

reaction-sintered Si 3 N4~, and SiC materials, respectively. The

theanaytialthermal stress resistance parameter, are also

shwn Tecomputed R value for each material represents the

S~maximum AT allowable before shock initiation. The R parameter is
S~compared with experimentally obtained ATc values from the water

quench tests, as shown. Figure 75 provides a direct comparison

, of the analytical and experimental thermal shock results for all

! materials investigated to date. The trend line is a linear least

squares regression data fit for all materials. The materials

evaluated follow a definite trend of thermal shock resistance as

S~a flunction of material type and processing method as shown in

+ ~Figure 75. That is, in descending order off resistance to damage

by thermal shock, the materials are listed: (1) Y2 0 3 -modified

H?-Si 3 N4 , (2) Mg0-doped HP-Si 3 N4~, (3) high density RS-Si 3 N1 4 , (4t)

t low density RS-Si 3 N4, arnd finally, (5) all forms of SiC.

, A notable aspect of the results illustrated in Figure 75 is

the relative thermal shock resistance of the 1976 and 1979 ver-

=• sions3 of Norton NC-350 RS-Si 3 N4. By virtue of its -30% higher

strength and -10% lower expansion-modulus product, 1979 NC-350

has significantly increased thermal shock resistance. The more

i] ~recent Norton NC-350 is the most thermal shock resistant reaction

, ~sintered Si 3 N4 evaluated on this program. Figure 75 illustrates

S~that it is better than some of the denser hot-pressed Si 3 N4 mate-

+ ~rials,.

+ The results for the Toshiba and Westinghouse HP-Si 3 Nj• mate-

-+ 1 rials are also encouraging. As shown in Figure 75, Toshiba HP-

• i + Si 3 N1 4 (4% Y23 3% AI 2 0 3 ) and Westinghouse HP-Si 3 N4~ (41% Y2 03 ,
S~SiO 2 ) exhibited the highest experimentally determined critical

! -=+ quench temperature difference, ATc, obtained to date, i.e., ATc =

" •I 725°0 and 750°C, respectively. These results for the Toshiba and

+* • 191
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Westinghouse naterials correlate with the high strength of' then;e

materials.

To summarize the results for SiC, it is noted that all forms

of silicon carbide fall at the opposite extreme of thermal shock

resistance when compared to HP-Si 3 N4. This is due to the ex-

tremely high thermal expansion and elastic modulus for SiC. It

is interesting to note that despite the very high strength of

Norton NC-203 HP-SiC (twice as strong as other SiC materials),
its thermal shock resistance remains about the same as the other
SiC materials. The reason for this is the overriding influence

or the high aE product for SiC. For example, for NC-203 to ex-

hibit an R value of 5000C (that is, approximately mid-range of

the mate'rials shown in Figure 75), it would have to have a

strength of 160 ksi. For NC-203 HP-SiC to have an R value as

high as the best HP-Si 3 N4 , i.e., R = 75000, it would have to have

a' strength of 240 ksi. Thus, SiC Inherently has lower thermal

shock resistance than Si 3 N4, and no convengional processing meth-

ods for SiC can overcome the high aE factor. In certain situa-

tions the higher thermal conductivity for SiC helps, but not

enough to override the effect of high elastic modulus and high

thermal- expansion. It is for this reason that SiC has found

application in combustors, where high thermal conductivity is

useful to minimize hot spots and the temperature i. relatively

static.
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11. OXIDATION BEHAVIOR

Oxidation of Si 3NN4 and SIC materials is strongly dependent

on porosity for reaction sintered materials and specific impuri-

ties for hot-pressed materials. In this screening program test

bars were exposed in static air for 100, 1000, and occassionally

2000 hr at specific temperatures, as listed in Table 32. The

choice of exposure temperature was generally based on the pro-

jected upper use temperature for the material. Yttria- and

ceria-doped HP-Si 3NN4 materials, however, were all exposed at

10000 C, sinne a destructive oxidation-related phase instability

has sometimes been observed for such iaterials at intermediate

4 temperatures. Post-exposure evaluation of materials is outlined

in Table 33, and includes optical and SEM examination of the
oxide scale morphology, weight change, retained strength and

I, fracture source identification (with comparison to unexposed

I- data), and identification of the oxide scale products by X-ray

-I diffraction (XRD) and X-ray fluorescence (XRF) techniques.

A- The details of the weight change data for specific HP-Si 3 NO,

sintered Si 3 N4 , RS-Si 3 N4 , and SiC materials are presented in

Tables 34 through 37, respectively. Similarly, the residual

strength and fracture origins for these materials are presented

T in Tables 38 through 41. The unexposed bend strength and frac-

ture origins are also tabulated for each material for comparison.

For convenience, the weight change data are combined and pre-

sented in summary form in Table 42. Note that when Interpreting

weight change data, it is important to recognize that a negli-

gible change in we-ght does not necessarily mean that the envi-

ronment was benign. Positive and negative weight changes due to

competing mechanisms could conceivably occur at the same rAze.

lj!o The residual strength data are combined and summarized in Table
.43. These data for each material can be discussed in terms of

the purity and porosity of each material, the optical and SEM1:.• • surface scale morphology, and the mechanistic interpretation for
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TABLE 32. SCHEDULE FOR 100 AND 1000 HOUR
STATIC AIR EXPOSURE

Temperature,
Material 0C

HP-Si 3NN4 (MgO) 1200

HP-Si 3NN4 (Y 2 0 3 ) 1000

HP-Si 3NN4 (CeO 2 ) 1000

RS-Si 3 N4  1400

HP-SiC 1 4 0 0 a

Sintered SiC 1400a

Si/SiC 1200

aAlso limited 2000 hr/1500 C exposures.

TABLE 33. POST-EXPOSURE EVALUATION PARAMETERS

Oxide Scale Morphology

0 Optical

0 SEM

Weight Gain

Residual Strength

"o fracture origins

Scale Products

* XRD,a crystalline compounds

* XRF,b elemental

- aX-ray diffiraction.

bx-ray fluorescence.

1.98
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TABLE~ 142. SUMMAflY OF? WEL[GIT CHANGE~ DATA

Material Weig~ht Gain, %

* Si N4. (Eýxposure: 1000 hr/12000C)

H-1N14 (1% M90) 0.148

tiIN 14 (14% MgO) 2.6

* ~~Sintered S'3Nj4 (8% Y203, 14% A1203) 02

HP-Si3,N11 (Exposure: 1000 hr/1000'C

HP-Si 3N14 (8% Y203) 0.05-0.10

HP-SI3N4 (15% v-. 0.03-5.1

HP-Si N14 (14% Y2u3, 3% Al 0) 0.06-0.58

HP-S13 N 4 (3% Y203, 4% A1203, 3102) 0

HP-Si N14 (14% Y20, 3102 0.01

HP-1N 14 (10% CeO2)031

SiC Material (Exposure: 1000 hr/11400 0C

HP-SiC (2% A20 3)01-.

HP-SIC (2% B14C)0.9
Sintered SiC 0.08 )

0.01-0.23 (3)

Si/SiCa 0.6-0.16

al2000C exposure.
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the oxidation of silicon-base ceramics found in the Ittera-

ture.69- 9 1 The overview summary for each material type is pre-

sented below.

11.1 Si 3 N4 MATERIALS

The hot-pressed silicon nitride materials studied on this

program have been doped with MgO, Y2 0 3 , Ce0 2 , Y2 0 3 -A1 2 0 3 , Y2 0 3 -

Si0 2 , and Y2 03 -A1 2 03 -Si0 2 .

11.1.1 MgO-Doped HP-Si34

MgO-doped HPSN materials exhibit more rapid oxidation than

SY2 03 -doped materials. This is directly observed in the eight

gain data for 1000 hr/12000 C exposure shown in Table 42. The

Ceradyne and FMI materials contained 1% and 4% MgO additive,

respectively. Table 42 illustrates the decreased resistance to

oxidation as the additive content increases (i.e., increased

weight gain). The surface scale morphology of these materials is
presented in Figures 76 through 79. The SEM detects the thick

crystalline scale products after 100 hr exposure. After 1000 hr

exposure the scales are easily observed in the low magnification

optical microscope.

Such MgO-doped materials form a SiO2 scale upon oxidation
which is quickly modified by the impurities in the unexposed

material. These cation impurities are tabulated in the spectro-

graphic analysis results presented in Table 7. Typically Mg, Al,

Fe, Ca, and Mn impurities diffuse up through the grain boundary

into the oxide scale where they either form mixed crystalline

silicates or dissolve into the glass phase. This outward 'iffu-

sion of impurity (Mg and Ca) cations from the amorphous grain

boundary phase through the surface oxide film is thought to be

the rate-controlling process in the oxidation of MgO-doped

Si 3 N4 . 6 9 The main crystalline scale product is usually Mg'i03

(enstatite), with small amounts of cristobalite. These expected
results were confirmed for the FMI and Ceradyne MgO-doped HPSN

materials. X-ray diffraction (XRD) analysis for both these mate-

rials indicated the major scale products to be MgSiO3 (enstatite,
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SE

Figure 76. Surface of Ceradyne Ceralloy 147A,
HP-Si 3 N4 (1% YgO) sample after 100 hr/120C°C
static air exposure.

=4.

12X

Figure 77. Surface of Ceradyne nThalloy 147A
HP-Si 3N4 (1% YigO) sample after nO hr/
1200 0 C static air exposure.
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SEM 200X

Figure 78. Surface of Fiber Materials, Inc.,
HP-Si3N4 (4% Mgo) sample after 100 hr/
1200*C static air expoiure.

12X
Figure 79. Sucface of Fiber Materials, Inc., HP-
S13N4 (4%. MgO) sample after 1000 hr/12000 C
static air exposure.
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which Is orthorhombic, and cLinoenstatite, which is monoclinic),

and the minor crystalline scale product to be cristobalite. The

X-ray fluorescence (XRF) scan of the oxide scale is shown in

Figure 80. When these scale impurities are compared to the spec-

trographic analysis data (Table 7), we find that most of the

major matrix material impurities have diffused up into the oxide

scale. An exception is the original Al impurity that has appar-

ently not migrated into the oxide scale. Phosphorus was not a

major impurity detected by spectrographic analysis, and therefore

its presemce in the XRF scan of the oxide scale is not understood

at this time.

At short oxidation times, distinct oxide mounds are formed

on the Si 3 N4 surface as shown in Figure 81a. The mound formation

often contains a hole in the top which presumably was formed by

the evolution of N2 gas from the Si02 /Si 3 N4 interface. At longer

times MgSiO3 is formed as discussed above. Tt is believed that

MgSiO3 reacts witf Si 3NN4 to form pits at the scale/matrix inter-

face. These pits become fracture origins as illustrated in Fig-

ure 81b. Table 38 illustrates for both Ceradyne 1% MgO- and FMI

4% MgO-modified Si 3 N4 materials, that oxidation pits were the

fracture origins for 100 and 1000 hr exposure at 12000C. Such

oxidation can be responsible for as much as 40% strength loss.

11.1.2 CeO,-Doped HP-Si 3 N4

CeO2 dopants for HP-Si 3 N4 are being investigated in an at-

tempt to form more deformation resistant intergranular phases

than the amorphous grain boundary films present in MgO-doped

materials. Harbison-Walker HP-Si 3 N4 (10% Ce 2 0) was exposed in

static air for 1000 hr at 10000C. The weight gain data given in

Table 42 indicate much more rapid oxidation for Ce 2 0-containing

silicon nitride compared to Y2 0 3 -modified material. No direct

comparison can bu made with MgO-doped materials since the expo-

sure temperatures were different. The strength and fracture

origin data of Table 38 also illustrate the poor oxidation resis-

tance when compared to Y2 0 3 -containing materia>3. While good

strength retention was obtained for the Harbison-Walker material
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i. Figure 80. X-ray fluorescence scan of oxidation scale for Ceradyne

-- • Ceralloy 147A HtP-Si 3 NI4 (1• MgO) after 1000 hr/12000 C static air

exposure.
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200X
()Oxide mound on tensile Surface of NortonNC-132 (1%~ Mg0) after 15 min/13500C expo-sure. (Photo courtesy of R. W. Rice, NRI..)

92X

(b) Oxidation pit as fracture origin in
Ceradyne Ceralloy 147A (1% mgo) ex-
posed for 100 hr/12000C

Figure .31. Oxidation of MgO-doped HP-SiIN4 .
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after 100 hr exposure (Table 38), excessive oxidation pitting

caused a 50% strength loss after 1000 hr exposure at 10000C. The

morphology of the oxide scale after 100- and 1000-hr exposures at

10000C is shown in Figures 82 and 83. The crystalline scales
A shown were found by X-ray diffraction to be mainly cristobalite.

No crystalline cerium compounds were identified. Figure 84 pre-
sents the XRF elemental scan of the oxide scale. The Ce present

is apparently dissolved In an amorphous phase on the surface.

The iron and calcium impurities present in the scale were in the
unexposed material according to spectrographic analysis (Table

7). These impurities in ceria-containing Si 3 N4 diffuse to the
oxide scale as they do in magnesia-doped material. As wlth MgO-

modified 31 3 N4, the aluminum impurity is not detected in the

surface oxide scales of Ce0 2 -doped material, as shown in Figure

84. Lange 8" discusses that ceria-containing silicon nitride may

have unstable crystalline phases that experience accelerated

oxidation in a manner similar to the Y2 0 3 -doped materials dis-
cussed below. No such crystalline cerium phases were detected by

X-ray diffraction for the Harbison-Walker material (Table 6).

However, their existence might help to explain the relatively

poor oxidation resistance exhibited by this material at 10000C.*

11-1-3 1-90-3-Doped HP-Si _N_

Y2 0 3 has proven to be a promising densification aid for hot-
pressed silicon nitride. Its main advantage is that an inter-

granular phase is formed that can be crystallized, thus improving

high-temperature strength and creep resistance when compared to

MgO-doped Si 3 N4 materials, which have an amorphous grain boun-

dary phase. We have demonstrated above that much less subcriti-

cal crack growth is evident in many Y2 0 3 -doped SI 3 N4 mat~rials.

It is noted, however, that in-house work at AFWAL indicates that

much better oxidation resistance is obtained with lower CeO 2
content Si 3 N4 materials.
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SEM, 1000X
Figure 82. Surface of Harbison-Walker HP-

Si 3 N4 (10% Ce0 2 ) sample after 100 hr/
1000°C static air exposure.

S[, I1OOX

Figure 83. Surface of Harbison-Walker HP-Si 3N4
(10% CeO2 ) sample after 1000 hr/1000-C static
air exposure.
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V Ce

a Fe

" Ce

Ca• i; ~Ce "
I ,

Energy

Figure 84. X-ray fluorescence scan of oxidation scale for Harbison-

Walker HP-Si 3N4 (10% CeO2) after 1000 hr/1000*C static air exposure.

Percent

.__._._._._._._._._._WeightChange

+3.0

(a) 100 hr/O.00°C

-- +5.1

o +0.03
h

(b) 1000 hr/1000-C

Figure 85. Photographs of Ceradyne HP-Si 3N4
(15% Y2 0 3) samples after static air exposure.
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We have also demonstrated that such Y2 0 3 -containing 0ate-.

rials can have interesting oxidation behavior. Catastrophic

results such as illustrated in Figure 85 for a 15% Y2 0 3 -doped

Si 3NN4 can result at temperatures between -7500 and 1000 0 C. It is

thought that such behavior is caused by accelerated linear oxida-

tion of Si 3 Y2 0 3NN4 , YSiO2 N, or Y1 0 Si 7 0 2 3 N4 phases in these mate-

rials. Such materials exist in the Si 3 N14 -SiO2 -Y 2 0 3 phase fields

labeled A, B, and C in Figure 86.69 However, if the processed

material is in the phase triangle containing crystalline Si 2 N20

and Y2 Si 2 0 7 phases (i.e., phase field D in Figure 86), then para-

bolic kinetics are observed and the oxidation rates are very

low. Other mechanistic interpretations of this effect involve

the influence of W and WC contamination 8 6 and carbon impurity

effects. 8 5 .

Several Y2 0 3 -containing materials have been investigated on

this program, and the results are consistent with this mechanis-

tic interpretation. The Ceradyne 15% Y2 0 3 -doped material that

exhibited the catastrophic oxidation (shown in Figure 85) indeed

contained YSiO2 N as a minor crystalline phase, as shown in the X-

ray diffraction results presented in Table 6. The Westinghouse

material, however, doped with 4% Y2 0 3 and an unknown amount of

Si0 2 , contained Y2 Si20 7 as a minor phase and did not develop

nonprotective oxide scales when exposed at 10000C. The appear-

ance of the Westinghouse material after 100 and 1000 hr exposure

at 1000°C is shown in Figure 87. Figure 88 presents an SEM view

of the surface of Norton NCX-34 (8% Y2 0 3 -doped) after 1000 hr/

10000C. This material only exhibited a slight evidence of the

phase instability, better seen in the optical photograph in Fig-

ure 89. Thus, the goal in processing these materials is to keep

the Y2 0 3 content lower than -6-8%. Several attempts are current-

ly being made with a 4% Y2 0 3 content, similar to the Westinghouse

material.

The weight change and strength/fracture origin information

presented in Tables 34-37 and Tables 38-41, respectively, illus-

trates that if the catastrophic oxidation effect is avoided, then
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Si

S1:9 Y2 Si20

D 5m

Y 10 YSi 70 23
\1 (H-pha se)j

Y Sig2 N (K -phase)
i, • Y4 Si20/N2

S• ( - pha se)
VS SiYN4 Unknown Y0 3

SY 2 N Compound

Figure 86. Phase relationships in the Si 3 N4 -
Si02 -Y 2 0 3 system at 1600 0 -1750°C (after
Singhal) 69
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(a) 100 hr/1000*C exposure 2

(b) 1000 hr/1000*C exposure

Figure 87. Surfaces of Westinghouse HP-Si3N4(4%/ Y203, SiO2) after J.000*C static air
exposure.
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:17

100 OX

Figure 88. SEM view of surface of Norton
NCX-34 HP-SiýN4 (870 Y203) sample after
1000 hr/1000 C static air exposure.

4 

1J

12X
Figure 89. Optical nacrograph of surface of

Norton NCX-34 HP-Si3N 4 (8% Y2 0 3 ) saaple
after 1000 hr/ 1000 C static air exposure.
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Y2 0 3 -containing materials have good oxidation resistance. Weight

gain during oxidation is very low, and the exposed strength is

equivalent to the unexposed strength. This is mainly evident for

the 8% Y2 0 3 -doped materials from Norton and Ceradyne. It is fur-

ther rioted in Table 38 that exposed and non-exposed fracture ori-

gins were the same for these two mnaterials, which is indicative

of the absence of oxidation pitting. The oxide scales on these

materials were too thin to remove for XRD and XRF analysis of the

scale products.

Toshiba has developed a very significant JP-SI 3 N4 doped with

14% Y2 0 3 anr' 3% A12 0 3 . The high strength of this matarial was

discussed above. The weight gain data in Table 34 show that the

addition of A12 0 3 has decreased the oxidation resistance when

compared to materials modified by Y2 0 3 only, as evidenced by

larger weight gain. However, when SiO2 is also added, with or

without A12 0 3 , the oxidation resistance is very good. This Ls

illustrated by the weight gain data in Table 34 for the Toshiba

(3% Y2 0 3 , 4% A12 0 3 , S10 2 ) modified Si 3 N4 and the Westinghouse 4%

Y2 0 3 -Si02 modified Si 3NN4 . In general, the nonexposed bend

strengths were maintained for these materials, and fracture ori-

gins remained unchanged. Figures 90 and 91 illustrate the nature

of the oxide scales on the two Y2 0 3 -A1 2 0 3 -doped Toshiba materi-

als, with and without Si0 2 addition. Oxide scale products could

only be identified for the Toshiba HP-Si 3 N4 (4% Y2 03 , 3% A12 0 3 )

material. X-ray diffraction indicated that the scale consisted

of cristobalite. No crystalline aluminum silicate or mullite

compounds were identified.

11.1.4 RS-S12Nj Materials

The properties of RS-Si 3 N4 materials can vary widely, and

depend on the specific nature of the porosity, pore size, and

pore size distribution. Impurities only have an effect in some

cases, since RSSNs are generally very pure, containing typically

0.5-1% cation impurities (spectrographic analysis, Tahie 7). As

discussed by Singhal, 7 0 oxidation in RS-Si 3NN4 materials occurs in

two stages. First, internal oxidation occurs within the network

222

:.Ct



S.7

(a) 100 hr/10C0 0*C exposure 2

- 12X
(b) 1000 hr/1000*C exposure

Figure 90. Surfaces of Toshiba IiP-Si3N4 (4*%' Y203 ,3% A1203) samples after 1000%C static air
exposure.
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ii

12X
(a) 100 hr/1000*C exposure

Joint

n12X

(b) 1000 hr/1000°C exposure

Figure 91. Surfaces of Toshiba HP-S13N4
"(3% Y20 3, 4% A120 3 1 Si02 ) sample after
1000*C static air exposure.
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of open porosity until the pore- are completely filled, or until

the surface is sealed, which liintts the supply of" oxygen to the

interior. The second stage of' oxldhtlon then occurs only on the

external surface. In both stages, oxidation follows parabolic

behavior due to the difl'fusion-controlled process of inward oxygen

transport through the S102 scale to the Si 3 N4/Si0 2 interface.

The oxidation rates are higher in the first stage, since the sur-

face area is much greater (the interconnected open porosity is

exposed). For many RS-Si 3 N4 materials, experience has shown that

up to 11000C most of the oxidation is internal. However, at

-12000C a transition occurs from first to second stage oxidation

at very short tizies. However, much internal oxidation can occur

prior to the transition at temperatures of 1200 0 C and above. We

have demonstrated this for the very porous AME material (p = 2.1

g cm- 3 ). After 15 min/1400°C exposure, the oxide penetrated half

the thickness of the test sample. After 100 hr/1400'C exposure

the oxide had penetrated through all of the open porosity. This

may be an extreme example, since this material contained very

large open porosity, i.e., 32%. After 1000 hr exposure, signifi-

cant second-stage external oxidation had occurred in this materi-

al, since cracks were observed in the scale upon cooling, as

shown in Figure 92.

The higher density (p = 2.5-2.8 g cm- 3 ) RS-$i 3NN4 materials

studied on this program were also exposed for 100 and 1000 hr at

1400°C. The transition to second stage oxidation apparently

occurred rapidly, since only surface scales were observed, with

A no mrajor internal attack. Oxidation was still controlled by the

open porosity though, in the sense that higher open porosity

means a greater Si 3NN4 surface area at the 3i 3 N4/Si02 interface.

This is illustrated in Figure 93, where percent weight gain is

plotted as a function of fractional open porosity for all RSSN

materials oxidized for 1000 hr at 1400 0 C. The tabular data are
presented in Table 36. No such correlation was found when weight

gain data were plotted as :" function of total metallic impurity

"content, or the amount of any specific impurity present (e.g., A1
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SEM, 200X

Figure 92. Surface of AM RS-Si3N4 sample
after 1000 hr/14000 C static air exposure.
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Figure 93. Weight gain-porosity relation for RS-Si2N4 materials
exposed in static air for 1000 hr at 14000
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El or Fe). Thus, oxidation in RS-Si 3 N4 materials, as measured by

weight gain, is determined by the open porosity.

The residual. strength of' oxidized RS-Si 3NN4 materials has

been found to be either lower or higher than the unexposed

strength, depending on the extent of internal and external oxida-

tion, the nature of the SiO2 formed, the temperature of the

strength measurement, and whether or not any thermal cycling had

occurred. In general, if only a small amount of internal oxida-

tion occurs, we would expect a strength increase due to rounding

off of internal pores. IfC gross internal oxidation occurs, we

would expect to see internal cracking upon cooling as was seen

with the AME materia] If stage two oxidation occurred (i.e., if

a thick cristobalite layer is formed on the surface), then we

would expect the high-temperature strength to increase due to

blunting of surface pore features, and the room-temperature

strength to decrease due to cracking of the cristobalite layer

upon cooling through its 2500C phase inversion.

The residual strength data for all RS-Si 3 N4 materials ex-

posed for 100 and 1000 hr at 14000C are contained in Table 40 and

summarized in Table 43. Most materials experienced sufficient

oxidation scale cracking and pitting to result in up to 60% re-

duction in strength when compared to unexposed material. An SEM

view of a typical surface scale after 1000 hr/1400 0 C static air

exposure is shown in Figure 94. The two Norton NC.-350 materials

(1976- and 1979-vintage) are particularly interesting materials.

The 1976 NC-350 experienced no reduction in strength after 1000

hr/1•000C exposure. However, fracture origins were oxidation

pits, and the surface scale was cracked as shown in Figure 95.

The 1979 NC-350 experienced only marginal strength loss after

similar exposure as shown in Table 40. However, Table 36 illus-

trates that the 1979 material had a much greater open porosity,

and experienced an order of magnitude greater weight gain for

both exposure times. It is notable that 1979 NC-350 experienced

no change in fracture origins due to exposure. As shown in Table

40, subsurface inclusions were the fracture origins under all
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(a) SEM, 10OX

(b) SEI4, 500X

Figure 94. Surfaces of AiResearch injection
molde-d tI-S13N4 (Airceram IRBN-122) samplesafter ~ --/l4O 00C static ai,. exposure.
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SEM, 1000X

Figure 95. Surface of 1976 vintage Norton
NC-350 RS-Si 3 N4 after 1000 hr/1400*C
static air exposure.

- Si

S4J-

° < Fe
4)4

Energy

Figure 96. X-ray fluorescence scan of oxidation scale for Norton NC-350
RS-Si N4 after 1000 hr/1400*C static air exposure.
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test conditions for this material. Thus, even though 1979 NO-350

experienced a relatively large weight gain upon exposure, the

strength and critical flaw structure remained unchanged.

The crystalline oxide scale was identified for all RS-$i 3 N4

materials by XRD to be cristobalite. Elemental X-ray fluores-

cence scans indicated Fe was typically present in the scales. An

XRF scan for NC-350 scale is shown in Figure 96. The spectro-

graphic analysis results in Table 7 indicate that iron is the

major impurity in RS-Si 3 N4. Figure 97 illustrates the surface

scale of AED Nitrasil after 1000 hr/1400°C exposure. These two

batches of material had a total of almost 2% Fe, Al, and Ca im-

purities (Table 7). The surface scale for a newer batch of

Nitrasil is shown in Figure 98. Figure 99 illustrates an anoma-

lous effect for Annawerk Ceranox material that was discussed

previously. The sample shown in Figure 99 spontaneously frac-

tured during 1000 hr/14000 C static air exposure. No definite

anation for this is currently available. However, an inclu-

sion-Si 3 N4 thermal expansion mismatch seems a plausible cause.

11.2 SiC MATERIALS

Silicon carbide materials have much better oxidation resis-

tance than Si 3 N4 materials. Two views are found in the litera-
ture regarding the rate-controlling mechanisms of oxidation in

SiC. During oxidation CO gas is formed at the SiC-SiOC inter-

face, and its desorption from the interface has been found by

some investigators to control the rate of oxidation. 6 9  Others

contend that oxidation kinetics are determined by the rate of

inward oxygen diffusion through the surface SiO2 layer. 7 7 All

investigations have found that processing additives such as

A12 03 , B, and B4C increase oxidation rates over additive-free

CVD-SiC, but that parabolic kinetics are still observed. The

additives are thought to decrease the viscosity of the surface

3SI0 2 layer, which results in increased oxygen diffusion through

the scale, leading to greater rates of oxidation. The oxide
scales are typically cristobalite, and an amorphous phase in
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(a) Batch 1 12X

"(b) Batch 2 12X

Figure 97. Surface of AED Nitrasil RS-Si3 N
after 1000 hr/1400*C static air exposure.-
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12X
(a) 100 hr/1400°C exposure

(b) 1000 hr/1400°C exposure

Figure 98. Surfaces of AED Nitrasil (batch 5)
RS-Si 3 N4 samples after 1400°C static air
exposure.
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Figure 99.--.Spontaneous fracture of Annawerk
Ceranbx NR- 115H RS -Si 3 N4 sample during
16O0 Ihr/14000C static air exposure.
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which impurities such as Al and Fe concentrate. Boron impurities

may be found in the scale also. Thus the outward diffusion of

impurities from the matrix into the scale is analogous to the

case for hot-pressed silicon nitride. In A12 0 3 -doped HP-SIC some

mullite (3 A1203"2 Si02 ) and aluminum silicate (A1 2 Si05) are

sometimes found in the surface scale, primarily for oxidation

temperatures below 13000C.69

Various hot-pressed, sintered, and silicon-infiltrated forms

of silicon carbide have been exposed in static air environment on

this program. The usual exposure was for 100 and 1000 hr at

12000 or 1400oC. Selected materials were exposed for 2000 hr at

15000C. The weight change data were presented in Table 37 and

j summarized in Table 42.

11.2.1 HP-SiC

Hot-pressed and sintered materials were exposed at 14000C.

The use of B4C instead of A12 0 3 in HP-SiC is seen to result in up

to a factor of five increase in weight gain. The optical photo-

graphs in Figure 100 and 101 illustrate a much thicker and more

crystalline surface scale for the B4C-doped material, even though

the exposure conditions for that material were not as severe as

for the A12 0 3 -doped material (1000 hr/14000 C vs. 2000 hr/1500°C).

The surface scale for the B4 C-doped SiC was identified as cristo-

balite. Calcium and iron were found in '-he scale by X-ray fluo-

rescence. The element boron cannot be e .:cted with the equip-

ment used. The surface scales on &_ Al 2 3-doped HP-SiC were very

thin. smooth, and shiny. The shiny nature of the scale in these

materials has been thought to be indirect evidence that the scale

was liquid at the exposure temperature. This coincides with the

concept of Al matrix impurities entering the Si02 scale and re-

ducing its viscosity. SEM views of the surface scales of such

HP-SiC materials containing 2% A12 0 3 are presented in Figures 102

and 103. The hole in the scale, shown in Figure 102, was presum-

ably made by escaping CO gas. Note the cracking and spallation

of the scale shown in Figure 103. Even though the B4C-doped HP-

SiC developed a thicker, more crystalline scale than did the
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12X

Figure 100. Optical view of surface of Norton
NC-203 HP-SiC (2% A120) after 2000 hr/15000C-
static air exposure.

12X

Figure 101. Optical view of surface of Ceradyne
Ceralloy 1461 HP-SiC (2% B4 0) after 1000 hr/
140000 static air exposure.
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Fiure 102. SEM view of surface of Norton
NC- 203 HP-SiC (27,, A120 3 ) after 2000 hr/
1500*C static air exposure.

5OOX

Figure 103. SEM view of surface of Ceradyne
Ceralloy 146A HP-SiC (2% A1203) after
1000 hr/14000C static air exposure.
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A1 2 03 -doped material, TV ,le 41 shows that its bend strength was

not as affected by the exposure. For 1000 hr/14000 C exposure,

the A12 0 3 -doped material retained -90% of its unexposed strength,

whereas the B4 C-doped material retained about 95% of its original

strength. It is interesting to note that even after the 2000

hr/15000 C exposure, Norton NC-203 has the same room-temperature
strength as in nonexposed material.

11.2.2 Sintered SiC

Three sintered SIC materials were evaluated: Carborundum

(1979) a-SiC, Kyocera a-SiC, and General Electric O-SiC. Thty

were exposed for 100 and 1000 hr at 14000C. Table 42 summarized

the weight change data. The a-form generally has about a factor

of two lower weight gain than the best hot-pressed material

(i.e., A12 0 3 doped). This illustrates the adverse effect of

impurities on oxidation resistance. The sintered materials are

very pure, typically containing only -0.5% metallic impurity,

which is mainly the boron that is used as a sintering aid. The

sintered 8-SIC was a bit more variable, as shown in Table 42.

Some samples experienced much more crystalline scale formation

than the a-SiC materials, which were very uniform.

The oxide surface scales on sintered a-TiC are very thin and

dull, as shown in the optical photographs in. Figures 104 and

105. The SEM view of the scale formation on the Carborundum and

Kyocera materials provided in Figures 106 and 107 are much more

informative. The holes in the scale of the Carborundum material

were presumably made by escaping CO gas. The surface of the

Kyocera material appears similar. A'tei- 100 hr oxidation -t

14000C, both materials gain -5-10% in strength, prcsumably due to

blunting of machining marks or isolated surface porosity. After

1000 hr exposure, both a-SiC materials lose about 5-10% of their

original unexposed strength, oxidation pits becoming the predomi-

nant fracture origins. The O-SiC behaves in a similar manner.
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Figure 104. Optical view of surface of Carborundum
sintered a-SiCafter 1000 hr/14000 C static air

-- exposure.
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(a) 100 hr/1400*C exrtosure

12X
(b) 1000 hr/1400*C exvo.sure

Figure 105. Optical view oz suriaces of Kyocera
SC-201 sintered a-SiC after 1400 0 C static air
exposure.
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Figure 106. SEM view of surface of Carborundum
sintared u-SiC after 1000 hr/1400°C static
air exposure.

4i

'•' " l00OX

Figure 107. SEM view of surface of Kyocera
SC-201 sintered a-SiC after 1000 hr/1400°C
static air exposure.

241



-* - .

11.2.3 Silicon-Infiltrated SIC

Silicon-infiltrated (or siliconized) SiC materials contain

typically 5-15% free Si metal to densify the originally porous

structure. They contain nominally 0.5% other metals (impuri-

ties), mainly aluminum and iron. Refel, Norton NC-430, and Coors

1979 SC-I Si/SIC were exposed for 100 and 1000 hr at 1200 0 C.

Table 42 illustrates that they experienced about the same weight

gain as HP-SiC (2% A12 0 3 ) had at a terneprature 200°C higher.

Their surface scales were generally smooth, dull, and very thin,

as shown in Figure 108. The Coors material, however, exhibited

some crystalline portions of the scale, as shown in Figure 109.

The most interesting aspect of Si/SiC materials is their

retained strength after exposure. Table 41 detailed and Table 43

summarized the residual strength data. It is observed that a

range from a 30% strength increase to a 50% strength loss was

observed for these materials. This large difference and discrep-

ancy when compared to the retained strength of the other silicon

carbide materials must be related to the silicon phase in these

materials. Strength data are difficult to analyze in Si/SiC

materials, since fracture source identification is usually incon-

clusive due to the heterogeneous nature of the two-phase materi-

al.

The Coors 1979 SC-i Si/SiC appears to exhibit anomalous

oxidation behavior when compared to the Refel and Norton NC-430

materials. The weight gain for Coors material was higher, and it

was the only material to exhibit a strength loss after exposure.

This behavior is probably somehow related to the specific nature

of the silicon phase in this material. A few large crystalline

features on the surface of exposed samples were associated with

what appeared to be silicon metal that had exuded from withiii the

structure. Figure 110 illustrates a macroscopic crack that spon-

taneously developed in the Norton NC-430 material during expo-

sure. The damaged area appears to be associated with a band of

silicon-rich material that has exuded from within the composite
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?ig ure"1O8. SEM view of -surface of Refel
V /SiC after 1000 hr/1200*C static air
exp~osure.

Figure 109. SEM view of surface of Coors 1979
= SC-i Si/SiC after 1000 hr/1200*C static air

exposure.
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Figure 110. Surface of Norton NC-430 Si/SiC Sample
affoer 1000 hr/1200*C static air exposure.
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body. Behavior similar to this could certainly explain the large

strength loss for the exposed Coors material.

11.3 SUMMARY OF OXIDATION IN SILICON CERAMICS

SilJcon narride materials are, in general, more stable in

long term high-temperature applications than are Si 3NN4 materials.

The strength distribution in SiC appears to be altered less by

environmental effects such as oxidation. Wetght gain by oxida-

tion is lower in SiC, and the oxide scale thickness is less when

compared to Si 3 N4. This is the case because, in general, SIC

materials are of higher purity and higher density than Si 3 N4

materials. Oxidation in HP-Si 3 N4 is mainly affected by the alka-

li impurities that segregate in grain boundaries and then migrate

to and modify the oxide scale causing increased rates of oxida-

tion. Reaction-sintered Si 3 N4 is admittedly very pure, but a

trade-off is made; the porosity is high (10-20%) in RS-Si 3 N4, and

thus surface area and total oxidation are large. Sintered SiC is

both pure and dense, and thus has excellent oxidation resistance.

Recent forms of HP-Si 3 NO, however, show much promise for good

oxidation resistance. A particular example is a Westinghouse HP-

Si 3 N4 that contains nominally 4% Y2 0 3, and an undetermined amount

of Si.
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12. ZIRCONIA CERAMICS FOR DIESEL ENGINES

Zirconia ceramics have considerable promise for use in die-

sel engines. The following sections outline their promise, the

concept of transformation-toughening, and properties of various

commercial varieties. It is important to recognize that

transformation-toughened zirconia is essentially a low-

temperature material. It will be demonstrated below that

extended high-temperature expouire can lead to overaging with

resultant loss of properties.

12.1 THE ADVANTAGES OF ZIRCONIA IN DIESEL ENGINES

Zirconia is currently the ceramic material that has been the

most successful in the U.S. Army TACOM Adiabatic Diesel Engine

.program at Cummins Engine Company. 9 2 - 9 5 The concept of that pro-

gram is to insulate the high-temperature components of the engine

such as the piston (cap), cylinder head, valve hardware, cylinder

liner, and exhaust ports. Additional power and improved effi-

ciency result from this concept since thermal energy normally

lost to the cooling water and exhaust gas (almost two-thirds of

the energy input in a conventional diesel engine) is converted to

useful power through the use of turbocompounding. By reducing

the lost energy and eliminating the need for a conventional

water-cooling system, the adiabatic diesel has been demonstrated

to improve fuel economy and increase power output.

The performance advances that have been achieved by the Adi-

abatic Diesel Engine have largely been realized through the use

of one generic class of ceramic material, transformation-

toughened partially stabilized zirconia. 9 6 , 9 7 This particular

ceramic has been successful in this application for three

reasons: (a) it is highly refractory; (b) it possesses a very

low thermal conductivity; and (c) significant increase in frac-

ture toughness has been attained in this ceramic material by a
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phenomenon known as phase transformation-toughening. Addition-

ally, zirconia has a high thermal expansion (for ceramics),

almost as high as cast iron. This means that the shrink-fit of a

zirconia liner in-a cast iron block will be maintained at

elevated temperatures.

Much work is currently being done within the ceramics indus-

try on tt.ansforma. -- toughened zirconia (TTZ). Various manufac-

turers are beginning to supply newly developed materials to vari-

ous engine demonstration and component development programs. It

is now an appropriate time to develop a data base for such zir-

conia ceramics.

12.2 POLYMORPHISM AND PHASE STABILIZATION IN ZIRCONIA

Pure zirconia (i.e., nonstabilized) exhibits three crystal

structures between room-temperature and its melting point. Zir-

conia is normally monoclinic up to -11000C, where it transforms

to tetragonal symmetry, followed by a final transformation to the

cubic structure at 2370°C. The problem with pure ZrO2 arises

upon cooling through the martensitic tetragonal-to-monoclinic

transformation at -1100 0 C. There, approximately a 3% volume

expansion occurs leading to extensive macrocracking in pure zir-

conia bodies.

This problem can be avoided by doping the zirconia with

additions of CaO, MgO, or Y2 0 3 . Thus, the material is stabilized

to its high-temperature form, the cubic crystal structure. This

material is termed fully stabilized zirconia (FSZ). FSZ can be

cycled from room .emperature to its melting point without any

destructive phase transformations. Yttria has been found to be

the best stabilizer, since it is less volatile than calcium and

magnesium compounds at elevated temperature. Thus, destabiliza-

tion of the FSZ body is less likely to occur. However, fully

stabilized zirconia has disadvantages in structural applications.

It is generally a coarse-grained structure, of fairly low

strength, and not very tough. Its biggest drawLack, perhaps, is

its high thermal expansion coefficient and resulting poor thermal.
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shock resistance. However, it is noted that the Low thermal con-

ductivity of zirconia, which is an advantage Cor cylinder liner

application, is also a major contribution to poor thermal shock

resistance in zirconia.

If less stabilizer (CaO, MgO, Y2 0 3 ) is incorporated into the

structure than is required to fully retain the ZrO2 cubic struc-
ture, the material is termed partially stabilized. It has long

been known that this has distinct advantages, s' .ce the thermal

expansion of PSZ is lower than that of FSZ, and thus PSZ has

better thermal shock resistance. However, thermal shock resis-
'ance is still the performance-limiting factor of PSZ in many

engineering applications.

Partially stabilized zirconia typically consists of cubic

zirconia grains with second phase tetragonal and/or monoclinic

precipitates. Recall that the stable structure at room tempera-

ture is monoclinic, and that a large shape and volume change is

associated with the martensitic tetragonal-to-monoclinic trans-

formation at -11000 C. Through appropriate processing, it has

recently been demonstrated how the tetragonal precipitates in PSZ

can be held (in a metastable condition) within the cubic matrix

at room temperature. It was found that they would revert to

their stable monoclinic structure with the application of a cer-

tain stress field.

Thus originated the partially stabilized zirconia that is

transf(ormation-toughened (TTZ). Such TTZ bodies show much im-

proved strength and toughness (about a factor of three), and are

responsible for the birth (or rebirth) of zirconia as a struc-

tural engineering material, toughness being a central issue in

the utilization of ceramics in structural applications.

12.3 CONCEPT OF TRANSFORMATION-TOUGHENING

The most mature form of transformation-toughened zirconia

(TTZ) consists of precipitates of metastable tetragonal zirconia

in a magnesia-stabilized cubic zirconia matrix. 9 8 -L 1 3 The
tetragonal precipitates are dispersed within much larger cubic
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e, graIns. The tetragonal preocipitates that are withlIn a certain

size range are constrained from transforming to the monoclinic

structure by the surrounding matrix. However, under an applied

stress the transformation occurs. The stress-induced tetragonal-

to-monoclinic phase transformation is accompanied by a volume

expansion. This results in the generation of stress fields

around the transformed region and microcrack generation. Such

two-phase transformation-toughened materials exhibit dramatic

increases in strength, fracture energy, and fracture toughness.

This effect has been observed in Zr0 2 , A12 0 3 , and Si 3 N4 matrices,

all with a dispersed ZrO2 (tetragonal) phase.

Current mechanistic interpretations of the improved fracture

properties of transformation-toughened zirconia include: (1)

deflection of the advancing crack front by interation with the

stress fields around the transformed areas; and/or (c) microcrack

generation leading to crack branching and an increase in the en-

ergy necessary to continue crack propagation. A third mechanism

is sometimes discussed as a minor contributor, i.e., energy ab-

sorption by the phase transformation process itself. Whatever

the mechanism, it is known that the stress-induced phase trans-

formation in front of an advancing crack tip does absorb energy,

arrest crack propagation, and thereby increase strength and

toughness.

It is important to understand that the microstructure and

properties of TTZ are strongly dependent on the particle size of

the initial powder, the concentration of stabilizing oxide, the

time-temperature processing schedule, post-fabrication heat

treatment, and surface preparation. It is possible to fabricate

dense ZrO2 bodies with various phase assemblages (in particular,

varying amounts of tetragonal phase), with various amounts of

microcracking, and with a varying martensitic phase transforma-

tion temperature. Generally, TTZ is considered a low temperature

material. High-temperature isothermal aging is known to cause

coarsening of the tetragonal phase and loss of toughness. 9 8 The

specific time-temperature conditions that result in coarsening
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depend on the amount and type of rare-earth oxide used, the ini-

tial particle size, and the nature of the overall phase assem-

blage, etc.

12.4 EVALUATION OF VARIOUS COMMERCIAL ZIRCONIA MATERIALS

Various foreign and domestic zirconla ceramics were charac-

terized. They were supplied to this program by R. Kamo of

Cummins Engine Company. Investigated were crystal phases, sta-

bilization, microstructure, thermal expansion, strength, elastic

modulus, and fracture mode. Interpretation is made with respect

to transformation-toughening, phase stability, and overaging

phenomena. Five different foreign and domestic transformation-

toughened zirconia materials were investigated. We have used the

identifying notations A, G, J, and U to designate material from

Australian, German, Japanese, and domestic sources, respectively.

12.4.1 Density, Phase Assemblage

The bulk density of each material is shown in Table 44. All

are in the range 5.7-5.8 g cm 3 •. Table 45 presents results for

spectrographic cation analysis. Materials A-1, A-2, G-l, and U-4

are magnesia stabilized, whereas the Japanese material is stabi-

lized with Y2 0 3 . Note that materials A-i and U-4 apparently con-

tain only half the magnesia stabilizer compared to materials A-2

and G-1. Note also that the Y2 0 3 -stabilized material contains a

substantial amount of Al and Si. Presumably, there is a fair

amount of Si02 at the grain boundaries. The detrimental result

of this in high temperature deformation will be discussed later.

Table 46 presents the results of X-ray diffraction analysis.

Note th..t the low MgO content in material A-1 has resulted in

very little retention of the cubic phase. All other materials

exhibited substantial cubic content. Additionally, A-2, J-l, and

U-4 exhibited major tetragonal peaks. Recall that it is the

metastable tetragonal phase that results in increased toughneso

in 'rTZ. Note also in Table 46 that the two Australian materials

each contain a major monoclinic phase. Monoclinic ZrO2 was only

detected as a minor phase in the other materials.
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TABLE 44. ZIRCONIA MATERIALS EVALUATED

Measured
Biulk Open

Material Density, Porosity,
Supplieda g cm- 3  %

A-i 5.719 0.02

A-2 5.757 0.02

G-1 5.776 0.01

J-1 5.791 0.00

U-4 5.739 0.01

aThe notations A, G, J, and U refee to
Australian, German, Japanese, and
domestic sources, respectively.

TABLE 45. SPECTROGRAPHIC ANALYSISa OF MAJOR IMPURITIES
IN ZIRCONIA CERAMICS

Materialb Analysis, approximate weight percentc

A-1 1.1 Mg, -1.0 Hf, 0.2 Fe, 0.1 Si

A-2 3.0 Mg, 0.1 Hf, 0.07 Si

G-1 3.0 Mg, 0.1 Hf, 0.05 Cr

J-1 (P)Y, 1.0 Al, 1.0 Si, 0.1 Hf, 0.05 Mg, 0.05 Ti

U-4 0.9-1.5 Mg

aperformed at AFWAL.

a bThe A, G, J, and U notations refer to Australian, German,

Japanese, and domestic sources, respectively.

CThe P notation refers to a primary constituent (e.g., Zr);

it is used here to indicate two materials that are yttria-
stabilized (i.e., Y-PSZ).
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TABLE 46. X-RAY DIFFRACTION ANALYSIS RESULTSa

rb Phases Presentcmaterialb Major Minor

A-I tet., mono.

A-2 cubic, tet., mono.

G-I cubic tet., mono.

J-1 cubic, tet. mono. (trace)

U-4 tet., cubic mono.

aperformed at AFWAL/ML.

bA. G. J. and U notations refer to Australian,
German, Japanese, and domestic sources,
respectively.

CThe notations tet and mono. r,2er to the tetrag-
onal and monoclinic crystal structures, respec-
tively.
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12.4.2 Microstructure

The microstructure of these materials was studied by re-

flected light microscopy. Materials A-1, A-2, G-l, and U-4 look

similar, as shown in Figures 111-114. These are all magnesia-

stabilized, and consist of large -50 pm grains. From the XRD

results, it would be inferred that these large gr; :ns were typi-

cally cubic. however, note that cubic ZrO2 was not detected,

even as a minor constituent, for material A-i. This is not

anderstood at present, since both A-1 and A-2 exhibited total

extinction when viewed in the petrographic microscope with

Scrossed polars. This would be expected for tne isotropic cubic

crystal, but not for anisotropic tetragonal or monoclinic crys-

tals. Figure !15 illustrates that in contrast to the harge -ra• n

magnesia-stabil.7,ed materials, the Y2 0 3 -stabilized Japanese mate-

rial (J-1) is very fine grained (-1-5 .um). Some submicron, pre-

sumably tetragŽnal, particles are also obseL-ved in the SEM micro-

graph of the fracture surface of J-1 shown in Figure 315.

12.4.3 Strength, Deformation, and Fracture

The strength of these five transformation-toughened materi-

als is shown in Figure 116. Tests were generally conducted tni

four point flexure at 250 and 10000C. Note that the fine grain

J-i material has the highest strength, -I05 ksi at 25°C. This

shows the promise of Y2 0 3 -stabilized materi-i. However, it is

Oteronstrated that this fine grained Y2 0 3 stabilized material

deforms more ai elevated temperature than th. MgO-stabilize'7

material.3. Tbh's appears to be a long-term creýep effect rather

than a short-time effect. It will be shown bulow that the J-1

material deformed badly during the thermal expansion test. This

may be attributed to enhanced grain boundary creep due to the

fine grain size of this material. Also, Table 4 5 iliustrated

that the J-! mate rial had srbstantial Si Impurity, which is usu-

L.ly associated with SiO2 in intergranular region3, rcsulting in

larige high temperature deformation. However, at short times this

!ia not a* obvious. Figure 117 illustrates that the J-1 material

exhibited linear stress strain behavior at 100O'C. This would
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Figure 1ii. Microstructure of zirconia A-I
polished and etched 50 sec.
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Figure 112. Microstructure of zirconia A-2
polished and etched 30 sec.

255



~iJ°

Figure 113. Microstructure of zirconia G-1
polished and etched 50 sec.

Figure 114. Microstructure of zirconia tT-4

polished and etched 55 sec.
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(b) SEN micrograph of the fracture surface

showing grain morphology.

Figure 115. Microstructure of zirconia J-1.
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Figure 117. Representative flexural stress-strain behavior of zirconia J-
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- tend to rule out del'ormabte grain boundary plia-,).'3. However,

Table 47 illustrat(s that strairi-to-f'ailure of the Y2 0 3 -doped J-1

material is higher than that of the MgO-stabilized materials.

Part of this erfect, however, IS due to the Pact that the J-1

material was slightly stronger than the others (Figure 116).

TABLE 47. DEFORMATION OF TTZ AT 1000°0

Failure Strain, Elastic Modulus,
Material 10-3 106 psi

A-2 1.65 24.3

G-1 1.54 23.7

U-4 1.48 22.2
J-1 1.9, 3.0 17.1, 25.2

The two Australian materials are nominally 85 ksi materials.
They are Judged to be the most mature TTZ today. Much of the

technology originated at CSIRO.

There are several domestic organizations developing TTZ, and
it is encouraging to see a domestic ceramic supplier producing a

high quality technical grade tough zirconia material. The
strength of the U-4 material was 75-80 ksi.

The fracture mode appears mainly transgranular in these
transformation-toughened Zr0 2 materials, as shown in Figures 118-

125. A large inclusion or particle witl arger thermal expansion
than surrounding material is shown in Figure 118. Porosity is

observed on the fracture surface of A-2 in Figure 119.

The fracture surface of G-1 shown in Figure 120 is especial-
ly interesting. Note the large grains, aad intra- as well as
intergranular porosity. The fracture mode in this material is

entirely transgranular. This fracture surface is very similar to
the TTZ fracture surface shown by Rice et al., 9 9 where fracture
origins were found to be predominantly single grain-boundary

facets (i.e., the portion of a boundary between two grains, as

opposed to grain jurction triple points). Such intergranular
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1%

ZT2FI 130X

(a) Far from fracture origin on sample
broken at 250C (90.6 ksi)

I

ZT2F3 19.5X

(b) Fracture origin on sample broken at
10000C (tensile surfaces together,

38.5 ksi)

Figure 118. SEM fracture surfaces of zirconia A-2.
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Figure 119. SEI4 micrographs of zirconia A-2
broken at 25*C (far from the tensile
surface).
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IM
Zt. 3Fl 490X

(a) Far from origin on samplýe broken at 2 0

1000%C (note large grains). 37.6 ksi

Figure 120. SEN fracture surfaces of zirconia G-1.

263



I/T 71

fracture origins completely surrounded by transgranular failure

also seem to be the case for the G-1 material. This fracture

mode for the G-1 material is consistent with Lange's observa-

tions1 1 3 that a cubic material produces a smooth, transgranular

fracture (note in Table 46 that G-1 is predominantly cubic).

The fracture mode of the domestic U-4 material also appears

transgranular, as shown in Figures 121-123. Intergranular por-

osity and large grain fracture origins are illustrated.

The J-1 material has a much finer grain size, and its frac-

ture surfaces are shown in Figures 124 and 125. Note the high

magnification of these photographs. The fracture mode appears to

be Irregular transgranular, which would correlate with Lange's

observations 1 1 3 of the fracture mode in TTZ when substantial

tetragonal phase was present. Note in Figure 125 a region of

poor bonding and high local porosity in the J-I material (sub-

surface, at the center of the specimen width).

-1 l2.4.4 Thermal Expansion, Long-Term Stability

Thermal expansion was evaluated using an automatic recording

pushrod dilatometer. Measurements were made to 15000C at a very

slow rate, 10C min- 1 . It is recognized that these materials were

not necessarily designed to be used at temperatures as high as

15000C; however, testing to that temperature provides information

that leads to a better understanding of microstructure, stabil-

ity, role of impurities, etc., in PSZ.

The thermal expansion results are shown in Figures 126-129

and summarized in Table 48. It is observed that the A-2, G-l,

and U-4 materials all exhibited stable behavior upon heating, but

that a distinct indication of a phase transformation is apparent

upon cooling. This phenomenon is similar to that described by

Hannink et al. 9 8 when investigating isothermal aging of TTZ. if

the tetragonal precipitate phase is within a certai.n small size

range, then the matrix constrains the particles, the tetragonal

phase is retaineA, and the transformation-toughening mechanism is
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(a) SEM micrograph of 25*C fracture surface

(b) SE• microraph of sample broken
at 25*C (far from the tensile
surface).

Figure 121. Fracture surfaces of zirconia U-4.
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Figure 122. SEM fracture surface of zirconia U-4
at 1000°C, illustrating a large grain as the
fracture origin.
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(a) S81-1 miciograph of fracture surfaces of
zirconia U-4 broken at 10000C in flexure
(tensile surfaces mating).

(b) Higher magnification of fracture surface
illustrated in (a) above.

Figure 123. Fracture surfaces of zirconia U-4.
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(a)

(b)

Fi'gure 124. SEM- micrographs of zirconia J-1
broken at 25*C (far from the tensile
surface.
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475X

(a) Sample broken at 10000C (tensile faces
together) illustrating a region of poor
bonding and high local porosity (51.6 ksi)

• , 950X

(b) Higher magnification of (a) above.

Fture 125. SEN fracture surfaces of zirconia J-1.
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Figure 126. Thermal expansion of zirconia A-2.
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Figure 127. Thermal expansion of zirconia G-1.
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Figure 128. Thermal expansion ot zirconia U-4.
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TABLE 48. THERMAL EXPANSION OF ZIRCONIA

Percent Linear Expansion
at 10000C

Material Heating Cooling

A-2 0.84 0.85

G-1 0.98 1.0

J-1 0.94 --

U-4 0.93 0.96.

operative. Magnesia- and calcia-stabilized structures promote

the coarsening of tetragonal precipitates during prolonged iso-

thermal a. ing. Such large tetragonal particles will transform to

the monoclinic symmetry upon subsequent cooling to room-

temperature. X-ray analysis of these samples after thermal expo-

sure confirms this. Table 49 illlustrates that after the one

cycle expansion test to 1500 0 C, the exposed A-2, G-l, and U-4

magnesia-stabilized materials contained much transformed mono-

clinic phase. The metastable tetragonal phase was not retained.

Note that the microcracking associated with this overaging phe-

nomenon resulted in a greater than 60% strength decrease for

these materials.

The fine grain Y2 0 3 -stabilized J-1 material is particularly

interesting. Figure 129 illustrates stable heating cycle thermal

expansion behavior. However, this sample deformed badly (plasti-
cally) at T >1200*C, and the cooling cycle expansion record could

not be completed. However, Table 419 illustrates that the tetrag-

onal phase was retained after the thermal exposure. Monoclinic

zirconia was not detected in the exposed sample. Therefore, this

demonstrates that the overaging phenomenon is much less pro-

nounced in the Y2 0 3 -stabilized material. Consistent with this

observation, as shown in Table 49, is that the Y2 0 3 -stabilized

- --1 material exhibited only a 28% strength reduction after expo-

sure. This is compared to the 60-70% strength loss for the MgO-

;stabilized materials.
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12.4.5 Conclusion

A domestic supplier is producing a transformation-toughened

zirconia that is compara'le in microstructure and properties to

more mature foreign materials. Y2 0 3 -stabilized materials have

much finer grain size than MgO-stabilized materials. This results

in superior (-30%) room temperature strength. However, creep may

be a problem at elevated temperature with the Y2 0 3 -stabilized

materials. The fine grain Y2 0 3 systems appear to have less severe

overaging problems associated with long-term high-temperature

isothermal e,•oosure when compared with the MgO-stabilized ZrO2 .
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13. FUTURE WORK

Concurrent with the ending of the present program (F33615-

79-C-5100), a new program has been initiated, AFWAL Contract

F33615-82-C-5101, "Evaluation of Ceramics and Ceramic Composites

for Turbine Engine Applications." Only a small portion of this

new program involves monolithic silicon-base ceramics. The main

thrust of' the new program is ceramic fiber composites. These

emerging materials offer the potential ofr high strength as well

as high toughness. The scope of our work in this area will be

mainly developing test methodology for obtaining tensile, flex-

ure, compressive, and shear strength. The reports, however, will

be restricted to a much more limited distribution than the pres-

ent program.
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14. CONCLUDING REMARKS

14.1 SILICON-BASE CERAMICS

A comparison of the major characteristics of the dense forms

of SIC and Si 3NN4 is summarized in Table 50. SIC is intermediate

in strength to Si 3 N4 . However, SIC experiences much less

strength degradation by subcritical crack growth, and thus SIC is

superior at temperatures greater than 1400°C. Similarly, SIC is

more stable and oxidation-resistant at extremely high tempera-

tures. It is, in general, a purer material and not as affected

by impurities or secondary phases as Si 3NN4 is. SiC has extremely

good creep strength, which coupled with its good oxidation resis-

tance and microstructural stability, make SiC a likely candidate

for very long time, high temperature applications. SiC has much

higher thermal conductivity and thermal diffusivity compared to

-Si 3 N4 . This means that SiC would be a good candidate for a com-

bustor in a gas turbine engine, but would not be a good candidate

as a cast iron diesel engine cylinder liner.

The major disadvantages of SIC when directly compared to

Si 3 N4 are its lower fracture toughness and lower thermal shock

resistance. The low toughness of SIC is due to its low critical

stress intensity factor and low fracture surface energy. Poor

thermal shock resistance is often cited as the most critical

d•fference between silicon carbide and silicon nitride. The low

thermal shock resistance of SIC is due to the combination of its

higher thermal expansion and higher elastic modulus in comparison
Sto Si 3 N4 . These properties are more or less inherent, and cannot

-be modified to any meaningful extent by varying composition or

-processing method. Thus SIC and Si 3 N4 are uniqup ns engineering

materials as are the various heat engine component dt3igns for

'which they are being used.

During the time frame of this program, the structural ceram-

Ic technology can be characterized as a period when researchers
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TABLE 50. A COMPARISON OF MAJOR CHARACTERISTiCS OP DENSE FORMS
OF SILICON CARBIDE AND SILICON NITRIDE

Silicon Carbide Silicon Nitride

* Intermediate Strength * High Strength

* High Thermal Expansion * Low Thermal Expansion

* Poor Thermal Shock Resistance a Good Thermal Shock Resistance

* Low Fracture Toughness * Higher Fracture Toughness

* High Temperature Stability * Strength Degradation by Slow-
Crack Growth

* High Thermal Conductivity * Low Thermal Conductivity

* Good Oxidation Resistance * Oxidation Strong Function of
Impurities

* High Creep Strength * Low Creep Strength

* Low Influence of Impurities 0 Second Phases Influence
Behavior

* High Elastic Modulus • Lower Elastic Modulus

- Transgranular Fracture 0 Intergranular Fracture

* Little Subcritical Crack * Nonlinear Stress-Strain
Growth
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realized the inadequacy of magnesia additives for HP-Si N and
3 4'

the tdndency of some Y2 0 3 compositions to rorm unstable phases.

These problems have been solved. We have demonsterated that

Y203- and Zr0 2 -modified HP-Si 3 N4 materials are being produced

that have excellent elevated temperature properties.

Also during the current reporting period, the technology was

developed to produce sintered silicon carbide in a variety of

complex component conifigurations. However, based on the sintered

silicon carbide materials we have evaluated on this program and

its predecessor, it appears that advances in SiC technology are

not being made as rapidly as advances in Si 3 N4 technology. For

Si 3 N4, the advances are being made by improvement of the

performance-limiting aspect of that material--the intergranular

phase, and its deformation at elevated temperature. For SiC the

critical issues appear to be the elimination of isolated surface-

connected porosity, and the inhibition of exaggerated a-phase

grain growth. It may be that these performa;-ice-limiting aspects

are more intrinsic for silicon carbide; perhaps SIC is nearer its

Inherent performance limit. The elimination of viscous inter-

granular regions in Si 3 N4 may be a more tractable problem.

14.2 TRANSFORMATION-TOUGHENED ZIRCONIA

Transformation-toughened zirconia is being considered for

structural use in the hot sections of diesel engines. Its main

attributes are low thermal conductivity and thermal expansion

high enough to effectively used with cast iron engine components.

It has a demonstrated high fracture toughness when compared with

siLicon-base ceramics. However, it must be recognized that TTZ

is essentially a low-temperature material. Overaging phenomena,

resulting in loss of toughness and strength, will occur during

extended isothermal exposure above the martensitic transformation

temperature (-900°C). Those unfamiliar with the transformation

toughening mechanism should use this material with caution. Par-

tially stabilized zirconia has long been used in high-temperature

refractory applications. The same high temperature stability

does not exist for transformation-toughened zirconia, however.
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APPENDIX A

PEFLECTED LIGHT AND SEM MICROGRAPHS OF POLISHED

REACTION-STITERED SILICON NITRIDE MATERIALS

A
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(a) Optical micrograph of polished section

K (b) SEM view of polished section

Figure Al. Micrographs of 1976 Norton NC-350 RS-Si N.
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(a) Optical micrograph of polished section

(b) SEN view of polished section

Figure A2. Micrographs of 1977 Norton NC-350 RS-Si 3 4
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(a) Optical micrograph of polished section

(b) SEM view of polished section

'Figure A3. Micrographs of Kawecki-Berylco
(batch 2) RS-Si 3 N4 .
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(a) Optical micrograph of polished section

(b) SEM view of Polished section

Figure A4. Micrographs of Kawecki-Berylco
(batch 3) RS-Si N.
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(a) Optical microRraph of polished section

(b) SEM view of polished section

Figure A5. Micrographs of Ford injection

molded RS-Si 3N 4.
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(a> Optical micrograph of polished section

- (b)SEM view Of Polished section

Figure A6. Micrographs of AiResearch slip cast
(Aircerami RBN-l0l) RS-Si N4
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(a) Optical micrograph of polished section

(b) SEM view of polished section

-- Figure A7. Micrographs of Raytheon
isopressed RS-Si N.

-- 3-4p

298

- a



(a) Optical micrograph of polished section

(b) SEM view of polished section

Figure A8. Micrographs of Indussa/Nippon
Denko RS-Si 3 N4
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(a) Optical micrograph of polished section

(b) SEM view of polished section

Figure A9. Micrographs of AiResearch injection
molded (Airceram RBN-122) RS-Si 3 N4 .
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(a) Optical micrograph of polished section

(b) SEM view of polished section

Figure A10. Micrographs of 1979 Norton
NC-350 RS-Si 3 N4 .

301



(a) Optical micrograph of polished section

(b) ~SEM view- of polished, section

Figure All. Micrographs of ,Annawerk Ceranox
NR-115H PS-Si3*N.
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(a) Optical micrograph of polished section

Ii I

(b) SEM view of polished section

Figure A12. Micrographs of Associated Engineering
Developments, Ltd., Nitrasil (batch 1) 1978 RS-
Si 3N4 .
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(a) Optical micrograph of polished section

()SEM view of polished section

Figur-e-AI3. Micrographs of AED, Ltd., Nitrasil
(batch 2)- 1978 R.S-Si N.
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(a) Optical micrograph of polished section
(gold shadowed)

I

(b) SEM View of poiished section

"Figure A14. Micrographs of AED, Ltd., Nitrasil
(batch 4) 1978 RS-Si N
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(a) Optical micrograph of polished section

"(b) SEM view of polished secti n

Figure A15. Micrographs of AvED, Ltd., Nitrasil
(batch 5) 1980 RS-Si 3N4.
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(a) Optical micrograph of polished section

bSEM view of polished section

Figure A16. Micrographs of Georgia Tech RS-Si 3N4.
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(a) Optical micrograph of polished section

(b) Optical micrograph of polished section

Figure A17. Micrographs of ANE RS-Si 3N4 .
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(a) Optical micrograph of polished section

2O~mii

Ib) SEM view of polished section

Figure A18. Micrographs of AiResearch
RBN-104 RS-Si 3 N4 .
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