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Abstract

In 1971 Norton obtained an exclus ive license to produce Lucas hot
pressed silicon nitride in the United States. That process made a high-
density, high strength ceramic material with excellen t potentia l for high
temperature appli cation, i.e., industrial gas turbine components, available
commercially. Project funds were used to develop an engineering property
data base to describe Norton HS13O/Noralide NC132 silicon nitride and
Noralide NC203 silicon carbide. The list includes tensile, f lexure , shear ,
and compressive strengths from room temperature to 2550°F for appropriate
directions in anisotropic materials along with elastic/shear modu li and
Poisson ’s ratio. Creep resistance is def ined in terms of creep strain and
stress rupture life as a function of temperature, time, and environment.
Thermal properties were also considered , i.e., therma l expansion , conduct..
ivity, and specific heat. Equipment and test procedures are discussed.

No material characterization study is complete without a thorough
examination of microstructure . Morpho logy, grain boundaries , and the
effects of compositional variations are considered with respect to silicon
nitride and silicon carbide.

The microstructural characterization led to process and product
improvements in the commercial materials and eventually revealed paths
for the development of improved varieties of silicon nitride and silicon
carbide. Westinghouse activity in the area of material development

• involving magnesia and/or yttria silicon nitride systems is reviewed to
• put the entire question of materials and their critical part in component

design and development into proper perspective.
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FOREWORD

The Stationary Gas Turbine Project represents the Westinghouse con-
tributi~on to the Defense Advanced Research Project Agency (DARPA) spon-
sored “Brittle Material Design, High Temperature Turbine” program, Order
Number 1849, Contract Number DAAG-46-71-C-0162.

The final report is presented in four volumes as follows:

Volume I - Program Summary

Volume II - Ceramic Stator Vane Development

Volume III - Rotor Blade Development and Turbine Modification

Volume IV - Materials Technology

Final results of static rig testing and analysis for the tenth semi-
annual report period are included as part of this final report which
represents a comprehensive project review summarizing the activities
from July 1, 1971 to June 30, 1976.

Westinghouse performed this work under subcontract to the...F~~dMo or an , prime contractor for the Defense Advanced Research PI’bject
J Agency. e Army Material and Mechanics Research Center (M.~4RC) at
f Watertown Arsena l, Watertown, Massachusetts, served as Program Monitor

for DARPA.

The program’s overall Principal Investigator was Mr. A. F. McLean,who also served as Program Manager for the Ford Vehicular Turbine
Project.

Dr. R. J. Bratton was Principal Investigator and Program Manager
for Westinghouse. Mr. D. G. Miller served as Project Engineer. Mr. A.
N. Holden, now deceased, functioned as Project Manager at Westinghouse
Generation Systems Division from July 1, 1971 to May 1, 1975. Mr. G.
Levari succeeded Mr. Holden with Mr. C. R. Booher, Jr, accepting respon-sibility for design, analysis and rig testing for the Division at that
time.

Westinghouse wishes to acknowledge the efforts of the following
personnel who contributed to the program:

1. Dr. Maurice J. Sinnott who conceived and started the program
when he was at DARPA in 1971.
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2 . DARPA - for support of the program. Dr. E. Van Reuth and
Dr. H. Stickley for their interest and support.

3. AMMRC - for monitoring the program. Dr. E. S. Wright, who
replaced Dr. A. E. Gorum (presently retired) as Technical
Monitor, and Drs. R. N. Katz, E.N. Lenoe and H. Priest.

4. Ford Motor Co. - A. F. McLean , T. W. McLaughlin, E. A. Fisher,
P. Berry, R. R. Baker and A. Paluszny.

The final report was prepared and edited by D. G. Miller and
R. J. Bratton with editing assistance from E. J. Phillips . Contributions
to the final report were made by C. R. Booher , J r., S. C. Singha l ,
F. F. Lange. W. Van Buren and E. S. Diaz.

Other Westinghouse and former Westinghouse employees who contributed
to the technical program include:

Westinghouse Generation Systems Division

J. Allen , G. W. Bauserman, D. D. Lawthers, L. lUsh, F. Laus,
S. D. Leshnoff, S. Mumford, T. J. Rahaim, J. D. Roughgarden,
S. C. Sanday, R. J. Schaller, C. E. Seglem, E. J. Stenowoj,
J. P. Saed, L. C. Szema, S. Twiss, E. H. Wiler, D. D. Wood

West inghouse R~D Center

D. Boes, W. C. Frazier, R. Kossowsky, S. Y. Lee, C. Visser,
J. H. White, W. E. Young, S. Gabrielse, D. E. Harrison

This final report is dedicated to A. N. Holden.
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SECT ION 1

1. 1 INTRODUCTION

The “Brittle Materials Design High Temperature Gas Turbine” program
was formulated under the auspices of the Defense Advanced Research Projects
Agency(DARPA) of the Dept. of Defense (DOD) to demonstrate and encourage
the use of brittle material design concepts in the successful application
of ceramics as structural components in high temperature gas turbines.
The talents of the Ford Motor Company and Westinghouse, as prime and
subcontractor, respectively, were directed toward the development of a
vehicular ceramic turbine (Ford) and a ceramic stator vane for a large
stationary gas turbine (Westinghouse). The Army Materials and Mechanics
Research Center (AMMRC) served as technical monitor for DARPA.

The 5-year performance period of the Westinghouse Stationary Gas
Turbine Project, July 1, 1971 through June 30, 1976, is summarized in
Volume I, “The Program Summary” of this report. A comprehensive dis-
cussion of Ceramic Stator Vane Development is presented in Volume II which
includes: Preliminary Design and Analysis, Three Generations of Ceramic
Vane Assembly Design and Analysis, Static Rig Test Results at 2200 and
2500°F, a Ceramic Vane Performance Review and finally Ceramic Stator
Vane Fabrication.

Volume III, “High Temperature Stationary Gas Turbine - Ceramic Rotor
Blade Development and the Turbine Modification,” reports the engineering
Aspects of Three-Dimensional Heat Transfer and Stress Analysis, Ceramic
Rotor Blade Design and Analysis, and the Advanced Turbine Design
Modification.

Volume IV, “High Temperature Stationary Gas Turbine - Material
Technology,” presented here, will review the engineering properties of

• hot pressed silicon nitride and silicon carbide, the microstructural
characterization of these materials and their environmental stability.
A section on new material development is included to summarize the work
performed in this important area during the last year of the contract
(July 1975 through June 1976). The extensive material properties data
base which accumulated over the 5-year period of program performance
has been tabulated for future publication by the Army Materials and
Mechanics Research Center (A?vt4RC).

Figure 1-1 is reproduced from Volume I to emphasize the iterative
development of ceramic components for an industrial gas turbine as
identified in Figure 1-2. The turbine itself is shown in Figure 

1-3.1



.- -—,- - - - - - -• - - - - W ___________________- •~~~ - - - _____

~

- - 

~

-

~~~~~

-

~~~~~~~

•- • — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- -

Component development and material technology follow parallel but inter-
acting paths to provide the coordination for fabrication , static-rig
testing and final demonstration in the overall project plan . Failure
analysis with design modification , further analysis and material improve-
ment form the iterative loop required for successful application. 

L. Turbkw
Flild Tsd

— Interactive

Figure 1-1. Iterative Development Procedure for Industrial
Gas Turbine Components

Overall program objectives, as originally proposed and finally
accomplished , are illustrated in Figure 1-4. Final rotor blade design
and computer simulation were delayed , then terminated in 1973 to permit
full concentration of effort on the formidable tasks of ceramic vane
development and static rig construction . The 30 megawatt turbine
demonstration was also delayed and then terminated when it became obvious
that the rapidly escalating costs of an advanced turbine rig conversion
and the need for additional verification of stator vane performance in
the static rig p laced this  task beyond a reasonable scope of funding
within the designated period of performance (5 years).

All of the essential elements of the ceramic stator vane development
appear in Figure 1-5 . The design process with appropriate analysis
proceeded logically from the preliminary stages, through Vane Designs I
and II to the final third generation, three-piece stator vane assembly
with tapered-twisted airfoil . Component fabrication had to follow a
parallel rather than a subsequent or series route in many cases,
anticipating the design because of the long lead time required to meet
the static rig test specifications as scheduled . Fabrication processes
were developed as part of component manufacture , thus complicating the
procedure. The second generation airfoil , for example , was committed to
procurement before analysis disproved design viability. The static rig
test facility, planned as a simple modification of an existing rig,
became a dynamic development activity coincident with the design and

• fabrication tasks. Indeed, the static rig requirement to test at 2500°F
became the critical element in the project plan . Only once, in the
final phases of the progrant when a suppler fai led to deliver acceptable
th ird generation hardware on time, was a critica l delay experienced for
a reason other than static rig availability.
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Although the total effort was directed toward higher service
temperatures to increase power and efficiency,  no attempt was made to
achieve specific levels of improved performance in either the static rig
tests or an actua l test turbine. The test cycle sequence, i.e., 100
cycles of peak load service at a maximum inlet t emperature of 2500°F in
a controlled shutdown mode, was selected to establish realistic boundary
condi tions for the demons trat ion of firs t stage stator vanes , using the
best commercial materials available. The boundary conditions thus
established also served as a desi gn constraint in the development of
rotor blades as well as the stator vane components.

Since attention Is focused upon material technology In this volume
of the stationary gas turbine final report, it appears appropriate to
ment ion again that the Westinghouse interest In the development of ceramic
materia l s for gas turbine applica tions preceded the inception of the DARPA

• “Brittle Materials Design High Temperature Gas Turbine” program by more
than 5 years (F igure 1-6). Indeed, Westinghouse saw In it an opportunity

• to greatly accelerate its own project goals which included the development
of combu stors , stationary vanes and rotating blades. High strength oxides ,
nitrldes and carbides were screened initially over a two year period , wi th
silicon nitride and silicon carbide emerging as the leading candidates.

Yw
Mrs
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Reinforced castahie ceramic materials were proposed and tested as
combustor linings . The concepts appeared feasible but further develop-
ment was curtailed In favor of first row stator vanes because these
were considered more critical to improved turbine performance. To this end :

1. Conceptual designs were developed .

2. A three-piece ceramic vane desi gn was selected .

3. A p re l iminary  2-D f in i t e  element stress analys is  of
vane airfoils was conducted .

4. Fabrication methods for both silicon nitride and silicon
carbide were investigated .

5. A development approach and procedures were structured .

The critical aspects of Materials Technology to this program cannot
be overemphasized . While it was clearly DARPA ’s intent at the beginning
of the program to stress design with brittle materials by turbine demon-
stration , the development of silicon nitride In viable hot-pressed and
reaction-sinterod forms provided incentive . Cursory property data were
avai lable  to describe Lucas hot-pressed silicon nitride , and Norton had
become a licensed source of that material in the United States by the
time the Stationary Gas Turbine Project was formulated . However , Norton
expected to achieve superior properties from their production, making
mandatory a full-scale assessment of engineering properties and material
characterization , which were considered fundamental input to a successful
design activity.

The materials technology effort was extensive . A statistical test
program was set up to determine the pertinent physica l and therma l
properties of the best commercial grade of hot-pressed si l icon n i t r i d e ,
Norton HS13O , which eventually evolved into Noralide NC132. Silicon
carbide was Included later after  the development of Noralide NC203.
Test facilities were upgraded to 2500°F capability for englneering
p~operty evaluation. The microstructural characterizat1~on of both
sUicon nitride and silicon carbide supplied information concerning the
behavior of the respective materials to establish a basis for improvements.
An exhaustive study of corrosion-erosion provided an insight into long-term
perf ormance and stab i l ity of S13N4 and SIC In a turbine environment .

7 
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SECTION 2

ThE ENGINEERING PROPERTIES OF Si3N4 AND SiC

2.1 INTRODUCTION

The comprehensive test program to define the engineering properties
of Norton hot pressed silicon nitride (HS13O which became Noralide NC132)
and silicon carbide (Noralide NC203) required a statistical minimum of
eight to ten repetitions or tests (specimens) per condition for all

• primary properties over an incrementally divided range from room tempera-
ture to 2500°F. The temperature interval choosen was 500°F with spacing
at 1800, 2100, 2300 and 2500°F provided to carefully identify the high
temperature portions of the performance curves. Ten billets were randomly
selected from the original forty, with random sampling of remnant material
from component manufacture to occur subsequently in the case of silicon
nitride. Three of eighteen silicon carbide billets were employed with

• random sampling of the remnant material. Size and rate effects were
assessed but not necessarily with statistical inference except in the
flexural mode where hundreds of specimens were involved .

Weibull statistical theory was used to analyze the flexural test
results in terms of failure probability and volume/area effects. An
attempt was made to ascribe the statistical characteristics derived from
large population flexural testing to other primary properties described
only by minimum populations in tensile, shear and fatigue. Estimates of
tensile strength in the weak direction of silicon nitride (Figure 2-1)
were made by statistical comparison in lieu of meaningful test data.

At the outset , a system was devised to relate specific material
properties with loading conditions as they exist in an operating gas
turbine. The intention to identify critica l areas by coding, cross com-
parisons, and plotting in the fashion of Table 2-1 were not very success-
ful . Plots of condition versus property produced a poorly developed mai ze
of intersecting lines lacking objectivity or trends . In certain instances ,
the modeling of tests to reflect machine conditions proved meaningful,
specifically low and high cycle fatigue.
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Ibt Pressing Direction

I
Perpen~cuIar Specimen Parallel Specimen - -

Westinghouse 98, 600 ± 6,000 psi Westinghouse 73, 000 ± 11,000 psi
Norton 125,000 ± 16,000 psI Norton 107, 000 ± 17, 000 psi

Norton data - 3 Pt Bend, (1V) - 4 Pt Bend - 
- -

Figure 2-1. Definition of Anisotropic Property Directions
in Hot Pressed Silicon Nitride
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TABLE 2-1

TURBINE CONDITION S VERSUS PHYSICA L PROPERTY

INPUT CODING CORRE LATIONS Code

I. Loading Tension 1
Compression 2

• Shear 3
Bending 4

II. Ballistic Impact Modulus of elasticity of impactor S
Change of momentum 6

I I I .  Chemical Environment 7

IV. Temperature 8

V. Time Period of cycle 9
• Number of cycles 10

VI . Geometry Gross size 11
Notch radii 12
Orientation (to loads) 13
Crack size, orientation 14
Surface finish 15

M~.TERIAL CODING
(Experimental Observations)

I. Strains Elastic tension a
Elastic compression b
Elastic shear c
Viscous tension d
Viscous compression e
Viscous shear f

II. Cracks Crack energy g
Crack length h
Crack geometry i
Crack orientation j
Crack nucleation k

III. Basic Material Properties 1
• (Thermodynamics, phase , grain size damage ,

therma l expansion , etc.)
IV. Corrosion in

V. Erosion n

VI . Solubility (or binary reactions) o
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2.2 TENSILE PROPERTIE S

2. 2. 1 BACKGRO!1~4D

The strength of a ceramic under pure tension was considered the
most desirable for reliable engineering design. However, tensile
strength , particularly at high temperatures, was difficult and expensive
to obtain. Complex high temperature grips, extremely precise machining
accuracy, and difficulty with accurate alignment generally precluded a
large number of tension tests. (1)

This dilemma was resolved initially by supplementing tension data
with reiiable flexural data through the use of Weibull (l0) statistical
characterization of brittle materials. Weibull theory attributes the
failure of brittle materials to flaws randomly distributed throughout
the material; thus, the larger the volume under high stress, the higher

• the probability of failure. A bend specimen with only the outer fibers
under the maximum stress is expected to survive a higher load than a
tensile specimen with the entire gage volume under maximum stress.(2)
The risk of fai lure for a number of materials  is proportional to

/ dV

wnere stress and volume are represented by a and v, respectively. The
Weibull modulus , m, and normal stress , a~, are characteristics of thematerial tested . In some cases

m

J a ~~~~~~d~’

is found to be more appropriate where ~~ is the third materialparameter .

Twenty-four values of RT fracture strenr’~h obtained in three-pointbending by the Norton Company were used to calc~.Iate values of m = 9.1,
= zero and 0

0 
• 57,800 psi for hot pressed silicon nitride (HS13O).

The average fracture strength in both four—point bending and tensile
loading was predicted from these values and compared with test data
obtained at Westinghouse (Figure 2_2).(2)

Weibull parameters were also determined for hot-pressed silicon
nitride in the weak direction at 2350°F. In this case m = 8.7 and
00 29 ,200. (2) By regressive curve f i t t ing,  these data were combined with

12 
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Figure 2-2. Effect of Test Mode on the Strength of Si3N4

• flexural data that show a strain rate dependence at high temperature to
produce the following expression relating temperature, strain rate and
volume to tensile strength:

1 27.5

28 600 •~2920-T£ 
~~l2%T ~.ll -

where I is in degrees F , V is in cubic inches and ~ is in inch/inch-.minute. Predicted tensile properties appear in Figures 2-3, 2-4 and 2-5
for increasingly larger vol umes under stress. (2)

2.2.2 ThE TEST PROGRAM

The statistical tensile test program was established to develop
the engineering property data required for hot pressed silicon nitride
and silicon carbide and also to confirm the Weibull results.(3) A minimum
of eight repetitions per temperature condition at room temperature, 1000°F,
1800°F, 2100°F, 2300°F and 2500°F were performed at a strain rate of
0.001 inch/inch/minute. Three repetitions/condition were performed at
001 and 0.0001 inch/inch/minute to test strain rate effects within the
limits of the universal tensile test machines employed. If the rate

13
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Figure 2-3. The Predicted Tensile Strength of Hot Pressed Si3N4 as a
Function of Temperature and Strain Rate - Volume 0.1 in3
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Function of Temperature and Strain Rate - Volume 1.0 in3
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• Figure 2-5. The Predicted Tensile Strength of Hot Pressed Si3N4 as a
Function of Temperature and Strain Rate - Volume 10.0 in3

effects were positive, five additional specimens or tests were provided -
to complete the statistical requirements. (Strain rate sensitivity was
not observed in either silicon nitride or silicon carbide. Results
could not be differentiated within the scatter of resultant data.) Data
were reduced with respect to ul timate strength , yield if applicable,
stress-strain, elastic modulus and Poisson’s ratio. The range of
volumes under stress, in the three tensile specimens employed , was not
sufficiently different to assess size effect (random flaw distribution)
in the tensile mode.

The tensile specimens illustrated in Figure 2-6 are defined in
Figure 2-7. A button-head type was preferred because threaded specimens
are impractical to make from ceramic materials.(3) Grips were made small
to reduce side loading. The 2.25 inch gage length was specified for
modulus measurements to increase the total strain measured to resolvable
limits with high modulus materials. The 0.25 inch gage diameter was
the smallest practical for the direct measurement of Poisson’s ratio.
The 0.145 inch gage diameter specimen was reserved specifically for
high temperature ultimate strength measurements where the load bearing
capacity of silicon carbide load train parts was questionable (750 lb
at 2500°F).(3’

Theoretical stress concentrations at the fillet radius were cal-
culated for the 5.50 inch and 3.00 inch specimens: 1.025 and 1.065,
respectively. An elliptical fillet would have reduced the stress con-

• centration, but the specimen would have been much more difficult to
machine and finish with the grinding marks in the axial direction. No
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indication of stress concentration was found at the gage length radius
with 0.15-inch gage length strain gages. Stress concentration did not
affect the performance of the specimens in any way.

The gripping arrangement for the tensile and tensile creep tests is
diagrammed in Figure 2_8.(1) Metal grips, made from Inconel 713C, Mar-

• M200. or Nicrotung were used up to 2100°F. Above 2100°F, silicon nitride
couplings were used with “KV’ silicon carbide pull rods.

•

~
‘

1

I. ~~~~~~~~ ~‘I

UIhS ~~~~~~~~ - •‘~~ —y  -~~~~~~~~~~ ......
~ I!’

Figure 2-8. Gripping Arrangement for Tensile and Creep Tests

The ceramic couplings were split, two halves held together with a
ring. The pull rods were attached to Inconel X750 extensions by a split
ring and threaded colar.(4) Three coupling designs were evaluated: (1) an
open buttonhead grip with split inserts under the specimen head, (2) a
ball-and-socket type made of Nicrotung, and (3) the split ceramic with
the ring retainer. Specimen alignment was achieved most quickly with
the ceramic type. Superior specimen alignment was not achieved with the
ball and socket. It proved difficult to use because friction at the
contact surface of the large ball prevented the load train from straight-
ening out under load . Oxidation of the ball surface complicated this
problem. While Never-Seez anti-seize compound prevented seizing at
surfaces and at threaded connections, it did not improve alignment
significantly.

The actual tensile test setup is shown in Figure 2-9, A silicon
carbide extensometer was designed to minimize damping and extraneous
loads. Proper location was assured by fitting the knife edges of the
extensometer in to “V” blocks cemented to the specimen at both ends of
the gage length (Figure 2—10).

The strain signal for elastic modulus measurement was produced by
miniature LVDT’s located in each pair of extensometer arms. A two-
channel amplifier was used to permit simultaneous recording of the strain
measurement with load response from the tensile machine on an x-y
recorder. The extensometer met ASTM E83-67 Class B-i requirements.

17
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Two types of strain gages were used: Micro Measurements EA-03-500
GB-120 for the 5.50 inch specimens and Micro Measurements EA-06-062
AP-120 for the 3.00 inch specimens. The smaller gages were required
on the 3.00 inch specimens because the longer ones could not be bonded
to the 0.145 inch diameter section accurately. Considerable difficulty
was experienced in attachment. Bond failures occurred with Eastman 910
adhesive. Micro Measurements 610 adhesive cured 2 hours at 300°F was
used successfully. (4)

Removal of the specimens from the ceramic grips after testing at
2500°F presented a problem. Silicon dioxide formed on the surfaces of
the coupl ings, bonding all parts together. At times, the retaining ring
was heated while the split halves were pressed out to break the entire
assethly apart. The ends of the “KT” silicon carbide pull rods released
free silicon which collected inside the coupling. This bonded the
coupling to the pull rod. The loss of free silicon also degraded the
pul l rod to the extent that fracture occurred after every fourth test.
A load limit of 1250 lb was imposed at 2500°F to minimize pul l rod
fai lure.

2.2.3 TENSILE TEST RESULTS

The Tensile Testing of Norton HS13O Silicon Nitride was performed
at two Westinghouse locations : Astronuclear Division (now Advan ced
Energy Systems Division) and the Research Laboratories. A summary of
test results (both strong and weak directions) appears in Figure 2-12 and
Table 2_2.(6) Complete data were compiled in the Engineering Property
Data Base to be published elsewhere. The Astronuclear results generally
were lower than those reported by the Research Laboratories. This may
ref lect di fferences in al ignment procedure since Astronuclear re lied solely
on dial gage verification to preclude eccentric loading. Since the
averages and standard deviations , for the most part, were retained within
the envelope of the Rt~D data, coincident compilation appeared to be
justified. There was no positive indication of strain rate sensitivity.
Therefore , only three tests/condition/ strain rate were performed , and
these data were included in a total summation to complete the test
requirement.

The modulus of elasticity is plotted as a function of temperature
in Figure 2-13 for three methods of measurement. (3) The Corn ing Glass
sonic resonance technique , as reported by Ford , produced the highest
values, presumably because they represented the highest rate test. The
accuracy of the optical measurements in helium was suspect because of
contrast problems. Data obtained mechanically at 0.001 inch/inch/minute
were considered most representative because that rate best reflects
thermal loading in a stationary gas turbine vane operating in the cycl ic
mode of peaking-type service.
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Figure 2-12. The Tensile Strength Properties of Norton HS13O (Noralide
H NC132) Silicon Nitride as a Function of Temperature
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Figure 2-13. The Effect of Temperature on the Elastic Modulus of Norton
HS13O (Nora lido NC 132) Silicon Nitride
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TABLE 2-2

WESTINGHOUSE TENSILE PROPERTIES OF NOR1’ON HS13O (NORALIDE NC132)
SILICON NITRIDE

Source of Strain Rate Tensile Strength (psi)

Test Data (in/ in/am ) RT 1000 F 1800°F 2100°F 2300°F 2500°F

MD 0.001 59 ,650 72 ,050 36,550 31,450 36,250 13 ,450
54,650 56,100 48 000 32,750 42 100 20 , 200
69 , 800 64 ,300 42 2S0 38 ,900 45 ,400 20 ,000
40 , 300 60 ,000 40 ,800 35,350 46,400 20,100
46 300 36,850 36,850 34 ,900 30,250 25 ,250
42 ,600 

~~~ .L45° 37 ,400 36,000 .~!.,200 22 300
52 , 200 54 ,950 403,00 34,900 39,800 20 ,200

Astro 0.001 41,500 49,200 35,800 31,400 16,200
42 600 48 800 33 ,400 17,400• 52 , 400 30,900 26 200 19 , 800
4~~200 

______ ______ ______

44 925 42 ,967 3 , 5800 30 , 333 17,800

MD 0.0001 29,800 39,100 22,950
42 ,600 24 ,950

41 ,800
37 ,350

______ 
37 , 800 

______

36,200 36,200 22 ,950

Astro 0.0001 41 ,000 25,500
48 ,600 26 ,600
44 , 800 27 , 550

MD 0.01 42 ,550 46 ,650

- • Astro 35,700
49 ,000 42,900

39,300
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Two other specimens (HS11O material) were stressed to ultimate
failure at room temperature .(i) Loading was accomplished incrementally
in 10,000 psi sequentially higher steps, with load reduction to 1,000
psi between steps . These tensile data are reported in Table 2-3. While
fracture occurred in Si3N4 -TS-Ol during the sixth loading cycle at 59 ,650
psi , this specimen sustained a total stress of 62 000 psi on the fifth

I 
~

- application of load. Specimen Si3N4-TS-02 failed during the fifth load-
ing, 2 seconds after maximum stress was reached. All other results were

• obtained by strain gage measurement and calculation.

TABLE 2-3

SI1.IMARY OF ROOM TEMPERATURE TENSILE TESTS

Strain Elastic Shear
Rate Modulus Modulus Fracture

Specimen Density (iO~4/ (106 (106 Poisson~s Stress
No. (g/cc) mm) psi) psi) Ratio v (psi)

- 
- Si3N4 -TS-Ol 3.33 6.6 44.2 17.4 0.27 59,650

- 
- 

Si3N4 -TS-02 3.20 6.6 43.9 17.4 0.26 54,650

• (Undesignated Norton Si3N4 received July 1971)

- 
- 

Stress-tensile strain and stress-radial strain curves for specimens
Si3N4-TS-Ol of this early test sequence(1) are reproduced as Figures 2-14
and 2-15, respectively. The material exhibited elastic behavior to fail-
ure or maximum load at room temperature. Plastic deformation at low
strain rates was observed at 1800°F, however.(2) Load-deflection data
(Figure 2-16) indicate nonelastic response in HS13O (Noralide NC132)
silicon nitride at 2300 and 2500°F at 0.001 in/in/mm strain rate.

N.

t~~ 1

Figure 2-14. Stress-Tensile Strain Curves for Hot Pressed
Silicon Nitride (Not Designated by Norton)
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• 

23



T V

1$

a’-

‘vi ,,’
Run~~4- 

S5N4 S.scIa.~ 53a’-TS-OI 
Runi )

i~~
.

StI~ n —~~~~

Figure 2-15. Stress-Radial Strain Curves for Hot Pressed
Silicon Nitride (Not Designated by Norton)
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Figure 2-16. Stress-Strain Behavior in HS13O (Noralide NC132)
Silicon Nitride at Elevated Temperatures V
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While the average tensile properties of Norton hot pressed silicon
nitride tend to support the turbine vane application for temperatures
up to 2300°F, very little margin of safety is provided. The high
standard deviation indicates a high probability of failure. This was
confirmed by static rig tests at 2200°F and 2500°F.(S,9,ll)

The Tensile Strength of Norton NC203 Silicon Carbide is plotted as
a function of temperature in Figure 2-17. Again, all data (Table 2-4)
are tabulated as part of the Engineering Property Data Base. The

• reduction of strength with temperature was almost linear, with some
indication of an inflection above 2300°F. These data were obtained
from specimens of two different-sizes (1/4 inch dia x 1-1/2 gage length,
and 1/4 inch dia x 2-1/2 gage length) at various strain rates between
0.1 and 0.001 inch/inch/minute.(6) No size effec t or strain rate
sensitivity was detected . A single test point was determined in helium
at 2300°F.L2) Failure was consistent with the results obtained in an
air atii~sphere. The specimens, for the most part, failed within the
gage length as shown in Figure 2-l8.(4)

- 
• O.OOl in/ln/min
‘ O.~~O1 in!in/min

10 - ‘ 0.01 Inl~nImIn

I I I-

0 500 1000 1500 200 ~ 00
Timperaturs, °F

Figure 2-17. The Tensile Strength of Hot Pressed Silicon
Carbide (Noralide NC203)
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TABLE 2-4

TENSILE PROPERTIES OF NORTON HOT PRESSED SILICON CARBIDE (Noralide NC203)

Strain Tensile Strength (psi)

Rate RI
j~~/in/min) [72°F) 1000°F 1800°F 2100°F 2300°F 2~00°F

0.001 32,200 47 ,100 35,950 25,450 35,150 28,950
28,700 43,000 31,750 30,400 52,700 33,150
45 ,150 30,100 36,400 28,950 37,800 18,900
33,600 37,000 36,100 42 ,70C *

35,900 * 32,500 37,600 37,200
26,250 35,000 41 405 23,900

24,000
______ ______ ______ ______ ______ 

29,800

39,100 36,700 34,700 31 400 41,200 28,000
0.0001 29 ,400 39,150

31,250 41,300
______ 

36,600
30,300 ± 1,000 39,000 ± 9,000

0.01 30,900 30,100
32,650
38,300

33,700 ± 3,500

*Broke during alignment or reaction

The modulus of elasticity of hot pressed SiC was also determined V

between room temperature and 2500°F at a strain rate of 0.00 1 inch/inch/
minute in air. (6) These data are reported in Figure 2-19. Although
the elastic modulus of silicon carbide tends to drop at elevated tempera-
ture , the effect is less severe than that observed for silicon nitride .
These modulus of elasticity values were confirmed by flexural tests
(4-point loading) at room temperature, 1000°F , 1800°F, 2300°F and 2500°F
using specimens 0.125 inch x 0.250 inch x 1.125 inch (outer span • 1 inch,
inner span • 0.5 inch at 0.01 inch/inch/minute). Tensile and compres-
sive outer fiber strains were measured with strain gages at room V

temperature.(l ,3,4)

Comparing the two materials with resp ect to tensile prop erties ,
HS13O (Noralide NC132) silicon nitride is clearly superior to silicon
carbide (Noralide NC203) at intermediate temperatures where maximum
transient tensile stress is expected as a result of shutdown in a tur-
bine application. The lower tensile modulus favors silicon nitride ,

_ _ _  _ _ _ _ _ _ _  ___ V
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but lower thermal conductivity offsets this advantage completely as
demonstrated by finite element stress analysis.(l) The high temperature
strength of NC203 silicon carbide would appear to make it the c~ioice fortemperatures above 2300°F but vane materials must be strain accomeodating.

2.2.4 EXPERIMENTAL TEST PROCEDURE

Attempts were made to improve the tensile test procedure. (8) A
powder cushion was employed between the heads of the tensile specimens
and each resp ective grip in an experimentai method that was self-
aligning. The gripping arrangement is illustrated in Figure 2-20
The split-seat was a diametric, split cylinder with a well for powder V

at one end and a tapered hole to center the specimen and contain the
powder at the other .

Assembly was accomplished by slipping the lower grip over the
button head of the specimen with the split-seat placed within the grip
end. An eye dropper served to fill the well with powder. A portion
of the load train was screwed into the upper-grip end to secure the
specimen and powder temporarily. The partial assembly was turned upside
down to complete the load train in a similar manner.

Tinsli, load

~~~~~~~~~End /

Peeder-Cushlon
Spilt-Seat

Buttom-Head
Tensile Specimen

Lee.r-Grtp-
End

Figure 2-20. Powder Cushion Tensile Test
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An instrumented steel specimen was used to demonstrate the technique
initially at room temperature. Loads were applied in 100-lb increments
to 500 lb and in 500-lb increments to 1500 lb. Tests were performed
by two different operators using two different Satec universal testing
machines. Eight powders were evaluated (Table 2-5).

TABLE 2-5

DESCRIPTI ON OF POWDERS

Internal
Powder Code Description (Particle Size, etc.)

Nickel Ni Spherical particles, average 20 um dia

Silicon Carbide SiC- 280 Average 44 m
Silicon Carbide SiC-lSOO Average 9 m

Silicon Carbide SiC-EK Average S in

Silicon Carbide SiC-PPG submicron, 15 m~/g

Tungsten Diselenide WSe2 - 100 mesh
Boron Nitride BN - 325 mesh

Graphite G - 325 mesh

H A vector analysis was used to define the resultant strain for each
set of three strain gages. The amount of misalignment at each set of
gages was calculated by dividing the absolute value of the resultant
strain by the average strain of the three gages:

l00~j
/’c~ + £

2 
+ C

3 ~~ 1
C

2 
+ +

% misalignment = 1/3 
~~l 

+ £2 1 £3) 
—

A measure of the stress nonuniformity within the specimen’s gage length
was obtained at each load increment by dividing the difference between
the highest and lowest values (CM - CL) of the nine strain gages by
their average value (CAy):

% nonuniformity x 100
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Powders of a lubricating type such as graphite, boron nitride,
molybdenum disulfide and tungsten diselenide were preferred. Particle
size and distribution, material compliance and deformability appeared
important to performance.

Graphite and boron nitride formed the most effective powder cushions,
with graphite considered superior to boron nitride. Figure 2-21 a,b and
c and Figure 2-22 a,b and c report the results of eight experiments with
graphite and three experiments with boron nitride respectively. Error bars
indicate the highest and lowest values obtained. Closed circles represent
mean values. Six other powders are compared in Table 2-6.

In general, the percentage misalignment and the percentage stress
nonuniformity decreased with increasing load. For most cases, loads
<500 lb (corresponding to <10,000 psi) produced poor alignments. The
shaded areas in Figures 2-21 and 2-22 represent the range of graphite and
boron nitride powders, respectively. Because nine strain gages were
considered in the analysis of stress uniformity, the stress nonuniformity
appeared to be higher than the relative misalignment indications at each

V gage section. Better alignments and less data scatter were obtained in
the center of the gage length than at the ends. A correlation between
the resultant strain vectors at each of the three gage sections showed
that the axes of most specimens were paraUel to but not perfectly
concentric with the loading axis.

Gri~~N. End Sd~p 1~a Gr 
_ _ _ _ _ _

I 

1k ° ~~~~~~~

‘ ‘
~~~

-
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V
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L 

Figure 2-21. Effect of Graphite Powder in Powder Cushion
Tensile Test
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Figure 2-22 . Boron Nitride Powder Performance in Powder
Cushion Tensile Test

The powder cushion technique represented a significant improvement
in tensile testing procedure because it required very little effort to V

obtain acceptable load train alignment. Cost was reduced because strain
gages were eliminated. The need for precision machining of specimens
was removed in all areas except the gage sections and fillet areas.
Alignment within 3 percent was achieved. This reduced bending stresses
to levels below 1500 psi to produce an accuracy of + 3500 psi for the
method.
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TABLE 2-6

POWDER PERFORMANCE IN UNIAXIAL TENSILE TESTS

Powder Load (lb) Misalignment at Center (%)
V Ni (3) ° 500 34 to 75

SiC - 280 (1) 1000 23

SiC - 1500 (1) 1000 9

SiC - EK (6) 1000 0 to 45

Sic - PPG (5) 1000 9 to 55

~~~2 (4) 1000 0.9 to 9

~( ) indicates number of tests
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2.3 ThE FLEXURA [. PROPERTIES OF HOT PRESSED SILICON NI TRIDE (NORTON HS13O ,
- NORALIDE NC 132) AND HOT- PRESSED . SILICON CARBIDE (NORTON NORAL IDE NC203)

2 .3 .1  THE TEST PROG RAM

The assessment of the fle xural strength properties of hot pressed
sil icon nitride (Norton HS13O - Noralide NC132) and hot pressed silicon

V carbide (Norton Noralide NC203) from room temperature to 2500 °F represented
the nucleus of the test program to provide engineering property data for
the design and performance analysis of ceramic stator vanes. Without a
valid engineering property data base, a simulation of rotor blade perform-
ance would have remained impossible.

In the f le xural test mode it was possible to test a large number of
specimens at specified temperatures wi th in  a temperature range . Test
specimens are simple and therefore re la t ive ly  inexpensive and easy to
machine . The test setup and procedures are qua l i f ied  under ASTM Standards
and are well established in most laboratories with some custom modifica-
tions and revisions indicated for temperatures above 2000 °F .

Well over 200 silicon nitride test specimens were stressed to failure
unde r condition s of 4 —point loading from room temperature to 2500 °F.
Cross head motion or strain rate was varied between 0.2 and 0.0002 inch/mm
to provide an indication of strain rate sensitivity for samples which
ranged in size from 1-1/8 x 1/8 x 1/8 inch to 6 x 1/2 x 1/4 inch . The
number of silicon carbide specimens tested exceeded 150 before this work
was discontinued following the catastrophic failure of the material
tested as stator vanes in the first series of static rig tests at
2500°F. (7)

Ten repetitions per condition were specified with a min imum of 20
required where the population was developed to ascertain appropriate

V Weibull parameters . Particular attention was paid to b i l le t  to bi l le t
variability as described by the Weibull modulus so that statistical
inference from flexural test data could be ascribed to the other test
modes, i.e., tensile and shear, where statistical minimums only were
maintained. Once the statistical characterization of a larger population
was accomp lished , t ran sfer of that assessment in terms of standard
deviation, failure probability and rel iabi l i ty  appeared jus t i f iable  when
comparisons and correlations proved favorable.

V While the correlation of tensile strength and flexural properties
V was never fully substantiated , the only measure of tensile strength in

the weak direction of hot pressed silicon nitride came from a Weibull
analysis of the flexural data. Representative tensile test specimens

V could not be machined because of limited bil let  thickness: 1.25 to
1.30 inches. Miniature samples are always suspect because they are
difficult to handle in specialized test setups.
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Table 2-7

PLEXURAL FAILURE TEST MATRIX
(Tests/Billet on 10 Billets of 40)

Cross Rate (in/mm )

Temperature 1( F)  O.O2~ ~ 0.002 0.0002~ ~ Directions

RI 5 20(2) 5 ~~~
1000 10 strong
1800 10 5 2
2100 10 strong
2300 20(2) s 2
2500 10

1. Strain rate effects to be determined on three billets only.
2. To provide Weibull modulus for first billet at 0.90 confidence level.
3. Strong direction _~~ to hot press , weak // to hot press direction.

NOTE: Weibull modulus in hoth directions was determined across ten
bille ts from data provided at 0.99 confidence level.

In the specific case of large specimens tested in the beam and
plate orientation to assess size and other geometric effects with
respect to area and volume under stress , a special “Gb Bar” resistance
heated furnace oversized silicon nitride loading fixture and Universal
test machine were employed .(5) Test specimen sizes included the
following :

• 0.25 * 0.125 x 1.50 inches

• 0.25 x 0.50 x 1.50 inches

• 0.25 x 0.50 x 3.00 inches

• 0.25 x 0.50 x 4.50 inches

• 0.25 x 0.50 x 6.00 inches

tested under four-point, quarter-point loading at 0.002 inch/minute
cross head motion. (See Table 2-8, page 52 for data.)

The sharp cornered specimen specification was inadvertentl y
changed to include hand bevele’! v nrn ers well into the test program .
Segregated results indicate d a slightly higher average strength and
larger standard deviation for the population with sharp corners. All
results were assembled into a single data base , however.
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2.3.3 SILICON NITRIDE FLEXURAL TEST RESULTS

Initial test measurements indicated an average room temperature V

flexural strength of 98,800 psi ± 6 percent (strong direction-normal to
the hot pressing direction) for the first lot of hot-pressed silicon V

nitride supplied by Norton. This compared favorably with the mean value
of 109,570 psi ± 8 percent reported by Norton using three-point loading.
Strength decreased with temperature from 74,900 psi ± 4 percent (room 

V

temperature - weak direction) to 54,000 psi ± 7 percent (1800°F) to
16,700 psi ± 11 percent (2550°F).

Remarkable improvements were made in the material over the life of
the contract. A significant increase in the high temperature strength
was demonstrated in the early billet s of HS13O silicon nitride as shown
by Figure 2-24 where HS13O is compared to HS11O with respect to weak
direction flexural strength.(2) Anisotropy in the properties of hot
pressed silicon nitride is illustrated in Figure 2-25 where strength
versus temperature is plotted for the strong as well as weak directions
of HS13O. This characteristic persisted in any and all improved versions
of the material and is considered inherent in the hot press densification
process

Strain or stress rate sensitivity was recognized in all forms of hot
pressed silicon nitride tested, especially at elevated temperatures(2)
as shown in Figure 2-26 where flexural strength varies directly with
loading rate for specimens tested at 1800°F and above. At temperatures

100 -
“ I

80 - HS~l3O S13N4

:

TI10 S 3N4 Th
0 400 800 1200 1600 2000 2400 2800

Temperature, °F

Figure 2-24. Strength versus Temperature for Norton Hot
Pressed Si3N4 (HS11O and HS13O)
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below 2300°F, load deflection curves remained linear or elastic to
fracture, while significant deflection was observed just prior to
fracture at temperatures greater than 2300’F. Deflection increased
with decreasing strain rate and appeared to reflect impurity levels in
the materials tested. It was more significant in HS11O (high Ca) than in
HS13O (Ca 300-800 ppm).(2) An examination of fracture surfaces revealed
rough crack areas adjacent to the tensile surfaces in all cases. This
indicated that s low crack growth accompanied plastic yielding
or creep to influence apparent strain disproportionately thus

accounting for nonlinearity in the stress-strain behavior and strain
V 

rate sensitivity.

V The billet property flexural strength data are reported in
Figures 2-27 and 2-28 for the strong and weak directions of HSI3O
silicon nitride respectively .(4) These p lots also ref lect the sensi-
tivity of the material property at elevated temperature to loading rate
expressed in terms of stress. The directional strength differs by
approximately 25 percent.

12° —

ID - 2XlO5 psI/mlrt —

— 2xlO4psI/mln

20 2xlO3psIImIn 
—

I I I
0 1500 2000 2500 3000

Temperature, ‘F

Figure 2-27. The Effect of Temperature and Stress Rate on the
Flexural Strength of Norton HS13O Silicon Nitride
(Strong/Perpendicular to Hot Press Direction)
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Figure 2-28. The Effect of Temperature and Stress Rate on the
-, Flexural Strength of Norton HS13O Silicon Nitride

V (Weak/Parallel toHot Pressing Direction)

The summary flexura l strength properties of Norton HS13O (Noralide
V NC132) appear in Figures 2-29 (strong) and 2-30 (weak). These data V

incorporate the billet data with all available determinations on remnant
vane material to provide a comprehensive description of the basic

V property. There appears to be a 40 percent difference between the
V 

strong and weak directions of the material. The effect diminishes to
approximately 8 percent at 2300°F and seems to reverse at 2550°F. This
phenomenon must be attributed peculiarly to wide billet to billet
variability. The scatter of data on a billet to billet basis is widely
divergent, as indicated in Figure 2-31. Thg~e is clearly a need for
better reproducibility in billet manufacture.

V The trend was toward higher strength as Norton produced a better V

- hot pressed silicon nitride product with time. Strength decreasing
defects , i.e., high and low density inclusions , common in early HS13O

V silicon nitride , were virtually eliminated in the remnant vane material
designated Noralide NC132. Whether or not anisotropy increased
significantly remains a question because it is difficult to account for
lower strength in the weak direction other than to attribute it to
billet variability and higher standard deviation of the billets.
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Figure 2-29. The Flexural Strength of Norton HS13O (Noralide
NC 132) Silicon Nitride in the Strong Direction of
the Material (All Data)
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Figure 2-30. The Flexural Strength of Norton HS13O (Noralide
V NC132) Silicon Nitride in the Weak Direction of

the Material (All Data)
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Figure 2-31. Billet to Billet Variations of Flexural Strength
of Norton HS13O (Noralide NC132) Silicon Nitride
in the Strong Direction

The effect of strain rate sensitivity is diluted somewhat when
properties are averaged across billets and remnant material to define
the properties of a class of materials. These data are plotted for the

V strong direction of Norton 115130 (Noralide NC132) in Figures 2-32, 2-33
and 2-34 for strain rates of 0.02, 0.002 and 0.0002, respectively. 

V

Similar curves exist for the material in its weak direction. All data
and representations of that data are available in the Engineering Property
Data Base to be published by AI44RC independently sometime in the future.

2.3.4 SILICON CARBIDE FLEXURAL TEST RESULTS

- I Early in 1972 Norton produced a hot pressed silicon carbide material
worthy of consideration as a stator vane material. Flexural test specimens
of 0.125 x 0.250 x 2.0 inch size were prepared from 0.5 x 3.0 x 3.0 inch
blocks purchased from Norton for comparison with specimens purchased
directly from Norton.

The average strength of specimens prepared by Norton (320 grit
diamond ground) tested at Westinghouse in four-point bending was
100,900 ± 12 percent psi (four tests) as compared to 72,000 ± 13 percent
(4 tests) for specimens prepared by Westinghouse (220 grit diamond ground).
These preliminary data indicated that the strength of silicon carbide was
sensitive to surface finish. (2)
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Figure 2-32. The Flexural Strength of Norton HSI3O (Noralide
V NC132) Silicon Nitride - Strong Direction, Strain

Rate 0.02 in/mm Cross Head Motion
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Figure 2-33. The Flexural Strength of Norton HS13O (Noralide
NC132) Silicon Nitride - Strong Direction, Strain
Rate 0.002 in/mm Cross Head Motion
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Figure 2-34 . The Flexural Strength of Norton HS13O (Noralide
NC132) Silicon Nitride - Strong Direction, Strain
Rate 0.0002 in/Thin Cross Head Motion

The flexural strength of this prototype s ilicon carbide material as
a function of temperature is presented in Figure 2-35. Too few tests
were performed to comment upon the minimum strength that occurred at
‘~800°F. The decrease in strength observed at temperatures above 1800°F
was significant. No strain rate sensitivity was detected in single
specimen tests at 2300°F in the range 0.2 - 0.0002 in/Thin cross head
speed.

Weibull statistical parameters were determined at 2372°F at a
cross head rate of 0.002 in/mm for 20 specimens. A Weibull modulus,
m • 12.6 with normal stress, o

~ 
33,200 psi, indicated that the silicon

carbide tested was somewhat less volume sensitive than silicon nitride.(2)

Three 9 inch diameter x 1.30 inch thick billets were used to determine
the properties of Norton Noralide NC203 silicon carbide. The flexural
strength of the billet material as a function of temperature is reported
in Figure 2-36. Specimens were cut parallel and perpendicular to the hot
pressing direction but no significant indication of anisotropy was
detected.(4) There was a trend toward strain rate sensitivity, however ,
as shown in Figure 2-37.(~

) The s lopes of the straight line data at
2290, 2370, and 2550°F, i.e., 0.0454, 0.0566 and 0.043, respectively,
indicated that silicon carbide was less susceptible to subcritical crack
growth than silicon nitride. (4)
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Figure 2-35. The Flexural Strength of Norton Hot Pressed SiC
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Figure 2-36. The Effect of Temperature on the Flexural Strength
of Norton Hot Pressed Silicon Carbide (Noralide NC203)

L



_ _  - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _

I L
100 

I I I I 1

(Numbers in Parenthesis Are % Standard Deviation)

0 I I I I I V

IO~ 2.3 x ~ 1O4 2.3 x 1O4 ~~ 2.3 x 10~
StressIng Rate, psI/mm

Figure 2-37. The Effect of Stress Rate on the Flexural Strength
of Norton Hot Pressed Silicon Carbide (Noralide NC203)

The flexural properties of hot pressed silicon carbide were particu-
larly sensitive to edge defects. Approximately 90 percent of the fracture
origins identified in flexural test specimens were observed at edges. V

Specimen surface and edge condition clearly affect flexural strength results:
220 grit grinding - 73.0 + 22% ksi , 320 grit with beveled edges-
96.6 +9% ksi.(4)

Summary data, which describe the flexural strength properties of
Norton Noralide NC203, appear in Figures 2-38 and 2-39. Billet results
from the characterization of the material and all appropriate data points
are shown. Strain rate sensitivity or the effect of strain rate on the V

apparent fJexural strength of hot pressed silicon carbide is evident from
the two figures. Error bars represent standard deviation which is high at V

all temperatures.
V 

2.3.5 STATISTICAL ASPECTS OF MATERIAL CHARACTERIZATION

As pointed out previously, the bulk of testing was conducted in the
flexural test mode with statistical inference to tensile and shear a~tongothers.(3) When area and volume dependent failure probabi lities ,U°) or

f  ( 2.) dA - KA (~2.) or f  ~~~ 

m 
dV • KV ( 2)
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Figure 2-38. The Flexural Strength of Norton Noralide NC203
Silicon Carbide
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Figure 2-39. The Flexural Strength of Norton Noralide NC203
Silicon Carbide
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V were first plotted from three-point flexural strength data at room
temperature supplied by Norton for HS13O Si3N4 billet certification,

V Figures 2~4(I and 2-41 were produced to predict failure stress in silicon
nitride for various test modes by application of Weibull Theory. The
correlation of four-point flexural strength and available tensile data
with the Weibull estimates was excellent. The Weibull area integral
appeared appropriate for the prediction of tensile strength at room
temperature, while the volume integral was preferred at 2375°F. ( 3)

Estimates of strength as a function of volume and/or area under
stress were made for HS13O (NC132) silicon nitride and NC203 silicon
carbide at room temperature, 1000, 1800 and 2300°F, using two and three
parameter Weibull statistics(lO) based on the four-point flexural
strength measured as part of the experimental program. (5) Correlation

V of experimental tensile data with predicted results was best for the
effective volume under stress, using two parameter Weibull , m = Weibull
modulus and a0 = normalizing stress. Figures 2-42, 2-43 and 2-44
illustrate the results.

The best estia.ates of tensile strength for hot-pressed silicon
nitride in the weak direction are 42,000 psi at room temperatu e,
39,500 psi at 1000°F, 35,000 psi at 1800°F and 22,000 psi at 2300°F based
on Weibull theory of random flaw distribution (Figure 2-43). These data

240
220 

- 
f(o)

m 
dA=KA (~

’
) 

rn

180 V 

Room Tempe rature o0 r 1+1/ m I

~~~~~~~
r n = P

~~~~~

>

0i (K; 1/rn

1300°C — 2372°F
m 7.1o 0 44,800

20 
Strain Rate.001 in1~n-rninute

1o~ 1o~ io 2 iol
Log KA

Figure 2-40. Predicted and Measured Failure Stress of Hot Pressed
Silicon Nitride for Various Test Modes (Two Parameter
Weibull Theory Based on Area)
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Figure 2-41. Average Failure Stre5s for Hot Pressed Silicon Nitride
for Various Test Modes as Predicted by Two-Parameter
Weibull Theory Based on Volume
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Figure 2-44. The Strength of Norton Hot-Pressed Silicon Carbide
as Predicted by Weibull Statistics Based on Volume
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are plotted for reference and comparison in Figure 2-12. Since the
billet thickness did not exceed 1.25 inches, it was impossible to
measure the tensile strength or modulus in the weak direction by actual
test.(S)

V Failure probability plots were prepared for hot pressed silicon
nitride (Figure 2-45) and silicon carbide (Figure 2-46). Assuming the
same probability of failure applies regardless of test mode, average
tensile strength must be reduced b1 25 percent when designing the
5 percent probabili ty of fa ilure . (5)

A series of four-point bend tests were made at a strain rate of
V 0.001 in/in/mm to determine the effect of specimen size on the

strength of Si3N4 and SiC at room temperature by actual measuremci~t.”Specimens 0.125 x 0.250 x 1.125 in, 0.125 x 0.250 x 2.0 in, 0.125 x
0.250 x 3.0 in, and 0.125 x 0.250 x 6.0 in were tested in both the beam
and plate orientation so that both the volume and area under stress were
variables. The results appear in Table 2-8. While the flexural strength
datR are extrapolated to meet the Weibull prediction in the vicinity of
the tensile size specimen, the correlation between the measured values ,
overa ll , and the Weibull estimates was not good for the range of sizes
tested.

100 
i i t

9 0 -  / 1 1
8 0 -

F

Mean st r.ss.1/n 
~ °1 °2~~1 0 -

V where n — sp.ci~~~n tut.d — 20-40

I 
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I I I
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Figure 2-45. Failure Probability for Norton HS-130 Si3N4
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Figure 2-46. Failure Probability for Norton Hot Pressed SiC

2.3.6 AN ANALYSIS OF THE TIME-DEPENDENT FLEXURAL TEST

The flexural testing and resultant data represent the strength and 
V

to some extent the creep properties of silicon ni tride and sil icon
carbide as ceramic materials in a classical sense. As long as the
stress-strain function is linear and remains the same for tension and
compression, elastic beam theory can be used to determine stresses and
strains. However, if the stress-strain function is nonlinear and/or
the tensile behavior differs from compressive , the elastic treatment
tends toward erroneous results. In such cases, a more complex analysis
is indicated.

Nadai~~~ presented the theory for bending of bars having a time- 
V

independent arbitrary law of deformation. Analyses of flexural creep
are also prevalent in the literature.(12-l6) A general theory for the
bending of bars having a time-dependent arbitrary law of deformation is
presented here. It is applicable to constant deformation rate tests and
flexural creep tests as well. This representation is an extension and
refinement of the work reported previously,(6 l) and as such supersedes
rather than stmenarizes the activity specifically .
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TABLE 2-8

FLEXURAL STR ENGTh COMPARISON
(Estimates versus Measured, Average of 3)
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The analysis of the time-dependent flexure test assumes: (a) the
bar has a constant cross section (rectangular, for simplicity) ; (b) it is
loaded by forces directed perpendicular to the long itudinal ax is;
(c) cross sectional dimensions are smal l relative to the length in
order to neglect shear stresses; (d) the rate of deflection is constant;
and , finally (e) the cross sections remain planes during bending. The
last assumption implies that the strains, c, are linearly proportional
to the distance , y, from the neutra l axis:

(~)

where R is the radius of curvature due to bending. The total strain,
V c~, across the hei ght, h, of the specimen is therefore

(2) V

where 
~t is the maximum tensile strain at the outer tensile fiber andc~ is the maximum compressive strain at the outer compressive fiber.

I
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The equilibrium force equation is:

h/2 bhF a f  c(c ,t) dA
~ 

— 

~~ 
f o(c ,t) dc — 0 (3)

—h/2

where a(c,t) is the stress, Ar is the area , and b is the specimen width.
The applied moment, M, must be resisted by the specimen, resulting in the
equilibrium:

h/2 bh2 £
• M a r a(C,t)y dA ~ ~~ 

(It o(c,t)c d~ (4)
L dcc

- L For the four-point flexure test in Figure 2-47 ,

~~~~~ 
(5)

for all points within the inner span; P is the applied load; and a is
the moment arm . Also, the strain, c~, is proportional to the applied
deflection . D1.

P P
2 2 V

I—

C 

/

Figure 2-47. Bending of a Bar in Four-Point Flexure
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For the case where the def lection, Dl, measures the relative
vertical displacement of the inner span points to the outer span points,
~ is given by:

— k1 D1 3aL 4a2 
D1 (6)

where L is the outer span length.

For the case where the deflection, D2, measures the relative
vertical displacement of the midpoint with respect to the inner loading
points:

* 
h

C = k 2 D2 — — ~.D2 (7)
C

where c is the inner span length.

Differentiating Eq. (3) with respect to time, t, results in:

1 d(Fc ) - 0 - + ~~~~~~~~
- - ~~~~~ (8)

bh dt - 
~ ~~~~~~~~~~~~~~~~ c d t

where a is the stress at the outer tensile f iber , a~ is the stress atthe out~r compressive f iber, and

= do(c,t) dc (9)

Similarly, differentiating Eq. (4) with respect to time results in:

1 d(Mc~~ 
dE t

dt • A + a
~~

C
~~

.-
~~
. . a c _

~~
. (10)

where
C
t

. 

~~~ 

da~e,t)! dc (11)

Also the differential of Eq. (2) is

de
~ 

dc
~ dE* (12)

_-

~~~~~ 
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By substItution , Eq. (10) can be written as:

1 d (14c”2) A + 

0
~~ 

O
~ C~~~ + 

- 0t £~ ) 
(13) 

V

bh2 dt 
~°c + °t~ 

dt 0c • 0t

and

1 dC* 2 ~4 
0t 0c d * 

C - 
~~

~~~~ 
(2—~~. £* M + C~~~ ~~) — ~

,, + 
+ oj ~~~~ C~ + ( 

+ a~ 
)Y ( l4)

If deflection and , therefore , the total strain , c~, are held constant,
then the stress relaxation version of Eq. (14) becomes

.—i.~~ (c ”2 
~~~j  ~~ 

— ~ + 
~ :~ : :: 

~~ ‘r (15)

where dM/dt is the rate of moment change due to stress relaxation.
Subtracting Eq. (15) from Eq. (14) produces

t c  1 
~2 c~ dM dM

at + a c n ~~
L M + de*Tdt ~~~~~ 

(16) 
V

the genera l equation relating the outer fiber stresses to the moment
and time.

For a constant moment creep test , dt4/dt is zero . Therefore, the
general equation for flexural creep becomes:

a
~

a
~ 1 

_ _ _ _ _ _

+ ~ c = - dc*/dt ‘ 
~~~~~ (17)

Equations (16) and (17) therefore relate the unknown values of at
and a

~ 
on the left to the measurable quantities on the right . Both

moment and total strain must be determined as functions of time. The
N and e~ are instantaneous values. The dM/dt and dC*/dt are the slopes
of the curves at those instaneous values. The dM/dt~c* can be
determined by running tests at several strain rates or fQr the creep
tests at several constant loads. From these, moment-time curves at
constant strain can be established and the required values determined
frost the slopes of the curves at the appropriate moment and time values. V

It is necessary to have another function relating at and a~ 
in

order to obtain exact values. Without knowledge of this function, it
is impossible to establish boundaries within which most materials will
fall. It can also be argued that material properties will usually fall
closer to one or the other boundaries. For materials which undergo true
plastic deformation , the tensile and compressive stress-strain curves

55



- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V V V V _ ~~V~~~V T V ~~~VV~. V - VV. V - V —~~~

wi ll be equivalent, i.e., at will equal ac. Therefore, the first
boundary is eas ily establ ished . A large class of materials is high ly
resistant to deformation in the compressive mode. The second boundary
occurs by letting the compressive stress be time-independent and linearly
elastic. A simple compression test establishes which of the two conditions
hold and in the elastic case establishes the compressive strain function,
i.e., the modulus of elasticity.

For the first boundary condition, where tensile and compressive
stress-strain relationships are the same, Eq. (16) becomes:

V 

a
~ 

= a~ = 2 • = ._
~~~~~

. [2M + dc*/dt 
(~~ - ~~~~~

V J  ~)1 (18)

and Eq. (17) becomes :

= °c = 2 c = [2M - dc*/dt (19)

Also,

= C = c*/2 (20)

For the second boundary condition, where the tensile side of the
flexure bar follows a time-dependent arbitrary law of deformation and
the compressive side behaves elastically, the moment deflection data can

V be analyzed incrementally under conditions of constant time by noting
that for small changes :

at1 ~~ = 0~~ (21)

where

= c~ - (22)
1 1 i— l

AC = C - C — C~ - C~~~ - C (23)
~ 

c1 ~~~~~~~ 

1 i-l

— and
C

°ci 
— (24) 
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where A is the elastic compliance (the reciprocal of the elastic modulus).
By proper substitution in Eq. (22) :

~~~

2 
+ (C - 2 c~ ) c~ + [A $ s

~ 
+ (c e . - A $)

(25)

~~~~~~ 
) 1 °

1-1

The quadratic equation can be solved for cr1. Then, 5Ci~ 
0Cj  and Gtj

can be determined by substitution.

Analytical Results

The concept can be appreciated best by example. Moment/time and
total strain/time values were generated to determine the outer fiber
stress-strain relationships for the appropriate cases: elastic, time-
independent arbitrary deformation law and time-dependent arbitrary
deformation law.

For a constant rate of deflection the stress/strain/time relation- V

ships used in the synthesis of M versus t and e~ versus t curves were 
V

determined from an equation of the form:

(26)

where V 
-

A = 2 x l 0 7 V

B = 2 .2 x 1 0 ~~
6 V

n =  3

m = l / 2

strain rate = .01 
V

When equivalent time-dependent deformation occurs in tension and 
p

compression :

V 
Co

_ S
t (27) V

If the material resists deformation in the compressive mode,

(I 

(28)
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• ~• Typical results of the tensile analysis for equivalent tensile and
V compressive deformation are shown in Figure 2-48. The elastic beam
V analysis produces a maximum stress that is 25 percent too high . The

time-independent analysis underestimates the stress by 7 percent .
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50. 00 - =AO + BO n
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40. 00 -
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C) Time-Independent
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Figure 2-48. Outer Fiber Tensile Stress-Strain Relationships for
Equivalent Tensile and Compressive Deformation as
Determined from Elastic Beam Theory (a) , Time-
Dependent Deformation Theory (b) and Time-Independent
Deformation Theory Cc)

Figure 2-49 represents the tensile analysis for time-dependent
tensile and elastic compressive deformation . In this case , the elastic
beam theory not only produces a higher maximum stress , 78 percent , but
the maximum strain is diminished by 26 percent . The time-independent
analysis reduces the maximum stress by 7 percent. V

The stress/strain/time relationships used to synthesize the moments
and strain/time curves for creep were determined frost Eq. (26) using the
following para eters.

A - 0 .2  V

B - 8 x lO~~
n -  2
a — 1/2

V V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V V
~~~~~~~~~~~~

V VVT
VV V •~~~~~~~~~~~~~~~~~~~~~~~~~~~ L
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Figure 2-49. Outer Fiber Stress-Strain Relationships for Non-
Linear Tensile and Linear Compressive Deformation as
Determined from Elastic Beam Theory (a) , Time-
Dependent Deformation Theory (b), and Time- Independent
Deformation Theory (c)

For equivalent time-dependent, nonlinear deformation in tension
and compression , the creep data presented in Figures 2-50 and 2-51 were
calculated for a constant moment of 100 bh2/6 where the bar width, b ,
and the bar thickness, h, were both unity. This is equivalent to
initially applying an elastic stress at the outside fibers of 100 units.
Moment relaxation data were also calculated. These are represented by
the dashed curves in Figure 2-50. The results of the analysis are
plotted in Figure 2-52. The solid lines represent the stress-strain
distributions within the bar at the given times. The dashed lines and
circles are the outer fiber values. Initially, there is a rapid drop in
stress and then a slower but continual stress decrease with time .

A comparison between creep for the constant moment flexural test
and the expected creep for the constant stress uniaxial tensile test
is made in Figure 2-53. Each was elastically stressed initially to the
same value. Strains and strain rates differ considerably.

The creep and stress relaxation data of Figures 2-54 and 2-55 were
calculated for a constant of 100 bh2/6 for a bar width and thickness
of unity in the case of time-dependent, nonlinear deformation in tension
and linear elastic deformation in compression. The values of M, dM/dt/t’
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Figure 2-50. Constant Moment Line and Moment Relaxation Curves for
a Calculated Example where Deformation in Tension and

4 Compression Are Equal, Time-Dependent and Nonlinear
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Figure 2-51. Total Strain Versus Time for a Calculated Example
where Deformation in Tens ion and Compression Are
Equal, Time-Dependent and Nonlinear 
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Figure 2-52. Stress-Strain Distributions at Various Times during a
Constant Moment Flexural Creep Test for a Calculated
Example where Deformation in Tension and Compression
Are Equal, Time-Dependent and Nonlinear
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Figure 2-53. Creep Curves for the )Jniaxial Constant Stress Test and
the Flexural Constant Moment Test for a Calculated
Example where Deformation in Tension and Compress ion
Are Equal, Time-Dependent and Nonlinear
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Figure 2-54 . Constant Moment Line and Moment Relaxation Curves for
a Calculated Example where Deformation in Tension
Was Time—Dependent and Nonlinear, and Deformation in
Compression was Linear-Elastic
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P~gur. 2-55 . Total Strain Versus Time for a Calculated Example where
Deformation in Tension Was Time-Dependent and Nonlinear
and Deformation in Compression was Linear-Elastic
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c~, and dc*/dt at various times were determined as before. The results
appear in Figure 2-56 as the stress-strain distribution within the bar
at given times. The dashed line and circles represent outer fiber values.
In this case the disparity in tensile stress with time is much greater
than in the previous case, although the same tensile deformation equation
is used .

R t
~~

O

/>~~
=lo t i 0 0

~~50

Compressive St ra In

20 40 60 80 1U)

/  

Ten sIle Stniin

‘V - S o .,’
/
/ Constant Moment 100~ v

t 0 /  -l00~t ” io l
t.100/

t—1000(

Figure 2-56. Stress-Strain Distributions at Various Times during a
Constant Moment Flexural Creep Test for a Calculated
Example where Deformation in Tension was Time-
Dependent and Nonlinear, and Deformation in Compression
Was Linear-Elastic

In Figure 2-57, a comparison is made between creep for this example
of the constant moment flexural test and creep for the constant stress
uniaxial tensile test. The flexural test for the present case produces
even lower tensile strains and strain rates than for the previous case .
The increase in flexural compressive strain over that of constant uniaxial
compressive strain results from the bar regeneration requirement to
maintain a force balance on the tensile and compressive sides. The curve
for c*/2 versus time is included in Figure 2-57 because it represents
the flexural creep curve normally reported. For materials that resist
flow in compression, it is representative of an average only.
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Figure 2-57. Creep Curves for the Uniaxial Constant Stress Test
and the Flexural Constant Moment Test for a Calculated

~ ~
- Example where Deformation in Tension was Time-Dependent

and Nonlinear , and Deformation in Compression Was
• -i Linear-Elastic

The final example is the analysis of actual test data. Five samples
of HS13O (Noralide NC132) silicon nitride were tested at total strain
rates between 8 x lO~~ and 46 x 10-6. The moment time and total strain/
time curves are shown in Figures 2-58 and 2-59, respectively. Analyses
were performed for a) an elastic bees, b) equivalent time-dependent
nonlinear tension and nonlinear compression and c) time-dependent
nonlinear tension and elastic compression. The outer fiber tensile
stress-strain curves were determined for each case (Figure 2-60). The
actual stress-strain values will fall within an envelope defined by the
curves b and c. Since silicon nitride resists flow in compression, the
curves in case Cc) best describes the deformation behavior. Elastic
beam theory overestimates tensile strengths by 70 to 90 percent and
underestimates total strains by 10 to 25 percent.
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Figure 2-58. Moment-Time Curves for Plexural Tests on Norton HS13O
(Noralide NC132) Silicon Nitride
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Figure 2-59. Strain-Time Curves for Flexural Tests on Norton HS13O
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(Noralide NC 132) Sil icon Nitride
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2,4 CREEP PROPERTIES OF HOT PRESSED SILICON NITRIDE (NORTON HS13O ,
NORALIDE NC132) AND HOT PRESSED SILICON CARBIDE (NORTON NORALIDE
NC203)

2.4.1 BACKGROUND
V 

The effects of creep and/or the stress rupture properties of
V materials are extremely critical in structural applications involving

gas turbines, especially for hot/power section components. While the life
determining property may be fatigue or some aspect of corrosion/erosion,

V i.e., oxidation or sulfidation , more often than not it is creep related
stress rupture which becomes life limiting . This is certainly true where
stress levels at elevated temperatures are high as in rotor blades, for
example. The implication may be subtle in a low steady-state stress
application like that of the stator vane, but transient thermal stresses
peak in this case at temperatures which exceed the threshold of creep.
Under such condition s failure may be averted by stress relaxation if
indeed it is to be averted at all.

Creep/stress rupture properties represent an important design
parameter, and become an essential part of any reasonable evaluation of
component performance or l i fe  expectancy.

2 .4 .2  TENSILE CREEP AND STRESS RUPTURE TESTING

Every attempt was made to perfor. the creep/stress rupture tests by
conventional methods. All data were presented in conventional form. A
planned matrix (Table 2-9) was employed to bracket the material’s
performance (hot pressed Si3N4 and SiC) in term s of stress (5 , 10 , and
15 ksi) and temperature (1800, 2100, 2300 and 2500 F). A minimum of
three specimens per condition per material was specified . Tests were
performed in inert atmosphere (helium) and in air , using graphite , ID

TABLE 2—9

TEST MATRIX FOR TENSILE CREEP PROPERTIES
(TEST PLAN/TEST ACTUAL)

Stress Temperature (°F)
(psfl 1800 2100 2300 2400 2500

5,000 3/2 3/3 3/ 3 0/2 3/ 1

10,000 3/1 3/3 3/5 0/ 2 3/3

12 000 0/0 0/ 1 0/3 0/ 2 0/0

15,000 3/0 3/3 3/3 0/2 0/3

ii 
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nickel-chrome, or silicon carbide grips , depending upon the specific
test requirement and the testing laboratory (Westinghouse R~D or

V Westinghouse Astronuclear Laboratory - now Advanced Energy Systems
Division) . The test matrix , as planned , was adjusted to eliminate
the high stress , high temperature and low stress , low temperature points
as testing proceeded. The creep strength of Si3N4 was so poor at 2500°F
that results were not meaningful. Too little strain occurred at 1800°F,
5000 psi for accurate measurements.

The typical creep specimen~
2
~ is illustrated in Figure 2-61. Creep

testing in air was performed in 12,000 lb capacity lever-type (dead
V weight) creep machines with 2800°F platinum-wound tube-type furnaces

installed which had 0.50 inch diameter view ports spaced 180° apart .
Specimen alignment was accomplished by a strain gage technique (see

• Tensile Test Section 2.2.2, page 19) . TD nickel chrome grips were
designed and used at 15,000 psi stress, 2300°F maximum (Figure 2-62).
Test temperatures were monitored with an optical pyrometer after
determining the temperature distribution with a platinum-lO% rhodium
thermocouple.

.32

—I.,

Figure 2-61. Creep Specimen

Attempts were made to measure creep strain ini t ia l ly  with an optical
extensometer by sighting on silicon nitride targets cemented to the
specimen . When the cement reacted with the specimen , causing failure at
a target location , this method was abandoned in favor of targets which
were diffusion bonded in place . Cross-head travel proved to be an adequate
measure of creep strain when veri fied by the final dimensions of the specimen
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Fi gure 2-62 . Creep Test Setup with ID NiCr Grips

A ceramic rod-type extensomstsr (Figure 2.63) was eventually
designed . This extensometer was attached to the ip.cimen by wedging
spring-loaded cross pisces into ths radi i at opposit. ends of the gags
length .

Tensile specimen s, 5-1/2 inches long and 0.250 inch disaster
(Figure 2-7), were used for tests in helium at I psig which employed a
20,000 lb capacity spring-type creep machine equipped with a $rew furnace
(Figure 2-64) . Creep strain was masiured with a Gsertnsr M353A-1O optical
extensometer sighted against graphite targets clamped to the 2.00 inch
gage length of the specimen as shown in Figure 2-65. The strain measurements
were difficult to make however , because of poor contrast . Plstinua/10%
platinum-rhodium thermocouples were used to measure temperature and
temperature distribution at first , but reaction between the thermocouple
and the specimen precluded their use. An optical pyrometer was finally
employed to monitor specimen temperature after the temperature distribution
was adjusted to acceptable limits (. 20’F at 2500 P over the 2.00 inch
gage length)
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Figure 2-65 . Graphite Extensometer Targets Used to Measure Creep

Strain UP to 2500°F in Inert Atmosphere

2.4.3 CREEP/STRESS RUPTURE TEST RESULTS

2.4.3.1 Silicon Nitride
V 

A preliminary creep test on HS11O silicon nitride at 1800°F ,
20 ,000 psi stress in air produced a steady-state creep rate of
3.5 x 10-6 inf in/hr . The specimen failed after 200 hours at 0.16 percent
elongation. (2)

Helium Atmosphere. The creep behavior of HS13O silicon nitride in
helium was fnvestigated in a somewhat more systematic manner at first ,
using an Instron machine and graphite grips.(2) Specimens were heated
inductively in a furnace capable of providing a uniform 3 inch hot zàne
up to a maximum test temperature of 2500°F. Elongation was measured by

V an LVDT, monitoring bottom RAM motion on the Instron machine with good
agreement between recorded strain and final specimen dimension.

The cursory creep results appear in Table 2_l0.(2) Stress rupture
properties are plotted from these data in Figure 2-66. Test mode
obviously affects the results as shown by the inclusion of Norton data
obtained by three-point bending. Creep curves typically displayed the
three classic stages (Figure 2-67). When steady-state strain rate was

71
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Figure 2-66. Stress Rupture Properties of Si3N4
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Figure 2-67. Typical Creep Curve for HS13O Si3N410,000 psi , 2300°F
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TABLE 2—10

CURSORY CREEP PROPERTIES OF HS13O Si3N4 IN HELII14

Temperature Stress Time to Steady-State Elongation

V 
f°F) (1000 psi) Failure Creep Rate 

__________

2500 15 0.8 mm 3 x l0~~ 0.32

— 2500 10 24 hr 2 x l0~~ 0.71

2300 10 129 hr 1.8 x l0~~ 1.30
(no failure)

V 2300 10 600 hr 1.8 x l0~~ 0.58

2300 14 42.7 hr 3.6 x l0~~ 0.51

2300 14 17.2 hr 9.3 x 10
_s 

0.53

V 2300 12 45.0 hr 1.8 x l0~~ 0.46

2300 12 86.8 hr 2.5 x 10~~ --

plotted as a function of log stress (Figure 2-68) a low exponent , n = 1.3,
in the relation e = a~ resulted. This provided the final indication of
a creep mechanism since n < 2 suggests visco-elastic phenomena, i.e.,
a Nabarro-Herring diffusional creep or grain boundary sliding. Prelimi-
nary transmission electron microscopy supported the hypothesis of grain

V boundary sliding as the rate controlling process. (2)

Additional data from tests in helium permitted the stress rupture
properties of HS13O silicon nitride to be developed more ful ly
(Figure 2-69).(3) While the creep strength of the material appears to
be adequate at 2300°F, performance at 2500°F is marginal at best,
considering the 5000 psi gas bending stress requirement for a stator vane
designed to operate for 10,000 hours in stationary turbine service. 

V

HS13O offered a marked improvement in creep resistance over HSllO.
Since the Ca concentration in HSllO was an order of magnitude greater
than for HS13O (~* 0.5 w/o for HS1I0 vs 0.03-0.06 w/o for HS13O), impurity 

V

levels had to influence the properties of hot pressed silicon nitride
appreciably. (3) That contention is supported by the plot of steady-state V
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Figure 2-68. Strain Rate vs Stress for HS13O Si3N4
in Helium Atmosphere at 2300°F
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Fi gure 2-69. Stress-Rupture Properties of Silicon
Nitride in He Atmosphere
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creep rate as a function of reciprocal temperature in Figure 2-70 for
three levels of impurity. When the steady-state creep rate was expressed
by a generalized Arrhenius equation, activation energies for creep (AH)
were obtained as follows:

150 Kcal/mole - HS13O Si3N4 at 10,000 psi for 2300-2500°F
150 Kcal/mole - HS11O Si3N4 at 10,000 psi for 2050-2150°F

T.mplrMur, ca~x Z300 2150 2100 me irno
lc-~ T I I

HS-150 C CII
V • W S-ZWC. 2.t % Cal
V 

HS 110C5,t%CII

I

\- AK .1301(clVmoI.(*5)

3 :
:

1r5 •V -

A N .  150 Kc.~h*Is
1*51

- U

I I

6

Figure 2-70. Steady-State Creep Rate vs lIT at
10,000 psi in He Atmosphere

The activation energy data are consistent with the observation that
creep deformation in hot pressed Si3N4 is controlled by grain boundarysliding. The viscosity of the glass phase at the boundary is a dominant
factor when the mechanical strength of the material is considered,
particularly at elevated temperatures. Rosin, et al ,(’7) measured the
viscosities and the activation energies for viscous flow in SiO2, SiO2
doped with CaO and S1O2 doped with A12O1. Their data are compared with
the activation energies obtained for silicon nitride in Figure 2-71. If
the grain boundary glass phase in HS13O silicon nitride is 12 mb as
reported(3) and the temperature dependence of ~H for viscous flow ot

V SiO2 plus 8 mb CaO is assumed to be similar to that of pure Si02, curve B
is constructed to represent the glass phase composition. Favorable
agreement between the activation energies for creep in Si3N4 and viscous
flow in CaO doped SiO2 strongly 3uggests that the creep behavior of Si3N4
which is sensitive to Ca concentration , is controlled mainly by the
properties of the grain boundary glass phase.
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Figure 2-71. Activation Energy for Viscous Flow

Results in Air. The first nine creep tests in an air atmospherç
indicated a startling effect of atmosphere as reported in Table 2-ll. ’~~

TABLE 2—11

EFFECT OF ANOSPHERE ON CREEP PARAMETERS, HOT PRESSED HS13O Si3N4

Test Applied c 5hr ’ Tot al Elong. (%)
Tençerature Load

(°F) [1000 psjj He Air  He Air CoJmaents

1800 10 1.5 x l0~~ Term . 2000 hr

2050 10 2 x 10~~ 0.5 HS-l10 , 0.2 % Ca

2100 10 2 x l 0~~ 0.3

2150 12 0.2 HS-llO , 0.2% Ca

2200 10 1.6 x 10~~ 1.7

2200 12

2300 8 6 x l0~~ 3.1

2300 10 2 x 10~~ 1 x l0~~ 0.6 3.3

2300 12 3 x 10~~ 0.5 2 .9

2300 14 4 x 10~~ 0.5

2400 10 2. 8

2500 10 2 x 10~~ 0.6
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Both creep rate and total creep strain are significantly higher in air
than in helium. The phenomenon is clearly demonstrated in Figure 2-72
where typical creep curves of percent strain versus time are plotted for
air and helium respectively.

Tims, hrs

Figure 2-72. Creep Properties of Hot Pressed Si3N4 at10,000 psi , 2300°F

There was a small reduction in the activation energy for creep in
air as compared to the helium atmosphere (Figure 2-73).(4) However, ~H
remained high and continued to fall within the range of activation energies
for viscous shear in silicate glasses (1)

~~~~~~~ ‘C
~~~~~~~~~~~~~~~~~~~~~~ ,

Nsl ~~ w$~flN 5~~fl~
S I .  S •

‘~
s

_p . I .

Figure 2-73. Effect of Temperature on the Creep Properties
of Norton HS13O Si licon Nitride
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The bulk of the creep data for HS13O (Noralide NC132) S13N4 in air
obtained at Westinghouse R~D is summarized in Table 2-l2.(4 5,7).

• TABLE 2—12

CREEP PROPERTIES OF NORTON HS13O (NORALIDE NC132)
SILICON NITRIDE IN AIR

(3.00 in x 0.250 ii gage diam x 1.50 in gage length)

Rupture Rupture Creep
Stress Temp Time Strain Rate

• (ps i) (‘F) (hr) (%) (%/ht)

• 10,000 1800 1,962 0.49 5.0 x 10~~ No failure

10,000 2100 1,097 0.55 2.5 x 10~~ No failure
10,000 2100 10,219 2.65 1.8 x lO~~ No f a i l u r e

15 .000 2100 1 ,004 0.85 5.9 x 10~~ No f a i l u r e

15 ,000 2100 161 1.10 2.8 x Reaction In gri p

15 ,000 2100 2 ,134 2.40 1.) a

20,000 2100 17 0.33 8.5 a 10~~ Tested previousl y
5 ,000 2300 1 ,826 4.50 1.4 a

5,000 2300 1~ 25 2 2 . 70 1 .1 a l0~~
5 ,000 2300 978 1.05 4.0 a 10~~ No failure

8 ,000 2300 2 .282 3.50 1.0 a IO~~ No fa i lure

8,000 2300 331 1.00 1.2 a 10~~ No f a i l u r e

8,000 2300 515 3.30 6.0 x 10~~
10,000 2300 326 3.80 1.0 a I0

_2 
5.5 in a 0.25 in diam a 2.00 in
spec imen failed at sight size

10,000 2 0 0  322 3.30 7.2 a

10,000 2300 337 1.00 1.2 a 1O~~
10,000 230() 128 2 .4 0  - - Grip seat s deformed
12 ,000 2300 736 3.40 3.5 x IO~~
15,000 2300 384 3.00 3.5 a I0~~
15 ,000 230(1 2 1.40

Supplementary results from a small test program at Westinghouse Astronuclea
Laboratory (Advanced Energy Systems Division) are included in Table 2_13.(6
These data are plotted in conventionaJ creep and stress rupture form for
comparison with typically used superalloy systems in Figures 2-74, 2-75,
2-76 and 2-77.
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When seleLted data for stress rup~.ure life at 2300°F are plotted as
a function of stress for observed billet chemistry (Table 2-14) in
FIgure 2-78, two separate lines for HSI3OA and FIS13OB fit the results

V better than a single line to represent all data collective ly.(5) The effect
of Ca concentration as reflected by steady-state creep rate is evident in
Figure 2-79 for temperatures of 2300 and 2100°F. Single datum points at
2500°F and 1800°F (10,000 psi stress) where creep rates approach 1.8 x 10~~and 1.6 x 10 7/hr respectively, are not shown.

While the effect of atmosphere on creep in HSI3O SI3N4 (Noralide
NC132) is apparent in Figures 2-78 and 2-79, the most significant aspect
remains unidentif ied . Total elongation in helium rarely exceeds 1 percent ,
whereas 2.5 to 3.0 percent strain at rupture is characteristic of the hot-
pressed silicon nitride in air. Since turbine rotor blading must meet a
total strain requirement , creep life has been expressed in terms of maximum
allowable tensile strain or 1 percent elongation . The data are reduced
to reflect this strain criterion in Figure 2-80. Under conditions of• 20 ,000 psi stress, the life est imates at 2100°F range from 500 to 2000 hours
depending upon the calcium concentration of the parent HSI3O (Noralide NC132)
billet material. There is no need to impose a tensile strain requirement
in stator vane applications because the steady-state stresses are not expected
to exceed 4000 psi. If the vanes were to deform up to 3 percent by bowing ,
for example, the effect on performance would be inconsequential.(S)

It is generally agreed that creep deformation results from dislocation
motion and/or diffusiona l creep. In the case of hot-pressed silicon
nitride , grain boundary sliding, a diffusional process, presumably
predominates.(S) Creep, therefore, can be expressed by:

n MI/RT• ~~=A a exp

where ~H is the activation enthalpy for creep and n is an exponent equal
to 2 (Figure 2-79) denoting grain boundary sliding.

Dislocations were identified in silicon nitride)2~ However, the
dislocation density was very low and there was no detectable change in
dislocation density as a result of creep deformation. The contribution
of dislocat ion motion to creep strain was, at best, a few orders of
magnitude less than the observed creep strain.
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TABLE 2-13
SUPPLE?LNTAL CREEP PROPERTIES FOR Si 3N4
(Air Atmosphere-Silicon Carbide Grips)

Rupture 8uptur.
St ress Life STrain

~~t.rta1 ( P )  (1000 psi) (hi) (•%) Resin..

$1354 (NC ISZ) 2200 It. 7,5 8.2 Susp.ct.d grip defer.

Si354 (5C132) 2200 14 0.8 0.18

513144 (5C 152 ) 2200 12 - - - - -. Srob~e upon 1o.din$

51354 (512132) 2200 40 2 .9 0.2$ iai1.d due to ts~~~rature cyc le

• S1~N4 (HSI3O) 2400 6 480

Si~N~ (NS13O) 2400 $ 52 4 .3

Si~ t4~ (145130) .‘100 $ . 0 V I 1.9

Si3N4 (145130) 2400 4 1065 5.5

S13N4 (145130) 2400 8 19

$1354 (145130) 2200 It. 21 0.41

5* 354 (145130) 2200 IS 14 0.2

TABLE 2-14
CIII.MISTRY OF Si3N4 BILLETS

(In Weight Percent)

Group Designat ion Ca Na K Al Fe

HSl l0~A 0.5 0.002- 0.002- 0.5- 1.0 0.5
0.004 0.004 1.0

HS11O—B 0.1- 0.004- 0.004- 0.1 1.0 0.5
02 0.005 0.008

HS13O.A 0.06- 0.006- 0.004- 0.1- 0.5 0.3-
0.08 0.01 0.008 0.2 0,4

HSI3O—B 0.03- 0.004- 0.004- 0.2 0.5 0.3-
0.05 0.006 0.006 0.4

Since the grains cannot acco odat e the deformation , grain boundary
sliding loads to the initiation and steady-state growth of triple point
grain boundary wedges which dominate creep deformation in Si3N4 (classical
second stage of creep). The wedges coalesce to form stable cracks which
characterize the third stage of accelerated creep to almost i ediat e
failure. The viscosity of the glass phase at the grain boundary presumably
influences the rate of grain boundary sliding (5)
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Fi gure 2-80. The 1 Percent Tensi le  Creep Life of HS13O
(Noralide NC132) Silicon Nitride

Three other creep experiments were run to clarify important aspects
of creep related phenomena. A 10.000 hour test of 11S130 (Noralide NCl32’~silicon nitride at 2100°F verified e~-trapolat ions from l000-.~000 hourcreep test data (Figu re 2-8l).(~

) in the second experiment four-point
flexura l creep measurements were made on Noralide NC132 (11S130) for
comparison with the tensile creep results. Steady-state creep rates in
the f le xura l mode were t�’p ically less than half those observed in pure
tension (Figure 2-82.1 (6)

I 

S13N4 - C R - 2 3
6 - 2100°F lO ksi

Bil.
Test Stopped 

-

10,219 Hrs
• 2.65%

1000 Hrs

Fi gure 2-81. Creep Life of S13N4 (11S130/NC132’l at 2100°F
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at 2300°F in Air

Finally, severa l specimens were preoxidized in air at 2500°F• (alumina i~~ffle ftsr.i*ce) for tensile creop tests in heli~a at 15,000 psistress.(7) The results are summarized in Table 2-15. Preoxidation
• increased the stress rupture life of Si N iii he l ium by the accommodat ion

- of more strain to failure. While the r~s~lts indicate an effect ofoxidation, the total creep strain in air is highest because the supply
of fresh oxide is continuous. In helium, some oxide was lost as a
result of the low partial pressure of the system.

TABLE 2-15
CREEP OF PRE OXI DI ZE D Si3N4 (HS13O)

(Tested in He at 2300°F, 15 000 psi stress)

No Preoxidized
Treatment 200 hrs, 2500°F

Rupture life 75 44 503(hrs)

Total Strain 0.8, .7 1.1

p
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2.4.3.2 Silicon Carbide

I Preliminary tensile creep data for Norton hot pressed silicon car-
bide (Noralide NC203), obtained in helium using refractory metal grips
in a Brew furn ace, indicated no significant creep at 2300 or 2500°F
after 1000 hours at a static stress of 10,000 psi. (4) One spec imen
failed after 6 hours at 2500°F, 20,000 psi stress. Complete results
appear in Table 2-16. (6)

TABLE 2-16

CREEP DATA FOR SILI CON CARBI DE
(Noralide NC203 in Helium)

(Specimen 5.50 in x 0.25 in gage dia x 2.00 in gage length)

Test Ru pture Rupture Creep
Billet Temp Stress Time Strain Rate

No. (°F) (psi) (hr) (%) (%f hr ) Remarks

872-2-14 2300 10,000 l008~~ 0.091

2500 10,000 1O05~~ 0.013

2500 20,000 8.5 0.013

872-8-41 2500 15,000 709 0.064 Power failure at
687 hours

872-7-28 2500 15,000 308 0.089

It became diff icul t  to determine the creep properties of NC203
silicon carbide in air.(6) Stress rupture measurements were extremely
erratic (Tabl e 2-17) for creep strains that were consistently small .
In the fina l analysis , evidence of molten metal reaction between the
specimen and ID nickel-chromium grips , as illustrated in Figure 2-83 ,

__________  ..

~~~,
.

_ _  4

Fi gure 2-83. Molten Metal/Metal Oxide Silicon Carbide
React ion in High Temperature Stress Rupture
Test (2300°F in Air)
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made the test data meaningless. Early statements that silicon carbide
was stress rupture limited could not be substantiated. (S)

The use of silicon carbide grips did not prove to be satisfactory .~
6
~Attempts to solve the reaction problem in air or obtain creep data in

he l ium to 3000 °F did not materialze because the Nora lide NC203 material
failed catastrophically in static rig vane tests at 2S00°F.(7)

TABLE 2-17

CREEP PROPERTIES OF HOT PRESSED SILICON CARBIDE (NORALIDE NC203)
(In Air at 2300°F)

Rupture Rupture Steady-State
Stress Life Strain Creep Rate

• (1000 psi) (hr) (%) (%) Remarks

10 <2100 0.3 Reaction with grip

10 650 0.3

10 455 0.2 Reaction with grip

10 0 - Failed on loading

10 83 0.4 1.7 x 1O~’~ Reaction with grip

10 2131 0.4 9.5 x l0~ Did not fail

10 65 0.6 7 x Reaction with grip

15 619 - SiC grips

15 2m m -

15 1 mm - Reaction with grip

15 1 mm - Reaction with grip
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2.5 FATIGUE PROPERTIES OF HOT PRESSED SILICON NITRIDE (NORTON HS13O/
NORAL IDE NCI 32 AND HS11O)

2.5.1 INTRODUCTION

The fatigue properties of the structural vane and blade materials
used in gas turbines are very important if not critical. High cycle
fatigue performance may be service-life limiting , whil e low cycle
fatigue properties as measured mechanically may be indicat ive of
transient thermal response.

The study of sil icon nitr ide was comprehens ive indi cat in g extens ive
fatigue life and no apparent problems . Silicon carbide (Norton Nora-
lide NC203) was never tested because the influence of creep tended to
suggest infinite fatigue life . When the SiC failed in static rig tests
at 2500°F, plans to determine fatigue properties were cancelled .

2.5.2 FATIGUE TESTING • -

Al l of the fatigue tests were performed in t e high cycle fatigue
machine represented schematically in Figure 2-84. 2) A f la t specimen

GI~~Bars

Figure 2-84. Fatigue Test
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5.5 in. long x 1.0 in. wide (Figure 2-85) was clamped at one end while
free to move at the other under load applied by an eccentric driver at
1800 rpm . The maximum outer fiber tensile or compressive stress along -

:

the centerline of the gage section was calculated from the cantilever
beam formula:

6 P t  (1)
b h

where

P - applied load
• distance from the load end to the center of the gage section

b - minimal width of the specimen at the gage section

h • specimen th icknes s In the gage section

Is— 6.1 — —1

~~
- i.o-.I

T ~~~~~~~~~ 
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_ _  _ _  
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Figure 2-85. Silicon Nitride Fatigue Specimen

The Gb -bar fu rnace , which was open to the atmosphere , provided
stable temperatures up to 2350°F with variations of no more than 18°F
along the gage section . A microswitch , placed wi thin the furnace , was
used to terminate tests at the moment of specimen failure . Temperature
fluctuations exceeding + 45°F would automa tical ly shu t off power to the
furnace and driver to ensure reliable results. Tests were run at 472 ,
2200 and 2350°F. (2)
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Frac ture surfaces were exam ined by scann in g electron microscopy
(SEM) and rep l ica tran smi ss ion mi croscopy , using standard two-stage
plastic-carbon replication techniques. The flat surfaces near the
frac tured edge were examine d by replica and thin fo il transmission
electron microscopy . ~rain morphology was revealed by etching thespecimen at 1380°F for 1 minute in a molten salt consisting of a mixture Vof 95 parts K 2CO3 and 15 parts NaF . (2 )

2.5.3 FATIGUE TEST RESULTS

Test results  appear In F igure 2-86 and 2-87 for HS13O (Noralide
NC1 32) and US11O , respectively. The dispersion of results around the
best- f i t  strai ght l ine was very smal l .  Data points marked (a) and (b)
(FI gure 2-87) were associated wi th  large inclusions observed at the

V 
fracture surfaces. (2)

i i i  I T I I  l i i i  I I

V o._ •_- 7 0

_ _ _ _ _ _ _ _  
-

O flOO~F
20 , t$$OF -

1 111  I i n i t  I I L I S  I I I I  I m u  I l i i  I i i~~~ I i i

~~ io~ to2 IO~ ~ 10~ 1O~ W7
N. Cyciss to Failure

Figure 2-86. Cyclic Fatigue Behavior of Norton HS130
Hot Pressed Si3N4

The straight line extrapolations of the 2200 and 2350°F data to one
cycle converge at a stress level of 51 ,000 psi . This was interpreted to
indicate that the intr insic , time-independent strengths were the same .
The higher purl t~ mater ial , HS13O, did not exhibit time-dependent fatigue
behavior at 2200 F. Neither material displayed the phenomenon at 472°F. (2)
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Figure 2-87 . Cyclic Fat igue Behavior of Norton H SIIO (lot
Pressed Si3N4

Typical fracture surfaces are sho~m in Figure 2-88. The sharpfacets and the numerous secondary cracks (dark lines on the replica)
indicate that failure occurred by intergranular cracking at 472°F as
well as at 2200°F. The less sharp appearance of Figure 2-88n Is due
to a thin layer of oxide that apparently formed on the newly fractured
surface during the few minutes it took to remove the specimen from the
furnace. Similar features were observed on the fractured surfac~’s ofspecimens tested at 1800°F (HS1IO) and 2350°F (115130) .

Dislocat ion structures near the outermost stressed surfaces of
spec imen s tested at 1800 and 2200 °F appear in Figure 2-89. These
features represent selected areas of highly localized deformation. The
majority of the grains showed no evidence of a buildu p of dislocation s
over the original low density,  typical of the as-received material

• (Figure 2 -90a) . Helices and stacking faults  were observed (F igure 2-89a ,
center and top right , respect ively) . A high density of tangled d islo-
cat ion s is identified in Figure 2~R9b, The hel ical  dislocations and
the tangles were not found in the as-received material and must have
formed as a result of the fatigue deformation. Simi lar observations
were reported on deformed reaction sintered S13N4.(18)
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Fi gure 2-88. Fracture Surfaces . Fat i gue Specimen . tlSllO Mate-
rial at a) 4~2°F and h) 2200°~

U 
.:

I

I—1 
.

3 Fi gure 2-89. Thin Foil Transmission Micrographs of Fat igue Speci-
men s (0.1 ~im SaIe Rars~

a. Helices and st ack ing faults . Spec i men tested at 1800°F
and 20, 000 ps i  . lis t 10 material

h . Local i .~ed de fo rma t ion in a large grain . Spec i mens
tested at 22 00°F and 25 • 000 p

~ 
I . u S  11 0 m a t er  t a 1

c. Grain boundary s l id ing  in spec imen tested at 2350°F,
and 40 , 000 psi . HS 13O material .

d. Fa i lu re which or iginated at an inclusion in c.
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pressed Si3N4 at temperatures below 3100°F,~
20

~ the microstructures shown
in Fi gure 2— 89 Indicate  that localized contributions from either d i s loc a—

• tion mot ion grain boundary sliding or diffusional creep cannot be ruled
out.(21) The latter visco—elastic mechanisms are probable because high

— strength and high density in S13N4 result from hot pressing in the
presence of a liquid phase. (2)

Tensile creep and bend creep tests were conducted to examine these
possibilities. The static test was introduced because visco-elastic
mechanisms are rate sensitive and may be affected by the high rates of
st rain realized in the cycl ic fatigue test . (2)

A f la t spec imen. 2 inches long, 1/2 inch wide and 1/8 inch thick ,
prepared from the HS11O SI3N4 was placed in a four-point bend fixture• and subjected to a static load of 38,000 psi at 2200°F for 4 hours.(2)
A permanent set corresponding to a plastic strain of 0.01 on the outer
surface was measured. Thin foils were prepared from both the tensile
and the compressive surfaces. Typical microstructures are shown In Fig-
ure 2-90 (c and d) .  Figure 2-90b Is a micrograph taken from a foil
prepared from the tensile-creep specimen . This particular specimen was

- 
- 6 inches long, wi th  a 1/4 inch diameter and 1 inc h long gage section .

It fai led at 1800 °F under 20 ,000 psi stress after plast ic  s t ra in  of
0.0025 inch occurred . Fi gure 2-90b indicates that l imited dislocation
motions occurred during creep deformat ion as evidenced by the helices
and the dislocation l oops present in the large grain . Triple-point
cavi ta t ion  and grain boundary separations are also detectable . The
lat ter , which are quite dominant in the bend creep specimen , occur
on both the ten si le  (Figure 2— 90c) and compressive (Figure 2—90d)
surfaces.

By appl ica tion of

c — p b x  (2)

where i is the plastic strain , p the dislocation density,  b the Burger ’s
vector and x the average distance a dislocation moved , the dislocation ’s
contribution to the measured plastic strain was found to be less than
~~~~ (22) Therefo re , the major cont ri bution to the  permanent deformation
during creep is derived from boundary sl iding.

Boundary sliding was probably inhibited in the cyclic fatigue tests .
where the average strain rate was 3 in/ in/mm , or about six orders of
magnitude higher than the average strain rat e in the creep tests. This
was certainly the case for temperatures up to 2200 °F. (2) 

- 

-

Hi l l i g  and Charles~
23

~ considered the fatigue fai lure of a brittle
material as an elastic medium. The time-dependent fai l ure of the material
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was attributed to a slow growth of preexist ing fl aws as a result of a
corrosion process under load . Charles and Shaw (24

~ expressed the localrate of growth of the flaw as: —

V = V0 exp - [Q - V~o + B]/RT (3)

where Q represents the activation energy of the process, V° the activa-
tion volume, a the applied stress and B is related to the geometry of
the crack tip. Develop ing Equation (3) further , Charles and Shaw
obtained :

d (o/ON)/dlnt = - (4)
°th

Here, the left-hand side is the slope of the line in a plot of a/ON as
a function of the life time , where a is the applied stress for a given

-- fatigue test , t is the time to failure, 0N and °th are the time-dependen t and the theoretical strengths of the material , respectively.

The fat igue data of Figure 2-87 are replotted in terms of a/O N as
— a function of l i fe  t ime in Figure 2-91 . The time-dependent strength,

°N ’ for the particular mode of bending employed in the tests, was taken
as the extrapolat ed value of a one cycle. At 1800°F , 0N = 63,000 psi
and at 2200 °F , °N = 51 ,000 psi .~ ~

.oi 0.1 1.0 10 000
Ills Tims, minuOss

Figure 2-91. Normalized Stress as a Function of Life
Time , HS11O Grad e Si 3N4

95

_ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •~~~~~ V~~~ -V -•



F ~~~~~~~~~~~~~~~~ 
—.--—--..-V—-.—-.’.-- ——- ---- -V--- — —- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ V~~~ V~~~~~V 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

-- _~_ — •~ _V~~~~-V V_  _ V

The theoretical strength of Si 3N 4 is 9 x 106 psi as calcu~1atedfrom ath E/S. From Fi gure 2-91 , d(o/ O N/dlnt -0.08 . Activation
volumes as calculated from Equation (4) become :

V~ (1800 °F) ‘% 4.6 cc/mole

V~ (2 200°F) :~ 5.5 cc/mole

These results compare favorably with a value of 4.0 cc/mole, the 24)activation volume for alkali metal ion diffusion in silicate glasses)

Corrosion results (Figures 2-92 and 2-93) indicate that diffusion
of Ca and Mg occurred, forming magnesium—calcium—silicates on the
surface. These ~ompositions have much lower melting points than the
pure silicates .(”5) It is quite plausible , in the absence of a plastic

• mechanism, that the fatigue life is controlled by slow crack growth

• occurring as a result of the format ion of low melt ing glasses through
a corrosion mechanism in air.(2)

t~~,v e  ~~~9OL~ V A

4000 1 1 1 1 1

3000 - 
I

I ~l~~ I •W~~ ;fr~~ %~•~

booo -~

Channel, 100eV

Figure 2-92. Nondispersive X-ray Analysis of Corrosion Layer, HSllO
Material , 8 Hours at 2200°F in Air
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2.5. 4 LOW CYCLE FATIGUE IN HOT PRESSFD Si3N4

Low cycle tests in the flexural  mode were conducted at 1800 and
2300°F in air to model the effect of therma l fatigue on the life of
HSI3O silicon nitride coaponents.(3) Four-point loading (inner span -

0.375 inch , outer span 0.875 inch) was employed between st ress ma x ima
and minima of 20 ,000 and 5000 psi , respectivel >’ , using bar spec imens
0.125 x 0.25 x 1.25 inches. No provisions were made initially for load
reversal to avoid alignment problems .

Cursory data are presented in Figure 2-94.~~ Plastic strain was
cumulative, indicating that low cycle fatigue strength as measured under
the specific conditions of the test was strain controlled . One specimen
exhibited an accumulated plastic strain of approximately 2 percent with-
out failure after 2000 cycles compared to 0.5 percent strain at failure
for normal flexural strength testing.

The low cycle fatigue test was made fully reversible to provide
more meaningful results.(6) This required the development of the special
1(1 silicon carbide fixture illustrated in Figure 2-95. The actual test
setup is shown in Figure 2-96. lop and bottom surfaces of the test
specimens were stressed alternately in tension and compression to com-
plete each test cycle.

V V V I - V I

I—

~~~~~~ V e  

~~~ç~i~<

.

‘

~~~~ 
V

I , , i ,I  -

0 3 4 3 • 0 $ 0
SItU.

Figure 2 -94 . Low Cycle Fatigue Results for Norton HS13O
Si 3N4 in Air
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TABLE 2-18 V

LOW CYCLE FATI GUE PROPERT IES*OF SILICON NITR IDE AT 2300°F

Hold V

Cycles to
Test Billet Stress (psi) Time (sec) Failure Remarks

1 10 None None 139 Stopped

2 10 None None 1190 Stopped

3 10 20,000 30 107

4 10 20,000 30 14 No flaw indicat ions

5 10 20,000 30 640

6 10 20,000 30 78

7 10 20,000 30 9 Flaw indication

8 10 20,000 30 5 Flaw indication

9 10 20,000 30 --

10 10 20,000 30 22 Flaw indication

11 10 20 ,000 30 82 No flaw indication s

12 7 20 ,000 30 293

13 7 20 ,000 30 155

14 7 20 ,000 15 213

15 15 20,000 15 338

16 2 30 ,000 30 606
V 

17 2 30,000 30 2095

*Tension/compression

— V~~~ ~~~~~ 
V.— ~~~~~~~~~~~~~~~~~ 
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2.6 11IERMAL PROPERTIES

2.6.1 INTRODUCTION

The thermal properties of HS13O (Noralide NC132) silicon nitride
and Noralide NC203 silicon carbide(26) were measured by the Battelle
Memorial Institute (BMI) under subcontract to Westinghouse Research and
Development. Specific heat, thermal expansion and thermal diffusivity
as a measure of thermal conductivity were determined as a function of
temperature from RT (68°F) to 2500°F.

2.6.2 SPECIFI C HEAT

Speci fic heat values were determined from enthalpy data obtained in
a Bunsen ice calorimeter.(4) The apparatus is shown in Fi gure 2-99.

In the Bunsen ice calorimeter , heat given up by the specimen melted
ice which was in equilibrium with outgassed distilled water in the closed
calorimeter well . Mercury entered the systems from an external weight
accounting source to make up the change in volume . The weigh t of the
mercury making up the volume change was directly proportional to specimen

~ur nice

Ch.mbit E l )
~~

~ L~ ~ 
-

~~~~~ I
lfl1Ul~UlCfl 

~
, 

~~ 
- S sclminCtiae~et~ -

V - --Mer Cury Rwirvolr

Gas InlU --~--., -V. -~~ -

Figure 2-99. Battelle Ice Calorimeter
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enthalpy or heat liberated by the specimen when cooling from an elevated
temperature to the ice point . Specific heat was then calculated by the
rela tion - 

-~

Cp~~~ 1r

where

C, • specific heat at elevated temperature

H • entha lpy

T • temperature

Samples were encapsula ted in tantalum and heated in a furnace above
the calorimeter well. Each specimen was dropped into the well and

V allowed to cool. Separate drops were made with an empty Ta capsule with
equivalent surface emittance conditions to determi ne the contribution of
hea t from the specimen by di fference . The process was repeated through
the temperature range of interest to establish an enthalpy versus tea-
pei ature curve which was used in conjunction with the specifi c heat
equation to obtain the speci fi c heat.

The specifi c heat of Norton HS130 (Noralide NC 132) silicon nitride
is reported in Figure 2-100 and Table 2-19 . Comparative results for

Ti~~SiatuN. F100 ~~ 1100 1100 1000 1000 2000 3200
1 I I T I I V

a s .  0$

-

~~ 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

0 14 - Oil

010 i i i a a i a IL IO
0 ~~ 100 100 am 1000 1100 1100 1100 1100

T.mpwatur., C

Figure 2-100. Specific Heat of Silicon Nitride
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TABLE 2-19

SPECIFIC HEAT OF SILICON NITRIDE

Temperatu re Specifi c Heat
(°C) 

____ 
(cal g’~ C~~) (Btu lb4 F 1)

25 77 0.153 0.153
100 2 12 0.184 0.184
200 392 0.214 0.214

300 572 0.235 0.235
400 752 0.250 0.250
500 932 0.260 0.260
600 1112 0.269 0.269
700 129 2 0.277 0.277
800 1472 0.284 0.284

900 1652 0.29 1 0,29 1
1000 1832 0.298 0.29M
1100 2012 0.305 0.305
1200 2192 0.311 0.311
1300 2372 0.317 0.317
1400 2552 0.323 0.323

Noralide NC203 silicon carbide appear in Figure 2-101 and Table
These data were used in the calculation of thermal conductivity from
thermal diffusivity values which were actually ineasured.(3,4)

I.,,

I t o .  ‘ I i i

0 400 000 1200 1100 1000 1000 1000
Tie ,rMuui, ‘P

Figure 2-101 . Speci fi c Heat of Norton Hot Pressed Silicon Carb ide
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TABLE 2-20

SPECIFIC HEAT OF HOT PRESSED SILICON CARBIDE

Temperature 
— 

Speci fi c Heat

.L.!2 V(V
~~~~~~~ 

(Cal (1 C’
~ ) (B tu lb4 F4)

77 25 0.162 0.162
212 100 0.195 0.195
392 200 0. 224 0 .224
572 300 0.243 0.243
752 400 0.256 0.256
932 500 0.265 0.265

1112 600 0.273 0 .273
1292 700 0.280 0.280

1472 800 0 .287 0.287
1652 900 0.294 0.294
1832 1000 0.301 0.301
2012 1100 0.308 0.308
2192 1200 0.315 0.315
2372 1300 0 .322 0.322
2552 1400 0.328 0.328

2.6.3 TH ERMAL EXPANSION

Thermal expansion was measured directly by tracking the relative
displacement of fiducial marks on the silicon nitride or silicon carbide
specimens with telemicroscopes fi tted with f ilar  eye pieces.(2) The
apparatus is illustrated schematically in Figure 2-102. Suitably marked 

~
_
i~ —uululs _V—4 

I~*V

V.

~~:

Figure 2-102. Battelle High Temperature Dilatometer for Direct
View E xpansion Measurements
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specimens were supported within a tube furnace which was enclosed in an
insulated vacuum/atmosphere cha~~er. Dilation on heating or cooling
was tracked manually with the microscopes. Specimen temperature was
measured by thermocouple or optical pyrometer . Dilations of the order
or 7 x l0~~ inch were measu red on specimens nominally 2-3/4 inches in
length.

Data for HS13O silicon nitride are reported in Figures 2-103 and
2-104 and Table 2-21.(3) Comparative values for NC203 silicon carbide
are presented in Figures 2-105 and 2-106 and Table 2 .22 . (4)

bu~rwF10ir nMiI
0.i ~~

Diriction

t . Nujnb r ln4tcit, BiI~st ~~~~
0 am em am louD i2oo iem to~ iem 2000

T.mp.rilure’Cenltgrad

Figure 2-103. Thermal Expansion of Hot Pressed Silicon Nitride
as a Function of Temperature
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Fi gure 2-104 . Average Coefficient of Thermal Expansion for
Norton HSI 3O Si 3N4 (Noralide NC1 32)



V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_

TABLE 2-21
V AVE RAGE ThERMAL EXPANSION IN NOR1~)N HS13O (NORALIDE NC132)
V SILICON NITRI DE

Tempera ture Expans ion (%)
(~C~ Parallel , Weak Perpendicu lar, Strong

25 77 0.000 0.000
330 626 0.05 3 0.063
620 1148 0.143 0.145
975 1787 0.265 0.273
1092 1998 0.310 0.319

- - 1179 2154 0.356 0.360
1296 2365 0.403 0.412
1367 2493 0.445 0.449
1227 2241 0.384 0.382
1107 2025 0.330 0.34 3
812 1494 -- 0.210
496 925 -- 0.109

Ts~ sri~ur., SCV 

0 200 ~~ 600 ~~ 1000 1200 1400 1600

0.6 - -

I:::
0.1 -

I I 1 I I I

0 400 ~~ 1200 1600 2000 2400 2100
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Figure 2-105 . Thermal Expansion of Norton Hot Pressed
Silicon Carbide
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TABLE 2- 22

ThERMAL EXPANSION OP S!I.ICON CARBIDE

Parallel to Hot Pressing
Temperature Expansion (Percent)

Sa~pie No. 3 Sample No. 4

25 77 0.000 0.000
319 606 0.069 0.071
647 1197 0.217 0.219
965 1796 0.39 1 0.391
1091 1996 0.461 0.463
1193 2179 0.530 0.533
1303 2377 0.579 0.590
1370 2498 0.613 0.624
1249 2280 0,547 0.556
1155 2111 0.495 0.500
1049 1920 0.428 0.433
832 1530 0.303 0.309
501 934 0.150 0.152
122 252 0 .00 1 0.004 V

Perpendicular to Hot Pressing
Temperature Expansion (Percent)

(iC) (‘li) Sample No. 1 ~~~~~~~~~~~

25 77 0.000 0.000
30u 572 0.075 0.069
644 1191 0.226 0.215
979 1794 0.426 0.434
1095 2003 0.487 0.503
1203 2197 0.567 0.575
1311 239 2 0 .632 0.645
1375 2507 0.667 0.680
1247 2277 0.588 0.602
1153 2107 0.523 0.534
1043 1909 0.463 0.466
828 1522 0.306 0.31 1
497 927 0.152 0.169
145 293 0.020 0.033
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Figure 2-106. Average Coefficient of Thermal Expansion of Nor-
ton Noralide NC203 Silicon Carbide

2.6.4 ThERMAL CONDUCTIVITY

Thermal conductivity was measured by a flash thermal diffusivity
method , where diffusivity was determined by the transient behavior of,~specimen subjected to a short-time thermal pulse on one of its sides.’~The app aratus appears in Figure 2-107. A thin disc-shaped specimen wasplaced in the isothermal zone of a furnace and irradiated on the front
face by a short-duration laser pulse. As the heat pulse traveled through
the specimen , its back-face temperature rise was recorded as a function
of time. The temperature-time history was related directly to the
thermal diffusivity of the specimen by means of the equation

t1/2

where

- 

r 
d • thermal diffusivity

L - specimen thickness

• time required for back-face temperature to reach 1/2 its
‘ maximum temperature rise

-
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Figure 2-107. Thermal Diffusivity Apparatus

Results appear in Figures 2-108 and 2-109 and Table 2-23 for sili-
con nitride and Figure 2-110 and Table 2-24 for silicon carbide .

When thermal conductivity was derived as the product of thermal
diffusivity, density and specific heat, the calculations yielded Fig-
ures 2-111 and 2-112 with Table 2-25 for silicon nitride(3) and Fig-
ure 2-113 with Table 2-26 for silicon carbide.(4)
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Figure 2-108. Comparison of Therma l Di ffus ivity Value s for Heat
Conducted Parallel to the Hot Pressing Direction
in Silicon Nitride
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TABLE 2-23

TYPICAL VALUES OF ThERMAL DIFFUSIVITY IN NO RTON HS13O
(NO RAL IDE NC132) SILICON NITRIDE

Thermal Diffusivity
Temperature Para llel, Weak Perpendicular, Strong
(“C) (~F) (cm2 sec4) (ft 2 hr4) (cm 2 sec~~1 (ft 2 hr~~)

25 77 0.1699 0.6584 0.1259 0.4879
0.1687 0.6537 0.126 3 0.4894
0.1687 0.6537 0. 1237 0.479 3

146 295 0.1204 0.4666 0.0958 0.3712
0.1210 0.4689 0.0953 0.3693
0.1210 0.4689 0.0973 0.3770

299 570 0.0930 0.3604 0.0771 0.2988
0.0921 0.3569 0.0771 0.3011
0.0941 0.3646 0.0769 0.2980

671 1240 0.0614 0.2379 0.0552 0.2139
0.0621 0.2406 0.0546 0.2116
0.0620 0.2403 0.0547 0.2120

992 1818 0.0474 0.1837 0.0424 0.1643
0.0464 0.1798 0.0423 0.1639 V

0.0470 0.1821 0.0419 0.1624

1101 2014 0.0444 0.1721 0.0388 0.1504
0.0446 0.1728 0.0386 0.1496
0.044 1 0.1709 0.0386 0.1496

1211 2212 0.0406 0.1573 0.0359 0.139 1
0.0404 0.1566 0.036 2 0.1403
0.0402 0.1558 0.036 1 0.1399

1291 2356 0.0387 0.1500 0.0335 0.129 8
0.0387 0.1500 0.0333 0.1290
0.0387 0.1500 0.0334 0.1294

1378 2512 0.0359 0.1391 0.0326 0.1263
0.0359 0.1391 0.0326 0.1259
0.0357 0.1383 0.0328 0.127 1

V 

112
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TABLE 2- 24

ThERMAL DI FFL~ IVITY OF NORTON SiC

Perpendicular to Hot
Parallel to Hot Pressing Pressing Therma l

Te Thermal Diffus ivity T Diffusivitymp 
2 1 2 1 2 1 2( F )  (cm sec ) (ft hr ) (“F) (cm sec ) (ft hr )~

75 0.4043 1.5667 77 0.4162 0.6128
0.4 121 1.5969 0.426 7 1.6535
0.4157 1.6108 0.4317 1.6728

- 

- 329 0.3004 1.1641 298 0.2800 1.0850
0. 2974 1.1524 0.2772 1.0742
0.2974 1.1524 0.2835 1.0986

597 0.2186 0.8471 565 0.2044 0. 7921
0. 2154 0.834 7 0.2088 0.8091
0.2231 0.8645 0.2059 0.7979

931 0.1430 0.5541 1186 0.1345 0.5247
0.1431 0.5545 0.1359 0.5266
0.1415 0.5483 0.1360 0.5270

1818 0.0991 0.3840 1791 0.0940 0.3643
0.1002 0.3883 0.0967 0.3747
0.1000 0.3875 0.0952 0.3689

1998 0.0882 0.3418 2026 0.084 8 0.3286
0.0868 0.3364 0.084 3 0.3267
0.0872 0.3379 0.0847 0.3282

2174 0.0797 0.3088 2194 0.0776 0.3007
0.0802 0.3108 0.0789 0.3057
0.0801 0.3104 0.0779 0.3019

2367 0.0743 0 .2879 2363 0.0736 0.2852
0.0743 0.2879 0.0781 0.2782
0.0753 0.2918 0.0727 0.2817

2498 0.0697 0.2709 2494 0.0693 0.2685
0.0697 0. 2709 0.0694 0.2689
0.0701 0.2717 0.0693 0.2685

2275 0.0784 0.3038
— 0.0782 0.3030

0.0772 0.2992

_ _  V_ _~~~~T V V V V.~~~~~ V V.
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Figure 2-ill. Comparison of Thermal Conductivity Values for Heat
Conducted Parallel to the Hot Pressing Direction
in Silicon Nitride
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TABLE 2-25

V 
V TYPIC AL VALUE S OF ThERMAL CONDUCTIVITY IN NORTON HS13O

(NO RAL IDE NC132) SILI CON NITRIDE
- 

- 
Thermal Conductivity

Temperature Para l lel , Weak Perpendicular, Strong

(Btu hr’’ (S tu hr~~
(“C) j

~~~ 
(watt cm 1 C~~) ft’’ F’~ 1 [watt cm~ C~~) ft’1 F ’l

24 75 0.346 19.991 0.252 14.560
— 

0.343 19.818 0.253 14.618
0.343 19.818 0.248 14.329

153 307 0.318 18.374 0.257 14.849
0.320 18.489 0.256 14.791
0.320 18.489 0.262 15.138

326 619 0.29 1 16.814 0 .24 5 14.156
0.288 16.640 0.247 14.271
0.294 16.987 0.245 14.156

649 1200 0.224 12.942 0.201 11.614
0.227 13.116 0.198 11.440
0.226 13.058 0.199 11.498

986 1807 0.187 10.805 0.167 9.649
0.184 10.631 0.167 9.649
0.186 10.747 0.166 9.591

1099 2010 0.180 10.400 0.158 9.129
0.181 10.453 0.157 9.071
0.179 10.34 2 0.157 9.071

1204 2199 0.168 9.707 0.149 8.609
0.167 9.649 0.150 8.667
0.166 9.591 0.149 8.609

1313 2395 0.162 9.360 0.142 8.250
0.162 9.360 0.141 8.147
0.162 9.360 0.141 8.147

1371 2500 0.153 8.840 0.139 8.031
0.152 8.782 0.138 7.973
0.152 8.782 0.140 8.089

V

~

V

kV
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TABLE 2- 26

ThERMAL CONDUCTIVI TY OF NORTON SiC

Temp 1 1 (R tu hr ’1 Temp (B tu hr’’
(“F) (watt cm C )  ft’1 F l )  f~~ ~~~tt cm ’ C ’) ft i)

77 0.918 53.041 73 0.895 51.712
0.941 54.370 0.913 52.752
0.952 55.006 0.921 53.214

298 0.807 46.628 329 0.894 51.654
0.799 46.165 0.885 51.134
0.817 47.205 0.885 51.134

565 0.674 38.943 597 0.741 42.814
0.689 39.810 0.731 42.236
0.679 39.232 0.757 43.739

1186 0.510 29.467 931 0.549 31.721
0.511 29.525 0.550 31.778
0.512 29.583 0.544 31.432

91 0.385 22.245 1818 0.413 23.863
0.396 22.880 0.418 24.152
0.390 22.534 0.417 24.094

2026 0.358 20.685 1998 0.375 21.667
0.356 20.569 0.370 21.378
0.358 20.685 0.371 21.436

2194 0.334 19.298 2174 0.346 19.992
0.340 19.645 0.349 20.165
0.335 19.356 0.348 20.107

2362 0.323 18.663 2367 0.331 19.125
0.315 18.200 0.331 19.125
0.319 18.431 0.335 19.356

2494 0.309 17.854 2498 0.315 18.200
0.309 17.854 0.315 18.200
0.309 17. 854 0.316 18.258

2275 0.345 19.934
0.344 19.876
0.340 19.645

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ L
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Figure 2-113. Thermal Conductivity of Norton Hot Pressed
Silicon Carbide
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2.7 SHEAR PROPERTIES

2.7 .1 INTRODUCTI ON

Ultimate shear strength and shear modulus for Norton HS13O (Nora-
lide NC132) silicon nitride and Norton NC203 silicon carbide were
determined by torsion tests at temperatures from RI (68°F) to 2500°F.
Poisson ’s ratio , ~i , was then calculated from the tension and torsion
test data by the relationship:

E

where

E • elastic modulus in torsion

C = shear modulus

2.7.2 THE TEST METhOD

The torsion test itself and the test specimen are described in Fig-
ures 2-114 and 2-115 , respectively. A 5000 inch/lb Baidwin-Lima-Hamilton

SpecImen

A

Torque 

[

_-

,

~~

4l

~
Il
.1~~~ 

~

X .y Recorder

Figure 2-114. Torsion Test
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test temperature of 2500°F in ap~roximate1y 1 hour (Figure 2-117). The
temperature distribution at 2500 F was within ±10°F over the 2 inch gage
length of the specimen as monitored by three thermocouples, one at eachend of the gage length and one at the center. Water cooled grips

a located outside of the furnace proper were used.

Grip Ass.mb Heating Rods

1 _

/ Mechanical
SI3 N~ Specimen Connections

for Strain
Measurement

Figure 2-117. Cutaway View of Torsion Test Facility
Showing Furnace Grips and Strain
Readout

The angle of twist was measured by the rotation of alum ina ceramic
arms attached at each end of the specimen gage length with Xelox cement .
Movement of the arms was transmitted through the furnace w a l l  to
miniature LVDT di splacement transducers by alumina push rods.

An instrumented specimen with cerami c measuring arms in place is
shown in Figure 2-118. Each specimen was aligned in the test machine by

_ - V

V I • I I I I

1 2 3 4 5 e
•MATERIALS TESTING 1 EVALUATION LAB

Figure 2-118. Torsion Specimen with Angle of Twist Arms and Strain
Gage Torque Rosettes Mounted

120
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means of a dial indicator so that eccentricity did not exceed 0.001 inch.
Strain gages were used to assure that no bending stress was applied to the
specimen when the stationary grips were tightened.

The displacement signals from the LVDT’s were amplified by a two-
channel Westinghouse amplifier. Torque and angle of twist were recorded
simultaneously on an x-y recorder . Shear modulus and strain rate were
recorded at room temperature , using strain gage torque rosettes bonded
to the specimen gage section. These gages also served to check the
angle-of-twist measuring system with agreement with 0.5 percent.

V Shear modulus was calculated from the slope of the torque versus
angle-of-twist curves. Specimens were twisted in both clockwise and
counterclockwise directions to a maximum shear stress of 26,000 psi for
Si 3N4 and 20 ,000 psi for SiC, three times at each temperature. At the
highest test temperature, the spec imen was tested to failure to produce
a ful l curve of torque versus angle of twist . Tests were performed at
strain rates of 0.01 to 0.0003 rad/min (0.0003 rad/min proved to be the
lowest strain rate obtainable). The total angle of twist was limited to
10° maximum to keep the error from the rotation of the arms to less than V

1 percent. This angle was more than adequate for shear tests on high
modulus brittle materials.

2.7.3 TEST RESULTS

Pre liminary shear modulus and fracture strength measurements were
made at room temperature on one sample HS13O silicon nitride at a strain
rate of 8 x i0~~ in/in/minute.

(2) A shear modulus of 18 x 106 psi and
fracture stress of 68,600 psi were determined . The specimen was loaded
to about 60,000 psi, then unloaded and reloaded to fai lure . No hysterisis V

was observed. At 1832°F, shear strength and shear modulus of 70 300 psi
and 16.9 x 106 psi/in/in were obtained. (3)

Torque versus ang le of twist curves were obtained to failure at the
highest test temperature. Figure 2-119 is typical of HS13O Si3N4 at

I I I I
I~0 - StraIn R~.

49 
- 01 RadINln

j

AnØ ol tsl,t, dier,,

Figure 2-119. Torque vs Angle of Twist Curves for Silicon Nitride

V 
Tested at 2300°F
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2300°F. No plasticity was evident in SiC specimens tested to 25O0°F)5~The effect of temperature on the shear modulus is shown in Figure 2-120

-~~ 28 VV1 I • ~ ~ I I I I I I

24
’

”1
~4’i l .

I

~~ 8

4 -

O VVV_I I I I  l i i i  1 1 1 1  I
0 4 8 12 16 20 24 28

Temperature. °F

Figure 2-120. The Effect of Temperature on the Shear Moduli of
Si3N4 and SiC

where data for silicon nitride and silicon carbide appear together for
comparitive purposes. Sumaary tables were al so prepared for sili con

V nitride (Table 2-27 and silicon carbide (Table 2-28) .

TABLE 2-27

SHEAR PROPERTI ES OF SILICON NITRIDE
Spe~ tme n Si ~N 4-TOR O 3- Spec i en SI.,N4-10R04 - SpecImen S~ VI.Nd~ TORO S~ Sped.e~ St ~ N4-ThR0t i -

300 Rillet So. t o -A  100 K i t l e t  No. ~~~ 2300 tUtIet No . t O- R 2 300 I~ Il~ t No. 9-

left Test Test Tes t
Temp Shear Modulus Temp Shear Modulus Temp Shear Modulus Temp Shear Modulus
sfl ç~Jp~ t s I(~ j  s_•a 6 (pit x I0~~ j~ j  ~~ pst V~._~~~~ V)V L~fl ~~~~~ ~~!

I~~ V $  ~S r.~ ‘S

IS® 17 .0 1518 1 . t  1830 1 . O  1822 u.s

: I V %s I t o  ~l08 It.4 211’) Ih .4 2120 1% . ’

2340 I V t V ’ 329 IS. ’ 2319 IS.~ 2t11 14.4

23411 DII. Shear ~~29 Ult. Shear 2319 DII. Shear 232% DII. Sheer
Str esS Stre s s Str ess Stre ss
27 .900 p~ t 50~950 i~~t 4 ’ • Wt) psi Mi,000 p~ i

Stra In 0 .003 0. 111 0 .003 0.01
Rate r id  ‘ rid /sI n r~id/ red/ m i n rad/ rad/mi n rad/ cad /mt n

~~~~~~~ V~~~~~~V 1V V~~~~~~~~~~~~~~~ V V ~~~~~~~ --~~~~~~~~~~~~ _ V~~~~~~~~ V~~~~~~~~~~i
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TABLE 2-28

SHEA R PROPERTIE S OF SILICON CARBIDE

Specimen SiC-WRO1- Specimen SiC-TORO2- Specimen SiC-’fl)R03-
2300 Billet 2500 Billet 2500 Billet
No. 872-2-1 No. 872 -7-2 No. 872-8- 3

Test Test Test
Temp Shear Modulus Temp Shear Modulus Temp Shear Modulus
(°F) G (psi x 106) (°F) G (psi. x 106) (~ ) G (psi x 106)

75 26.6 75 27.0 75 26.6

1808 25.6 1808 25.9 1811 25.8

2100 25.0 2104 24.9 2108 24.9

2296 24.6 2306 24.3 2307 24.5

2493 23,5 2507 23.8

2296 Ult. Shear 2493 Ult. Shear 2507 Ult. Shear
Stress Stress Stress
37,200 psi 23,200 psi 41,750 psi

Strain 0.001 0.001 0.001
Rate rad/rad/min rad/rad/min rad/rad/min

It was possible to obtain representative values for Poisson ’s ratio
for the two materials as supplementary data from the shear and tensi le
properties. Results appear in Table 2-29.

TABLE 2-29

POISSON’S RATIO FOR S13N4 AND SiC

Material RT 1800°F 2100°F 2300°F 2500°F

HS13O (NC 132) - Si 3N4 0.25 0.16 0. 13 0.19 --

NC203 - SiC 0.22 0 .21 0.22 0.22 0.19
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2.8 COMPRESSIVE PROPERTIES

Only cursory determinations of compressive properties were made
because ceramic materials classically exhibit extreme strength in the
compressive mode . It was inconceivable that vane or blade failures
could result from the compressive stresses normally associated with
startup and acceleration of a gas turbine to peak load.

A standard load frame (Figure 2-121) was used to generate compres-
sive strength and compressive creep data for HS13O silicon nitride . The

Fi gure 2-121 . Compressive Strength and Creep Machine

V 
compressive strength of Si3N4 exceeded 450,000 psi at room temperature
in dupl icate tests of 1 inch long by 3/8 inch diameter specimens loaded
between KT silicon .arhide platens .(3) The compressive creep curve shown
in Figure 2-122 was produced from similar specimens stressed at
100,000 psi at 2300°F.

Silicon carbide was not tested in the compressive mode because the
preliminary data for silicon nitride indicated properties far superior
to any stress requi rement .

12 4
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2.9 FRICTION AND RE LATE D PROPERTIES

2.9.1 INTRODUCTION

The three-piece stator vane was designed to encourage freedom of
motion at the interfacial functions between the airfoil section and its V

restraining end caps. Friction at these interfaces therefore was con-
- - sidered a primary design parameter because it was expected to influence

vane performance and the resultant state of stress. The frictional
characteristics of silicon nitride rubbing on silicon nitride and silicon -

carbide rubbing on silicon carbide were measured as a function of tempera- -

ture up to 2500°F. The study was extended to include combinations of
F- Si3N4 with lithium aluminum silicate (LAS insulator material, Type 21 -

V Tool Steel, 304 Stainless and Benes 41) when it became obvious that the -

stator vane support structure specified contacts of the types defined.

Wear and fretting at the airfoil/end cap interface was also examined
in anticipation of potential problems. V

2.9.2 ThE FRICTION TEST -

Static and dynamic coefficients of friction were determined with 
V

the apparatus illustrated in Figure 2-123. The specimen represented a

CoeLoad,dAg1inst 8IoC~ -

PUIIe3

Dead
W i h — ~~~ Si P1

Load ~ Slr~ n Gauge
on Beim

Ih.rmo ,—~ 
Meas ures

cou~de ,~ 
( Friction

11 Force
B led 4 \lII/

RPalIve
to Coni V

- Gimbal Bearing
Gas Fl ame

- S13 N1
Slider Sealing

Van tie Spu d Drive

0
5~~~& PlnIon

Figure 2-123. Schematic Drawing of Friction Apparatus

126 J



V: ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ ~V 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V V - V V V V V • - - - •. ~~~~~~ V •~~ 

-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I

stylus with a 1/16 inch diameter flat nose transversed by a motor
driven flat block at a prescribed rate, under a predetermined control
load.(l) A strain gage in the stylus mount served to measure the force
necessary to overcome friction. Temperatures up to 600°F were achieved
by t ’lowing hot air against the friction sur face . The temperature range V

was extended upward to 1900°F through the use of a gas burner. Final
test t emperatures of 2500 °F required an oxy-acetylene torch.

2.9 .3 TEST RESUL TS

Preliminary results for silicon nitride versus silicon nitride
(HS13O material) are presented in Table 2- 30 (1) The stick-slip character
of the frictional properties are des cribed in Figure 2-124.

TABLE 2-30

STATIC AND DYNAMIC FRICTION Q4ARACTERISTICS

Si3N4 vs Si3N4
Static

Lo d Friction Static Dynami c
— 

a Speed Temp Force Friction Friction
(~~) (ps~~~ (inch/mm ) (°F1 (lb) Coefficient Coefficient

$ 1700 10 R.T. 1.0 0. 20 0.20
S 1700 10 R.T. 1.2 0.24 0.24
S 1700 10 600 1.3 0.26 stick-slip
5 1700 10 600 1.4 0.28 stick-slip
S 1700 10 1000 1.8 0.36 stick-slip
5 1700 10 1000 2.3 0.46 stick-slip
5 1700 10 1800 8.5 1.70 stick -slip
5 1700 10 1850 7.3 1.46 stick-slip
S 1700 10 1900 7 .9 1.58 stick-slip

Stick

- - 1, mIntMS

Figure 2-124. Static and Dynamic Friction Characteristics
of Si~N4 vs Si3N4
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I :

The breakway coefficient of friction for silicon nitride/ silicon
nitride is recorded as a function of temperature in Figure 2-l25.(2)

i_c

0.’ ,> V

V 
.

- ;

0.3 

C-as Flame 

~~~~ V

ResiiT~sc.
0.1 Hea~d

uo i~o i~~ ~ 0 2~ meTempuralure. ‘F

Figure 2-125 . Breakway Coefficient of Friction of Silicon
Nitride vs Silicon Nitride as a Function
of Temperature

Similar data for S13N4 against a variety of metals and nonmetals
appear in Fi gure 2-l26 .(3) Frictional effects for Si3N4 against LAS
( l i th ium alumina silicate an insulator material) and SiC/SiC are sum-
marized in Tables 2_31 (3i and 2-32,(4) respectively.

4.0 . . . . .

f’ i3~ psi )
In Excess o13V 

3.0 
S13N4 vs #21 TxI Steel

Si N vs 304 Stainless
~ 20 ‘~~~“ /

~~~~~~ I7 513Pl v s Si3N4

Tsinp r~~ure ‘~
Figure 2-126 . Static Coefficient of Friction for Hot Pressed

Silicon Nitride vs Various Materials
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TABLE 2-31

COEFFICIENTS OF FRICTION FOR Si3N4 Vs LAS

Load Temp St a t i c  4 t j t i .
- - lij Plate ~~~~~~~ ~fl Coef 0yr.aai~

~
- -.t~-~s LAS ~ ;round ~~ RI O V II 0 .11  ~~~.k - s l i p- 3 -l . - ran fa r a l  let

~ s o l i s h esi ~ LAS (Ground 340 RI 0 .09 0.09 St ~~~~~ V~~ t j PV 4 10- _ S rem Parallel)

Si  S po I iShcJ ( LAS ((round 340 R I 0.10 0.10 .tick.slip3 4 ‘~~3 rem Perpendicular)

~ polished LAS (Ground 340 RI 0.11 0.11 sti ck- sl ip
4 .~I3- 2S rem Perpe nd icular )

4 
polished~ ~~ ( 4 4  (Ground 1700 RI I. 0 0.21 stick-slip

4 
- 3 2 -3  rem Parallel)

po l ishe d LAS (Ground 1700 RI 1.3 0.26 s t i c k - s l i p- -l 71 ) - IS rem Parallel)

LAS (Ground V00 RI 1.23 0.24 st ick - - li p
I ~- I rem - Perpendicular)

-- ..,tishe~l LAS (Ground 1- 00 RI 1.3 0 .26 st i ck - slip
3 4 ‘ 0 5  rmn Perpendicul.ir

~~~~ 
o l i n h e d  LAS (Ground 340 600 0.~ t. ( ( ‘ 1 s t i l - . l i p

4 ‘ V ran P a r a l l e l )

I S  
s h i ~~~

ed LAS (Ground 340 600 0.79 0.79 stick-slip
- S 4 . t -25 rem Paral le l )

4 4 (POli~~~
d) ~ L~~S (round 

~ o 600 0.~~2 0. ’1 s t i c k - sl i p- 1 3 2-3 rem - Perpendicular)

S I  ~ p o l i - .hcd 

~ ~~ ~~~ 340 600 032 0.52 stick-sl i p
3 -I 2(1-25 rem Perpend icular)

polished
1 ~ 

~~~~~~~~~~~~~ 1700 600 1 .53 0.31 st ick-s l ip

Si  ( po lished LAS (Ground 1700 600 1.59 0.33 stick - slip
3 4 20-25 rem Parallel)

4 ~ ~~ LAS (Ground F00 tOO 2 .65 0.53 stick-sli p
7 4 ‘~~3 ran Perpendicular)

41 4 po l i s h e d  LAS (Ground 1700 bOO 2.8 0.56 stick -sli p- 1~ 4 20 -25  rem Perpend icular)

4 4 pol~~~~ed~ LAS (Ground 340 1200 SAWLE CRA Ch1ED 
V 3 4 2- 3 rem Parallel)

4 1  ~. (
Polished LAS (Ground 340 1200 3.67 36 sti k-sl i p- 1 4  20-25 rem Parallel )

i (Lbo~~
Shied

) ~, 
LAS (Ground 340 1200 4 . 31 4 . 3 1  s t i c k - s l i p

3 4 2-3 rem Perpendicular)

Si S ~~~ 
LAS (Ground 340 1200 2. 67 2 . 6 7  s t (~~l. n l I

4 4 20-25 rem Perpendicular)

TABLE 2-32 
V

STATIC COEFFICIENT OF FRICTION FOR HOT-PRESSED SILICO N CARBIDE (SiC/SiC)

(Load-1700 psi, Test speed-O.Ol inch/mm )

Temp ( °F) Static Dynami c Temp (°F)V Static Dynamic
RT 0.35 0.25 2100 1.82 Stick-Slip
1000 0.60 Stick-Slip 2100 2.00 Stick-Slip
1800 1.25 Stick-Slip 2200 1.85 Stick-Slip
1800 1.40 Stick-Slip 2300 2 .50 Stick-Slip
2000 1.46 Stick-Slip 2400 2.85 Stick-Slip
2000 1 .68 Stick-Slip 2500 Samples would not break

loose with a force of
> 15 lb static
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2.9.4 WEAR AND FRET TIN G

Wear and fret tests were used to supplement the friction data and
to simulate the effect of motion at the end cap airfoi l interface.(3)
The specimen geometry and test fixture are shown in Figure 2-127. The
entire apparatus is illustrated in Figure 2-128.

a

SIN~ n nibidi ss~amd *nsm.id

Figure 2-127 . Wear and Fret Test Apparatus

..
S _ .  5

. 1,

V ‘ ,
. -

• ~-

JV

- .i~ i•. •~ ~

Figure 2-128. Wear and Fret Test Apparatus (Rocking Motion Is
in the Plane of the Ruler)
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V These results signaled a potential problem in the contact areaV 
between the ai rfoil and end cap in the three piece vane design if con-

- tact and thermal stresses caused crack propagation from the chipped
areas. The motion imposed in this test exceeded that expected in the 

V 

-

part by a factor of 5, and each cycle represented a single turbine
start . No, problems of this type were encountered in any of the static
rig tests, however.

I
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2.10 FLEXURAL TESTS OF LIThIUM ALUM INA SILICATE (LAS) INSULATOR
MATERIAL

2.10.1 INTRODUCTION

Lithium alumina silicate (LAS) insulators of the 8.00 inch radius
configura49n(4) were tested in both the 2200°F and init ial 2500°F static
rig tests.’~ ’

6’7) All LAS insulators developed cracks, caused princip-
ally by transient thermal stresses at the upstream circumferential edge
or by edge loading at the downstream circumferential edge. As a part of
the evaluation of the failed insulators, flexural tests, in 4-point
loading at room temperature, were conducted on both untested insulator
remnant material and material removed from one of the failed insulators
at an apparently undamaged location (2200°F static rig tests(S)). Speci-
mens which had been heat treated to 2000°F for 2 hours to permit the
healing of machining damage and specimens ground in both the longitudinal
(lengthwise) and transverse (widthwise) directions were also tested. (9)

2.10.2 RESULTS

The specimens were 1.125 x 0.125 x 0.25 inch ground approximately
to the specification used to mak e the insulators in the stati c rig tests.
The results are given in Figure 2-130. Transverse grinding lowered the
average strength to approximately 65 per cent of that for the material
ground longitudinally. Heat treatment had very little effect. The insu-
lator exposed in the 2200°F static rig tests was shown to degrade. Test
results were scattered widely.

I iissu~~ 
I

A 0Na 1 4
—r °~~‘~~~ I
j avis*ii

I I£ L~~~lI~~TI st p,~ S1~~• Iill RISIAVIMSI)is s,*asaa.ssvlAemel I
is.s3 RI
~~~swRIsu~~Y*IIU A
NRut%~~ S is

~ is NVsaflIt IfRI
a WN5U 4 isi~~s unit em

A 1  I A U

A ~f•
is A ~ ~~s I I II.S I I

~~ ‘

~1 
I 1j~~ r

I~ t~~I lirJ.
I “ j I

$ I i I II I I I’
I I I I I

‘!j~1~~’ ‘~j~ ’ ‘j,t~ 
‘
~~~~:~~~ 1~ 1t~~5

Figure 2-130. Flexural Test Results for Cervit C140 LAS
Insulator Mater ial at Room Temperature
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Temperatures in the static rig at insulator locations apparently
exceeded 2000°F as indicated by local melting. This condition contributed
to the insulator failure observed.(4)
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2.11 PROPERTIES OF BORON NITRIDE INSULATOR MATERIAL

2.11.1 INTRODUCTION

The (Carbonundum Combat “14”) properties of a hot-pressed boron
nitride insulator material were characterized to verify the vendor data
used in design calculations. Specimens were prepared from five pieces
of hot-pressed boron nitride cut from the 1~~ 1ets used to manufacture
insulators for static rig tests at 2500°F.~ ) The list of prop rties
measured includes: density, flexural strength versus temperature,
strength in compression ; Poisson’s ratio, elastic modulus , sonic velocity,
flexural creep, therma l expansion and thermal conductivity.

2.11.2 DENSITY

The density of each of five pieces was measured by water iemersion.
Results appear in Table 2- 33.

TABLE 2-33

ThE DENSITY OF “COMBAT 14” BORON NITRI DE

Piece No 1 2 3 4 5

Density (g/cc) 2.11 2.13 2.14 2.12 2.13

Water Absorption (%) 0.007 0.004 0.005 0.004 0.006
100 Hours in 50%
H~~idity

2.11.3 FLEXIJRAL STRENGTH

Flexural strength was determined up to 2000°F in four-point loading
for a load span of 0.50 inch over an outer support span of 1 inch.(9)

Nominal specimen dimensions were 0.125 inch thick 0.250 inch wide and
1.25 inch long. In the “B” direction of the material (Figure 2-131)

Figure 2-131. Specimen Orientation in Boron Nitride
Insulator Materials
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grinding mark s ran longitudinally while in the “A” direction the grind-
ing marks were transverse. Final grinding was done with A; 320 grit
diamond wheel. The flexure specimen speci fication is shown in Fig-
ure 2.132 . Three specimens from each direction were tested for each

Direction of
_ _ _ _ _ _  

Tool Marks 
- -

1 
I -A-] 

~~~~~~
Figure 2-132. Flexural Specimen

temperature condition. Flexural strength is reported in Table 2-34.
The results are plotted as a function of temperature in Figure 2-133.

TABLE 2-3d

ThE FLEXURAL STREN GTH OF HOT-PRESSED BORON NITRIDE

Temperature Ultimate Flexural Strength (psi)

(°F) “A” Direction “B” Direction

RT 4090 10650
RT 3990 11350
RT 3950 11800

1200 4040 11850
1200 4100 10950
1200 4260 V

1500 4910 10450
1500 5110 9480
1500 4550 12500
1800 4920 13750

V - 
1800 4050 11400
1800 4460 10200
2000 4650 12150
2000 4490 16100
2000 4560 13000
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Figure 2-133. The Effect of Temperature on the Flexural
Strength of Boron Nitride Insulator
Material

Other flexure tests were conducted on 0.125 inch thick , 0.250 inch
wide and 2 inch long specimens (Figure 2-134) at test temperatures of

Direction ci

_ _ _  
_ _ _ __ _

~~~~~ ~~~~~~~~~

Figure 2-134. Flexural Specimen for Stress-Strain Determinations

75°F , 1800 °F and 2000 °F using a three-rod deflectometer to obtain
stress-strain curves. These specimens were cut from the “B” direction

V orientation. Results appear in Table 2-35 . A typical stress-strain
curve (2000°F) is shown in Figure 2-135.
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TABLE 2-35

ELASTIC MODULUS OF HOT-PRESSED BORON NITRIDE IN FLEXURE

Temperature Ultimate Elastic
(°F) Strength (psi) Modulus (x 106 psi)

75 11,300 12.43

75 11 450 11.38

75 10,550 722

1800 15,400 7.33

1800 14,400 8.44

1800 14,200 9.71

2000 18 600 .58

2000 11,250 6.91

I I
l.n.1~— iN LN?7” x .13?”)
~ 0 D F
1lIWm~n

:7~Figure 2-135. Typical Load Deflection Curve for Boron Nitride
Insulator Material (2000 F)
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2.11.4 TESTS IN COMPRESSION

Compression tests were conducted at 75F , 1500°F, 1800°F and 2000°F,
using specimens illustrated in Figure 2-136. At 75°F, specimens from
both directions were strain gaged to provide elastic modulus and Poisson’s
ratio data for comparisOn with sonic velocity test results.(9) Resul ts
are shown in Table 2-36. The material acted isotropically in all com-
pression tests.

Figure 2-136 . Compression Specimen

TABLE 2-36

COMPRESSION RESULTS FOR HOT-PRE SSED BORON NITRIDE

Temp Ultimate Elastic Poisson ’s
(°F~ Strength (psi) Modulus (x 106 psi) Ratio

75 25 ,350 1.24 0.053

75 27,250 8.91 0.114

1500 23,500 No Data No Data

1800 36,150 No Data No Data

1800 37,400 No Data No Data

2000 36,700 No Data No Data

2.11.5 FLEXURA L CREEP TESTS

Flexural creep tests were conducted at 1800°F and 5000 psi on a “B”
direction specimen and at 1800°F and 2500 psi on “A” direction specimens .
Loading spans and specimen configuration were the same as those used in

V the flexural strength tests. Flexural creep data are illustrated in
Figure 2-137.
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Figure 2-137. Flexural Creep in Boron Nitride Insulator Material

2.11.6 SONIC VELOCITY MEASUREMENT

Elastic and shear moduli were computed from the extensional and
torsional wave velocities through cylindrical specimens of the material
(Figure 2-138). Poisson ’s ratio was calculated from the E and G values
obtai ned .

r~ L~~~~~~

>

“B” Direction

T - I  +

“A” Direction L~~ T
Figure 2-138. Thermal Expansion and Sonic Velocity

Test Specimens

2.11.7 ThERMAL EXPANSION

Thermal expansion of 1800°F was measured with a quartz tube dilatom-
eter using specimens 0.25 inch diameter x 2 inches long (Figure 2-138).
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For the “A” direction, two 1-inch long pieces were stacked together.
The “B” direction measurements were duplicated becaus e of the low
thermal elongation obtained. Thermal expansion curves appear in Fig-
ures 2.139, 2-140 and 2-141.

in

Osq.M (*l.. ~~’ 4 SS~~ ~ ,4,W
—

a a a
h—Il”.’.,

Figure 2-139. Thermal Expansion of Boron Nitride Insulator Material
Parallel to the Hot-Press Direction “A” (Across
Insulator)
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Figure 2-140. Thermal Expansion of Boron Nitride Insulator
Material Perpendicular to the Hot-Press
Direction “B” (Through the Ii)su1ato r~ -
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Figure 2-141. Thermal Expansion of Boron Nitride Insulator Material
Perpendicular to the Hot Press Direction “B” (Repeat
Determination)
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2.11.8 THERMAL CONDUCTIVITY

The thermal conductivity was determined in both the “A” and “B”
directions by a comparative bar technique, using specimens described in
Figure 2-142. Both specimens could not be made to the same specification
because the bulk dimensions of the material did not permit it. Test
results are also reproduced in Figure 2-143.

V 

3.62 

~~
.5000ia. — — _______ - ______ - .44801a.

“B” Direction

.500DIa.

“A” Direct ion

Figure 2-142. Thermal Conductivity Specimen

I Hot Press DIr~~ion (B)

I r ~ 
i Hot Press Direction (A)

40 I

200 400 600 800 1000 1200 1400
Temperature °F

Figure 2-143. Thermal Conductivity in “Combat M”
Boron Nitride
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SECTION 3

V 

THE MICROSTRUCTURE OF CERAMIC STATOR VANE MATERIALS

3.1 INTRODUCTION

As stated previously, hot pressed materials (dense silicon nitride
and dense silicon carbide) used for the fabrication of stator vane corn-
ponents were purchased for this program exclusively from the Norton
Company. Three different types of silicon nitride (HS11O , HS13O and
NC132) were evaluated . Except for a few small preliminary billets and
the first three 9 inch diameter x 1-1/2 inch thick billets V, (3) which were
del ivered for property determinations , only one variety of silicon
carbide , designated Noralide NC203, was examined .

The full extent of material characterization was not realized with
the determination of the engin~ ering property data base for component
design, analysis and performance review . Density and composition became
an important part of the materials and processes acceptance specifications,
while the definition of microstructure , including prominent features
and defects, not only contributed to an understanding of the material ’s
ability to function but also provided a key to material improvement.
Detrimental impurities, for example, were reduced in concentration or
eliminated from HS11O silicon nitride to produce HS13O, a silicon
nitride material which exhibited superior room temperature and high
temperature strength properties.(2) Further improvement in room tempera-
ture strength resulted when the large inclusions characteristic of
HS13O were ren~ ved by powder classification in the production of NC132
silicon nitride materials.(5)

V 
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3.2 HOT PRESS ED SILICON NITR I DE

All evidence suggested that Norton hot pressed silicon nitride
145130 was prepared by milling the blended powder with tungsten carbide
media. Densification probably occurred in a SN coated graphite
susceptor die , using magnesium oxide (MgO) as the sintering additive .
Changes In the process to controlthestarting Si3N4 powder were reflected
in the lower concentrations of impurities (WC, Al and Ca) in HSl3O
re la t ive  to HSI1O material. (2) Classification of the milled Si3N4
powder appeared responsible for sign i ficant decreases in the WC concen-
trat ion in later billets of 11S130 and all billets of NC132 silicon
nitride. (6)

3.2.1 DENSITY AND COMPOSITION

Since the density of other possible crystalline constituent s in
silicon nitride hot pressed with MgO was greater than the theoretical
density of B-S13N4(3.l8 g/cc), fully dense Si3N4 billet material was
expected to exhibit a density of greater than 3.18 g/cc . Tungsten
contamination (as either WC or WSi2), for example , would tend to
increase bulk density apprec iably. The density of IlSl3O material ranged
from 3.17 to 3.21 g/cc ,(3) while that of NC132 , although containing less
tungsten , ranged from 3.21 to 3.27 g/cc. (5) These data suggest tha t  the
145130 material contained porosity to some degree even though this con-
clusion was never supported fully by physical evidonce other than
occasional layered shading In the radiographs of components or the
random retention of dye ponetrant on the surface of end caps.(4’8)

The cation Impurities , as determined by emission spectrographic
analyses , found in iisiio and a l l  b i l l e t s of HSl3O (Noralide NC132) are
compared in Table 3-1. FIS13O was shown to contain approximately 1/10
the Al and Ca content of IlSilO , and there was evidence to suggest
better control of W and C contamination during the early stages of HSI3O
product lon .(2 )  The b i l l e t  chemistry In the l a t t e r  phases of 14S130
manu facture revealed that a level of. relative consistency in composition
had been achieved . There WiNS very little compositional difference
between 11S130 and NC132 silicon nitride. (5)

The magnesium content , as determined by wet chemical analysis ,
indicated that approximately 1-1.5 w/o MgO was used as a hot pressing
addi t ive  in HSI3O and NC 132. (5) This represented a significant decrease
as compared to ilSiiO .(2)

3.2.2 MICROSTR~JCTURAL CJVIARACTERIZATION OF Si3N4

General Features

The micro structuro of hot pressed S13N4 WaS determined from
1 cm x 1 cm x 3 mm specimens mounted in Kold Mount . Wet abrasive paper
was used for rough polishing down to 600 grIt. Final polishing was done

144
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Figure 3-3. Pole Figure Analysis of Si3N4 (HS13O)

Impurities in High Density Silicon Nitride

Although hot-pressed silicon nitride (HS13O) was nominally
98 percent pure, the distribution of impurities was apparently not
random. Macroscopically, large inc lusions were observed which were
directly related to the premature fai lure of flexural and fatigue
specimens . The three flexural specimens shown in Figure 3-4 were
selected from a group of 20 tested at 2350°F, in air, at a cross-head
velocity of 0.02 in/mm to illustrate the effect. The average strength
of this group was 69,000 psi. The decrease in strength due to inclusions
amounted to approximately 35 percent. The most common large inclusion
was a particle of free silicon (Figure 3-4a). This particular particle
was located below the most highly stressed port ion of the tensile
surface. The micrograph indicates clearly that failure originated at
the particle-matrix interface. (2)

Another frequently observed inclusion was an iron-rich particle
(Figure 3-4b). Probe analysis indicated that inclusions of this
type were i ron-silicon interineta llic compounds.(2) A rarely found
inclusion is shown in Figure 3-4c. Here the particle was magnesium
rich , probably a magnesium silicate located at the bottom of the round
hole. (~ )

The foreign inclusions shown in Figures 3-5a and b also affected
fa tigue tests. The free silicon inclusions apparently acted as stress
raisers , and slow crack growth was Induced at the particle matrix

V 
interface (Figure 3-Sb.) Failure of the specimen could have been
initiated by the fatigue failure of the soft silicon inclusions. (2)
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Figure 3-6. Light Micrographs Showing Orientation of Lenticular ,
Non-Densifjed Silicon Nitride Inclusion in Flexural
Test Specimens

Figure 3-7. Scanning Electron Micrograph s of Defects in I-1S130 Si3N4a. White Powdery Inclusion - 2800X
b. BN Powder - 5500X
c. Powdery Consolidated Si3N4 

- 2000X

lines from 8-Si3N4. Laser source emission spectroscopy also confi rmed
silicon , but boron was only found in an inclusion from b i l l e t  1 . These
white powdery inclusion s were considered to be small agglomerates of
nondensified S13N4 which occasionally contained BN.(3)

The anisotropy observed in the st rength of silicon nitride may be
attributed to layering, inclusion s, and/or voids rather than to preferred
orientation of grains. (2) Figure 3-8a represents a composite micrograph
of replicas taken from three perpendicular faces of a hot -pressed billet .
No apparent differences in grain orientations can be detected but , in
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(marked by arrows). The dark flaws indicate inclusions of higher
density than the parent material , while the white fl aws indicate areas
of lower density, possibly small cracks.

Almost all of the indicated flaws were elongated in the same
orientation. Therefore, each could represent spherical flaws (particles
or voids) which were squashed to a lenticular shape during hot-pressing.
If the fracture strength of the mat erial follows the Griffith relation:

a = A f ~~~ (1) 
V

where y is the fracture energy, B the elastic modulus and c the critical V

crack size, a lenticular flaw would contribute a different crack length c,
depending on the orientation of the flaw with respect to the applied
stress a. Figure 3-8b implies that c is larger when the applied stress
is directed parallel to the hot-pressing direction, hence the lower
strength measured in this orientation. Although an estimate for c can
be obtained, comparison of the fracture stress, a, with the flexural
test data was not possible because the exact location of the flaws with
respect to the tensile surface was not known . (2)

In the case of these flexural strength specimen s, Eq. (1) is
applicable if an assumption is made that the inclusions define the size
of a critical flaw.(2) Since y and A were not determined for the
particular test condit ions:

a.f~ = constant (2)

where a is the stress at the flaw and c is the flaw size. The estimated
flaw sizes for inclusions identified in Figure 3-4 were 290 urn, 220 urn
and 140 urn, respectively.(2) With stress levels at the flaw corresponding
to a = 40,000 psi for the silicon particle, which lay below the surface ;
a = 45,500 psi for the iron rich particle; and a = 57 ,800 psi for the
magnesium-rich inclusion: cum and aJ~~ x 10 become :

Particle A Particle B Particle C

c urn 290 220 140

x 106 680 675 685

Such inclusions were regarded as critical flaws that caused serious
degradation in the strength of the material.

On a microscopic scale , impurities were not generally associated
with grain boundaries in HS13OJ 1) Individual particles or clusters of
particles were observed. Typical examples are shown in Figures 3-9a , b
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and aluminum , were obtained for IISl3O mat erial. The sca n n i n g  of the
five elemen ts was done over the same area , but no correlation between
the si gnatures of the variou s element s was  obv i ou s , nor t,,VaS it possibl e
to stare whether the elements were concent rated in the l~oundarie s or
the grain interior. ( 2 )  This was due to the fact that the probe beam
d i a m e t e r  was  abou t 2 ~ni , which was of the order of the grain s i :c.
F igu re  3- 12 i n d i c a t e s  numerou s c lus te r s  of i ron  w h i c h , in  a few ca ses ,
extend over 50 ~rn in length. Most of these clusters were about 10 ~rn
d iame ter . V 1•her e was no apparent  change in i n t e n s i t  of t h e  s i l i c o n
count ove r the i ron—rich areas. T h i s  was  interp reted to indicat e that
i ron was present as an i ron-silicon compound .12)

Fi gure 3-12 . Low Magnificat i on (335X) Microprobe Scanning Microg raph
Showing Fe Distribut ion in US13O Grade Material.
(Clusters are about it) urn in Diameter.)

Impuri ty distribu t ion s on a microscop ic level are shown in
Figure 3-IS . Fi gure 3-l3a is a replica transmission micrograph taken
from the fractured surface of a fatigue specimen near the fracture
ori gin. flu~ particular specimen failed premature l y in a fat i gue test .
It is  possible that the concentration of fine impurity particl es was the
source of failure . Figure 3-13b shows an area occasionally found in
thin foil t ransmission micrographs , iden t i fy ing a cluster of particles
within a l arge grain . These particles were too small for a pos i t ive
ident i ficat i on by electron diffraction . St rain fields (dark semi -rings~
ar~ associated with the particles. These n.ay o r i g i n at e  w i t h  t he  h ot-
press cele when differential therma l contraction occurs between the
particles and the Si 3N 1 matrix as a r e su l t  of cooling .(2~
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Fi gu re 3-14. Typ ica l Auger Trace of a Fresh Fracture Surface (11S130)

it was possible to reveal the transition and bulk compositAon by
sputtering the, fresh fracture s in argon to remove material 2500A from
these surfaces in 40A increments. The results of analyses a f t e r
sputtering for both grades of S13N4 (HSI 1O and HSI3O) appear in
Figure 3-15 . Nitrogen and iron increased in the bulk composi t ion , w h i l e
oxygen and the alkalies decroased.(3)
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F Igu re 3-15. Flement D i s t r i b u t i on  P ro f i l e s  In Uot—Pressed
S i l i c o n N i t r i d e  (H S 11O and 130) by Auger A n a l y s i s  

V
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The oxygen concentration converted front Auger profiles (Table 3-3)
was consistent with A*tRC neutron activation analysis which showed 2-S
and 6-9 percent oxygen in HS13O and HS11O silicon nitride , respectively. (3)
The hi gh leve l of oxygen at the boundary indicated a glass phase
composition approaching:

HSI1O: 2MgO~2Al2O3•9CaO•22SiO2

HSI3O : CaO MgO’8SiO2

TABLE 3-3

CONCENTRATION OF ELEMENTS
WITHIN THE Si3N4 GRAIN (w/o)

(Data Converted from Auger Profiles)

!~ 2 !~ ~! ~!& ~
HS11O b alance 34 8 1.2 1.4 0.9 0.8

HS13O balance 36 6,5 1.2 --- 0.7

The high concentration of CaO in the b oundary glass phase was
considered significant in that it could account for the substantial
difference in hig h temperature creep strength between the HS11O and
HS13O Si3N4 . Creep data suggested that a maj or contribution to the
ob.erved deform ati on came from grain boundary sliding. The effect
of Ca, and to a lesser degree Al , K and Na, could be related to an
appreciable decrease in the viscosity of silicate glasses with small
additions of CaO. (5)

V The combined effect of the alkaline earth and alkal i metals , Ca ,
Na and K , on the high temperature strength of hot--pressed silicon
nitride is indicated in Figure 3-16 , where cation concentration is
plotted against average flexural strength .(3) At 2370°F, for example ,
a reduction in strength from 55,000 to 30,000 psi was measured when
the Ca concentration changed from 0.03 to 0.09 w/o . The effect of
composition on the creep properties was considered even more
significant .

While Ca~’ appears to be detrimental to high temperature strength V

properties of hot-pressed silicon nitride , a study of wetting indicated
that small concentrations of Ca in the glass phase are essential if the
molten glass phase is to wet Si3N4 grains to achieve high density. (5)
Therefore, calcium cannot be eliminated completely for the benefit of
hi gh temperature strength.
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Figure 3-16. E ffect of Impurities on the Flexural St rength
(4 Point Bend) of Silicon Nitride (HS13O)

Dislocation Structures in High Density Silicon Nitride

Evans and Sharp~
20
~ and Butler~

27
~ discussed the dislocation

structures in ~ phase Si3N4. While the observations reported were in
general agreement with their work, dislocation structures were also
observed in the very large, elongated ci grains.(l) The dislocation V

structures in both the a and ~ phases are similar .

To determine Burger vectors in both the a and 8 Dhases , grains
extracted during surface replication were examined .(’) These extracted
grains were thin enough for high voltage transmission microscopy. By
the nature of their formation they presented suitable conditions for I -
examinination of slip behavior at room temperature. Normally , in a
brittle materiai like Si3N4, the critical stress for dislocation motion
is much hi gher than the fracture stress (at least at low temperatures) .
~i1y at the fracture surfacç do sufficiently high stresses develop to
cause dislocation motion.(1) Consequently, the thin extracted grains
provided the fracture surfaces for transmission microscopy.
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3.3 HOr-PRESSED SILICON CARBIDE

All evidence suggests that the Norton hot-pressed silicon carbide
was also prepared for densificat ion by milling with WC media. The hot-
pressing additive in this case was apparently A1203. Tungsten carbide
contamination decreased while boron concentration showed a marked

F increase in billets of late manufacture. (3 7)

3.3.1 DENSITY AND CG4POSITION

The theoretical density of SIC is 3.21 g/cc. Since the density of
the A1203 hot-pressing aid and the WC contaminants are greater , one
wonid expect the fully dense material to have a bulk density greater

V than 3.21 g/cc. As shown in the Property Certification Tables,(3,~) theI -
- density of NC203 SiC ranged between 3.28 and 3.33 g/cc.

Typical spectrographic analysis of the major impurities in Norton
hot-pressed SiC is given in Table 3-S. The main impurity element was
aluminum , which was added as alumina presumably to promote liquid phase
sintering . Tungsten represented another major impurity which was present
mainly in the form of WC , a residue of the ball milling operation. The

V source of iron contamination was not determined . It may have resulted
V from a crushing operation or it may have occurred as a natural impurity

in the starting powder. (3)

TAB LE 3-5

SPECTROGRAPHIC CHEMICAL ANALYSIS OF HOT PRESSED

V 
SILICON CARBIDE (NC203)

Group
Designation Al B Ca Cr Fe M1 _______ 

C

NBS No. 57 0.67 -- 0.73 0.65 0.01 -- 0.09
(Refined Si)

SiC >1.0% 0.04 <0.003 <0.001 0.1 <0.001 <0.001 >1.0% ~.27.S%

SiC >1.0 0.05-0.02 0.01-0.02 <0.003 0.1 >0.3
— 

SiC >1.0 0.06-0.02 0.03-0.007 <0.003 0.1 >0.3

Powder X-ray diffraction data appear in Table ~~~~~~ WC was
identified as the only impurity phase. A12O3 was not detected , indi-
cating that it was either not present in sufficient quantity or, more
probably, that it was present as a constituent of an amorphous grain
boundary phase.

The distribution of the impurities and the additives in hot-pressed
SiC are illustrated in Figure 3-21. Alumina was the maj or constituent V
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of the grain boundary phase , which also contain a dispersion of W-rich
particles . (3) Although the probe beam was defocused for an oxygen scan , it
was apparent that the grain boudnary phase contained oxygen also. An over-
lap of Fe and W peaks was observed. This is similar to that reported
previously for Si3N4. In both cases the source of W appeared to be the ball
milling media. During hot-pressing at 3700°F, a reaction apparently occurred
between W, Fe and Si which resulted in the formation of a W-Fe-Si compound.
Unfortunately, this compound coul~ not be identified by powder X-ray diff-
raction in either SiC or Si3N4.

(3
~

TABLE 3-6

POWDER X-RAY DIFFRACTION DATA FOR HOT-PRESSED SIC
(NC203) NOPTON BILLET 472-3

(SiC Phase is a Mixture of the Hexagonal II and IV Polymo rphs)
d(g) Relat~Intensity Phase d (~) Relae.Intensity Phase

V 

3.47 W unknown 1.23 VW SiC,WC
2.82 W WC 1.2 VW SiC
2.62 M SiC 1.15 VW WC
2.58 W SiC 1.13 W SiC
2.51 S SiC ,WC 1.09 W SiC
2.35 M SiC 1.045 W SiC
2.18 W SiC 1.015 ‘/W SiC,WC
2.10 VW SiC 1.00 W SiC

V 2.00 W SiC 0.99 W SiC
1.87 W WC 0.975 W SiC
1.68 W SiC 0.955 W SiC ,WC
1.60 ‘1W SiC 0.942 W SiC,WC
1.54 S SiC 0.915 W SiC
1.45 ‘1W SiC,WC 0.89 VW SIC
1.42 W SiC,WC 0.865 W SiC
1.33 VW SiC 0.840 W SiC
1.31 VW SiC 0.790 W SIC
1. 29 W SiC ,WC
1.26 W SiC,WC

Referring specifically to the last eight billets received, the tungsten
content was typically less than 0.3 w/o.(7) The aluminum concentration was
reasonably uniform at a concentration slightly greater than 1.0 w/o. This

V 

is significant because it represents a standard of quality control in the
blending process where alumina is apparently the hot-pressed additive
employed. BoronL which was low in billet 050873, rose significantly from
300 to 800 ppm.(1) Boron, in some form , was apparently added deliberately
during the fabrication of these later billets. The calcium content was
reduced to levels approaching the alkali metals. It is impossible to comment
on the significance of calcium , however.

= Weak
‘1W - Very Weak
S”Strong
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Figure 3-22. SEM Micrograph of Polished and Etched Surface
- of Hot-Pressed SiC (NC203, 2000X)

10 urn , are typical of hot-pressed SiC. t3) An average grain size of 3 urn
V was established by lineal analysis. The small bright particles are WC

or W-rich inclusions. The black holes are etch ing cavities.

- An examination of fracture surfaces suggested a gradual transition
- in failure mode from predominantly that of cleavage to predominantly

intergranular as a function of increasing temperature .(~
) Frequent

cleavage steps and the smooth appearance of the fracture surface (Fig-
ure 3-23) indicated that cleavage was the dominant mode of failure at

- j room temperature. As the test temperature increased to 1470°F , (Fig-
ures 3-24, 3-25 , and 3-26), cleavage still prevailed , but the fracture

-1
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Figure 3-23. Replica Transmission ‘Iicrographs of Room Temperature
Fracture Surfaces - Norton Hot Pressed SiC (NC203)

V 168

_  
~ — V V V .~V V~~ V ~~V. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -V _











Fi gure 3—31. SEM Microgr ap h of Po l i shed S i C (NC2 03) Showing
Impurities ( 2000X)

l i g L i rt ’ 3— 3 .’. SEN M ic r og r aph , T h e r m a l l y  Etched , Hot Pressed SiC
NC.~03) Creep Spec i men , (Pa r t  i c 1 es Show Si , W and

Traces of Ti and i c  — No A l l

Hi gh m agn i  ficat ion t r a n s m i s s i o n  mic r ogra p hs appear in Fi gures 3— 33
and 5. 34 - When compared to  Figures 3- 31 and 3— 3~ . there  are i nd i cat i on~
of a hi g h d i  s t r i b u t  on of fore i gn pars i c tes ar r a n g ing  in  s i  ze t rom a

m i ~ rons in  d i  amet ~‘ r t o  aho t i t  1 000A . The dark  lie  Id mi crog rap h
c l c a r l v  i n d i c a t e s  pa r t  id es at the grain bounda r i e s .  However , the d if-
f r a c t  ion p a t t e r n  was not c l e a r  enough for p o s i t  i vt’ i d e n t i f i c a t i o n . (4 1

Fi gure 3-3 .1 a l s o  reveals a few p ar t  id es w i t h  in  t he  g r a i n  (A).
occurrence of a high densi  t v  of stack lug f a u l t s  and di  slocat  ions was
most i n t e r e s t  ing . (4) It is poss ih Ic that these fan Its const i t u t e v er
act lye sit es for the nuc t ea t  ion of ía i l u re .  The c l eavage  and genera
low strength of ’ Si C at low t emperatures  may he r e l at ed  to its i nher
fan I t v  st r t i c t u r e .
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SECTION 4

ENVIRONMENTAL STABILITY OF Si3N4 AND SiC

4.1 ThERMODYNAMIC PROPERTIES

4.1.1 INTRODUCTION

Silicon nitride and silicon carbide are effective as high tempera-
ture structural materials because a protective surface layer containing
predominantly silica (Si02) ,  is formed in highly oxidizing atmospheres.
Usefulness at high temperature does not depend solely upon intrinsic
stability , but also upon the stability of the protective oxide layer.
The Si02 layer could be consumed from the surface of Si3N4 and SiC either
by straight volatilization or by reaction with SI3N4 or SiC at the Si3N4-
Sb 2 or the SiC-Si02 interface , respectively. A thermodynamic analysis
of the decomposition and volatilization of Si3N4, SiC and Si02, and of
the interfacial reactions of Si3N4 and SiC with surface Si02 are pre-
sented here.

The hot pressed silicon nitride and silicon carbide , developed
specifically for high-temperature structural applications, were prepared
by the hot-pressing or sintering of the respective powders with a densi-
fication aid. The additives influenced the formation of extraneous
phases in small quantities, e.g., oxynitride and mixed silicates, in the
hot-pressed bulk material and also in the surface oxide during oxida-
tion. These phases complicated the problem because detailed phase
equilibria and thermodynamic properties data were not available for a
complete analysis of the stability of Si3N4 and SIC materials. Since
such information was lacking, the analysis was necessarily limited to
pure Si3N4, SiC and Si02. The effect, however, was small as long as the
concentration of the extraneous phases remained small. The analysis
therefore, is useful in an assessment of the potential performance o
coimaerclal silicon nitride and silicon carbide materials in various
en~ ironaent s.

4.1.2 DECOMPOSITION AND VOLATILIZATION REACTIONS

Silicon nitride dissociates into Si (solid or liquid depending on
the temp.rature) and N2 gas according to the reaction:

S13N4(s) 3 Si(s,L) • 2 N2(g) (1)



The pressure of N2(g) formed by the dissociation of Si3N4 is shown in
Figure 4-1 as a function of teaperature•(7) The dissociation N2 pros-
sure at l6OO k~ the proposed use temperature for Si3N4, is only 2.8
x io-4 atm.(28~’ At 2l5l K whore the N2 pressure reaches 1 atm, Si3N4
dissociated completely. This dissociation can be suppressed if S13N4
is used in a high a~~ ient 

~2 
pressure environment.

~~~.,,% c

~
a
~~• ~— i

Figure 4-1. Dissociation Pressure of Nitrogen over Si 3N4 (s)

The vaporization behavior of Si3N4 is complex and remains only
partly characterized with regard to the nature of the volatile species.
The various possible reactions in the volatilization of Si3N4 include :

2 Si 3N4(s) -o 6 S1N(g) + N2(g) (2)

4 Si~N4(s) 
. 6 Si2N(g) + S N 2 (g) (3)

S13N4(s) 3 Si(g) • 2 N
2

(g) (4)

2 Si 3N4 (s) 3 Si 2 (g) • 4 N2(g) (5)

Si3N4 (s) Si3(g) + 2 N2(g) (6)

The part ial pressures of the volat ile species , SiN(g), Si2N(g) , Si(g),
Si 2 (g) and Si3(g), calcula ted according to reactions (2) to (6) in a
N2 environm nt 9f 1 atm pressure are shown in Figure 4-2 as a function
of temperature .(’) SiN(g) is the predominant volatile species over
Si3N4 up to about l600 K. Above that temperature Si (g) becomes gre-
dominant. The partial pressure of both SiN(g) and Si(g) at 1600 K is
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Figure 4-2. Partial Pressures of Variou s Vola t i le  Species Over
Si3N4 (s) in 1 Atm Pressure N2 Environment

only 4 x l0
_ 10 

atm , which is extremely small. The partial pressures of
Si2N(g), Si2(g) and Si~(g) are even smaller. High ambient N , pressure
will reduce the volatilization of Si 3N4 still further. The partial
pressures of the volatile species in a N2 atmosphere of 7.75 atm pressure .
which is characteristic of gas turbine operation at 10 atm total pres-
sure, are shown in Figure 4-3. The partial pressures of SiN (g) and
Si(g) at 1600°K are now reduced to 3 x 10-10 and 1 x 10-10 atm , respec-
tively. (7) The partial pressures of other volatile species are reduced

,w ._.~r* •C

— ia

S
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Figure 4.4. Partial Pressure of Variou s Volatile Species Over
Si3N4 (s) in 7.75 Atm Pressure N2 Environment
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similarly. Thus, the extent of volatili zat ion of SI3N4 at the proposed
use t emperatures is extremely small. Furthermore, the formation of
vola t i le  species by the dissociation and volatilization of S13N4 in
environments like that of gas turbines will , at best , represent a
locali zed condition , since a protective oxide layer should form very
quickly over S13N4 in a highly  oxidizing environment .

Accor~’i ng to the JANAF Tables (28) B-SiC decomposes at 3259° K in to
a vapor mixture of Si (32.1 aol % ) ,  Si~C (20.1%). SiC (45.4%), ~~(1.8%), SiC (0.28%) and Si3 (0.23%).(7)~ Possible reactions in the
volatilization of SiC can be written as:

SiC(s) -+ SiC( g) (7)

. SiC(s) Si 2C( g) + C(g) (8)

SiC(s) o Si (g) + C(g) (9)

2 SiC(s) -. Si-,(g) + 2 C (g )  (10)

3 SiC(s) Si3(g) + 3 C(g) (11)

2 SiC(s) -, SiC,(g) • Si(s.t) (12)

The partial pressures of various volatile species over SiC at 1600
and 2000’K, calculated for reactions (7) to (12), are shown in Figures 4-4
and 4-S. respectively, as functions of carbon potential. The carbon
potential ranges chosen represent the regions over which SiC(s) Is stable

. —r

— U.O — L S  —IL ? —IS.I —IS 4

~
pc, 

~
Figure 4-4. Partial P ressures of Various Volatile Species Over

SiC (s) at l600 K.
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Figure 4-S. Partial Pressures of Var ious Vola t i l e  Species Over
SIC (s) at 2000 K

at each temperature. The carbon potentials at the extreme left and
extreme right in both figures represent the Si/SiC phase boundary and
the SIC/C phase boundary, respec ti vely.(7) It is apparent that the pre-
dominant volatile species over SiC(s) is Si(g) , at both 1600 and 2000’K.
At 1600 K, the maximum partial pressure of Si(g) over SiC(s~ is
1 ~ i~ -~ atm , which is insignificant for most applications. The partial
pressures of other volati le species are even smaller. At 2000 K , how-
ever, the partial pressure of Si(g) could be as high as 4.2 x l0~~ atm.
This might limit the use of SIC at such high temperatures in certain
environments, e.g., under dynamic vacuum conditions wt)~Fe the volatilespecies will be removed continuously from the system. L I

Figures 4-4 and 4-5 also indicate that the partial pressures of
Si(g). Si2(g). Si3(g) and S12C(g) over SiC(s) decrease as the carbon
potential increases. For example , at l600’KA the partial pressure of
Si(g) at the SiC/C interface Is only 1 x 1O~~ atm compared to 1 x lO~~ atm
at the Si/SiC interface. Therefore, the presence of carbon deposited
on bare SiC from the ambient environment will tend to lower its
volatility. (7)

4.1.3 STABILITY OF OXIDE FORMED OVER S13N4 AND SiC

A thermochemical phase diagram (F igure 4-6) h~s been constructed
for the Si-N-O system at 1600’K1 using the free energy data for S13N4
and Si02 from the JANAF Tab1es(~8) and for S12ON2 from Blegen.(29) This
diagram represents the regions of’ thermodynamic stability for Si3N4,
Si2ON2 and Si02 as a function of oxygen and nitrogen partial pressures.
It follows from this diagram that upon heating in an oxidizing environment,

181

________ - _ _ _ _ _ _ _ _ _ _ _ _



- - —--.- .- -——- - .~~~~~ — - ~~~~~ 
- -

~~~~~~~~~~~~~~~~~~~~~~~~~~

109 1 ~~n
2

Figure 4-6. Thermochemical Diagram for the Si-O-N System at 1600°K

a duplex oxide layer consisting of Si2ON2 and Si3N4 should form on the
Si3N4 surface. Depending upon the kinetics of the reaction and the
duration of oxidation, the Si2ON2 in the oxide layer may oxidize almost
completely to Si02.

Various experimental investigations of oxidation conducted on
different Si3N4 materials failed to identify duplex layers of Si2ON2
and Si02. Furthermore , Si2ON2 has been detected only rarely in the
oxide scales. However, the bulk of the evidence suggests that the
oxide layer formed on Si3N4 Consists predominantly of Si02, a species
which provides protection against further oxidation in oxidizing
environments.

In the Si-C-O system , the only known condensed phases are SiC and
SiO2. Figure 4-7 shows the thermochemical diagrams for the silicon-
carbon-oxygen system at 1300 and 1600°K , respectively. The ordinate
scale gives the pressure of the carbon monomer ; the abscissa gives the
oxygen partial pressure and the pressure ratio for carbon monoxide to
carbon dioxide. The thin diagonal lines in the diagrams give the car-
bon monoxide pressures. The thicker lines separate the region s of
existence for Si(s), SiC(s), and Si02(s). Carbon monomer pressures
higher than those for solid carbon h~ ie no meaning. These diagram s
indicate that upon oxidizing SiC at high oxygen partial pressures , a
surface layer of SiO2 should form .

The protective f i lm of predominant ly Si02 (s)  forms on the surfaces
of S13N4 and SiC in oxidizing atmospheres according to the reactions :

Si 3N4 (s) + 3 O2(g) 3 SiO2(s) + N 2 (g) (13)

182 
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Figure 4-7. Thermochemical Data for the Si-C-.0 System
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2 SiC(s) + 3 02(g) 
-
~~ 2 Si02(s) • C0(g) (14)

The volatilization of this surface Si02(s) can result in the forma-
tion of various gaseous species according to the reactions :

Si02 (s) .+ Si02 (g) (15)

2 SiO-,(s) - 2 SiO(g) + 02 (g) (16)

Si02 (s) -. Si(g) + 02 (g) (17)

2 SiO2(s) Si2(g) + 2 02(8) (18)

3 Si02 (s) Si 3(g) + 3 0~ (g) (19)

The partial pressures of the gaseous species formed according to reac-
tion s (IS) and (19) have been calculated and are shown in Figure 4-8 at
1600 and 2000° K , respectively , as a function of ambient oxygen partial
pressure .(7) The oxygen partial pressure at the extreme left of these
figures (3.2 x i0 21 and 4.0 x 10-15 atm at 1600 and 2000°K , respectively)
represents the oxygen partial pressure below which Si02 is not thermo-
dynamically stable. It is apparent that Si02(g) is the predominant
gaseous species over SIO2(s) In high ambient oxygen pressures , while
SiO(g) becomes the predominant species in low oxygen partial pressure
environments. Also, the partial pressure of SiO2(g) formed over Si02(s)

j 
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Figure 4-8. Partial Pressure of Various Volatile Species

at l600°K is only 3.8 x 10-11 atm. It remains constant irrespective of
the ambient oxygen pressure. The partial pressure of SiO(g) is lower
than that of the SiO2(g) down to about 1 x l0~~ atm oxygen pressure,but increases rapidly at lower oxygen pressures. Similar behavior is
indicated at 2000°K. Thus, the volatilization of Si02 is insignificant
in high~y oxidizing enVTronments, e.g., in air, in gas turbines, etc.,
but it becomes very critical in reducing environments, e.g.1 in vacuum,
due to the formation of SiO(g). Hence, the usefulness of Si3N4 and SiC
in reducing environments will be limited to rather low temperatures.

The drastic difference in the volatilization behavior of SiO~(s)in oxidizing and in reducing atmospheres is also illustrated in Fig-
ure 4-9, where the partial pressures of gaseous spec ies formed in 1 atm
02 and in 1 x atm 02 pressure environments , according to reac-
tIons (15) and (19), are shown as a function of temperature.(7) Again ,
it is clear that at 1 atm 02 pressure , SiO2(g) is the predominant
vapor species with rather low partial pressures. However , in 1 x iO’8 atm
02 pressure (reducing cond itions), SiO(g) becomes the predomHant species
at temperatures above ‘l~1250°K. Under such reducing conditions, the
SiO(g) partial pressure could be as high as 2 x i0~~ atm at 2000°K.

In addition to volatilization , the protective surface layer of
SiO2(s) can be consumed by reaction with substrate Si3N4 or SiC according
to the reactions :

Si3N4(s) +~~iO2(s) - ‘6 SiO(g) 
+
~~

12(g) (20)

SiC(s) + 2 Si02(s) -‘ 3 SiO(g) + CO(g) (21)

184 

- - 5 - --- ii



- - - --- - -- -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~- -- —- -~~~~~~~~~~~ --~~~~~~ 
--

- -

— 
‘~ 

1* 50 
II~~MeW* ‘C

0 
~
_ - -_ -

~~
- - --_ T - 50 501~

~~~. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

11* 1, _ S —I 
.~
,, I—I

(a) 1 Atm Pressure Oxygen (b) 10-8 Atm Pressure 02
Environment Environment

Figure 4-9. Partial Pressures of Various Volatile Species Over
Si02(s,t)

These reactions result in the formation of SiO(g) Qnd other gaseous
species at the S13N4(s)-Si02(s) and SiC(s)-Si02~s) interfaces.

(7) Assirl-
ing stoichiometric formation of gaseous products, the equilibrium partial
pressures of SiO(g) formed according to reactions (20) and (21) have
been calculated. The equilibrium SiO(g) pressures for Si3N4 and for SiC
substrates are shown in Figure 4-10 as a function of temperature. High
SiO(g) pressures at high temperatures could cause rupture of the protec-
tive Si02(s) layer with subsequent accelerated oxidation. More impor-
tant ly, If al l of the surface Si02(s) reacts according to reactions (20)
and (21), then a bare S13N4 or SiC surface will be exposed, caus ing
“active” oxidation of Si3N4 or SIC by the formation of StO(g) according
to the reactions:

2 Si
3N4

(s) + 3 02(g) 6 SiO(g) • 4 N2(g) (22)

- - SiC(s) • 02(g) -‘ SiO(g) • CO(g) (23)

This could only happen in environments with very low oxj’~en partialpressures. Wagnerl3U) developed a theory to Interpret the tranhltion
between ‘active” oxidation (by formation of gaseous SiO) of Si found at

- 
- 

low oxygen part ia l pressures, and “passive” oxidation (by formation of
a protective layer of Si02) which occurs at high oxygen partial pressures.
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Figure 4-10. Equi l ibr ium Pressures of SiO(g) and the 02 Part ial
Pressures, P* , above which a Protective SiO2
Layer Should e Maintained (B)

He derived the following equation for calculating the value of 02 partialpressure, P~2, be low which no oxide is maintained on the surface of
silicon :

* “ 0 4 P02 
- SiO(eqm)

where 1’SiO(eqm) is the equilibrium partial pressure of SiO(g) at the
Si-Si02 interface. Extending this theory to the oxidation of Si3N4 and
SiC, the values of the 02 partial pressure, P~2, below which all thesurface Si02 reacts to form SiO(g) according to reactions (20) and (21),
and above which a protective Si02 layer is maintained , have been ca l-
culated. These values of P~2 are also shows in Figure 4-10 as a func-
tion of temperature. Accordingly, at l600°k a protective layer of Si01(s)
should be maintained on ~IJ sr3t44 drown to ambient oxygen ]i~iiiüre of
8 x 10-4 atm, and ~J SIC down to 3.6 x 1O-T atm. Towever,~á~~2Ut~S~X,
the p~ot,ctiv. layer of SiOj is expected toThe maintained oiijy down to
O~~priigur. of 3.5 x 10-1 atm on S13N4, and 1.8 x 10-1 atm on SiC. Below
tKisi q~yg,n pressures, ~‘actIv&’ oxidation of Si3N4 a~W~~iC can occur~
thus 1[ajtjng their usefulness as structural materials - ____________

Thermodynamically, the above analysis for SI3N4 Is not completely
• correct, since (as shown in Figure 4 - 6 )  the oxide in equilibrium with

S13N 4 should be Si 2ON 2 and not Si02. However , experimental investiga-
tions have shown that Si02 is the predominant oxide formed on Si3N4.
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For this reason, the above analysis can be used to assess at least
approximately the behavior of Si3N4 in environments with different
oxygen partial pressures. From a purely thermodynamic equilibrium point
of view , however , the Si2ON2 and Si02 coexistent interface should be
analyzed rather than the Si3N4-Si02 Interface pr.s.nt.d. Silicon
oxynitride and Si02 could react according to th. reaction:

Si 2ON2(s) + Si02(s) 3 SiO(g) • N 2 (g) (24)

where SiO(g) is formed at the Si2ON2 - Si02 interface. The equilibrium
SiO(g) pressure at this interface at 1600 k would be 8.04 x l0~~ atm.
This is comparable to the equilibrium SiO(g) pressure at the “assumed”
Si 3N4-Si02 interface shown in Figure 4-10.
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4.2 OXIDATION OF SILIC ON NITRIDI~ AND SILICON CARBIDE

4 . 2 . 1  EXPERIPENTAL PROCEDURE

Oxidation experiments were conducted by continuous thermogravimetry ,
using an automatic Calm electrobalance with a sensitivity of 2 ~

g.(1)
The silicon nitride or silicon carbide (Norton 11S130 and NC203, respec-
t ive ly )  samples in the form of 1 cm square and 0.2 cm thick plates were
cut from the hot-pressed billets and polished with up to 6 urn diamond
paste . The polished specimen was suspended from the balance with a
sapph ire fiber and held in the hot zone of a plat inum-resistance furnace

= in a flowing oxygen atmosphere . The changes in the weight of the speci-
men were continuously recorded on a stri p chart recorder.

Most of the oxidation experiments were conducted in dry oxygen at
I atm pressure. The oxygen gas was dried by passing it through anhydrous
calcium silicate and phosphorus pentoxide before passing it over the
specimen suspended from the balance .

In order to study the effec t, if any , of the oxygen partial pressure
• on the oxidation of Si3N4, thermogravimetric experiments were conducted

at 2500 F in 02-Ar gas mixtures with oxygen partial pressures of 0.01 ,
0.05, 0.1, 0.3, 0.5, 0.7 and 0.9 atm at a total pressure of I atm. Sint-
i larly , in order to study the effect of nitrogen partial  pressure on the
oxidation kinetics of hot-pressed Si3N4, experiments were conducted using
N2-02-Ar gas mixtures with varying nitrogen partial pressures of 0.1 ,
0.2, 0.3, 0.4, 0.5, 0.6 and 0.7 atm at a fixed oxy gen partial pressure
(0.2 atm) and fixed total pressure (1 atm).

After oxidation , the surfaces of the specimens were analyzed by
X-ray diffraction , scanning electron microscopy and elec tron microprohe
analysis to completely characterize the oxidation products formed at
different temperatures .

4.2.2 SILICON NITRIDE (NORTON 11S130) - Results

The initial oxidation experiments were performed at different flow
rates of oxygen from 500 to 5000 mI/mm , with the gas velocities in the
reaction tube (~i2 cm diameter) ranging between 2.6 to 26 cm/sec. The
oxidation rates were found to be independent of the oxygen flow rate at
all temperatures in the range 1800 to 2550°F, IndicatIng that the oxi-
dat ion of Si3N4 was not controlled by gas transport In the surface
boumdary layer. Flow rate in all subsequent oxidation experiments was
maintained at 500 m i / m m .
Effect of Temperature

The weight change data for oxidat ion of S13N4 in 1 atm dry oxygen
at different temperatures are sumarized in Figure 4-11. No detectable
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Figure 4-IL. Weight Change vs limo Curves for Commercial Hot-
Pressed S13N4 In Dry Oxygen at 1. Atm Pressure

weight gain was observed for oxidat ion at 1832 °F, and below . (2 ) The
weight gain vs ti me curves at al l  temperatures approximate the classica l
parabolic behav ior , which can be represented by the equation :

N2 
— K •tp

where W is the weight gain at time t, and K0 is the parabolic rate con-
stant.  Plots of the square of th~* weigh t gain (W2) as a function of
time (t) for different temperatures of oxidation are shown in Fig-
ure 4-12, where the straight l ines represent a region of parabolic oxi-
dation behavior.

The parabolic rate constants (Kr) for the oxidation of siliconnitride, obtained from the slopes of the straight lines in Figure 4-12 ,
are shown in Figure 4-13 as a ftmct ion of temperature. Using the
Arrhenius equation:

• A exp(-E/RT)

• where E is the activation energy, R is the gas constant and I the abso-
lute temperature, an activation energy of 375 kJ/mol is obtained for the
oxidation of hot-pressed Si3N4 in I atm oxygen In the temperature ran ge
1800 to 2550°F.

• The weight gain versus time curves for oxidation of Si 3N4 at 2500 F
in 02-Ar gas mixtures with oxygen partial pressures from 0.01 to 0.9 atm

L 
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Figure 4-12. Parabolic Plots for Oxidation of Hot-Pressed
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Figure 4-13. Parabolic Rate Constants for Oxidation of
Counercial Hot-Pressed Si3N4 in Oxygen at
1 Atm Pressure as a Function of Temperature

were identical to those obtained in pure’ oxygen. Similarly, the weight
gain versus ti curves for oxidation in N2-02-Ar gas mixtures were iden-
tical to those obtained in pure oxygen. Also, t~e oxidation products
for d in these gas mixtures were similar to those obtained in pure
oxygen. Even though the range of oxygen and nitrogen partial pressures

L



used was quite small , the oxidation rate of hot-pressed Si3N4, with in the
“passiv&’ oxidation region, is evidently independent of aubient oxygen
and nitrogen partial pressures.

The surface morphologies of the oxide films formed on Si3N4 after
oxidation in pure oxygen for 30 hours at various temperatures are shown
in scanning electron micrographs (Figure 4-14). The oxide formed at
1800°F was completely glassy and severely cracked.(2) At 2000°F, a long

- : needle-like crystalline phase, inferred to be mainly enstatite (MgSiO3)
by energy dispersive X-ray analysis , begins to appear . The amount of
this needle-like phase increases with increasing temperature of oxida-
tion , and at 2400 and 2500°F the surface is completely covered with this
enstatite phase. In addition to the enstatite phase, the surfaces of
the oxidized specimens appear to contain another phase, most probably
cristobalite (Si02) as identified later by X-ray diffraction analysis.

The scanning electron micrograph of a transverse section of a
Si 3N 4 specimen oxidized for 30 ho urs at 2300°F is shown in Figure 4-15
along with the energy dispersive X-ray scans in both Si3N4 substrate
and the oxide film thereon.(2) While only the silicon peak could be
detected in the unoxidized Si3N4 substrate, peaks representing Mg, Al ,
Ca , Fe , Mo , Na an d K were identified in the scan of the oxide film.*
These elements concentrate in the oxide film during the oxidation process.
The concentration of these elements in the oxide film was confirmed by
scanning X-ray (Figure 4-16) of the oxidized Si3N4 surfaces , us ing an
electron beam inicroprobe anaiyzer.(2) Although , these microprobe pic-
tures illustrate the oxidation products formed at 2300°F only , similar
behavior was observed at all oxidation temperatures in the range 2000
to 2550°F.

The identity of the oxidation products formed at various tempera-
tures was established by taking X-ray Debye-Scherrer patterns of the
surface scrapings from oxidized silicon nitride specimens. The unoxi-
di~ted material contained predominantly ~-Si3N4 with traces of Si2ON2.
The amo unt of 8-Si 3N4 in the surface scrapings decreased as the amount
of other phases increased with increasing temperat ure of oxidation ,
while  the amount of Si2ON2 appeared to remain constant . The cristobalite
(Si02) phase first appeared in specimens oxidized at 1800°F; its concen-
tration was observed to increase in specimens oxidized at 2000 and 2200°F,
and level off in specimens oxidized above these temperatures. Enstatite
(MgSiO3) and clino-enstatite (MgSiO3) phases appeared in specimens oxi-
dized at 2200°F; again their concentration increased with increasing
temperature of oxidation. (2)

*The Au Pd peaks in the scan are from the surface film of an Au-Pd alloy
deposited on an oxidized silicon nitride specimen to obtain a conducting
surface for scanning electron microscope examination .
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Figure 4-14. Scanning Electron Micrographs of Surfaces of Silicon Ni tride
Oxidized for 30 h r  in Oxygen at i Atm Pressure; (a) 1 800°F,
(b) 2000°F , (c) 2200°F, (d) 2300°F, (e) 2400°F , ( f )  2500°F
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Figure 4-17 Schematic Representation of Various Reactions Possible
During Oxidation of Hot-Pressed Si3N4. (Dashed Lines
Indicate Transport in Pores and Fissures in the Oxide
Fi lm.)

by inward diffusion of oxygen ions or molecules. Table 4-1 l ists the
values of activation energ ies for the par abolic oxidation of Si , Si3N4
and SiC which might be expected to show similar oxidation kinetics
since Si02(s) is formed in all three cases. Even though there is wide
variation in literature values of the activation energies, the
activation energy of 375 kJ/mole for oxidation of hot-pressed Si3N4

TABLE 4-1

COMPARI SON OF ACTIVAT ION ENER GIE S

Activation
Temp Range Ene rgy

System — (°C) (kJ/mole) Reference

Hot-pressed Si3N4 in 02 1000-1400 375 Present work
Powder Si3N4 in 02 1065-1340 256 32
Powder Si3N4 in Air 1065-1340 285 32
Powder Si3N4 in 02 or Air 1100-1300 147 33
Powder SiC in 02 900-1600 65-85 34
Powder SiC in 02 1300-1550 191 35 —

Powder SiC in 02 1200-1500 277 36
Powder SiC in 02 900-1300 210 37
Powder SiC in Air 900-1300 336 37
Si in 02 900 -1200 125-130 38 , 39 , 40
02 Diffusion in Fused 5102 925-1225 298 41
02 Difftasicn in Fused Si02 850-1250 122 42
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h determined in this investigation is s t i l l  much higher than the hi ghest
value reported . A high value might be due to diffusion of oxygen ions
or molecules through an ox ide layer composed of not only silica , but
also magnesium si l icate and various mixed silicates such as diopside .
Literature dat a are not available for oxygen diffusion in magnesium
silicate or diopside for comparison of activation energies. The fact
that the activation energy is very high and the oxidat ion rate of hot-
pressed silicon nitride is independent of oxygen partial pressure
suggests that a diffusional mechanism other than inward oxygen ion
diffusion is rate controll ing,  a l th ough this  cannot be st ated with
certainty.

Nitrogen gas evolution at the Si3N4(s)-Si02(s) interface must be
accounted for in the oxidation of Si3N4. There are three processes
(as shown in Figure 4-17) by which this nitrogen gas may be removed
from the interface. First , nitrogen atoms may diffuse outward throu gh
the oxide film and recombine at its surface to form N2 molecules.
Second , nitrogen can be removed from Si3N4(s)-oxide interface by inward
diffusion of nitrogen into the silicon nitride substrate. The possi-
bility and extent of this process depends upon stoichiometry and the
diffusion rates in hot-pressed silicon nitride material. The third
process , which most probably occurs in the oxidation of hot-pressed
sil icon nitride , is the formation of N 2 bubbles at the SI3N4(s) -oxide
interface. When nitrogen pressure within such bubbles exceeds the
ambient pressure , the bubbles burst to fo rm a pore network at the surface
as seen in Figure 4- 14.

In addition to the transport of gaseous species as discussed above,
one al so has to account for the observed concentration of Mg, Ca , Fe ,
Al , et c. ,  in the oxide film. It appear s certain that  during oxidation
of Si3N 4, these elements , wh ich are predominantly present in a grai n
boundary glass phase in the starting material , dif fuse outward from the
grain boundaries. Thus , the di ffusion of these cat ions outward from the
gl ass phase and through the oxide film may be the rate controlling pro-
cess in the oxidation of hot-pressed silicon nitride. Considering the
complexity of the system, the fact that a single straight line can be
drawn on an Arxhenius t ype plot (Fi gure 4-13 and a single value of acti-
vation energy obtained may be quite fortuitous Even then, the high
value of activation energy (375 kJ/mole) for ox~dation of hot-.pr~~sed
Si3N4 compares favorably with activation energies for catio~~(Mg , Ca )

diffusion in oxides and silicates , e .g . ,  331 kJ/mole for Mg diffusion
in MgO, (43) 281 kJ~Tole for Mg + diffusion in Mg~SiO4,(44) and 376 to397 kJ/mole for Ca diffusion in several compositions in the CaO-Si02system. (45 46) Furthermore , the oxidation rate of hot-pressed silicon
nitride has been found to increase with an increasing amount of MgO
additive , and al so with an increasing concentration of Ca, Na and K
impurities. This evidence also lends credence to the hypothesis that
the oxidation of hot-pressed silicon nitride is controlled by the
diffusion of additive and impu rity cat ions (mainly Mg~~ and Ca

44
~ from

the grai n boundary glass phase through the surface oxide f i lm. ()~~
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_____________________________________________• Effec t of Oxidation on Flexural Streng~ i

Hot-pressed Si3N4 (HS-l30) specimens, in the form of 1/8 ~ 1/4 x
1-1/8 inch rectangular bars , we re oxidized at di fferent temperature s for
extended periods of time in atmospheric air to determine the effect of
oxidation on mechanical properties. After oxidation , the flexural
strengths we re measured under conditions of four-point loading, using
a strain rate of 0.002 inch per minute.

Figure 4-18 shows the flexural strength after different period s
of oxidation at 2000 °F. (9) The flexural strength decreased from
‘.100 ksi for the unoxidized material to 65 ksi after about 400 hours of
oxidation at 2000 °F. Wi th further oxidation , the strength appeared to
remain constant . Similarly, the 2200 °F strength after different periods
of oxidation at 2200 °F is shown in Figure 4- 19. Here again , a sharp
decrease in strength in the first few hundred hours of oxidation was
observed , af ter which the st rength bec ame st able at ~60 ksi .(9)

~~~
50 .

40 I I I

0 100 200 300 400 500 600
Oxidation Time at 2000 F, hr

Figure 4-18. Effec t of Oxidation on the Strength of Hot-Pressed S13N4

Both the room temperature and 2300 °F strengths were measured on
spec imens oxidized at 2500° F. These data appear in Figure 4-20 as a
function of oxidation time where both room temperature and 2300°F
strengths are shown to decrease by oxidation . The 2300°F strength
after long-term oxidation at 2500°F stabilized at ‘~40 ksi. (9)

The reduction in strength was apparently caused by surface degrada-
tion which occured during oxidation at elevated temperatures. Such
degradation was evident in the surface appearance of the Si3N4 specimen

~~~~~~~~~~~
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Figure 4-19. Effect of Static Oxidation on Strength
of Hot-Pressed Silicon Nitride
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Figure 4-20. Oxidation Time at 2500°F

shown in Figure 4-21 after 2096 hours of oxidation at 2500°F , both
before and after removing the surface oxide. The specimen surface was
characterized by microcavities which become visible when the oxide
was removed. The predominant oxidation product on hot-pressed Si3N4
after long-term oxidation at temperatures in the range 2000-2500°F
was MgSiO3.(9) This MgSiO3 could react with the Si3N4 substrate,
causing formation of microcavities on the surface . This phenomenon
is clearly evident in Figure 4-22 where scanning electron micrographs
of the fracture surface of an oxidized Si3N4 are shown. The fracture





origin is indicated in the top micrograph. This area of origin is
magnified in the bottom micrograph. Bnergy dispersive analysis indicated

- 
- that t4gSi0~ formed a cavity on the surface as shown in the bottom micro-

graph. As oxidation progressed , sharp inicrocavlties formed on the
surface , caising a sharp reduction in the strength of the material .
However , with further oxidation , at some stage the microcavities on the
surface became only shallower and wider , and the further effect on
strength was not as great as from the formation of initial sharp cavities.
This is illust rated schematically in Figure 4-23. Thus, after the first
few hundred hou rs of oxidation , the strength remains practicelly constant~

9
~
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~~~~Ox ide L .. ~ 
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~~~~~~ Figure 4-23. Schematic Representation of Surface
Oxidation of Hot-Pressed Si3N4

4.2.3 SILICON CARBIDE (NORTON NC203) - RESULTS

As SiC oxidized to Si02, the difference in the molecular weights
of SiC (40 glad e) and SIO2 (60 g/mole) was reflected as weight gain
during oxidation. These weight gain data for oxidation of SiC in 1 atm
dry oxygen at different temperatures are sumearized in Figure 4-24 .
The weight gained at and below 2200 F was insignificant . The weight
gain versus time curves at all temperatures approximate the classical
parabolic behavior after about 1 to 2 hours from the start of
oxidation . (3) The parabolic rate constant s (Kp)~ obtained from the
sl opes of the straight lines in the parabolic plot (Figure 4-25) , are
shown as a function of reciprocal temperature in Figure 4-26 . An
activation energy of 481 kJ/mole was obtained for the oxidation of
hot-pressed SiC in 1 atm dry oxygen.
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Figure 4-24. Oxidation Behavior of Norton’s Hot-Pressed
SiC in Oxygen in 1 Atm Pressure
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Figure 4-25. Parabolic Plot of Oxidation of
SiC in Oxygen at 1 Atm Pressure
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Figure 4-26. Arrhenius Type Plot Showing Parabolic Rate
Constant for Oxidation of SiC in 1 Atm
Oxygen as a Function of Temperature

The weight gain during the first 1-2 hours of oxidation was some-
what less than the parabolic rate observed after this initial oxidation .
As mentioned earlier , the hot-pressed Sic used in this study contained
about 4 w/o tungsten carb ide. During initial oxidation, the tungsten
carbide on the surface of the SiC specimen oxidized to either solid
tungsten oxides with very high vapor pressures , or to various volatile
tungsten oxides , causing a small loss in weight . This loss in weight
caused the initial weight gain to be somewhat less than that expected
from the parabolic rate observed after this initial period .(3)

Characterization of Oxidation Products

The X-ray diffraction analyses of the oxide formed on SiC at
• temperatures from 2000 to 2500 F revealed the presence of most 1~

cristobalite (Si02) with substantial amounts of a glassy phase. ’.3)
No alumina or aluminum silicate was identified in oxide formed up to
2300°F , but small traces of aluminum silicate (3 A1203’2 Si02) were
observed at 2400 and 2500°F There was no evidence of any tungsten
oxides in the X-ray patterns, indicating that either their concentra-
tion was too low to be detected by X-ray diffraction, or they were
lost in the gaseous state .

The surface morphologies of the oxide films formed on SiC aft er
oxidation in dry oxygen for 30 hours at various temperatures are shown —

in the electron micrographs in Figure 4-27. At 2000 °F , very little
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surface. These were inferred to be aluminum silicate by energy disper-
sive X-ray analysis. At temperatures of 2400 and 2500°F, the surface
was uniformly covered with a smooth oxide layer which appeared to have
been liquid at the oxidation temperature. No discrete alumina particles
were observed on that surface. The oxide layers were full of fine pores
which were apparently formed at the oxidation temperature by the escape
of gaseous oxidation products from the SiC/SiO2 interface. (3)

The scanning electron micrograph of a transverse section of an oxi-
dized SiC specimen is shown in Figure 4-28 along with the energy dis-
persive X-ray analysis of both the SiC substrate and the oxide layer

- 
Si

2500 SI C

p 

~~~~0 -

1500 - —~~~~~~~ 
SiC S~istr.W

1000 -

500 Au

~, ~ -
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Figure 4-28. Scanning Electron Micrograph of the Transverse Section
of a Silicon Carbide Specimen Oxidi zed at 2500°F for
1203 Hours with Energy-Dispersive X-ray Analysis  in
the Oxide Layer and on the SiC Substrate

thereon. While only the Si peak was detected in the SiC substrate, Al ,
K and Fe peaks were found in the oxide film .* These elements must there-
fore, diffuse outward during the oxidation process to concentrate in the
oxide film. Their presence in the oxide was also cont~ rmed by the elec-
tron microprobe analysis of the oxide film , and also by mass spectrometric
analysis using a Cameca Ion Probe Mass spectrometer.

*The Au and Pd peaks in  the scan are from the surface f i l m  of an Au-Pd
a l l o y  deposited on an ox id i zed  SIC specime n to ob t a in  a conduct ing
surface.
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The existence of cristobalit. at a temperature of 2000°F suggested
that additive (A1203) and impurity elements (Fe , K , etc.) affected the
devitri fi cation of silica glass and reduced its viscosity .(47) The

- : presence of appreciable amounts of Fe and ~ in the oxide layer could
also explain the formation of a liquid oxide at a temperature as low as
2410 F. A liquid phase should mt be formed by the reaction between
Si02 and A1203 until “ 2700’F. (48) Thus, these additive and impurity
elements appeared to control the nature of the surface layer formed as

- : - a result of oxidation; this produced a very different oxidation rate for
hot-pressed SiC as compared to a pure form (e.g ., CVD-.SiC) . The dif-
ferent concentrations of additives and impurity elements can cause di f-
ferent rates of oxidation by forming oxides of differing viscosities .
It is well established that gaseous di ffusion is inversely related to
the viscosity of the oxide in accordance with Stokes-Einstein relation-
ship. Furthermore, it has been confirmed experimentally that the oxi-
dation rates of SiC materials hot-pressed with different additives
(e.g., A1203 and 8), and with varying amounts of the same additive
(A1203) are widely different .(49 ,5O) Therefore, the oxidation behavior
of hot-pressed SiC is determi ned predominantly by the nature and con-
centration of the hot-pressing additives and the impurity elements
rather than by the intrinsic oxidation of SiC to Si02.

Discussion

The parabolic nature of the rate curves indicated that the oxida-
tion of hot-pre~s$ §~,C was controlled by a diffusional mechanism.
Various authors’.31.~

h5) suggested that the growth of the oxide layer
on SiC occurred by the iiaiard diffusion of oxygen ions or molecules,
with an activation energy in the range 65 to 277 kJ/mole. Although
there is a wide variation in the literature values of activation energy
(presumably due to the formation of silica in either crystalline or
amorphous form) , oxygen transport as the rate controlling step in the
oxidation of hot-pressed SiC seemed unlikely in view of the high value
of the activation energy, 481 kJ/mole. However, high activation energy 

-values in the range 405 to 548 kJ/mole have also been reported by Pultz
and Hertl(Sl) for CO(g) desorption frop ~he SiC/Si02 interface in the
temperature range 2320-2610°F.... Pultz(~~

) also studied the. oxidation of .~~ - . —

particulate SiC in 02 and 02-He gas mixtures. He obtained an activation - 
-

energy of 632 kJ/mole in the temperature range 2435 to 2633°F. In view
of these results, 1; appq~~ a t ’L,t~h,.o,~i4a;iqn of , hot-pressed SiC,
the desorption of CO(g) from the SIC/SiO2 interface is the rate con-
trolling process. The small differences in the values of the activation
energy in these investigations may be either due to very high sensitivity
of activation energy to temperature ranges , or due to differing viscosi-
ties of the oxide layer formed. The evolution of CO(g) causes the forma-
tion of a pore network in the oxide layer as observed in th. scanning
electron aicrograph in Figure 4-27 .
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Effect of Oxidation on the Strength of SiC

The flexural strength of hot-pressed SiC after different periods of
oxidation at 2500°F in atmospheric air was measured under conditions of
four-point loading using a strain rate of 0.002 inch per minute . The
results appear in Figure 4-29. The room temperature strength was
reduced somewhat compared to that of unoxidized specimens, due to the
cracking of the oxide layer on cooling from the oxidation temperature
to room temperature. (9) However , the 2300°F strength remains fairly
stable even after 4000 hours of oxidation. The oxide formed on SiC
was predominantly Si02 which formed a very smooth surface layer. This
smooth oxide layer did not cause any surface degradation and the flexural
strength, therefore, remained fairly constant.

l~ I I I

~ 
0 T.stsditR.T.

- 
• T.stsdit 23OO’FIl2~OC ) 

-
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0x~datIon Timi at ~00 ‘f. hr

Figure 4-29. Effect of Static Oxidation on Flexural Strength of
Norton NC-203 Silicon Carbide
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4.3 CORROSION-EROSION OF SILICON NITRIDE AND SILICON CARBIDE

4 .3.1 PRESSURIZED TURBINE TEST PASSAGE

A test passage that reproduced the operat ional environment of a
large stationary gas turbine was used to determine the corrosion-erosion
resistance of Si3N4 and SiC speci.ens.(l) Air cc~mpressed to 45 psi in a
bank of 30 hp rotary compressors was preheated in an indirectly fired air
heater to 600°F and fed into a 6-inch diameter chamber (see Figure 4 -30) .
Fuel was injected into the combustor through a bayonet-mounted nozzle and
burned with the compressed air. At the co.bustor exit, an array of
16 thermocouples were positioned to measure the gas temperature . Down-
stream of the thermocouple array , a transition section reduced the flow
area to a 2 x 3-3/4 inch rectangular cross section and increased the
velocity to 500 fps, which is typical of the turbine inlet velocities
in stationary gas turbines. At this location, the test specimens were
exposed to the hot gas stream . A test section held a pack of eight

- ; - specimens that were fixtured as shown in Figure 4-31. Downstream of
the test section , a damper valve located in the passage maintained
typical turbine pressures. The combustion products were cooled by a
water spray before passing to a muffler.

Thsrmocoupl . Array

Fu&
~~~~~~~~~~~~~~~~~~ j1[,: 

~~~~~~~~~~
Gehiian Fflt r

Figure 4-30. Pressure Corrosion Test Passage

The passage, as described above, was used for corrosion-erosion
experiments at 2000°F. However, for testing at 2500°F, the passage
was completely lined with reaction-sintered Si3N4 preforas.(b) Further-
more, the cosabustor was shortened to approximately 12 inches and made
to butt directly against a hot-pressed Si3N4 plate of 6-inch diameter
with a 2 x 4 inch rectangular hole in the center. The specimen section
was installed directly behind the Si3N4 plate.
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Figure 4-32. Surface Appearance of Si3N4 and SiC Test Specimens after
250 Hours of Exposure at 2000°F to Combustion Gases
Obtained by Bu rning No. 2 Diese l Oil

The surfaces of both si l i con  n i t r ide  and s i l i con  carbide specimens
remained smooth and free of any adherent surface deposits even after
250 hours of exposure . The ave rage wei ght change (after  removing
any surface oxide or superfluous deposits by light sandbl ast) for both
Si3N4 and SiC as a function of corrosion time at 2000°F is shown in
Figure 4-33. All specimens lost wei ght with time almost l inearly, the

rw~~~
5 i~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~licon car~de~~~~~~

Silicon nitride
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0 25 50 75 100 125 150 175 200 225 250
Corrosion Time, hr

Figu re 4-33. Corrosion-Erosion Behavior of Hot Pressed Silicon Carbide
and Silicon Nitride in Turbine Passage at 2000°F, 3 Atm
Pressure and 152 rn/s Gas Ve locity Using Exxon No. 2
Diese l Oil
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magnitude of weight loss being sli ghtly greater for Si3N4 than for SiC.~~~In the highly oxidizing atmospheres of the gas turbine , both Si3N4 and SiC
formed a thin layer of silica and various silicates on the surface as
mentioned under the oxidation behavior. However, the impingement of high
ve locity combust or gases caused this surface oxide layer to partly erode
away as it was formed. This simultaneous corrosion-erosion attack at
2000°F was extremely small; for example , the average surface erosion
after 250 hours of exposure at 2000°F was only 2.3 urn for SiC and 3 urn
for Si3N4.

Figure 4-34 shows the Si3N4 and SiC specimens after 43 hours of
exposure at 2500 °F , 3 at m pressure and 500 ft/sec gas veloci ty .  (6) The
specimen surfaces were found to be covered with white cristobalite in
addition to MgSiO3 on Si3N4 and naillite on SiC. After removing these
surface oxides and other deposits by li ght sandblasting, some degrada-
t i on of the specime n sur faces was n oticed as shown in Fi gure 4-35.
Weight changes (after removing the surface deposits) are shown in
Figu re 4-36 as a function of corrosion-erosion time at 2500 °F. It
is clear from the dat a shown in Fi gu re 4-36 that the surface recessions
due to corrosion-erosion at 2500 °F are much greater tha n at 2000 °F.
Also , th e sur face recession s for Si3N4 are greater than for SiC.

111111111 liii! II
[ iMCNU 1

I I

Figu re 4-34 . Si l ico n N i t r i de  (Left)  and Silicon Carbide (Ri ght)  Spec i-
‘~ens as Tested i n Turbine Passage at 2500 °F

4.3.3 EFFECT OF SODIUM AND SULFUR ON CORROSION-EROSION

The maj or source of sodium in a gas turbine operating in marine
environment is sea water ingested with intake air. Salt (NaCl) can
also be introduced in a gas turbine as an impurity in the fuel.
DeCrescente and Bornstein(S) have shown that this salt (NaCI), whi ch
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Figure 4-35. Silicon Nitride (Right) and Silicon Carbide (Left) Speci-

mens from Turbine Passage Test at 2500°F After Sandblast
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Figure 4-36. Corrosion-Erosion Behavior of Hot Pressed Silicon-Nitride
in Turbine Passage at 2500° F , 3 Atm Pressure and 500 ft/sec
Gas Velocity Using Exxon GT-2 Oil

is present in gas turbines in the gaseous state, can react with SO2
and SO3 gases to form Na2SO4 (in condensed or gaseous form) according
to the reactions:

2 NaC1(g) 
~ 
502 + 1/2 02 + H20(g) Na2SO4 (c or g) + 2 HC1(g) (1)

2 NaC1(g) + SO3 + H20(g) Na2SO4 (c or g) 2 HC1(g) (2)
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Thow reaction s tare thermodynamically favorable (free energy chaligo
Ac; 0) onLy at temperature s up to about 2~SO”F. While the conversion
of NaiC I to Na2SO4 is complete ta t lower temperatures up to about 1832°F,
practically no convers ion will take place (A G > 0) at temperatures
above about 2550 F. Therefore, in ceramic turb ines operat i ng at
temperatures in the range 2000 to 2350°F, only small convers ion of
NeCL (g) to Nai2SO4 is expected.

Any N*2S04 thu~ formed can be present in eIther gaseou s or con-
densed form in a gas turbine , dependin g upon the temperature , pre ssure
and concentrat i on. According to dow point data of DeCrescente and
Borns tein ,(53) i n turb ines opera t ing at tempera tures hi gher than
1832°F and at 10 atm pressure, a l l  Na2SO4 forme d wi ll ho in the gaseou s
state even at very high salt concentrations . Therefore Na2SO4 shou ld
not condense on ceramic parts operating at temperatures above 1832°F.

One could expect the following react i on between Naa,S04(g) andSIO~ formed on the surfaces of’ S1 3N4 and SIC:

Na ,S04(g) + S102(s) Na 2S$0 3 + S03(g) (3)

The free energy change (AG) for this reaction is positive in the
tur b ine atmospheres at temperatures of interest, and therefore no
Na2SiO3 will be formed . This has boon confirmed by experiments on
S13N4 and SIC In the pressurized turb ine test passage.

hot -pressed silicon nitride and silicon carb ide specimens were
subjected to hot combust ion gases for up to 250 hours tat 2000°F and
3 atm pressure using No. GT-2 diesel fuel to which S ppm sod ium ,
2 ppm V , 0.6 ppm Mg and 0.5 w/o sul fur were added. (3) The magnitude
of corrosion attack us ing this fuel was found to be the same (within
the lim it s of experimental uncertainties) as that in clear fuel con-
tain ing barium. Also, no compounds of sodium , vanadium or sul fur were
detected in the surface deposits.  Thus, even t h i s  h igh ’ concen t rat ion
of sod I urn and su I fur in I nt take a I r or In the fuel did not cause any
acce lera ted corros i on at’ these ceramic materials.

Some N a2 S04 may be expected to condense on ceramic part s tst lower
temperatures (bel ow about 1832°F) during a f ina l  low power cycl e or
slow cooidown . In such cases, the sil ica (Sb 2) formed on the surfnc ’s
of silicon nitride and sili con carbide part s can react w i t h  Na2SO4(s)
to form sodium silicate (Na2SIO3) or oven silicon disulfido (5182).
The silicon dbsulftdo will be In solid or liquid state , depending upon
the t emperature. No such compounds, however, we re detected in
corrosion experiments with fuel to which Na , V and su L f u r we re
In ten t ion a l ly  added . 
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4 .3.4 bFFLICT OF VANADIUM ON COIIROSION-tihLOSlON

Van adium is a common impurity in low cost fuels , ranging up to
several hundred ppm in some heavy residual fuels. This vanad ium is
oxidi zed to van adium pentoxide (V~O~) in the combustion chamber and
enters the turbine eithe r in gaseous or in condensed form , depending
upon the temperature and concent ration . The vapo r pressur. mea su re-
ments of Bornstein , at ai . , (54 ) have shown that even at a concentrat ion
of 100 ppm vanad ium , all V205 will be present In the gaseous form at
temperatures above about 1300 °F. However , no compound s between V2O~and $102 (which forms on SIJN4 and SIC) have been r .ported(55) and ,
therefore , even a very high concentration of van adium In the fuel by
I t self  wi l l  not cause any accelerated corrosion of S13N4 and SiC

Hot-pressed SI3N$ and Sic woj e exposed to hot combust ion gases
In the pressurized tu rb ine test passage at 2000°F and 3 atm pressure,
using Exxon GT-2 diesel fue l to whIch 100 ppm vanadium and O S  w/o
sulfur were added to simolate heavy residual fuels. The surface of
a SIC specimen exposed for 44 hours under these conditions is shown
In Figure 4_37~ (4J The surface had small deposits of magnes ium s i l i c a t e
and silica. No compounds of vanadium or sulfur were detected In these
surfac e deposits. Afte r removing the deposits by lig ht sandb l asting ,
the surfaces , shown in Figure 4-37, wore found to be smooth and free ot’
any degrad ation The magnitude of corrosion at t ack was also th. same
as that observed In clean fue l (Figure 4 -33) .  Similar  behav ior was
observed for hot ..pres s.d s i l i c on  a it ri de. One must ~ onc 1 ude1 t
th at VZOS (g.) Is Innocuous to both Si3Nt and ~~ and th a t even
residual fuels will not ceuse m y  accelerated attaci on SI *n~ SIC

If any V2O5(t) condenses on the st.rfaces of Si~N anti SIC tat low
temperature s , e.g. , during cooldown It could dissolve some Stt )2 from
the,. surfaces. However , the solub if lty of VlO~ and SiO: Is very
smal l , (3) and therefore a protective L aye r of $102 w ilt st i Ll be ma1i~-t am ed on the surfaces of S13N4 and SIC. ln the experiment s w i t h  very
high concentrations of vanadium in the t’uol , no V~05 l i quid was ob sv rv~d
on the spec imen surfaces.

Ixiring the combustion of fuel which contains vanadium wIth
attendant see salt Ingestion, the N a C L(g )  can react wi th  both V205
and SO2, forming vanadates of sodium by the fol lowing react ions:(56)

2 N aC 1(g) • H20( g) + V2O~(g) 2 HCL (g) • 2 NsVO3(c l  (4)

6 NaCI (g) + 3 H20(g) + V205(g) ‘ ~ IKl (g) • 2 Nta~V04 ( t )  ( 5)
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These results were confirmed by the pressurized test passage experi-
ments on Si3N4 and SiC at 2000°F using diesel fue l with Na , V and S
added , as described under the effects of sod ium and sulfur on corrosion
beh avior. (3) In these experiments , no sodium vanadates or sodium
silicates were detected in the surface deposits. Hot-pressed silicon
nitride and silicon carbide are, thus very resistant to attack by
commonly found impurities in turbine fuels and intake air.

4.3.5 EFFECT OF CORROS I~~ -EROSI0N ON FLEXURA L STRENGTH

After surface examination and wei ght change me asurements , flexural
strengths of the corrode d Si3N4 and SiC specimens were measured to
det ermine the effect , if any , of the turbine environment on strength.
The flexura l st rength was measured under conditions of four-point
loading (outer span 1.5 inch , inner span 0.5 inch) at 2000°F using a
cross-head strai n rate of 0.001 per m m .  The specimen size, as mentioned
previously, was 2 x 1/4 x 1/4 inches.

The flexu ral strength data for Si3N4 and SiC specimens corroded
at 2000°F using clean Exxon fuel are plotted as a function of corrosion
time in Figure 4-38. Unfortunately, the number of spec imens available
for strength testing was very small . The flexural strength values of
uncorroded Si3N4 and SiC mea~JTed under the same testing conditions are
also included in the figure.~’) It appears that flexural strength
remains almost unaffected by corrosion-erosion at 2000°F for up to
250 hours. Long-term tests in an alumina lined muffler did show some
effect, however. (9) (These data appear as Figure 4-18, page 197.)

I 1 1 I 1 1 I I - I 1
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Figure 4-38. Effec t of Gas Tu rbine Environment on the Flexu ral
Strength of Hot Pressed Si3N4 and SiC
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The flexural strength data for Si3N4 and SiC specimens corroded
at 2500°F using clean Exxon fuel are shown in Table 4-2 as a function
of corrosion time. Again, only one specimen was available for strength
testing at each exposure time. However, it is evident that an
appreciable degradation in the strength of both Si3N4 and SiC is caused
by exposure to hot combustion gases at 2500° F. (4)

TABLE 4-2

EFFECT OF CORROSION-EROSION AT 2500°F AND 3 AN
PRE SSURE ON FLEX IJ RAL STRE NGTH AT 2000° F

Time Si3N4 SiC
(hr) (ksi) (ksj)

0 80 65
10 65 55
20 65 56
30 63 S2
40 63 57
43 60 S5
65 54 S2
109 57 55
127 51 Si

Ref. 4000 hr oxidation 
~ 

30 60
at 2500°F - Al 203 muff le

It is interesting to note that strength degradation resulting
from exposure in the gas passage was for the most part less severe
than that observed in the static oxidation tests conducted in an
alumina-lined muffle furnace.(8,9)
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SECTION 5 —

IMPR OVED MATERIAL DEVELOPMENT

5.1 INTRODUCTION

The engineer ing property requirements for structural ceramic mate-
rials, as defined by the DARPA Gas Turbine Program, identified the need
for supplemental material development programs. Some of these were
sponsored by DARPA directly, ~~ile others were funded by various govern-
mental agencies or concerned industrial organizations to meet their own
or related objectives. Important materials development work at Westing-
house was suppoç~~ t~ by the office of Naval Research(57) and the Naval Air —

Systems Command~~°~ prior to and in conjunction with the DARPA contractactivities .

The more significant efforts to develop an understanding of dense
s i l icon  ni tr ide behav ior are summar ized here because they re late directly
to material improvements in many important categories. Developments with
the Stationary Ceramic Turbine Project specifically are integrated with
other pertinent contributions to relate the critical aspects of materials
improvement to advancing turbine technology.
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5.2 HIGH DENSITY SILICON NITRIDE

5.2.1 BACKGROUND INFORMATION

Powder processes are used almost exclusively to fabricate dense
-~ - silicon nitride. Deeley(59) was the first to report that pore-free

bodies could be made by the hot pressing of Si3N4 powder containing a
densif ication aid. Vari ous metal oxi des, e.g., MgO, BeO, Al 203, Y203,
CeO2, etc., have been identified as effective densification aids, with
t4gO being most prevalently employed .(59-62) Although hot pressing cur-
rently produces a more dense and stronger pro4uçt) the feasibility of
pressureless sintering has been demonstrated.16~~

0S) Again, in the case
of pressureless sinter ing, densification aids play an important role.

The Si3N4 powder with metal oxide additives is densified in the
prescnce of a liquid phase at high temperatures according to the general
reaction:

Si3N4 + Si02 + metal ox ide + (impurities) Temp Si 3N4 + li quid (1)

where Si02 is unavoidably present at the surface of each Si3N4 particle
and/or incorporated in the powder in the form of Si2N2O. Above the
solidus temperature , all four starting constituents of the reaction
Eq. (1) react to form a liquid. Neglecting the possible mass losses
due to volatilization(63) and dissociation which, incidently, is sup-
pressed by the presence of a liquid phase, the composition of the
liquid and the equilibrium fraction of solid Si3N4 depend upon 1) the
composition of the starting powder, 2) the phase equilibria of the
composite system and 3) the densification temperature. The liquid
fills the interstices, wets and tends to draw the Si3N4 particles into
closer approximation and contact by surface tension to permit the
solution-reprecipitation of Si3N4. This solution-reprecipitation
phenomenon appears to be critical to the initiation of the a to B transi-
tion in Si~ 44 and therefore critical to the development of high strength.
In the process, voids are eliminated and densification results.

Upon cooling from the densification temperature , the liquid solidifies
accord ing to the genera l reaction:

Si3N4 + liquid cooling Si3N4 + secondary phases (2)

illustrating that Si3N4 is truly representative of a polycrystalline ,
polyphase material.

The ni.~~er , chemistry and content of the secondary phases depend on
the composition of the start ing powder and the phase relations in the
given compc’ite system. In add ition , the crystal structure of Si3N4 can
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be al tered by the concurrent substitution of certain metal cations for
silicon and oxygen for nitrogen .(66 ’67) The starting powders , phase
relationships, solid solution alloying, the a + 3 phase trans formation
and the resultant microstructures all influence the mechanical and
thermal properties of Si3N4 as wel l as its oxidation resistance. The
microstructure of dense Si3N4 is governed by the phase relationships
of constituents within the starting powder. These same relationships,
therefore , control the properties of silicon nitride materials.

S.2.2 FABRICATION

Silicon - the Raw Material

Silicon , the second most abundant terrestrial element but not a
nattralmineral , is produced convnercially in carbon-electrode furnaces by
the thermochemical reaction of crushed quartzite rock with high purity
coke: (68)

Si02 + 2C -.——.’Si + 2C0

Excess Si02 prevents the formation of SiC. The molten Si is tapped,
cast, cooled and pulverized to produce a powder of ~.98 percent purity.
Most of the impurities tend to segregate between the silicon grains
as the molten mass solidifies and cools to permit purif ication to
“09.5 percent Si by acid washing of the pulverized silicon powder.(68)
Further purification is accomplished by the synthesis of some volatile
silicon compound, and its multiple distillation. The reduction back
to silicon occurs by chemical vapor deposition, in hydrogen , usually
onto hot silicon filaments to produce polycrystalline rods. The rods
are purified further by a flat-zone process. The availability, price
and purity differentials between crude silicon powder and powder pro-
duced from semiconductor grade silicon is 2 to 3 orders of magnitude.
The purity of powder produced by pulverizing semiconductor grade silicon
bears little resemblance to that of its polycrystalline or single
crystal parent.

Other methods of producing 99.5 percent silicon do not appear to be
practical on a comeercial scale. The reduction of silicon dioxide with
magnesium results in a submicron silicon powder directly,(68) however.

The major cation impurities in unleathed silicon powder (1.98 per-
cent puri ty) are Fe, Al , Ca and Mg. These are present in the starting
raw materials. Additional iron contamination is associated with the
equipment used in the pulverizing step. Oxygen is the major impurity
by far. It is present as Si02 at the surface of all Si particles. Par t
of the oxygen is combined with the major cation impurities as pure oxides
or as complex silicates.

219

L~~~~~~~~~~~~~~,. 
- - I~~I



Si3N4 - the Starting Powder

Silicon nitride exists in two hexagonal structures, a Si3 4(P3lC)~
69
~

and B Si3N4(P63/m).(70) The a and B structures were thought originally
to be low and high temperature polymorphs, respectively, hence their
designation.(71) Jack and coworkers(72) first defined the a structure
as an oxynitride with the approximate formula Siji.5 N1~ 00.05 based
upon X-ray powder pattern data which suggested a refinement in structure
due to ~l.5 w/o oxygen which appeared to be incorporated into the lattice.

Marchand, et al,~
69
~ Kohatsu and McCauley,~

73
~ and Kato, et a1,~

74
~

used single crystal X-ray data to refine the a structure. All concluded,
independently, that the a structure consisted of Si and N atoms only.
Various workers(65,75-77) have also shown that a Si3N4 powder may have
much lower oxygen content than that hypothesized by Jack ; e .g . ,  Kato ,
et al,(74) reported an oxygen content of 0.05 w/o. It is now generally
accepted that both the a and 8 structures can be pure Si3N4. Although
several suggestions have been made, including Blegen’s observation that
the a structure is formed by a vapor reaction,(78) leading to the con-
clusion that a Si3N4 is metastable at all temperatures, the thermodynamic
interrelation between the two structures remains unknown.

Silicon nitride, whether in the form of powder for subsequent sinter-
ing or reaction bonded components, is synthesized from elemental silicon
and nitrogen. In the case of reaction bonded silicon nitride, silicon
powder is precompacted to the desired shape and nitrided to produce a
part of low, but specified, density. Powder for sintered components is
prepared by nitridation of loose silicon powder to produce low density
“cak e” which must be pulveri zed . Changes in bulk volume are insignifi-
cant , essentially nil, even in the case of the reaction bonded products
because Si3N4 nuclii apparently form by a vapor transport niechanisnt(79)
which permits grain growth to be accommodated within interstitual voids.

In Si3N4 powder production, silicon powder of a rel atively uni form
and small particle size is placed in suitable ceramic (A1203) containers. - 

-

In some cases~ a desirable nitxiding aid, i.e., Fe, is premixed with the
Si powder .(8O) Nitriding is accomplished in an atmosphere furnace at
temperatures between 1200 and 1500°C. A partially reducing atmosphere
appears to be desirable, e.g., N2 + H2.(81 ,82) The nitriding cycle is
usually divided into low and high temperature steps. The first occurs
between 1200-1325°C (below the melting point of silicon 1420°C) for pro-
longed periods. The second is performed at M450°C (above the melting
point of silicon) for a short period to fully nitride all remaining free
silicon.(79) Since the reaction is exotherniic, a thermal gradient can
arise in larger powder masses, making the control of temperature diffi-
cult in some cases. After cooling, the Si3N4 agglomerate is removed
from the containers, pu lverized , and classified to obtain the desired
particle size .
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The manufacture of Si3N4 powder at Westinghouse (a/B ratio > 9) is
consistent with the procedure outlined above . Relatively pure ST powder
of >325 mesh particle size (Figure 5-1) is premixed (hand blended) with
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Figure 5-1. Particle Size Distribution in Si Powder

1 w/o metallic Fe powder. The powder mixture is placed in graphite-
paper lined alumina containers and nitrided in mullite muffle tubes
within a SiC resistance heated furnace at temperatures between 1200°
and 1450°C. A forming gas atmosphere consisting of 93 percent N2 and
7 percent H2 is used. After nitriding, the Si3N4 cake is pulverized,
jet milled (Sturdavant Jet Mill) and screened to -.100 mesh. Typical
cation impurity concentrations are shown in Table 5-1. The oxygen
content after processing is 0.5 - 0.7 weight percent.

The mullite muffle tubes were not used initially when the powder
processing was scaled up from 1 kg/week to 4 kg/week (single batch
charge) . Outgassing of H2O and 02 from the porous furnace refractories
produced oxygen contamination of the powder between 3-5 weight percent .
Large amounts of Si2N2O were detected in the resultant Si3N4 powder.
While the furnace modification to install four mullite tubes did
decrease the potential furnace capacity, it reduced oxygen contamina-
tion to an acceptable level.(9)
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TABLE 5-1

SPECTROQIEMICAL ANALYSIS OF CATION IMPURITIES
— Silicon Powder Silicon Nitride Powder

Al 0.064 0.062
Ag <0.001 <0.001
B 0.003 <0.003
Bi <0.003 <0.01
Ca 0.019 0.012
Co <0.001 0.002
Cr 0.12 0.01
Cu <0 .01 <0.01
Fe >0.1 >0.1
Mg <0.003 <0.003
Mo <0.003 <0.003
Ni 0.008 0.012
Pb <0.01 <0.01
Ti 0.028 0.011
V 0.011 0.021

*~~~55j~~ spectrograph.

NOTE: Phases were not determined.

While it is possible to relate the nitriding process to chemical
thermodynamics, little was done with this aspect at Westinghouse in the
development of a specific nitriding cycle for the production of Si~N4
powder . The discussion of the th ermodynamic stability of the condensed
phases, Si, SiO~, Si2N2O and Si3N4 , as a function of the oxygen and
nitrogen partial pressures at various temperatures from Section 4.0,
“Environmental Stability of Silicon Nitride and Silicon Carbide,” is
applicable. The synthesis of silicon nitride from Si and N2 apparently
is controlled by reaction kinetics since equilibrium conditions are
rarely achieved. (83)

The oxygen partial pressure of the system does affect the nitriding
kinetics since it governs whether the silicon will exhibit passive or
active oxidation. Lin(84) suggests that the direct reaction of N2 with
Si can occur under conditions of active oxidation, but th~ carefu l work
of Atkinson(87) and coworkers indicates otherwise. Their thermogravi-
metric experiments and observations of the nitr iding of semiconductor
grade Si powder and single crystals under conditions of active oxida-
tion show that Si3N4 nuclei form on the Si surface and grow by Si trans-
port mechanism. Pores form at the Si surface as the Si3N $ scale grows
from the initial nuclei. During the initial period, the rate of nitrid-
ing is linear. As the pores are closed by the growth of the Si3N4 scale,
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the rate of nitriding decreases and then effectively ceases. Although
the initial rate of nitriding is greater at high N2 pressures , more
Si3N4 is event ually formed at lower nitrogen pressures, evidently due
to the formation of fewer nuclei and , thus , a slower rate of pore

-
~ 

- closure.

Since Si is in a state of active oxidation during the nitriding
process, the SiO gas can be considered a likely Si transport media.(SS)
The repetitious, reversible reaction 3Si + i.5O2(g) 3SiO(g) at the
Si—gas interface and 3SiO(g) + 2N2(g) -. Si3N~ + 1302(a) at the Si3N4-gas
interface could account for the formation and growth o~ the Si3N4 scalebef ore pore closure. Lin (M) indicates that the standard free energy of
3SiO(g) + 2N2(g) Si3N4(s) + l.SO2(g) is positive at nitriding tempera-
tures, but he fa ils to recognize that neither SiO nor 02 are in their
standard states under nitriding conditions . Assuming reasonable values
for the partial pressures of SiO and 02 in a nitrogen atmosphere, the
indicated reaction appears to be feasible . The coabined reaction

- 
- 3Si + 2N2 Si3N4 has a negative free energy of formation.

Nitriding studies indicate that conditions for active oxidation are
necessary and that the reaction involves a vapor phase. Therefore, the
nitridation threshold for pure Si should occur at ~l200°C for a reasonably
achieved oxygen partial pressure of ‘~i0

4 atm (Figure 5-2). Ford has
managed to accomplish nitridation wel l below this temperature, however.(86)

T 1
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~~ 
-
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’
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Figure 5-2. Nitridation Threshold for Pure Si Powder

The effect of certain impurities on the nitriding kinetics of silicon
is significant . Without impurities , sili22n is, at best, difficul t to
nitride even in low oxygen environments. (

~~
) Of the impurities reported

to increase the nitriding kinetics, Fe has received the greatest atten-
tion because it is effective and it remains a major impurity in pure Si
powder. The actual role played by Fe or other cation impurities has not
been identified.
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The oxygen content of Si3N4 powders (a/B > 8) has been reported to
range between 0.5 - 3.0 w/o, depending on the manufacturer and the
particular batch .(65) Assuming that all of the oxygen is present in
the form of Si02, the Si02 molar fractions range between 0.02 and 0.12 ,
with comeercial Si3N4 powders represented at the high end of this scale.
Si02, therefore, must be considered an important constituent in the
starting powder.

The major cation impurities in Si3N4 powder are Fe, Ca and Al.
All represent impurities in the starting silicon metal used to manufac-
ture Si3N4. Metallic additions used to promote the nitriding of silicon
powder increase the level of contamination.(89) The major impurities
normally range between 10-5000 ppm.
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5.3 EXPERI MENTAL SILI CON NITRIDE MATERIAL S

5.3.1 PHASE RELATIONS OF Si3N4 - Si02 - MgO SYSTEMS

The conventional method of preparing Si3N4 powder (containing Si02
and impurities) for densification consists of mixing in the t4gO densifi-
cation aid and reducing the particle size of the composite powders by
wet bal l milling. Milling can be accomplished in containers which wi l l
not add additional contaminants except volatile hydrocarbons. The WC
milling media coimnonly employed contaminates the powders. However, much
of the WC contamination can be removed by subsequent classification. (90)
Dry alcohols are used during milling to minimize the hydrolization of
Si3N4 to Si02. Measurements before and after milling have shown a
negligible change in oxygen content. Thus, the constituents of the
starting Si3N4 powder are Si3N4 (a/8 > 8), metal oxide and various
impurities (Fe, Ca, Al , WC and hydrocarbons).

Phase equilibrium studies of various Si3N4-oxide systems do not
recognizes Si02 as a significant component. As pointed out by Gauckler,
et al,(66) one can not consider, apriori, any Si3N4-Si02-NO system as
an ordinary ternary.* If the reciprocal reaction Si3N4 + 6/x M20x 3SiO2
+ 4/x M3Nx (where x = the valence state of the metal ion) is assumed, the
system is represented by a square diagram with Si3N4, 3SiO2. 6/x M2OX
and 4/x M3N~ located at the four appropriate corners. The composition
at each point within the di agram can be represented by an equivalent
cation concentration (e.g., [M~4]), and an equivalent anion concentra-
tion (e.g., [0-2]). Such quaternary phase diagrans have been used to
illustrate the tie lines for Si3N4_Al203_Si02_A1N (66,9l) and Si3N4-BeO-
Si02-Be3N2(67) systems at 1750°C. They have also been used to illustrate
the Si3N4-~.O solid solutions that exist within these systems at a cation!
anion ratio of 3/4.

The important phase diagrams illustrated in Figures 5-3 and 5-4,
i.e., the Si3N4-MgO-Si02(92) and Si3N4-Y203-Si02(93) systems, respectively,
are represented in the conventional and more convenient manner. For
these two systems, a tie line exists between all or most of the Si3N4-MgO
join. For all practical purposes, this ordinary representation will
suffice. The tie lines in both diagrams were obtained (phase identifi-
cation by X-ray diffraction analysis) for compositions hot pressed at
temperatures between 1500_l7500C.** High purity, low oxygen (0.7 w/o)
a-Si3N4 powder (c2/B = 9) was used to obtain these data. The secondary
phases change from one compatibility triangle to another. The type and
quantity of each secondary phase is very sensitive to change at low
contents when different batches of Si3N4 contain different concentrations
of Si02.

~That is , a true binary may not exist along the Si3N4.MgO join.
**Each diagram represents an isothermal section without defined regions
of liquid. A constant temperature could not be employed since some
compositions would exceed their liquidous temperature and destroy the
hot-press dies.
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Figure 5-4. Ternary Phase Diagram for the
Si 3N4’Si02 ’Y203 System

5.3.2 COMPOSITIONAL EFFECTS: Si 3N4 - Si02 - 
MgO SYSTEM

Impurities were the first compositional factors known to influence
the high temperature mechanical properties of hot-pressed Si3N4.(94,95)
The effect of the major impurities on the strength and creep resistance
of hot-pressed Si3N4 (approximate molar composition: Si3N4 • 0.79;
MgO 0.15; Si02 u 0.06) at 1400°C is shown in Figure 5-5 (96) To
obtain these data , the impurities were added as oxides (or carbonates)
to relatively pure a-Si3N4 powder prior to hot pressing. For the case

IL 
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Figure 5-5. Effect of Impurities on the Flexural Strength
of Experimental Si3N4

where MgO is the densification aid (i.e., material in the Si3N4-Si02-MgO
system) , CaO was the most detrimental impurity. Na20 and K20 volatilized
duri ng fabrication while “~2/3 of the Li20 disappeared.

The effect of composition was first reported by Andersson, Lange
and Iskoe(97) and more thoroughly studi ed by Lange. (92) As shown in
Figure 5-6 for compositions containing 0.833 mole fraction Si3N4, the
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strength at 2550°C (and the ratio of strengths at RI and 2550°F) are
strongly related to the MgO/SiO~ molar ratio . Exact behavior was also
obtained for materials containing both 0.91 and 0.755 mole fractions of
S13N4. Lower room temperature strengths (‘~l5 percent) were obtained for
the 0.955 mole fraction material. The lowest strengths (at 2550°F) were
observed for a MgO/Si02 molar ratio of 2:1, i.e., along the Si3N4-t4g~SiO4tie line. Maximum strength is obtained when Mg0/SiO~ ~ ~ i.e., along
the Si3N4-MgO tie line. High strengths are also observed close to the
Si3N4-Si2N2O tie line. Strengths at RI are relatively independent of
composition. Figure 5-7 shows that when relatively pure Si3N4 powder is
used and when the material is fabricated with the proper MgO/SiO~ ratio(in this case MgO/Si02 ‘~~ 3), the creep resistance of hot pressed Si3N4
is improved significantry.
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Figure 5-7 . Tensile Creep of Silicon Nitride Hot-Pressed
with MgO

It is obvious that the high temperature strength and creep resistance
are strongly dependent on composition. Strength appears to be related
to phase equilibria parameters, e.g., the solidus temperature (~2372°F),but further phase equilibria work (i.e., the determination of solidus
temperatures) Is required for better judgment .

5.3.3 COMPOSITIONAL EFFECTS: Si3N4-Si02-Y203 SYSTEM

Materials in the Si3N4-Si02-Y20 3 system (Figure 5-4), which con-
tam one or more of the following secondary phases: S13Y2O3N4, YSiO2N7 ,
Y1OSi7O27N4 and/or Y4Si 2O7N 2, exhibit unusual oxidation behavior and

-
l catastropic strength degradation at elevated temperatures.(93)
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Detailed oxidation experiment s have shown that Si3Y2OSN4 exhibits
linear oxidation kinetics, i.e., the oxide surface scale does not protect
the Si3Y2O3N4.(93) Preliminary experiments indicate that YSiO2N,
Y1OSi7O23N4 and Y4 Si2O7N2 also exhibit linear oxidation kinetics. All
evidence shows that when these Y-Si-O-N compounds are present as secondary
phase, they preferentially oxidize to cause cracks to develop in the
polyphase Si3N4 material. Thus the presence of these four compounds
is undesirable. The detrimental compounds can be precluded as secondary
phases when material in this system is fabricated within the Si3N4-Si2N2O-
Y2Si2O7 compatibility triangle.~.)~~

Large billets (1 x 3.5 x 5.5 inches) of Si3N4 were fabricated in
the Si3N4-Si2N2O-Y2Si2O7 compatibility triangle at Westinghouse under
the DARPA Gas Turbine Program. Previous work, in which smaller billets
were fabricated, indicated that both densification and good high tempera-
ture properties could be achieved with compositions close to 85.5 w/o
Si3N4, 10.5 w/o Si02 and 4.0 w/o Y203. Scaleup to the larger billets
presented difficulties in obtaining high density until pyrolitic graphite
spacers were used to limit heat flow to the water-cooled hot-press rams.
Concurrent with densification-property studies at Westinghouse, large
(1 x 6 x 6 inch) billets with compositions specified by Westinghouse were
purchased from the Norton Company .

Figure 5-8 illustrates the flexural strength versus temperature
(in air) of the Norton billet (composition 79.6 w/o Si3N4, 15.8 w/o
Si02 and 4.6 w/o Y203) as compared to the flexural strength of a large
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Figure 5-8. Flexural Strength Comparison of Experimental
Si 3N4 Hot-Pressed with Y 203

billet of Westinghouse material (composition: 85.5 w/o Si3N4, 10.5 w/o
Si02 and 4.0 w/o Y203).(8) The relative creep resistance of both materials
measured in air at 2300°F for three incremental stresses is shown in
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Figure 5-9. The reason for the significant difference in mechanical
behavior for the two materials appears to be their difference in composi-
tion. Norton pressed materials with compositions identical to Westing-
house material did not develop representative strengths due to poor
density. Norton ’s use of Westinghous e powder did not achieve sui table
results.
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Figure 5-9. Flexural Creep Properties of Experimental
Si 3N4 Hot Pressed with Y 203

Materials within this compositional area only exhibit ~l5 percent
strength degradation at 300 hours of oxidation at 2550°F relative to
the 40-60 percent strength degradation observed for commercial Si3N4
HS13O or NC 132 (hot-pressed with t4gO) .

5.3.4 OXIDATION RESISTANCE: OBSERVED COMPOSITIONAL EFFECTS

As first shown for the Si 3N4-Si02-Y 203 system, the oxidation
behavior of dense Si3N4 depends on its composition.(93) Compositions
that lie within the Si3N4-Y2Si2O7-Y203 area contain one or more of the
unstable compounds, whereas compositions within the Si3N4-Y2Si2O7-Si2N2O
compatibility triangle exh ibit unusually good oxidation resistance,
apparently due to the compatibility of Si02 (the oxidation product of
Si 3N4) with Y2Si2O7 . Evidently, from an oxidation veiwpoint , the highest
metal-silicate is a desirable second phase relative to other second phase
silicates .
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Materials densified with the aid of MgO do not have the same resist-
ance to oxida tion, apparently because of the preclusion of the highest
silica te (Mg~SiO4 ) by the phase rel ations (Figure 5-10). Preliminary
observations have shown that materials in the SI3N4-SiO2-MgO system
with compositions close to the Si3N4 -S12N20 tie line have improved oxi-
dation resistance relative to materials fabricated close to the Si3N4-
MgO tie line. Thus, considering the strength/compositional relationships
discussed above, materials in the Si3N4-Si02-MgO system with both
improved strength and oxidation resistance should be fabricated with
a MgO/Si02 molar ratio of~~O.25. —
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Figure 5-10. Comparative Weight Gains after 400 Hours
Oxidation at 1370°C in Air

Figure 5-10 further illustrates the relative oxidation resistance
of the various Si3N4 materials. As shown, materials with compositions
in the Si3N4-Y2Si2O7..Si2N2O compatibility triangle exhibit resistance
to oxidation intrinsic to that of pure Si 3N4 .

5.4 YTTR IA HOT-PRESSED S13N4
The development of yttria hot-pressed silicon nitride by At44RC (100)

provided a new, creep-resistance material with exceptional high tempera ture
strength for turbine vane evaluation . Norton accepted a purchase order to
produce 6 x 6 x 1y2 inch billets , two each containing l~ .0 percent , 16.5
percent and an optimum composit ion, for initial property evaluation. Billets
containing 13.5 and approximately 12.5 w/o Y20 were delivered. These
exhibited large low density areas which made I~ impossible to get a rea li stic
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SECTION 6

CONCLUSIONS AND RECO*IENDATIONS

The conclusions and recommendations which follow were extracted - -
from Volume I , “The Program Summary.” All pertain specifically to the
contents of this volume and are included here to complete the subject
matter discussed.

6.1 CONCLUSIONS

1. Major problems remain to be solved before ceramic components
are proven useful for practical turbines. The foremost, of

— course, is the development and characterization of improved
— materials for extended life in high temperature operation.

Present production materials and processes pose a serious
problem to design engineers who must provide high reliability
for a very conservative power generation business. Improved
processing to reduce property variability, better NDE methods
and procedures to detect life limiting critical flaw s and
their distribution, and probabilistic life prediction method- —

ology to assess component reliability, over many thousands
of operating hours, are examples of technological areas that
must be addressed.

2. The engineering property data base for ‘:andidate ceramics
should be expanded to include a determination of long-term
tensile creep strain, stress rupture and low cycle fatigue.
Environmental testing should contain an assessment of the
effects of oxidation, hot corrosion and erosion on physical ,
mechanical and failure properties.

3. The properties of commercial hot-pressed Si3N4 and SiC as
characterized in this program (state of the art 1973-74) must be
be improved for long term use in gas turbines. Stator vane
performance was marginal at 2500°F peak gas temperature in
the static rig demonstration. Creep behavior is expected to
limit silicon nitride as a blade material above 2150°F.
However , materials under development show promise of
significant improvement , particularly with respect to high - -
temperature strength, creep, and oxidation resistance. 
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4. Both Si N4 and SiC show super ior corro sion/erosion
resista~ce at temperatures to 2000°F where turbine fue l
contaminants can be most damaging due to condensation
and reaction . The abil i ty of these materials to maintain
their strength after this exposure is most encouraging.

5. Detrimental oxidation of hot pressed Si~N4 above 2000°F can
be prevented through composition control . An example is the
use of Y203 + Si02 sintering aths to replace MgO in the
production process.

6.2 RECOMMENDAT IONS

1. A Base-Line Engine Definition is required to define explicitly
the performance objectives of an advanced turbine engine
containing ceramic components in order to set specific design
goals and materials objectives.

2. Materials and Fabrication Developments are required to improve
the properties and reliability of gas turbine ceramics. Through
accelerated materia ls and processing research usefu l ceramics
will evolve and basic information for the continued development
of new materials , e .g. ,  composites , coatings , etc . will  be
provided. Experimental materials from the laboratory should be
transferred to commercial facilities where sufficient quantities
of consistent-quality material can be reduced to production
practice for evaluation in terms of engineering properties and
component testing. It is strongly recommended that a comprehensive
materials program be organized and managed to insure objectivtiy
consistent with the basic engine requirement.

3. Materials Characterization should support the analytical design
efforts by providing reliable engineering properties for stress
analysis, evaluation of component structural integrity, and
lifetime prediction. Failure property characterization, which
represents a serious technological gap, should be conducted under
combined loading conditions that represent planned rig and engine
test conditions. Such a task is difficult. It will require
careful planning and critical experiments to be cost effective.
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Abstract

In 1971 Norton obtained an exclusive license to produce Lucas hot
pressed sil icon n i t r ide  in the United States. That process made a hi gh-
density, high strength ceramic material with excellent potential for high
temperature app l icat ion , i.e., industrial gas turbine components, available
commercially.  Project funds were used to develop an engineering property
data base to describe Norton 11S130/Noralide NC 132 s i l icon nitride and
Noralide NC203 silicon carbide . The list includes ten~~1

’e , flexure shear ,
and compressive strengths from room temperature to 255Gw for appropriate
directions in anisotropic materials along with elastic/shear modull and
I~ Isson’s ratio. Creep resistance is defined in terms of creep strain and
stress rupture life as a function of temperature , time , and environment .
Thermal properties were also considered , i.e., thermal expansion , conduct
Ivi ty, and specific heat . liqulpment and test procedures are discussed . —

No material characterization study is complete without a thorough
examination of microstructure . Morphology , grain boundaries , and the
effects of compositional variations are considered with respect to silicon
nitride and silicon carbide .

The microstructural characterization led to process and product
improvements in the commercial materials and eventually revea led paths
for the development of improved variet ies of silicon nitride and silicon
carbide. Westinghouse activity In the area of material development
involving magnesIa and/or yttria, silicon nitride systems is reviewed to
put the entire question of materials and their critical part in component
des ign and development into proper perspective .
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