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ABSTRACT

The "Brittle Materials Design, High Temperature Gas Turbine' program
is to demonstrate successful use of brittle materials in demanding high temperature
structural applications. A small vehicular gas turbine and a large stationary gas
turbine, each utilizing uncooled ceramic components, will be used in this iterative
design and materials development program. Both the contractor, Ford Motor
Company, and the subcontractor, Westinghouse Electric Corporation, have had in-
house research programs in this area prior to this contract.

In the v: hicular turbine project, the improved second generation (Design B)
stationary ceramic components made of reaction bonded silicon nitride have under-
gone initial engine tests successfully. A computer program has been developed to
determine heat transfer in the rotor, attachment, and shaft assembly. A design
study was completed for the attachment of the rotor to the shaft. A complete integral
rotor has been fabricated by chemical vapor deposition of silicon carbide, although
material quality needs improvement. An etching technique has been developed per-
mitting microstructure study of any form of silicon nitride, and significant deter-
minations were made of ceramic material properties.

In the stationary turbine project, a first generation 3-piece vane assembly
was designed and analyzed. A complete set of silicon nitride airfoil vanes were
fabricated. Engineering properties of silicon nitride and silicon carbide have been
characterized. A better understanding of the effects of microstructure on proper-
ties of hot pressed silicon nitride was obtained. Data was obtained on static oxida-
tion kinetics and corrosion-erosion behavior.
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FOREWORD

This report is the second semi-annual technical report of the '"Brittle Materials
Design, High Temperature Gas Turbine' program initiated by the Advanced Research
Projects Agency, ARPA Order Number 1849, and monitored by the Army Materials
and Mechanics Research Center, under Contract Number DAAG-46-71-C-0162. This
is an incrementally-funded five year program.

Since this is an iterative design and materials development program, design
concepts and materials selection and/or properties presented in this report will
probably not be those finally utilized. Thus all design and property data contained
in the semi-annual reports must be considered tentative, and the reports should be
considered to be illustrative of the design, materials, processing, and NDT techni-
ques being developed for brittle materials.

The principal investigator of this program is Mr. A. F. McLean, IFord Motor
Company, and the technical monitor is Dr. A. E. Gorum, AMMRC. The authors
would like to acknowledge the valuable contributions in the performance of this work
by the following people:

Ford Motor Company

D. Alexander, R. R. Baker, P. Beardmore, D. J. Cassidy, J. C. Caverly,

D. A. Davis, G. C. DeBell, W. A. Fate, M. U. Goodyear, D. L. Hartsoek,

P. H. Havstad, E. R. Herrmann, R. A. Jeryan, C. F. Johnson, J. A. Mangels,
W. E. Meyer, T. Mohr, P. F. Nicholls, A. Paluszny, J. J. Schuldies,

J. M. Scofield, K. H. Styhr, W. Trela, N. F. Waugh, T. J. Whalen.

Westinghouse Eleetric Corporation

C. R. Booher, Jr., S. M. DeCorso, J. DeKlerk, E. S. Diaz, D. M. Fantozzi,

W. C. Frazier, A. N. Holden, D. D. Lawthers, L. Kish, R. Kossowsky,

F. F. Lange, S. Y. Lee, S. D. Leshnoff, D. G. Miller, S. Mumford, T. J. Rahaim,
J. D. Roughgarden, R. J. Schaller, S. C. Singhal, S. Twiss, C. Visser,

E. H. Wiley, D. D. Wood, W. E, Young.
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1. INTRODUCTION

As stipulated by the Advanced Research Projects Agency of the Department
of Defense, the major purpose of this program is to demonstrate that brittle
materials can be successfully utilized in demanding high temperature structural
applications. The gas turbine engine, utilizing uncooled ceramic components in
the hot flow path, was chosen as the vehicle for this demonstration. Two hun-
dred hours of operation over a representative duty cycle at ceramic tempera-
tures up to 2500°F is required for the demonstration.

It is the further purpose of this program to develop design technology for
ceramic materials on a systems basis requiring close integration of design,
engineering, materials selection, materials processing and fabrication, testing
and evaluation.

The progress of the gas turbine engine has been closely related to the
development of materials capable of withstanding the engine's environment at
high operating temperature. Since the early days of the jet engine, new metals
have been developed which have allowed a gradual increase in operating tem-
peratures. Today's nickel-chrome sugeralloys are in use without cooling at
turbine inlet gas temperatures of 1800° to 1900°F. However, there is con-
siderable incentive to further increase turbine iriet temperature to improve
specific air and fuel consumptions. The use of ceramics in the gas turbine
engine as a demonstration vehicle for this program promises to make a major
step in increasing turbine inlet temperature. Success will offer significant ad-
vances in engine efficiency, power per unit weight, cost, pollution abatement,
and fuel utilization.

This program will demonstrate the use of ceramics in two demanding gas
turbine applications:

(1) A small-vehicular type of engine (Ford). Such an engine would have a
major impact on the technology of mobile field power units, military
vehicles and craft. As a consequence of its significantly increased
operating temperature it wouid not only provide more horsepower/unit
weight than current engines, but would also provide improved fuel economy.
In addition, the benefits of low emissions and multi-fuel capability are
attained. A simplified schematic of the flow path of this regenerative type
of engine is shown in Figure 1.1. A brief explanation of this flow path will
be given to familiarize the reader with the various components considered
for ceramics. Air is induced through an intake silencer and filter into a
radial compressor, and then is compressed and ducted through one side of
each of two rotary regenerators. The hot compressed air is then supplied
to a combustion chamber where fuel is added and combustion takes place.
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Figure 1.1 — Flow Path Schematic of Vehicular Gas Turbine

The hot gas discharging from the combustor is then directed into the
turbine stages by a turbine inlet structure, in this case shown as a nose
cone. The gas then passes through the turbine stages which comprise two
turbine stators, each having stationary airfoil blades which direct the gas
onto each corresponding turbine rotor. In passing through the turbine, the
gas expands and generates work to drive the compressor and supply useful
power. The expanded turbine exhaust gas is then ducted through the hot
side of each of the two regenerators which, to conserve fuel consumption,
transfer much of the exhaust heat back into the compressed air,

The parts which are subject to the peak cycle temperature and are made
out of superalloys in today's gas turbine are the combustor, the turbine
inlet nose cone, the turbine stators and the turbine rotors. These are
areas where ceramics could be exploited to the fullest and have been
selected for application in the vehicular turbine project.



(2) A large-stationary gas turbine for electric power production (Westinghouse).
Such an engine would be most desirable for DOD installations requiring on
site power generation. Not only will ceramics facilitate significantly in-
creased operating temperatures with attendant improvement in power and
fue'! economy, but, because of their improved corrosion-erosion resistance
they will also Zacilitate use of low cost residual fuel. In addition, the en-
vironmental benefits of low emissions and lack of cooling water (with its
attendant thermal pollution problems) are attained. A simplified sketch of
the hot flow path of the engine is shown in Figure 1.2. As with the vehicular
turbine project, a brief explanation of ihe flow path of the stationary turbine
will be given to help the reader understand the function of the components to
be made from ceramic materials.

Combustor

Area Redesigned for
Ceramic Stator Vanes

Compressor

—

— [
|'
N

Air is induced through a large intake silencer and filter into an 18 stage
axial compressor where it is compressed before entering the combustor hous-
ing. The combustor housing supplies air at 650°F to combustion cans assem-
bled in a circumferential array. Air is mixed with distillate fuel or natural
gas and ignited in the primary combustion zone. The gas passes down stream
through the combustors mixing with secondary air. Flow continues from the
combustion section, through the transition zone, and enters the power turbine
at a gas temperature of 2500°F. The hot rases expand through the three stage
turbine section and ave either exhaus! d through a stack or ducted into a re-
heat boiler as part of a combined cyc ¢ power generating unit.

Engine ¢

Figure 1.2 — 30 Mw Test Turbine Flow Path

The parts, where ceramics could be exploited to the fullest, selected for
application in the stationary turbine project are the first stage turbine stator
vanes and the first stage turbine rotor.



To maintain coherence, progress on the vehicular and stationary turbine
projects are reported separately. Also reported separately is the common link
between these two programs, materials technology. Information presented under
materials technology is general, and does not specifically apply to one or the
other of the gas turbine engines. On the other hand, items reported under the
vehicular and stationary turbine projects are categorized by components and
therefore relate directly to those projects (even these items, however, are in-
directly related when it comes to such considerations as design techniques, etc.).
Figure 1.3 has been prepared to help the reader understand the interrelationship
between the major elements of the report.

VEHICULAR TURBINE PROJECT STATIONARY TURBINE PROJECT
(Ford) (Westinghouse)
(Section 3 of Report) (Section 4 of Report)
Ceramic Rotors, Stators, H . Ceramic Vanes &
Shrouds & Nose Concs. Rotors.
Design, Analysis, Materials, . Design, Analysis, Materials,
Fabrication & Testing. Fabrication & Testing.

A

MATERIALS TECHNOLOGY
(Ford & Westinghouse)
(Section 5 of Report)

. Property data
. Microstructure
. NDT

Figure 1.3 — Brittle Material Design/High Temperature Gas
Turbine - Breakdown of Major Elements Reported

Successful demonstration of a high temperature gas turbine engine will in-
volve a complex iterative development. One cannot divorce the development of
ceramic materials from processes for making parts; no more so can one isolate
the design of those parts from how they are made or from what they are made.
Likewise, the design of mountings and attachments between metal and ceramic
parts within the engine are equally important. Innovation in the control of the
environment of critical engine components is another link in the chain. Each of
these factors has a relationship with the sthers, and to obtain success in any one
maiy involve compromises in the others. Testing plays an important role during
the iterative development since it provides a positive, objective way of evaluating
the various combinations of factors involved. If successful, the test forms the
credibility to move on to the next link in the development chain. If unsuccessful,
the test flags a warning and prompts feedback to earlier developments to seek
out and solve the problem which has resulted in failure. Finally, all of the links
in the chain are evaluated by a complete engine test, by which means the ulti-

mate objective of the program will be demonstrated.



Figure 1.4 shows a block diagram flow chart of the major factors involved
including the feedback loops, which serves to illustrate this complex and com-
prehensive iterative development program. The starting point is the concept of
a design to use brittle materials. From this, a design layout is prepared and
analyzed leading to the detailed design and analysis of the gas turbine engine
components made of or involving ceramics. In parallel with the design phase,
ccramic materials are developed and screened for application to the gas turbine
engine. Process development of candidate ceramics then takes place and material
science and property evaluation are used to improve materials and processes,
and to feed information back into the design phase. Next with the first detail
designs completed and with the process for the selected ceramics reasonably
developed, tooling can be designed and fabrication development started to make
actual ceramic turbine engine components. Non-destructive testing of these
parts will be developed to form a feedback for improving material and fabrica-
tion methods. In conjunction with non-destructive evaluation, techniques will
be developed for proof testing ceramic components prior to use in engines. In
parallel with ceramic part fabrication, proof testing, and non-destructive
evaluation, metal parts for the ceramic turbine engine and test rigs are made
per the detail design requirements. The ceramic and metal parts are then
dimensionally inspected and instrumented for engine testing. Assembly techniques
for brittle materials are developed, and testing and durability developments in
both test rigs and engines are performed. Failure analysis from test rig and
engine testing forms the feedback loops for corrective action; almost all of the
factors involved in the development could be affected by experience learned in
the test phase of the program. Finally, when engine durability has reached
a given level of development, the 200 hour demonstration test will be conducted
to meet the program objective.

It should be noted that both the contractor and subcontractor had in-house
research programs in this area prior to the initiation of this program. Many
ceramic materials were extensively tested and screened leading to the selection
of silicon nitride and silicon carbide. In the stationary turbine program, pre-
liminary desigp concepts were in existence before the award of the contract.

In the vehicular turbine program, development was fairly well along and at

least one pass had been completed through all of the factors shown in Figure 1.4
prior to the initiation of this program. This one pass, involving many minor
iterations led to a vehicular turbine hot flow path having all ceramic stationary
components and designated Design 'A'. Based on further experience gained
during engine testing, a modified flow path was generated and designated Design
'B'.

Since initiation of this program with AMMRC, work on both tie vehicular

and stationary gas turbine projects was accelerated. Work accomplished during
the first reporting period included, for the vehicular turbine project, initial
fabrication development and successful preliminary testing of Design 'B' turbine
stators and nose cones made of reaction sintered silicon nitride. Design studies
of ceramic turbine rotors slowed that computed operating stresses can be with-
stood by dense silicon carbide and dense silicon nitride. Development programs
were started to explore several approaches to fabricate rotors in these materials.

Accomplishments on the stationary turbine project during the first reporting
period included obtaining physical property data of hot pressed silicon nitride
ceramic and identifying microstructural details of this material. The initial
design of ceramic stator vanes was completed and calculated vane stresses were
reduced 40% by decreasing the stator vane chord.
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The results of work accomplished during this second reporting period include,
for the vehicular turbine project, continued fabrication development as well as rig
and engine testing of the second generation design (Design 'B') turbine stators and
inlet nose cones. Ceramic turbine rotor design studies were performed on an
expanded two-dimentional heat transfer computer program to include rotor attach-
ment designs. Progress is reported on the multi-approaches being explored to

fabricate a one-piece, intricately-shaped, turbine rotor from candidate high
strength ceramic materials.

The results of work accomplished on the stationary turbine project include
the stress analysis and design of first stage vanes as well as a preliminary report
on the rig for statically testing the stator vanes. Progress on the development
of a new three-dimensional, finite-element, stress analysis computer program
for subsequent use in ceramic rotor blade design is also reported.

Development in materials technology for both the vehicular and stationary
gas turbines is reported and includes continued compliation of material property
data, continued characterization of material structure, and development of non-

destructive evaluation techniques such as ultrasonics, radiography and acoustic
emission.

This report covers the progress in the period January 1, 1972 to June 30,
1972,



2l SUMMARY OF PROGRESS
2.1 VEHICULAR TURBINE PROJECT

The vehicular turbine project is composed of three primary sections —
design, materials, and testing. Within these primary areas there exist many
tasks which must be accomplished in order to achieve the program goal of
200 hours of turbine engine operation over a representative duty cycle at
ceramic temperatures up to 2500°F, Each semi-annual report is really a
progress report detailing the results of work over a six month time increment,
reporting on the individual accomplishments on the tasks which will culminate
in the final program objective.

Work is in progress concurrently in areas of turbine engine component
design and analysis, ceramic material and process development, material and
engine testing, materials technology, and non-destructive cvaluation of ceramic
engine components. Progress, made in several of these areas in this reporting
period, is suramarized in this section of the report.

(1) Design and analytical work has continued on the determination of
stresses for ceramic rotor designs, and the methods of attaching ceramic rotors
to the turbine shaft. The two-dimensional finite element axisymmetric com-
puter program for heat transfer has been improved to accommodate ceramic
turbine rotors complete with the output shaft and rotor attachment assembly,
including possible cooling schemes. This program is capable of evaluating
temperature distributions in the ceramic rotor for various rotor attachment
coolant flows by calculating heat transfer coefficients internally. Work on a
companion program to determine mechanical stresses in this assembly is
in progress. Both of these computer programs will significantly improve
the analytical capability for solving complex design problems involving
ceramic components, and ceramic-to-metal mounting concepts. Refer to
Section 3.1.1 of this report for more detailed information.

(2) Design studies have been completed for coupling the second stage
turbine rotor to the shaft, utilizing a curvic coupling of a 15 tooth half-barrel
design. Master gauges of the coupling, one in hot-pressed silicon nitride
and one in metal, have been fabricated and are within the tight dimensional
specifications. Refer to Section 3.1.1 of this report for a more detailed
account of this work.

(3) The fabrication of ceramic turbine rotors of high strength —
thermal shock resistant ceramics remains the most challenging task to be
solved; several approaches are being followed. One approach showing
encouraging progress as reported by Energy Research involves fabricat-
ing turbine rotors by chemical vapor deposition (CVD) of silicon carbide.
The silicon carbide is deposited within tungsten molds of the turbine shape,
also formed by CVD. Process parameters have been developed to the point
where all 36 blades and most of the rim were formed and replication of the
blade shapes was excellent. However, more work remains to be done to
improve the quality of the silicon carbide, to increase wall thickness, and
to avoid residual stresses in the material. Refer to Section 3. 1.2 of this
report for more detailed information.
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(4) Fabrication of stationary ceramic components — inlet nose cone,
turbine stators, and turbine tip shrouds — in reaction sintered silicon nitride
continued. As an example, 60 nose cones were formed by injection molding
with an expenditure of only a few man-hours. Process work during this
reporting period has been concerned with evaluating the silicon nitride pro-
duced during nitriding in two distinctly different types of furnaces, and with
evaluating the silicon metal powder raw material from several vendors.
Characterization of materials in stationary components fired in different
furnaces is incomplete. Only one vendor was able to supply silicon powder
to meet the requirements specified for injection molding stationary com-
ponents. Refer to Section 3.3.1 of this report for a more detailed account
of this work.

(5) Engine and rig testing of Design 'B' stationary ceramic components
has continued. These parts include first and second stage turbine stators,
turbine inlet nose cones, and first and second stage turbine shrouds. A number
of 2ach of hese components has been subjected to three types of test; the first
is a cold test using metal turbine rotors (cold dynamic test); the second is a hot
test witheat turbine rotors (hot static test); and the third is a hot test using metal
turbine rotors (hot dynamic test). Using these tests, durability of the Design 'B'
ceramic components has been encouraging. As an example, a reaction sintered
silicon nitride first stage stator has successfully withstood 74 hours of cold
dynamic testing; another one has withstood 29 hours of hot static testing, and yet
another one 12 hours of hot dynamic testing, all without failure. Another example
is a silicon carbide nose cone which, although it developed a crack during initial
testing, has been hot static tested for 650 hours, still has only the one crack,
and is considered serviceable. Refer to Section 3.3.2 of this report for a more
detailed description of work accomplished.
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2.2 STATIONARY TURBINE PROJECT

The stationary turbine project is a design study of brittle materials in a
high temperature gas turbine application, culminating with the demonstration
of uncooled ceramic stator vanes in a 30-Mw power turbine operating for 200
hours at 2500°F. This operation will consist of 100 sequences of peaking cycle
service. Work is currently in progress in areas of stator vane design and
analysis, development of computcr programs to be used for rotor blade design,
component fabrication, and materials technology. This progrcss is summar-
ized in this section of the report.

(1) The rirst generation 3-piece stator vane design (airfoil and 2 cnd
caps) for static rig testing of hot-pressed silicon nitride was completed. Stress
analysis of both the end caps and airfoil revealed that Norton HS-130 material
should withstand the mcchanical and thermal stresses generated diring turbine
operation. Refer to Section 4.1.1 of this rcport for more detailed information.

(2) A section of the 3D finite element stress analysis program being
developed for rotor blade design was completed. This section allows the
analysis of isotropic clastic stress in 3D solids. A rcliability verificatiou is
being made by comparing the output from this program with that from the 2D
finite element and finite difference programs uscd to determine the transient
stress in the stator vane airfoil. Refer to Section 4.2 of this report for a
more detailed account of this work.

(3) The Norton Company has machined 20 airfoils from 40 certified billcts
of hot-pressed HS-130 silicon nitride. End caps arc being machined to design
specifications. These will complete the stator vane assemblies for the first
static rig tests. Rcfer to Section 4.1. 3 of this rcport for more dectailed infor-
mation.

(4) Encrgy Research Corporation produced flexure specimens for the
evaluation of chemically vapor dcposited =ilicon carbidc. Room tempcrature
strengtn averaged 60,000 psi with considerable scatter in the data. High
temperature strength was more impressive with values as high as 100, 000
psi recorded at 2300°F. Attempts to deposit hollow airfoil shapes were
unsuccessful. Refcr to Section 4.1.3 for more detailed information.

11



2.3 MATERIALS TECHNOLOGY — VEHICULAR AND STATIONARY TURBINE
PROJECTS

Complete property characterization of the ceramic materials for turbine
engine use is an enormous task, which will proceed throughout the life span of
the contract. This task is also complicated by the fact that many of the materials
heing investigated are in the developmental stage and improvements in properties
are anticipated, which will require that some, if not all of the physical properties
must eventually be re-determined. Progress in materials technology is summar-
ized in this section of the report.

(1) Candidate materiais for ceramic turbine rotors are hot-pressed silicon
carbide and hot-pressed silicon nitride. Property data, measured during this
reporting period, included elastic properties of Norton hot-pressed silicon nitride
and silicon carbide at high temperatures. A technique for spin testing ceramic
disks to simulate the stress distribution in turbine rotors has been developed.
Failure of the disks is recorded photographically, and is being correlated to
defects detected by NDT studies. Two disks of hot-pressed silicon nitride were
spin-tested and failed at stresses of 63 ksi and 51 ksi. For more information,
refer to Section 5. 2.2 on elastic property determination, and Sec. 5.1.1 on spin
testing.

(2) Bending strength as a function of temperature was determined for Ford's
injection molded reaction sintered silicon nitride. The strength level of the as-
molded material remained virtually constant at around 22, 000 psi up to 2000°F,
then decreased gradually to 19,200 psi at 2400°F. Refer to Sec. 5.1.2 for more
information.

(3) Extensive thermal and mechanical property data were obtained on
certified Norton hot pressed silicon nitride from which vanes are being fabricated.
In general, the strength of Norton HS-130 silicon nitride shows significant im-
provement at high temperatures over the earlier HS-110 material. The strength
is temperatur< dep.'ndent, however, particularly above 2200°F. The tensile
strength decreases from 60 ksi at RT fo 17 ksi at 2500°F. A similar temperature
dependence wag displayed by both the eiastic modulus and flexural strength. Creep
was observed at 1800°F; but the stress rupture properti=s appear quite adequate
for stator vane application. Tests reveal that there should be no high cycle
fatigue problem with the HS-130 material. Shear strength, thermal expansion,
and thermal conductivity were determined. Refer to Section 5.1. 3 for more
detailed information.

(4) Turbine passage corrosion-erosion tests at 2000°F, extended to 250
hours, continued to show the excellent performance of silicon nitride. Net
weight losses of £ mg/cm2 were encountered for HS-130 silicon nitride, which
did not affect the fiexural strength. A better understanding of oxide film forma-
tion at the surface was obtained through a detailed characterization study of
tested specimens. Static oxidation studies continued to reveal insight into the
kinetics of oxide film formation. Refer to Section 5.2.4 for more detailed in-
formation.

13
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(5) Reaction-sintered silicon nitride is being used extensively for station-
ary components. Until recently, the structure of the material has not been
studied due to difficulties in etching the material. An acid etching technique nas
becn developed which permits the st :ture of any form of silicon nitride, re-
gardless of density, to be observed n.croscopically. It was found that the
etching is rate-controlled by the amount of alpha phase silicon nitride and iron
impurity present. Refer to Section 5.2.1 of this report for a more detailed
description of work accomplished.

(6) The detrimental features in the microstructure of hot-pressed silicon
nitride that are related to process controls have been identified. These include
impuritics, density gradients, flaws, and metallic inclusions. Physical property
anisotropy appcars related to these features rather than grain orientation.
Calcium impurity concentration has a definite, strong influence on the high
temperature strength of silicon nitride. The presence of a glass phase at the
grain boundaries is most l.kely responsible for the strength behavior. Section
5.2.3 of this report gives more detailed infoimation.

14
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PROGRESS ON THE VEHICULAR TURBINE PROJECT

CERAMIC ROTOR DEVELOPMENT

SUMMARY

Desigr and analytical work has continued to determine stresses for
ceramic rotor design and to determine how to attach ceramic rotors to
the turbine shat. The two-dimensional finite element axisymmetric
computer program for heat transfer has been improved to accommodate
ceramic turbine rotors complete with the output shaft and rotor attach-
ment assembly including possible cooling schemes. This program is
capable of evaluating temperature distributions in the ceramic rotor for
various rotor attachment coolant flows by calculating heat transfer co-
efficients internally. Work on a companion program to determine me-
chanical stresses in this assembly is in progress. Both of these com-
puter programs will significantly improve the analytical capability for
solving complex design problems involving ceramic components, and
ceramic-to-metal mounting concepts.

Design studies have been completed for coupling the second stage
turbine rotor to the shaft, utilizing a curvic coupling of a 15 tooth half-
barrel design. Master gauges of the coupling, one in hot-pressed silicon
nitride and one in metal, have been fabricated and are within the tight
dimensional specifications.

The fabrication of ceramic turbine rotors remains the most difficult
technical problem to solve in the vehicular turbine project, because operat-
ing stresses requires high strength, thermal shock-resistant materials
which must be formed into a very complex shape. The rotor is less than
six inches in diameter and has raore than thirty small twisted airfoil blades,
which constitutes a formidable fabrication problem. Six separate efforts
directed at fabricating ceramic rotors are in progress.

The first of these programs is a Ford in-house effort in which the
rotor shapes are injection molded from silicon nitride and densified by a
pseudo-isostatic hot pressing method. Some compositional gradients exist
within nitrided turbine blades and the magnesium oxide sintering aid ad-
versely affects formation of the desired high alpha crystallographic com-
position, Distortion of the blades during densification remains a problem.

The second program, conducted by the Norton Company, comprised
hot-pressing of separate silicon nitride rotor blades using graphite tooling.
A full set of blades were to be assembled and formed into an integral unit
by hot-pressing a silicon nitride phub around the blades. While some prog-
ress was made, the program was stopped because it appeared that too
much time would be needed to successfully develop this approach.

The third program, which appears promising, is fabricating a turbine
rotor of dense silicon carbide formed by chemical vapor deposition. This
work is being performed by Energy Research Corporation. The silicon
carbide is deposited within tungsten molds of the turbine shape, also
formed by CVD. Process parameters have been developed to the point
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where all 36 blades and most of the rim were formed and replication of
the blade shapcs were excellent. However, more work remains to bc done
to improve the quality of the silicon carbide to increase wall thickness,
and to avoid residual stresses in the material.

The fourth program, conducted by Joseph Lucas Ltd., is attcmpting
to develop a process to fabricate a silicon nitride rotor by preforming
individual blades and a hub, assembling the components, and hot-pressing
the assembly encased in a conformable ceramic compositc. The feasibility
of this process has not yet been cstablished.

Other programs includc attempting to dcvelop techniques for machining
ccramic turbine rotors from billcts of hot-prcssed material. Ultrasonic
machining of hot-pressed silicon nitridc has shown that disk contouring,
hub boring and end cutting of approximate blade shapes appear economically
feasiblc, with minimal surface damagc. Electric discharge machining of
hot-pressed silicon carbide is also being studicd. A removal rate of 0.012
cubic inches of SiC per hour is indicated by EDM using copper el<ctrodes.



3.1.1 DESIGN AND ANALYSIS

Introduction

As discussed in the last report(l)the selection was made of a preliminary
turbine rotor disk geometry for fully dense silicon nitride (SigNg). An attachment
concept was 21so selected that would be compatible with the wide range of engine
operating conditions.

In order to fully assess the interaction between the rotor and the attachment
hardware, it was necessary to modify existing computer programs for heat trans-
fer and stress analysis. Heat transfer programs were revised to handle multiple
coolant flows as required by a folded bolt concept described in the previous
report( ), and increased in size to allow more precise modeling of boundary con-
ditions as they exist in the engine. Similar revisions were incorporated into the
stress analysis programs.

The mathematical model of the rotor assembly including surrounding hard-
ware was refined to reflect changes introduced on the final design of the rotor
attachment.

Concurrently, fabrication studies were conducted to develop curvic coupling
face splines for shaft to rotor and rotor to rotor junctions. Curvic couplings
feature unique spline characteristics that make them quite attractive for use
with ceramics. The most important features are part interchangeability, low
contact stresses, and the ability to cope with expansion differentials expected at
the rotor-shaft junction.

Two Dimensional Computer Programs

The basic analytical codes used in the analysis of the turbine rotors and the
rotor attachment assembly were three two~dimensional computer programs; of
these two are heat transfer programs — one for finite difference analysis (FDHT),
and the other for finite element analysis (FEHT). The stress program performs
a finite element analysis (FEST). Other computer programs were also used in
conjunction with these three basic codes to aid in preparation of data for the in-
put and interpretation of the resulting output data. Examples of these data han-
dling programs would be the renumbering of the finite element member incidence
table for the most economic operation and the display of final temperatures and
stress distributions. Some basic features oy the three main programs, as they
existed at the time of the lact report(l), are restated as follows:

FDHT: two dimensional heat transfer with coolant streams
FEHT: two dimensional heat transfer with two (2) coolant
streams with self generation of convection coefficient
for flow over a rotating disk in an adiabatic housing.
FEST: two dimensional stress and strain.
The two finite element programs were compatible in that the FEHT could

generate the temperature field format required by the FEST in order to calcu-
late the thermal stresses and strains. However, the two programs had to be

17



operated separately. Each finite element program had a different size limitation.
Due to the configuration and complexity of the rotors complete with their attach-
ment assembly, the finite difference computer programs had to be modified
extensively in order to model the problem. The majority of work in this area
during this reporting period was spent updating the analytical codes required to
analyze the rotors and the rotor attachment assembly.

The FEHT program was modified to include coolant flows in radial and
annular channels. The convective film coefficients were generated internally
for the particular flow condition once a flow rate and initial coolant temperature
were determined. The assumptions and correlations used were discussed for
similar flow conditions in the previous report (1), The number of coolant
streams possible was increased to twelve. The capability of modeling coolant
flow over a rotating disk within an adiabatic housing was modified to include a
nonadiabatic housing. The heat transfer from the housing was assumed to be by
conduction through half the boundary layer of the coolant stream on the rotating
disk.

Data generation for any model is a 1aborious and time consuming task.
Since the design of ceramic components is cften an iterative procedure due to the
constant updating of material properties and design techniques, it is desirable to
have a method of analysis that is flexible and requires as little time as possible
in model design. To facilitate this, the finite element programs were modified
to accept the basic grid point data, representing the model, in a form most
convenient to the designer. The grid point data may now be digitized electroni-
cally and numbered in any convenient manner; much of the data can be numbered
automatically by the computer program.

When the entire grid point library and member incidence table (i.e. relation-
ship of grid points to each other and therefore the size of the matrix to be solved)
have been determined, the model can be studied on a computer-controlled
cathode ray tube (CDC 1700 computer). At this point the model grid point library
can be modified by the designer if required, and the member incidence table
bandwidth can be minimized.

The size restrictions and limitations of the finite element programs were
enlarged and the programs were modified such that the maximum model sizes
would be compatible. In order to econoniize on computer size requirements, the
programs were made flexible so that computer requirements matched modeling
requirements.

At the current level of development, minimum time is required in data
preparation, and minimum computer time and capacity are required in problem
solution. Output data can be studied graphically by plotting results on paper or
viewing them on the CDC 1700 light tube.

Design Process

Figure 3.1 is a schematic diagram of the method being used to arrive at a
final design for the rotors and the rotor attachment concept. The basic approach
is to study a large portion of the engine comprising many components with a
relatively rough model. This rough model then provides realistic boundary
conditions for a more detailed model. The procedure is carried on to the point
where a single component can be studied with a very refined model.

18



The FDHT program was used to study a rough model of the engine rotors and
turbine shaft. The model, Figure 3.2 provided such information as rotor bolt
cooling requirements and structure temperatures in the vicinity of the bearings

and the turbine shaft.

From this data rotor attachment assembly concepts were

studied. Three possible concepts were discussed in the previous report(l). The
concept chosen to be first analyzed was that of the hollow folded bolt. Based on
the first approximation of temperature data available adjacent to the bolt from the
FDHT model, bolt requirements were estimated and a bolt design was arrived at
The rotor bolt assembly to be analyzed is shown in Figure 3. 3.

for analysis.
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Figure 3.1 — Schematic of the Design Process for Rotors and Attachment

Figure 3.2 — Finite Difference Model of Ceramic Hot Flow Section
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The FEHT program can be used to determine the idle and full speed steady
state temperature distribution in the attachment assembly model shown in
Figure 3.4. A transient heat transfer analysis of the assembly can 21so be run
from time zero to 105 seconds with idle engine conditions being as-umed. These
runs provide critical bolt temperatu e data to be used in determining bolt creep
characteristics.

Next a FEST analysis of the assembly can be conducted for tne same three
conditions mentioned above. In all three cases the rotor bolt is allowed to elon-
gate by using pseudo material stiffness properties for those elements connecting
the first stage rotor to the rotor bolt nut. From the two steady state runs it is
possible to calcuiate the minimum preload required to offset the thermal bolt
load relaxation. A study of the principal rotor stresses as a function of time is
used to determine the time of maximum rotor stress. In all cases, blade loading
is assumed to be uniformly distributed over the rotor platform; therefore, blades
are not shown on the finite element grids. A study of rotor and rotor bolt axial
elongation as a function of time is used to determine the time of maximum bolt
load. The magnitude of the bolt stress at that time can then be calculated. The
bolt load at time of maximum rotor stress is also determined here for later use
when analyzing the individual rotors.

When the time of maximum rotor stress is determined, a second transient
heat transfer analysis of the assembly is conducted from the time of maximum
rotor stress as determined above with engine conditions now assumed to be at full
speed and held for 60 seconds. Data from this run is used in a stress analysis
to determine the maximum rotor stresses that are expected to occur.

A third transient heat transfer analysis is conducted from idle steady state
engine conditions for 20 seconds. Another stress analysis is run to determine
the maximum rotor bolt load while the bolt is at its highest temperature.

It should be noted that the grid layouts were selected on the basis of previous
studies of rotor stresses, with the finer mesh located in the areas of highest an-
ticipated stresses.

Refined finite element models of the first and second stage rotors are shown
in Figures 3.5 and 3.6 respectively. Utilizing the data at time of maximum stress
for both the first and second transient cases and the corresponding bolt load data,
transient heat transfer and stress analysés of the first and second stage rotors can
be conducted. The time period for the transient may be short and the time incre-
ment small in order to determine the peak stresses. The rotor profiles can be
altered as required in order to minimize stresses in critical areas.
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Figure 3.5 — Finite Element Model of First Stage Rotor
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Figure 3.6 — Finite Elcraent Model of Second Stage Rotor

Ceramic Rotor Attachment

Another area requiring analysis is the method of torque transfer from the
first to the second rotor. Two possibilities are being studied and each study is
being conducted as previously described. The first study considers torque
transfer through a curvic coupling at the rotor platforms. The second concept
has the coupling located at the rotor hubs. The method of machining the couplings
at the rotor hub is still in the preliminary stages of design, whereas the platform
coupling design has been completed.

The rotors coupled at their platforms react as a rigid body under the pre-
vailing gyrosropic forces. However, increased bolt stress results under
transient conditions due to the rotor platforms heating faster than the rotor bolt.
Stresses in the rotor disk are also increased with the platform curvic design due
to the bending moments resulting from axial loads.
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Conversely, rotor disk stresses and rotor bolt stresses are expected to de-
crease with the hub coupling design relative to the platform coupling. The rotor
bolt load will be transmitted in a more direct route back to the turbine shaft
coupling. The rotors will act as separate components, however, and as such
may subject the rotor bolt to bending stresses. The long overhang of the second
stage rotor platform will not be supported by the first stage as in the design
with platform coupling.

The transmission of torque from the ceramic rotors to the shaft required a
design which would allow for differential thermal expansion betwecn dissimilar
materials and still maintaining exacting concentricitics. The curvic coupling face
spline modified to a half-barrel shape met these requirements and has beep
proven in gas turbine applications.

The curvic coupling is produced on precision grinding machincs. The ma-
chine consists of a rotating formed grinding wheel morated on a shaft which
translates into the stationary workpiece. Thc formed wheel is cupped and grinds
two tooth faces simultaneously. It is a functional requirement that curvic
couplings be preccision ground. Therefore, very precise control settings are
built into the curvic grinder. This allows reproducibility of intcrchangeable
parts cut on diffcrent machines. In the dcvelopment of conventional metal curvic
couplings, the grinding wheel may be modified and automatically dressed in the
grinder. However, since this application required a diamond grinding wheel to
machine the silicon nitride part, it was decided to provide all the final adjust-
ments and dressing to the conventional wheel used to cut the metal part. This
allowed the use of a formed diamond coated wheel for zrinding the ceramic parts
resulting in considerable cost savings as compared i :abricating a dressable
diamond matrix wheel.

The half-barrel design with a point of tangency at the outer radius allows the
convex (metal) tooth to grow radially mitward in relation to the concave (ceramic)
tooth, whilec maintaining a uniform contact pressure by elastic deformation of the
curvic teeth. The number of teeth was selected at fifteen after several design
iterations performed by the Gleason Works. The selection was influenced by
consideration of the stress risers in the ceramic component, the minimal number
of cuts, and standardization of the design.

Gleason Works was contracted to fabricate one mating set of curvic coupling
masters. The hot pressed silicon nitride master was fabricated in-house and dia-
mond ground to the same dimensions specified on the rotor drawing. The final
master set is shown on Figure 3.7. The metal part is SAE 4150 with a through
hardening of Rockwell C 34-38. Inspection of the masters indicated no runout
was present (less than one-ten thousands of an inch) in five arbitrarily selected
positions. Parallelism of the mating masters was better than the capability of
measurement by standard inspection techniques.

Figure 3. 8 illustrates the inspection equipment used to determine the con-
tour and surface texture of the tooth, The curvic specimen is positicned on the
inspection block at the 30° pressure angle. A diamond stylus is traversed along
the ~ontact face and the excursion of the stylus recorded on the Proficorder. The
results of this inspection indicated 0.000125" excursion is present over 0. 031" of
the tooth with a surface texture of 35 4 in., arithmetic average. This is accept-
able for curvic coupling design. An enlargement (32X) of one ceramic tooth is
shown on Figure 3.9. Of interest is the slight curvature of tooth as compared to
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the cross-hair of the shadowgraph. While still acceptable, this may be improved.
Also of interest is the fin at the bottom of the gable. This is caused by incom-
plete overlapping of the grinding wheel while cutti.g adjacent teeth. This does
not interfere with the functionality of the face spline, as sufficient clearance is
present at the end of each metal tooth. However, this will be corrected either

by modifying the diamond wheel or by hand-filing the parts before any testing is
performed.

]
e s w

Figure 3.7 — Curvic Coupling Master Set

Figure 3.8 — Curvic Coupling Inspectior Equipment
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Figure 3.9 — Enlargement of Hot Pressed Silicon Nitride Curvic Coupling
Tooth (32X)
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3.1.2 MATERIALS AND FABRICATION

Introduction

Design and materials considerations during the course of the program
have shown that few materials have properties capable of withstanding the
conditions imposed by the turbine rotor. (1) Two primary candidate mater-
ials are being developed, fully dense silicon nitride (SigNy) an'i fully dense
silicon carbide (SiC).

Fully dense silicon nitride is almost exclusivelv formed by hot-pressing.
Usually a fine particle size reactive SigN4 powder, mainly composed of the
a form crystallographically, is used as the starting material. A sintering aid
such as MgO is added (usually in amounts of 1 to 5 weight %) and intimately
mixed. The powder mixture is hot pressed to full density in graphite dies and
plungers. Hot-pressing parameters normally used are temperatures of 1700
to 1800°C and pressures of 3000 to 4000 psi for 1 to 2 hours. Several programs
are being actively pursued which attempt to fabricate complex shaped turbine
rotors by variations of this basic process.

Fully dense silicon carnide can be formed by several methods including
hot-pressing, chemical vapor deposition, and reaction sintering. Some of the
processes being investigated for the machining of SigN, could also be applied
to SiC, therefore only an electro-discharge machining method unique to the
electrically conducting, hot-pressed SiC is being evaluated currently. In addi-
tion, a program of growing a rotor molecule by molecule, using the chemical
vapor deposition of silicon carbide is described.

Ford Pseudo-Isostatic Hot Pressed Method

Ford(l) and Lumby and Coe(z) have established that the alpha form of
silicon nitride is preferred for hot pressing, since fully dense material pro-
duced from that form exhibits good mechanical properties. The program
approach is to develop the technology to nitride preformed silicon parts into
the high alpha silicon nitride form and investigate the techniques of hot-press-
ing such preforms into dense integral turbine rotors.

The advantage of molding preforms from silicon rather than silicon
nitride powder is that the density of the nitrided preformed shapes is high,
(approximately 70% of T.D.). This is particularly important for complex
shapes such as thin airfoils where the smaller shrinkage experienced dur-
ing densification yields substantially smaller dimensional distortion.

Nitriding Study

Results of nitriding studies from the last report(l) indicated that (1) lithium
varbonate additions to the silicon metal enhanced alpha silicon nitride formation
during nitriding, and (2) the use of static 3 psi nitriding atmosphere resulted in
closer control of a SigN, content than flowing atmosphere. Therefore, efforts
this period were directed toward optimizing the lithium content in combination
with optimizing the nitriding atmosphere to insure complete nitriding while
maintaining a high alpha silicon nitride composition necessary for subsequent
hot pressing of high strength material.
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The nitriding studies were conducted on small injection molded silicon
bars containing lithium carbonate ranging in composition from 0 to 5 w/o
lithium oxide based on final silicon nitride content. The silicon metal had an
average particle size of approximately 3 u with major impurities being iron and
aluminum at 7000 and 10,500 ppm, respectively. The effect of calcium fluo-
ride additions on alpha silicon nitride formation was also evaluated. Past ex-
perience has shown approximately 0.67 w/o calcium fluoride additions to
silicon metal prior to nitriding improved both the sinterability and strength of
reaction sintered silicon nitride. It's effect on alpha formation had not been
investigated.

The injection molded bars were baked out at 300°C to remove organics before
nitriding. All nitriding experiments were conducted in a small 2-1/2 inch tube
furnace under a static, 3 psi atmosphere. The silicon bars were heated at a
rate of approximately 300°F per hour to the nitriding temperature, held for

24 hours at this temperature, and allowed to cool overnight. These bars were
nitrided at several temperatures in various atmospheres, of -85°F dew point
with a maximum oxygen content of 10 ppm, as follows:

2300°F — cryogenic nitrogen

2450°F — cryogenic nitrogen

2450°F — nitrogen — 1% carbon dioxide
2450°F — nitrogen — 4% hydrogen

After nitriding, the silicon nitride bars were characterized by x-ray diffraction
for phase identification of a and 8 silicon nitride, silicon oxynitride (SigONy),
crystobalite (SiOy) and free silicon metal (Si). All data in this report are in
weight percent and may not be directly compared with peak height percent pre-
viously reported. (1)

The results of the nitriding studies are summarized in Figure 3.10 showing
the effect of both LigO and CaFy on the formation of a SigN4 and SigONg inder
different nitriding conditions. The B SigNy4 concentrations are not shown in the
figures, but can be derived by difference.

All results illustrated in Figure 3.10 show that CaFg additions to silicon
metal impedes SigN4 formation. However, the hindering effect of calcium
fluoride is reduced as the LisO concentration is increased, and the use of more
than 29 Li,O overrides any effect of calcium fluoride. This effect of CaFg may
be related to the silicon-nitrogen exothermic reaction during nitriding, but the
exact mechanism is not yet understood.

The results as shown in Figures 3.10A, 3.10B and 3.10C are similar. The
formation of a SigN, increases with increasing LioO concentrations to a point
where excess oxygen in the structure results in SipONy formation at the expense
of a SigN,. This is noted by the corresponding decrease in alpha silicon nitride
and increase in silicon oxynitride. Lowering the nitriding temperature 1500F
for the cryogenic nitrogen conditions (Figures 3.10A and 3.10B) had no signifi-
cant effect on the formation of alpha silicon nitride or silicon oxynitride. The
lithium content afier nitriding was approximately 50 percent greater at the
lower temperature (2300°F). This is desirable since lithium behaves as a sinter-
ing aid during hot pressing.
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Figure 3.10D illustrates the results for nitrogen 4% hydrogen at 2450°F
showing that all compositions containing lithium oxide nitrided to greater than
90 percent alpha silicon nitride. Two compositions containing CaFy at low
LisO concentrations (0.5 and 1.0 w/o Li5O per SigNy) showed traces of free
silicon indicating incomplete nitriding. However, all compositions without
calcium fluoride nitrided to completion (no free silicon) with aSigN4 contents
of 98 to 100 percent.

These results indicate that high alpha silicon nitride (greater than 98 per-
cent) can be prepared by nitriding GT-209(1) silicon at 2450°F in a static,
3 psi nitrogen — 4% hydrogen atmosphere for 24 hours. The alpha silicon
nitride content seems to be independent of lithium oxide additions up to 5 w/o.
Since high lithium oxide additions do not form silicon oxynitride at the expense
of alpha silicon nitride for a nitrogen — 4% hydrogen atmosphere, higher con-
centrations of lithium oxide may be desirable to ¢enhance densification during
subsequent hot-pressing.

Magnesium oxide is normally used as a densification aid during hot-press-
ing. Its concentration and distribution is critical and must be closely controlled
as high concentrations (greater than 2 w/o) may substantially reduce the high-
temperature strength of siliccn nitride. Past experience has shown the vacuum
impregnation technique, using an aqueous magnesium nitrate solution to introduce
magnesium into a preformed silicon nitride part, to be unsatisfactory as the
MgO content was found to vary within the part as well as between parts.

Studies were made to evaluate the behavior of silicon metal containing
magnesium oxide during nitriding. These studies were conducted on small
injection molded silicon bars containing both magnesium oxide and lithium
oxide. Two silicon metal powders were investigated; a coarse high purity
grade (GT—22)(1) and the standard silicon powder (GT-209). The GT-22 silicon
metal was minus eight mesh and contained 2500 and 1500 ppm iron and
aluminum, respectively. The GT-209 silicon metal was finer (approximately
3 u ) and of lower purity, containing 7000 and 10,500 ppm iron and aluminum,
respectively. The silicon metal powders containing 2 w/o MgO and 1 w/o
LipO (added as lithium carbonate) were wet ball milled in small plastic jars with
tungsten carbide balls and tertiary butyl alcohol for 24 hours. After milling,
which reduced the 8 mesh GT-22 to about 2 4 , the slurry was dried
and screeened through a 100 mesh screen. The dried silicon powders were
injection molded into bars using a suitable binder, then baked out at 300°C to
remove organics. The nitriding experiments were similar to those previously
described in which all bars were nitrided under a static, 3 psi atmosphere for
24 hours. The nitrided silicon bars were characterized by x-ray diffraction
for phase identification.

The results are summarized in Table 3.1 and Figure 3.11. Comparing
these results with data just described show that magnesium substantially re-
tards alpha silicon nitride formation even in the presence of 1 w/o lithium
oxide.

Lowering the nitriding temperatures significantly increases the formation
of alpha silicon nitride (Figure 3.11) for both GT-22 and GT-209 grade silicon
powders. However, caution should be exercised when extrapolating below
2200°F as nitriding to completion becomes more difficult. The GT-22 grade
silicon nitrided te slightly higher alpha silicon nitride contents (Figure 3. 11)
than the GT-209 grade silicon which is probably related to the higher purity
of the G'f-22 grade silicon.

* Complete characterization of silicon powders is provided in Ref. (1),
Page 35 31



TABLE 3.1

Nitriding Results For GT-22 and GT-209 Silicon Bars
Each Bar Contained 2 w/o MgO and T w/o LioO

Silicon ~Nitriding Conditions Phases Present in SigN4
Run Powder Temperature®F  Atmosphere a 8 SigONg
TN-142 GT-209 2450 Cryogenic N 23w/o Tlw/o 6w/o
GT-22 2450 Cryogenic No 27 63 10
TN-144 GT-209 2300 Cryogenic No 37 57 6
GT-22 2300 Cryogenic No 47 48 5
TN-146 GT-209 2200 Cryogenic No 46 54 -
GT-22 2200 Cryogenic Ng 53 47 =
TN-150 GT-209 2300 No - 1% COsy 38 60 2
GT-22 2300 No - 1% COq 51 45 4
TN-172 GT-209 2300 No - 4% Ho 50 50 -
GT-22 2300 Ng - 4% Hy 56 44 -
B~
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Figure 3.1i1 — Nitriding Results Using a Static Nitrogen Atmospherc
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Chemical characterization has shown that approximately 50 percent of the
magnesium oxide volatilized during nitriding, as shown in Figure 3.12. Higher
initial MgO concentrations to allow for volatilization during nitriding are being
evaluated but this is expected to further hinder alpha silicon nitride formation.
Changing the nitriding atmosphere from cryogenic nitrogen to nitrogen — 19
carbon dioxide had little, if any, effect on the phases formed. Nitriding in a
nitrogen — 4% hydrogen atmosphere improved the alpha silicon nitride content
only slightly. These results indicate that magnesium greatly hinders alpha
silicon nitride formation even in the presence of lithium oxide.

Phase Gradient Study

A phase compositional gradient between the surface and the center of the
hub of a turbine rotor preform was reported ir the previous report (1), A
series of gradient studies were conducted on individually nitrided blades to
determine the extent of the problem in smaller cross sections.

Figure 3.13 is a photograph of a blade indicating the portion of the base
sliced out for examination. The surface was first examined by x-ray diffrac-
tion, then the surface was removed by diamond machining, exposing an
interior plane of material at a depth A from the original surface. After x-ray
diffraction analysis of the newly exposed plane was complete, the grinding
process was repeated to expose a new interior plane at depth B.
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Figure 3.13 — Blade indicating the Portion of the Base Sliced Out

X~-ray analysis was obtained on plane B, and, after grinding to expose
depth C, an analysis was made of the new surface. Table 3.2 lists the
results of the x-ray analysis for all 4 surfaces for 3 blades nitrided by the
methods previously discussed. Also listed for comparison purposes are the
results of powder diffraction analysis of the remainder of each blade, which
represents the average crystallographic composition.

The results for blades No. 1 and No. 2 nitrided in an oxygen rich
atmosphere (Ng - 1% CO9) show a high concentration of silicon oxynitride
on the surface. Directly below the surface, both the alpha and beta phases
increase. Further into the blade interior, a increases while 8 decreases.
The high 8 Si,N4 area directly below the surface indicates an oxygen
deficient area which is believec to be directly connected with the high SipONg
adjacent surface layer. The interior analyses are typical of analyses reported
earlier under similar nitriding conditions. Nitriding of blade No. 3 in a re-
ducing type atmosphere (Ng — 4% Ho) resulted in high a Si3N4 at the surface
with the 8 phase increasing towards the blade interior.

These results indicate that an oxidizing type atmosphere (No — 1% CO9)
will produce a phase gradient in small silicon nitride turbine blades which
could grossly affect properties and performance. The gradient could be
larger for more massive sections such as the hub portion of the rotor.

Hot Pressing

Hot pressing is the principal method of fully densifying silicon nitride be-
cause of its inherent resistance to sintering due to low atomic mobilities and
high decomposition pressures at the sintering temperatures. Hot pressing
or pressure sintering is the simultaneous application of pressure and temper-
ature to an object usually contained within a graphite die system. Pressure
can be transmitted by several methods, the most common being uniaxially

‘
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applied pressure to an object in direct contact with the graphite die. Another
approach utilizes a powder bed to transmit the pressure to the object at tem-
perature. The powder bed behaves as a first approximation of an isostatic
fluid and thus is often referred to as pseudo-isostatic hot pressing. Since
complex shapes have been produced by this technique without the need for
complex shaped dies, this approach is being pursued for this program.

TABLE 3.2

X-Ray Analyses of Silicon Nitride Blades

Blade 1 — TN 158 N2 — 1% CO9 @ 2450°F for 24 Hours

Phase

a SigNy
B SigNy
Si20N,
Si

Si09
SiC

Depth From Original Surface

Average Surface A=.,052 B=.100 C=.124
69.5 12,2 71.8 8G.4 84,0
9.5 5.8 21.5 8.9 9.0
16.1 82.0 5.4 218 4.6
4.9 - 1.3 1.8 2.4

Blade 2 — TN 160 Ny — 1% COy @ 24500F for 24 Hours

Phase

a SigNy
B SigN 4
SigONy
Si

Si0g
SiC

Average Surface A=.,025 B =.048 C=.071
0.9 34.3 77.8 94.4 92.7
3.3 1.3 18.7 3.9 6.5
4.6 64.5 2.6 il 2 0.8
= = - 0.2 =
- = = 0.3 -
1.2 - 0.9 - -

Blade 3 — TN 162 Ny — 4% Hy @ 2456°F for 24 Tlovr

Phase

a SigNy
8 SigN,
SigONg
Si

Sio2

Average Surtace A=.033 B =.053 C=.080
88.6 98.0 85.8 80.7 80.9
11.2 2.0 14.2 18.6 18.9

0.1 - - - 0.3
- -— - 0.6 S
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Scveral molded silicon nitride segmented turbine rotors have been pseudo-
isostatically hot pressed. Individual silicon turbine blades were first injec-
tion molded and then 36 blades were assembled and bonded together by a mold-
ed hub section. The assembly was then nitrided to form an integral silicon
nitride turbine rotor. The rotor was vacuum impregnated with a saturated
aqueous solution of magnesium nitrate. The rotor was placed in an 8 inch
thick bed of flake graphite within a 6 inch diameter cavity graphite dies. Both
flake graphite and boron nitride have been used as a powder medium for this
technique. A transite furnace box encasing the insulation, induction coil,
and graphite die system enablcd hot pressing under a nitrogen atmosphere.

A major problem encountered during the last reporting period was non-
uniform powder flow in the powder bed resulting in fractured parts especial-
ly at arcas of thin cross section. The hot press has been modified to remedy
this by installing a bottom ram to incorporate double pressing action. Two
hydraulic flow control valves were installed in the hydraulic lines to main-
tain equal ram travel.

]

The graphite dies system was inductively heated without pressure to
approximately 1600°C. At 1600°C, approximately 1000 psi pressure was
applied employing the double acting rams and heating continued while pres-
sure was increased at 50°C increments until a hot pressing condition of
1750°C and 4000 psi was reached. The temperature and pressure were
maintained for one hour aftcr which the system was allowed to cool.

These attempts to hot press a turbine rotor were unsuccescful as the
hub portion did not completely densify and the blades closed during pressing,
with some fracture occurring at the trailing edges. The average density of
the hot pressed rotors was approximately 2,75 g/cm® (appro.zimately 87 per-
cent of theoretical),

The two most important factors believed to affect densification are the
starting silicon powder and densification additive (MgO). The turbine rotors
weré prepared from a 8-10 ¢ particle size GT-196(1 grade silicon powder
normally used for reaction sintered parts. Finer silicon powder (Grade
GT-209) with particle size of approximately 3 u should greatly improve
densification during hot pressing. Howevcr, problems with the molding tool
delayed evaluation. The vacuum impregnation technique used to distribute
magnesium oxide throughout the reaction sintered silicon nitride rotor has
not been reproducible, since the magnesium content has been found to vary
from 0.45 to 1.87 w/o. Variations in both the reaction sintered density
(porosity) and the drying rates would greatly affect the magnesium con-
centration and distribution.

The distortion and cracking of the turbine blades indicates that the powder
media is not flowing through the blade openings during pressing. Solid graphite
tooling is therefore required that will support blade trailing edges during hot
pressing, yet allow densification. Graphite supports have been designed and
are presently being fzbricated.

Another approach to fabricating complex shaped silicon nitride parts by hot
pressing was investigated. The effort involvcs hot pressing a shaped turbine
rotor blank from silicon nitride powder, purchased from Advanced Materials
Engineering Ltd. (AME), directly in complex shaped graphite dies. This blank
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resembles a standard turbine rotor cxcept it does not have individual blades.
The object is to fabricate a theoretically dense part on which turbine blades can
be machines, requiring minimum eontour machining of remaining seetion.
Efforts to establish machining techniques for silicon nitride are described
later in this section.

Processing parameters of AME SigN4 powder were evaluated by hot press-
ing small 2 inch diameter specimens. Chemical characterization indicated that
two lots of AME SigN, powder were essentially identical. X-ray diffraction
showed the phascs present were respectively 89 w/o and 87 w/o alpha silicon
nitride; 8 w/o and 12 w/o beta silicon nitride; and 2/0 silicon oxynitride (one
lot only). Spectrographic analysis showed iron, calcium, and aluminum were
the major impurities at the 5005 to 8000 ppm level with no significant differcnce
between the two lots. Particle size measurements were not made on the as-
received AME silicon nitride powders as they were reported by the supplier
to be minus 325 and minus 100 mesh respectively.

The AME powders were wet ball milled in a ribber lined mill with tun-
gsten carbide balls and tertiary butyl alcohol for various times ranging from
20 to 70 hours. Two percent magnesium oxide was added before milling to
aid densification during hot pressing. After milling the powders were dried
and screened through a 100 mesh screen. The milled powders were character-
ized with respect to particle size and chemistry. There was escentially no
difference in the particle size of the milled powders, as particle size averag-
ed 2-4 4 . Spectrographic analysis showed no significant change in the im-
purity content resulting from milling. The tungsten and cobalt concentrations
remained unchanged at <0.01 and < 0.02 percent indicating negligible con-
tamination from the grinding balls. The carbon content increased from ap-
proximately 0.2 to 0.5 w/o resulting from contamination from the rubber
lined ball mill. The carbon impurity will form silicon carbide during hot
pressing and therefore should have little effect on the silicon nitride proper-
ties.

Samples of milled AME SigNy powder were hot pressed at various temp-
eratures and pressures in 2 inch diameter graphite diz to produce a specimen
approximately onc inch thick., Graphite cloth and boron nitride were used
at the graphite interfaces to minimize the silicon-carbon reaction at elevated
temperatures. Graphite dies were inductively heated under a nitrogen atmos-
phere using the game furnace and hot pressing procedure described earlier.
Table 3.3 summarizes the results of the hot pressed specimens relating hot
pressing conditions, density, grain size, strength, and chemistry.

As expected, the density of the silicon nitride specimens increased with
both temperature and pressurc, and densities greater than 99 percent of
theoretical were readily attained. The microstructure and chemistry were
very similar for all the silicon nitride specimens. Hot pressing temperatures
in excess of 1800°C for long times may cause slight decomposition of silicon
nitride as indicated by the free silicon in specimens HP-87 and HP-88.

Flexural strength measurements at room temperature were determined in
3-point loading on a 0.75 inch span on three test bars (1/8'" x 1/8" x 1 1/8" long)
from each hot-pressed silicon nitride specimen. The average flexural strength
for all five specimens was fairly consistent and no eorrelation with density,
mierostructure, and chemistry eould be made. However, a relatively high
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TABLE 3.3

Results of Hot-Pressed AME Silicon Nitride,
Relating Tlot- Pressing Conditions,
Density, Grain Size, Chemistry, and Strength

Hot-Pressing Conditions

Density Chemistry
Time at

Hot- Temp. & percent  grain Flexural
Press Temp. Pres. Pres, in of T.D, size Mg B8igNg  Free 8i  Strength
Sample e psi min. g/em? (1) o w/o w/o w/0 psi
HIP-85 1675 2500 150 2.069 84,6 (2) ND 100 -0~ ND
HP-86 1750 2500 120 gL 92 91.8 (2) 0.91 100 -0~ 98000
HDP-87 1800 2500 120 3.13 98,4 1.6 0,96  99.3 0.7 106000
HP-88 1850 2500 120 3.16 99,4 1.6 0,99 98,8 1.2 103000
1P-80 1810 4000 S0 3.15 99.1 1.1 ND 100 -0~ 99000
Hp-92 1760 4000 GO 3. 106 99,4 ND 0,99 ND ND 97000

(1) Based on a theoretical density of 3,18 g/cm3,
(2} Density too low for accurate measurement

ND  not determined

flexural strength of 98,000 psi was attained for specimen HP-86 whose density
was only 2.92 g/cm® (91. 8 pereent of theoretical). These results are encour-
aging beeause they indicate that strength requirements neeessary for the

silieon nitride turbine rotor may be aehieved at lowecr densities. Relaxed
density requirements for silicon nitride rotor parts may enable lower magnesium
oxide eoneentrations which in turn would iraprove the high-temperature strength
of silicon nitride.

Based on the results of the 2 ineh diameter speeimens, two shaped turbine
rotor blanks were fabricated from powder and procedures similar to that used
for speeimens HP-85-89 and 92. The two blanks (HP-95 and HP-98) were hot
pressed at 4000 psi and 1725 and 1800°C for 130 and 120 minutes respectively.
The hot pressed density of the two blanks, HP-95 and HP-98, were 3.14 and
3.19 g/em3 respeetively. Charaeterization of the two blanks is in progress.
A photograph of a hot pressed rotor blank with a cutaway view is shown in Fig-
ure 3.14. Visual examination indieated poor densification at the exterior of the
hub extension area of the first blank; however, this was overeome by short-
ening the hub extension. These results demonstrated that shaped rotor blanks
ean be fabrieated by hot pressing silieon nitride powder to theoretieal density
in shaped graphite dies. Further refinement of eontour tolerances will
minimize or possibly eliminate eontour maehining.

Ford/Norton Hot Presced Rotor Program

A development program was started by the Norton Company, under sub-
eontraet to Ford, in September 1971 with twc objeetives. The primary
objeetive was to hot press individual turbine rotor blades, as elose to finished

38



Figurc 3.14 — Hot Pressed Rotor Blank

dimension as possible, followed by a second hot pressing which will form the
rotor hub around the blade roots and "weld" all of the asscmbled blades into
a monolithic rotor. The secondary objcctive was to explore the feasibility
of directly hot pressing, in one step, a simplified rotor with straight sided
but angled blades.

A process has becn developed for producing individual blades consisting
of several steps. Well characterized reactive silicon nitride powder, high in
the alpha (a) phasc of SigNy4, is blended into an injection moldable temporary
binder system. The mixture is injected into a molding die producing a pre-
formed blade with a simple wedge shaped root. After a heat trcatment to
remove the temporary binder this preform is hot pressed using tooling pro-
prietary to Norton. A blade producod by this process is shown in Figure 3.15.
The airfoil shape is not within tol:raice, and the leading and trailing edges
and the tip of each blade must be dian'ond ground to meet specifications.
Density of onc blade delivered to Ford for evaluation is 3.125 g/cc.

The second part of the two step process consists of forming the rotor hub by
hot pressing fresh reactive powder against the assembled blade roots, bonding or
"welding'' all components into a monolithic rotor. Norton reports that a treat-
ment of the surfaces to be welded is neeessary. This treatment, requiring a
finite thickness, must be on each side of the root, or tang, of each of the 36
blades.
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Figure 3.15 — Hot Pressed Silicon Nitride Turbine Blade

For evaluation purpcse 36 simulated blade roots were fabricai»d and assem-
bled in a simulated welding fixture as shown in Fig-tie 3.16. The space left is
the amount of thickness that will be taken up by the surface preparation. Because
of the need to machine all blade surfaces and the potential blade stacking/align-
ment problems encountered, this approach has been de-emphasized until pctential
solutions to the problems can be found.

Ford/Energy Research CVD Silicon Carbide

It was reported in the first interim repor: that Energy Research Corpora-
tion, under subcontract to Ford, was developing a process to form silicon carnide
turbine rotors by a chemical vapor deposition (CVD) technique. Feasibility had
been demonstrated by the fabrication of a single turbine blade and fixtures were
being obtained to fabricate complete first stage turbine rotors. The first phase
of the program has now been completed with the demonstration that an approxi-
mate iurbine rotor shape can be made and relecsed from the moid in which it was
deposited.

3
| The turbine rotor is fabricated by depositing silicon carbide inside a mold.
Two type of molds were selected for evaluation. One type was fabricated by
CVD of tungsten on a beryllium copper mandrel; and other is a ceramic mold
formed by conventional investment mold techniques on a wax pattern.
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Figure 3.16 — Simulated Blade Welding Assembly Fixture

The mandrel for the CVD tungsten molds was formed by two different
methods. The first was by casting individual blades of beryllium copper in con-
ventional investment cavities and then assembling these individual airfoils into a
ring to form a turbine rotor. Figure 3.17 shows two such individual blades. The
second mandrel technique was to cast an integral beryllium copper rotor, also
shown in Figure 3.17, in a conventrsnal investment mold made on a wax pattern
produced by bonding together individual wax airfoil sections similar to the beryl-
lium copper pieces shown in Figure 3.17. It was found that this had the additional
advantage that two or more stages could be csse simultaneously. The conventional
ceramic investment molds cast on wax patterns were available for evaluation
first. Early experiments indicai2d that silicon carbide deposited directly in the
silica-zirconia mold was severe.y weakened, apparently by oxygen contamination
irom the mold. Attempts to remcve the mold resulted in destruction of the silicon
carbide rotor. Several molds were therefore coated with tungsten as a thin bar-
rier layer before attempting the deposition of SiC. Such a mold is shown in
Figure 3.18. Thae quality of five rotors fabricated in silica-zircon molds coated
internally with tungsten were better than those deposited without the tungsten
coating, but were still poor and unacceptable. The tips of the airfoils filled be-
fore the roots, leaving the hoop area open at the end of the run. Figure 3.19 is the
result of one of these runs showing the formation of some of the airfoil after
much of the mold had been removed, with but little hoop to support the blades.

The development of CVD tungsten molds had proceeded by this time to the
point that deposition within them could now be evaluated. Such a mold, with the
beryllium copper mandrel removed, is siown in Figure 3.20. The greatly
reduced mass of the thin tungsten shell and the highe> thermal conductivity of
tungsten are probably principle reasons why silicon carbide may be deposited
more uniformly within the type of mold, i.e., temperature gradients are more
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casily reduced allowing more uniform deposition. Figure 3.21 is a photograph of
a full size turbine rotor after removal of the tungsten shell from the silieon car-
bide shape. This rotor, while far from ideal because of poor material quality,
lack of complete filling of the blades, too thin a hoop region, and ineomplete
removal of stresses formed during deposition, is considered a demonstration of
the feasibility of fabricating a full turbine rotor shape from CVD silieon carbide.
Figure 3.22 is a close up view of a portion of that rotor showing good dimensional
reproduction of the desired aerodynamic shape, as well as the openings at the
tips of the blades responsible for tte low strength due to the hollow, egg shell-
thin structure. Further refinement in deposition techniques is required to de-
velop essentially complete blade filling, and bridging of the slot at the base of
the blades forming a complete hoop or platform ring suffieiently thick (about 0. 20
inches) ana strong to permit attachr. - it.

Ford/Lucas Program

The Joseph Lucas Company, wider subcontract to Ford Motor Company, has
recently begun a program to produce ceramie turbine rotors from hot pressed
silicon nitride.

Their approach is to start with well charaeterized, high alpha phase, re-
active silicon nitride powder and pre-form the complex blade shapes individually
by injection molding the powder with a suitable vehicle. These will be assembled
and densified by a conformable tool method.

Figure 3.17 — Cast Blades and Integral Rotor Mandrel
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Figure 3.19 — Silicon Carbide Airfoil Segments in Ceramic Mold
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Figure 3.20 — Tungsten Mold After Removing Beryllium Copper
Mandrel

Figure 3.21 — Chemically Vapor Deposited Integral Silicon Carbide
Rotor
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Figure 3.22 — Airfoil Detail in CVD SiC Rotor

Ultrasonic Machining

Because of the long lead time anticipated in the development of fabricated
ceramic turbine rotors, work was initiated aimed at machining of rotors from
hot pressed silicon nitride blanks.

Several machining concepts were evaluated, including laser, clectron beam,
diamond grinding, and ultrasonic machining. Ultrasonic impact grinding appeared
most [fcasible economically and technically for this application. As was stated in
the first report(l) preliminary ultrasonic machining of hot pressed silicon nitride
indicated a cutting rate of 0. 300 inches per minute with a tool wear of 0.002
inches. The configuration machined was a half-inch trepaned core 0. 500 inches
thick. The results of this preliminary investigation led to a fcasibility study of
machining rotor blade and disk contours.

Ultrasonic impact grinding as used in the hot pressed silicon nitride machined
turbine rotor program employs a non-rotating tool oscillating at high frequencies
(20 KHZ) and small amplitudes (0.002 in). The tool is sprayed with an abrasive
slurry so that the abrasive particles (206-600 mesh) arc forced into the workpiece
at high velocities resulting in erosion in the form of the vibrating tool.

The energy source for ultrasonic machining is provided by converting 69 HZ
clectrical power inio 20 KHZ mcchanical vibrations through a magnetostrictive
transducer. The elcctronic generator provides high-frequency alternating current
which runs through a coil around the transducer causing a changing magnetic field.
Thic change in flux density causes a change in length of the laminated nickel-iron
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corc. The change in core length is optimal for certain values of flux density, pro-
vided by a D-C current superimposcd on the coil. By varying the relative intensity
and frequency of the A~-C current and intensity of the D-C current, the mechanical
amplitudes of the core and thus the tool may be varied. Normally this amplitude
is insufficient for ultrascnic machining, and a mechanical amplified (hcrn) is
attachced between the core and the tool. The horn will amplify the vibrations as the
ratio of the surface area of its ends. The tool is brazed onto the horn. The over-
all length of the transducer, horn, and tool assembly is approximatcly one wave
length.

Tool wear is of concern in ultrasonic machining as it is in most machining
opcrations. The tool must be soft and resiliant in order to withstand the conti-
nual impact of the abrasive particles. For preliminary ultrasonic machining of
hot pressed silicon nitride, beryllium copper was sclected for the rotor blade
contouring. This material showcd good resistancc to wear and is readily cast in
the intricate rotor bladc configuration. Such a tool is shown in Figurs 3.23.

The tools were investment cast using the lost wax technique. The blade contour
dies were fabricated by duplicating the airfuil surface of an existing mectal turbine
rotor using a Kellering machine and hand finishing. Onc die was fabricated for
each sidc of the rotor blade. Twenty-five of each of the pressurc side and suction
side tools were cast of beryllium-copper. Low carbon stecl was sclected for in-
itial work on the disk contouring portion of the program.

Figure 3.23 — Ultrasonic Machining Tool
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The concept of machining the complex geometry of the rotor blade has not yet
been proven. The rotor blades are designed to provide optimal aerodynamic per-
formance which required a twisted, tapered airfoil. This presented particular
difirculties for ultrasonic machining because the optimum tool configuration is in
an end-cutting mode. Airfoil machining required both end-cutting and side-
cutting modes. Preliminary attempts in this configuration were unsucces:ful due
to excessive cutting time and tool wear. Figure 3.24 shows airfoil-shaped slots
machined in this fashion. The next approach was to slot the blade cavity, using a
conventional end-cutting tool, and then feed the blade tool into the workpiece such
that the full length of the tool was end-cutting. However, the tool was not rigid
enough to withstand the laters! vibrations and rapidly fatigued. The tool was re-
designed to withstand the lateral vibrations and new tools are currently being
fabricated.

Disk contouring and core drilling of the center bore were successful and
economically feasible. The half-inch diameter bore was machined to + 0. 005
inches. The disk was contoured in the regions of the blade leading edge, trailing
edge and tip. Low carbon steel tools were gravity fed into the rotating disk. A
200 mesh abrasive was used in this roughing operation and fed into the workpiece
using the slurry pump pressure and assisted by shop air.

One advantage of ultrasonic machining appears to be apparent lack of surface
damage as compared to other ceramic machini.g techniques. The residual stres-
ses in the machined disks have not been investigated, although electron scanning
micrographs were {aken of the machined surface. These micrographs indicate
surface damage to be less on the ultrasonically machined surface (Figure 3. 25)
than a diamond ground surface (Figure 3.26) on the same disk. 240 grit boron
carbide was used for the ultrasonically machined surface, while a 220 grit dia-
mond wheel produced the ground surface.

Electric Discharge Machining of Hot Pressed Silicon Carbide

A program was initiated to investigate the feasibility of electric discharge
machining a turbine rotor from a hot pressed disk of dense silicon carbide.
Electric discharge machining (EDM) involves creating a spark discharge from
an electrode to a workpiece in a dielectric fluid, which erodes material from the
workpiece creating a contour that conforms to the shaped eclectrode. This pro-
cess can produce intricately shaped parts, with tolerances of + 0. 0005 inch not
Jncommon.

The current investigation is aimed at optimizing the electric discharge ma-
chining parameters to achiecve maximum machining rates. The impcrtant
parameters are type of power supply (pulsed D.C. or capacitor discharge) open

Figure 3.24 — Airfoil Slots Machined in SigNy Disk
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circuit gap voltage, peak current settings, average machining current, frequency,
dicleetric medium, and electrode material. Some electrode materials considered
are silver tungsten, copper tungsten, berylium copper, brass (60-40), naval
brass, muntz mcial, copper-graphite, sintered copper, hard drawn copper, and
anncaled copper.

Figure 3.26 — Diamond Ground Surface (5403()

45



e, il

Bt i i G e o e

Preliminary machining tests were made on dense silicon carbide using a
Sparcatron Model Mark III Capacitor discharge unit. A removal rate of 0,012
cubic inches per hour was attained with copper clectrodes with negligible electrcde
wear.

Other Approaches

Two other methods offering potential for fabricatirz rotors for the small tur-
bine engine are being explored. The first of them, termed the "'"duo-density"
rotor, consists of blades of molded reaction-sintered SigN4, bonded with a hub
section of hot-pressed SigN4, into an integral component. The principal advan-
tages of this concept are the use of known technology (molding) for forming the
complex airfoils, combined with the use of reaction sintered SigNy of relatively
low strength but good retention of this strength at temperature (Section 5.1.2 of
this report) for blades which operate at low stresses but high temperatures.
Conversely, the properties of hot-pressed SigN4 are best used to advantage in the
hub area, where stresses are highest but operating temperatures are low. Design
studies and experimental work on hot-pressing SigN4 around reaction-sintered
SigNy are in progress in order to further evaluatc this concept.

The second method involves the development of a new class of materials,
composed primarily of silicon, aluminum, oxygen, and nitrogen. While little
is know of the properties of combinations of these materials, they appear cap-
able of high strength, good high temperature properties, excellent corrosion
resistance; and are sinterable. 3) Work is currently in progress on composi-
tional and process development.
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3.2 METAL ROTOR DEVELOPMENT

SUMMARY

A considerable amount of meaningful engine testing is being
conducted with metal rotors, pending the development of ceramic
rotors. While turbine inlet gas temperature must be limited to
2000°F or below to avoid destruction of the metal, much valuable
information about stationary ceramic components is heing deter-
mined. Several metal rotor failures have been encountered, with
the most likely cause of failure being high cycle fatigue.

Introduction

The development of ceramic turbine rotors is the most formidable task
in the development of the small ceramic gas turbine engine, due to the high
strength required plus the complex shape. In order that the development
and testing of the balance of the engine be allowed to continue in parailel,
metal turbine rotors are used for dynamic testing. While this limits the
inlet gas temperature to a maximum of 2000°F, a considerable amount of
meaningful thermal and aerodynamic testing can be done in order to con-
firm the design concepts of the other ceramic components. When ceramic
rotors are available, they will be substituted for the mctal ones.

Test Results

Metal turbine rotors are fabricated by investment casting techniques,
using a nickel-base super-alloy developed by Ford before the start of this
contract. This alloy is similar in composition to Mar — M-24¢. During
this reporting period, several failures of metal rotors were encountered.

The first indication of 2 problem was a second stage turbine rotor
burst, which occurred after 8 hours and 4 minutes of hot running. This
failure, shown on Figure 3.27, resulted in the destruction of the ceramice
turbine components but was contained within the main engine casing. The
fracture surfaces were severely mutilated during the failure, making it
difficult to determine the mode of failure. Mechanical pruperties of the
material as measured from two test bars machined from the failed rotor
are shown in Table 3.4.

Several other second stage rotor failures subsequently oceurred, less
severe in nature in that they consisted of platform rubs against the second
stage eeramic stator, as shown in Figure 3.28. These failures prompted
the theory that the rotor burst was the result of a severe platform rub
which overheated the disk locally, which produced high thermal stresses
and caused premature rupture of the disk. Subsequent testing produced a
long (approximately 180°) hub erack which was located in the same circum-
ferential avea as a severe platform hub, which is shown in Figure 3.29.
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Figure 3.27 — Rotor Failure After 8 Hours, 4 min. of Hot Running

TABLE 3.4

Mechanical Properties of Rotor Material

Uk, MefSe 2% Y.S. Elongation = Reduction of Area
PSI PSI % %
Bar 1 133,000 131,000 4.5 8.9
Bar 2 120,000 117,000 4.0 11.1
Minimum Expected 113,000 108,000 4.0

-

Figure 3.28 — Rotor Showing Rubbed Area of Rim




Figure 3.29 — Failed Rotor with Crack in Hub

In order to confirm the sequence of failure, another test was initiated
whereby the second stage stator vanes were completely machined away,
thus completely eliminating any possibility of platform rub. This rotor
was run and inspeeted after 5 minutes, 35 minutes, 1-1/2 hours, 2-1/2
hours, 3-1/2 hours and 4 hours and 39 minutes. The final inspection
revealed a small (approximately 1/4" long), tight eircumferential erack
in the hub region in the same arca as previous cracks and rotor fraecture.
In addition a small radial crack (approximately .1'" long), was detected
in the balance ring area.

The sccond stage rotor failures are summarized in Table 3. 5.

TABLE 3.5

Second Stage Turbine Rotor Failures

Serial Number Hot Tiniwe Hrs. Failure Indication
9 §:04 Burst — 2 pieces
12 2:05 Platform Rub
16 2:44 Platform Rub — Hub Crack
19 40 Platform Rub
22 4:39 Hub & Balanee Ring Craeks

5
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This test indicated that failure could ceeur in the absence of a plat-
form rub. The potential eauses of this rotor eracking and subsequent
burst are lised as follows:

Stress rupture
Tensile overstress
Low eycle fatigue
High eycle fatigue

Defieient material nropertics producing onc of the above

Stress rupture was eliminated, since no evidence of assoeiated crecp de-
formation could be found. Tensile overstress was also not prohable since
these rotors cracked at only 55% specd, whilc another rotor from the same
material batch ran at full speed and was not cracked. Lecw and high cycle
fatigue as possible causes were evaluated by examination of the eracked sur-
face of rotor number 16 which showed evidence of high cyele fatigue under
binoeular examination. Turther examination at higher magnification using
a scanning cleetrc mieroscope is in progress. Work is also in progress
to check grain size, microstructure, mechanical and faticue propertics
of the material. Rig and engine tests are being run to dctermine the critical
rotor frequencies and sources of excitation.
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CERAMIC STATORS, SHROUDS, AND NOSE CONES

SUMMARY

The stationary ceramic componen.s in the hot flow path of the
vehicular turbine engine are the inlet nose eone which directs the
hot gases from the combustor to the first stage stator, two stator
stages to direct tl esc gases to the turbine rotors, and shroud rings
which form the tip shrouds for each of the two rotors.

Fabrieation of stationary ceramic components in reaction sin-
tered silicon nitride continued. As an example, 60 nose cones were
formed by injection molding with an expenditure of only a few man-
hours. Process work during this reporting period has been con-
cerned with evaluating the silicon nitride produced during nitriding
in two distinetiy different types of furnaces, and with evaluating the
silicon metal powder raw meaterial from several vendors. Character-
ization of materials in stationary components fired in different fur-
naces is incomplete. Only one vendor was able to supply silicon powder
c0 meect the requirements specitied for injcetion molding stationary com-
poncents,

Engine testing has conce~trated on evaluating the new design
(Design "B'") stationary coi.ponents. Although some failures have
been encountered, testing so far indicates that the Design ""B' stators
are much more durable than were their Design "A" counterparts.
Some cracking of silicon nitride nose cones was encountered during
hot testing; axial eracking of the outer shroud appears harmless,
but circumferential c¢racking of the inner body is harmful.

A number of cach of the stationary components has been subject-
cd to three types of test; the {irst is a cold test using metal turbinc
wheels (cold dynamic test); tte second is a hot test without turbine
wheels (hot static test); and tne third is a hot test using metal turbine
wheels (hot dynamic test). Using thesc tests, durability of the Design
"B'" ccramic components has been encouraging. TFor example, a
recaction sintered silicon nitride first stage stator has successfully
withstood 74 hours of cold dynamic testing; another one has withstood
29 hours of hot static testing, and yet another one 12 hours of hot
dynamic testing, all without failure. One test run, during which the
second stage stator aceidentially rubbed the metal rotor rim, was
particularly encouraging in that no ceramic vanes were broken, yet
the metal was worn away. Another example is a silicon carbide nose
cone which, although it developed a crack during initial testing, has
been hot static tested for 650 hours, still has only the one erack, and
is considered serviceable. Two design modifications are in process
to eliminate the inner body eracking of nose cones. Also, improved
ceramic stator fabrication techniques are being evaluated.



3.31 MATERIALS AND FABRICATION

During this reporting period, progress was made in several areas
relative to improving the processing of reaction sintered silicon nitride.
The principal areas studied were the use of different types of furnaces
for nitriding and work on improving raw materials.

One other aspect of the work on fabrica.ion of ceramic structural
components worth mentioning is the use of the injection molding pro-
cess to fabricate considerable quantities of parts. In this program on
the development of brittle materials for gas turbine engines, much
testing work is proceeding in parallel with materials development.
Several engines and test rigs require ceramic parts, and one soon
learns that to repeat and diagnose failures, it becomes vitally import-
ant to have a reliable source for supplying quantitites of any given
ceramic component. An excellent example of this capability was
demonstrated during this report period. Using the equipment and
process discussed in the last report( ), 60 nose cones were formed by
injection-molding with an expenditure of only a few man-hours. By
the use of this type of process, it is a relatively simple matter to
assure that enough ccramic components are available to avoid costly
delays in the engine testing and development process.

Effect of Furance Design Upon Reaction-Sintered SigNy

Two distinctly different types of furnaces were used for this study,
one with a conventional refractory lining, and the other a cold-wall
vacuum-type furnace.

During a normal silicon nitride firing, thc brick-lined furnace is
loaded with silicon preformed parts and the door sealed. A flow
rate of thirty ft 3/t is used to purge the furnace for two hours prior
to heating. A firing curve of 24 hours at 2350°F followed by 24 hours
at 2660°F is utilized. Cooldown is natural furnace cooling, requiring
approximately 36 hours, with a total time for firing cycle of 80 hours.
The coldwall furnace is fired on a more rapid cycle. The furnace is
loaded, sealed and evacuated to 100 microns pressure. Over a period
of four hours the silicon parts are heated to 1000°F in vacuum, which
aids in removal of traces of volatile organics from the parts. Nitrogen
is introduced at 1000°F and is maintained at a flow rate of 10 ft 3/hr.
An oil bubble trap is used to seal the nitrogen exit tube. A temperature
of 2150°F is reached after 4 hours of gradual heating in nitrogen which
is maintained for 8 hours, and then raised to 2660°F in 4 hours. This
tcmperature is maintained for 24 hours, then the furnace is cooled to
ambicnt in 8 hours. Total firing time for the complete cycle is 48 hours.

Characterization of the materials fired in these two different types
of furnace is incompicte. The phase composition of the resulting
silicon nitride is discussed in detail in Section 5. 3.1 of this report.
Thesc results may be summarized here by stating that the material
nitrided in the cold-wall metal furnace is higher in the alpha phase and
is more consistent in composition from firing to firing. The strength
and elastic propertics of the silicon nitride was the same in either furnace.
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One concern was the possibility that the carbon and graphite components
present in the cold-wall metal furnace could result in some silieon
carbide in the silicon nitride. After checking several ficings iry x-ray
diffraction, no evidence of silicon carbide was found.

Raw Material Studies

To facilitate the injection molding of silicon nitride turbine engine com-
ponents certain parameters must be met by the silicon raw materiai. Nitrid-
ing studies have shown that to obtain complete nitriding of a silicon compact,
the starting particle size must be less than 200 Mesh (74 4 ) in diameter.
Impurities contained in the silicon metal must also be minimized. Aluminum
and iron impurities normally encountered have been investigated and found
to be detrimental to strength when in excess of 1%. Traces of other im-
purities in the range of .01 to .09% have shown no effects on final silicon
nitride produced as long as their cumulative total is below 1%.

Four suppliers of silicon metal have supplied samples of their materials
for evaluation. Only one was able to supply an injection moldable silicon
metal powder within the specified -325 mesh particle size and having no
material in excess of 200 mesh.

One vendor's material was contaminated with large particles of silicon,
some as large as 1 cm. They were unable to change their production pro-
cess to elirninate these large particies.

Another vendor's material was found to have 8% of particles over 325 mesh

and 2% over 200 mesh. Average particle size was 13 microns. This average
material demonstrated good molding properties, but impurity levels proved
to be periodically unacceptable. Levels of aluminum contamination at times
reached 4% and cepper at time reached 2%. The vendor found it impossible
to remove these contaminents on a consistent basis, and the large particles
of silicon metal (over 200 mesh) appeared as unreacted silicon metal in

the finished silicon nitride components.

Another vendor supplied two powders for evaluation, one having a -325
mesh distribution and the second having a -200 mesh particle distribution.
The -325 mesh, although chemically 98% silicon, with impurities of 1.27%
Al, 0.70% Fe, and 0. (5% Ca, was too fine to mold properly with the
established thermoplastic binder level. 30% additional binder were re-
quired to obtain satisfactory injection molding charaeteristics. The -200
mesh material, of similar chemical composition to the -325 mesh
material had very few + 200 mesh particles, but was unsatisfactory for
injection molding, apparently due to its particle size distribution.

The material from the fourth vendor proved acceptable, and is in
current use. The material is chemically 98.5% silicon with 0.5% aluminum
and 0.75% iron. The maximum particle size is below 200 mesh with an
average particle size of 10 microns. The overall particle size distribution
proved satisfactory for injection molding of turbine eompoents.



3.3.2 TESTING

Structural Component Testing of Stator Mounting Concepts

The original design of the first stage shroud/second stage stator inter-
1ace (see Figure 3. 30a) consisted of 300 cone angle mating surface, for
purposes of centering the second stage stator assembly. Since the first
stage shroud is slotted, it will expand thermally in a circumferential direc-
tion, and therefore must slide within the support strueture. The unrestrain-
ed thermal growth of the second stage stator assembly can only take place
if slippage oecurs on the 30° cone angle interface. This interface is sub-
jected to an sxial load from the aerodynamic pressure drop across the nose
cone, first stage stator and first stage shroud, which acts to further impede
this slippage. Engine tests results showed that this required sliding action
may not have occurred. Therefore, rig tests were performed to determine
the effect of reducing the cone angle.

Assemblies with 15° and 00 cone angles were evaluated. The 15° con-
figuration gave unsatisfactory results. The 0° configuration indicated
acceptable loading of the support structure and demonstrated two things:

(1) The split shroud design will slide circumferentially in
the support structure when the axial mating surfaces are
flat.

(2) The flat stator-shroud interface will allow radial slippage
when subjected to a load 25% greater than the maximum
operating load.

All of the ceramic turbine components are now made with the flat sided
configuration, as shown in Figure 3. 32b, in order to eliminate unnecessary
loading of the main support structure.

Cold Dynamic Testing of Ceramic Stators

To evaluate the turb.r.~ aerodynamic performance, cold testing was
carried out using metal turbine rotors. A turbine test rig was constructed
using engine parts where possible, including two stages of ceramic stators.
Relatively cold air was used to investigate the aerodynamic performance
characteristics of the two stage axial turbine. A wide variety of loading
conditions on the stators resulted during this testing.

Durirg this aerodynamic evaluation of the design B turbines, various
ceramic stators were installed, aceumulating a total of 177 hours of test
rig time under the conditions described previously. Of this total time, a
second stage stator has run for 111 hours, and a first stage stator for 74
hours. No stator failures of any nature occurred throughout the cold
test program,

The second stage stator which accumulated 111 hours was initially
installed with several root cracks at the trailing edge of various vanes.
These cracks did not appear fo have propagated during the tests and the
stator will be used for further testing. Surface erosion probably due to
dirt particles in the air delivery system was noticed although the vanes
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remained scrviceable. The surface erosion should be much reduced in
an engine environment due to the filtering system at the inlet.

The first stage stator has survived the 74 hours of testing in very
good condition. No cracks are apparent and surface erosion is minimal.

Hot Static and Dynamic Testing of Ceramic Stators, Shrouds and Nose
Cones

The inlet nose cone, stators, and shrouds are classified as the hot
gas flow path stationary components. These components, located directly
downstream from the combustor, must be developed to withstand (a)
thermal shock upon start up and shut down, (b) aerodynamic loading at
engine operating conditions and (c) mechanical and vibratory loads trans-
mitted from the surrounding structure. Prior to incorporating these
components in a completc engine for testing, the ceramic components
are qualified in an cngine test rig.

Component qualification consists of the following:
(a) 25 static light cycles
() 3 hours of static testing, and
(c) 25 hours of dynamic testing

Testing without rotors is referred to as static testing whereas testing
with rotors is referred to as dynamic testing. The various test conditicns
under which the ceramic stators, nose cones, and shrouds are qualified
are as follows:

. Static testing — 55% engine speed with turbine inlet
temperature limited to 1800°F.

. Dynamic testing — 55% speed with turbine inlet temperature
limited to 2000°F

. Cyeclic testing (static or dynamic) — a sequence of (1) light-off
and acceleration to 55% speed. (2) Shut down
(zero fuel) and speed reduction back to light-off
condition. This condition is held until the in-
dicated temperature falls to 1200°F, whereupon
the sequence is repeated for the desired number
of cycles. One of these cycles is termed the
one light test.

The evaluation of design 'B' nose cones, stators, and shrouds was
carried out in engine test rigs, and the results are summarized in
Table 3.6. In each case the component was manufactured from reaction-
sintered silicon nitride, except for nose cone serial number G4, which
was made of Norton ""Crystar' silicon carbide.
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Table 3.6 shows that 12 out of 15 first stage stators are still useful
after the particular sequence of testing used. Of the three which failed,
two of these were caused by failure of another component. The remaining
onc had blade cracks. Others still serviceable had some blade cracks
resulting from fabrication problems. Improved fabrication and inspection
process are being established to eliminate cracks.

Table 3.6 also shows that second stage stators had a higher rate of
failure — 6 out of 11 are still serviceable, although three failures were
cause by other component failures. The remaining two failures were
primarily caused by crack: in the bonding material. Improved bonding
is expected when new assembly tooling, now on order, is received.

Table 3.6 shows shrouds performed satisfactorily. All noted failures
were caused by other component failures.

In the above comments, it is noted that a majority of thc failures were
caused by other component failures. The other components were pre-
dominately metal turbine rotors and thcir failures are discussed in
Section 3. 2.

One very interesting result of the hot dynamic testing occurred with a
silicon nitride second stage stator. During a dynamic test at approxi-
mately 40% maximum engine speed, the platform of the metal second

stage rotor rubbed against the tips of the ceramic stator vanes. Although
the rotor was ruir<d, the stator was not damaged. This accident revealed
an encouraging degree of resistance to very severe flexural fatigue on

the part of ihe reaction bonded silicon nitride stators. Figure 3.31 shown
this stator with metal deposits from the rotor on the vane tips. Figure 3.28
in Section 3.2 of this report, shows the rubbed second stage rotor.

Hot static and dynami: testing of ceramic nose cones has pointed
out the following:

Axial cracking of the outer nose cone shroud occurs consistently
but does not render the part inoperable.

Under severe but typical thermal conditions, the ncse cone inner
body may develop a circumferential crack which does render the part
inoperable. These two problems are being investigatcd.

A nose cone with a pre-notched outer shroud will be tested in an
attempt to eliminate the random naturc of the consistent axial crack.
A design modification to the bell section (See Figure 3.30) will also be
tested. This modification should reduce thermal stresses in this area,
thus eliminating the circumferential cracking.
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4, PROGRESS ON THE STATIONARY TURBINE PRGJECT

4.1 STATC . VANES
SUMMARY

In order to avoid the large stress concentrations normally en-
countcered with the transition zones in an integral vane design, a
simply supported 3-piece ceramic stator vane assembly was select-
ed for the large stationary gas turbine. Furthermore, the vane size
was reduced to one-half (chord and thickness) that of the metal vane
used originally in the 30 MW machine as a result of computer analyses
of the transient thermal stress occurring during emergency shut down
conditions and steady state stresses.

All of the basic components of th2 3-piece vane design, establi-
shed during the first contract year, are the result of a more complete
stress analysis. Currently, hardware is being fabricated to permit
initial static rig testing in early 1973. The first generation silicon
nitride vane assembly consists of an untwisted, non-tapered airfoil
section and two end caps. The support structure for this 3-piece
vane element includes an appropriate spring clamping mechanism
which assures positive locking of end cap pairs.

During the report period, generalized computer codes were
prepared to describe the position and magnitude of maximum combined
stresses. Thermal shock tests were performed to confirm the 2-
dimenstional stress analyses. Maximum contact stresses at the
airfoil-to-end cap interf:ce reach 11,700 psi, compressive; 6100 psi,
tensile; and 4500 psi, shear. All of these stresses fall within the
strength capability of commercially available SigN, and SiC.

The effect of airfoil geometry on transient thermal stress was
also considered. Blunting of the leading edge of half size vanes by
increasing the radius 47% does not reduce the maximum thermal
stresses of 31,000 and 28,000 psi which develop in SigN, and SiC
airfoils, respectively, under emergency shut down conditions from
2500°F. Stresses at the trailing edge are reduced by increasing the
section thickness but this result is not considered critical to airfoil
performance because the maximum stress occurs at the leading edge.

The Norton Company has machined silicon nitride airfoil blanks
to meet the first generation vane specification. End caps and the
airfoil tenon geometry will be completed well before static rig test-
ing is scheduled to begin. Energy Research Corporation produced
flexure specimens for the evaluation of chemically vapor deposited
silicon nitride. Room temperature strength averaged 60,000 psi
with considerable scatter in the data. High temperature strength
was more impressive with values as high as 100,000 psi recorded
at 2300°F. Attemnts to deposit hollow airfoil shapes were unsuccess-
ful.

In order to accomodate the 3-piece ceramic vane assembly,
specifications were established for modifying the Westinghouse static
rig. Preliminary design work is in progress.
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4.1.1 DESIGN

_I_ntroduction

The 30 MW test turbine that will be used in the demonstraticn utilizing 1st
row ceramic vanes is shown in Fig. 4.1. The circled area highlights the 1st
row vanes. Three design iterations, bascd on a 3-piece vane concept (airfoil
and two end caps) were reported previously. A fourth design iteration of this
concept has emerged from a more complete stress analysis of the previous
three. The Norton Company is fabricating silicon nitride airfoil sections and
end caps to the first generation vane assembly specification.

The basic element of the design is the 3-piece ceramic stator vane assem-
bly represented in Fig. 4.2. A concave seat in the end cap is used with a con-
vex vane tenon of compound curvature; this provides the contact surfaces that
are ellipsoidal.

Design

The vane assemblies are paired for use with associated support hardware.
Two vanes and two end caps are supported at either end by a single insulator
and a single metal shoe. The outer metal shoe has a single pivot, plunger,
and spring, while the inner mechanism is made up of the metal shoe with two
pivots and plunger. This arrangement gives 3-point circumferential stability
to the entire structure. The spring assembly, which is contained by the outer
support ring maintains the position of the vane assembly with the clamping force
provided by the spring.

A woven mesh of fiber material is being considered as a thin cushion to
distribute load between the insulator and the metal shoe. This material will
serve as a seal between the insulator and ring housing. A number of experi-
mental fiber products have been ordered for evaluation.

A linear steady state heat transfer study was made of the airfoil, end caps,
insulator, cushion and metal shoe assembly. The radial space limitations that
exist in the turbine, the temperature extremes, and the prescribed limits for
thermal stresses in the end caps, require that the insulaior can support com-
pressive loads at a hot face temperature of 2200°F while maintaining a thermal
gradient of 10000F across less than an inch thickness. Since this requirement
could exceed the capability of most commercially available insulating materials,
such alternatives as film cooling the end cap or increasing the metal shoe maxi-
mu!n allowable temperatures are being considered.

A complete mechanical model of the vane assembly and supporting structure
has been designed to evaluate the kinematics of the initial design. This will be
built from plastic and metal parts.

The Norton Company was furnished with detailed design drawings for the
machining of silicon nitride end caps and airfoils. Twenty 3-piece stator vane
assemblies will be completed by September 15, 1972, Static rig testing is
scheduled to begin in 1973.
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4.1.2 STRESS ANALYSIS

Vane/End Cap Contact Stress Analysis

The 3-piece vane assembly design was selected to avoid the areas of large
stress concentration normally associated with transition zones in integral vanes
or blades. Each element (airfoil or end cap) was designed as small as possible
and with relatively uniform cross sections to minimize stress from thermal
gradients.

In designing the 3-piece vane assembly, an airfoil-to-end cap interface of
compound curvature was chosen in order to provide a locking mechanism that
will prevent ratcheting of the airfoil end support out of the end cap groove.
Although a spheric' 1 surface would allow the vane to pivot freely, it would
neither preclude airfoil twisting under potentially light spring loads nor pro-
vide for airfoil-end cap-insulator-shoe linkage stability.

The airfoil face is characterized by major and minor radii, Rja and Rgp,
respectively (Fig. 4.2). Similarly, the end cap seat is designated Ry and
Rgp. The contact area is ellintical in perimeter, anc the pressure surface
that is due only to the normal load is semi-ellipsoidal. Elasticity theory yields
explicit formulae for the size Hf ‘he contact area and the maximum compressive,
tensile, and shear strrccea Ar: to normal loads. However, the airfoil-to-end
cap interface must also suppo. ¢ a ccusiderable tangential (measured with re-
spect to the airfoil Y-Y axis) gas load. Stresses due to tangential loads may
be found using the method of Poritsky. (4)

This analysis may be extended to the more general case by sectioning the
normal load pressure surface ir line with the tangential load and matching the
semi-ellipse with the appropriate cylindrical case (Fig. 4.3). A different
cylindrical model must be used for eacl: section of the elliptical contact sur-
face. Using the notation of Fig. 4.4, it is necessary to choose L such that
B =bandQg = dg- Thus, the stesses along the minor axis LM due to tangen-
tial load only, are identical to those along line NP. Generalized computer codes
indicating location and maximum stress components due to combined loading
were prepared for use in parametric optimization,

For the geometry under consiceration, analysis shcwed that the maximum
stresses at the airfoil-to-end cap interface are:
Compressive stress,o-Cmax, is 11,700 psi
Tmax’ is 6,100 psi
, is 4,500 psi

Tensile stress, o

hear stres
Shear s 8% gynax

The state of stress due to this contaci must be superimposed upon the maxi-
mum transient and steady state thermal stresses acting on the airfoil tenon and
end cap. This analysis is in progress using axisyinmetric and 2-D finite ele-
ment codes.
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The Effect of Geometry o1 ransient Thermal Stress

Calculations of maximum transient thermal stresses developed in the air-
foil section under emergency shut down conditions previously led to the selec-
tion of a half size vane. (1) Finite difference and numerical integration tech-
niques were used to determine if any simple changes in geometry would further
lower the peak stresses in the leading and trailing edges.

The effect of blunting the leading and trailing edges of the half size vane
was studied for both silicon carbide and silicon nitride (Fig. 4.5). An increase
of 477 in leading edge radius produced negligible results. If the trailing edge
radius and thickness were increased by 56%, the transient thermal stress
would decrease 12 and 21% in SiC and SigNy4, respectivelv.

No change in the airfoil profile is planned, however, since the maximum
stress occurs in the leading edge where the effect of blunting is insignificant.
Furthermore an increase in the trailing edge thickness would adversely affect
gas flow because of increased turbulence.

Correlation of Design Analysis Codes with Experiment

The programs used to analyze stresses in vanes have been correlated with
each other and with turbine passage experiments in order to establish their
validity. A transient axisymmetric finite element computer program has been
developed and used to calculate stresses in cylind~rs subjected to a uniform gas
cooling from above 1600°F down to 600°F. This axisymmetric program gives
the complete state of stress, both in plane 1 and plane 2 in Fig. 4.6. The re-
sults of this axisymmetric program correlate well with the existing computa-
tional method using a finite difference heat transfer program and a numerical
integration of stresses when applied to a waiforraly guenched cylinder. The
correlation increases the confidence of applying the existing programs to ther-
mal shock tests in the turbine gas passage and to vane analysis itself.

Tests on silicon carbide were performed in the turbine passage. When the
fuel was shut off, the gas temperature dropped from 2000°F (for example) to
600°F in a few seconds. Large thermal gradients were measured by thermo-
couples in a second SiC cylinder located beside the test cylinder. The stresses
induced by differential thermal expansion caused cracking in the axial direction.
Both computer methods predicted that axial stresses should be larger than cir-
cumferential stresses, and that circumferential crakes should appear.

Experiments indicated that quenching is uniform around the cylinder to
within 10 to 159F (Fig. 4.7) and that the axisymmetric finite element program
could be used in plane 1, Fig. 4.6. Since the physical properties such as co-
efficient of thermal expansion, thermal conductivity, elastic modulus and
Poisson's ratio of the SiC are not precisely known, and since the heat flux and
loads at the ends imposed by the fixture are not well controlled, the discrepancy
between analysis and experiment is not unexpected. Figure 4.8 shows some
typical results for the thermal quench of medium strength hot pressed SiC.

To improve the experiment, silicon nitride cylinders with accurately mea-
sured thermal diffusivity and coefficient of expansion are being introduced into
the passage. Thermocouples are placed in wells such that both axial and radial
temperature gradients may be measured. By rotating this cylinder, the vari-
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ation in temperature around the circumference can also be monitored. These
improvements will not only provide a better check for the computer results, but
will provide additional experience on the fixturing and instrumentation of cer-
amics in a turbine environment.

.070
Radius

| (Blunted)

S

4

095 ——
Radius [ .14
Radius '0‘,‘5
(Blunted) Radius

Figure 4.5 — Dimensions of Blunted Leading and Trailing Edges of
Ceramic Vane

Figure 4.6 — Thermal Quench Cylinder Coordinate System
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4.1.3 MATERIALS FABRICATION

Introduction

The Norton Company was selected to manufacture stator vane assemblies
of high-strength, hot-pressed silicon nitride while Energy Research Corpor-
ation was contracted to furnish hollow silicon carbide vanes produced by chemi-
cal vapor deposition.

In addition to the hardware requirements both Norton and Energy Research
were required to supply representative room temperature property data and
sufficient quantities of their respective materials for evaluation and statistical
property characterization. Norton's high-density, hot-pressed silicon carbide
has been purchased for initial evaluation as a candidate turbine material.

Norton Silicon Nitride

The Norton Company was required to prepare 200 lbs of high purity alpha
silicon nitride powder for the hot pressing of 40-6.3" x 6. 3" x 1. 3" thick billets.
Ten billets were set aside for material characterization studies at Westing-
house. Twenty stator vane assemblies, consisting of an airfoil section with 2
end caps, were to be machined from the 30 billets remaining. All billets were
certified by room-temperature density and flexural strength measurements.

Norton data serving to certify the first 20 silicon nitride billets (Norton
HS-130 material) is reported in Tablc 4.1, Densities range from 3. 15 to
3.21 gm/cc, well above the minimum 3.10 gm/cc specified. The results of
the bend tests (3 point loading over a 3/4 inch span) indicate that the material
meets the specification that modulus of rupture (less two stardard deviations)
must exc~ed 90,000 psi. Billet to bi'let variation as well as the scatter of
data within individual billets is much higher than that representative of a
uniformly processed material, however.

The reason for this high standard deviation is not known with certainty
becau~e the vendor did not record either the location of fracture or evidence
for edg> defects, etc., which could influence the scatter in results. Because,
of this uncertainty in the Norton data, a meaningful Weibull modulus cannot ke
calculated from the data in Table 4. 1.

Billets 1-3, 9 and 10 were delivered to Westinghouse for material charac-
terization. Billets 4-8 and 11-16 were sliced in half and used by Norton to
mechine 20 airfoil blanks 6 in., long x 3 in. chord. Four of these airfoils are
pictured in Fig. 4.9. Remnant material from the airfoil machini... operation
was sent to Westinghouse for physical property verification.

Norton received modified stator vane assembly drawings on May 31, 1972.
Necessary tooling has been procured, and the finish grinding that is needed to
produce the tetion geometry at the ends of the airfoils is in progress. The FY
1972 subcontract has been extended through August to permit the final grinding
of the end cap sets. These 3-piece stator vane assemblies represent the first
generation hardware to be tested in the static rig starting in 1973.
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10.

11.

12,

13.

14.

15.

16.

17.

18.

19.

20.

TABLE 4.1

Properties of Norton HS-130 Silicon Nitride

Billet

Number

121471

123071

031772

031072

032272A

032772A

0328724

032872B

040472A

050372A

051772A

051872A1

051872A2

052672A

050972A

050872A

051572A

043172A

060172A

060272A

Density
gm/cc

Average
MOR
psi

Standard
Deviation

psi

Range
psi

No.
of
Tests

3.18

3.20

8175

3.21

3.18

3.16

3.15

3.17

3.16

3:49

3.17

3.18

3.16

3.18

3.16

3.17

3.18

3.18

3.20

3.21

123,200

140,300

121,200

140,800

117,700

114,400

121,600

131,700

127,600

135,900

141,100

134,000

122,500

123,200

118,900

152,000

124,400

116,000

122,700

131,100

7,300

10,600

15,100

13,900

10,300

8,100

7,700

11,509

16,000

19,200

6,000

11,300

7,900

8,800

5,000

13,900

12,300

8,600

9,800

15,600

135,900
108,300

160,800
120,500

146,600
84,900

162,700
119,300

135,200
96,800

131,800
100,300

135,400
100,900

153,600
111,700

152,800
95,800

163,600
21,200

150,000
128,800

150,500
108,300

134,700
107,100

134,800
101,600

125,900
105,100

167,000
114,000

145,500
102,100

127,700
87,800

139,000
100,500

149,200
96,600

20

20

20

20

20

20

20

20

20

20

20

20

20

20

20

20

25

21

23

21
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Figure 4.9 — Airfoils Machined From HS-130 SigN4 by the Norton
Company

Norton Silicon Carbide

A high strength, hot pressed silicon carbide has been developed by the
Norton Company. Its strength at room temperature is comparable to hot
pressed silicon nitride but limited tests indicate improved high temperature
properties. The flexural strength of the material was reported by Norton to
le 75,000 psi at 2192°F, 63,000 psi at 2507°F and 45,000 psi at 2732°F. The
thermal{)conductivi%y decreases from 555 BTU in/hr ft“°F at 150°F to 265 BTU
in/hr ft“OF at 2500°F,

Five 3" x 3" x 1/2" billets and 20 test bars /4" x 1/8'" x 2" were pur-
chased for initial evaluation of the hot pressed silicon carbide. Preliminary
results are presented in Section 5.1.3. of this report.

Energy Research CVD Silicon Carbide

The Energy Research Corporation attempted to establish the feasibility
of using CVD silicon carbide as a gas turbine material. They were required
to submit tensile and flexural strength specimewns, tensile and flexural strength
specimens cut from hollow airfoil sections, and 5 hollow airfoils according to
the subcontract agreement.
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Westinghouse received and tested 10 flexural strength specimens nominally
1 8" x1/4" x3-3/4". The data supplied by Energy Research (Table 4.2) is
representative of the material produced to date. Room temperature flexural
strength (4 point loading over inner and outer spans of 1-1/8 inches and 3-3/8
inches) range from 29,400 to 89,100 psi. The average for the specimens
tested was 58,300 + 9,200 psi. Efforts to improve the strength of the deposited
silicon carbide or reduce the scatter have bcen unsuccessful. The high temp-
crature strength of the material is promising, however. These data are
presented in Section 5.1.3. of this report.

Initial efforts to deposit hollow vane shapes were only partially successful.
Thermal! gradients caused local buckling and distortion of the tungsten mandrel.
Poor circulation of the flowing gases restricted deposition of the silicon carbide
in both the leading and trailing edge areas as shown in Fig. 4.10. The use of
lances which direct gas flow into limited access areas would be expect-
ed to improve the uniformity of deposition leading to the complete formation
of leading and trailing edges. The current effort has been terminated, however,
to enable Energy Research to concentrate on CVD fabrication development for
the small turbine rotor for the vehicular gas turbine project. (See Section 3.1, 2
of this report.)

Until CVD silicon carbide is developed and available in a useful, as-depos-
ited form, it cannot be accepted or rejected as a candidate stator vane material
for the large gas turbine.

TABLE 4.2

Energy Research CVD SiC
Specimen Grown Internal to Mandrel
MOR Test Results Using Four Point Bending Fixture

Specimen Specimen Breaking 4 Point
CVD Width-b Thickness-d Load MOR Strength

Run No. Inches Inches Pounds psi
C-71-10-24

A . 245 . 155 105 60,200

B .222 . 156 72 45,000

C . 251 . 1567 54 29,400
C-71-11-7

X .255 . 125 72 61,000

Y .231 117 65 69,400
C-71-11-10

1 . 260 . 164 136 65,600

2 . 237 . 173 137 65,200

3 . 258 . 173 96 42,000
C-71-11-11

il #2389 .164 184 89,100

2 .251 . 163 146 73,900
C-71-11-12

1 . 260 . 174 110 47,100

2 . 207 . 125 52 48,700

3 . 246 . 144 70 46,300
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CVD
Run No.

C-71-11-13

C: Ol W O DN =

C-71-11-16

1

2
C-71-12-17

1

2

3
C-71-12-9

1

2

3
C-71-12-10

1

2

3
C-7T1-12-12

1

2

3
C-71-12-14

1

2
C-721-13
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Specimen
Width-b

Inches

<257
. 2567
. 256
. 246
.249
. 247

. 247
.251

. 257
. 244
.251

.252
.252
.248

. 246
. 245
.248

. 246
.245
.248

. 248
. 247

.247
. 246
.248

. 246
. 250

. 2560
.259

. 251
. 249

.251
. 249
. 246

TABLE 4.2 — Continued

Specimen
Thickness-d
Inches

. 136
. 143
. 123
. 146
.138
. 143

.130
. 135

. 140
. 124
.130

. 120
. 124
. 137

.131
.130
.125

. 137
.138
.131

.130
. 123

.125
.122
.124

.124
. 158

.165
. 166

.179
. 166

. 156
.162
. 157

Breaking

Load

Pounds

95
126
86
104
96
95

59

68.

90
63
76

7.

75
60

85.
85.

69

58.

61

60.

56.
54.

69.

75
75

72.

111

106
130

160
114

96
113
95

3]

4 Point
MOR Strength
psi

67,500
80,900
74,900
66,900
68,300
63,500

48,000
50,000

60,500
56,500
60,000

72,000
65,000
40,000

68,000
69,500
60,000

51,000
48,000
48,000

45,000
49,000

61,000
69,000

66,000

64,500
60,000

52,500
61,500

67,000
58,000

53,000
59,000
53,000



Figure 4.10 — Energy Research CVD Silicon Carbide Hollow Vane

79



4.1.4 STATIC TEST RIG MODIFICATION

The static test rig at the Westinghouse Gas Turbine Systems Division
Laboratory has been primarily devoted to the testing of combustors and metal
components. For this reason, a major redesign is now required to accom~
modate the ceramic stator vane tests and to increase the rig's maximum
operating capability from 1950°F to 2500°F.

The proposed static rig modification is illustrated schematically in
Fig. 4.11. The ceramic stator vanes in this test are used to turn the com-
bustion gases exiting from the transition piece at an angle of 116.5°, In order
to utilize the existing exhaust system, the instrumentation shell will be
mitered to accommodate the drastic change in flow direction. Gases exiting
from the vanes will pass through an instrumentation duct containing tempera-
ture profile rakes, * total pressure rakes, and static pressure taps. The duct
will either be lined with a high density castable refractory that exhibits excel-
lent resistance to flame wash and erosion at 3000°F, or it will be metal with a
water jacket. Flow continues downstream into a mixer secticn where the
average operating temperature is measured at an exhaust spool piece. The
current insulation requirement for the rig sections are also being changed to
maintain a safe metal shell temperature when operating at 2500°F.

“—Barrier Plate

Section Mixer Section __L.Spml Piecﬁi
s —T —
S
& VA 3 |
21
) § 4 Ceramic Duct — = | 1) |
Simulated Side & Sy B
i/ Instrumentation =apET (i
;.. ! o, Rakes @ O
b A | / = =
g ____
& Ly ~ e =
=] ¥/ —
é‘: ."'I. / S o [ Ll_'_
s/ &/
5 ; 7 Vane Assembly
Z / s/
& Transition

——— Combustor Baskets

Plan View

Figure 4.11 — Modified Static Test Rig for 2500°F Test of Ceramic Vanes

* The term rake is used to describe a multiple unit with up to seven thermo-
couple junctions or pressure taps positioned to obtain a line profile of the
gas duct. Several rakes at intervals across a duct allow the full area profile
to be measured.
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The actual vane assembly will consist of eight half size vanes (or four
assemblies of dual vanes and support hardware) and two simulated side vanes.
This assembly will be attached to a barrier plate, the rig counterpart of the
gas turbine blade ring. One set of full size combustor hardware (primary
basket, secondary basket, transition piece) and a nozzle assembly will be
used to generate the hot gases. Internal baffles will be used in the combustor
shell to simulate the actual machine geome!1y about the baskets. Sight
glasses will be provided for visual inspection of the vane assembly during rig
operation.

At the operating temperatures planned, it may be impossible to instrument
the vane assemblies directly with st ain gauges and thermocouples. Initial
attempts to install this type of instrumentation using flame sprayed alumina
or a variety of refractory cements proved unsuccessful. Surface roughening
and the use of intermediate materials, such as nickel aluminide or silicon
metal, failed to improve adhesion significantly.
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4.2  ROTOR BLADE DEVELOPMENT
SUMMARY

A finite element program for isotropic elastic analysis of three
dimensional solids has been completed. This technique is being tested
on simple problems with known solutions before it is applied to rotor
blade airfoil design.

4,2.1 THREE DIMENSICNAL FINITE ELEMENT STRESS ANALYSIS
Introduction

The rotor blade development work has been confined specifically to the
development of a 3D finite element stress analysis. Rotor blade design studies
will begin during the 1973 fiscal year program.

The Westinghouse three dimensional finite element program is based upon
a higher order isoparametric element not presently available in a program like
NASTRAN. In addition to complex curved-sided elements and variable strain
capability, this unique program will have the capacity of analyzing elastic-
plastic-creep problems having contact faces between several parts. The
program is expected to meet the most exacting requirement of analytical blade
design and also be available to confirm the analysis upon which the vane designs
are based.

Finite Element Program

The finite element program for isotropic elastic analysis of three dimen--
sional solids has been completed. This program consists of a system of sub-
routines including a wave-front equation solver and stiffness and load vector
routines for three dimensional isoparametric elements. The current version
is based on a cartesian coordinate system. The accuracy of the program has
been verified on a number of problems for which known solutions exist. These
problems are of a simple nature compared to practical design problems, since
no exact solutions for complicated geometries are known.

The equation solver is based on the Gaussian elimination method which uses
a wave-front technique. With this method, large systems of equations can be
solved provided the wave-front does not exceed certain limits which depend
on the configuration of the computer system. In general, the wave-front tech-
nique allows larger systems to be solved efficiently.

The following types of displacement boundary conditions were incorporated
into the program:

1. Prescribed displacements.

2. Group of nodal points having equal but unknown displacements in a
specified coordinate direction.

3. Displacements restricted to a prescribed direction.

4. General linear constraint displacement.

Displacement boundary condition 4 is the most general one that can be
handled with a linear system of equations. Boundary conditions 1 to 3 are
gspecial cases of 4.
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Four different types of three-dimensional isoparametric elements were
incorporated into the program:

. Eight mode element (linear displacements), Fig. 4.12.
Twenty node element (quadratic displacements), Fig. 4.13,
. Thirty-two node element (cubic displacements), Fig. 4.14.
. Mixed element, Fig. 4.15.

W 0O RO

The last element is the most versatile beca 'se it allows the user to vary the
number of nodes. It also facilitates the generation of graduated element
networks to properly account for regions where large stress gradients are
anticipated, e.g., these regions are represented by 24 or 32 node elements
while others are only represented by 8 node elements.

The following loading cases can be handled by the program:

. Surface tractions.

Static uniform pressures.
Centrifugal force loads.
Thermal loads.

O B

Figure 4.12 — Eight Node Isoparametric Element
(Linear Displacements)

Figure 4.13 — Twenty Node Isoparametric Element

. (Quadratic Displacements)



Figure 4.14 — Thirty-two Node Isoparametric Element
(Cubic Displacement)

/" Quadratic Edge

Remaining Edges
Are Linear

Cubic Edge

Figure 4.15 — Mixed Isoparametric Element

The computer program consists of three overlays. An overlay is a portion
of the program that is written on files and is loaded into the computer at the
time it is needed for execution. In the first overlay the input data are read in,
internally processed, and stored in auxiliary storage. The bookkeeping for the
wave-front equation solver is done in the second overlay. In the third overlay,
the element stiffness matrices are computed and the total system of equations
are solved, the stresses are obtained, and the output is produced.
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PROGRESS ON MATERIALS TECHNOLOGY — VEHICULAR AND
STATIONARY TURBINE PROJECTS

SUMMARY

Design technology is highly dependent upon physical properties of the
materials being used. This section deals with work performed during the
reporting period on the acquisition of physical property information. Com-
plete property characterization of the ceramic materials for turbine engine
use is an enormous task, which will proceed throughout the life span of the
contract. This task is also complicated by the fact that many of the ma-
terials being investigated are in the developmental stage and improvements
in properties are anticipated, which will require that some, if not all, of the
physical properties must eventually be re-determined.

Spin testing of ceramic materials is a relatively new method for
determining material strength which simulates closely the stresses en-
countered in turbine rotors. Samples of lithium-aluminum-silicate ma-
terial were spin-tested, and found to have an average tensile strength of
8930 psi, which compares very closely to the bending strength of this ma-
terial. Two disks of hot-pressed silicon nitride were spin-tested and
failed at stresses of 63 Kpsi and 51 Kpsi. This compares closely with
strengths established by tensile tests which were about half of the
strength in bending. Work is shown relating defects, as determined
ultrasonically, to the fracture patterns.

Bending strength as a function of temperature was determined for
Ford's injection molded reaction sintered silicon nitride. The strength
level of the as-molded material remained virtually constant at around
22,000 psi up to 2000°F, then decreased gradually to 19,200 psi at 2400°F.
This is not expected to have an adverse effect upon the use of this material
for stator application.

Extensive property data was generated on Norton HS-130 hot-pressed
silicon nitride. In general the strength of this material decreases with
temperature, particularly above 2000°F, Tensile strength drops from
60 ksi at RT to 17 ksi at 2500°F. The flexural strength in the strong
direction is reduced to 50 ksi at 2500°F from a value »f 98.6 ksi at RT
and 2000°F. Weibull parameters were established from flexural data and
it was possible to predict the effect of size and strain rate, as well as the
properties for other modes of testing. Fatigue limits are 30 ksi at 2350°F
and 40 ksi at 2200°F. Stress rupture life at 10 ksi and 2300°F is greater
than 100 hours. The elastic modulus drops sharply above 2000°F; room

temperature values were 44,5 x 10° psi whereas at 2500°F the modulus
fell to 11.5 x 106 psi. Thermal expansion and thermal conductivity data

determined by Battelle is reported. Friction and damping behavior is
also discussed.

Flexure strength testing of Norton hot-pressed silicon carbide and
Energy Research chemically vapor deposited silicon carbide were deter-
mined at various temperatures. The hot-pressed material had a room
temperature strength of 72,000 psi, decreasing somewhat to 52,000 psi
at 2500°F. The Energy Research material maintained an average
strength of 75,000 psi up to 2500°F,

w:
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No high cycle fatigue problem is anticipated with SigNy at a use
temperature of up to 2200°F., The stress-rupture behavior of Norton
HS-130 silicon nitride appears quite adequate for vane applications since
the loads imposed under steady state operating conditions in the turbine
do not exceed 3300 psi. The preliminary properties of hot-pressed SiC
appear very promising for turbine components under 2200°F, and will be
further evaluated for use at 2500°F.

Dynamic corrosion-erosion tests were extended to 250 hours. Cor-
rosion of Norton HS-130 Si Ny in simulated gas turbine environments at
2000°F results in a weight:ioss of 3.5 mg/cm? after 250 hours. This
represents a surface recession of less than 0.0004 inches when the data
is plotted in terms of oxide penetration. Preliminary results suggest

that the strength of the material is not affected by the gas turbine
environment.

Comparable weight loss data for superalloys like Udimet 500 or
X45 at 1650°F are 130 and 80 mg/cm?, respectively. These values
reflect surface recessions of 0.006 inches (Udimet 500) and 0. 004
inches (X45), an order of magnitude greater than the ceramic.



5.1 MATERIALS ENGINEERING DATA
5.1.1 SPIN TESTING OF CERAMIC MATERIALS
Introduction

Spin testing has been selected, along with other fracture tests, as a destruc-
tive means of evaluating the strength of ceramic materials. The advantage of
spin testing is the ability o test samples in a biaxial loading mode closely
simulating the mechanical loads imposed on the turbine rotor. Test samples
may be readily prepared, since they consist of simple right-cylindrical disks
of the approximate size of the rotor.

The materials evaluated by spinning to destruction, thus far, are lithium
aluminum silicate and hot-pressed silicon nitride.

Procedure

The spin pit used for testing ceramic disks consists of a Barbour-
Stockwell Model 1307 two-inch air turbine which powers the ceramic disk
mounted on an arbor and suspended on a 3/16" spindle. This turbine is
capable of 100,000 RPM. A magnetic pick-up, built into the turbine housing
is fed to an electronic counter mounted on thc operator's control panel. The
catcher assemblies were removed for these tests so that photographs may be
taken of the spinning disks. The spin pit was cvacuated to reduce
hkeating due to friction.

The inside of the spin pit was lined with three inch oak and two inches of
clay. The clay reduced fragmentation of the ruptured disk. The bottom of
the spin pit was covered with plate glass which allowed photographs to b
taken during the tests, and at the moment of failure of the disks.

The photographic triggering mechanism was made from reaction sintered
silicon nitride, fabricated in-house. This thin stationary ring was located
such that there was an air gap of about 0. 030 inches between the ring and the
rotating disk. A schematic drawing of the triggering and photographic tech-
nique used is shown in Fig. 5.1. An epoxy conducting paint was applied t- the
outside of the ceramic ring and a current fed through the ring into the trigger-
ing circuit. This circuit was broken when hit by the portion of the disk where
fracture occurred, which fired two strobelights exposing the photographic
plate. .

Prior to assembly, the ceramic disks were inspected dimensionally and
by ultrasonic c-scan. The disks were mounted on the arbor with a slip fit
and retained in position by a hand-tightened nut. The assemblies were
balanced to 0.005 oz-inches prior to spinning. The 3/16" spindle was inserted
into the arbor assembly and the runout of the spindle checked and straightened,
if required, prior to each run. However, even though much care was taken in
preparing the assemblies, there was always a low critical frequency encountered
in the spin pit tests. Therefore, it was standard procedure in all tests to rapidly
accelerate through the low critical into a dynamically stable frequency range.
At this point the assembly was slowly accelerated until a burst speed was
obtained. The electronic counter was equipped with a delay which allowed
the operator to record the maximum RPM obtained.
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CERAMIC TEST SPECIMEN
CERAMIC BURST RING

EPOXY CONDUCTING PAINT

TACHOMETER PICKUP 100,000 RPM

AIR TURBINE _
R - VACUUM FA|LUL§QD:ETT3070R
Q LINE

o VACUUM CHAMBER

GLASS PLATE

CAMERA

O

FAILURE '_s‘ MIRROR DIGITAL
DUAL STROBE LAMPS
DETECTOR TACHOMETER

SPIN_PIT

TURBINE PRESCURE —

VACUUM GAUGE ~~THROTTLE

OPERATORS PANEL

Figure 5.1 — Schematic of Method for Spin Testing of Ceramic Disks
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Test Results

Eight samples of lithium aluminum silicate (LAS) were spin tested to deter-
mine the maximum tensile strength and to correlate fracture patterns with the
ultrasonic c-scan flaw patterns previously obtained. The specimens were dia-
mond ground from material supplied by Corning Glass Works. The tensile
strength was calculated and found to be 8930 + 1030 psi for the eight samples.
This was found to be nearly equal to the modulus of rupture, which was 8600-
8950 psi of this material taken from four-point bend samples. The bending
test samples, 1-1/4" x 1-1/4" x 7", were cut from large blocks of th¢ material.
The bars were broken using an Instron test machine with a cross head speed
of 0.10 in/min.

Figure 5.2 shows the c-scans of 3 disks, with the fracture pattern (drawn
by hand) superimposed. The fracture pattern was establisheri using the photo-
graphs taken at rupture along with the reassembled pieces. I.spection of these
three disks indicate there is little or no correlation between the number of flaws
present and the maximum tensile strength as determined by spin testing. Shown
in Figure 5.2c¢, disk number thirteen had the largest number of flaws present
and the second highest strength. This is possible since the highest stressed
point in the disk is at the hub. It appears that the type of flaw and the location
has more effect on the burst strength than the gross number of flaws. There
is some evidence from Figure 5.2c that the fracture will follow a region of
flaws (line A). However, much more work must be carried out to determine
if this is a valid correlation.

Two hot pressed silicon nitride disks made from Norton HS-110 material
were spin tested to destruction. These disks, which were six inches in dia-
meter, were diamond ground to a surface finish of 7-11 x in, arithmetic aver-
age. Disk number one hurst at 51,280 RPM, with a corresponding maximum
tensile stress at the bore of 62,980 psi. This disk is shown in Figure 5.3 at
the time of rupture. Unlike the LAS material disks, gross fragmentation is
evident. However, examination of the fragments around the bore indicated the
fundamental failure occurred at three equally spaced planes. This is typical of
disk failure and it is assumed that this is the point of crack initiation. Ultra-
sonic c-scan traces of the number one disk indicated three flaws were present.
Because of the gross fragmentation, the fracture pattern could not be super-
imposed on the c=scan traces. However, it is felt the flaws, located at near
mid-radius, did not influence the fracture.

Disk number two had considerably more flaws, which are shown on the
ultrasonic c-scan traces in Figure 5.4. These flaws, some of which are lo-
cated near the bore, may have influenced the burst speed of this disk which
occurred at 46,900 RPM. The maximum tensile stress at this speed was
50,995 psi. In this test the triggering mechanism failed to fire the strobe-
lights so no picture at failure is available.

The low failure strength may be due in part to the fact that the disk was
made from Norton's HS-110 material, representative of early manufacture of
silicon nitride. As reported in the first interim report(1) the strength in bend-
ing of HS-110 was found to vary with sample size and tust precedure. Small
samples (1/8" x 1/8" x 1") in 3 point load vielded strengihs of 123 Kpsi while
larger samples (1/4" x 1/4" x 4") in 4 point bending viel 1o only 90 Kpsi aver-
age. Individual values as low as 99, 00% and 70, 000 psi were s.und in these
tests of bars all cut from a billet having a density of 3. .1 g/ec. The second
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spin disk, which exhibited a density of 3.07 g/cec, would be expected to have a
larger number of voids, flaws or porous regions as was shown in Fig. 5.4.

The lower density, greater number of defects, and the much larger sample
area stressed during spinning would be expected to contribute to lower strength.

A third hot pressed HS-110 disk was prepared for spin testing; however, a
large density gradient, visible to the eye as a color gradient and also depicted
by ultrasonic c-scan, made balancing of the disk impossible.

Figure 5.2a — Disc #5 Figure 5.2b — Disc #7

Tensile Strength of 10,518 psi Tensile Strength of 6926 psi

T e

—

Figure 5.2c — Disc #13

e

Tensile Strength of 9930 psi

Figure 5.2 — Ultrasonic C-Scans of LAS Disks, with Fracture Lines
Superimposed
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Figure 5.3 — Spin Test of SigN4 at Point of Fracture
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Flaw No. Depth (In.) Flaw No. Depth (In.)
1 .33 8. .44
2 .26 9. .33
3. .25 10. .33
4. .39 11, .33
5. .33 12. .33
6 .39 13. .33
7 .39

Figure 5.4 — Ultrasonic C-Scan of SigNy Disk No. 2
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5.1.2 HOT MOR OF REACTION-SINTERED SigN4

The hot strength of injection-molded reaction-sintered silicon nitride fabri-
cated by Ford was measured utilizing a refractory three point loading fixture,
hydraulically loaded, and heated in a resistance heated furnace. Loading capacity
of the system is 100 pounds. A silicon carbide block with silicon carbide knife
edges on 3 inch centers is used. The loading ram is silicon carbide and is
guided by bearings located in the cool portion of the furnace. Air cooling is
used to further protect the bearings and the hydraulic system. A silicon car-
bide knife edge attached to a pivoted self-aligning plate is fastened to the
loading ram. Alumina rods are used to manipulate samples. Round samples
are rolled down an inclined ramp and the alumina rods separate the samples
and load them individually onto the knife edges. Temperature capability of the
furnace is 2400°F.

The test samples were unmachined, injection molded silicon nitride rods,
1/4 inch diameter by 4 inches long. Test rods were fired at 2100°F for 24
hours followed by 2660°F for 24 hours, and had a sintered density of 2.2 gramns/
cc. Thirty rods each were tested at 67°F, 940° F, 1760°F, and nine rods were
tested at 2400°F. A malfunction in the loading mechanism caused this latter
test to be terminated at this point.

The average strength values at each temperature level are shown in Figure
5.5. At 67°F strength was 22,459 psi with a standard deviation of 2665 psi.
At 940°F the mean strength was 22,216 psi with a standard deviation of 2459 psi.
For 1760°F the mean strength was 24,000 psi with standard deviation 2130 psi.

26,000

24,000 |
22,000 | J
20,000 4

18,000 |-

Strength PSI

16,000 |~

14,000 |-

12,000 |-

I ] | ] ] ] 1
200 1000 2000 2400

Figure 5.5 — Strength vs Temperature for Reaction Sintered SigNy
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Finally, at 2400°F the strength had a mean value of 19,281 psi with a standard
deviation of 1578 psi. These values are plotted on Figure 5.5 with error bars
of one standard deviation.

All mean values represented on the curve were tested for significance using
a statistical "T" test, and were found statistically valid.

The statistical "T" test was employed to verify the changes of mean value
observed at each data point in the hot MOR test. Ambient strength values were
used as the control data point. A slight increase in strength was noted at 1000°F;
however, when statisticallg tested the increase proved insignificant. The in-
crease in strength at 2000”F and the decreasc in strength at 2400°F both proved
significant when tested for significancc. Sincc the strength increased at the
1000°F point was found insignificant, the peint was plotted at the basc line value.

There are several factors which may lead to thc decrease in strength ob-
served at 2400°F. The furnace is under-powered and takes 24 hours to reach
24009F. The time of soak of the silicon nitride bars in air may cause oxidation
efiects to become apparent. Also the intergrannular :mpurities present in the
silicon nitride such as calcium impuritics and FeSi compounds may cause weak-
ening of the material above the melting point of the impurity phases. This sub-
ject will be discussed in morc detail in Section 5.2.1 of this report.



5.1.3 PHYSICAL PROPERTIES OF HOT-PRESSED SILICON NITRIDE

»:roduction

In the stationary turbine project, commercially-produced silicon nitride and
silicon carbide that meets specified standards will be used to fabricate stator
vanes. All of the pertinent mechanical and thermal properties of thcse materials
are bemg determined such that statistically significant design values from RT to
2500°F will be available for the final vane design. In addition, since a final de-
sign must usually incorporate a corrosion allowance, dynamic corrosion tests
are being conducted in a pressurized test passage that reproduces the operational
environment of a large stationary gas turbine.

Two grades of hot-pressed silicon nitride from Norton were produced dur-
ing the first year of this project. These are designated HS-110 and HS-130; the
difference is essentially in the impurity content where HS-130 is the most pure
and shows superior mechanical and thermal propertics at high temperatures.
The HS-130 grade is a material certified by Westinghouse that meets density
and strength measurcments as described in Section 4.1.3. While most of this
section is concerned with determining the properties of Sig N4, some data is
presented on silicon carbidc.

In the following sections on propcrtics, there will be reference made also
to strong and wcak directions in the hot-pressed silicon nitride. These refer
to directions that are perpcndicular and parallel to the hot pressing direction,
respectively. A clear illustration of these dircctions is provided in Figure 5. 6.

Tensile Strength

The strength of a ceramic under pure tension is usually the most desirable
for reliable engineering design. But tensile strength, particularly at high tem-
peratures, is also the most difficult and expensive to obtain. Complex high
temperature grips, extremely precise machining accuracy, and difficulty with
accurate alignment, generally prcclude large numbers of tension tests.

This dilemma can be resolved by supplementing tension data with reliable
flexural data through the use of Weibull's (5) staiistical characterization of
brittle materials. Weibull's theory attributes the failure of brittle materials
to flaws that are randomly distributed throughout the material. Thus, the lar-
ger the volume under high stress, the more likely a flaw will be included that
causes a failure. A bend specimen with only the outer fibers under the maxi-
mum stress might be expected to survive a higher load than a tensile specimen
having the entire gauge volume under maximum stress. The risk of failure was
experimentally found to be proportional to

JICR
v (]
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Hot Pressing Direction
|

@ Parallel Specimen

Perpendicular Specimen Westinghouse 73,000 + 11, 000 psi
Norton 107, 000 + 17, 000 psi

Westinghouse 98,600 + 6, 000 psi
Norton * 125, 000 + 16, 000 psi

*Norton data was obtained in 3-point bending

Figure 5.6 — Illustrations of Specimen Direction and Strength Values
With Respect to Hot Pressing Direction

for a number of materials. Stress is given by ¢ and volume by V. The Weibull

modulus m and normal stress 0, are characteristic of the material tested. In

some cases
. m
U-(Tu
(——) dV
%

v
was found to be more appropriate where oy is the third material parameter.

Twenty-four values of RT fracture strength obtained in three-point bending
by the Norton Company were used to calculate values of m, o.,, and ¢_ for hot-
pressed silicon nitride (strong direction). Results gave m = g 1, oy = 2€ro,
and o5 = 57,800 psi. With these values, the average fracture strength in both
four-point berding and tensile loading were predicted and compared with test
values obtained at Westinghouse. These values are compared in Fig. 5.7. As
may be seen, the agreement between predicted and measured data is very good.
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_ Weibutl
Experimental Prediction.

é;:f%:;§ 125000 psi
& 98, 600 psi 100,000 psi

54,000 psi 53,500 psi

Figure 5.7 — Effects of Mode of Testing on the Strength of SigNy

The Weibull parameters were also determined for hot-pressed silicon
nitride in the weak direction at 2350°F. In this case m - 8.7 and o0 29, 200.
By regressive curve fitting, these data were combined with {lexural data that
show a strain rate dependence at high temperature to produce the following ex-
pression relating temperature, strain rate and volume to tensile strength:

27.5
(3520-7

28,600 €

T gl -

(4

T in degrees F
V in cubic inches
¢ in inch/inch-minute

The results of using this expression to predict tensile strength for several
volumes are shown in Figs. 5.8 through 5,10,

An extensive tensile test program for two sizes of specimens is underway
to confirm or.improve these predictions. The tensile specimens are taken in
the strong direction and hence strength should be ~ 15% to 25% higher. Pre-
liminary results from inert gas tensile tests indicate that the actual strong
direction data are predicted by the above weak direction expression for tem-
peratures of 2300°F and below (Table 5.1). A further Weibull determination
at high temperature and strong direction is currently in progress. As more
complete tensile data become available, the Weibull parameters will be ad-
justed accordingly.
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Figure 5.8 — Predicted Tensile Strength of Hot Pressed SigNy vs
Temperature and Strain Rate
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Figure 5.9 — Predicted Tensile Strength for Hot Pressed SigNy4 vs
Temperature and Strain Rate
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Figure 5,10 — Predicted Tensile Strength of Hot Pressed SigNy vs
Temperature and Strain Rate

Table 5.1
Tensile Test Data for Siiicon Nitride

Temperature OF 1800 Elg_q 2300 2500
Strain Rate
.01 in/in-min 43,0 ksi*
.001 in/in-min 49, 2 ksi 35.8 ksi 31.5 ksi 17.1 ksi
.00018 in/in~min 41.6 ksi*

*Indicates specimen was used for modulus determinations up to 2500°F where
some damage may have occurred. Test will be repeated for 1800°F only.

For extremely brittle materials surface flaws control the strength and
hence the Weibull integral is performed as a surface integral rather than a
volume integral, At present the data indicate that a volume integral is appro-
priate, although polishing the sample surfaces and eliminating scratches per-
pendicular to the tension direction can markedly improve the strength. When
larger samples are tested in air, a more complete analysis of tensile strength
as a function of strain rate, volume, surface finish, and temperature will be
made, The ultimate use of Weibull statistics is to predict safety factors for

engineering use.

1

Preliminary modulus of elasticity data were obtained from the tensile tests.
Strain was measured optically to 10 micro-inch accuracy using a Physitech Ex-

tensometer. The values range from 44.5 x 10° psi at room temperature to
11 x 10° psi at 2500°F as shown in Fig. 5.11.
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Figure 5.11 — Modulus of Elasticity of Hot Pressed Silicon Nitride
vs Temperature (Inert Atmosphere)

Stress Rupture

One specimen prepared from the HS-110 grade material was tested in air,
at 1800°F and 20,000 psi. This particular specimen survived for 200 hrs, with
final elongation of 0.16%. The steady state creep rate was 3.5 x 1075 /hr,

A more systematic investigation of the creep beliavior of SigNy is being con-
ducted on the H3-130 material. Cylindrical specimens, 2-3/4'" long, with 1/4"
gauge diameter and 1-3/4'" gauge length (Fig. 5.12) were tested in a He atmos-
phere. Gripping is accomplished by the ball-and-socket arrangement, where
all paris are made of graphite. The specimens are placed in an induction sfur-
nace capable of providing a uniform 3" hot zone at the maximum test temper-
ature of 2500°F. The furnace and specimen assembly are placed in an Instron.
machine, where a constant load is maintained automatically. Specimen elonga-
tion is measured by an LVDT attached to the bottom ram on the machine. In
all specimens tested, good agreement was obtained between the elongations
measured on the machine and those measured from the fractured specimens.

A summary of the creep results on the first batch of specimens is given in
Table 5.2. A typical creep curve, selected for the 10,000 psi, 2300°F test
condition, is shown in Fig. 5.13. It is interesting to note that the curve dis-
plays the classical three stages of cr2ep phenomenon.
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Figure 5.12 — Creep Specimen

TABLE 5.2

Creep Results, Helium Atmosphere, Speeimens Machined From Norton Billet 011072B1

Temperature Stress Time to
Sample # _ oF 1000 psi Failure
3 2500 15 0.8 min.
4 2500 10 24 hours
6 2300 10 129 hrs. (no failure)
11 2300 10 600 hrs,
7 2300 14 42,7 nrs.
8 2300 14 17,2 hrs.
9 2300 12 45,0 hrs.
10 2300 12 86.8 hrs.

Steady State

Creep Rate

3x10-2

2 x 10-3

1.9 x 1079
1.8 x 1079
3.6 x 1079
9.3 x10°9
1.8 x107°

2.5 x10°5

Elongation

%
0.32
0.71
1.30
0.58
0.51
0,53

0.46

The data are replotted in terms of stress-life time in Fig. 5.14. Also
shown in this figure are stress-rupture data obtained from the Norton Company
for specimens tested in a three-point bending mode, at 2200°F in air. The

effect of the testing mode is quite apparent.

slopes of the two curves are similar.
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Figure 5.14 — Stress Rupture Properties of SigN,

The available data are not sufficient for mechanism analysis. However,
when plotted in terms of steady state strain rate vs log stress (Fig. 5.15), the
data indicate a low exponent in the relation é = ¢. An exponent of n < 2
usually indicates a visco-elastic mechanism, i.e., a Nabarro-Herring diffu-
sional creep or a grain boundary sliding. Preliminary transmission electron
microscopy data indicate that grain boundary sliding may indeed be the rate
controlling mechanism during creep deformation.
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Figure 5.15 — Strain Rate vs Stress, 2300°F in Helium Atmosphere

Flexural Testing

Hot-Pressed Silicon Nitride

The flexural strength of HS~-130 hot-pressed silicon nitride was measured
as a function of temperature. At temperatures > 1800°F, the flexural strength
was measured as a function of loading rate. Although most of these measure-
ments were performed on ths weak direction (parallel specimens), the strength
of the strong direction (perpendicular specimens) was also investigated as a
function of temperature.

The flexural strength was measured in four-point loading (distance between
outer span = 0,875 in, inner span = 0.375 in) with a fixture made of hot-pressed
silicon nitride. The approximate specimen dimensions were 0,125 x 0.250 x
1.25 inches. Four specimens were tested for each condition. All specimens
were ground parallel to length on three sides (tensile and 2 adjacent side sur-
faces) with a 220 grit diamond wheel to insure a uniform surface finish. Ex-
cept for one set of specimens, all strength m::isurements were conducted in

air.
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The majority of test specimens were maehined from the first two 1.3 x 6.3
X 6.3 ineh billets of Norton HS-130 silicon nitride. A limited number of speci~
mens were made from block #3. The strength of Norton HS-110 silicon nitride
i# reported for eomparative purposes.

The strength of HS-130 silicon nitride is eompared with HS-110 in Fig. 5. 16,
for the weak direction speeimens tested at a eross head speed of 0.02 in/min. *
The strengths of both materials are sirnilar at room temperature. The signifi-
cant difference is exhibited at elevated temperatures where strength degradation
occurs at ~ 1800°F and ~ 2200°F in HS-110 and HS-130, respeetively. The
ehange may be attributed to the Ca impurity coneentration as diseussed in
Section 5,2, 3.

100

30 HS-130 Si3N

— F 4

60 }

40 HS-110 SIBNa

Flexural Strength, kpsi

20

| [ I | ! | J
0 400 800 1200 1600 2000 2400 2800

Temperature, °F

Figure 5.16 — Strength vs Temperature for Two Forms of SigNy (HS-110
and HS-130) Fabrieated by Norton Co.

The anisotropy in the strength of hot pressed silieon nitride is apparent in
Fig. 5.17 where strength in both direetions of HS-130 material is plotted as a
funetion of temperature. A differenee of 25% is maintained to ~ 2200°F, the
threshold of strength degradation.

The strain rate sensitivity of silieon nitride is shown in Fig. 5.18. At
temperatures above 1800°F the flexural strength varies direetly with loading
rate.

Sinee the high-temperature strength of hot-pressed silieon nitride may be
a limiting factor in the engineering 17¢ of this material, experiments were per-

formed to determine the phenom sponsible for its high temperature
strength behavior. At temperat res 2300°F, the load-defleetion (or stress-
strain) eurves were linear (or le st o fraeture. At temperatures > 2300°F

signifieant defleetion was observed just prior to fracture. The amount of deflec-

*A eross head rate of 0.02 in/min eorresponds to a loading rate of approxi-
mately 7.2 x 10° psi/min and a strain rate of 1.61 x 10~° in/in/min.
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tion increased with decreasing strain rate and increasing impurity levels in the
material tested, i.e., it was much more significant in the HS-110 material
relative to the HS-130 material.
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Figure 5.17 — Strength vs Temperature for the Weak and Strong Directions
of HS-130 SigNy
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Figure 5.18 — Log Plot of Strength vs Loading Rate at Different Temperatures
for HS-130 SigNy
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At first, the non-linear stress-strain behavior was attributed to some sort
of plastic yielding phenomenon, but examination of the fracture surfaces dis-
closed a rough area the shape of a crack adjacent to the tensile surfaces of
the specimens (Fig. 5.19). Additional experiments were performed to corre-

late this unusual fracture surface topography with the non-linear stress-strain
behavior.

Specimens were loaded into the "plastic' range, then unloaded prior to
failure. Examination of the tensile surfaces revealed lines of oxidation resem-
bling surface cracks which had not propagated completely through the specimen.
An oil dye penetrant was used to confirm the presence of a surface crack in one
specimen of HS-110 SigNy. Since slow crack growth occurs prior to fracture,
the non-linear portion of the stress-strain curve may be explained as a change
of the specimen's compliance as the crack grows.

Static fatigure (stress, corrosion, propagation of cracks due to atom trans-
port, etc.) in brittle materials is characterized by slow crack propagation prior
to fracture and strength dependence on loading rate. At high loading rates crack
growth is minimal prior to catastrophic fracture. The result is high strength.
Conversely, at low loading rates, crack growth is substantial and low strength
results. The data indicated that the high temperature strength of hot-pressed
silicon nitride is governed by a static fatigue mechanism and that its suscepti-
bility to static fatigue increases with temperature above 1800°F.

compression surface

rl

Figure 5.19 — Fracture Surface Topography of HS-130 SigN4 Fractured at
25500F. Note Rough, Crack-Shaped Surface Area Adjacent
to the Tensile Surface (Approximate Fracture Area Dimen-
sions: 0,125 x 0.250 Inches) 107
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Silicon Carbide

The flexural strength of hot pressed silicon carbide recently received from
the Norton Company is now under investigation. Specimens were prepared and
tested in the same manner as that discussed for silicon nitride. The bulk of the
0.125 x 0.250 x 2 inch flexural specimens were prepared fror 0.5 x 3.0 x 3.0
inch blocks. A number of finished flexural specimens were also purchased
from Norton to compare the effects of machining.

The average strength of Norton prepared specimens (320 grit diamond
ground) tested at Westinghouse in 4-point bending was 100,900 psi + 12% psi
(4 tests) as compared to 72,000 + 13% (4 tests) for Westinghouse prcpared
specimens (220 grid diamond ground). These preliminary data indicatcd that
the strength of silicon carbide is sensitive to surface finish.

The flexural strength of silicon carbide as a function of temperature is pre-
sented in Fig. 5.20. Too fcw tests have bcen performed to comment upon the
minimum strength occurring at ~ 800°F. The decreasc in strength observed at
temperatures above 1800°F is signifi ant.

No strain rate sensitivity was detected in singlc specimen tests at 2300°F
in the range 0.2 - 0.0002 in/min cross hcad speed.

Weibull statistical paramcters were dctermined at 2372°F at a cross head
ratc of 0.002 in/min for 20 specimcns. A Weibull modulus, m = 12.6 with nor-
mal stress, o o = 33,200 psi indicates that the silicon carbide tested is some-
what less volume sensitive than silicon nitride.
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Figure 5.20 — Flexural Strength vs Temperature for Hot-Pressed SiC
Fabricated by Norton Company
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CVD Silicon Carbide

The flexural strength of Energy Research Corporation chemical vapor de-
posited silicon carbide was determined under conditions of 4-point loading (outer
span = 0. 875 in, inner span = 0.375 in) from room temperaiure to 2500°F.
Specimen size was nominally 0.125 x 0.250 x 1.125 inches, and most specimens
were tested at a cross head strain rate of 0.001 in/in/min. Although a few tests
were made at strain rates of 0.01 and 0. 0005 in/in/min, ' strain rate sensitivity
could not be detected because of the large scatter in the data.

The results of testing a total of 28 specimens of this material are shown in
Fig. 5.21. Even though the scatter in these data is very great, the strength of
the material appears to increase with temperature to an impressive average
value of 75,000 psi at temperatures above 1800°F.

T T T T T T T T T T - —

10 1

100 |

S
s

-
(=3
w

Flexural Stress, ksi

8 8 & 2 g

A S N R R B B
0 ™ To0 20 600 800 1000 a0 18w 2200 2600
Temperature, °F

Figure 5.21 — Flexural Failure Stress of Energy Research Chemical Vapor
Deposition Silicon Carbide as a Function of Temperature.
Numbers indicate the number of samples tested.

Shear Testing of Silicon Nitridec

Preliminary shear modulus and fracture strength measurements were made
at room temperature on one sample HS-130 silicon nitride at a strain rate of
8 x 10~4 in/in/minute. A shear modulus of 18 x 10° psi and fracture stress of
68,600 psi were determined. The specimen was loaded to about 60,000 psi then
unloaded and reloaded to failure. No hysterisis was observed. As samples be-
came available, high temperature tests will be conducted. .

Fatigue Testing

The fatigue characteristics of Norton HS-110 and HS-130 silicon nitride
were determined using the high cycle fatigue machine shown schematically in
Fig. 5.22. A flat specimen 5-1/2 in long x 1" wide is clamped at one end,
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while load is applied at the other end by an eccentric driver rotating at 1860
rpm. The maximum outer fiber tensile or compressive stress along the center
line of the gauge section is obtained by applying the classical cantilever-beam
formula

6p1
bh2

g =

where P is thc applied load, 1 is the distance from the load end to the center of
the gauge section, b is the minimal width of the spccimcen at the gauge section
and h is the specimen thickness. The glo-bar furnace, which is open to the
atmosphere, is capable of providing stable temperatures up to 2350°F with vari-
ations of no more than _4;18°F along the gauge section. An optical pyromecter
placed above the furnace is connected to a tiigger mechanism that would shut
off the test if a sudden tempcerature change of niorc than _4_45°F wecre to occur.
A microswitch placed inside the machine terminates the test at the moment of

a specimen failurc.

I racture surfaccs were examincd by scanning electron microscopy (S¥.M)
and replica transmission microscopy, using standard two-stage plastic-carbon
replication techniques. The flat surfaces near the fractured cdge were exam-
ined by replica and thin foil transmission electron microscopy. Grain mor-
phology was revealed by etching the specimen at 1380°F for 1 minute in a mol-
ten salt consisting of a mixture of 95 parts KoCOg and 15 parts NaF.

Split Furnace

~Flexure Type Fatigue
Specimen

Figure 5.22 — Fatigue Test

The results of testing at 482, 1800, 2200 and 2:50°F are shown in Figs.
5.23 and 5.24 for HS-130 and HS-110 materials respectively. The dispersion
of results arouud the best fit straight line is very small. The few data points
that fell far off the curves (marked a and b) were associated with large inclu-
sions found on the fractured surfaces.
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Figure 5.24 — Cyclic Fatigue Behavior of Norton HS-110 Hot Pressed
SigNg at 1800 cpm

The straight line extrapolations of the 2200 and 2350°F data to one cycle
converge at a stress leve of 51,000 psi. This is interpreted to indicate that
the intrinsic, time independent strengths are the same. The higher purity
material, HS-130, does not exhibit time dependent fatigue behavior at 2200°F.
Neither material displays the phenomenon at 482°F,

Typical fracture surfaces of specimens fatigued at 482°F and 2200°F are
shown in Fig. 5.25a and Fig. 5.25b respectively. The sharp facets and the
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Figure 5.25 — Fracture Surfaces, Fatigue Specimen, HS-110 Material
a) 4729F b) 2200°F

numerous secondary cracks (dark lines on the replica) indicate that, at both
temperatures, failure occurs by intergranular cracking. The less sharp appear-
ance of Fig. 5.25b is due to a thin layer of oxide that must have 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 surfaces of
specimens tested at 1800°F (HS-110) and 23509F (HS-130).

Dislocation structures near the outermost stressed surfaces of specimens
tested at 1800 and 2200°F are shown in Figs. 5.26a and 5.26b respectively., It
should be emphasized that the features shown in these two micrographs repre-
sent selected areas of highly localized deformation. The majority of the grains
showed no evidence of a build up of dislocations over the criginal low density,
typical of the as-received material (see Fig. 5.27a)., Helices and stacking
faults are seen in Fig. 5.26a, center and top right respectively. A high den-
sity of tangled dislocations are shown ta Fig. 5.26b. The helical dislocations
and the tangles are not found in the as-received material and must have formed
as a result of the fatigue deformation. Similar observations were recently re-
ported (6) on deformed reaction sintered SigNy.

A different mode of deformation was observed in specimens fatigued at
2350°F. Although evidence of localized dislocation motion was found, the more
prominent features are shown in Fig. 5.26c. The foil for this particular micro-
graph was cut from the interior of the specimen in an area of high stress con-
centration near a large inclusion, Fig. 5.26d, where failure must have origin-
ated,

Triple point cavitations and grain boundary separations are indicative of
grain boundary sliding as shown, for example, in alumina. (7)

A clear cut case cannot be made for the application of an elastic stress
corrosion model for the fatigue behavior of SigNy at high temperatures. Al-
though massive dislocation motion is not lik2ly to cccur in this material at
temperatures below 3100°F, (8) the microstructures shown in Fig. 5,26 in-
dicate that one cannot rule out localized contributions from either dislocation
motion, grain boundary sliding, or diffusional creep. (9) 'The latter visco-
elastic mechanisms are probable since the high strength and high density of
SigN,4 are obtained by hot pressing in the presence of a liquid phase.
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Figure 5.26 — Thin Foil Transmission Micrographs of Fatigue Specimens .1upm
Scale Bars

a. Helices and stacking faults. Specimen tested at 1800°F
and 20,000 psi. HS-110 material.

b. Localized deformation in a large grain. Specimen tested
at 2200°F and 25,000 psi. HS-110 material.

c. Grain boundary sliding in specimen tested at 2350°F, and
40,000 psi. %=130 material.

d. Failure which originated at ar inclusion in c.

Tensile creep and bend creep tests were conducted to examine these possi-
bilities. It was considered necessary to introduce the static test, since visco-
elastic mechanisms are rate sensitive, and may be affected by the high rates of
straining realized in the cyclic fatigue test.

A flat ~pecimen, 2" long, 1/4'" wide and 1/8" thick, prepared from the
HS-110 SigN4 was placed in a four-point bend fixture and subjected to a static
load of 38,000 psi at 2200°F for 4 hours. A permanent set corresponding to a
plastic strain of 0.001 on the outer surface was measured. Thin foils were
prepared from both the tensile and the compressive surfaces, and the typical
microstructures are shown in Figs. 5.27c and 5.27d. Also shown in Fig. 5.27b
is a micrograph taken from a foil prepared from the tensile-creep specimen.
This particular specimen was 6" long, with a 1/4" diameter and 1" long gauge
section. It failed at 1800°F under 20, 000 psi stress after plastic strain of
0.0025 inches had occurred. Figure 5.27b shows that limited dislocation
motions hnd occurred also during creep deformation as evidenced by the helices
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and the dislocation loops present in the large grain. Also note triple point cavi-
tation and grain boundary separations. The latter are quite Cominant in the bend

creep specimen, and quite sigrificantly, occur on both the tensile (Fig. 5.27c)
and compressive (Fig. 5.27d) s rfaces.

Applying the formula (Ref. 10)
€ = pr (1)

where € 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 10™°. Therefore, it
seems that the major contribution to the permanent deformation during creep
is derived from boundary sliding.

Figure 5.27 — Thin Foil Transmission Micrographs of Creep Specimen,
HS-110 Material .1# Secalc Bars

a. As received, not tested material, for comparison

b. Dislocation loops and helices occasionally observed in
large grains. Tensile creep specimen, 1800°F, 20,000
psi

c. Tensile surface of a bend-creep specimen. 4 hours at 2200°F,
38,000 psi. Note grain boundary sliding and separation

d. Same specimen as in ¢. Compressive surface. Note triple-
point cavitations and boundary sliding.
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Boundary sliding will probably be inhibited in the cyclic fatigue tests, where
the average strain rate was 3 in/in/min., or about six orders of magnitude higher
than the average strain rate in the creep tests. This is certainly the case for
temperatures up to 2200°F.

Hillig and Charles (11) considered the fatigue failure of a brittle material
as an elastic medium. The time dependent failure of the material is attributed
to a slow growth of pre-existing flaws as a result of a corrosion process under
load. Charles and Shaw {12) showed that the local rate of growth of the flaw
can be expressed as:

V =V, exp - [Q - V*a + B] /RT (2)

*
where Q is the activation energy of the process, V is the activation volume,
o the applied stress and B is related to the geometry of the crack tip. De-
veloping Eq. (2) further, Charles and Shaw obtained

d(o /o )/dInt = - BI (3)

Va'th

where the left hand side of Eq. (3) is the slope of the line in a plot of ¢ /o, as

a function of life time, o is the applied stress for a given fatigue test, t is the
time to failure, ¢ N and ¢ {j, are the time dependent and the theoretical strengths
of the material, respectively.

The fatigue data of I'ig. 5.24 is replotted in terms of a/aN as a function of
life time in Fig. 5.28. The time independent strength, o N, for the particular
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Figure 5.28 — Normalized Stress as a Function of Life Time HS-110
Grade SigNy
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mode of bending employed in the tests, was taken as the extrapolated value of o
at one cycle. At 1800°F, o) = 63,000 psi and at 2200°F, o N = 91,000 psi.

Taking o th = E/5 we obtain 9 x 106 psi for the theoretical strength of
SigN4. From Fig. 5.28 we measure d(o/oy)/dlnt = -0.08. Inserting the
appropriate values into Eq. (3) we obtain for the activation volume:

%

V (1800°F) X 4.6 cc/mole
*

V' (2200°F) = 5.5 cc/mole.

These results compare favorably with the value of 4.0 cc/mole which is
the activation volume for alkali metal ion diffusion in silicate glasses. (12)

The corrosion results, Figs. 5.29 and 5.30 indicate that diffusion of Ca
and Mg occurs, forming magnesium-calcium-silicates on the surface which
have much lower melting points than pure silicates. (13) It is quite plausible
that in the absence of a plastic mechanism, the lifetime of a fatigue specimen
is controlled by the slow crack growth that occurs as a result of the formation
of low melting glasses, through a corrosion mechanism in air.

Using Eq. (2) it is possible to obtain an estimate of the activation energy
from Fig. 5.28. If we assume that the term B in Eq. (2) is independeri of
stress and temperature and note that V*e¢ is less than 0.5 kcal/mole we obtain:

@=T 1 @)
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Figure 5.29 — Non-Dispersive X-Ray Analysis of Corrosion Layer, HS-110
Material, 8 Hours at 2200°F in Air
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For any given value of ¢ /oy, Q X 65 keal/mole is obtained for the activation
energy of the corrosion process. This value compares with 89.5 kcal/mole
obtained from studies of the kinetics of oxidation of hot pressed SigNy.

Finally, the time independent fatigue behavior of HS-130 material at 2200°F
is noted again (Fig. 5.23). The rate of oxidation of this material is lower by
more than an order of magnitude compared to the less pure HS-110 material.
Hillig and Charles (11) have shown that conditions of stress corrosion rate may
exist, under which the sharpening of the flaws by stress corrosion may just
balance the rounding effect of the stress concentration at the flaw tip. Under
such conditions, slow crack propagation will not occur, and a time-dependent
fatigue behavior will not be observed. It is evident that at room temperature
neither oxidation nor plastic deformation occur and therefore no time dependent
fatigue behavior is observed in HS-130 silicon nitride.

Thermal Property Testing

The thermal properties of Norton HS-130 silicon nitride are being measured
by the Battelle Memorial Institute.

Thermal expansion is measured directly by tracking the relative displace-
ment of fiducial marks on the silicon nitride specimens with telemicroscopes
fitted with filar eye pieces. The apparatus is illustrated schematically in Fig.
5.31. Suitably marked specimens are supported within a tube furnace which is
enclosed in an insulated vacuum/atmosphere chamber. Dilation on heating or
cooling is tracked manually with the microscopes. Specimen temperature is
measured by either a thermocouple or an optical pyrometer. Dilations of the
order of 7 x 106 inches can be measured on specimens nominally 2-3/4 inches
in Jength.

i ! ' 1 iy 1 T
Si
3000 |- ' White (Corrosion)
Gray
(Base Material)
2000 +—
Mg
1000 l
./\J Ff
0 _ .| $ oI g "|“““-'““,-“'=---—-—-l-:_—{‘_—_-_~_-7P___,__~.==____=
0 10 20 30 40 50 60 70 80

Channel. 100 ev

Figure 5.30 — Non-Dispersive X-Ray Analysis of Corrosion Layer, HS-130
Material, 100 Hours at 2200°F in Air
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Figure 5.31 — High-Temperature Dilatometer as Used for Direct-View
Expansion Measurements

Thermal conductivity is measured by a flash thermal diffusivity method.
The diffusivity is determined by the transient behavior of a specimen subjected
to a short-time thermal pulse on one of its sides. The apparatus appears in
Fig. 5.32. A thin disc-shaped specimen is placed in the isothermal zone of a
furnace and irradiated on the front face by a short-duration laser pulse. As
the heat pulse travels through the specimen, its back-face temperature rise is
recorded as a functicn of time. The temperature-time history can be reiated
directly to the thermnal diffusivity of the specimen according to the equation

_ 0.139L°

d
Y /2

where d = thermal diffusivity
L = specimen thickness

t = time required for back face temperature to

1/2 reach 1/2 its maximum temperature rise.

Thermal conductivity is derived as the product of thermal diffusivity, density,
and specific heat.
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Figure 5.32 — Thermal Diffusivity Apparatus

The initial results are given in Figs. 5.33 through 5.35. Measured values
of thermal conductivity are somewhat higher than those used in transient ther-
mal stress calculations to date. The thermal expansion measurements are also
somewhat higher than those previously used. The net effect, however, is not
expected to change the predicted state of stress significantly.

Dynamic Corrosion-Erosion Testing of SigN4

A test passage which simulates the operational environment of a large sta-
tionary gas turbine was used to determine the corrosion-erosion resistance of
silicon nitride. The details of the test passage and experimental procedure
are given in an earlier report. (1) Nine specimens of Norton HS-130 silicon
nitride were exposed in the test passage at 2000°F for 250 hours. The gas
stream velocity approaching the specimens was 500 feet/second at the passage
pressure of 3 atm. The corrosion experiments were carried out with Gulf No.
2 diesel fuel to determine the baseline corrosion behavior of SigN4, and by add-
ing 0.5 weight % sulfur to the fuel in the form of ditertiary butyl disulfide. The
Gulf No. 2 diesel fuel contained following impurities:

Barium 4 ppm
Sodium 0.2 ppm
Sulfur 0. 06%

Molybdenum trace amounts

Vanadium Nil

Ash < 0.001%
Water and Sediment Nil
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The silicon nitride specimens were cleaned, weighed, and measured before the
test. After every 25 hours of exposure in the test passage, each specimen was
visually examined and weighed.
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Figure 5.33 — Thermal Conductivity of Hot Pressed SigN4 as a Function of
Direction and Temperature
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Figure 5,34 — Thermal Diffusivity of Hot Pressed SigN, as a Function
of Direction and Temperature
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Figure 5. 35 — Thermal Expansion of Silicon Nitiride as a Function of
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The physical appearance of the front and back surfaces of SigN, samples
after 250 hours of corrosion is shown in Fig. 5.36. The front surfaces are
relatively clean with only small amounts of uniform surfz.ce deposits, but the
leading edge on each specimen has undergone some erosion as magnified in
Fig. 5.37. The surface deposits and glass formed on front surfaces of the
SigNy specimens are swept to the back surfaces by the high velocity of the
impinging gas stream. The flow pattern of this glass is also from the scanning
electron micrograph in Fig. 5. 38,

The back surfaces of the silicon nitride speciemns, also shown in Fig,
5.36b, are completely covered with brown glass and other deposits. These
surface deposits were analyzed by scanning electron microscopy. Figure
9.38 shows a scanning electron micrograph and non-dispersive x-ray counts
in a typical area of the surface deposit. The non-dispersive x-ray analysis
shows that the major constituents of the surface deposit are Si, Ba and Fe.
(Au and Pd counts in Fig. 5.38 are from the surface film of Au-Pd alloy
deposited on SigNy specimen for SEM examination). The emission spectro-
graphic analysis, Table 5.3, also shows that the major elements in the sur-
face deposit on SigN, specimens are Si, Ba, and Fe with small quantities of
Ni, Mg, Mn, Al, Ca, V, Mo, Na, etc.

For comparison purposes, two alumina specimens were also exposed in the
test passage alongside the silicon nitride. Table 5.3 also gives the chemical
analysis of the surface deposits on these samples. As may be seen, the chemical
analysis is similar for both silicon nitride and alumina except for the expected
higher silicon on SigN,. This similarity of the chemical analysis shows that
most of the surface deposits came externally and were formed from the conden-
sation of impurities in the fuel and from the erosion of the stainless steel liner
used in the test passage.

The x-ray diffraction analysis of the front surfaces of corroded SigN, speci-

mens revealed that these surfaces are uniformly covered with barium silicate
(BaSigOs5). Even though the fuel contains only 4 ppm of barium, most of it
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apparently deposits on silicon nitride in the form of barium oxide (BaO) which
then reacts with surface silica (SiOg) to form barium silicate. Other elements
like Fe, Ni, Mn, etc., and probably some remaining barium deposited on the
surface as oxides, form low melting glass with silica which is swept to the
back surfaces. X-ray diffraction analysis of these shiny brown deposits gave
an amorphous pattern confirming a glass phase. Relatively high percentages
of iron in this glass come from erosion of the steel liner used in the passage.

Al O, Specimen
L A

""_ﬁ-'xJ Specimen

(@) Front Facing the Gas Stream

Al,0, Specimen

Si*gNa Specimen

(b) Back

Figure 5.36 — Silicon Nitride and Alumina Specimens in the Holding
Fixture After 250 Hours of Testing in Turbine Test

Passage
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Leading Edge
Figure 5.37 — Scanning Electron Micrograph of the Leading Edge on
a SigNy Specimen after 250 Hours of Testing in Turbine
Test Passage at 2000°F Showing Glass Flow Lines and
Erosion on the Surface.
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Figure 5. 38 — Scanning Electron Micrograph and Non-Dispersive X-Ray
Analysis of Surface Deposit on SigNy Specimen After

250 Hours of Exposure in Turbine Test Passage at 2000°F.
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TABLE 5.3

Emission Spectrographic Analysis of Surface Deposition On
SigN4 and A1,03 Samples Tested in Turbine Test Passage
in Clean Diesel Fuel at 2000°F and 3 Atmospheres Pressure

% Concentration % Concentration
Element on SigNy Sample on Al,03 Sample
Silicon > 20 0.4
Iron 8 . 10
Barium | 5 10
Nickel 1 1
Magnesium 0.5 0.5
Manganese 0.3 0.3
Aluminum 0.3 0.1
Calcium 0.2 <0.2
Vanadium 0.1 0.3
Molybdenum 0.05 0.05
Titanium <0.01 <0.05
Cobait <0.05 < 0.05
Copper 0.03 < 0.05
Zinc 0.05 <0.05
Chromium 0.01 0.5

Fibure 5. 39 shows weight changes as function of corrosion time for silicon
nitride speciriens exposed in the test passage at 2000°F using clean diesel fuel
with 0.5 wt % sulfur added to the fuel. The data ave also plotted in terms
of penetration to demonstrate how insignificant thnse effects really are.

There was considerable scatter in the weight change values from specimen
to specimen, and each curve in Fig. 5.39 represents an average of nine
specimens. In both experiments, silicon nitride gained weight initially. This
gain in weight is obtained in two ways: (1) by the surfacs oxidation of Si Ny
whereby nitrogen atoms are replaced by heavier oxygen atoms to form silica
(8i092), and (2) from the condensation of impurities from the gas stream as
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discussed above. As the volume of these surface deposits increases the
glass is swept away by the high velocity of the oncoming gas stream. The
specimens start to lose weight as the test progresses. Some reduction in
weight is also eaused by erosion of front surfaces and the leading edge of the
silicon nitride sample, again due to the high velocity of the gas stream.

The weight loss of silicon nitride specimens tested with sulfur in the fuel
is greater than those tested in clean fuel. However, specimens tested with
sulfur in the fuel also underwent many more thermal cycles, which caused
some edges to chip off, giving some weight loss as the tcst progressed. Addi-
tional weight loss may also bhe due to the volatile silicon sulfides. The sur-
face deposits are now being completely analyzed to determine the effect of
sulfur on the corrosion behavior of silicon nitride. Subsequent experiments
will be carried out by adding sodium and vanadium to the fuel to determine
their effect on the overall corrosion-erosior. beb-vior of silicon nitride in
gas turbines.

After the weight change data were obtained, bend tests were performed
to determnine what effcct the turbine environment had on the strength of silicon
nitride. The flexural strength was measurcd under conditions of 4-point loading
(outer span 1.5 inches, inner span 0. 75 inch) using a cross head strain rate of
0.0005 in/in/min at RT, 2000°, and 22000F, The specimen size was 1/4 x 1/4
X 2 inch.
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Figure 5. 39 — Weight Change Data for Norton HS-130 SigNy in Turbine
Test Passage at 2000°F and 3 Atmospheres Pressure

Weibull statistics predict a room temperature flexural strength of ~ 75,000
psi for these 1/4 x 1/4 x 2 inch specimens (compared to 98,600 psi for smaller
specimens) because of the larger volume under stress. Flexural strengths for
non-corroded control specimens were consistent with this predicted flexural
strength. Data appearing in Fig. 5.40 indicate that the strength of silicon ni-
tride is not impaired by 250 hour exposure in a turbine atmosphere at 2000°F,
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Special Testing

Friction

The three piece vane design for the stationary gas turbine permits some free-
dom of motion between the stator vane airfoil and its restraining end caps. Because
this motion is affected by tenon geometry and friction at that interface, both static
and dynamic coefficients of friction as well as the wear characieristics nust be
measured for high density silicon nitride against itself.

The procedure and aa;;artus for measuring friction were described in the
first semiannual report. The friction coefficien! of SigNy versus SigNy was
determined again with better control of temperatur:. Figure 5.41 gives the static
or breakaway coefficient as a function of temperature. The dynamic coefficients
of friction were stick-slip in behavior, except for virgin material at RT where

the average measured coefficient was 0.22,

Wear and Fret
Besides friction coeffic ‘ents, wear and fret tests will be made in the test

fixture depicted in Fig. 5.4z. The construction of this apparatus was recently
completed. )
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5.2 MATERIALS SCIENCES
SUMMARY

The purpose of detailed investigations into material sciences is to
develop an understanding of material behavior which will lead to improved
material through better control of composition, processing, and fabrica-
tion. This is of particular importance since the ceramic materials being
utilized in the turbine engines are relatively new and apprar capable of
considerable improvement. Various phases of the mate rial sciences
investigation will be continued throughout the life of the program. During
this reporting period, (1) work was performed on the characterization of
reaction-sintered silicon nitride, (2) some elustic properties of hot-pressed
silicon nitride and silicon carbide were determined at elevated temperatures,
(3) the microstructure of hot-pressed silicon nitride was studied, and (4)
static oxidation measurements were performed on hot-pressed silicon
nitride.

(1) A technique was developed to perform quantitative x-ray diffraction
analysis for the phases present in the SigNy4 system. Using this technique for
a constant time-temg: rature cycle, the a /g composition could be altered by
changing the nitrogen .low. COver a period of time, this proved to be the domi-
nant process variable.

An etching technique has been successfully applied to SigNy. It was
found that the etching rate is a function of both percent «SigN4 and the amount

of Fe impurity, and is independent of density of the material. The etching and
microstructural studies strongly indicated that an FeSi phase may be located
at the grain boundaries.

(2) Resonance techniques were used to study the elastic properties of
hot-pressed SigN4 and hot-pressed SiC, as a function of temperature. Curves
of Young's modulus, shear modulus, and Poisson‘s ratio vs temperature —
were determined.

(3) Anistropy in properties of hot-pressed silicon nitride is attributed to
microscopic defects rather than grain morphology. These defects include
density gradients along the hot-pressing direction, favorably oriented flaws,
and foreign inclusions, of which silicon is the most common. Clustering of
small impurity particles has also been identified by electron microscopy.

Direct evidence for a glassy phase, which is believed to exist at grain boundaries
and influences the high temperature properties, has eluded detection by the
analytical tools used to date.

(4) Thermodynamic considerations show that volatilization of the protective
surface oxide (8i02) to Si0(g) or other volatile species will not occur during the
oxidation of SigNgy. The oxidation resistance of Norton HS-130 is significantly
better than the HS-110 material reported previously. This improvement is
attributed to a lower impurity content. The activation energy for static oxida-
tion at 1 atm oxygen pressure in the temperature range 2000° to 2500°F is 89.5
kcal/mole which appears to be related to a diffusion controlled process of
oxygen ions through a silicate surface film. Magnesium silicates (enstatite and
clinoenstatite) are the major crystalline phases developed after oxidation at
2000° to 2500°F.
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Thermodynamics suggest that a stable, non-volatile silica layer
should be maintained on the surface of silicon nitride under the oxygen pres-
sures encountered in gas turbines. If this is the case significant loss of vane

material is not expected to occur at turbine inlet temperatures up to 2500°F,
Since kinetic effects need to be considered, however, efforts will be made to

correlate as far as possible the static oxidation phenomena with dynamic turbine
results. The cyclic behavior of the protective layers will be determined as
part of the dynamic tests.
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5.2.1 CHARACTERIZATION OF REACTION SINTERED SILICON NITRIDE

Introduct'lo_n

The optimization of the physical properties of a material through process
modification should be accompanied by a thorough understanding of the micro-
structure and the chemistry of the material. The purpose of this work was to
develop the tools necessary to study the structure of reaction-sintered SigNy4.
The primary areas of investigation included development of quantitive x-ray
diffraction methods and characterization of reaction-sintered SigNy using these
techniques. Work was then initiated to study the microstructure of typical
reaction-sintered SigN4. To perform this task, etching rate studies were first
carried out. The use of these tools will assist in the optimization of the physical
properties of reaction-sintered SigNy.

Quantitative X-Ray Diffraction of SigNy

In the first interim report(l), much x-ray diffractiocn data was presented
using peak height percents. This type of analysis is acceptable when comparing
two materials or groups of materials of the same phase composition. Problems
arise when additional phases are introduced, and the comparisons become less
meaningful. When attempting to study the microstructure of a material, an
accurate phase analysis is necessary.

In order to improve the analytical methods, a study was undertaken to
develop the intensity factors (K.) needed to convert peak intensity (Ii) to weight
fractions (Wi) of the phase present. The relation

Wi =KL/ p Kilj (1)

describes the recessary calculations, where the summation is over all phases
present.

The procedure employed was to prepare powdered mechanical mixtures of
known percentages of the pure phases present in SigN4. In this study, 8 SigNy
was used as the primary reference, with second phases added to it. The dif-
fraction intensities were measured for selected reflections and from these the
data ounts/second/percent were calculated, the ratio of the latter giving the
requ. . 1 intensity factor.

The phases used in this study were those that have been identified in
samples of SigN4. Typically these phases are:a-SigNy, 8 -SigNy, SigONg, Si,
a Cristobalite, and SiC. The values of K; to be used in equation (1) are listed
in Table 5.4 together with data associated with selected reflections of the
component phases. (

Characterization of SigNy Using X-Ray Diffraction

The development of techniques to perform quantitative phase analysis on
SigN4 enables phase composition to be used as a quality control parameter
in nitriding. The knowledge of the phase composition should give information
on the nitriding process; i.e. variability in temperature, oxygen content and
water vapor in the nitrogen gas, nitrogen flow rate, and leaks in the furnace.
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A history of the phase compositions, along with a history of the controllable
variables for each firing, should identify the important process parameters.

TABLE 5.4

K; VALUES FCR THE SigN, SYSTEM

Phase Reflections d(A) 20 CuKa Kj
a SigNg (201) 3.89 31.0 1,72
B SigNy (200) 3.29 2Tl 1.0
SigONg (200) 4,44 20.0 0.57
Si (111) 3.14 28.4 0.23%
a Cristobalite (101) 4,04 22.0 0.24
SiC -—- 2.51 35.7 0.50

* Because of interference from a weak SiOg line, the intensity of the Si
line must first be reduced by 5% of the intensity of the (101) SiO9 line
before multiplying by 0.23 and using equation (1),

Tgst bars of injection molded silicon were burneél out by gradual heating
to 600 F in air, and then prefired in nitrogen at 1900 F for 12 hours. Pieces
of these test bars were then placed in specific locations within the two produc-
tion furnaces. (See Section 3. 3.1 of this report for a detailed descriootion of
these furnaces.) anventional two stage nitridings (24 hours at 2100 F followed
by 24 hours at 2660 F) were performed. The samples were then analyzed for
phase composition.

The results for the brick-lined furnace are given in Table 5.5. The
results can be broken down into two groups. The firings, H-4 to H-14, have
an average of 20 wt} a SigNy4 for the right front position and 30 wt% a SigNy
for the left front position. This shows that compositional differences were
present within the furnace. During the course of these firings many furnace
variables were introduced through normal maintenance; the heating elements
were replaced, the thermocouples were replaced, and the refractory brick
was replaced. All these variables seemingly had no major effect on the
resultant phase composition.

The second group, H-15 to H-20, had an average of 64 wt% a SigNy4 for both
positions examined. The same furnace maintenance occurred during the course
of these firings. Again, no apparent effect was observed.

One variable was changed from the first to the second group. The first
group was produced using free flowing nitrogen, 30 cu ft/hr at the inlet and
25 cu ft/hr at the exhaust. The second group was produced with a restricted
nitrogen flow; 39 cu ft/hr at the inlet but only 10 cu ft/hr at the exhaust,
resulting in a more stiatic condition within the furnace. This effect could
explain the gradient observed in the first group of firings. The nitrogen inlet
is located at the top right side of the furnace and the exhaust is manifolded
across the bottom of the furnace. This would cause the parts on the right side
of the furnace to be ""'washed" with nitrogen to a greater degree than the left side.

The results for the cold-wall metal furnace are given in Table 5.6, The
average composition for the two positions was 66 wt% a SigNy, 34 wt% 8 SigNy.
No SiC was detected. These parts were produced with a reduced and restricted
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TABLE 5.5

X-RAY DIFFRACTION RESULTS FRCM THE BRICK-LINED FURNACE

Right Front Left Front
Firing Other Other
Number % aSigNgy % B SigNy Phases % aSigNy % BSigNy Phases
H-4 20 80 None 25 75 None
Present Present
H-5 20 80 None 25 75 None
Present Present
H-9 28 72 None 40 60 None
Present Present
H-10 25 75 None 28 72 None
Present Present
H-11 7 93 None 45 55 None
Present Present
H-12 30 70 None 36 64 None
Present Present
H-13 0 100 None 7 93 None
Present Present
H-14 24 76 None 34 66 None
Present Present
H-15 62 38 None 64 36 None
Present Present
H-16 52 48 None 56 44 None
Present Present
H-18 68 32 None 65 35 None
Present Preszent
H-19 74 26 None 68 32 None
Present Present
H-20 52 48 None 68 32 None
Present Present

nitrogen flow condition; 10 cu ft/hr at the inlet and 5 cu ft/hr at the exhaust. It
should be noted that the phase composition was high in a SigNy, close to the results

obtained in the second group of firings done in the brick-lined furnace.

The mechanism for this observed flow rate dependence could be explained

by presence of an SiO,y boundary layer on the silicon particles.

Under flow-

ing nitrogen conditions, this boundary layer would be washed away or drastic-
ally reduced. This would lower the oxygen potential at the surface of the
silicon particles, leading to the formation of 8 SigNy. Restricting the nitrogen
flow and moving toward a more static condition coulé significantly alter the
conditions at the boundary layer. Restricting the flow should allow a greater
amount of the SiO( to remain on the surface of the silicon particles, increas-
ing the oxygen poteg&tial and increasing the amount of aSigN, formed.

It can be concluded that for a constant time-temperature cycle, the
nitrogen flow is the predominant process variable in the production of

reaction-sintered SigNy. It has been shown that the a /8 composition can
be changed by controlling the nitrogen flow.,
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TABLE 5.6

X-RAY DIFFRACTION RESULTS FROM THE
COLD-WALL METAL FURNACE

Position 1 Position 2
Firing Other Other
Number % aSigNg % BSigNgy  Phases % aSigNy % BSiaN4  Phases
VH-11 72 28 None 67 33 None
Present Present
VH-13 75 25 None 73 27 None
Present Present
VH-19 71 29 None 75 25 None
Present Present
VH-21 59 41 None 61 39 None
Present Present
VH-24 54 46 None 60 40 None
Present Present

Etching of SigNy

The preferred technique to study the structure of a material using the
electron microscope involves viewing a replica of a polished and etched
surface. Other techniques are available but this method provides the best
compromise between ease of sample preparation and ease of interpretation.
The major problem with this technique is developing a reproducible etch that
workd for reaction sintered SigNy, a widely variable material.

Two etches have previously been reported; a eutectic mixture of NaOH
and KOH at 260°C (16), and a eutectic mixture of KoCO« and NaF at
740°C(1), Both of these etches were reportedly used for hot-pressed SigNy.
The latter was tried tor reaction sintered SigNy and proved unsuccessful, as
did thermal etching at various temperatures in air. It wai also reported
that SigN, was attacked by 3% HF plus 10% HNOjg at 71°C(7, This was
the basis for the present etch (30 parts HF, 25 parts HoO2, 5 parts HNO;3)
reported for hot pressed Si N4(1). This etch has since been successfully
applied to reaction sintered3813N4.

SigNy samples of various phase compositions and impurity levels
(Table 5.7) were mounted in epoxy, ground, and polished with 0.3 pm CeO
paste. The samples were ultrasonically cleaned and etched in a boiling
solution of 30 parts 48% HF plus 25 parts Reagent Grade H202 plus 5 parts
concentrated NOg. A covered platinum crucible was used to hold the
solution. Foliowing treatment in the solution for a specified time, the
samples were replicated and viewed in an electron microscope to determine
the completion of the etching process. The etching process was considered
complete when grains and boundaries could be clearly seen.

The results of this study are summarized in Figure 5.43. The etching
of SigNy is a function of two variables; weight percent a SigN4 and weight
percent iron present as an impurity. It is shown that this curve can be applied
for injection molded (p = 2.2 - 2.3 g/cc), slip cast (p=2.4 - 2.5 g/cc) and
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hot-pressed (p = 3.1 - 3.18 g/cc) silicon nitrides. From this it can be con-
cluded that the etching process is independent of the density of the material.

The fact that iron is an important variable in the etching process implies
that the iron impurities are concentrated at the grain boundaries. If the iron
was present as a metallic impurity, a solution of HNO4 should etch the material.
This was not observed. These results could have been predicted if it was
assumed that the iron was present as an FeSi compound. This assumption is
supported by the observation of a single x-ray peak which appears at 44.9°2 9,
(2.01A). This peak has been tentatively identified as an FeSi compound. A
further study to determine the solubility of FeSi is in progress.

In summary, a reproducible etch has been developed and applied to both
reaction-sintered and hot-pressed silicon nitride. The iron dependence of the
etch has been tentatively attributed to the presence of an FeSi phase located
at the grain boundaries. It is not clear at this time why the amount of a SigN4
present effects etching time.

TABLE 5.7
PHASE COMPOSITION, IMPURITY
CONCENTRATION, AND ETCH TIMES FOR VARIOUS
SILICON NITRIDES

Sample Phases Major Impurities (wt%)** Etch
No.* Wt% aSigNy Wt% BSigNy  Fe Ca Al Mg  Time (Min)

228-1 86 14 0.55 0.40 0.60 0.03 19
228-2 74 26 0.50 0.40 0.70 0.03 16
228-4 70 30 0.55 0.40 0.70 0,02 15-1/2
228-5 37 63 0.70 0.40 0.85 0.07 7t
237-1 100 0 6.50 0.70 0.90 0.08 25
oy ) 93 7 0.25 1.00 0.85 0.08 22
237-4 95 5 0.45 0.50 1.10 0.08 23
237-3 82 18 0.50 0.70 0.85 0.08 18-1/2
238-2 10 90 0.70 0.60 0.50 0.90 3
238-3 0 100 0.08 0.10 0.20 3.00 2
241-2 30 70 0.90 0.30 0.65 0.03 3
241-3 37 63 0.90 0.35 0.65 0.03 3-1/2
241-4 14 86 0.90 0.40 0.55 0.03 1-1/2
241-5 18 82 0.70 0.40 0.60 0.04 2
241-6 23 % 0.80 0.40 0.70 0.02 2-1/2
241-1 40 60 1.10 0.20 .65 0.02 1-3/4
241-7 15 85 1.10 0.40 .75 0,02 3/4

* 228, 237, 241 Series Reaction-Sintered SigNy (Injecticn molded)
237-3 Reaction-Sintered SigNy (slip cast)
238 Series — Hot-Pressed SigNy

** Emission Spectographic analysis 135
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Microstructure of Reaction-Sintered SigNy

Three samples of reaction-sintered SigN4 were chosen to study the micro-
structure of the material. The chemistry of the samples, 228-1, 228-5 and
241-5 are described in Table 5.7. Thcse samples werc selected as being
represcntative of the range of reaction-sintercd SigN4 producced.

All samples were made from 98% pure, -325 mesh silicon metal, injection
molded into tesi bars, and fired in a normal two stage process in the brick-
lined furnace. The firing consisted of 24 hours at 2150°F and 24 hours at 266C"F
with the nitrogen flow as a variable. The samples were prepared for replication
using the etching precedurcs described in the previous section. A negative
replication process was then used, which consisted of shadowing at 45° with
platinum followed by carbon applied normal to the surface.

The typical structure of samples 228-1 (86% a SigN4, 14% 8 Si gNy), 228-5
B7% a Sl3N4, 63% B SigNy) and 241-5 (18% a SigNy4, 82% B SigNy) are shown in
Figures 5.44, 5.45, and 5.46. The structvres apr< . very similar in many
respects. The grain size is predoriinently submic a, with all samples exhibit-
ing some clusters of 1-2 um grains. The grain shape is distributed between
equiaxed and slightly elongated grains. Porosity it also noted to be evenly
distributed, with some porosity concentrated in the center of the large grain
clusters (Figures 5.44 through 5.46). The major differences appear to be in
the appearance of grain boundaries. Sample 228-1 (Figure 5.44) appears to
have some grain boundaries composed of individual etch pits. Etch pits also
appear randomly throughout the sample. The grain boundaries for samples
228-5 and 241-5 (Figure 5.45 and 5.46) appear much more well defined,
although some of the boundaries in 228-5 still appear to be made up of etch pits.
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Figure 5.44b — Typical Areas From Saunle 228-1 (86% q , 14% B) 24,800X

Figure 5.44 — Microstructure of Reaction-Sintered Silicon Nitride
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Figure 5.45b — Typical Areas From Sample 228-5 (37% a , 63% 8) 13,200X

Figure 5.45 — Microstructure of Reaction-Sintered Silicon Nitride
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Figure 5.46 — Microstructure of Recaction-Sintered Silicon Nitride
Typical Areas From Sample 241-5 (187 a, 82% 8) 13,200X

A fracture surface was studied to insure that the etching tcchnique is bring-
ing out the true microstructure and not impurity concentrations (Figure 5.47).
A fracture of injection molded SigN4 was repiicated and viewed in an electron
microscope. The fracture shows a reqion of large grains surrounded by smaller
submicron grains. Because of the general structural similarities observed with
these ‘wo different techniques, it can be concluded that the etching technique de-
veloped is showing the true microstructure of reaction sintered SigNy.

The differences noted in the samples can be explained by x-ray diffraction
results. The three samples all contained a trace of FeSi, with sample 228-1
having the least amount. This would lead to the poorly resolved grain boundarics
that were obscrved.

The large grain clusters have previously becn observed (8) and identified as
B SigNg4. It was explained that these large grains are formed from a liquid-
vapor reaction. The porosity associatd with these large grains could be formed
because of liquid silicon flowing inuto the surrounding structurc. No conclusions
can be made at this time concerning the similarities of the observed submicron
grain size and shape with respect to a /@8 ratio. The submicron grains or matt
structure have also been previcusly observed and thcories regarding their basic
formation have been advanced. (8) (18) The matt structure has been identified as
containing both a and 8 SigN4. Future work will concentrate on grain morpho-
logy and identification using electron diffraction.
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Figure 5.47 — Fracture Surface of Reaction Sintered SigNy
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5.2.2 ELASTIC PROPERTIES OF SILICON NITRIDE AND SILICON CARBIDE

The elastie properties as a function of temperature of several hot pressed
SigN4 and SiC samples have been determined by resonanee teehniques.

The spced of shear and iongitwtiial sound waves has been mcasured in
scveral samples of hot piessed silicon nitride.

Thesc materials appear to be clastically isotropic in that the spced of a
shear wave does not depend on the direetion of its polarization. Thus the speed
of longitudinal and shcar sound waves (denoted by V1, and Vg) should be related
to the Lamé modulus A and shear modulus g bv tue usual formulas of isotropic
elasticity:

e R - O 5o

()
'

and

2
Nt 2u=pV, (2)

where p is the matcrial density. In terms of N and g the bulk modulus B, Young's
modulus Y and Poisson's ratio ¢ are

_ 2 ;. BEAZ2p) ~ A
B-3#,\ )\# d.ndo'?‘()\*#)

Sound velocities were measured using a single-ended pulsc-echo method
shown schematically in Figure 5.48. Ptiiscs of uitrasound of 2 u sec pulse
width and 0 Mliz carrier frequency ére genercted via a quartz transdueer,
and the sound is introduced into a fuscd siiica 2coustie delay line which is
attached to the sample with high temperature « »ruent. The spe - d of sound
propagation is calculated from the known sas-.ic length and the transit time
of the ultrasonic pulsc through the ceramic sample. Errors in the sound velo-
city mweasurement, estimated to be at most 2%, arc detcrmined mainly by the
quality of tic high temperaturc glue joint.

Thus far, rcliable high temperature results have been obtained orly for
shear waves propaguting in high density n: 'terial. Curves of sl ear modulus
vs temperature for three samples of hot . ;sed SigNy of diffec:nt densities
arc showi in Figurc 5.49. In order to v .ninc the cffect of various densities,
these samples were taken from availabic material from three vendors which
exhibited a considerable spread in density. Figure 5.50 shows the variation
of shear modulus with sample density st 247°C. Hot-prcssed silicon nitride
samples taken from the same three billcts of material used in Figure 5. 49
werc used for shear modulus. The low density data for Figure 5.50 was mea--
sured from a sample of reaction-sintered S’ 3Ny made by Ford by the slip-cast-
ing method. The Lamé modulus at 279C derived from eq. (2) is A = 7.6 x 10!!,
1.2 x 10'! and 4.6 x 10! dyne/cm® for e =3.05, 3.10 and 3.22 gm/em3 res-
pectively. In relation to the shear mouduli the A moduli are rather smail and
show no simple relation to samplc density.
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Preliminary room temperature measurements in extruded, reaction sintered
silicon carbide with p =3.10 gm/cm3 (Refel) have shown that Vg = V1, to within
about 5%. This experimental result requires a negative A\ in eq(2) and shows
that eqs. (1) and (2) may not provide a valid description of the elastic properties
of these materials. Further experimental work as well as an effort to corre-
late experimental data with existing theories of the average properties of com-
posite materials will be necessary to clarify the results.

Young's modulus, shear modulus and Poisson's ratio, each as a function of
temperature, were determined for two of Norton's high strength materials, hot
pressed silicon carbide and hot pressed silicon nitride (HS-130). This was done
by sonic resonance techniques at the Corning Glass Works Research Center.
Curves of these properties as averaged from two samples of hot pressed silicon
carbide exhibiting densities of 3.293 and 3.295 g/cc are shown in Figures 5.51,
5.52 and 5.53.

The average Young's modulus values of two samples of silicon nitride having
densities of 3.175 and 3.181 g/cc is shown as a function of temperature is Fig.
5.54. Difficulty was encountered in measuring the shear modulus due to failure
of the fiber slings at high temperature. However, if a temperature dependence
of Poisson's ratio for silicon nitride is assumed to be similar to that measured
for silicon carbide the shear moaulus can be calculated at 1400°C. The assumed
extrapolations of Poisson's ratios and the rzsulting shear modulus calculated
curve are shown in Figures 5.55 and 5. 56 respectively. These data agree quite
well with data on hot pressed silicon nitride as previously discussed.
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9.2.3 MICROSTRUCTURE CHARACTERISTICS OF HOT PRESSED
SILICON NITRIDE

Introduction

The microstructural details that control the physical properties of
silicon nitride and silicon carbide must themselves be controlled in order to
make these materials behave properly and reliably in service. Since fabrica-
tion procedures originally determine the microstructure and ultimately affect
the engineering performance of the ceramic, correct interpretation of micro-
structure effects is the first order requirement to be able to correlate
properties, microstructure, and fabrication.

Improved processing controls, both in powder preparation and hot pressing,
need to be exercised in order to improve the properties and reliability of avail-
able hot-pressed silicon nitride.

Microstructural Aspects of Hot Pressed SigN4

Two grades of SigN4, designated HS-110 and HS-130, respectively, were
received from the Norton Company in the form of hot pressed billets 6.3 x 6.3
x 1.3 inches thick. Characterization of the material consisted of the following
investigations: chemical analysis; powder and diffractometer x-ray diffraction;
grain morphology using scanning, replica, and transmission electron micro-
scopy; inclusion and impurity distribution using light and transmission micro-
scopy; microprobe analysis; and dislocation structure and distribution. Where
dislocation structures were discussed in the First Semi-Annual Report(l), this
report discusses the current results on grain morphology, inclusions, defects,
and impurities.

Typical spectrographic analyses of the two grades of material are shown
in Table 5.8. The analysis of the NBS standard for commercially pure silicon
is also shown. It is apparent that thc major impurities, apart from magnesium
in the hot pressed material, can be traced to the starting silicon powder. One
should also note the lower levels of calcium and aluminum in the HS-130 gradc.
So far, no other major differences between the two grades of material have been
found. It is shown in Section 5.1.3 of this report that the difference in the mech-
anical behavior of these two grades of material is in the improved high tempera-
ture tensile, flexural, and fatigue strengths of the HS-130 grade, while no
difference in the room tempcrature strengths was found. This suggested that
the improved strength is due mainly to the low calcium level. An investigation
is now underway to cbtain a quantitative correlation between the amount of
calcium and high temperature strength.

TABLE 5.8

SPECTROGRAPIIC ANALYSIS OF SijNy (ABOVE 0.001 W/Q)

Material  $i Mg Fe Ca  Cr  Co Mo Ma € T Al N ¢ B Na
NbS #57 6.8 0.01 0.65 0.73 0.025 - - 0. 034 0.02 0.10 0.67 0,002 0.09

Refined Si

HS-110 Major 0.8 0.8 0.5 0.01 - 0.02  0.03 0.005 0.01 1.0 0.02 0.19 0.1 0.002
HS-130 Major 0.8 0.9 0.04 0.05 0.04 = 0.05H 0.004 0.02 0.1 0.01 0.49 0.1 0.002
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Anisotropy in flexural strength, at all temperatures, was related to the
position of the test specimens with respect to the original billet. Specimens
nwichined with the tensile axis parallel to the hot pressing direction exhibit
lower strength, by about 25%, when compared to specimens cut with the ten-
sile axis perpendicular to the hot pressing direction. It was initially postu-
lated that this phenomenon is due to a preferred orientation ¢f c!nngated
grains. The data presented here do not confirm this hypothesis, but do in- Py
dicate the apparent reasons for the observed anisotropy in strength. '

Figure 5.57a shows a compositc micrograph of replicas taken off the three
perpendicular faces of the hot pressed billet. One cannot detect any apparent
difference in grain oricntations. In all cases a bimodal distribution of grain
sizes was measurcd — about 80% of the grains are equiaxed aad vary in size
between 0.5 and 2um. The other 209 of the grains have an elongated appear-
ance with the short axis between 1-2 um and the long axis 4-10 um. Both types
of grains have been identified by clectron diffraction as the 8 phasc of SigN4.
About 17 of the elongated grains are larger, up to 30 um long. These grains
were identified as the a phase of SiyNy. Pole-figurc analysis on both the (0002)
and (1011) reflections indicated a complete random orientation of grains. g

Figure 5.57 — Typical Features of an As-Received SigNy Billet -

a) Composite replica micrograph showing grain morphology on 2 |
three perpendicular faces

b) Radiograph of specimens cut along the billet thickness sshow-
ing flaws and variable density layers
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Figure 5.57b is a print (2X) of an x-ray radiograph taken from specimens
cut along the thickness of the billet so thst when tested in a four-point flexural
mode the tensile axis is parallel to the hot pressing direetion. A close examina-
tion of the radiograph shows two possible reasons for the lower strength displayed
by these spccimens. The variations in intensity indicate layers of varying
density which may be a result of gradients in pressurc along the pressure axis.
The boundaries betwecn the zones of varying density could cause a decrease
in strength when the applied stress acts perpendicular to these boundaries.

One should also note the numerous flaws marked by arrows. The dark {laws
indicate inclusions of higher density than the parent material, while the white
flaws indicate areas of lower density, possibly small cracks.

Almost all the marked flaws are elongated in the samc orientation, and
could be envisioned as spherical flaws (particles or voids) which were squashed
to a lenticular shapc during hot-pressing. If we assume that the fracture strength
of the material is generally governed by the Griffth relation

c=A/ — (1)

where ¥ is the fracturc energy, E the elastic modulus and c the critical crack
size, it is easy to show that a lenticular flaw will contribute a different crack
length ¢ depending on the orientation of the flaw with respect to the applied
stress ¢ . Figure 5.57b indicates that c is larger when the applied stress is
parallel to the hot pressing direction, hence, the lower strength measured in
this orientation. Although one obtain an estimate for ¢ from Fig. 5.57b,
comparison of the fracture stress, ¢, calculated from Eq. (1) with the flexural
test data is not yet possible, becausc the exact location of the flaws with respect
to the tensile surfacc is not known. Further work is planned to establish these
relations in a quantitative manner.

In a few cases, however, the large inclusions were directly related to pre-
mature failures of flexural specimens as shown in Fig. 5.58, and fatigue
specimens, Fig. 5.59. The three specimens shown in Fig. 5.58 were selected
from a group of 20 specimens tested at 2350°F, in air, at a cross head velocity
of 0.02 in/min. The average strength of this group was 69,000 psi, and the
decrease in strength due to the presence of inclusions would amount to as much
as 35%.

The most commonly found inclusion is a particle of free silicon, as shown
in Fig. 5.58a. This particle is located below the most highly stressed portion
of the tensile surface. The micrograph indicates clearly that failure originated
at the particle-matrix interface.

Another frequently observed inclusion is an iron rich particle, as shown in
Fig. 5.58b. Probe analysis indicates that these inclusions are some form of
an iron-silicon compound. A rarely found inclusion is shown in Fig 5.58¢
which depicts a magnesium rich particle, probably a magnesium silicate, at
the bottom of the round hole.
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It the assumption is made that the inelusions define the size of a critical

flaw, Eq. (1) can be applied. Since ¥ and A are not known for these particular
test conditions, Eq. (1) is rewritten in the form

U g /¢ = constant (2)

where ¢ is the stress at the flaw and e is the flaw size. The cstimated flaw
sizes are marked by the arrows in Fig. 5.58 and are, respectively,
270 um, 220 u m and 149 u m.

The corresponding stresses at the flaw are: ¢ - 40,000 psi for the silicon
particle, which is below the surface and hence the real stress is lower than that
caleulated from the overall specimen's dimension; ¢ = 45,500 psi for the iron

.

o M

0 10 20 30 20 50 60 70
Channel

Figure 5.58 — Common Inclusions on Fractured Surfaces Causing Strength
Degradation. Four Point Bend Specimens, Tested at 2350°F.
Average Strength (20 Speeimens) 69, 000 psi

a) Free silicon inclusion failed at 58, 000 psi light micrograph

35X

b) Iron-rich ineclusion. Failed at 45,500 psi, SEM micrograph,
130X

¢) Mg-rich inclusion. Failed at 57, 800 psi, SEM micrograph,
140X

d) Energy dispersive x-ray analysis of Inclusions
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rich varticle; and o = 57,800 psi for the magnesium rich inclusion. Thus, we
obtain:

Particle A Particle B Particle C

C um 290 220 140
o psi 40,000 45,500 57.800
o /T x 108 680 675 685

The above table demonstrates that inelusions, suech as shown in Fig. 5.58,
may be regarded as eritical flaws that cause a serious degradatior. in the strength
of the material.

The foreign inelusions shown in Fig. 5.59 were found to affect fatigue tests
as well. Figure 5.59 shows two examples where the free siliecn inclusions
acted as stress raisers. Slow erack growth was indueced at the partiele matrix
interface, which is elearly evident in Fig. 5.59b. Figure 5.59a shows shear
marks similar to fatigue marking found on metal specimens. Failure of the
speeirnien could have been initiated by the fatigue failure of the soft silicon
inelusion.

,."T

Figure 5.59 — Large Inclusions That Caused Premature Failures in Fatigue
Speecimens

a) Room temperature fatigue tests, HS-110 material, specimen
failed at 60,000 psi. Fatigue limit 70,000 psi

b) Fatigue Specimen tested at 23500F, 40,000 psi. HS-130
material. Specimen failed after 8 min. Average life for these
conditions — 1 hr. See section 5.1.3 of this report

The distribution of the major impurity elements was examined by miero-
probe analysis. Typical results for the HS-110 material are shown in Fig. 5.60.
Similar results, with lower levels of calcium and aluminum, were obtained for
the higher grade HS-130 material. The scanning of the five elements was done
over tire same area but no correlation between the signatures of the various
elements is obvious, nor is it possible to state whether the elements are con-
centrated in the boundaries or the grain interior. This is due to the fact that
the probe beam diameter is about 2 u m, which is of the order of the grain size,
Figure 5.61 indicates numerous clusters of iron thich, in a few cases, extend
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over 50 pm iength. Most of these clusters are about 10 pm in diameter, as shown
in Fig. 5.60b. There is no apparent change in intensity of the silicon count

(Fig. 5.60a) over the iron rich arcas which is interpreted to indicate that iron

is present as an iron-silicon compound. More detailed analytical work is planned
to definc the eomposition and distribution of the iron rich eclusters.

Impurity distributions on a mieroscopic level are shown in Fig. 5.62.
Figure 5.62a is a replica transmission micrograph taken off the fraetured sur-
face of a fatigue speecimen new the fracture origin. This particular speeimen
failed prematurely in a fatigue test. It is possible that the coneentration of fine
impurity particles was the sourcc of failure. Figure 5.62b shows an area
occasionally found in thin foil transmission mierographs, depicting a cluster of
particles within a large grain. These particles were too small for a positive
clectron diffraction identifieation. One shculd note the strain fields (dark semi-
rings) that are associated with the partieles. This could be due to strains that
occurred during cooling after hot pressing, as a result of differential thermal
expansion between the particles and the SiaNg4 matrix.

Figure 5,60 — Distribution of Impurity Elements. Microprobe Analysis,
HS-110 Material. 1600X

a) Si Kg, 400 ¢/s. b) Fe Kg, 62 ¢/s. ¢) Mg K,, 76 c¢/s.
d) CaKg, 40 ¢/s. e) Al K,, 76 ¢/s. {) Reference scanning

electron micrograph. Notc segregation of iron, without depletion
of Si
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Figure 5.61 — Low Magnification (335X) Microprobe Scanning Micrograph
Showing Fe Distribution in HS-130 Grade Material. Clusters
are About 10 y m: in Diameter

Figure 5.62 — Microscopic Distribution of Impurity Particles. 0.5 um Scale
Bars

a) Two .'tage carbon replica, fracture suiface, premature failure
of fatigue specimen. HS-110
b) Transmission micrograph, HS-130



The First Scmi-Annual Report (1) stated that no evidence was found for the
existence of a grain boundary phase. The existence of a glassy phase, probably
magnesium-silicate, is inferred from the theories advanced to explain the process
of densification of SigN4. It was postulated that during hot pressing and the
transformation from the a to the 8 structure, a low melting (~ 1450°C) magnesium
silicate is forming, which promotes densification by a liquid-sintering mechanism.
Indirect cvidence in support of a glassy boundary phase is implied in the erecp
data which indicate a grain boundary sliding mechanism. It was assumed that
failure to observe a boundary phase in the Norton hot pressed material may be
due to its small volume. Thin jfoils were examined which were prepared from
material hot pressed with 5% Mg0, as compared to about 17 Mg0 in the Norton
material. Figure 5.63 shows two areas in a thin foil prepared from the 5% Mg0
materiai, which indieate a boundary phase (marked by arrows). The loeation
of this dark phase at grain junctions is particularly significant. It should also
be mentioned that many of these areas did not change contrast upon tiiting, an
cifect usually displayed by an amorphous phasc.

Six powder patterns from different billeis were run for each of the two
grades of SigN4. It is of interest to note that the impurities and inclusions
diseussed earlier are not deteeted by powder x-ray diffraetion. For both
materials the 8 structure is the only reeorded phase ol SigN4. There is, however,
oue difference L>tween the two grades — SiOg lines are observed in the HS-110
material, while SigONg lincs are ohserved in the HS-130.

Figure 5.63 — Transmission Electron Micrographs of SigNy Hot Pressed
With 5% MgO. 1um Scale Bars. Arrows Indicate a Grain
Boundary Phasc, Possibly Amorphous



5.2.4 GAS-SOLID REACTIONS

Introduction

Compared to the thousands of hours expzcted from gas turbine components,
the few hundred hours of testing possible in tlic pressurized test passage leaves
unanswered questions about the effect of impurities on the long-term corrosion-
crosion resistance of silicon nitride and silicon carbide. Since this long term
reliability depends on the nature and stability of an oxide surface layer, the
oxidation and sulfidation kinetic processes are important. This section dis-
cusses progress on the static oxidation of hot-pressed silicon nitride and the
results obtained from characterizing the oxide film that develops.

Thermochemical Considerations

When silicon nitride is exposed to oxidizing atmospheres at elevated tem-
peratures, a passive layer of Si0y(s) is formed on the surface. At low oxygen
pressures, several gaseous species, c.g., Si(g), Sig(g), Sig(g), Si0(g), S109(g)

can form by the volatilization of this surface oxide. Table 5.9 gives Gibb's free
cnergy of formation of these gaseous species at 1200 to 1600°K, taken from the
JANAT Tables. (19} Using these data, the partial pressures of various volatile
spccms over Si0,(s) were calculated at i600°F. These values are shown in Fig.
5.64 as a fu'lctlon of oxygen partial pressure in the surrounding atmosphere.

TAPLE 5.9

Trermochemical Data For The Si-N-O System

szgi}es S G?, cal mole™!

Compounds 5200 14000K 1600°K
SigNy(s) - 83,008 - 67,354 - 51,850
Si0y(s) -166,296 -158,134 -150, 027
Si(g) 655 25T 58,335 51,459
S12{8) 87,392 78, 806 70,306
Siz(g) 98m381 54,131 75, 084
Sio(g) - 48,672 - 52,491 - 56,244
Si0y(g) - 73,1755 - 73,1753 - 73,1722

Gas turbines operate with highly oxidizing gas mixtures, typically with air
to fuel ratio of 50:1. Therefore, the oxygen partial pressure in a gas turbine
is close to 0.2 atm, the oxygen partial pressure in air. It is evident from Fig.

>. 64 that the predominant volatile species over Sily(s) at this oxygen pressure
is Si0s(g) with a partial pressure of about 10~!° atm, which is negligible. The
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Figure 5.64 — Pressures of Various Volatile Species Over SiOg (s)
at 1600°K

partial pressures of Si0(g) and other volatile species which can form over Si0y(s)
are even lower than that of Si09(g), and therefore, the volatilization of the sur-
face oxide (Si0g) to form various volatile species will not play any important
role in the oxidation of SigN, in gas turbines.

However, Si0z(s) formed at the surface of SigNy can react at the SigNy
-Si09 interface to produce Si0(g) according to the reaction:

SigNg(s) + 3 Si0g(s) — 6 Si0(g) + 2 Ng(g) (1)

At low enough oxygen pressures, if all the surface oxide is reacted according to
the above reaction, then a bare SigNy surface will be exposed causing active oxi-
dation of SigNy4 by the formation of volatile Si0(g). Wagner(20) has developed a
theory to interpret the transition between active (weight loss by the formation of
Si0(g)) oxidation of silicon found at low oxygen partial pressures and passive
(weight gain by the formation of Si0y(s)) oxidation at higher oxygen partial pres-
sures. He derived the following equation for calculating the maximum partial
pressure of oxygen, Pggy (max), for maintaining an oxide-free surface of silicon:
/2 5

~ 1
Py (max)= 1/2 (Dg;,/Dyy) sio (€ (2)

where Pgjg(eq) is the equilibrium pressure of silicon monoxide at the Si(s) -
Si02(s) interface. (Dgjo/Dgg) is the ratio of diffusion constants for Si0(g) and
09(g) in the boundary layer gas mixture which Wagner estimated to have a value
of 0.64 from the mclecular weights and diameters of Si0(g) and 09 molecules.
Equation (2) can therefore be written as

Pgy (max) = 0.4 Pgjoleq) (3)
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The same analysis has been made for the oxidation of SigNy to calculate

Pqg» (max.), the oxygen pressure below which surface oxide reacts with silicon
nitride to form volatile Si0(g) according to reactirn (.';, and above which a
stable Si0g(s) layer is maintained. The values of Pg;/{2q) were calculated by
using the thermodynamic data in Table 5.9 assumine stoichiometric formation
of 8i0(g) and Ng(g) in rcaction(l). Table 5.10 lists Pgjo(eq) and Py, (max)
values at different temperatures in the range 1200 to 16009K. Since oxygen
pressures encountered in gas turbines are much higher than the values of P
(max) in Table 5.10, a stable Si09(s) layer will be maintained on the surface
of SigN4. Any Si0(g) formed at the SigNy(s) - Si0y(s) interface by reaction
diffuses outwards through the pores and/or fissures in the surface oxide layer
and is oxidized to Si0g(sj by reaction with oxygen. This helps in healing of the
pores and fissures in the surface oxide layer.

Static Oxidation

The dynamic corrosion erosion testing in the turbine test passage is being
sipplemented by static oxidation studies on SigN4. Static oxidation testing is
necessary to understand the long term corrosion-kinetics of SigN, in a gas tur-
bine. Static oxidation {esting also provides a quick method for comparing oxi-
dation resistance of different grades of SigN, and thus helps in the development
of material with improved oxidation resistance and other related properties.

TABLE 5. 10

Theoretical Values of Maximum Oxygen Pressures to Remove
All the Oxide on Silicon Nitride Surface

Temperature PSiO (eq) Pgo (max)
oK atm _atm
-7 -7
1200 3.3 x10 1.32 x 10
-5 -5
1400 4.9 x10 1.96 x 10
1600 2.0 x 1073 8.0 x107%

The oxication kinetics of SigN; was studied by continuous thermogravimetry
using an automatic Cahn electrobalance with a sensitivity of 2 x 10-6 gram, The
details of the experimental apparatus and procedure are given in the first semi-
annual report(l). In short, the specimen to be studied was cut in the form of a
0.5" x 0.5" x 0.050" plate and maintained at the desired temperature in pure
dried oxygen flowing at the rate of 50 ml/min. The changes in the weight of the
specimen were continuously recorded as a function cf time on a strip chart re-
corder.

Silicon nitride oxidizes to silicon oxide (Si09) according to the reaction:

sigNy (% +3 05510, & + 2N, (4)

The weight gained on oxidation represents the weight difference between
SI3N4 and 3 Si02.
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Oaidation of Different Grades of SigNy

Figure 5.65 summarizes weight gain data as a function of time for oxida-
tion of different grades of SigN4 at 2300°F in 1 atm oxygen. Curve A gives
oxidation rate for Norton HS-110 silicon nitride while curves B, C and D show
oxidation rates for specimens from three different billets of Norton HS-130
silicon nitride. The weight gain for HS-110 silicon nitride after 29 hours of
oxidation is more than twice as large as that for HS-130 silicon nitrice. This
increased oxidation rate of HS-110 silicon nitride is due to a much higher level
of impurities (Ca, Fe, Al, Mn) as shown in Table 5.8. The weight gains for
three different billets of HS-130 SigN4 are nearly the same and fall within the
range of experimental error. All further oxidation work reported in this
section was carried out on Norton HS-130 silicon nitride.

Weight Gain, mg.l’{mz

I l 1 I l ]

0 4 B 12 16 20 24
Time, hr

Figure 5.65 — Comparison of Oxidation Rates of Different Grades of Norton
SigNy at 2300°F in Oxygen at 1 Atmosphere Pressure
Curve A: Grade HS-110
Curve B: Grade HS-130 Billet #309902-1
Curve C: Grade HS-130 Billet #309902-2
Curve D: Grade HS-130 Billet #309902-3

Effect of Temperature on Oxidation of SigNy

Figure 5.66 shows weight gain data for oxidation of silicon nitride in 1 atm
oxygen at temperatures in the range 2000 to 2500°F. No detectable weight gain
was observed for oxidation at 1800°F. For initial oxidation up to about 8-10
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Figure 5. 66 — Effect of Temperature on Oxidation of Norton HS~-130
SigNy in Oxygen at 1 Atmosphere Pressure

hours, the weight gain vs time curve at each temperature approximates a
parabola. This parabolic oxidation behavior can be represented by the

equation:

2

where W is the weight gain at time t, and K, is the parabolic rate constant.
Figure 5.67 shows a plot of square of the weight gain (W“) as a function of
time (t) for several different temperatures. The straight lines represent
a region of initial parabolic oxidation. After this initial oxidation for about
8-10 hours, the curves start to deviate from the parabolic behavior and the
weight gain data do not follow any generalized mathematical behavior.

During initial oxidation, a compact oxide layer is formed on the sur-
face of silicon nitride which grows by the inward diffusion of oxygen ions,
giving the parabolic oxidation behavior as derived by Wagner. (20§ How-
ever, during this stage, nitrogen gas is formed at the SigNy(s) - Si0y(s) inter-
face according to reaction (1). As oxidation progresses and more No(g) is
formed, it eventu2lly builds up pressure at the interface and then bursts out,
causing fissures and vores to form in the surface oxide film. This oxide film
may continue to grow by diffusion of oxygen ions through the oxide lattice and
also by gaseous diffusion of oxygen along cracks and pores. Such gas phase
transport may cause healing of cracks and pores in the surface oxide film.
Also, as explained under thermochemical considerations, any Si0(g) formed at
the SigNy(s) - Si09(s) interface is oxidized to Si09(s) in pores and fissures by
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Figure 5.67 — Parabolic Plot of Oxidation of SigN4 in Oxygen at 1
Atmosphere Pressure

gas phase transport of oxygen. In addition to such gas phase transport, Impurit-
ies like Mg, Ca, Fe, Al, Mn, etc., present in silicon nitride diffuse out during
oxidation, and either react with or dissolve in surface silica to form MgSi03

and possibly other mixed silicates or glasses. All these processes give a
variable oxidation behavior along the length of a reacting specimen, causing the
weight gain vs time curves to deviate from the initial parabolic oxidation
behavior,

The parabolic rate constants, K ., for oxidation of silicon nitride in 1 atm
oxygen at different temperatures are listed in Table 5.11. Each value of K
was determined from the slope of the straight lines in Fig. 5.68. A plot of
log K, against reciprocal temperature is shown in Fig. 5.68, where a straight
line was drawn through all the experimental points by a least mean square
analysis. Using Arrhenius equation:

Kp = A exp (-E/RT)

where E is the activation energy, R is the gas constant, and T is the absolute
temperature, an activation energy of 89.5 kcal/mole is calculated from the
slope of straight line in Fig. 5.68 for the ox1dat10n of SigNy at 1 atm oxygen
pressure in the temperature range 2000° to 2500°F.

Table 5.12 compares this activation energy with literature values for the
parabolic oxidation of silicon and silicon carbide, which might be expected to
show oxidation kinetics similar to that for silicon nitride since Si0y(s) is formed
in all three cases. However, except for silicon, the variation in the activation
energies in Table 5.12 is rather large, and suggests the possibility of different
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TABLE 5,11

PARABOLIC RATE CONSTANTS FOR OXIDATION OF
Si3N4 IN 1 ATMOSPHERE OXYGEN

Temperature Parabolic Rate Constant, Kp

oF g2 cm™ sec™
2000 1.52 x 10714
2200 1.07 x 10713
2300 5.16 x 1013
2400 8,33 x 10713
2500 5.00 x 1012
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Figure 5. 68 — Arrhenius Type Plot Showing Parabolic Rate Constant
for Oxidation of SigNg in 1 Atmosphere Oxygen as a
Function of Temperature

mass transport mechanisms. Several factors might cause different activation
energies for parabolic oxidation in a given system. Kofstad (22) discusses this
in considerable detail; for example, a change fro:n extrinsic to intrinsic con-
trolled diffusion is possible with an increase in temperature, causing the
activation energy to depend on both the purity of the material and the tempera-
turc.

The activation energies for &lée diffusion of oxygen is fused 810, range from
71 kecal/mole reported by Sucov(?3) to 29 kcal/mole
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TABLE 5. 12
COMPARISON OF ACTIVATION ENERGIES FOR PARABOLIC OXIDATION

Temp. Range Activation Energy
System Op kecal/mole Reference
Si3N4 in 02 2000-2500 89.5 This Work
Si3N4 in air 1950-2445 68 (24)
SigN, in 0, 1950-2445 61 (24)
SiC in 02 1650-2910 20.2 (25)
SiC in 0, 2200-2730 66 (21)
SiC in 0, or air 1830-2200 60 (26)
Siin 02 1830-2200 29.8, 30, 30.6 (27, 28, 29)

reported by Williams. (31) Sucov suggests the diffusion of oxygen ions as the
dominant diffusion mechanism in fused SiOy. The Norton HS-130 silicon nitride
comained about 1% MgO in addition to smaller quantities of Ca, Fe, Al, Mn, etc. ,
and the surface oxide film conzisted of MgSiO3 and possibly other mixed sili-
cates. Comparing with Sucov's work, an activation energy of 89.5 kcal/mole
suggests that the oxidation of SigNy is controlled by the diffusion of oxygen ions
through a surface filra containing SiOg, MgSiC3 and possibiy other mixed sili-
cates of Ca, Fe, Al. etc.

Effect of Oxygen Partial Pressure on Oxidation of SigNy -

Figure 5.69 summarizes weight gain data for oxidation of Si3N4 in various oxygen-
nitrogen ga- mixtures at 2300°F temperature and 1 aim total pressure. The
oxidation rate of SigN4 decreases with decreasing oxygcen partial pressure in the
gas mixture. However, the range of oxygen pressure studied, 0.25 to 1 atm,

is very small and no attempt has been made to study the oxidation kinetics of
SigNy at very low oxygen partial pressures since these are not encountered in

gas turbines.

Characterization of Surface Oxide Film -

The surface films on Si N4 specimens oxidized for 30 hours in 1 atm oxygen at
temperatures of 1800 to 2500°F were characterized using x-ray diffraction,
scanning electron microscopy, and electron microprobe anulyses.

The oxide film from the surface of oxidized silicon nitride specimens was
scraped and analyzed by taking x-ray Debye-Scherrer patterns using Cu-K a
radiation with an exposure time of 24 hours. The following phases were identi-~
fied for specimens oxidized at different temperatures:
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Figure 5.69 — Oxidation Rates for Norton HS-130 SigN4 in Various
Oxygen-Nitrogen Gas Mixtures at 23000F and 1
Atmosphere Total Pressure

Unoxidized SigNy - B SigN, (major), SisONy (trace)
Oxidized at 1800°F - B SigNy (major), 3igONy (trace), SiOg (trace)
Oxidized at 2000°F - 8 SigNy, 8igON, {trace), SiO, (major), Mg8iO4 (trace)

Oxidized at 2200, 2300, 2400 and 2500°F - B SigN4, SigONg (trace), SiOo (minor),
MgSiOg (enstatite) and MgSiOg
(clinoenstatite)

The amount of 8 SigNy in the surface scrapings decreased as other phases
increased, while the amount of SigON9 appeared to remain constant with increas-
ing temperature of oxidation. The cristobalite (SiO9) phase appeared in specimens
oxidized at 1800°F, its smount increased in specimens oxidized at 2000 and
2200°F, and then leveled off in specimens oxidized at 2390, 2400 and 2500°F.
Enstatite and clinoenstatite (MgSiOg) phases appeared in specimens oxidized at
220C°F and their amounts increased with increasing temperature of oxidation.

In addition to these crystalline phases, the surface oxide film likely contained

an amorphous (glass) phase.

163



A T

Even though x-ray diffraction analysis did not detect any phases containing
Ca, Fv, Al and Mn, these elements were present in the surface oxide film as
identified by scanning electron microscopy and electron microprobe analysis
reported below. These impurity elements either form crystalline silicates
with surface silica in amounts too small to be detectable by x-ray diffraction
analysis, or they dissolve in surface silica to form an amorphous glass which
cannot be detected by x-ray diffraction analysis.

The surfaces of an unoxidized SigNy specimen and those oxidized at different
temperatures were examined by scanning electron microscopy to determine the
morphology of the oxide layer and other characteristic features. The micrograph
in Fig. 5.70 shows the polished surface of an as-received SigN4 specimen. The
surface is fairly uniform with some very fine inclusions indicated by white spots
in the micrograph. Non-dispersive x-ray analysis, also shown in Fig. 5.70,
indicates that these white spots contain mainly tungsten. These inclusions are
believed to be very fine tungsten carbide particles coming from the milling of
silicon nitride powder with tungsten carbide balls. The Au and Pd peaks in
the x-ray scan are from the surface film of Au-Pd alloy deposited on SigNy
specimen to obtain a conducting surface for SEM examination.

Figures 5.71 and 5.72 show scanning electron micrographs of the surface
oxide film on silicon nitride specimens oxidized at temperatures in the range
1800 to 2500°F. For the specimen oxidized at 1800°F, Fig. 5.71a, the surface
appears to be covered with a layer of glass which is severely cracked. At an
oxidation temperature of 2000°F, a long needle-like crystalline phase starts to

4000 Si, W-t4q
3500
3000 |~

2500 i

2000

Counts

il (5000 X)
o SigN, Matrix

——— White Inclusions

] 10 20 30 40 50 60 70 80 9 100 110 120
Channel

Figure 5.70 — Non-Dispersive X~-Ray Analysis of Unoxidized Silicon
Nitride Specimen Showing Tungsten Carbide Inclusions
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(a) 1800°F (b)) 2000°F (<) 2200°F
Figure 5.71 — Scanning Electron Micrographs of Surfaces of Silicon
Nitride Specimens Oxidized for 30 Hours in 1
Atmosphere Oxygcen at Different Temperatures (1000X)

(d) 2300°F (e) 2400°F 1) 2500°F

Figure 5.72 — Scanning Electron Micrographs of Surfaces of Silicon
Nitride Specimens Oxidized for 30 Hours in 1 Atmosphere
Oxygen at Different Temperatures (1000X)

appear which consists mainly of MgSiOg, as identified by x-ray diffraction anal-
ysis. The amount of this crystalline phase increases with increasing temperature
until at 24000 and 25000F, the surface is completely covered with the needle-like
MgSiOg phase and probably some cristobalite.

The surface oxide films, shown in Figs. 5.71b and 5.71c, are severely
cracked. There is a large volume increase when silicon nitride is oxidized to
silica which may generate compressive stresses in the oxide causing the surface
silica layer to crack. Alfernatively, cracks might have also formed during cool-
ing of the oxidized specimen. Cristobalite undergoes a phase transformation at
about 500°F with an accompanying decrease in volume of about 5%. During this
transformation, therefore, large tensile stresses are generated in the oxide which
could directly lead to cracking.
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Another prominent feature evident in the scanning micrographs is the
presence of pores and fissures in the oxide layer, particularly at higher oxida-
tion temperatures. During the oxidation of SigNy, nitrogen and SiO (g) are
formed at the SigNy (s) - SiOg (s) interface according to reactions (1) and (4),
which burst out through the oxide layer causing the formation of these pores ard
fissures.

Figure 5.73 shows a SEM micrograph of the transverse section of a SigNy
specimen oxidized for 30 hours at 2300°F, along with the non-dispersive X-ray
scans in the SigN, substrate as well as in the oxide layer. Only the silicon peak
could be detected in the unoxidized silicon nitride substrate, while Mg, Ca, Fe,
and Mn peaks were also present in the oxide layer. These impurity elements,
therefore, diffuse out of the SigNy substrate during the oxidation process and get
concentrated in the oxide layer. The concentration of these impurity elements
Mg, Ca, Fe, and Al in the oxide layer is also confirmed by the scanning x-ray
pictures shown in Figs. 5.74 and 5.75. These were taken on both unoxidized and
oxidized surfaces using the electron beam microprobe analyzer. A similar
behavior was observed at other oxidation temperatures in the range of 2000 to
2500°F. Thus, these impurities plav an importint role in the oxidation
behavior of hot-pressed silicon nitride, and decreasing their concentration
level results in a reduced oxidation rate as already shown in Fig. 5.65.
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Figure 5.73 — Scanning Electron Micrograph of a Transverse Section of a SigN4
Specimen Oxidized at 2300°F for 30 Hours in 1 Atmosphere
Oxygen, With Non-Dispersive X-Ray Analysis in the Oxide Layer
and in the SigN, Substrate
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Mg Ka, background

Ca Ka, background Ca Ka, oxide layer

Figure 5.74 — Scanning X-Ray Pictures Showing Concentrations of Mg and
Ca in the Surface Oxide on Silicon Nitride, Oxidized for
30 Hours in 1 Atmosphere Oxygen at 2300°F (435 X)

Al-Ka, background

Fe Ka, background Fe Kn, oxide Iaye.r

Figure 5. 75 — Scanning X-Ray Pictures Showing Concentrations of Al and
Fe in the Surface Oxide on Silicon Nitride, Oxidized for
30 Hours in 1 Atmosphere Oxygen at 2300°F (435 X)
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5.3 NON-DESTRUCTIVE EVALUATION OF MATERIALS

SUMMARY

A very important aspect of the development of ceramic gas turbine
engines is the need to meaningfully inspect and test ceramic components
before installation in the engine. The objectives of the NDE work are to
identify and classify defects and to gain as much information as possible
on the properties of the material from which the component is manufac-
tured. Both property and defect information are being related to the per-
formance of the component, leading eventually to routine inspection and
acceptanre/ rejection based upon established actual performance.

All available non-destructive means must be used to accomplish this
goal and new methods must constantly be evaluated to determine their use-
fulness. Procedures utilizing ultrasonics, x-ray radiography, and acoustic
emission (AE) are currently being applied to ceramic sysiems for evalu-
ation purposes.

During this repcrting period, ultrasoric and radiographic NDE pro-
cedures were nsed ¢ avaluate reaction-sintered SiC and hot pressed
SigN4. A program ! . identify subsurface flaw types using an RF display
of the received signals was also initiated on lithium aluminum silicate
material,

Radiographic analysis resulted in the detection of small inclusions not
detected ultrasonically, while ultrasonic evaluation revealed density gra-
dients and very small voids not observed by x-ray. Identification of flaw
tynes using an RF display of tiie signals showed much promise in the iden-
tification of major voids and segregated porosity.

Flexure testing incorporating acoustic emission has shown a
relationship between the type of AE vs stress curve and the location of
the flaw controlling final fracture. Examples of regions of fast and slow
crack propagation were observed. The potential to determine the size
and morphology of critical flaws was noted.
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5.3.1 ULTRASONIC NDE

Introduction

The non-destructive evaluation of various ceramic systems has been signifi-
cantly improved by utilizing ultrasonic sub-surface flaw detection procedures and
by measuring homogeueity with sonic velocity measurements. Subsurface flaws
located initially by radiographic means were detected during ultrasonic evalu-
ation. The sensitivity of the ultrasonic method is greater than the radiographic
method, so that other flaws not previously detected were readily obsevved.

Material inhomogeneity was identified by observing the sonic velocity gra-
dients within the ceramics evaluated. It was found that these data were more
reproducible when the immersion technique was employed instead of the contact
technique, since the errors associated with varying surface roughness conditions
are negated. It appears that longitudinal velocity data, rather than dynamic
modulus of elasticity data, would be of most value in determining the level of
material inhomogeneity.

Ultrasonic Evalvation of Hot-Pressed Silicon Nitride Disks

Machined disks of hot pressed silicon nitride (Norton HS-110) were obtained
and checked for defects using ultrasonics and x-ray radiography. Since no
standards such as those fabricated during the previous reporting period (1) were
available, the C-scanning instrumentation was set up to record those flaws visi-
ble in the radiographic reversal prints shown in Figure 5. 76.

Figure 5.76 — X-Ray Radiographic Reversal Print of Hot Pressed
Silicon Nitride Disks
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The dark spots, out'ined by rectangles, are suspected high density particles.
The circled area in dis-  Jo. 2 is flaw 11 in the ultrasonic C-scan (Fig. 5.77)
and was used to establisa the flaw monitoring threshold. It is interesting to note
that flaw 7, (Figure 5.77) while large in the recorded C-scan, is not seen
in the radiograph.
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Flaw No. Depth (In.) Flaw No. Depth (In.)
1. .33 8. .44
2. .25 9. .33
3. .25 10. .33
4, .39 11. .33
5 .33 12, .33
6 .39 13. .33
7 .39

Figure 5.77 — C-Scan of Silicon Nitride Disk No. 2
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As shown in the C-scans of the disks, Figures 5.77, 5.78 and 5.79, many
other flaws were found. These fiaws were numbered and located within the disk
by depth as indicated on the ultrasonic display unit presentation. However, it
is also significant that the suspected high density particles were not detected
ultrasonically at the sensitivity levels used. A possible explanation is that a
coherent interface exists between the high density particles and the matrix with
a low acoustic impedance resulting in a signal of insufficient amplitude to be
detected.

Depth (In.)

i, .33
2. .44
3. .33

Figure 5.78 — C-Scan of Silicon Nitride Disk No. 1
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A sonic velocity gradient was also observed in the three disks. Values
were obtained at 1/2 inch intervals from the center to the outer diameter using
procedures established previously (1). As shown in Table 5.13 the dynamic
modulus of eleasticity varies only with the bulk density since the velocity values
are the same at the outside diameters. Neglecting the correction for Poisson's
ratio in calenlating the elastic modulus, and using the equation

E = (vp)? d
where V7, is the longitudinal sonic velocity and d is the density, the elastic
modulus at the center of the disks is reduced approximately 10% for disk Nos.
1 and 3 and 20% for disk No. 2.

TABLE 5,13

Dynamic Modulus of Elasticity of Silicon Nitride Disks

Sonic Velocity Dynamic
Disk Density(d) (10° cm/sec) Poisson's  MOE
No. (g/cc) Long(Vi) Trans(VT) Location Ratio (106 psi)
1 3.12 10.6 5.81 0.D. .28 39.8
10.0 ——— CTR
2 3.07 10.6 5.81 0.D. .28 39.2
9.5 ——— CTR
3 3.09 10.6 5,81 0.D. .28 39.4
10.0 -— CTR

Disk No. 2 also had the lowest bulk density and the C-scan indicates a
higher number of flaws with respect to the other disks. Characterization of
all the recorded flaws was accomplished by obtaining the major dimension on
the C-scans, location (determined by depth in the disks), and amplitude of the
rezeived signals, plotted against the specific radial location from the center of
each disk., The results are shown in Figures 5.80, 5.81, and 5.82. Eczch disk
has a propensity towards a common range of flaw size and location in the disk
The signal amplitudes of the flaws in disk No. 3 suggest that a common flaw
morphology may be present but destructive analysis, which could not be accom-
plished since these disks were scheduled for spin testing, would be necessary
for confirmation.

Ultrasonic Evaluation of Lithium Aluminum Silicate (LAS) Disks

Several disks of this material, previously C-scanned for subsurface flaws,
were also analyzed in terms of dynamic modulus of elasticity é)rior to spin test-
ing. Seven disks had an average elastic modulus of 9. 11 x 10% psi with a co-
efficient of variation of 3%. The corresponding ranges of longitudinal and trans-
verse sonic velocity were 5.89 - 6.13 x 10° cm/sec and 3.25 - 3.41 x 10° cm/
sec respectively. One disk had a low elastic modulus of 7.8 x 109 psi with a
5.43 x 109 em/sec longitudinal and 3. 10 x 105 cm/sec transverse sonic velocity,
and was not averaged with the other disks.
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Figure 5.82 — Flaw Characterization — Disk No. 3

Ultrasonic Evaluation of Silicon Carbide Disks

Machined disks of reaction-sintered silicon carbid: (REFEL) were C-scan-
ned for subsurface flaws and the dynamic modulus of elasticity was determined
by measuring the sonic velocity. The procedures for optimizing the ultrasonic
instrumentation for flaw detection were the same as those reported in the pre-
vious discussion on hot-pressed silicon nitride. The circled area in the x-ray
radiograph, Figure 5.83, of disk No., 5 was used to establish the flaw sensitivity
levele. More areas are suspect from an ultrasonic analysis basis as shown on
the C-scans of the disks (Figures 5. 84 through 5. 86).

1.0 |
6

Figure 5.83 — X-Ray Radiographic Reversal Print of Reaction-
Sintered Silicon Carbide Disks
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Figure 5.84 — C-Scans of Silicon Carbide Disks Nos. 1 and 2
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Figure 5.85 — C-Scans of Silicon Carbide Disks Nos. 3 and 4
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Figure 5.86 — C-Scans of Silicon Carbide Disks Nos. 5

and 6
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The mechanical properties of the disks, determined ultrasonically, are
shown in Table 5. 14.

Some of the ceramic disks evaluated were later destructively tested in the
spin pit. The procedures and results appear in Section 5.1.1.

TABLE 5. 14

Properties of Silicon Carbide Disks

Sonic Velocity Dynamic
Disk Density(d) (10° cm/sec) Poisson's MOE

No. (g/cc) Long(Vy) Trans(V) Ratio (106 PSI)
1 3.09 10.5 6.28 .20 44.6
2 3.09 10.5 6.26 .20 44.6
3 3.13 11.3 6.92 .19 83.0
4 3.08 10.6 6.32 .20 45.0
5 3.15 11.3 6.90 .19 53.0
6 3.09 10.5 6.30 .20 44.6

On the stationary turbine project, an ultrasonic non-destructive test,
which is very sensitive to the presence of any material discontinuity, has been
used to detect the location of internal flaws in hot-pressed silicon nitride. This
test uses carrier frequencies between 100 and 200 MHz so that flaws extending
only tens of microns are capable of being detected. In preliminary experiments,
several tensile test specimens were examined and internal flaws were detected
in each case. Typical results are illustrated in ™ig. 5. 87.

Once the instrument outputs are better correiated with actual failure ori-
gins or confirmed by microscopic examination, this ultrasonic method will be
developed for routine inspection of hot-pressed billets. This will provide an
effective way of rejecting faulty materials prior to any machining operation.

Defect Signature

This investigation was initiated in an attempt to determine, non-destruc-
tively, .he nature of the flaws recorded ultrasonically. The goal was to dis-
criminate between various types of flaws by observing the characteristics of
the flaw cignals received. These signals were displayed in two modes, modu-
lated and unmodulated. Specific aspects of each presentation were then docu-
mented. The LAS system was used for this initial signature analysis.

The sequence followed was; (1) find the flaw by C-scanning procedures and
record the sensitivities used by C-scanning the appropriate calibration block,
(2) obtain photographs of the modulated (vidco) and unmodulated (RF) signals
from the area in question, (3) find the flaw by sectioning and obtain photographs
and micrographs.
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Sectioning of suspect areas in LAS material resulted in cataloging three
types of flaws. They were identified as major voids, segregated porosity, and
inclusions. The first two tend to locate in preferential areas due to their de-
pendency on the procedures used to cast the disks. The inclusion defect locates
randomly within this material and does not exhibit a dependency on the fabrication
procedures.

The results thus far point out discrete differences in the received signals
from the three types of flaws. Variations in these signals such as the signal
amplitude, waveform, and width of the signal package, coupled with a loss in the
back reflection, present information concerning the flaw morphology.

The C-scans of one LAS disk and the calibration block used to establish the
flaw sensitivity level are shown in Figure 5.88. Although two flaws are indica-
ted, the enlargments in Figure 5. 89 indicate a varying degree of porosity seg-
regation with a large associated dimension parallel to the direction of the ultra-
sonic flaw detecting wave. This effect is pointed out by the oscilloscope display
of the flaw signals in Figure 5.90c and d. The top surface signal is on the ex-
treme left and the back surface signal is the third isolated waveform from the
left. The flaws are shown to extend over a significant portion of the spin disk
thickness while retaining much of the amplitude of the back surface signal. This
occurs since the flaw is made up of many smaller flaws, each reflecting a limi-
ted amount of energy such that sufficient energy is still available to propagate
to the back of the disk. A loss in back surface amplitude is shown in the dis-
play of flaw 2 (Figure 5. 90d) since a greater density of these small flaws are
observed and therefore less energy is available at the back surface. It must
be pointed out, however, that the back surface morphology would also contri-
bute tc the shape and amplitude of the received signal; therefore these subtle
differences in back surface amplitude may not be a function of the flaws only.

Figure 5.88 — C-Scan of LAS Calibration Block and LAS Spin Test
Specimen with theFlaw Analysis View Direction Shown
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Figure 5. 89 — Enlargements of Flaws 1 and 2 in LAS Disk No. 2
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Figure 5.90 — Flaw Signals (Arrow) from LAS Disk No. 2, a) and b) —
Display Unit, ¢) and d) — Oscilloscope




The segment of LAS spin disk No. 13 shown in the C-scan in Figure 5. 91
has a flaw which is quite different. As can be seen in Figure 5.92 there is a
definite shape to the defect and it resembles an impurity surrounded by small
voids. The flaw signals, shown in Figure 5.93 indicate a cleaner waveform
package as compared to the porosity segregation in the previous disk. In this
case the orientation of the defect would certainly affect the displayed signal
and, as is shown in the enlargements, the top of the flaw is somewhat parallel
to the top surface; therefore the c-scan results in a flaw indication of approxi-
mately 3/32 inch diameter. If there were no interface formed by the surround-
ing porosity, the acoustic impedance of this defect may have been low enough
to make detection very difficult. In this case it was very obvious.

i s

Figure 5.91 — C-Scan of LAS Calibration Block and Segment of LAS
Spin Test Specimen 13 with the Flaw Analvsis View
Direction Shown.
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Figure 5.92 — Enlargements of Flaw 1 in Segment of LAS Spin
Test Specimen No. 13
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a Flaw 1 b Flaw 1

Figure 5.93 — Flaw Signals (Arrow) from Segment of LAS Spin Test Specimen
No. 13, a) — Display Unit, b) — Oscilloscope

The third type of defect, a major void, was found in a 1.25 inch thick
section of LAS test block. The calibration block and flaw specimen c-scans
are shown in Figure 5.94. The void identified as 1 is quite large and the
received signals, shown in Figure 5.95, reveal a waveform with a rather
large amplitude. This void is shown to have a signal quite different than the
two previous types of flaws discussed. An enlargement of the void appears
in Figure 5. 96,

Figure 5.95a, shows the gated area being monitored within the specimen.
It is actually below the center of the specimen and consequently the top surface
of the void did not trigger the C-scan instrumentation. This signal is shown
immediately to the left of the gate. The signal which produced the C-scan re-
sult can be seen within the gated area and is actually the bottom of the void.

The void thickness, represented as two distinct signals, is displayed in a
magnified condition. This occurs because the void was filled with water and
there is a reduction in sonic velocity between the LAS material and the water.
The time delay in propagating the signal results in displaying a much thicker
void. In this case, about four times the actual width is represented.

While much more testing and analysis is needed to verify these results,
it is encouraging to see the possibility of non~destructively obtaining information
about the defects recorded ultrasonically., The differences between the three
types of flaws discussed are more than subtle and should prove useful in deter-
mining the quality of ceramic materials.

186



i

|

Figure 5.94 — C-Scan of LAS Calibration Block and LAS Test Block
Specimen with the Flaw Analysis View Direction Shown
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a Flaw 1 b Flaw 1

Fignure 5.95 — Flaw Signals (Arrows) from LAS Test Block Specimen,
a — Display Unit, b — Oscilloscope
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Figure 5.96 — Enlargement of Flaw 1 in LAS Test Block Specimen
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5.3.2 ACOUSTIC EMISSION

Introduction

From work reported earlier (1) it was concluded that since various test
specimens exhibited a different acoustic emission (AE) response to stress, the
fracture surfaces should reveal the particular failure morphology associated
with the detected acoustic emission. Examination of the fractured surfaces
was initiated to establish this correlation, since this relationship could result
in obtaining more meaningful information relating to the manner in which a
ceramic material fractures.

Discussion

In analyzing the fracture surface of LAS test bars with the express purpose
of identifying the characteristics which will help to separate te many active
variables affecting the ceramic's response to stress, two obvious points of in-
terest were observed. (1)The acoustic emission summation curves with the
best indication of impending failure exhibit a classical fracture morphology,
and (2) extremely high summations of acoustic emission events at low stress
levels are associated with a fracture origin outside of the central area on the
tensile surface of the flexure bars.

Some of the fracture characteristics associated with the AE curves with the
best indication of impending failure were:

1. A small zone of fast crack propagation surrounded the flaw and ex-
panded towards the neutral axis of the test bar.

2. Areas of slow crack propagatioa (hackle) were observed at the tensile
corners which resulted in a reduction of the fast crack wave front propagation
through the bar.

3. Surface macrocracks were oriented approximately parallel to the
fracture surface but did not intersect the final failure initiation site.

4, The extent of macrocracking seems to be associated with the slow
propagation region since a greater amount of hackle tends to alco exhibit a
greater amount of macrocracking on the near tensile surface.

The fracture characteristics associated with those specimens with little
precursor to final failure were:

1. Failure was located outside the central area of the surface of maximum
tensicn, usually at a tensile corner of the flexure bar.

2. A small zone of fast crack propagation surrounded the initiator which
in turn was surrounded by an area with much crack branching resulting in gross
undulation of the surface.

3. Surface macrocracking was not observed on the tens:le surface.
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Flaws located within 1/32 of an inch of surfaces of maximum tension were
found on fracture surfaces of samples which exhibited both types of AE res-
ponse.

This latter type of behavior is shown in Figure 5. 97, by the acoustic
emission vs relative load curve for test bar No. 7-15. The fracture mor-
phology is shown in Figure 5.98. The magnitude of acoustic emission events
shown in Fig. 5.97, is much higher than the curves depicting classical
fracture, shown in Fig. 5.99 for bar No. 3-4.

The acoustic emission curve depicting the failure of bar No. 3-4 (classical
fracture morphology as shown in Fig. 5.100) was accomplished on a more sensi-
tive acoustic emission scale than bar No. 7-15. The precursor to failure was
evident at this sensitivity but not at the level used in Figure 5.97 for the bar
No. 7-15.

During the previous phase of test program, it was noted that the curves
obtained by a continuous loading process had a specific geometry (1), This
can be visualized as a three-stage process suggesting the following:

1. An initial high rate of acoustic emission at low stress levels.

2. A mid-range stress level where little acoustic emission was noted.

3. A final range where resumption of acoustic emission is followed by
catastrophic failure.

80,000 —
Load Reduced
to 430 lbs.
[}
)
: Test Specimen
I No. 7-15
]
I
1
: |
: :
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] i L
, i i Failure
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Figure 5.97 — Reproduction of AE vs Relative Load Curve Showing
the Magnitude of Events Occurring at Low Loads
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Figure 5.98 — Fracture Surface of Test Specimen No. 7-15 Showing
the Crack Initiation Site in the Lower Right Hand
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Figure 5.99 — Reproduction of AE vs Relative Load Curve Showing
the Magnitude of Events Occurring at Low Loads
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Figure 5.100 — Fracture Surface of Test Specimen No. 3-4 Showing
the Crack Initiation Site in the Middle of the Lower
Surface

The resulting curve is comparable to that of a meta! system having pri-
mary, secondary, and tertiary stages of associated creep. Although this is
a very interesting aspect to pursue and would imply that a means of identifying
various modes of fracture was possible, further substantiation is needed.
It is intended to evaluate th: -~ effect in the future with improved instrumenta-
tion capability.

This preliminary investigation has led to identifying other characteristics
which are meaningful in terms of establishing parameters for failure analysis.
One of these effects, to be studied in future tests, is the relationship of the fast
crack propagation area surrounding the initiating flaw to the strength and acous-
tic emission response of the ceramic system. Since a critical fracture velocity
is necessary to form a mirror boundary, (31) the presence of mirror bound-
aries of varying size fracture velocity may yield subsequent information re-
lating to the structure of the ceramic material (32),

Other characteristics pointed out during this investigation were the size,
type, and morphology of the flaws initiating the final fracture surface. During
the next phase of testing, the size effect will be examined by introducing %iaws
in the flexure bar by machining. This should allow for more meaningful acous-
tic emission data because the location of the flaw necessary for failure will not
be located at random and the material’s response to stress will be more depen-
dent on the inherent material structure since surface effects will be eliminated.
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9.3.3 X-RAY RADIOGRAPHY

Introduction

In order to optimize a given inspection or evaluation system, several avail-
able means must ke employed to establish the relationships being developed.
The method being developed can then be evaluated on a comparison basis and
the advantages and disadvantages determined. This initial study to determine
the effects of low voltage x-rays on ceramics, was formulated with the purpose
of ultimately detecting unwanted phases. Previcus work at the Army Materials
and Mechanics Research Center, Watertown, Massachusetts, showed that low
x-ray voltages provided a high degree of sensitivity relative to impurity and un-
desirable phases (33), These phases may not be detectable ultrasonically be-
cause their interface with the matrix material may not have sufficient acoustic
impedance.

Lithium-aluminum-silicate (LAS) ceramic material was chosen as the initial
material for this study, since the knowledge gained from previous ultrasonic
testing would be helpful in interpreting deféct indications. The ultrasonic sig-
nals associated with the porous nature of this LAS material are such that a
certain level of background indication is normally . eceived. Flaws with 2 low
acoustic impedance can be hidden in this background level. Alternate means
then be taken to detect these indications, one of which is radiographic analysis.

Research work on the stationary turbine project for the radiographic exam-
ination of hot pressed billets and airfoils produced by the Norton Company, was
initiated in cooperation with the Army Materials and Mechanics Research Center.
Preliminary results indicate that flaws and inclusions can be identified in hot
pressed SigNy.

Discussion

To begin the study, a LAS ultrasonic calibration block with flat-bottomed
holes at a depth of 50% of the block thickness was used. The various kilovolt-
ages and exposure times are presented in Table 5.15. The film type of all
cases was Kodak type MM with a 36 inch source-to-film distance. The x-ray
machine was rated at 140 KV maximum and an 8 milliamp level was maintained for
all tests.

Several radiographic reversal prints are shown in Figure 5.101. The
optimum level is 75 kv for a period of 90 seconds, based on the variations
made during this study. Also seen in these prints is a line running the com-
plete length of the block, and a moon shaped indication about mid-way in the
lower half of the block. The long line is the plane of low density associated
with the fabricating techniques for this material. The moon shaped indica-
tion is probably a small shrinkage crack. In both cases the defects observed
are of the void type which ultrasonically are easily detected. No indication of
unwanted phases were observed, either because they were not present or be-
cause they do not absorb x-rays to the extent of providing sufficient film con-
trast. This study indicates that standards, containing known quantities of the
impurities or phases sought, would be necessary in order to optimize the vari-
ables associated with x-ray methods.
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TABLE 5.15

Kilovolt Levels and Exposure Times
Used for Low Voltage X-Ray Study

Kilovolt Exposure
Level Time (Sec.)
50 15
50 30
50 45
50 60
65 60
70 60
75 60
75 75
75 90
75 105
75 120

a.) 50 Kv for 45 sec. b.) 50 Kv for 60 sec.

c.) 75 Kv for 60 sec. d.) 75 Kv for 90 scc.

e.) 75 Kv for 105 sec.

Figure 5.101 — X-Ray Radiographic Reversal Prints of Ultrascnic
Calibration Block No. 2



Stator airfoils machined from hot-pressed silicon nitride were radiographed
at AMMRC.

An example of a radiographed airfoil (designated #5) is shown in Fig. 5.102.
X-ray parameters were: voltage 100 kv, current 5 milliamps, 40 inch focal film
distance, and 2 minutes exposure using Eastman fine grain single emulsion (R) film.
The negative was processed for 5 minutes in standard solutions at 68°F. Figure
5.102 is a positive print on a standard paper. No special arrangement was made
to compensate for variation in the thickness of the airfoil from the lcading to the
trailing edges; hence, in order to bring out the most of the details for the pur-
pose of illustration, the pring was made in two parts. Thcrefore, the overall
intensity variations as seen in Fig. 5.102 are not real.

Since the intensity differences in Fig. 5.102 do show flaws that may not be
readily diseernible, attention should be focused on the flaws marked by white
circles. In all cases except the one marked with the black arrow, the flaws
appear dark, indieating inclusions of higher density than the matrix material.
The white flaw marked by the arrow has lower density, and thus eould be a
craek.

This program is continuing, and attempts will be made towards a positive
identification of the various flaws. The radiography of test specimens is exe-
cuted to assist in obtaining direct correlation between flaws and their effect
upon mechanical properties.

Leading

Trailing Edge

Edge

Figure 5,102 — Adjusted Positive Print of Radiographed Air Foil. Norton
Company Vane #5 (Overall Intensity Variations not Real)
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