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ABSTRACT

Starting in July 1971, the Defense Advanced Research Projects Agency (DARPA) sponsored
a joint program with the Ford Motor Company to demonstrate and encourage the use of brittle
materials in engineering design. The program, which was to be a total systems iterative ap-
proach to high temperature structural design with ceramics in highly stressed |applications,
focused on the development of ceramic components for gas turbine application.”A goal of 200
hours of engine cr engine rig demonstration for representative duty cycle temperatures in a
regenerated vehicular gas turbine was chosen, with uncooled ceramic components to operate
at least 25 hours at 2500°F, considerably Leyond the temperatures possible with uncooled
metal components. The total systems approach included major efforts in ceramic design,
materials development, fabrication process development, and test and evaluation methodolo-
gy. Considerable progress was made in each of these areas during the course of the program.
For example, the strength of reaction bonded silicon nitride (RBSN) used in the stator and rotor
biades was more than tripled between July 1971 and July 1977.

SR s e

By the end of the program, 200 hours of duty cycle durability on turbine test rigs (between
1930°F — 2500°F) was attained on RBSN stationary components including stators, nose cones
and turbine rotor tip shrouds. Similarly, 200 hours of duty cycling on test rigs was attained with
reaction sintered SiC combustors and stators. A 200 hour test of a duo-density silicon nitride
rotor with 1806°F rim temperatures, with maximum blade temperatures of approximately
2200°F, was run at speeds to 50,000 rpm. Engine tests of up to 160 hours duration were run with
an entire uncooled ceramic stationary flow path {only the rotors being metallic) at up to 87 % of
engine design speed at 1930°F. A ;7 hour engine rig test was run with an uncooled ceramic
rotor at temperatures up to 2500°F and speeds up to 50,000 RPM (100% Design E speed).

The program demonstrated that design with brittle materials in highly stressed applications
is possible and, in particular, that ceramics as major structural components in gas turbine
engines are feasible.
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FOREWCRD

This report is the final technical report of the “Brittle Materials Design, High Temperature Gas
Turbine” program initiated by the Defense Advanced Research Projects Agency, DARPA Order
Number 1849, and Contract Number DAAG-46-71-C-0162. Late in the program, additional support was
provided by DOE and NASA. This was an incrementally-funded program.

Since this was an iterative design and materials development program, design concepts and materi-
als selection and/or properties presented in this report will probably net be those finally utilized. Thus
all design and property data must be considered tentative, and the report should be considered to be
illustrative of the design, materials, processing, and NDE techniques being developed for brittle
materials at the close of the experimental portion of this program on August 31, 197y.

A central role in the initiation and continued support of this program was played by two individuals;
Dr Maurice | Sinnat who was Director of Material Seicnce at DARPA whose [uresight succveded in
establishing what, at the time, was a very unconventional program, and Dr. Alvin E. Gorum who was
Director of AMMRC and whose concept of participative monitoring played an important role in the
success of the program.

The priucipal luvestigator of this prograti was Mr. A. F. McLean, Ford Motor Company, and the
technical monitors of this work were E. 8. Wright, E. M. Lenoe, and R. N. Katz, AMMRC. The authors
would like 1o acknowledge the valuable contributions to the perfurmanee of this work by the following
people:

Ford Motor Comr pany

D. Alexander, R. L. Allor, B. ]. Amman, G. W. Andrews, N. Arnon, |. R. Baer, R. R. Baker, P.
Beardmors, P. Berry, H. Blair, ]. Bomback, |. Borchanian, G. T. Bretz, |. H. Buechel, D. ]. Cassidy, K.
Casstevens, ]. C. Caverly. G. ]. Chaundy, H. A. Cikanek, W. D. Compton, W. B. Copple, A. B. Czar-
necki, D. A. Davis, G. C. DeBell, E. F. Dore, R. C. Elder, ]. Errante, A. Ezis, W. A. Fate, |. Gault, M.
Goodyear, R. K. Govila, ]. W. Grant, D. L. Hartsock, |. ]. Harwood, P. H. Havstad. ]. A. Herman, E. R.
Herrmann, B. T. Howes, D. W. Huser, R. C. Innes, R. A. Jeryan, C. F. Johnson, R. Kazmarek, K. H.
Kinsman. C. A. Knapp. ]. T. Kovach. |. G. Lafond. D. MacKenzie. |. A. Mangels, T. W. McLaughlin, W.
E. Meyer, R. C. McGovern, M. Millberg, ]. |. Mittman, R. E. Mogridge. T. G. Mohr, B. |. Moore. |. T.
Neil, P. F. Nicholls, |. M. Nicholson, M. D. Noldy, A. Paluszny, |. M. Pieprzak, R. L. Predmesky, .. V.
Reatherford, D E Ries, | | Schuldies M Seaman, | R Secoed, N L. Sieith, E D, Stiles, K H Styhr,
M. ]. Susko, L. R. Swank, G. Tennenhouse, D. M. Tracy, W. Trela, ]. Uy, C. Vassallo, N. F. Waugh. T. ].
Whalen, R. M. Williams, W. Wu, S. Zvck.
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]. ]. Burke, G. E. Gazza, D. R. Messier, H. Priest.
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EXECUTIVE SUMMARY
Introduction

The major purpose of this Defense Advanced Research Project Agency (DARPA) program was the
demonstration of brittle materials for demanding high temperature structural applications in order to
encourage wider use of these materials in engineering systems. The program goal was to show by a
practical demonstration that efforts in (1) ceramic design, (2) materials and processes, (3) fabrication,
and (4) testing and evaluation could be drawn tcgether and developed to establish a brittle materials
technology base for application to engineering use. The vehicle selected for this demonstration was the
gas turbine engine.

Both the Ford Motar Company and the Westinghouse Electric Corporation had been investigating
the possibility of ceramics for application to high temperature gas turbine engines — in Ford's case,
small (~200 hp) vehicular gas turbine engines and in Westinghouse's case, large (~30 MW) stationary
gas turbines for electricity generation. Ford believed that high temperature engineering ceramics,
made from vastly abundant raw materials, offered promise of a relatively low-cost, efficient, uncooled
2500°F {1372°C) turbine enginc. Westinghouse saw ceramics as a means of developing a large com-
biued cycle (combustion/steam) power plant with a thermal efficiency of 50 percent. Both engines
offered the potential for multi-fnel capability and low exhaust emissions.

By 1971, the Defense Advanced kesearch Projects Agency perceived the possibility of a brittle
ceramic materials technology for structural, high temperature applications. It needed to be interdisci-
plinary and all-encompassing. including ceramic design, materials, processing, compunent fabrication,
non-destructive evalnation, component rig testing, and engine testing and evaluation. This type of
program naturally fitted with DARPA's charter to explore risky, innovative areas with promise of
large-scale payoff. DARPA also felt that such an R&D program would help in their commitment to
invigorate the materials community. In mid-1971, the Ford Motor Company, with Westinghouse Elec-
tric Corporation as subcontractor, were selected for the DARPA program to develop a ceramics tech-
nology base. AMMRC, because of its in-house ceramics and structural mechanics expertise, was
chosen by DARPA to be technical monitors of the program.

Ford's portion of the program, entitled "Vehicnlar Turbine Project,” was aimed at the development
of ceramic materials, processes, designs and test and evaluation techniques for uncooled ceramic
components for a 200 hp size, high temperature vehicular turbine engine. The engine, designated
Model 820, was specifically designed for experimental flexibility to provide fer ceramic component
development. Figure 1 iliustrates this by showing, in tnrn, ready removal in the test cell of a ceramic
regenerator core, combusior system, turbine inlet nose cone and turbine stator.

The program objective dealt with the guestion, "Can ceramics work?" and, as such, the intent of the
program was the development and demonstration of high temperature durability. In parallel, Ford
conducted company-funded research to develop engine and drivetrain performance though this work
was postponed in 1974 due to both the economic effects of a recession and the application of increased
effort to the critical ceramic technology work. However, one noteworthy achievement was the success-
ful installation and test drive of the engine in a Ford Torino antomabile using a mixture of ceramic and
metallic components {metal rotors) in the hot flowpath.

In 1976, DOE and NASA joined with DARPA and AMMRC in funding portions of the program
which were appropriate for their en..rging role in supporting antomotive gas turbine technology.
Reports (13,70} on this DOE supported work have been issued.

Under the DARPA/Ford Program, attainment of ceramic designs. materials. processes and testing
technologies was to be d«monstrated by 200 hours of testing over a representative duty cycle, with 25
hours at turbine inlet temperatures of 2500°F. The final report of the program presents a comprehen-
sive review of the approach and activities to meet this challenging 200 hour/2500°F objective. This
Executive Summary briefly reviews the highlights of the program.
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Figure 1c — Inlet Nose Cone Removal Figure 1d — Stator Removal
Figure 1 — Ceramic Componert Removal in Test Cell
Summary of Progress

The most important conclusion of the DARPA/Ford program is the success achieved in the broad
objective of encouraging wider use of ceramic materials in engineering systems. By the end of the
program, every gas turbine company worldwide as well as automotive companies. ceramics companies
and other engine manufacturers had experimental or. at the very least, study programs to use ceramics
in engineering applications. Ceramics companies had actually created new organizations for high
strength ceramics. The materials community as a whole was stimuiated; universities and scientific
institutes had expanded or initiated programs in high strength ceramics such as silicon nitride and
silicon carbide, and interdisciplinary programs were initiated to mr' » closely relate materials and
design disciplines. Government agencies, here and abroad, had begun sponsoring development pro-
grams on research and on the application of brittle ceramic materiais. DARPA's obiective was
achieved — the whole area of ceramic materials fer engineering applications was vitalized.

The durability objective of the program was demonstrated on the various ceramic flowpath compo-
nents shown schematically on Page 3 of this report. Specifically. the objective of 200 hours durability
{175 hrs. at 1930°F and 25 hours at 2500°F) was successfully met on a multiplicity of ceramic compo-
nents, both as individual components and as a complete stationary ceramic flowpath. In addition, a
complete ceramic flowpath including a duo-density SizNg rotor was successfully tested in a Ford 820
engine for 37 hours including 2 hours at 50,000 rpm and 2500°F turbine inlet temperature. The
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stationary components comprised a reaction bonded silicon nitride (RBSN) nose cone, two stators (both
RBSN and reaction bonded silicon carbide (RBSC) were successfully demonstrated}, a RBSC combus-
tor and two RBSN tip shrouds. An all-ceramic rotor, consisting of RBSN blades bonded to an HPSN
hub, was tested for 200 hours at a rim temperature of 1800°F, with maximum blade temperatures of
approximately 2200°F, at speeds up to 50,000 rpm.

The above objectives were achieved using an interdisciplinary systems approach to the program
involving three main technological categories: Design, Materials and Processes, and Testing and Eval-
uation. Conclusions reached in these three categories are discussed in the remainder of this summary.

Two aspects of “Ceramic Design” emerged from the program. One is the practical aspect which calls
out “rules of thumb” of ceramic design comprising such items as: generous radii, no sharp corners,
crown fitting diameters, etc. The other aspect deals vith analytical d-~ign codes comprising finite
element 2D and 3D stress and heat transfer codes and statistical design codes that can be used to cope
with the inductile behavior of ceramic material. For example, a 2D finite element axisymmetric stress
model was combined with a two-parameter Weibull model to successfully predict the fast fracture
reliability of hot pressed silicon nitride disks which were cold spin tested to failure. An analytical code
was generated to handle time-dependent reliability occurring at high temperature where ceramics
often exhibit time-dependent strength properties. While this is useful in assessing tres:ds, more work is
required in areas such as tensile stress rupture testing to provide a sound base for a time-dependent
reliability design code.

The technological category, “Materials and Processing,” along with the fabrication development of
actual ceramic components received the lion’s share of the program effort. The development of RBSN
received greatest emphasis since most of the components were made from tnis material. Through
development of starting composition, particle distribution, molding conditions and nitriding tech-
niques, RBSN formed by injection molding was improved in density from 2.2g/cc at the beginning to
2.7g/cc at the end of the program; this resulted in a 300% room temperature strength improvement to
45,000 psi which is substantially retained to 1400°C. From all the flexural siress rupture tests conducted
on 2.7g/cc 'BSN, there were no time-dependent failures at flexural stresses of 33,000 psi up to 1400°C
and 200 ho.i:s. Though density had been improved considerably, the 2.7g/cc RBSN was still porous
and, therefore, prone to oxidation though to a much lower degree than uncoated super-alloys. Of the
many coatings and/or treatments investigated, a pre-oxidation treatment up to 1500°C gave the best
results and reduced oxidation weight gain of RBSN by a factor of four. Techniques to produce slip cast
RBSN were also developed. At the beginning of the program, though slip casting of clay systemsh-: .
long history in the ceramics industry, slip casting of silicon powders was in its infancy. Thr..gh
development of particle size and distribution, deflocculants, pH and viscosity, green compacts were
formed with minimum shrinkage and with densities high enough that, if nitrideable, would yield
theoretically dense SigN4. Though experiments to nitride such dense material were unsuccessful,
techniques were developed to produce slip cast RBSN with densities as high as 2.8g/cc.

While injection molding and slip casting are processes suitable for making complex shapes, they did
not, during the program, lead to a fully dense silicon nitride. Accordingly. development of hot pressing
of silicon nitride was undertaken to produce a fully dense, high strtength material needed to endure the
high operating stresses of the rotor hub. A range of silicon nitride starting powders, pressing additiv s,
milling conditions and hot pressing conditions were i:ivestigated to form and simultaneously bond the
hub to the blade ring of the duo-density SigN4 turbine rotor. A maximum hot pressing pressure of 1,000
psi was generally adopted to avoid breaking the rotor blade ring during bonding. AME CP-85B powder
with 2 to 5 wt. % Mg0 additions gave 4-point MOR's of ~103,000 psi at room temperature and ~-65,000
psi at 2200°. Continued development of HPSN to improve high temperature strength showed that an
8% Y203/AME CP-85B powder pressed at 5,000 psi had a 2200°F strength 6 105,000 psi; however, this
material could not be densified at 1,000 psi so was not used for rotor hubs. While reaction bonded
silicon nitride was the pritaary material investigated for the stator, an alternate development was
undertaken on reaction bonded silicon carbide. In this, a SiC-filled thermosetting plastic was molded,
carbonized and silicided to form a fully dense SiC-Si material with about 10% free silicon finely
dispersed. Strengths were shown to vary depending on specimen shape and finish but were generally
in the range 5¢,000-60,000 psi.

Figure 2 exemplifies ceramic processes developed during this program.
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The third technological category involved in the interdisciplinary systems approach to achieve the
program objectives was “Testing & Evaluation.” This activity was an essential element of the program
and provided the crucial feedback for meaningful development of design, materials and processes.
Testing technology covered many activities from NDE techniques to evaluation of materials and
components, to MOR testing to characterize materials, to a range of over twelve types of component
test :igs. The scope of the program did not permit in-depth development of all of the various NDE
techniques. However, known techniques were at least assessed with respect to their applicability for
detecting typical flaws experienced in the various ceramics under investigation. These comprised
visual inspection using magnification and dye penetrants, x-ray radiography including Microfocus x-
ray, conventional ultrasonics, acoustic emission, infrared thermography, electromagnetic eddy current,
holosonics, electrostatic methods, and mechanical loading techniques (proof testing]. The latter, while
not a direct method of detecting flaws. can be considered a form of NDE. Visual inspection with dye
penetrants and x-ray radiography including Microfocus x-ray were found to be the most practical NDE
methods for detecting gross fabrication flaws (>200 microns) for example typically experienced with
the injection molding process. One of the real problems which emerged was the lengthy and cumber-
some nature of the task to non-destructively evaluate a complex-shaped ceramic component; even
visual inspection of a 36-bladed rotor is a rather lengthy procedure.

With respect to material characterization, selection of an MOR specimen, test fixture and procedure
is in itself an involved subject. In this program an Army Materials & Mechanics Research Center
Proposed Standard was adopted. It involved 4-point testing of a 1/8" x 1/4" x 1" (‘A’-size) specimen.
Young's Modulus and Poisson’s Ratio were determined by sonic techniques; thermal expansion values
were measured on a differential dilatometer and thermal conductivity was determined using the flash
diffusitivity method.

Turning to component testing, engine and component test rigs were used to screen out, qualify and
demonstrate component behavior. These included rigs for stator vane bend test, rotor blade bend test,
stator shroud pressure test, rotor cold spin test, thermal shock test, rotor disc thermal test, combustor
test, light-off qualification test, ceramic structures test, 2500°F flowpath test, hot spin test, turbine rotor
test and engine test. A good example ¢ f a ceramic component test rig is the hot spin test rig. This rig was
designed to test geramic turbine rotors to failure and incorporated a number of unique and desirable
features. For example, a single rotor could be tested. no stationary ceramic components were needed.
rotor hub and blade temperatures could be measured, automatic failure detection was provided,
containment of all failed rotors was achieved, and a fast turnaround time (<1 week) could be achieved
between tests.

Component development was carried out on each of the ceramic components making up the all-
ceramic hot flowpath ¢f Ford's experimental Model 820 vehicular turbine engine. This involved the
ceramic turbine rotor and the ceramic stationary components comprising stators, nose cones, combus-
tors and rotor tip shrouds. The interdisciplinary systems approach using testing and evaluation to
provide feedback proved effective in making many design. maicrials and process iterations needed to
show that "cera:mics can work.” Some important accemplishments from such iterations on the turbine
rotor follow. A multi-stage turbine, with non-twisted, radially and centroidally stacked airfoils can give
best reliability for a given efficiency for an axial turbine design. Of course, multi-staging generally
implies higher cost so this should also be considered. Many material and process approaches were
investigated to make a ceramic turbine rotor including hot pressed and "welded” blades and hub,
pseudo-iso-pressed, hot pressed using conformable tooling, CVD silicon carbide and machined rotors.
The outcome of this formidable task was to show that a due-density SigN4 rotor can be niade and can
work. The following rotor tests are records that stand to this day. Besides the 200-hour durability
run, four duc-density rotors successfully completed a 25-hour durability test at 50,000 rpm and 1800°F
rim (or platform) temperature. Another duo-density SigNy rotor successfully completed a 25-hour
durability test at 50,000 rpm and 2000°F rim temperature with maximum blade temperatures of 2400°F.
Yet another duo-density SigNg rotor was engine tested for 37 hours including 2 hours at 50,000 rpm
with a turbine inlet temperature of 2500°F. One problem revealed during rotor testing was that of
cracking of the curvic coupling attachment. While a thin gold-plate lubricant was shown to resolve this
problem for short-time operation, a better method is required as a long-term solution.
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Figure 3 is a photograph of a duo-density Si3Ng turbine rotor being removed from the hot spin test
rig after one of the successful durability tests.

Figure 3 — Duo-Density Rotor Following Successful Durability Test

Similar design, material and process iterations took place on the ceramic stationary components.
Injection molded RBSN stators, transfer molded RBSC stators. slip cast RBSN tip shrouds, injection
molded RBSN nose cones and iso-pressed RBSC (“Refel”) combustors met the 200 hour durability duty
cycle objective both individually and as a set. Many hundreds of additional hours were accumulated
on such ceramic stationary components during the various screening and qualifying tests that were
undertaken — it must be remembered that ceramic flowpath components had to be used as workhorse
components for all of the high temperature testing (~2500°F) which was beyond the capability of
uncooled superalloys. The most critical and complex-shaped stationary component was the ceramic
stator. In the past there has been criticism of a one-piece ceramic stator, but this program was able to
demonstrate its viability at least for short-time durability (200 hrs.). This was achieved by adopting the
stronger 2.7g/cc RBSN and by modifying the design to eliminate an integral rotor shroud, to "harmon-
ize" the blade/blade base thermal inertia and to slot the inside shroud to permit movement of individ-
ual stator vanes. In terms of the combustor, “Refel” RBSC proved to be the most successful material. It
is felt that this is because the higher conductivity of silicon carbide better dissipates local hotspots
which are very difficult to predict by analysis for all operating conditions. Since the nose cone is not an
extremely critical aeroilynamic component, its design was allowed to evolve from practical experience
by incorporating stress relicving features such as flange scalloping and angular slotting.

Figure 4 is a photograph of an exhibit showing actual ceramic components for the hot flowpath of the
820 engine.
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Figure 4 — Exhibit of 820 Ceramic Components

Conclusion

With respect to the question: “Can ceramics work?” the DARPA/Ford program has shown that:
“Yes, it can be done.” The real question on which we must now focus is: “Can it be done consistently
and reliably so that “it won't fail.” The potential is there but, until this issue is dealt with, ceramics
cannot really be relied upon and, therefore, cannot realize their full potential. With metals, the R&D
program shows that it can be done and the costly production development program then serves to show
it wor't fail. In ceramics, because of their extremely probabilistic behavior, the “it won't fail” phase
really has to be accomplished through research effort. The dilemma is, however, that production
development-type funding is not normally applied to address a research issue. As a result, a step-by-
step approach should probably be taken. For example, a strategically planned research program,
which exploits background experience could probe and explore reliability limits as a basis to establish
“realizable potential” in a critical and meaningful componenrt. Such a program would scrutinize
materials and processes with respect to reliability and go threugh the various phases of manufacturing
and NDE to actual testing and statistical evaluation to demonstrate achievable, yet practical, reliability
levels.

Perhaps as important as individual developmeits in ceramic materials, processing, design, and test
and evaluation is the interrelationship that necds to and has developed between these disciplines. At
Ford, we have emphasized the importance of this interrelationship and recognize a “serendipity
effect” through continual interaction beiween disciplines trying to develop ceramic materials for
engineering applications. Using this approach over the duration of this DARPA/Ford Program, the
establishment and growth of a new ceramic turbine technology has evolved.
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1. INTRODUCTION

As stipulated by the Defense Advancement Research Projects Agency (DARPA) of the Department
of Defense, the major purpose of this program was the demonstration of brittle materials in demanding
high temperature structural applications, in orcer to encourage wider use of these materials in engi-
neering systems. DARPA's program goal was to show by a practical demonstration that efforts in
ceramic design, materials and processes, fabrication, and testing and evaluation could be drawn
together and developed to establish brittle materials for engineering use. For reasons discussed below,
the vehicle for this demonstration was to be a gas turbine engine.

As is well known by engine designers, the efficiency of an ideal thermodynamic cycle for converting
heat into work is directly reiated to the cycle maximum temperature. Achievement of a high maximum
temperature in o practical heat engine is, of course, related to materials and design (e.g evoling
methods). In the case of the gas turbine, from its inception there has been continual pressure to
improve engine efficiency and power-to-weight ratio through high temperature materials develop-
et Tuda_\l"a nickel-chroire, cobalt-based and \“rt‘,\,tiulla"y sulidified Supbrd”uyb are all a result of
this persistent push.

B L

Both the Ford Motor Company and the Westinghouse Electric Corporation had been investigating
the pussibility of ceramics as applied to high teinperature turbine engines  in Ford's ease, small {(=2w0
hp} vehicular turbine engines and in Westinghouse's case, large (®30 MW) stationary turbines for
electricity generation. Ford believed that refractory ceramics, made from vastly abundant raw materi-
als, offered promise of a relatively low cost, uncooled 2500°F turbine engine. Such an engine would
have double the horsepower for the sume size with a 209 fuel economy improvement when compared
to tudav's State of the Art rietal engines Westinghuuse saw ceramics as a means of achieving a large
combined cycle {combustion/steam} power plant with a thermal efficiency of 50 percent. Both engines
offered the potential for low exhaust emissions and muliti-fuel capability.

By 1971, the Defenise Advanced Rescareh Projects Ageney perceived the possibility of a ceramie
materials technology for structural, high temperature applications. They recognized, however, that
such ceramic technology needed to go bevond the traditional materials research framework of, for
example, developing a new ceramic matenal. It needed, in fact, to be interdisciplinary and all-
encompassing: to include ceramic design, materials and processing development, component fabrica-
tion, non-destructive evalustion, comporent rig lesting and engine testing and evaluation Clearly,
research and development of such a technology was risky but this naturally fitted with DARPA's
charter to explore risky, innovative areas with promise of large-scale payoff. DARPA also felt that such
ani R&D prograni would help in their Ccominitment to invigorate the mateiials community .

In mid-1971, the Ford Motor Company. with Westinghouse Eleciric Corporation as subcontractor,
were selected for the DARPA program o develop a eeramic technology base The ceupled refationship
of Ford and Westinghouse would provide synergism in applving the same basic materials science and
engineering to opposite ends of the turbine power spectrum. Besides having potential for on-highway
and off-highway application, the small-type turbine was already in military use for accessory poner
engines, tanks, aircraft turbo-props, helicopter engines, jet engines, marine engines and small portable
power plants. The large (20-70 MW)] stationary turbine, on the other hand, was applicable to DOD
installations that require on-site power generation, to installations on barges for supplying remote
locations only accessible by waterways, and as a potential prime mover for ship propuision.

The Ford portion of this program, reported herein, was entitled "*Vehicular Turbine Project.”* The
objective was to develop an entire hot flowpath comprising uncooled ceramic components for a 200 hp
size high temperature vehicular turbine engine. Attainment of this objective was to be demonstrated
by 200 hours of testing over a representative duty cycle at turbine inlet temperatures of up to 2500°F
(1372°C).

*The final report on the Westinghouse portion of this program was published in December of 1976 as
AMMRC TR-7b-32 Vol. I-IV.
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In this, the final report on the DARPA/Ford program, a comprehensive review is presented of the
program approach, the design, materials/processes and testing technologies developed, and the devel-
opment of the stationary and rotating ceramic hot flowpath components to meet the challenging 200
hour/2500°F objective. Semi-annual progress reports (1-13) were issued during the course of the
program which go into more detail on work in thesc areas.

The thrust of the DARPA/Ford program was the demonstration of ceramic technology, and not the
development of a highly efficient vehicular engine and powertrain system. However, Ford did conduct
company-funded research concurrent with the earlier years of the DARPA/Ford program to develop
engine and drivetrain performance on the dynamometer and in a vehicle. This work was postponed in
1974, due to both the economie effects of a recession and the application of increased effort to the
critical ceramic technology work. However, one noteworthy achievement was the installation of the
engine in a Ford Torino vehicle followed by successful test driving. The engine contained a mixture of
ceramic and metallic components, including metallic rotors, in the hot flowpath.




2. PROGRAM APPROACH
2.1 SYSTEMS APPROACH

At the program beginning, it was recognized that an interdisciplinary systems approach was re-
quired (1) Developments in ceramie designs, probablistic analytical methods, materials science, ceram-
ic prucessing, nondestructive evaluation, materials characterization, rig and engine testing, and statisti-
cal evaluation techniques were integrated into the following three major categories:

e DESIGN
o MATERIALS & PROCESSES
o TESTING & EVALUATION

In terms of project organization, ceramic scientists and engineers, design engineers, and develop-
ment engineers were teamed together to maximize daily interface of the above areas and create a
mutually interdependent research and development effort.

The engine sclected for hardware development in the vehicular turbine project was Ford's Model
820 experimental high temperature turbine engine. This was a regenerative single-shaft engine which
was specifically designed by the Ford Research Staff for development of high temperature turbine
technology. It was designed to easily convert into various test rigs to facilitate evaluation and develop-
ment of ceramic components, design concepts, assembly procedures, elc. Prior to this contract, Ford
had been investigating ceramic stationary eomponents and air-cooled superalloy turbines and it was
concluded that blade-cooling of such small turbine wheels was impractical. Therefore. in the program
plans it was decided to investigate ceramic rotors as well as stationary parts i.e. an all-ceramic hot
flowpath. Figure 2.1 shows a schematic layout of the 820 engine ceramic hot flowpath.

Combuster
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Compresser
Reduction
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Rate: Shroud
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-

Figure 2.1 — Schematic View of the 820 Engine Ceramic Hot Flowpath (Only Compressor,
Shaft, and Gears are Metal)
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The ceramic hot flowpath is comprised of:
o CERAMIC TURBINE ROTORS

e CERAMIC STATIONARY COMPONENTS
— Stators
— Nose Cone
— Combustor
— Tip Shrouds

The approach to de. 2lop these components was to provide for an iterative development program as
shown in the block diagram of Figure 2.2. For any major iteration, the stariing point is the initiation or
change in design concept. From this, design layouts are prepared and analyzed leading to detailed
design and analysis of the ceramic components. Ceramic materials and process development proceeds
in parallel with the design phase. Material science and property characterization are used to improve
materials and processes. Feedback between design and materials prompts optimization trad-offs.
Tooling is then designed and made for fabrication development of ceramic components. Non-destruc-
tive and screening tests are developed for earh- ~valuation of ceramic components and appropriate
feedback to design, and materials and proces: deveicoment. In parallel, all metal parts for engine rigs
are made per detailed design requirements. Ceramic a.d metal parts are dimensionally inspected and
instrumented in preparation for testing. Ceramic assembly techniques are developed and components
are evaluated in engine test rigs. Failure analysis provides one of the most important feedback loops
for corrective action; any or all of the factors involved in the development could be affected. This, then,
was the systems approach adopted for this research program — an approach which provided broad
flexibility for minor and/or major iterations.

FAILURE
ANALYSIS

=]

LY

6—4————*4—- NDT

|

g

[
S
R PROGRAM
MATERIA
o! DESIGN |-+ ko OBJECTIVE
G A‘ DESIGN s & s COMPONENT _ﬂ’ ENGINE 18N 200 HOUR
’—" 1 > 2
R R CONCEPT ANALYS!S bg—dt FABRICATION TESTING TESTING DEMONSTRATION
T DEVELOPMENT
A TEST
M S

Figure 2.2 — Ceramic Turbine Program Interactive Development Process

The need to develop the specific ceramic components maintained a continual thread between the
various interdisciplinary technologies of CERAMIC DESIGN, MATERIALS & PROCESSES AND
TESTING & EVALUATION. While some progress had been made in these areas prior to 1971, all
aspects were generally in a state of relative infancy at the beginning of this program. The following
sub-sections present a brief discussion of the state-of-the-art at that time along with a discussion of the
approaches followed in each to meet the goals of the program.
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2.2 DESIGN APPROACH

At the beginning of the program, the status of ceramic design technnlogy could be described as
follows:

1) No set design guides for ceramics existed
2) Limited analytical design tools were available
3) Experience with the behavior of ceramics in an engine-type environment was limited

4] The computer tools available were too cumbersome and costly for the detailed analyses required
of brittle structures

5) A rationale to assess the strength of ceramic component design configurations under engine
loading conditions was lacking

6) The conventional, deterministic approach to strength evaluation of ceramic components was
considered inadequate due to the inductile behavior of ceramics.

As a result of these shortcomings, a basic design approach was adopted for this program which
involved addressing and developing two aspects of brittle materials design technology as follows:

1) The practical aspect, which would be composed of general guidelines and design concepts for
ceramic-ceramic and ceramic-metai interfaces, e.g., attachments, assemblies, etc.

2) The theoretical aspect, which would comprise the modification of existing aralytical codes and
generation of new analytical procedures to theoretically assess the integrity of ceramic compo-
nents in a service environment.

As the program proceeded, available analytical codes were modified and new analytical codes were
generated to assist in the design of all the critical flowpath components. Component responses, such as
material temperatures, stresses and deformations, were analyzed using finite element and/or finite
difference computer codes.

A statistical approach was selected to determine the reliability of a ceramic component under
engine loading conditions. In this connection, a probabilistic analysis based on Weibull’s model of
brittle strength was developed along the general guidelines suggested by Dukes.(14) (The codes and
analyses are described in Section 3.1 of this report.) In addition, experimentation on design ideas or
concepts, using test rigs or engines, provided important feedback for ceramic design.

The approach was to develop these new design tools and use them as a basis for the design iterations
of ceramic components that took place during the program.
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2.3 MATERIAL AND PROCESSING APPROACH
At the beginning of this program, materials and process development had resulted in the following:

1) Silicon nitride (SigN4) and silicon carbide (SiC) had been identified as viable candidate materials
for cerawmic turbine components. Evaluation of test samples made from several grades of these
materials in test rigs confirmed these sclections, although failures were encountered.

2} The very complex shapes of the turbine engine components had led 1o a search for reasonable
forming and processing techniques. These manufacturing process studies were designed to de-
velop near net shape fabrication capabilities. Injection molding, isostatic pressing, and slip cast-
ing were selected as the most promising forming methods.

Reaction bonded silicon nitride (RBSN) was selected as the most attractive material for the
stationary hot flowpath components. The low thermal expansion and relatively high strength of
this material gave an advantage over other materials in the high thermal stress, low mechanical
stress environment imposed upon these components. Early development work on iniection mola-
ing of RBSN components liaving airfoils, such as stator vane segments and rotor blades with
bulb-shaped root sections, established that injection molding was a very attractive forming tech-
nique but further development was needed. The initial RBSN material used for these compo-
ients was of low deasity (2.2 g/cu) and low strength {12-1400b psi MOR]. Much more develop-
ment was needed on stronger materials and on improved nitriding procedures.

3

4) Very little detailed mechanical and thermo-physical characterization of turbine ceramic materi-

als had been done, primarily because improved materials were expected from ongoing develop-
ment efforts.

5) Process controls to insure component uniformity were just starting to be developed.

6

Critical inspection and evaluation of component quality, other than dimensional inspection, was
in a state of relative infancy. Non-destructive evaluation (NDE) was being investigated and
several NDE methods had been given preliminary evaluation. Some of these NUE methods had
been selected for development and application for ceramic components, and promising emerging
NDE techniques were being evaluated.

—-

Many of the design and analytical techniques available today for use on ceramic components had
not vet been developed at the start of this program. Consequently, well-formulated design goals were
unavailable during much of the material and process development which took place. Therefore, most
of the ceramic inaterial and process developrient for cetatitic tarbine commponents procceded along the
lines of 'learn by doing.

For the case of structural ceramic components, since operating stresses were thought to be relatively
low. RBSN was selected as the principal candidate material, with RBSC as the backup. Development
work in both injection molding and slip casting was intensified. Isostatic pressing was used early in the
programn for forming of combustor tubos but there was little opportunity 1o utilize this process for the
other. more complex components and therefore this work was terminated. Material improvements
were initiated in RBSN, resulting in several materials of increased density and strength, along with
continuing effort to improve nitriding; results of RBSN improvements are discussed in more detail in
Sect'ons 3.2.1 and 3.2.2 of this report. Work on fabrication improvements on structural components is
noted in Section 4.4.2.

Much of the program effort was ditected towand the ceramic turbine rotor, die to the very high
operating stresses which were unprecedented in terms of ceramic material requirements. The goal was
to attempt to fabricate an all-ceramie rotor using near net shape forming techniques as much as
possible, since the ultimate economics of vehicular eeramic turbine engines requires reasonabie and
low-cost fabrication processes. Many approaches to rotor fabrication were conceived, evaluated, and
most were discarded as being unlikely to achieve success, at least within the constraints of this
program. These investigations are discussed in Section 4.3.2.2 of this report. The development of the
duo-density SigNy turbine rotor ntilizing RBSN for the blades and fully dense HPSN for the hub
became the leading edge of ceramic material, process, and NDE development for the progrim. Section
4.3.2.3 of this report details this effort.
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2.4 TESTING AND EVALUATION APPROACH

At the beginning of this program, many ceramic materials had peen tested at room and elevated
temperatures to evaluate relative strength, thermal shock resistance, erosion characteristics, stability,
etc. As mentioned in the previous section, the majority of testing during this program was conducted on
silicon nitride and silicon carbide. The approach was to determine physical and mechanical properties
of both hot pressed and reaction bonded silicon nitride along with reaction bonded silicon carbide, as
required by the design activity. With respect to non-destructive evaluation (NDE), the approach was to
develop new and improved NDE techniques initially for application to material samples and modulus
of rupture bars to correlate with destructive test results generated when determining mechanical
properties. Later in the program, when components were being processed, the NDE approach focused
on the evaluation of macroscopic flaws in complex-shaped ceramic components such as blade rings
and stator vanes as opposed to minute flaws in simpler-shaped ceramic test bars.

Testing of ceramic components was planned to play a 1aajo. role in the pregram as a means of
providing feedback to design, analysis, and material and process development. The test and evaluation
of the complete ceramic engine was impossible at the onset of the program as all of the ceramic hot
flowpath components were not available. In addition, it was fel: that the testing of a multiplicity of
undeveluped cerarnic components at once was pot sound engineering judgement and would make
assessments of any failures very difficult, if not impossible.

The approach, therefore, was to devise several different test rigs, which utilized portions of the 820
experimental gas turbine engine to facilitate the rapid evaluation of individual ceramic componenis,
design concepts and assembly procedures. It was also expected that testing of a ceramic component
over the complete engine duty svcle would make the task of determining the critical part of the duty
cvele more difficult; therefore, the planned approach was to test and evaluate compunents over
separate portions of the duty cycle.

The testing approach devised was twofold: 1) utilize metal components along with the ceramic
compunents under test when a full set af flowpath bardware was reguired Metal turbine rotors wern
particularly useful as they allowed evaluation of stationary ceramic components over a major portion
of the engine duty cycle prior to the availability of ceramic turbine rotors: and 2) test and evaluate
individual ceramic parts in special test rigs through portions of the duty cycle. The screening of
stationary ceramic flowpath components would utilize a test rig programmed to repeatably perform a
sequence of cold lights and hot shutdowns. Operating without turbine rotors, the test rig would reduce
complexity, minimize secondary damage effects, and eliminate dynamic influences without invalidat-
ing the transient thermal evaluation of the stationary components. This approach gave clear and early
definition to the modes of failure since the compounding effect of rotors was absent and the single
mode of operation isolated the failure environment.

Stationary components which successfully cempieted the screening test were subjected to steady-
state thermal environments. Initial steady-state testing i .entified “infant mortality” failures. The result-
ing iterative development feedback was of importance to the material and process development
aclivities  Extended steady-state testing idemtified time-dependent problems This iterative develop-
ment feedback was of importanee to the material development and reliability analysis activities.
Subsequent testing of improved stationary components which successfully completed the steady-state
duty cycle objectives involved testing under a combination of steady-state environments. This counling
of environments identified new situations and moved the development of stationary ceramic flovepath
components one step closer to successful testing over the cumplete duty ovele

Ceramic turbine rotors were also screencd by component testing for minimum strength and quality
levels. The first step was a complete inspection. If the rotor was dimensionally acceptable, its quality
was asscssed using visual NDE techniques such as dve penctrant inspection and microscapic vicwing.
Ceramic rotors judged unacceptable for dynamic testing were used to provide feedback to the material
wned development activity: ceramic rotors judged acceptable were fiest evaluated by spin testing in o
viacuum spin pit at room temperature.
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A specially designed hot spin rig became the major testing vehicle for the evaluation of ceramic
turbine rotors. The hot spin rig eliminated the stationary ceramic components and enabled the testing
and evaluation of a single all-ceramic turbine rotor subjected to high rotating speeds and controllable
temperature gradients. Furthermore, the hot spin rig was used to evaluate other features unique to
ceramic turbine design technology, such as ceramic to metal interfacing, unique mounting systems,
possible physical changes of the ceramic rotor occurring during operation, bolt cooling air require-
ments versus those predicted, etc. The usc of dedicated test rigs, such as the hot-spin rig, produced
much valuable information during the course of the program.




3. TECHNOLOGY DEVELOPMENT

An important objective of the program was to develop general purpose technology in the fields of
ceramic design, materials and processing, and testing and evaluation which was not necessarily con-
fined to vehicular gas turbine application. While in practice this technological development was
closely allied to the development of actual ceramic components, the attempt is made in this final report
to separate out the fundamental technology for convenience to the reader with general purpose
interest. This section of the report therefore covers technology development in the area of design,
materials and processing, and testing and evaluation. A subsequent section deals with actual ceramic
component development.

3.1 DESIGN
3.1.1 INTRODUCTION

The successful application of ceramic materials to structural components requires the development
of design tools that will enable the designer to cope with the induetile behavior of these materials.
Inductility is manifested as limited strain tolerance, low fracture toughness, and a considerable varia-
bility in strength properties. The first two manifestations necessitate very accurate determination of
critical service loadings and the resultant stresses. For tlie solutionn of the complex structural and
thermal loading problems typically e.icountered in a heat engine, advanced finite difference and finite
element computer analyses were acquired and integrated into a quasi-automated system.

The treatment of the variability in strength properties reguired development of 1) statistical tools for
processing and interpretation of test data, and 2} a probabilistic strength analysis which provided the
groundwork for a reliability based design methodology. The probabilistic strength analysis was de-
rived from Weibull’s “weakest link” model of brittle strength. Later this analysis was expanded to the
time-dependent reliability problems associated with the observed (in certain ceramics) static fatigue
phenomenon that results from subcritical crack growth.

3.1.2 THERMAL AND STRUCTURAL ANALYSES
3.1.2.1 Two-Dimensional Axisymmetric Code

A number of structural engine components either have or can be approximated to have rotational
symmetry with respeet to both geometry and loading. The mechanical analvsis of such components is
considerably simplified because the distributions of temperatures, stresses, and deformations under
typical loading conditions can be fairly accurately determined by way of two-dimensional numerical
analyses.

Three basic computer codes were acquired and developed to conduet two-dimensional analyses:(1)
1) FDHT — Two-dimensional finite difference heat transfer with coolunt streams

2) FEHT — Two-dimensional, axisymmetrie, finite element heat transfer with two coolant streains
with self generation of convective coefficients for flow over a disc rotating in an adiabatic
housing

3] FEST — Two-dimensional, axisymmetrie, finite elemnent stress and strain analysis with a eapaci-
tv for caleulating inertial loadings as typically encountered in centrilugally stressed turbine
rotors.

The three codes were executed sequentially with the thermal code output serving as input to the
stress code {or the computation of stresses and deforrations: Both the heat transler and the stress codes
allow variability ol physical properties with temperature and allow for anisotropy in material proper-
ties.

The determination of loadings and houndary econditions for input into the computer codes was
considerably more complex. Components operating in an engine environment interact with the strue-
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tures surrounding them. This interaction causes additional loads and constraints to be applied to the
components. An analytical procedure was devised to sclve these complex loading and boundary
problems. With it, the interaction of many components could be economically studied to the desired
level of detail. A schematic of this process as applied to the design analysis of a turbine rotor-shaft

assembly is displayed in Figure 3.1

2-1.

In geneval, the analysis of a structure begins with a study of the overall assembly usirg a relatively
crude mathematical model, as shown in Figure 3.1.2-2. This crude model, which is composed of all
structures surrounding and interacting with the component under investigation, provides realistic
boundary conditions for a more detailed model. The model is progressively refined until the compo-
nent can be studied with the desired degree of detail, as illustrated in Figures 3.1.2-3 through 3.1.2-6.
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Figure 3.1.2-i — Schematic Diagram of the Design Process for Ceramic Turbine Rotors
and Attachment Techniques
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Figure 3.1.2-4 — Axisymmetric Finite Element Model of First Stage Turbine Rotor Disk
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Figure 3.1.2.5 — Three Dimensional Finite Element Model of First Stage Turbine Rotor
Disk and Blade Segment
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Figure 3.1.2-6 — Three Dimensional Finite Element Model of First Stage Turbine Rotor .
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The output of the FEHT and FEST axisymmetric codes is available as either printout or two-
dimensional contour maps, shown in Figures 3.1.2-7 and 3.1.2-8. Contour maps of structural responses
to applied loadings (temperature. stresses and deformations) are powerful design aids. They can
quickly identify potential problem areas of peak temperatures, stresses, stress gradients, the volume or
area under high stress and potential interferences. These are all important considerations in brittle
materials design.
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Figure 3.1.2-7 — Two Dimensional Temperature Contour Map of First Stage Turbine
Rotor Disk at 1370°C (2500°F) Turbine Inlet Temperature and Full Speed
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Figure 3.1.2-8 — Two Dimensional Stress Contour Map in MN/m? (KSI) of First Stage
Turbine Rotor Disk at 1370°C (2500°F) Turbine Inlet Temperature and
Full Speed

3.1.2.2 Three-Dimensional Codes

A full three-dimensional analysis was required for detailed studies of thermal and structural re-
sponses of axisymmetric three-dimensional structures or certain features of these structures. In the
latter category were the rotor blades, stator vanes and, most importantly, the junction of these elements
with the axisymmetric body. This junction required very careful evaluation as it was the most likely
site of stress concéntration.

To facilitate these analyses, additional computer programs were procured, modified as needed, and
made compatible with each other for ease of processing. Included were two finite element codes for
computing temperatures (TAP), and stresses (SAP), and three special purpose programs for calculating
convective heat transfer coefficients and aerodynamic loadings on airfoil structures (TSONIC BLA-
YER and ADFORCE)10). These programs functioned and communicated through the use of various
buffer, geometry generation, storage, data handling and plotting routines.

The heat transfer program — TAP, as purchased from Engineering Analysis Corporation of Re-
dondo Beach, California, would handle both steady state and transient problems, and admit heat input
by convection, conduction and heat generation internal to elements. This program was modified to
allow solution of thermal problems involving temperature-dependent properties. Output from this
program could be stored on tape and used as input to the stress program — SAP.

A more advanced version of the original SAP program, SAP I1I, was developed by Professor E. L.
Wilson of the University of California at Berkeley, Division of Structural Engineering. It is a general
purpose three-dimensional static finite element stress program. The basic elements are linear eight
noded and parabolic twenty noded isoparametric sclids with elastic properties and thermal expansions
fully orthotropic and varying with temperature. SAP III was modified to handle centrifugal loading, a
required feature for turbine blade analysis.

The program, in its original form, would accept boundary conditions consisting of point loads,
pressures and displacements. A different type of boundary problem arises, however, in the analysis of
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structural features which are periodic in nature; examples are the structural interactions of blades with
a disk or of stator vanes and their attached shroud. These problems were more economically analyzed
by the use of the ‘principle of repeatability’, a method where a typical segment containing the repeating
feature is analyzed. This method required that the displacements and rotations of the two surfaces
bounding the segment be matched. Modifications to SAP 111 to handle this type of repetitive boundary
problem failed to provide a stable solution when executed on a Honeywell H6080 computer. However,
a close simulation was achieved, with the unmodified SAP III program, through coupling correspond-
ing boundary nodal points by way of rigid trusses and executing the solution in double precision.

All five programs (TAP, SAP 111, TSONIC, BLAYER and ADFORCE] compose the basic units of an
analytical prucess devised fur the three-dimensional analysis of turbine flowpath components. A
schematic diagram of the process developed for the stator study is displayed in Figure 3.1.2-9. The
three-dimensional finite element models generated and used in the analysis of the first stage rotor and
stator are displayed in Figures 3.1.2-5 and 3.1.2-10. The stator model, as shown, was generated by the
Lawrence Livermore Laboratories under a separate ARPA contract.

STATOR — THREE DIMENSIONAL ANALYTICAL APPROACH ]
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Figure 3.1.2-9 — Schematic Diagram of Three Dimensional Analytical Process as Applied
to Ceramic Stator
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Figure 3.1.2-10 — Three Dimensional Finite Element Model of First Stage Stator
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3.1.3 RELIABILITY ANALYSIS

Two analytical methods evolved during the program for the design of structural ceramic compo-
nents: (1) a method to calculate the fast fracture reliability, and (2) a method to calculate the time-
dependent reliability.

3.1.3.1 Fast Fracture Reliability Analysis

Like all structural materials, ceramics have flaws; but, being brittle, ceramics lack plastic flow to
relieve localized stress concentrations caused by these flaws. Since flaws are distributed randomly, the
strength of ceramic components varies not only from component to component but also within the
same component. If the flaws within a component could be characterized by size, shape, and location
with non-destructive testing, then a deterministic type analysis could accurately predict the failure
load of a structure using fracture mechanics relationships. Conversely, for a given application and
desired reliability, the required accuracy of flaw detection and characterization varies with the frac-
ture toughness of the material.

The non-destructive flaw deteetion techniques currently available for ceramics lack the capability
to detect and characterize {laws of the size that often cause failure in ceramic turbine components;
therefore, a probabilistic approach to the calculation of fast fracture reliability was developed and. in
particular, utilized the probability of failure theory devised by Weibull.(15}

The Weibull approach to predicting the probability of failure of a structure is to recognize that each
element in the structure has a definite probability of failure and that the structure in its entirety could
be considered to be an assembly of individual elements with an associated probability of failure.
Vardar and Finnie{16) give an integral formulation of the Weibull approach:

Pp=1 —eB=1-¢ _fV(KfA a nMdANdV (1)

The term in the parenthesis is evaluated on the surface of the unit sphere, illustrated in Fig. 3.1.3.1,
over the regions where the norinal stress is tensile and neglecting regions where the normal stress is
compressive. The reason [or neglecting compressive stress is that, for ceramics, compression is not
nearly as detrimental in causing fracture as is tension and also it minimizes mathematical complexi-
ties.(15.17) The normal stress on the surface of the unit sphere in terms of the maximum principal
stresses and the polar and azimuthal angles is given by:

an = cos2e (o) cos®y + a2 sin2y) + 03 sine. (2)
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The constant, K, is given by:
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The (2m + 1)/2 = term in Equation 3 is a compatability factor required to make the result of
integrating Equation 1, using the normal stress distribution of Equation 2 for uniaxial stress cases, agree
with the results obtained from the one dimensional Weibull equation:

- f((;’_())mdv

Pf=1-e V 4

The integration of Equation 1 over an entire structure is accomplished by dividing the structure into
finite elements in which the principal stresses can be assumed to be constant. The result of integrating
over the unit sphere is constant in each finite element; therelore, the risk of rupture for each element is
simply the volume of the clement times the integrated result over the unit sphere. This procedure is
very convenient when used with finite element stress programs.

In the Weibull formulation ¢ and m are parameters which show the probability ¢f having a certain
strength in any [inite element. The values of og and m are obtained from experimental test results.
Weibull showed that the characteristic strength, o, is identical to the ultimate strength of the material
in the classical theory as the Weibull modulus, m, increases indefinitely. This provides a physical
interpretation of the characteristic strength. The Weibull modulus may be interpreted as a measure of
variability or scatter in material; as m increases the variability of the strength diminishes.

The Weibull parameters og and m are obtained [rom strength testing. For bend tests, the stress
distribution is uniaxial and the risk ol rupture is given by:

B = f(‘;’—())m dv (5)

In a bend test, the stress on the outer fiber at failure is called the modulus of rupture (MOR). In this
study fur-point bending. with the middle span located symmetrically to the total span, was used and
Equation 5 was integrated over the volume of the bar in tension to obtain Equation 6, the expression [or
the risk of rupture of such a bar:

ay 2 (m + 1)~

The data obtained from a set of test bhars was fitted to Equation 7 with maximum likelihood
techniques:( 18

- < MOR )
Pr=1-o MOR (7)

The probabilizy of failure of the test bars may also he represented by the Weibull integrid formula-
tion which must be equal to Equation 7

_(M(;R >m _ (M()R m <ﬁ> I:l" -
pI- =t —-¢ hl()r\ ) =1-¢ (LI} 2 (m + ll:‘) l“l

Substituting the valne of the characteristic modntus of rupture MOR,, for the modulus of rupture
MOR into Equation 8 and solving, one obtains Equation 9, the equation for the characteristic strength:

18
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1
76 = MOR, (b_h> m f L1+ mlLy |m (9)
2 (m + i)2

The parameters ¢y and m define the strength of the material and are independent of the volume and
geometry of the structure. They are the values used to determine the failure distribution of a complex
structure and a'c xenerally determined from MOR bar tests. It is im portant to note that the MOR is not
an intrinsic ms.ierial parameter but depends cn the geometry of the MOR bar and test fixture.

e e

The integral formulation of the Weibull equation was programmed for a digital computer. The code
used as input the principal stresses calculated with axisymmetric and three dimensional finite element
1 stress codes. The code evaluated the integrals in Equation 1 by numerical integration in each volume
element of the finite element mesh assuming that the principal stresses were constant through the
element. The code also used as input material strength data in the {orm of characteristic modulus of
rupture and Weibull modulus, both as a function of temperature. The code selected the material
strength data according to the temperature of the element.

As developed, the fast fracture reliability code can be used in two ways:

1) The computer code can calculate the survival probability of a certain component under a speci-
fied load when input consists of material strength data in the form of Weibull strength parame-
ters (Weibull parameters are the characteristic MOR strength obtained from simple four-point
bend tests and the Weibull shape parameter or slope).

_" 2) The computer code can generate sets of Weibull strength parameters required of a material to
b meet a specified reliability goal, when given the desired reliability level.

. Nomenclature

s dA = differential area

! B = risk of rupture
: = width of specimen

= height of specimen

K = constant defined by Equation 3
Ly = length between supports

Lo = length hetween load points

m = Weibull moedulus

MOR = modulus of rupture

MORy = characteristic modulus of rupture
Pt = probability of failure

\Y = volume of the structure

409,03 = principal stresses

on = normal stress

g0 = characteristic strength
= azimuth angle

o = polar angle
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3.1.3.2 Time-Dependent Reliability Analysis

The previous section covered the development of an analytical method to calculate fast fracture
reliability. This calculation of fast fracture reliability is an important first step in the calculation of
time-dependent reliability, the subject of this section. Certain ceramics, including hot pressed silicon
nitride,(19) exhibit delayed fracture or static fatigue at elevated temperature under loads. This static
fatigue is caused by existing flaws in the material growing over a period of time until they are large
enough to cause failure. This phenomenon reduces the reliability of the structure with time, so the
designer needs to have a method of calculating time-dependent reliability.

The basis for time-dependent reliability analysis is the experimental observation(19} that the veloci-
ty of a pre-existing crack can be described with a power law relationship:

V = AK{" (1)

This equation expresses the rate of slow-crack growth caused by grain boundary sliding, typical in
F such materials as hot pressed silicon nitride. Paluszny(20) combined the power law relationship for
crack velocity with the Weibull relationship for fast fracture reliability to arrive at the following

equation for reliability versus time:

n-2 m
m

R = exp - In (1 - _ ot [n=2 (2)
Rﬂ' Ba() n-2

In this equation, the constant B is defined by the following equation:

B = 2 3)
(n-2) Y2 AK,2

These equations apply to a structure under constant load, but Paluszny extended the analysis to
time-dependent load by approximating the load history with a simple step function. For a finite
element model. Equation 2 is applied to the volume of each element and the reliability of the entire
structure is calculated with the following equation:(21)

N

R= IR (4)
i=1

In extending this analysis to multi-axially stressed ceramic turbine structures, some simplifying
assuniptions were necessary.(19) For the convenience of the reader, these assumptions are summarized
here:

1) Omit time-dependent effects such as material instabiiity, high-temperature oxidation, etc.

2] Consider only the normal stress or the opening mode (K]) of crack propagation; neglect modes Kij
and K|

3) When the load varies with time ( ¢ ) assume thit the orientation of principal stresses throughout
the structure remains constant with time.

4) Treat time to failure using Weibull's probabilistic statistical medel of fracture with the premise
that flaws which control strength are identical for both fast fractures and time-dependent frac-
tures.

The time-dependent reliability equations were programmed for the digital computer. The code
utilized the output of the fast fracture reliability code, comprising data on the elemental volume, fast
fracture reliability, maximum principal stress, characteristic strength of the elemental structure,(21)




Weibull modulus, and temperature of the element. As programmed, this data was written on tape hy
the fast fracture reliability code in a format compatible with the time-dependent reliability code.

Two different data bases were available to define the time-dependent characteristics of the materi-
al, double torsion and stress rate testing. Double torsion testing(19) was a technique of measuring the
velocity of a crack under load in a specially designed double torsion specimen. Analysis of the results
gave Kic, n, and “A" the material parameters required for time-dependent reliability calculations.
Stress rate testing measured the fracture stress of MOR specimens under varying load rates. The
results were sets of fracture stresses at corresponding stress rates.

The data required for time-dependent reliability calculations were calculated with the sollowing

formulas:(22)
In <a_z->
n=1- _ 1 (5)
In <a£>
o1
o 3
B = _f— (6)
o(n+1)

The code incorporated the option of inputting double torsion or stress rate material data. The data
was inputed in tabular form with the parameters given with their corresponding temperature. The
code interpolated the table of material parameters *o obtain the value of the material parameter
corresponding to the temperature of the element.

As developed, the time-dependent reliability code can be used in the following modes of calcula-
tion:

1) Survival probability after the elapse of a specified service life or time at load.
2) Service life available for a specified reliability. This becomes an iterative process as strength

degradation in a typical turbine structure is not uniform because stresses and temperatures are
seldom uniform.

Nomenclature
A = Premultiplier in crack equation
B = Constant in reliability versus time equation
K] = Stress intensity
Kic = Critical stress intensity, a materiai parameter

n = Crack velocity exvonent
N = Number of elements in the structure
m = Weibull modulus
R

= Reliability as a function of time

Rj = Reliability of ith element
Ref = Fast fracture reliability
a = Stress, MPa
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3.2 CERAMIC MATERIALS AND PROCESSING TECHNOLOGY
3.2.1 INJECTION-MOLDED REACTION-BONDED SILICON NITRIDE
3.2.1.1 Introduction

The development of injection-molded reaction-bonded SigN4 (IMRBSN) has involved many areas
of material science; polymer technology and processing, powder processing, high-temperature chernis-
try and physical property testing and analysis. The input from these areas has been blended together to
reach the final material development goal, a high density, high strength RBSN. Throughout the devel-
opment of injection-molded reaction-bonded SigNg4, two guidelines were adhered to: 1) the density of
the material was to be as high as possible consistent with fabrication limitations — that is, the material
must be able to be injection molded and the green compact must be nitrided with no evidence of
metallic silicon remaining; and 2} all process modifications were made in an attempt to optimize the
room temperature and high-temperature strength properties of the material.

The process of reacting silicon to SigN4 is unique in that, during the course of the process. no
dimensional changes occur. The final density of RBSN is solely dependent on one parameter, the
green density of the starting silicon compact. This is contrary to most ceramics which shrink and
densify as they are processed. Consequently, this phenomenon, which is an advantage when produc-
ing components with complex shapes and high dimensional tolerances, is also a problem in producing
a high density material since there is no densification taking place through shrinkage.

3.2.1.2 Material Development for Molding

The injection -molding composition to produce SigN4 consists of an organic carrier, silicon metal
powder, and a nitriding aid {Fe203). The volume percentage of solids {silicon plus iron oxide} in the
total molding batch must be large if a high green density silicon compact is to be produced. Figure
3.2.1-1 shows that to produce a 2.7 g/cc SigNg compact, a molding mix consisting of 73.5 volume
percent solids must be obtained.
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Figure 3.2.1-1 — Final Silicon Nitride Density Vs. Volume Percent Solids in the Starting
Compaosition
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A major problem arises in obtaining a batch composition which not only yields the correct density
but also has a viscosity which is low enough to be processed by injection molding. Figure 3.2 1-2 |
illustrates that the relative viscosity of a dispersion of solid spheres in an organic medium is dramati-
cally increascé with increased volume percent loading of the solids according to the relation: !

25V
1-kV

nr =

where ny is the relative viscosity, V is the volume fraction of solids and k is a self-crowding and
hydrodynamic intecaction factor equal to 1.35(23).
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Figure 3.2.1-2 — Relative Viscosity as a Function of Vnlume Percent Solid Spheres in an
Organic Suspension

It was alsc shown that the viscosity of highly concentrated suspensions could be altered by blending
solids of different particle sizes {24). Figure 3.2.1-3 shows that for a bimodal suspension of spheres
(volume of fine spheres = 25% ) the volume loacing can be increased by approximately 17% with no
increase in the viscosity of the system.

The reduction of this theory to practice proved prohibitive because of the difficulties involved in
obtaining actual silicon particle distributions required by the theory and in homogeneously blending
the distributions which were obtained. In very generzal terms, however, the theory could be interpreted
to say that the required distribution for minimum viscosity should be very broad.
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Figure 3.2.1-3 — Relative Viscosity as a Function of Volume Percent Solid Spheres in a
Monomodal and Several Bimodal Suspensions with 25 Percent Volume
Fraction of Small Spheres

Injection Molded Material Development

At the start of this program the density level of the IMRBSN was 2.2 g/cc. Componcents of complex
shapes were being produced; however, the quality of the compenents, or of the RBSN needed im-
provement. The injection-molding system utilized a mixture of organic material plus silicon metal. A
two-component orgaric svstem had been used. but was found unsuitable for high silicon loading and
aiso created problems ot density variations during molding due to vaperization of one of these compo-
ne:ts. For these reasons, this systern was abandoned for a more conventienal wax binder system 23]

Once the wax binder system was defined, a large number of iterations were performed on the
silicon powder distributions in an attempt to increase the volume percent loading of the system fiom
60 to 75, whil2 keeping the maximum viscosity such that a complex part could still be injection
molded.

Initially, the silicon particle size was specified merely as minus 325 mesh, as is showr. in Figure
3.2.1-4 as the "0 hr " powder. This distribution contributed to the problem of low density RBSN. it alsu
affected the quality because the large particles present could not be properly nitrided. This is an
excellent example of the interaction required between the two stages of RBSN development, fabrica-
tion and nitriding.

In « ‘er to obtain silicon pewder with a verv broad particle distribution. dry ball milling was
selected. Silicon powder with a starting distribution as shown in Figure 3.2.1-4 (0 hr.) was milled for
various times in an alumina ball mill using alumina milling media. A ball-to-charge ratio of 4 to 1 was




maintained. The resultant distributions are also given in Figure 3.2.1-4. The distributions become finer
and also broader as the milling times were increased. Since no milling additives were employed, the
powder “caked up” in the mills after 24 hours. This resulted in broad distributions being obtained.
Spectrographic analysis (Table 3.2.1-1} of the as-received and 140-hour milled powder showed littie
contamination due to milling. The increase in the oxvgen content of the silicon was thought to be due to
the oxidation of the freshly cleaved surfaces.
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Figure 3.2.1-4 — Silicon Powder Particle Size Distribution Curves, Dry Ball Milled For
Various Times

TABLE 3.2.1-1

SPECTROGRAPHIC ANALYSIS OF SILICON POWDER
FOR MAJOR IMPURITY ELEMENTS (WEIGHT PERCENT)

Fe Al Ca Op

As Received 060 020 002 0.77
140-Hour Mill 075 025 002 1.05

The injection molding experiments were conducted using a spiral flow test twol {Figure 3.2.1-5)
mounted on a plunger injection machine. The tests were condueted using 2000 psi c¢ylinder pressure
and temperatures exceeding the organic melting point by 10°C. The results are expressed in inches of
material travel in the spiral flow die. with the higher spiral flow distances indicating lower material
viscosities and consequently better moldability. Figure 3.2.1-6 shows the molding results as a function
of ball m.:lling time for compositions loaded to 73.5 volume pereent solids (2.7 g/ce SigNy density). The
use of 140-hour grind silicon resilted in the highest flow and best w.oldabilitv. A finer, sharper
dis*ribution curve {Figure 3.2.1-4, A.C.} was obtained by air elassifving the starting powder and remov-
ing the silicon with a size greater than 15 microns. This powder would not even completely mix with
the organic material at the 73.5 volume percent level and was therefore ursuitable for molding. Figure

*Neutron Activation Analvsis Performed at AMMRC




3.2.1-7 shows by changing the percentage of solids in the melding composition, the rheological proper-
ties also change significantly. It was shown that by increasing the percent solids, the sviral flow
distance or moldability decreases. It also shows that a molding composition consisting of 7€.5 volume
pereent solids (285 g ce 812Ny density) has a spiral flow distance of 6 inches, which is snitable for
pracessing into certain tuebine compoenents. However, compositions with these density levels may be
difficult to nitride.

Figure 3.2.1-5 — Spiral Flow Test Tool
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This data shows that the particle size distribution is an important and predictable variable in
molding composition development. It shows that by the proper choice of particle distributions, compo-
sitions can be made that exceed the current nitriding technolog, .

Final Composition

At (he conclusion of this program, the injection molding composition was as follows:

Binder Composition: Wax

Volume % Solids: 73.5%

Spiral Flow Distance: 10 inches

Silicon Particle Size: 140-hr. Grind (Figure 3.2.1-4)

These parameters allow all the 820 engine hot flowpath components, nose cones, stators, and rotor
blade rings to be injection molded to a 2.7 g/cc density. All the components can be completely nitrided
with no unreacted silicon. The four-point bend strength of this IMRBSN is 45.2 Ksi.

3.2.1.3 Molding Process Deve:opment

Injection molding was identified as a potentially valuable fabrication process for ceramic turbine
components, especially considering the foregoing development of an injection-moldable RBSN mate-
rial of strength adequate for turbine rotor blade rings and stators. Development of ceramie injection
molding technology to successfully mold high quality turbine ccramics is an iterative process involving
development work in machinery. tooling and control systems.

Initial injection moiding development was done on a Newbury V130T vertical clamp injection
machine. The shot eapucity of this machine waus 1 oz, of ceramic molding compound making it
suitable for injecting test bars and indi-idual stator vanes us shown in Figure 3.2.1-8. Molding develop-
ment of larger components such as the o'rinlet nose cone, shown in Figure 3.2.1-9, was conducted on a
Reed Prentice 450 TC horizontal clamy, tnrough platen injection machine. Both machines had me-
chanical toggle elamping and a simple ram injection evlinder. As advanced tooling designs for molding
monolithic rotor blade rings and turbine stiutors were developed, an additional consideration of ma-
chine clamp alignment and aceuracy became apparent. The brittle nature of green eeranic compo-
nents makes them sensitive to nneontrolled tooling movemen: during die unloading. A elamp system
having high acecuraey is required.




Figure 3.2.1-8 — Injection Molded Silicon Nitride Stator Vane

Figure 3.2.1-9 — As-Molded Air Inlet Nose Cone
Upon analvsis of the injection-molder chiaracterstics, determined from previous development
work, specifications were developed tor an uperaded molder A molding machine incorporating a
vertical hvdraudic clamp with optimnm platen alignment and thromgh platen injection was designed

ad bnilt This machime s prctnred me Faure 32 1410
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Figure 3.2.1-10 — Vertical Clamp Injection Molding Machine

Tooling developiient has closel paralleled molding machine development. Tooling required to
produce injection-molded RBSN components was imtially hased on the tooling nsed to fabricate wax
and plastic components For imtial development work a sigle vane stator tool was designed. followed
by a single blade rotor ool Each ool was of o simple funged design with several shding inserts. The
tols were constracted with Turdened tool steelin the cavity arca to prevent abrasion from the ceramic
material The other operational porteons of the tool were made of alimmnmm and mild steel




T

Fiom expericnice gained with these tools, specification: for new tuoling were developed. The initial
tools lacked stiffness and tended to distort under clamp load. Elimination of aluminum and reduction
in the use of non-hardened steel in tool construction solved this problem.

Thermocouples were included in the tool to monitor tool temperature and to control tool heating.
Although previous tools were heated by external heaters, new tooling utilized internal heaters close to
e toul cavity, Water couling passages were absu included. The temnperature control system was 1r ade
independent allowing a difference in temperature to exist between portions of the tool.

Material entrance was accomplished through a central gate in the stationary tool half. The runner
Jengths were hept to a i aind gate area was taxinaized. In conttothing miatedal flow thiough the
tool, it was observed that when two flow {ronts of material met, a weld or knit line developed. This
could be minimized but not eliminated by gate design. To further minimize weld lines, an overflow
reservoir was provided at the point where material from two approaching flow fronts met. The
overflow reduced the knit line problem in a large percentage of molded components.

Tooling was designed vacuum tight in order to further control flow and minimize entrapped gas
porkets within components. Prior to material injection a vacuum was drawn in the tool. This yielded
precisely controlled vonting not suscoptible to variation from mold release or ceratiic residue remain-
ing on tooling surfaces. Normal vents can become plugged with liquid mold release or flash and cease
to function. The vacuum system was designed to remain clear, and closed loop vacuum level sensing
was eniploved to prevent tool fill without vacuum

The pcint at which tool-opening actuation is accomplished can affect the amount of molded-in
stress in the component. Component shrinkage in the tool cavity prior to release of the constraining
surfaces of the toul impart molding stresses t the component. Determination of the proper titne to vpen
the tool is complicated by variations in material temperature, time and pressure. All these factors can
cause variable shrinkage of the material. To eliminate the influence of as many of these effects as
possible, a thermocouple was provided in the material cavity, the tip of which would intrude into a
non-essential surface of each component. The actuation of the die was made dependent upon part
temperature level, thus eliminating dependence upon process time.

Tool deflection during the molding process can cavse component breakage. To monitor tool deflec-
tion, Bently-Nevada proximity probes were monnterd on the tools to give quantitative data on tool
movement. Such data allowed tool and machine modifications required to reduce tool deflection
below 0.0005 inches, a level where no detectable coniponent damage occurred.

Control of temperature, pressure, and time is critical to snccessful injection molding. The highly
loaded ceramic/organic system used in injection molding RBSN increases the sensitivity of the process
to these variables. To accurately control the temperature, pressure and time variables, a microprocessor-
based contred svstem was du\'u'ujnh’l. This svstein, i conjunction with Lulluhd'rlli(‘llljl} avaitable hard-
witre, is utilized to control the molding process. The base microprocessor is an Intel 80-80 system. The
contral panel is shown in Figuee 3 21211 All machine sequencing and timing is contrellod by the
microprocessor. Tool actuation and machine actnation are controlled based upon time or component
temperature. The standard machine sequence for cach component is contained within the micropro-
vessor. Additional programming variation can be entered by acans of o magnetic tape drive.

Temperature of the molding mix is controlled over four zones utilizing solid state temperature
controllers. The controllers have an adaptive rate/reset capability and will contiol the melt in the
cvlinder to £2°F. Temperature of the molding tool is controlled to £ t°F using similar controllers.
control of tool actuation is desired hased upon componen! temperature, the microprocessor controls
the system hased npon inputs from two temperature sensors located within the tool cavity,

Pressure control over the molding system is achieved by nse of an adaptive process control. This unit
allows electronic control over injection and hold pressures and ti : resultant molding mix flow rates.
Control is also provided for material cushion and feed. The effects of pressure variation on component
quality will be discussed later in this section. Sensors for this system include hydraulic pressuce ram
position and cavity pressure. Based on these inputs the control madulates a flow divider hydro valve
regulating injection or hold pressure os a function of ram position versus time.
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Figure 3.2.1-11 — Automatic Molding Control Unit

Accurate control of molding parameters must be coupled with accurate recording of their values.
The availability of adequate data on a timely basis is essential to the successful development of an
optimized injection molding process. In a research situation involving constant material refinements,
efficient parametric optimization is required. Data acquisition in this injection molding system is
accomplished utilizing a Fluke dita logger and Tektronix magnetic tape recorder. Data for tempera-
ture, time, pressure, ram position and machine sequence data are recorded, stored and subsequently
analyzed in digital form. This data acquisition technique reduces analysis time and vields more
complete results from melding studies.

In summary, a systems approach has been stressed throughcut the molding development work. The
molder design, tooling design and control development have all been aimed at an integrated system
with the flexibility required to conduct an iterative molding development program aimed at high
quality ceramic turbine components.

3.2.1.4 Development of the Nitriding Process

Nitriding research was aimad toward developing a reaction-bonded silicon nitride (RBSN) material
with high strength and high density. Throughout this development two guidelines were adhered to:

1) The density of the material is to be as high as possible, consistent with the limitations of fabrica-
tion; i.e., the material must be nitrided with no evidence of metallic silicon remaining: and.

2} All process modifications made are to optimize the strength properties of the material at both
room and high temperatures.

In this program, nitriding developments were intimately tied to the injection molding process and
the development of high ‘green’ densities, although resulting nitriding cycles were initially applied to
slip cast RBSN. Separate company-funded rescarch has been conducted to investigate optimum nitrid-
ing methods for slip cast components.




The nitriding technology was developed to vield maximum strength of the RBSN at any density
level. Various nitriding variables were investigated:

1) Time-temperature cycles

2) Nitriding atmospheres

3) Nitriding aids

4) Furnace controls to monitor and control the reaction
5] Silicon purity

6) Particle size distribution

Quality assessment techniques were also developed; these included:
1] Strength testing
2) Creep testing
3) Stress rupture testing
4) Observation and interpretation of microstructure
Basic Nitriding Process

The nitriding reaction proceeds as follows:

3 Sify + 2 Npj,) = SigNgy) (1)

AH = -173 Kcal/mole  (26)
One of the reasons it is difficult to form high quality RBSN is because this reaction is very exothermic.

The final density of RBSN is determined by only one parameter, the ‘green’ density of the starting
silicon compact. The reaction of silicon with nitrogen to produce silicon nitride is unique in that no
dimensionai changes occur. Ar. advantage when producing components of complex shape and high
dimensional tolerances. this phenomenon becomes a disadvantage whea attempting to produce a high
density material, because no densification occurs through shrinkage.

The basic nitriding process employed by Ford in 1971, the state of the art at the time work started on
this program, is summarized in Table 3.2.1-2, and is based upon processes proposed in 1960-1961 by
Parr (27) and Popper (28) for the production of RBSN.

TABLE 3.2.1-2
NITRIDING STATE OF THE ART
1971
Reference

Silicon Powder Purity: 0.7 wt. < Fe, 0.48 wt. < Al, 0.40 wt ©% Ca {29)
Silicon Particle Size:  -75 microns {3)
Nitriding Aid: CaF2 (~1 wt percent) (29)
Green Density: 1.43 g/cm3
Nitrided Density: 2.3 g/cmS (1)
Nitriding Cycle: RT - 1150°C - 15 hrs. 1150°C Hold 24 hrs.

1150°C~1460°C - 8 hrs. 1460°C - Hold 24 hrs. (1)
Nitriding Atmosphere: Flowing N= {2)
Phase Composition: 25% «/75% 1 SizNj {2)
Nitrided Strength: 15-17,000 psi (1)
Microstructure: Sce Figure 3.2.1-12

Since advances in the nitriding process were so closely linked to advances in injection molding.
such as changes in silicon particie size, purity and green density. each variable is discussed separately
and not necessarily in chronclogical order, with secondary effects mentioned when necessary.
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Figure 3.2.1-12 — Typical Microstructure of RBSN at the Program Beginning

The variable most commonly associated with nitriding research is the nitriding cycle. Time-
temperature cycles were initially step cycles with at least one temperature held period both below and
above the melting point of silicon as shown in Figure 3.2.1-13. Varying the hold times showed that
reducing the high temperature hold from twenty-four to four hours increased strength by 25¢: (3] The
resulting material contained an overall finer micro-structure with fewer large g grain clusters, as
shown in Figure 3.2.1-14. These resu'ts had been expected as Evans(30) found that nitridation above
the melting point of silicon resulted in large grain size and large porasity due to silicon meltout.

This led to the multistep nitriding cycle proposed by Messier{31) and illustraied in Figure 3.2.1-13.
The cycle uses many temperature steps with the maximum nitriding temperature at 1400°C which is
below the melting point of silicon. Successful nitridation is achieved because of the nature of nitriding
kinetics: rapid nitridation follows each successive temperature increase. When a long hold occurs {over
ten hours) the nitridation slows and eventually stops, but is reactivated by the next temperature
increase.(31) With this type of cycle, the materiai strength can increase by approximately 50¢ over a
two-step cycle.(10.32) However, strength reductions ean occur due to the presence of large 8 grain
clusters in the microstructure resulting from improper control of the nitriding temperature. Because of
the many temperature increases, it is extremely difficult to control the nitriding exotherm and the
resulting material temperatures which lead to this microstructure degradation.




rebe

Figure 3.2.1-14 — Microstructure of RBSN Showing Effect of Changes in the Two Stage
Nitriding Ciele
A. Nitrided for 24 Hours at 2300°F Followed by 24 Honrs at 2660°F

{9800x)
B. Nitrided for 38 Honrs at 2300°F Followed hy 4 Hours at 2669°F
{9800x}

i i e i i



_ The third type of cycle, the constant rate cycle, increases the temperature at about
| 3°C/hour.(8,9.10,32) It has been shown to change the nitriding kinetics.(11.33] Material showed no
immediate improvement when nitrided in a 100% nitrogen (N2) atmosphere. However, when a hydro-
gen/nitrogen (H2/N2) atmosphere was present, strength increased by 50%, again due to an improved
microstructure, as shown in Figure 3.2.1-15.

Figure 3.2.1-15 — Microstructure of RBSN, Nitrided Using the Constant Rate Cycle,
Showing Effect of an Atmosphere of 100% Nitrogen (Left) and an
L Atmosphere of 969 Nitrogen, 4% Hydrogen (Right)
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The degree of nitriding is independent of the type of nitriding cycle selected over a wide range of
material densities, as noted in Table 3.2.1-3. This means that the basic nitriding reaction can be
completed in many ways, but that not all of these ways result in high strength RBSN. Other investiga-
tors have shown the importance of proper choice of nitriding cycle.(34.35) Time and temperature
relations have definite effects on material micro-structure which in turn determines material strength.

TABLE 3.2.1-3

PERCENT OF SILICON CONVERTED TO SILICON NITRIDE
FOR VARIOUS NITRIDING CYCLES AND DENSITY LEVELS

Nitriding
Cycle Atmosphere 2.3 g/cc 2.55 g/cc* 2.7 g/cc* 2.8 g/cc*
3 Step 100 No» 97.5 97.0 98.5 94.7
1's - 4% Ho/No 97.1 = 6.7
Multi- 1004 No 47.0 99.0 98.1 95.9
Step 1°y - 440 Hoa/No — 98.3 98.4 45.9
Constant e No — 98.3 98.0 -
Rate 10 - 4 Hoa/No» — 98.3 98.0 9.7

#2090 FeoOg added as a nitriding aid. This has been compensated for i the conversion data.
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Nitriding Atmosphere

Early nitriding work in this program was performed in a 100% N3 atmosphere using a flowing gas
stream. Altering the atmosphere in the furr.ace from free flowing to static conditions altered the phase
composition of the material. The free flowing system yielded a 25% a/75% 8 composition and the static
system yielded a 65% a/35% @ composition (2} Lindley(36) and Jennings(37) made similar observations.
Lindley also showed that nitriding in a static atmosphere could increase the material strength by
approximately 50 (36}

In the early stages of RBSN development, investigators used ammonia (NHg3) rather than pure
nitrogen (N3) for their nitriding. Lumby(38) was the first investigator to use atmospheres composed of
hydrogen and nitrogen (H2/N2) gases to produce silicon nitride (Si3N4) powder. It was independently
observed that a Ha/N2 nitriding atmosphere could:

1) Produce a high « SigNg powderl1)
2) Produce a 42% increase in material strengthl4.5.8.9,10,11,30}; and
3} Significantly increase high temperature creep resistance.(5.30)

Strength and creep improvements as a function of the percent of Hp(y) in the nitriding atmosphere are
displayed in Figure 3.2.1-16. Figure 3.2.1-17 shows that this strength increase occurs for all densities of
RBSN.
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Figure 3.2.1-16 — Effect of Hydrogen in the Nitriding Atmosphere Upon Strength and
Creep Resistance of RBSN
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Figure 3.2.1-17 — Effect of Various Nitriding Cycles and Atmospheres Upon Strength of
RBSN as a Function of Nitrided Density

Many explanations have been offered for the beneficial effect of FHay,) in the nitriding pracess.
Mangelsl29.39) showed that F» purified the grain boundary composition and produced an averatt finer
grain structure. However, na mechanism was offered. LindlevH0 showed that a strength improvement
using a flowing H»/No system was great cnongh to connteract the detrimentat effects of the flowing No
atmosphere. Linl#!) showed that farge amounts of silicon oxide {Si0} are found in the nitriding firrnace
when an Ha/No atmosphere was emploved. This led to the assumption that He effectively reduces the
sihicon dioxide (Si02] present on the sihicon particles thereby improving the aitriding kinetics. Si0 was
alsa important in the formation of high o SigNy composition [3243) Therefore, it becomes apyarent
that a high concentration of o SigNy is necessarv to develop a microstracture condneive to high
strength,

The use of 12/N= atmospheres may also help control the exothermic effeets of nitriding. Sinee Ho
has a therma! condnetivity ten times greater than that of Noo these stmosphieres may help to dissipate
heat generated by the exothermic reactions This would produce improved microstructnres. Experi-
ments using argon [which has a thermal condnctivity ten times less than that of NoJadded to nitragen
atmospheres produced nitrided compacts with extensive exnsions of siticon 4] Experiments with
hetium (He) in He/No and He/Ha N atmospheres produced similar effects as Ha alone. (He has
appraximately the same conductivity as Ho.) These resalts indicate tha, the thermat condnetivity and
the chemical effects of the nitriding atmuesphere are equally important.

The Ha/No atmosphere, when combined with iron oxide {FeaQ3) mitriding aids, could prodnce an
effect similar to that of the Hlaber process lor the production of ammonia (NH3) 45) In this process the
He reduces the FerOg to Fe which in turn, catalyzes the formation of atomic nitrogen {N°). Atomic
nitrogen (NY] is much more reactive than diatomic nitrogen (N2), this may explain the observed
heneficial effect on the nitriding Kinetics. Experiments in nitriding v:sing high concentrations of atomic
nitrogen generated externalhe to the furnace chiamber failed becanse the N© recombined to form N
upon contact with anv metal snrfaces: the nitrogen atoms never reached the siicon compacts,
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Nitriding Exotherm

reviously described, the mitriding reaction 1s extremely exothermic (—173 Kcal/mole). Atkin-
son[zsﬁ)showed that the internal temperature of a silicon compact can be as much as 40°C higher than
furnace temperature. Evans(30) showed ti e deleterious effect of high temperatures; i.e., exceeding the
melting point of silicon, on RBSN microstructure which lowered the material's strength,

Consequently, the exothermic effect makes the production of high quality RBSN very difficult; it
also makes actual temperature determinations verv difficult if not impossible. The severity of this
effect was shownl10) when large furnace loads were nitrided, resulting in temperature overshoots in
the furrace chamber (Table 3.2.1-4). These samples were of low strength and had a microstructure
which showed evidence of much melted silicon, as illustrated in Figure 3.2.1-18. When an excessive
load of 10,000 grams was nitrided, a severe loss of nitrogen pressure was noted and the run was
aborted. Even though the furnace temperature was only 1177°C, tempuratures exceeding 1420°C were
present in the compact. Upon examination, this material showed that severe exusion had occurred.

TABLE 3.2.1-4
LARGE FURNACE LOAD RESULTS

Weight Characteristic
Nitriding of Temperature Temperature MOR No. of
Cycle ATM  Silicon Set Point Overshoot % Nitrided (ksi) m Samples
°C °F °¢ °F
Constant 4% Ho/ 1,200 ¢ 1143 2089 None 98.1 ¢ 44.2 75 25
Rate 86% N3
Constant 4% Hp/ 1600 g 1177 2150 10 18 98.1 Y« 2R 8.0 25
Rate 96% No
Cycle stopped 49 Hp/ 10,000 g 1177 2150 10 18 Exuded and
after 2 hours 96% No melted silicon
at 1177°C indicating temp.
(2150°F) over 1420°C
{2588°F)

: 4, . -

Lol LR o
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Figure 3.2.1-18 — Effect of Exothermic Reaction i;u-ing Nitridirg Upon Microstructure of
RBSN
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The micrographs shown in Figures 32 1-19 1A-D]L show some degree of sthoon melting due to the
exotherm. Figure 3.2.1-191) shows the improvement observed by using a Ho/No atmosphere.

Figure 3.2.1-19 — Optical Micrographs of 2.7 g/cc Density RBSN
A. Three Step Cycle — 1004 N,
B. Mulii-Step Cvcle — 1007 N,
C. Constant Rate Cyvcle — 1099 N,
D. Constant Rate Cvcle — 96 N./4'v H

Exothermic effects can vary tremendonsly depending npen which nitriding cvele is nsed. These
effects were more harmful Tor step cveles than for constant rate cveles, but neither cvele prodnced
lurge quantities of high gquality RBSN.

Nitrogen Demand Nitriding Cycle

N ng and micrestructure data indicoted that the exothermis nitriding reaction conld not be
cont ¢ with a progranmaned temperature cvele, Thaus, a control system was devised and developed
that t.wed the reactants to control the rate of reaction. in contrast to other tvpes of control systeme.,
this svstem ntilized pressure changes within the nitriding furnace as an indicator of the nitriding
reaction statns, This resulted in a contiel svstem which maintains a qaasi-static nitrogen condition
previously shown to be advantageous. the nitrogen demand svstem)# s displaved schematically in
Figure 3.2.1-20. A somewhat similar svstem was also investigated v Wong and Messier (34]

After the fumace has reached 8500 Cunder vacuom, the chamber is hackfilled with a gas containing
nitrogen mixed with other gases. When the firnace pressure reaches three ponnds per square inch of
gas (3 psig). this bottle is removed and replaced in the system with another bottle which contains the




nitriding gas. Then, using the programmer, the temperature is increased at a constant rate of 7°C/hour.
As the nitriding reaction begins, nitrogen is consumed and the chamber pressure fluctuates. When the
pressure fluctuates, the temperature program is instructed to hold and activate a timer which is
automatically reset to its starting position. The timer i designed to insure that the reaction has reached
equilibrium before the tenrerature is increased A hold time of 7-12 minutes is normally used The
timer mist complete its eycle before the program is allowed to advance. Then, the cycle begins again
and the temperature increases until another pressure fluctuation occurs. This sequence repeats until
the maximum programmed temperature (1400°C) is reached; at this point the furnace shuts down.
During the nitriding. tte weight of the nitriding gas bottle is continuously measured and recorded. This
allows accurate gas consumption curves, a measure of the nitriding kinetics, te be produced for each

nitriding runi.
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Figure 3.2.1-20 — Schem.‘ic Diagram of the Nitrogen Demand Control System

Results of three typical nitriding runs using the nitrogen demand control system are displayed in
Figure 3.2.1-21. It is important to note that the actual temperature profiles vary considerably from the
programmed temperature inpul. Also, the length of the nitriding cyvcles varies with the amount of
silicon undergoing nitriding: i.e.. more silicon, longer time. Additionally, note that the nitrogen gas
consumption curves are linear over the entire nitriding range: this shows that the control system did
conteal the nitriding reaction prodictabidy avd in the desired manner
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Figure 2.2.1-21 — Time Vs. Temperature and Gas Consumption Vs. Time Profiles of Three
Nitrogen Demand Nitridings
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: Several different combinations of gases were emplsoyed for nitriding; the varied results are dis-
plaved in Table 3.2.1-5 and Figures 3.2.1-22 and 3.2.1-23. The important results are summarized as
follows:

1. Nitriding atmosphere affects the kinetics of the nitriding reaction and the properties of the RBSN,
The 1009 N2 atmosphere yielded RBSN with the worst microstructure and lowest strength.

2. Concentration of Ny in the nitriding gas affects the properties of the RBSN. Atmospheres with No
held constant vielded microstructures containing unreacted silicon.

3. Atmospheres where N2 coneentration was decreased as the nitriding progressed (variable Hp
1 and variable He) vielded RBSN with the best mirrostructure. However, it was unsafe ‘o use
E variable Ho compositions due to the accumulation of potentially explosive gases.

4. Thermal conductivity of the nitriding atmosphere is important for production of high quality
RBSN. {Compare the variable He to the variable Ar runs.j

5. The variable He atmosphere (4%« Ha/He/Na) was the best for nitriding. This atmosphere was
composed of:

a) A small amount of Ha to reduce the surface SiO2 on the silicon particies to Si0 gas and reduce
the Te203 nitriding aid to Fe which consequently aided in the formation of the more reactive
NO

b} A chemically inert gas to dilute the nitrogen cencentration, since nitriding under reduced
partial pressures was shown to be beneficial.

c] Gases with high thermal conductivity to aid in dissipating heat generated by the exothermic
nitriding reaction.

TABLE 3.2.1-5

SUMMARY OF NITROGEN DEMAND NITRIDING RUNS

2.7g/cm3
RBSN ¢
Nitriding SizNat Strength
Designation  Backfill Gas Nitriding Gas Kinetics* Microstructure  (ksi)  Final Gas Composition *

100% N 1009 No 100 N2 linear  Poor (3.2.1-23a) 30 100% N2

Constant Hp 4% Ha/Np 1007 Na lincar  Fair (3.2.1-23b)  36-44 4% H2/N»
Variable Ho 4% H2/N2 4% Hg/N3 linear  Good (3.2.1-23d) 10 25% Hz/Nga
Constant He 7% He/N» 1007 N» linear  Fair (3.2.1-23¢) 37 —

Variable He 4% H»/N» 7% He/N» linear Good (3.2.1-23¢) 45 4% Hp/20% He/No

Variable Argon 49" Ha/No 109 Argon/N»  linear  Fair (3.2.1-23f) 39 =

* See Figure 3.2.1-22 for Cycle tim.¢ versus Load.

t Photomicrographs shown in igure 3.2.1-23.

$ Four-point oead strength for several nitriding runs.
%k Measured using mass spectrometer.
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Silicon Particle Size

The early literature suggests that the silicon particle size should be below 200 mesh for nitriding to
occur in reasonable times. Messier and Wong(34! showed that reducing the maximum particle size
below forty microns (40u) improved the strength of RBSN. Waugh(47) shower] that the actual particle
distribution affects the character of RBSN. Other researchers {5.7.8.9.33) found that the particle size
distribution greatly affects formation of the 'green’ compact. Consequently, work on nitriding-particle
size interactions was governed by the manner in which various silicon powder distributions could be
formed into components having the desired ‘green’ density levels.

Reducing the ovverall particle size by increased ball milling time diminished the strength of 2,55
g/cm3 RBSNI(7.8) as displayed in Figure 3.2.1-24. Figure 3.2.1-25 shows changes in RBSN microstruc-
ture as a functivo of Lall milling time: as time increased. so did the appearanes of large crystals and
large pores. This is characteristic of a material processed in an uncontrolled manner where the
nitriding exotherm was prominent. Ten — fifteen percent of the particles in material milled fo1 long
times were below' 1, in size, as compared to 1-2¢ of the particles in unmilled material. The extra fine
particles may have caused increased reactivity to nitriding and consequent local overtemperature due
to the exotherm.

92 = 279 /cc Hy/N, ATM

—

40

279/cc N, ATM

35

MOR (Ksi)

30 2.55g/cc N, ATM

20 | 1 i 1 | L I
0 20 40 60 80 00 120 140 160

MILLING TIME {HOURS)

Figure 3.2.1-24 — Strength of RBSN at Two Density Levels as a Function of Silicon
Powder Milling Time
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Figure 3.2.1-25 — Microstructure of 2.55 g/cc Density RBSN as a Function of Silicon
Powder Milling Time
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The strength data for 2.7 g/cm3 RBSN were different (Figure 3.2.1-24) as strength did not decrease
as milling time was increased; however, the unmilled material could not be molded. If large numbers
of fine particles could be removed from the 2.7 g/cm3 material, and if it could still be formed, the
strength of the resulting RBSN could possibly be increased.

Nitriding Aids

Very early in the development of RBSN, Popper{28) pointed out that a catalyst was necessary to
completely nitride silicon compacts. He proposed calcium fluoride (CaFz) and ferric oxide (Fe2Q3) but
did not offer mechanisms to explain their advantageous behaviour. Suzukil48) and Leake & Jayaticakal49)
have investigated a wide variety of additions and had shown that other transition metals, notably
chromium, could be useful nitriding aids. Boyer et al(50) has proposed a model for the behaviour of
iron (Fe) and Fe203 as nitriding aids.

During this program, only two nitriding aids were investigated, CaF2 and Fep03. CaF2 produced
completely nitrided components with very poor high-temperature properties (4.5.6.29.51), Calcium
concentrated in the grain boundaries and formed o glassy phase of low viscosity. Fez03 was more
effective as it produced completely nitrided components without deleteriously affecting high-
temperature properties(9.52),

High-Pressure Nitriding

Using conventional nitriding techniqgues. silicon compacts with a ‘green’ density of 1.7 g/cm3 had
easily been nitrided to vield SigNy with a density of 2.7 g/cm3. It was also possible to slip-cast silicon
compacts with a ‘green’ density of 2.0 g/em3(7), If these compacts could be nitrided. they would vield
theoretically dense SigNy. Conventional nitriding techniques when applied to the high green density
compacts vielded a compact with a 0.020-0.030 inch thick case of §igNyg surrounding a core of silicon
metal. With the application of high pressure {> 10,000 psi) nitrogen, perhaps enough gas could he forced
through the dense surface case and into the silicon interior to complete the reaction.

Several runs were made at nitrogen pressures hetween 10,000 psi and 20,000 psi with temperatures
ranging from 900°C to 1350°CI7.8). As shown in Figure 3.2.1-26, using Fea03 aids and higher tempera-
tires vielded the most encouraging results although the microstructure still consisted of a core of
silicon surrounded by a case of high density SigNy. (Figure 3.2.1-27). ‘This did demonstrate, however,
that 90°¢ dense Sighly could he completely nitrided. High costs (over $5.000 per run) and the extreme
difficulties encountered in performing and controlling the runs resulted in abandoning this approach.
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Summary

During this program, the technology to nitride silicon compacts has been significantly improved.
Table 3.2.1-6 is a summuary of the nitriding state of the art at the conclusion of the program in 1978. By
compiring Tables 3.2.1-2 and 3.2.1-6. onc can see the following changes in RBSN:

1) Density was increased by 207

2] Strength was increased by 30000 to 45.2 ksi

3) High-temperature properties were greatly improved as a result of the improved ability to nitride

higher purity silicon.
TABLE 3.2.1-6
NITRIDING STATE OF THE ART

1978
Silicon Powder Purity: 0.7 wttr Fe, 0.2 wt% Al, 0.02 wte Ca
Silicon Particle Size: — 30 microns
Nitriding Aid: FeoOg3 (2 1/2 wt ¢
Green Density: 1.68 g/cm3
Nitrided Density: 2.7 g/cm3
Nitriding Cycle: Nitrogen demand cycle
Nitriding Atmosphere: Variable helium
Phase Composition: 75% «/25% B SigNg
Nitrided Strength: Characteristic strength: 45.2 ksi
Weibull modutus: 9.45
Microstructure: See Figure 3.2.1-28
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Figure 3.2.1-28 — Tvpical Microstructure of RBSN Produced at the End of the Program
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Many variables were investigated during the nitriding development process; silicon particle size,
silicon purity, ‘green dcnsity, nitriding cycles, atimospheres and many more. All of these variables
were evaluated by examining the microstructure and determining the strength of the resulting RBSN.

From these experiments, an understanding of the interrelationships of these variables developed
which led to the development of the final nitriding procedure; i.e., the nitrogen demand nitriding cycle
with a variable helium nitriding atmosphere.

3.2.1.5 Physical Property Characterization
Microstructure

Knowledge of microstructure is important in the characterization of any ceramic material. Material
strength can usually be understood in these terms. High-temperature behavior of the material can
often be explained by the location of minority phases and impurities. In particular, the degree of and
size distribution of porosity can affect the oxidation of RBSN.

The microstructure of the Ford 2.7 g/cm3 density RBSN was studied with many methods: optical
microscopy (normal and polarized light), scanning electron microscopy (SEM) with nondispersive X-
ray analysis, and transmission electron microscopy (TEM). These tests were augmented by emission
spectroscopy for chemical analysis and quantitative X-ray diffraction for phase analysis.

Chemical and Phase Composition

A specification for the starting silicon powder evolved during the program; of greatest significance
was the stringent limit placed upon the presence of calcium. Experimental investigation showed that
0.4% by weight of calcium, typically found in early powders, was detrimental to high teinperature
creep. A reduction to 0.02% by weight Ca improved the creep resistance of the resulting RBSN by
three orders of magnitude {10=4/hr to 10=7/hr at 1200°C and 10 Ksi) (0.6}, A niteiding aid (Fe,03), was
also added to the silicon. Consequently, the resulting RBSN contained many chemical impurities as
shown in Table 4 2 1-7 The Focontent is the tlal of that already present in the silicon powder plusthe
amount resulting from the nitriding aid. All other impurities noted were in the as-received silicon
powder.

Table 3.2.1-7
IMPURITY ANALYSIS OF IMEBSN (wt )
Fe Ca Al Mg Mn Cr Na K 0Ol

1.54 0.02 0.20 0.02 0.05 0.06 <0.03 <0.03 1.20
Neutron activation analysis was used to obtain tae oxygen analysis. Emission spectrographic analy-
sis showed that the major impurities were iron, oxygen, and aluminum, while alkali and alkaline carth
impuritics were very low. The phase composition of the IMRBSN is given in Table 3.2.1-8.
Table 3.2.1-3
PHASE ANALYSIS OF IMRBSN (wt )
aSigNy 1SigNy Si2ONa Si FeSi Fe

75 24 0.4 0.3 Trace Trace




Optical Microscopy

Optical microscopy was a powerful tool in the study of RBSN. It permitted examination of large
areas of pore distribution, general microstructual uniformity, and detection of gross differences in
grain size, such as the presence of large 3 SigNg grain clusters. Typical microstructure of the Ford 2.7
g/cm3 density IMRBSN is shown in Figure 3.2.1-29.
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Figure 3.2.1-29 — Optical Micrographs of 2.7 g/cc Density RBSN (100x)
A. Normal Light
B. Polarized Light

Figure 3.2.1-29A shows that the structure was composed of uniforinly distributed fine pores (<10
microns) and some isolated pores up to 20 microns in diameter The white phase is an even distribution
of a metal, either FeSi ui 51 approximately 25 microns in diameter. The grav region is a uniform
distribution of SigN4 with no abnormally large grains. Figure 3.2.1-29B shows the tvpical even distribu-
tion of 3 SigNy (light phase) in a matrix of « 8i3gNy (dark phase) under polarized light.

Scanning Electron Microscopy

The Scanning Electron Microscope |[SEN) was not too useful for stndying the general microstructure
of RBSN because fractures produced a featureless surface with little grain structure. Since RBSN
contained very little alkali and alkaline earths, grain boundaries were chemically inert. Figure 3.2.1-
30A shows a typical fracture surface of IMRBSN etched in HF for four hours. Some porosity can be
noted, but little of the grain morphology can he seen.

ER ]




e

e

INTENSITY ———»

\ re

ENERGY ——»

Figure 3.2.1-30 — A. Scanning Electron Micrograph of 2.7 g/cc Density RBSN Fracture
Surface, HF Etch (1000x)
B. Non-Dispersive X-Ray Spectrum of Thin Surface

The SEM, when equipped with a non-dispersive X-ray analyzer, was very useful in studying RBSN.
Figur:. 3.2.1-30B shows the chemical composition of a typical RBSN fracture surface. The only uni-
form'y distributed impurity was iron, which had been added to the silicon as a nitriding aid.

The SEM was aiso valuable in locating fracture origins and analyzing their chemical composition.
Two typical fracture origins are shown in Figure 3.2.1-31. Figure 3.2.1-31A is a pore containing high
concentrations of chrome and iron. Figure 3.2.1-31B is an inclusion composed of silicon, chrome and
iron; it is probably an iron-chrome silicide. The fracture origins in RBSN most often occur below the

surface.
Transmission Electron Microscopy

The transmission electron microscope [TEM) was used to study grain size and grain morphology.
Two distinct regions were noted. Figure 3.2.1-32A shows a region of very fine needle shaped and
equiaxed grains (0.1 micron). Electren diffraction showed this region to contain a SigNg with a trace of
B SizgNy4. Scanning transmission electron microscopy (STEM) of this region showed no evidence of
phases containing ircn.

Figure 3.2.1-32B shows a cluster of large grains (1 to 2 microns) with very sharp boundaries com-
posed of a mixture of « and B SigN4. The STEM showed the presence of an iron containing phase,
probably iron silicide. However, no iron was detected in the grain boundary region.

These two distinct morphologies were 1ioted throughout the many samples that were studied. The
first region could be the “alpha matt” frequently referred to in the literature, while the seccad region
could have been caused by the growth of the SizNg4 phases in the presence of a liquid phase, probably

composed of FeSi.




Reom Temperature Strength

oo terapetattre strengthe oF T cntder at IVIRBSN was studied nsing four-paint bending
Th o tature hod o0 3 tep span od o i 37 e sy o A loading rate ot 10z in, e e d

¢ erspechmen sizeonas bEoN b 3TN T-0 80 e s vienswere representative ot g large nnimoer
of bateones ane nitridine runs, The d st therefons . cpresenis hateh-to-batch variations. The specunens
Were e b prior o neriding, usive N-ran raaoianny to remove any samples with olding
defects <mite to the method used o evalics onaine components. Table 3.2.1-9 displavs the room
temperature stength o 27 ¢ cne D densits U e aed Fieuree 3 203-43 shows the romn teniperature
strength s o P con ot o size

Figure 3.2.1-31 — Scanuing Electron Microgranhs of Fracture Origins in 2.7 g/ ce Density
RBSN
A. Pore Containing lHigh Concentration of Cr and Fe
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Figure 3.2.1-32 — Transmission Electron Micrographs of 2.7 g/cc Density RBSN
A. Region of Fine a Grains (0.1x) Plus Some 8 Grains
B. Region of Large Grains (1-2u) with Sharp Boundaries




Table 3.2.1-9

ROOM TEMPERATURE STRENGTH OF IMRBSN

Characteristic Weibull Number
Strength Modulus {m) of Samples (n)
45.2 (44.3 to 46.2)* 9.45 (7.97 to 10.84)* 72
* 909 Confidence Band
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Figure 3.2.1-33 — Room Temperaturc Strength Vs. Flaw Size for 2.7 g/cc Density RBSN

These flaws were all subsurface pores or inclusions iocated about 1 to 2 flaw diameters below the
tensile surface. The first curve is the "best fit” line tnrough the data. The second curve is the "best fit
line" through the origin which was necessary in order to utilize the derivation of K¢ (13)-The value K.
= 3.5 MNm=-3/2 oblained for IMRBSN using this technique is approximately the same as that obtained
for hot pressed SigNg (3.5 to 4.0 MNm—3/2)(14), slightly higher than that reported for other RBSN
materiale, such as Norton NC-350 RBSN at high temperature (2.8 MNm—3/2}{53} and considerably
higher than that obtained for NC-350 RBSN at room temperature (1.1 to 1.6 MNm—3/2) (53],

High Temperature Strength

The short time high temperature strength of IMRBSN, produced and nitrided in 1976 using a
constant rate nitriding cycle and measured using a fast loading rate (0.02 inch/minute}, ard a strength
curve for the latest and best grade of IMRBSN, produced and nitrided in 1978 using a nitrogen demand
nitriding cycle are displayed in Figure 3.2.1-34.
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Figure 3.2.1-34 -- Short Time High ‘remperature Strength and Flexural Stress Rupture
Strength of 2.7 g/ec Density RBSN

The temperature dependence of the 1976 material 15 linear with o modest decrease in strength
=5} at 1400°C. The temperature dependence of the 1478 material is similar to the 1976 material
because its chemistin and phase compasition is wdentical; only the microstructure is different.

Stress-Rupture

The flexural stress-rupture characteristics of INIRBSN were studied early in the development
program. Data for the 1976 grade of matertal is compiled in Figure 32 1-34, For test temperatures
between 1100 C and 1350°C, no time-dependent fatlures were noted. Some sanples failed instantane-
ously upon reaching the desired stress levell but this was expected because many tests were performed
at stress levels within the short-time strength scattes baned, NMost tests were terminaced with no failure
after 200 hours: in longer testing, one sampl survived 400 Lours at 12600 C and 50 Ksi, and one sample
survived 800 hours at 1350°C and 25 Keu

The 1978 wrade of matertal was studied at 1200 Coand g step stress rapture test perforined by
AMMRC. Results of the isothermal testng at 100 C are shown i Fignre 3.2 1-40. Some time-depen-
dent failures were noted at the 39 Ksi stress des o at times ug to two hoes: Thowever, one sample at
34.5 Ksi survived 700 houes of testing with the tea sull i progress

A step stiess rupture test tested the behavios of the material at vanions teimperatures and stress levels
1541 1t was designed as a screening test to identify arcas where coneentvated testing shondd he per-
formed Results of this testing are shown m Fienre 3.2 1236

Two samples failed before temperatiire reached the test conditions. Three samples tailed after a
short time at t000°C endd stress levels of 27 Ksi Two other sampies, slter sueviving 24 hours at 1000°C,
failed after short times at 1100°C Eight samples survived the entire test. This data indicates that a
potential problea exists at the low-test temperstares of 100070 vid 1100°C, these temperatires coree-
spoend o the region of maximum oxidation ot RBSN

A smamany of ali the stress tapture data shows that the 2.7 g cmd INIRBSN does not exhibit time-
dependent falure at stress levels of 33 Ksi at temperaiarves up to 1400°C and times of at least 200 hours.
These results were expected because this material does pot exhibit slow crack growth up to 1406°C, the
maximiun temperature investigated, Tune-deperdent tailnres at the higher stress levets and lawer
temperatures were attributed 1o oxidation rather than slow crack growth,




]
50 =
-
2 40— ° e o
; S = .-
] I:{ e ® as 2"
> 30+ 8=
=
»
i
}.._
n
10—
. | | | |
0.0l 0.l 1.0 100 1000 1000.0
TIME TO FAILURE (HOURS)
Figure 3.2.1-35 — Isothermal 1200°C Stress Rupture Test Results, 2.7 g/cc Densit' RBSN
Tests Performed by AMMRC
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Figure 3.2.1-36 — Step Stress Rupture Test Results at Various Temperatures, 2.7 g/cc
Density RBSN. Tests Performed by AMMRC.
Creep

Creep testing was used extensively to monitor and improve high-temperature behavior of IMRBSN
during its development (4, 5, 6, 20). The creep resistance of the 1976 2.7 g/cm3 IMRBSN material was
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measured in bending at 1316°C and stress levels between 17 and 27 Ksi (130 and 200 MN/M2). These
results are compared to lower density IMRBSN and HS-130 HPSN in Figure 3.2.1-37. Creep resistance
improved significantly with increases in density. 2.7 g/cm3 IMRBSN was also superior to HS-130 by
over two orders of magnitude.
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Figure 3.2.1-37 — Creep of Various Grades of Silicon Nitride

Oxtdation

The oxidation behavior of RBSN is typified by Figure 3.2.1-28(3. 7). This shows that oxidation is
worse at lower temperatures. This type of behavior could be charscterized by an internal oxidation
mechanism. Oxidation resistance improved as the materialt density was increased, as shown in Figure
3.2.1-39.

A second phenomenon identified with the oxidation of RBSN, strength reduction as a function of
exposure time and exposure temperature, is displayed in Table 3.2.1-10. No mechanism for this
strength reduction has been advanced, but it is possibly associated with the formation of cristobalite as
the major oxidation pradct.

Various methods of improving oxidation resistance have been tried; all attempted to ¢ither fill the
pores with a material of thermal expansion similar to SigNy. or to seal the pores by applyiig a coating.

Chromic acid, magnesium chromate, nickel chromate, iron chromate, and cobalt oxide were im-
pregnated into the RBSN to fill the pores. All of these materials successfully reduced the open porosity
of the SigN4 and reduced the weight gain to less than 0.05% after 200 hours at both 1038°C and 1260°C.
However, they also reduced the strength of the material by 254 to 50¢ . This strength loss was evident
after the impregnations were complete and before any oxidation occurred.

Coatings of CVD SigNyg were applied to RBSN to seal the surface with a high density layer; this
approach was also unsuccessfut. 'The CVD SigN4 was not impervious and the weight gains after
oxidation were no differeni than those of untreated SigNg. After the coating was applied, large
strength losses of 30¢% to 50 were observed both before and after oxidation.
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Figure 3.2.1-38 — Weight Gain Due to Oxidation of 2.3 g/cc RBSN of Two Different Phase
Compositions as Measured at Various Temperatures.
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Figure 3.2.1-39 — Oxidation Behavior of Silicon Nitride, Measured Isothermally at 1038°C
for 200 Hours, as a Function of Density
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Table 3.2.1-10

OXIDATION TESTS ON IMRBSN

RBSN Post Test Exposure A Thermal*
Density Nitriding Temperature Time A Weight A MOR Expansion
(8/cm3) Treatment (°C) (hours) (%) (%) (ppm)
2.55 None 1038 200 +3.7 =25 No data
1260 200 +2.0 —46 No data
2.7 None 1038 200 +0.75 0 +100
1260 200 +0.55 -22 +150
2.7 Flash 1038 200 +0.17 0 No change
Oxidized 1260 200 +9.19 -14 No change
at 1450°C

for 1/2 hour

* Maximum difference in thermal expansion up to 900°C.

The best technique found to improve oxidation resistance of RBSN was a Flash Oxidation Treat-
ment (55). This treatment consisted of rapidly heating the Si3N4 from room temperature to between
1370°C and 1500°C in less than one-half hour and maintaining the temperature for between one-half
hour and four hours. One particular treatment, shown in Table 3.2.1-10. reduced the weight gains to
0.17% at 1038°C and 0.19% at 1260°C, and reduced the strength losses to 0% and 14% respectively.
The thermal expansion of the RBSN did not change.
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3.2.2 SLIPCAST REACTION-BONDED SILICON NITRIDE
3.2.2.1 Introduction

Slip casting is a process with a long history of use in the ceramic industry. However, the slip casting
of non-clay systems, such as silicon metal powders, has been in a state of infancy. At the beginning of
the program very little published information was available on techniques of slip casting silicon. Many
of the basic techniques, therefore, were developed from prior work done in refractory metal systems
such as molybdenum (Mo) and tungsten (W). Refining these techniques throughout the program re-
sulted in a better understanding of the process and better control over the results(56.57)

This section of the report outlines techniques developed for the slip casiing of silicon and then
describes the physical properties of the resulting reaction-bonded silicon nitride material.

3.2.2.2 Material Development for Casting
Basic Slip Casting Process

The basic slip casting process is relatively simple. A stable particulate suspension of the material to
be cast (the ‘slip’) is poured into a rigid absorbent material {the ‘mold’, usually plaster}. The fine pores
of the mold draw off much of the liquid fraction of the slip through capillary action; the solids remain
and are deposited along the walls of the mold forming a coherent casting. Holiow castings are made by
pouring off the slip remaining after the material has been deposited to the desired wall thickness. By
replenishing the slip as the liquid is absorbed, one can cast solid pieces. After the casting is removed
from the mold it can be dried and fired.

Metal Powder Slip Casting

One of the keys to successful casting is creating a stable suspension of particles in the slip. It is
necessary to control the powder parameters (particle size, shape, reactivity and size distribution), the
liquid vehicle, and the slip additives (deflocculants, binders and electrolytes.).

Suspensions are formed by two basic mechanisms, one physical and one chemical. For materials
with large particles (>10g) or of high specific gravity, jelling additives physically hold the particles in
suspension. Such slips generally have high viscosity and create castings with a low density.

When the pariicles are small enough to be controlled by ionic surface forces, e.g., London van der
Waals, rather than gravity, they are held in a chemical suspension. Chentical suspensions are formed
with silicon when most of the particles are within the size range of 1~10u.(58)

Characteristics of the particle surfaces are critical factors in establishing a chemical suspension.(59)
The usual mechanism suspending particles is the repulsive force of the electrical double layer formed
by the oxide skin surrounding most melals. However, under certain conditivns, this oxide skin can
increase, decrease, totally dissolve or change in type, which results in a sudden shift of rheological
prope-ties of the slip.(60)

Particle size distribution is another eritical fuctor bocause this controls packing efficiency which
affects the density of the casting. It also can affect drying shrinkage. A slip with a high proportion of
fine particles may shrink excessively while drying and crack, while a slip with a high proportion of
coarse particles may not shrink enough to be removed from the mold. The shape of the particles
determines both surface area, an important factor when considering ionic surface forces, and packing
efficiency.

The liquid vehicle must:

1) Be able to wet the particles, thus providing the lubrication and consequent particle mobility
necessary for high packing efficiency;
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2) Have chemical stability, to avoid adverse reactions with the oxide skin; and
3) Have the proper viscosity.

In addition to these factors, various wetting agents, electrolytes, binders and deflocculants may be
added to the slip to alter its rheological properties, which further modify the casting properties of the
slip and the physical properties of the cast.

Slip Casting of Silicon

One of the goals of this program was to produce silicon castings of high ‘green’ density, because the
tinal nitrided density is directly proportional to ‘green’ density. Moreaver, engineering properties such
as strength generally increase with increasing density. Chemical suspensions have greater potentia! '9
produce higher density castings than physical suspensions. Consequently, the slip system finally dev.:-
oped consisted of:

1} Finely divided silicon metal

2} 0.01-0.06 weight percent of an alkaline deflocculant

3} Nitric acid and ammonium hydroxide as electrolytes

4j Distilled water as the liquid vehicle
Preparation of the Raw Material

The silicon powder as received had a particle size of 3256 mesh; this was too coarse to establish a
chemical suspension. Thus, it was dry-milled with high density alumina balls in alumina mills to a
number of different particle size distributions. Althcugh a number of different distributions were
produced and tested, most of the work reviewed here was done with two distributions, 5.54 and 6.04;

the distributions were determined by X-ray analysis. (Figures 3.2.2-1 & 3.2.2-2}. Typical particle shapes
of the powders are shown in Figure 3.2.2-3.

100 |-

[- 4

w

z

e

- 80 [
Z

w

(5]

[- 4

w

a

a

< 50
=

w

>

=

<

-

p=)

3

2

(5]

0 1 l |
100 20 10 55 1 0.1

EQUIVALENT SPHERICAL DIAMETER, MICRONS

Figure 3.2.2-1 — Particle Size Distribution of Ball Milled Silicon Powder, 5.5¢ Median
Particle Diameter




(1

w

Z 00—~

w

E -

w 80"

(&}

@ =

& 60}

n

<

< 40+

g_-' =

Z 20

< 5

=)

E Olllllll 1 llll | D 1 Illllll !

=) 100 I0 6 | 0.1

= EQUIVALENT SPHERICAL DIAMETER, MICRONS
Figure 3.2.2-2 — Particle Size Distribution of Ball Milled Silicon Powder, 6.0 Medium

Particle Diameter

PR

Figure 3.2.2-3 — Microstructure of Cast Silicon Structure (800x)

6l




AL AN L e

Slip Stability

In the slip system used, the silicon powder underwent an exothermic reaction accompanied by the
release of hydrogen gas. By monitoring the pH, however, it was possible to determine when the slip
had achieved a stable equilibrium state. It thus became apparent that the slips needed proper aging
& before they were suitable for use.

Relationship Between pH and Viscosity

The viscosity of a slip was also found to vary with the pH. Slips were prepared using both the 5.5
and 6.0u powders and allowed to stabilize. Slip pH was then altered by small additions of either nitric
acid (HNOj3) or ammonium hydroxide (NH4OH). The resulting viscosity changes are displayed in
Figures 3.2.2-4 and 3.2.2-5. The differences between the two responses were due to particle size,
particle size distribution and the amount and type of deflocculant used. This experiment demonstrated
that by controlling the pH it is possible to control the slip viscosity over a wide range.

Relationship Between pH and Density

Controlling the slip viscosity by controlling the pH also enabled control of the density of the ‘green’
casting. This relationship is displayed in Figures 3.2.2-6 and 3.2.2-7 for the 5.5¢ and 6.0x slips, respec-
tively. As the slip viscosity decreases, the density of the ‘green’ casting increases. This implies that the
density of the final silicon nitrided article would also increase. (In Figure 3.2 2-6 the silicon nitride
densities were calculated, not measured, assuming a 60% weight gain upon conversion of the silicon
metal to silicon nitride.)
Relationship Between pH and Green Shrinkage

Although ‘green’ shrinkage is usually thought to be controlled by the particle size distribution,(61) it
is also dependent upon the pH.(62,63), This relationship for the the 6.0u slip is displayed in Figure 3.2.2-
8. As pH increases the ‘green’ shrinkage decreases. Minimum ‘green’ shrinkage indicates a maximum
in ‘green’ density. Moreover, this relationship was found to be true for other slips tested. Since ‘green’

shrinkage can affect the possibility of having a casting crack while drying and the ease of mcld release,
control of this characteristic is impeitant.

wl
350 |-
300 |-
250 -
200 |-

150

100 |-
o M

VISCOSITY (CENTIPOISE)

o_l\,l 1 i A 1 1
0 5 (] 7 8

pH VALUE
Figure 3.2.2-4 — pH Vs. Viscosity Relationship of 5.5x Silicon Slip

62




00 %

250~ \

] —~

2001
] >.:_ g

t LD a =
>

E’- S 100f-

pH

Figure 3.2.2-5 — pH Vs. Viscosity Relationship of 6.0 Silicon Slip

- 2.80
SILICON NITRIDE DENSITY
200 | - plh
_\U\ d270 -
(& ]
(8]
5 190 z
= 4 260 E
b3
© 180 | ]
E =
% GREEN DENSITY 425 ©
z w
4 0L ~ —— g
=
= 4240 2
w
e z
S 160 8
7
1.50 -
1 1 1 1 { 1
5 6 7 8 9 10
pH VALUE

Figure 3.2.2-6 — Green Density and Corresponiding RBSN Density of 5.5u4 Silicon Slip Vs.
pH Level of the Slip

63




|

180

GREEN 170
DENSITY
(GM/CC) 160

r 1 | | | ] ]
, 150 0
pH

Green Density of 6.0 Silicen Slip Vs. pH Level of the Slip

11

I

]
|

Figure 3.2.2-7 —

0.30
0.20

| | S [ SO
L I A

pH

Figure 3.2.2-8 — pH Vs. Shrinkage Relationship for 6.0u Silicon Slip

GREEN

SHRINKAGE
(%)

Effects of Diluting the Slip

The effect of slip dilution upon casting properties was also investigated. Both 5.5u and 6.0u slips
were diluted with distilled water and their pH adjust2d to minimum viscosity. The results are dis-
played in Figures 3.2.2-9 and 3.2.2-10. Even though a significant reduction in slip viscosity occurred in
both cases there was little change in ‘green’ density. Such low viscosity slips would be useful in casting
small and intricate shapes. However, care must be taken since over-diluting may result in slips so thin
that the solid particles fall out of suspension.
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Figure 3.2.2-9 — Effect of Dilution of 5.5: Silicon Slip Viscosity and Green Density of
Castings
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Nitriding of Slip Cast RBSN

In this program, slip cast material was nitrided along with injection-molded RBSN. Please refer to
the preceeding Section (Section 3.2.1.4) for a description of nitriding development.

3.2.2.3 Physical Property Characterization

Physical properties examined during this program included modulus of rupture (in both three- and
four-point bending), creep resistance, thermal conductivity and elasiic modulus. All of these were
measured over a wide range of temperatures. Throughout the program, work continued on improving
these physical properties by modifying the slip rheology. adding various nitriding aids and changing
the nitriding schedn!« and nitriding atmospheres.

Bend Strength

Early work in measuring the strength of slip cast silicon nitride was done primarily in three-point
bending using a hydraulically loaded system.(4) The test fixture used carbide knife edges located on 3
inch centers and 0.23 inch x 0.23 inch x 4.00 inch diamond ground test specimens. Cross head speed
was approximately 0.1 inch/min. The data displayed in Figure 3.2.2-11, with the exception of two data
points, was obtained in this manner. The material had a density of 2.6 gm/cc.

Later work was primarily done in four-point bending using an Instron Universal Tester.(9) The test
fixture used silicon carbide edges located on the quarter points of a 0.75 inch span and 0.125 inch x 0.25
inch x 1.00 inch diamond ground test specimens. Cross head speed was 0.02 inch/min. The data are
shown in Table 3.2.2-1. The material had a density of 2.82 gm/cm3 and was nitrided using a 100% N2
atmosphere. Weibull data were culculated using the MLE method.
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TABLE 3.2.2-1
MODULUS OF RUPTURE OF SLIP CAST Si3Ny
(2.82 gm/cc DENSITY)
Average Characteristic Number of
Temperature MOR?* Strength m Samples
°F (ksi) (ksi)
Room Temp. 29.7 32 8.18 19
1300 325 345 742 20
1780 345 36.9 6.54 20
2100 33.7 36.0 6.26 18

*1/8 x 1/4 x 1 inch sample: 3/8 x 3/4 inch bend fixture, 0.02 in/min. toad rate.

A study was undertaken to increase the strength of the slip cast material by improved nitridation;

ture modulus of rupture of 50.7 ksi for a 2.8 gin/em3 material. This was a considerable improvement
over the values obtained at the beginning of the program.

66




TABLE 3.2.2-2

STRENGTH OF SLIP CAST Si3Nyg

Nitriding Average** MOR
Atm. MOR Range Density A Weight Comments
(ksi) (ks))  (gm/cm3) (%)
100 No 26 + 25-27  2.67/2.74 60 Chemically ac;usted siip to give
4% Hy/96 N_ 26 + 25-27  2.67/2.74 60.3 low density-solid cast
103 N 37 + 36-40 2.8 60.1 Solid cast
50.7 + 46-53 2.8 60.4 Centrifugaliy cast, sample from
rotor hub
4% H2/96 N» 43 + 32-50 268 59.5 Experimental slip, change in
particle size distribntion, clhiange
in deflocculant
100 No W7+ 2537 282 59 Solid cast
47 H2/96% Na M+ 38-16  2.82 59 Centrifugally cast, sample from

rotor hub

**  Four-point bending 1/8 x 1/4 x 1-1/2 inch samples, load rate 0.02 in./min.
+ 3/8 x 1/-1/8 inch knife edge spacings

++ 3/8 x 3/4 inch knife edge spacings

Creep

Slip cast materials of varying densities and nitriding additions as shown in Table 3.2.2-3,were tested
for creep.(5.6) The creep tests were conducted in an air atmosphere in four-point bending over a 0.75”
span The sample size was 0.125” x 0.125” x 1.50”. The deflection was determined by measuring the
mevement of the load train with an LVDT transformer mounted outside the fiirnace. Results of the
creep tests are showr. in Table 3.2.2-4.

TABLE 3.2.2-3

CREEP SAMPLE PROCESSING HISTCRY OF
SLIP CAST SILICON NITRIDE

Code No. Nitriding Additive Density
NE8 None 2.69 gm/cm3
NEg 3¢ CaF9 2.65 gm/cm3
NE10 1% Fea0O3 2.72 gm/cm3
NE12 3¢ Fe2Og3 2.72 gm/cm3
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TABLE 3.2.2.4

CREEP TEST RESULTS OF SLIP CAST SILICON NITRIDE

.')' Test Temp. Stress Duration of €s

Material {°F) (ksi) Test (hrs.) (in./in./hr.!
NE8 2300 10 70 1x 1079
NEQ 2300 10 65 3.5x 1079
NE10 2300 10 65 No Deteciable Creep
NE10 2400 12 70 No Detectable Creep
NE10 2400 15 70 No Detectable Creep
NE12 2300 10 65 No Detectable Creep
NE12 2300 17 45 No Detectable Creep-

then rupture

NE12 2300 20 5 No Detectable Creep-
then rupture

Thermal Conductivity

Thermal conductivity of a 2.68 gm/cm3 slip cast material was measured by Battelle Memorial
Institute using a flash diftusion method.(4) The results are shown in Figure 3.2.2-12. For comparison,
the thermal conductivity of a 2.23 gm/cm3 injection-molded material is also shown. The thermal
diffusivity data used to calculate the thermal conductivity is shown in Figure 3.2.2-13. Since both
materials were similar in composition and nitriding history, the difterence was assumed to be due to
differences in density or porosity.
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Elastic Constants of Silicon Nitride

Longitudinal, Young’s and shear modulus, along with Poisson’s ratio, was determined for slip ca"t
materials using the sonic method.(8) The results are shown in Figures 3.2.2-14 through 3.2.2-17 along
with those for two hot pressed SigN4 materials included for comparison.
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Figure 3.2.2-16 — Shear Modulus of Various Silicon Nitrides
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3.2.3 HOT PRESSED SILICON NITRIDE
3.2.3.1 Introduction

At low nitrogen pressures and temperatures greater than 1800°C, silicon nitride (SigN4) tends to
readily dissociate. Traditional sintering techniques do not work at lower temperatures because of
insufficient atomic mobility in SigN4. Thus, SigNy is generally produced by reaction bonding or hot
pressing.

Silicon nitride of theoretical density and having strength on the order of 100,000 psi can be produced
by hot pressing. A densification aid liquifies during the simultaneous application of heat and pressure
helping the SigN4 powder to density by a solution-reprecipitation process across the liquid grain
boundaries. This grain boundary phase, which is vital to densification of the SigN4 powder, represents
a primary disadvantage of hot pressed silicon nitride (HPSN); this grain boundary phase softens or
melts at elevated temperatures which deteriorates the strength of the HPSN, and, when stressed,
causes creep and slow crack growth.

Silicon nitride of full density and high strength is required to endure the high operating stresses
present at the hub of a turbine rotor. Thus, the major emphasis in the hot pressing area of this program
was to develop a feasible technique for fabricating hubs for the duo-density SigNg turbine rotor
(Sectivn 4.3 of this 1eport]. Refinenient of puwder prucessing techniques wds conducted in parallel
with this effort. Late in the program, work was directed towards densification aids other than magne-
sivm oxicdte (Mgo) in the attempt to find an addittve which wonld not deerease thi strength ol SigNg at
elevated temperatures.

3.2.3.2 Material Development for Hot Pressing
Initial Research

After attempting many different fabrication techniques for rotors, efforts were directed towards a
“duo-density” process. HPSN was used for the hub of the rotor where stresses were highest but where
temperatures were low encugh to minitnize ereep. Then, in one cperation, the hub wes hot pressed
and bonded to a RBSN blade ring. Using RBSN blaced constraints on the temperature, pressure, time
and densification aid that could be used to form the ‘otor; e.g.. pressures above 1,000 psi deformed the
blade ving and cracked the blades. Consequently, the linitial research in hot piessing was tu study the
bonding process and the effects of various pressing parameters on bond quaiity.

Ceramic compoenents with simplified shapes fwhich simulated the rotor) were used during feasibili-
tv studies(! (Figure 3.2.3-1). The rings were fabricated by cold pressing or slip casting silicon into
shape, nitriding to form SigNy4, and then machining to the designed dimensions. The hubs were
prepared by hot pressing « SigNg, with a MgO additive, into a full density disk simulating the hub. The
bond surfaces were machined to remove any oxide or reaction layer. A thin coating of lacquer
containing 8igNg and 1 w/o MO was painted on the bond surfaces w erhance densifiestion and fill
small machining defects.

This duo-density shape was then hot pressed for one honr at 1775°C and 2,000 psi. After pressing,
the hond quallty appeared excellent (Figure 3.2.3-2).

Often, a severe reaction o! the RBSN with the carbonaceous gases in the hot press environm2nt
occurred during hot pressing, with the formation of silicon carbide {SiC). The most effective solution to
this problem was to line the hot press cavity with a Grafuil® ur molybdenum foil barrier layver

Bonding studies were condueted using disks of RBSN and HPSN twa inches in diameter. As before,
the bond surfaces were machined to remove any reaciion layver and painted with «. bond-promoting
layer of SigNg and 0.5 w/o MgO in lacquer. Then, after bonding, the samples were characterized with
respect to microstructure and strength. The strength measurements were conducted under three-point
loading with the sample positioned so that the point of maximum tensile stress occurred at the joint.




Figure 3.2.3-1 — Press Bonded Duo Density Shape

Figure 3.2.3-2 — Sectioned Duo Density Shape
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Strength of the samples ranged from 23,000 psi to 31,000 psi with no apparent corretation to hond
guality. The location of the fractures was of greater importance than the strength of the material: in
well bonded materials the fractures always occurred in the RBSN. This indicated that the bond region
was not strength limiting,

Variables in Processing and Their Fffects on HPSN

An evaluation of the variables affecting the quality of HPSN and an assessment of their relative
importance was needed in order to aceurately predict the properties and the reliability of rotors and to
establish effective quality control procedures. A starting point was to determine the consistency of
strength parameters from hub to hub and from area to area within individual hubs. The former was
important in assessing the reproducibility of the hot pressing technique. the latter in deciding if
separate strength parameters were necessary for each finite element in reliability analysis.

Five hubs were pressed from a SigNg + 2 w/o MgO powder; four were from the same powder
milling batch and one was from a different batch. Test bars were cut as illustrated in Figure 3.2.3-3.
Strength parameters of hubs from the same batch were fairly consistent; however, significant varia-
tions in strength existed in hubs from different batches,
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Figure 3.2.3-3 — Machining Plan for Test Bars Cut From Formed Rotor Hubs

Within any single hnb there were no statistically significant variations in strength. ‘This meant that a
single set of strength parameters could be used for ol the finite elements of the rotor in veliability
analysis, with the precaution that the data would be applicable only to a partionlar batch of powder.
From this work it became apparent that the method nsed in preparing powder batches plaved o
significant role in determining the final properties of the HPSN.

In order to gain insight into the effects of powder preparation inethads on HPSN, a parametric stndy
was conducted to assess the following viriables:
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1) Purity of the material: SigNg4 powder as received versus powder passed through a magnetic
separator and air classified to 50 microns or less

2) Hot pressing additive: 2 to 5 weight % MgO

3) Milling balls: tungsten carbide (WC} versus aluminum oxide (Al,O,)

4) Type of milling: dry versns el in reagent grade absolute methanol

5) Milling time: 48 hours versus 72 hours

6) Hot press pressure: 500 to 5,000 psi.

Because the strength data might be influenced by subtle differences in machining quality of the test
bars, two different machining shops were used to indicate if this variable affected the test results. Bars
were lested in four-point bending at 1600°F {871°C) and 2200°F (1204°C); these temperatures were
projected to be the maximum operating temperature at the bore and at the bond ring of the rotor,
respectively,

Evaluation of results from a saturated fractional factorial unalysis of the above variables showed
that, within the conditions investigated:

1} Wet milling with ALLQO, balls produced low strength

2} No significant differecnce exists between milling with dry or wet WC and drv ALO, balls
3} High strengths resulted at pressures as low as 1,500 psi

4} Milling time had no significant effect

5) 5 weight ©i MgO was superior to 2 weight ¢ MgO

6) Machining source had a significant cffect

Using these findings, gnality control procedures were established for powder processing with rec-
ords kept of all the critical data characteristic of each SigNy4 batch used for hot pressing. Each new lot
of SigNy4 powder and each lot of additive was characterized by emission spectroanalysis, particle size
distribution, X-ray diffraction, B.E.T. surface area, and oxygen content (via nentron activation analv-
sis). Anwounts of SigMNg powder, denstlication atd and nrethanol added to each batch were recordd,
along with starting date, milling time, rpm and WC contamination level (this was calculated from the
weight ol the WO balle pre and post milling) After milling and sereening, each bateh was additionally
characterized by particle size analysis. This data proved useful for tracing pressing problems, calculat-
ing hot press densities and locating milling problems; e.g., fast wearing WC balls,

AME CP-85 grade 5igNg powdei with a 5 weight U0 KO additive was experimentally hot pressed
to examine the effects of the hot pressing parameters on material quality. Temperatures were 1500°C
b 17000, pressires wote LODO psi by 5000 pst and hodd times were one Bour 1 seven ors

The design of the experiment allowed cach parameter’s effect to be independently stndied at more
than one level: e.g., temperature effects with other parameters held constunt at 1,000 psi for thiree hours
or at 2,500 psi for three Lowrs. Hot pressed billets were evaluated by density, microstrctire, X-rav
analvsis and four-point MOR at botk room temperatnre and 2200°F.

Except for one billel pressed at 000 pei for three hours at 1500°C all others were greater than 99¢
dense. Each parameter’s effect on room temperature strength is displaved in Figures 3.2.3-4 through
3.2.3-6. Each svinbol in the figure represents an average of five test hars.

Femperature daritng hol pressitge appears to be e domirant Lretor infleencieg room leiapertire
strength. Throngh the use of Xerav diffraction. the refationship between room temperatire strength
and temperature was identified as resnlting from the conversion of « SigNy to 8 SigNy during hot
pressing. As this conversion proceeds, a network of 3 S§i3Ny needles develops: these interlocking
needles are stronger than the o Si3Ny grains. Maximdg in each enrve, therefore, probably represent the
completion of this conversion; decreases bevond maximmn may represent grain growth.

Strength Dehavior at 220078 as a function of pressing temperature displaved qguite a different trend:
strength steadily declined as temperature increased (Figure 3.2.3-7) Tentatively, this behavior was
linked to the oceurrence of a cellilar network of fine porosity in some HPSN which gives bitlets a
mottled appearance (Figure 3.2.3-8).
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Figure 3.2.3-8 — Microstructure of HPSN Pressed at 1600°C, 1000 psi with a Three Hour
Hold Time

Quantitative values were given to this effect by asking several people to assign test sections of each
billet, based on its degree of mottling, to one of five groups. Group 1 was not mottled and Group 5 was
badly mottled. The average group number resulting from five trials was termed the “appearance
factor” for each pressing. This factor correlated well to the 2200°F strength tests but did not correlate to
the room temperature tests (Figures 3.2.3-9 and 3.2.3-10). Figures 3.2.3-11 and 3.2.3-12 display the
dependence of the 2200°F strength on hold time and pressure during hot pressing. Further work is
required to better understand the causes of this mottling even though this study gave insight into the
processing requirements for producing high strength hot pressed silicon niv.de.
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Figure 3.2.3-9 — Relationship Between Appearance Factor and 2200°F Strength of HPSN
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Figure 3.2.3-10 — Relationship Between Appearance Factor and Room Temperature
Strength of HPSN
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Figure 3.2.3-12 — Effect of Hot Pressing Pressure Upon 2200°F Strength of HPSN

Improved Hot Pressed Silicon Nitride

The study of hot pressing parameters {time, temperature ind pressure} demonstrated that silicon
nitride could be strengthened through better fabrication techniques, although the grain boundary
phase of magnesium silicatc remained a limiting factor for strength at elevated temperatures. Conse-
quently, two investigations were initiated to significantly improve the high temperature streng*h of
silicon nitride by increasing the refractoriness of the grain houndary phase: first, by using a silicon
nitride starting powder of higher purity; and sccond, Iy replacing the magnesium oxide (MgO) additive
with other additives to promote densification.

For the first approach, six commercial grade silicon nitride powders, five with a high content el «
SigN4 and one that was amorphous, were obtained and analvzed (Table 3.2.3-1).

The weight percent of each major impurity, oxygen (2}, iron {Fe). aluminum (Al), calcium (Ca)and
magnesium (Mg), varied widely between powders. Batches of each powder with 2 wt. <0 and 5 wt. ©
MgO additions were milled in methanol with tungsten carbide (WC) balls, dried. broken up and
passed through a 100 mesh screen prior to hot pressing. Two hot pressing conditions were used: 5,000
psi held for threc hours at 1700°C and 1,000 psi held for three hours at 1700°C. The second set of
conditions approximated thoese used during fabrication of duo-density rotor hubs. After pressing. the
2-5/8 inch diameter disks were removed from the graphite die, sandblasted and measured for density
by Archimedes’ principle. Test bars were digziond grounrd from the fully dense disks and tested for
strength in four-point bending at both room temperature and 2200°F.

AME CP-85 was the baseline powder since it was in use for fabrication of duo-density rotor hubs. A
summary of characteristic strengths at room temperature and 2200°F for each batch is summarized in
Table 3.2.3-2. Other than the AME powder, none of the other powders reached high density at 1,000
psi, so no test data was obtained from this group.




a-SigNyg*
B-SizgNg*
SigN40*
Si(free)*
O1*
Sioq*
Fe**
Al**
Mg**
Ca**
Ni**
Cr**
Ti**

B**

Si**

TABLE 3.2.3-1

CHEMISTRY OF COMMERCIAL GRADE SILICON NITRIDE POWDER

AME
CP-85B

84.7
14.3
0.7
0.3
1.44
0

0.88
0.63
0.01
0.20
0.03
0.01
0.08
0.0005

AME
Hi-Purity

~70
~30
0.5-1
0.5-1
1.89
0

0.35
017
oM
0.01
<0.01
<0.01
0.05
0.0005

*By X-ray Analysis — weight percent
**By Emission Spectrographic Analysis — weight percent

Additive and

Test Temperature

Room
Temperature

Weight v MgO 2
Weight ¢ MgO 5

2200°F

Weight ¢. MgO 2
Weight ¢@ MgO 5

AME
CP-85B

Starck Annawerk
93.4 ~80
6.6 ~20
<0.5 0.5-1
0 0.5-1
1.10 2.15
<0.5 0
0.02 1.40
0.0% 0.15
0.02 0.10
0.05 0.20
<0.01 0.02
0.02 0.01
0.02 0.05
<0.002 0.008
Base

TABLE 3.2.3-2

STRENGTH OF SigN4
HOT PRESSED AT 5000 psi AND 1700°C WITH MgO ADDITIVE

101.7
104.1

62.7

68.0

AME

Hi-Purity  Starck  Annawerk
94.8 88.5 80.6
92.5 §1.3 -
48.4 444 26.6
55.4 4.3 -

Sylvania
SN 402

0.5-1
Amorphous
0

0

2.61

0

<0.01
0.01
<0.01
<0.01
<0.01
<0.01
<0.005
<0.0002

Sylvania
SN 402

Not tested.
material
was only
95-87

dense,
No test
bars cut.

* Each value represents characteristic strength, Kpsi. based on five test bars.

Sylvania
SN 502

~90
~10
0
<0.5
1.64
0

0.04
0.01
<0.01
<0.01
<0.01
<0.01
<0.005
<0.0002

Sylvania
SN 502

89.1
96.5

56.6
398

All the hot pressed powder, with hoth the 2 and 5 weight percent MgO additions, had good strengtt,
at room temperature. The baseline AME CP-85B powder produced the strongest test bars at hoth room

temperature and at 2200°F,

It is significant that powders of higher purity still lost strength at 2200°F; this indicated that this
approach probably would net increase material strength at high temperatures. The disk pressed from
Annawerk powder with a 2 weight ©i MgO additive showed a severe strength loss at 2200°F; this was

probably due to the high Fe content (1.4°7).
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In the second approach, the literature was surveyved for likely additives and the following were
selected for evaluation: 15 weight © zvttrite (Y203 stabilized ZrOg), 5 weight % cerium oxide (CeOa)
and 8 weight %% vitria (Y203]). Batches were made for cach additive und pressed at 5,000 psi and 1700°C
for three hours. The same methods of evaluation were used as for the MgO additive baiches. A
summary of characteristic strengths at room temperature and 2200°F for each batch is summarized in
Table 3.2.3-3.

TABLE 3.2.3-3

STRENGTH OF SigNg POWDERS HOT PRESSED
WITH VARIOUS ADDITIVES

AME AME Sylvania Sylvania
CP-85B  Hi-Purity Starck  Annawerk SN 402 SN 502
Room Not tested,
Temperature due to
15 Weight ¢/ Zyttrite 1221 86.1 860.5 1.9 previous 6.1
5 Weight < CcOr 118.8 96.2 + 119.6 difficulty in +
8 Weight ¢ Y203 103.6 t t 94.8 producing t
dense
2200°F sumples
15 Weight ©¢ Zattrite 719 68.4 46.4 7Y with MgO. 66.6
5 Weight <« CeOo 67.0 69.8 + 53.4 +
8 Weight <1 Y203 105.7 t t 59.0- §

* Each value represents characteristic strength, Kpsi, based on five test bars.
¥ This value represents characteristic strength, Kpsi, based on seven test bars.
+ No pressing made.

3 Material did not reach 99%¢ density.

At both temperatures. the zyvttrite additive iinproved the strength of the test bars more than the MgO
additive: however, a strength loss was again observed at 2200°F. The strength results using zyttrite in
the Anna verk powder is of particular intcrest as the loss of strength is much less severe than that
observed using MgO. Prebably the grain boundary phase formed with zyttrite can contain significan}
amounts of Fe (1447 ) without serious loss of refracteriness. The CeO2 additive produced only a small
improvement in high temperature strength: although the grain boundary phase appeared more tolerant
of Fe than that formed by MgO. With the Y203 additive. full density was achieved only in the AME
CP-85 and Annawerk powder. No strength losses at high temperature were observed in the AME
CP-85 test bars. Later tests verificd this observation.

In order to evaluate the possibility of forming rotor hubs from these improved materials, AME
CP-85 SigNyg powder was mixed with the various additives and pressed under 1,000 psi at 1700°C for
three hoors. These conditions were more representative ¢f those used in production of duo-density
rotors.

The pereent of theoretical density produced with each additive was as follows: 5 weight i CeOa»
reiached 98947 : 15 weight ¢« zvttrite ceached 95.7¢0 and 8 weight v Y203 reached 91.6 1. As cach
sample failed to reach full density, no test bars were evaluated.

3.2.3.3 Physical Property Characterization

Strength, elastic properties, and therizal expansion were determined for various ceinpositions of hot
pressed silicon nitride which were developed and utilized during this program.

The strength of the various materials was discussed earlier in Section 3.2.3.2. Elastic property
measurements were performed on two compositions representing the range of densification additive
used, namely 270 and 570 MgO. Curves of tongitudinal modutus, Young's . .odulus, and shear modulus
\s. temperatare are shown in Figure 3.2.3-13 1240 MgO) and Figure 3.2.3-14 (5%, MgO). Measurements
were made on 8igNyg lest bars by a pulse-eche ultrasonic technigue 13} Youny's modulus was celeu-
latcd from measured vahies of longitudinal and shear moduli. A modest decrease in the various moduli
is evident as MgO content increased from 240 to 54,
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Thermal expansion measurements were also performed on hot pressed SigN4 materials of varying
MgO content. Measurements were conducted on a differential dilatometer from room temperatures up
to 900°C, and are shown in Figure 3.2.3-15. The expansion curve of Norton NC132 hot pressed SigNg is
included as a reference point. This data reveals that increasing MgO content also slightly increases
thermal expansion.
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3.24 MOLDED REACTION-BONDED SILICON CARBIDE
Early Work

Prior to this program, a process was developed in-house for molding and reaction sintering silicon
carbide (SiC) to form a completely dense body.(64.65,66.67) The process involved the formation of an a-
SiC filled, thermosetting plastic which was molded into complex shapes. Subsequent steps included
carbonizing the plastic at high temperature in an inert atmosphere to yield a C-8iC composite and
siliciding the composite at high temperature in a vacuum or controlled atmosphere to form a fully
dense SiC-Si material. The final SiC-Si body had essentially the same dimensions as the initial molded
shape within a tolerance of 1%.

At the beginning of this program, strengths of 40 to 50 Kpsi were measured, and numerous plastic-
SiC ratios were investigated for improved moldability and microstructures. The moldability of the
mixtures was studied by flow in a spiral mold. Several particle size distributions of the SiC filler were
evaluated. Mercury porosimetry was used to classify the pore size distribution obtained after carboni-
zation.

It was found that the amount of plastic, the amount of SiC, the SiC particle size and the particle size
distribution all influenced the moldabiiity of the mix and the ability to completely silicide thick
sections. Close control of the siliciding atmosphere had permitied siliciding sections up to one inch
thick.

Complex Turbine Parts

During 1974, about twenty-five stators were molded and the best of these were carbonized and
silicided. Several were tested in the 10 light test as described in Section 4.4.3 of this report and in a
modified turbine engine. A SiC stator has met the program goals of 175 hours at 1900°F and 25 hours at
2500°F without apparent damage.

In 1976 and 1977, about twenty-five one-piece rotors were formed. Difficulty was encountered in
maolding the thick hub section without apparent cracks. Holding pressuare on the eatar for 10 10 30
minutes after forming improved the cracking sitnation and produced several rotors which were subse-
quently carbonized and .ilicided. Some rotors were destructively evaluated and found to be incom-
pletely silicided in the hub area.

Microstructure and Properties

The microstructure developed is a summation of the starting materials and processing that oceurs
during tke forming and sintering of SiC. For example, if one starts with 600 mesh SiC as the filler
materiai for the thermosetting plastic, 