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ABSTRACT

The demonstration of uncooled brittle materials in structural applications at 2500°F is the objective
of the “Brittle Materials Design, High Temperature Gas Turbine” program. Ford Motor Company, the
contractor, is utilizing a small vehicular gas turbine comprising an entire ceramic hot flow path
including the highly stressed turbine rotors. Westinghouse, the subcontractor, originally planned to
evaluate ceramic first stage stator vanes in an actual 30 MW test turbine engine; however, this objec-
tive was revised to demonstrate ceramic stator vanes in a static test rig. Both companies had in-house
research programs in this area prior to this contract.

In the stationary gas turbine project, the test of ceramic stator vanes in a static rig for 100 cycles up to
temperatures of 2500°F has been completed. This accomplishment meets the revised objectives for the
stationary turbine project and, therefore, this project was completed. The report of the last six months
progress will be included in the final report for the project and published separately.

Fabrication of duo-density silicon nitride turbine rotors continued during this reporting period. Due
to persistent bonding problems between the hot pressed materials in the three-piece design. the
fabrication concept was altered to a simplified two-piece design with the only bond being between
hot-pressed SigN4 and reaction bonded Si3N4. This change was also made possible by the results of a
hot pressing parametric study, which showed that good strength and density could be achieved at
reduced hut pressing pressures. Ten two-piecs rotors were fabricated, and of these, three are being
prepared for testing.

The injection molding of duo-density rotor blade rings has been improved by the addition of a solid
state aulomatic control system which was installed on the injection molding machine. A problem of
unmelted inclusions was discovered and solved by the use of material extrusion and increased nozzle
temperature during molding. Microfocus X-ray equipment has been evalnated and found advantage-
ous [ur blade ring flaw detection

Fabrication of turbine inlet nose cones and stators was resumed on a limited basis. A silicon metal
powder/organic system yielding 2.7 g/cc density reaction bonded silicon nitride material was utilized
for the first time for injection molding of these components. Two additional test fixtures were built for
use in pre-engine test evaluations of ceramic stators. One of these fixtures, the stator vane mechanical
load test fixture, serves a two-fold purpose (1) as an NDE tool to evaluate material and processing
variations, and {2} as a screening tool to qualify stator vanes for subsequent engine testing. The other
rig. the stator outer shroud pressure test fixture, evaluates the stator outer shroud quality before
subsequent engine testing In the testing area, the primary emphesis was placed on the utilization of
these new fixtures to enhance the qualification of stationary ceramic flow path components. The initial
eva.uation of the best quality 2.7 g/et density SigN4 components is underway. In addition. a review of
past weight gain data for 2.55 g/cc density stators, tested at 1930°F, was completed.

In order to select the best method of processing SigN4 powder, the optimum Mg0 content and the
best hot pressing parameters consistent with the hub forming portion of the duo-density rotor process, a
parametric processing study was coaducted. Strength at two elevated temperatures, along with the
Weibull slope. were obtained for a number of hot pressed SigN4 materials. A major concern with the
three-piece approach to the duo-density rotor has been the degree of bonding and the resultant
strength of the bond between the two regions of hot pressed Si3N4. Test bars were cut from six duo-
density rotors such that the hot pressed to hot pressed tond could be positioned within the zone of
maximum stress. Test results showed a strength variation at different locations, being higher at the
center region and lower at the leading and trailing edges. Strength measurements were performed on
Refel reaction silicon carbide. the material used for ceramic combustors. Statistical bend strength
distributions were measured at room temperature and at five elevated temperatures. In addition,
tensile strength was measured at room temperature.
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Previous results obtained from nitriding of large loads of silicon metal powder shapes, such as
molded stators and rotor blade rings, have shown that the nitriding reaciion was not under control. A
technique was developed which allows the furnace to control the nitriding dependent upon the
nitrogen gas consumption rate, resulting in improved material structure. The task on developing high
strength, stable sintered Sialon materials was terminated as a result of funding reductions; the results
of this work are summarized. Work was undertaken to evaluate the use of hot isostatic pressing to
further densify reaction sintered SigN4 performs, using glass encapsulation. Additives were evaluated
and some densification and strengthening were abtained. As yet, attempts to densify complex shaped
parts were not successful.

Work on analytical codes resulted in the development of relationships for computing time-depen-
dent reliability of ceramics in the presence of delayed fracture or static fatigue. These equations are
derived from the subcritical crack growth model and combined with Weibull strength statistics to
determine failure probabilities.
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FOREWORD

This report is the eleventh semi-annual technical report of the “Brittle Materials™ Design, High
Temperature Gas Turbine” program initiated by the Advanced Research Projects Agency, ARPA
Order Number 1849, and Contract Number DAAG-46-71-C-0162. This is an incrementally-funded six
year program.

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

This report covers the period of FYTT {the transition quarter during which the Federal government
fiscal year changed) and the first quarter of FY77. Starting with the first quarter of FY77, ERDA
became a participant in this program along with ARPA. The next interim repart, which will cover the
first full reporting period under the sponsorship of both agencies, will be organized such that work
sponsored by each agency will be separately reported. {

The principal investigator of this program is Mr. A. F. McLean, Ford Motor Company. and the |
technical monitor is Dr. E. S. Wright, AMMRC. The authors would like to acknowledge the valuable
contributions in the perfurmance of this work by the following pecple:

Ford Motor Company

N. Arnon, R. |. Baer, R. R. Baker, H. D. Blair, ] H. Buechel, D. ]. Cassidy, ]. C. Caverly, D. A. Davis, G. .
C. DeBell, A. Ezis, W. A. Fate, :4. U. Goodyear, ]. W. Grant, D. L. Hartsock, P. H. Havstad, |. A.
Herman, R. A. Jeryan, C. F. Joknson, K. H. Kinsman, C. A. Knapp, ]. G. LaFond, 1. A. Mangels, W. E.
Meyer, M. E. Miilberg, T. G. Mohr, P. F. Nicholis, A. Paluszny, G. Peitsch, |. It. .:ecord, L. R. Swank, W.
Trela, |. C. Uy, T. |. Whalen, R. M. Williams, \v. Wu

Army Material and Mechanics Research: Center

G. E. Gazza, E. M. Lence, K. N. Katz. D. R. Messier, H. Priest
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1 INTRODUCTION

As stipulated by the Advanced Research Projects Agency of the Department of Defense at ihe outset
of this program, its major purpose is to demonstrate that brittle materials can be successfully utilized in
demanding high temperature structural applications. ARPA’s major program goal is to prove by a
practical demonstration that efforts in ceramic design, materials, fabrication, testing and evaluation
can by Ilrawn together and developed to establish tlie usefulness of brittle materials for engineering
applications.

The gas turbine engine, utilizing uncooled ceramic components in the hot flow path, was chosen as
the vehicle for this demonstratior. The progress of the gas turbine engine has been and continues to be
closely related to the development of materials capable of withstanding the engine's environment at
high operating temperature. Since the early days of the jet engine, new metals have been developed
which have allowed 4 gradual increase in operating temperatures. Today's nickel-chrome superalloys
are in use, without cooling, at turbine inlet gas temperatures of 1800°F to 1900°F. However, there is
considerable incentive to further increase turbine inlet temperature in order to improve specific air
and fuel consumytions. The use of ceramics in the gas turbine engine promises to make a major step in
increasing turbine inlet temperature to 2500°F. Such an engine offers significant advances in efficien-
cy, power per v~ weight, cost, exhaust emissions, materials utilization and fuel utilization. Success{ul
application of « amics to the gas turbine weculd therefore not only have militery significance, but
would also grea..y influence our natirnal concerns of air pollution, utilization of material resources,
and the energy crisis.

At the program beginning, the application of ceramics was planned for two sas turbine engines of
greatly different size. One was a small vehicular turbine of about 200 HP (contractor Ford) and the
other was a large stationary turbine of about 30 MW (subcontractor Westinghouse). In the vehicular
turbine project, the plan was to develop an entire ceramic hot flow path including the highly stressed
turbine rotors. In the stationary turbine project, the engine is so large that plans were confined to the
development of ceramic first stage stator vanes, and design studics of ceramic rotors. The anticipated
difficulties in applying ceramics to 2 large stationary turbine engine have been substantiated to the
extent that the scope of work for the stationary turbine project was revised to demonstrate ceramic
stator vanes in a static test rig rather than the formidable task of testing in an actual 30 MW test turbine
engine (8).

1t shouid be noted that both the contractor and sub-contractor had in-house research programs in
this area prior to initiation of this program. Silicon nitride and silicon carbide had been selected as the
primary taaterial candicates. Preliminary design concepts were in existence and, in the case of the
vehicular engine, hardware had been built and testing had been initiated.

At the nutset, the program was considered to he both highly innovative and risky. However, it
showed promise of large scale financial and technological payoff as well as stimulation of the pertinent
technical communities. This reporting period is in the sixth year of the program and major accomplish-
ments have been achieved. In the vehicular turbine project, the first 100 hour durability demonstration
of stationary ceramic hot flow paiti components (a nose cone and stator, two shrouds and a spacer) was
carried out in an engine completely coupled with a control system and producing power. In addition, a
partially bladed ceramic turbine rotor has been tested in an experimental high temperature gas turbine
engine up to a speed of 52,800 rpm and turbine inlet t:amperature of 2650°F before subsequent failure.
In tlie stationary turbine project ceramic stator vanes have been tested in a static test rig for 100 cycles
at temperatures up to 2500°F. This latter accomplishment meets the revised objectives for the station-
ary tarbine project and therefore this project was completed.

The focus of the FY77 vehicular turbine project is to confirm, via hot spin testing of ceramic turbine
rotors, the correlation between analytically-predicted rotor reliability and experimental results. This is
a new interim goal. preceding a 200 hour test.

This is the 11th sem;i-annual report of progress The format is different than most previous reports in
that the siatipnary turbine project has been completed while the vehicular turbine project is continu-
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ing. The report of the last six months progress on the stationary turbine project will be included in the
final report for that project and published separately (44). This and future interim reports will cover the
progress and accomplishments cn the vehicular turbine project.

Bt Lt i s

Note: Numbers in parantheses refer to references listed in Section 6.0




2. SUMMARY

The principal objective of the Vehicular Turbine Project is to develop ceramic components and
demonstrate them in a 200-HP si::- high temperature vehicular gas turbine engine. The entire hot flow
path will comprise uncooled ce: :ic parts. The objective is to demonstrate that these parts can survive
200 hours of operation over a representative duty cycle at turbine inlet temperatures of up to 2500°F.
Successful completion of this program objective will not only demonstrate that ceramics are viable
structura! engineering materials, but will also represent a significant breakthrough by removing the
temperature barrier which has for so long ' 'ld back more widespread use of the small gas turbine
engine.

Development of the small vehicular regenerative gas turbine engine using superalloy materials has
been motivated by its potentially superior characteristics when compared with the piston engine.
These include:

— Continuous combustion with inherently low exhaust emissions

E — Multi-fuel capability

— Simple machine - fewer moving parts

— Potentially very reliable and durable

— Low maintenance

— Smooth, vibration-free production of power
— Low oil consumption

— Good cold starting capabilities

— Papid warm-up time

With such impressive potential, the small gas turbine engine using superalloys has been under
investigation by every major on-highway and off-highway veaicle manufacturer in the. world.

In addition. the small gas turbine engine without exhaust heat recovery (i.e.. non-regenerative) is an
existing. proven type of power plant widely used for auxiliary power generation, emergency standby
and continuous power for generator sets, pump and compressor drives, air supply units, industrial
power plants, aircraft turboprops, helicopter engines, aircraft jet engines, marine engines, small porta-
ble power plants, total energy systems, and hydrofoil craft engines. While this variety of applications of
the small gas turbine using superalloys is impressive, more widespread use of this type engine has been
hampered by two major barriers, efficiency and cost. This is particularly so in the case of high volume
automotive applicatious.

Since the gas turbine is a heat engine, efficiency is directly related to cycle temperature. Ir current
small gas turbines. maximum temperature is limited noi by combustion, which at steichiometric fuel/
air ratios could produce temperatures well in excess of 3500°F, but by the capabilities of the hot
component materials. Today, nickel-chrome superalloys are used in small gas turbines where bladc
cooling is impractical, and this limits maximum turbine inlet gas temperature to about 1800°F. At this

: temperature limit, and considering state-of-the-art component efficiencies, the potential overall effi-
ciency of the small regenerative gas turbine is not significantly better than that of the gasoline engine
and not as good as the Diesel. On the other hand a ceramic gas turbine engine operating at 2500°F will
have fuel economies supericr to the Diesel at significant weight savings.

.

The other major barrier is cost and this toc is strongly related to the hot component materials.
Nickel-chrome superalloys, and more significantly cobalt based superalloys which meet typical tur-
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bine engine specifications, contain strategic materials not found in this country and cost well over
$5/1b. This is an excessive cost with respect to high volume applications such as trucks or automobiles.

High temperature ceramics such as silicon nitride or silicon carbide, on the other hand, are made from
readily available and vastly abundant raw materials and show promise of significantly reduce cost
compared to superalloys, probably by at least an order of magnitude.

Thus, successful application of ceramics to the small turbine engine, with an associated quantum
jump to 2500°F would not only offer all of the attributes listed earlier, but in addition would offer
superior fuel economy and less weight at competitive cost with the piston engine.




21 VEHICULAR TURBINE PROJECT PLAN

The vehicular turbine project is organized to design and develop an entire ceramic hot flow path for
a high temperature, vehicular gas turbine engine. Figure 2.1 shows a schematic of this regenerative
engine. Air is induced through an intake silencer and filter into a radial compressor, and then is
compressed and ducted through one side of each of two rotary regenerators. The hot compressed air is
then supplied to a combustion chamber where fuel is added and combustion takes place.

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

The hot flow path components, subject to peak cycle temperature and made out of superalloys in
today's gas turbine, are the combustor, the turbine inlet nose cone, the turbine stators, the turbine tip
shrouds, and the turbine rotors. These are areas where the use of ceramics could result in the greatest
benefits, therefore these components have been selected for application in the vehicular turbine
project.

Successful development of the entire ceramic flow path, as demonstrated in 4 high temperatare
vehicular gas turbine engine, will involvc a complex iterative development. Figure 2.2 shows a block
diagram flow chart, including the feedback loops, of the major factors involved, and serves to illustrate
the magnitude of this complex and comprehensive iterative development program. Of particular
importance is the inter-relationship of design, materials development, ceramic processes, comnponent
rig testing, engine testing, non-destructive evaluation and failure analysis.

Combustoer

Regenerator

Radia!
Compresser

I'd

Figure 2.1 — Schematic View of the Vehicular Gas Turbine Engine Flowpath




One cannot divorce the development of ceramic materials from processes for making parts; no more
50 can one isolate the design of those parts from how they are made or fr ..n what they are made.
Likewise, the design of mountings and attachments between metal ati¢. - ainic parts within the engine
are equally important. Innovation in the control of the environmen: «1 critical engine components is
another link in the chain. Each of these factors has a relationship with the others, and to obtain success
in any one may involve compromises in the others.

Testing plays an important role during the iterative development since it provides a positive, objec-
tive way of evaluating the various combinations of factors involved. If successful, the test yields the
credibility to move on to the next link in the development chain. If unsuccessful the test flags a warning .
and prompts {eedback to earlier developments to seek out and solve the problem which has resulted in
failure. Finally, all of the links in the chain are evaluated by a complete engine test, by which means
the ultimate objective of the program will be demonstrated. It is important then to recognize that this is
a systems development program — no single area is independent, but each one feeds into the total
iterative system.
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Figure 2.2 — ARPA/ERDA/Ford Ceramic Turbine Program — Major Project and
Development Loops




2.2 CUMULATIVE PROGRAM SUMMARY

To meet the program objectives, the work has been divided into two major tasks:
1. Ceramic Component Development
2. Materials Technology

The progress and present status in each of these is summarized in Section 2.2.1 and 2.2.2.

221 CERAMIC COMPONENT DEVELOPMENT

Two categories of ceramic components are under development: rotating parts{i.e., ceramic rotors),
and stationary parts {i.e., ceramic stators, rotor tip shrouds, nose cones, and combustors). In this
iterative development, each component will pass through various phases comprising design and analy-
sis, materials and fabrication, and testing. In order to assist the reader, those items are italicized which
describe significant milestones which were achieved in the evaluation of ceramic components.
CERAMIC ROTORS

The development of the ceramic turbine rotors is by far the most difficult task in the ARPA program.
This is because of:

o The very complex shape of the turbine rotor forcing the development of new and unique fabrication
capabilities.

o The high centrifugal stresses associated with high maximum rotor speeds.

e The high thermal stresses and associated thermal fatigue resulting from both steady state and
transient high temperature gradients from the rotor rim to the rotor hub.

o The hostile environment associated with the products of combustion from the combustor.

o The high temperature of the uncooled blades resulting from turbine inlet gas temperatures of
2500°F.

Progress and Status

e Fully dense SigN4 first and second stage integral rotors were designed and analyzed {1.2.3.4).
e A method of attaching rotors was conceived and designed {1.2).

e The following approaches for making integral rotors were investigated but discontinued:

— Direct hot pressing of an integral SigNg rotor {1).

— Ultrasonic machining of a rotor from a hot pressed SigNg billet {1,2,3).

— Hot pressing an assembly of individually hot pressed SigN4 blades {1,2).

— Pseudo-isostatic hot pressing of an injection molded SigN4 preform {1,2,3).

— Hot pressing using comformable tooling of preformed Si3gNg4 blades and hub 12,3,4).

— Fabrication of a dense SiC blade ring by chemical vapor desposition {1,2,3,4}.

— Electric discharge machining of a rotor from a hot pressed SiC billet {2,3,4).

el 15 o = — > b e T T

.




o A “duo-density” SigN4 ceramic rotor was conceived and designed (3).
® Tooling to injection mold SigN4 blade rings was designed and procured (3).

o Several hundred hot press bonding of duo-density rotors have been carried out (10). These have
progressed from rotors with flat-sided hubs to fully-contoured hubs made simultaneously with the
hot press bonding operation. Prior severe blade ring distortion problems have been solved by usinga
double blade fill to support the blade ring during bonding. In addition, the diffusion bond has been
improved as evidenced by microstructural examination. Experiments were conducted using magne-
sium nitrate instead of magnesium oxide as a densification aid. Excellent bonding and density were
achieved but strength was deficient. Successful modifications were made to the graphite wedge
system to reduce blade ring cracking and tearing problems. Problems which remain are occasional
blade ring and rim cracking (4.5.6.7.8).

1 ® Over 110 cold spin tests resulted in blade failures over a range of speeds, some of which exceeded
full speed requirements of the new Design D’ blading. However, an improvement in consistency is
required if a reasonable yield from the blade ring fabrication process is to be achieved. This
emphasizes the need for three-dimensional blade stress analysis as well as development of a higher
strength, better quality blade material. Cold spin testing of rotor hubs of hot pressed SigN4 showed a
characteristic failure speed of 115,965 rpm with a Weibull rpm slope of 17.66 (7). Several hot pressed
hubs, made by the hot press bonding process, were cold spun to destruction, and showed results
consistent with hot pressed hubs fabricated separately (8). A high speed motion picture study (3000
] frames/sec) was conducted of a turbine rotor failure in the cold spin pit (8).

® A three dimensional model of the rotor blade along with heat transfer coefficients has been gener-
ated for thermal and stress analysis (5.6,8).

® Development of better quality blade rings continues. X-ray radiography of green parts has proved
effective in detecting major flaws. Slip cast SigN4 test bars having a density of 2.7 gm/cc show four
point MOR of 40,000 psi. Processes to slip cast a rotor blade ring have been investigated as have
methods of achieving 2.7 gm/cc density with injection molded material (6,7.8).

® Thermal shock testing simuleiing the engine light-off condition was conducted on rotor blade rings
for approximately 2,500 cycles without damage (5.6).

® A technique to evaluate probability of failure using Weibull's theories was developed and applied to
ceramic rotors (5).

® A test rig was designed and built to simulate the engine for hot spin testing of ceramic rotors (3,4,5). A
set of low quality duo-density rotors was spin tested to 20% speed and 1950°F for a short time before
failure, believed due to an axial rub (7).

® A revised rotor design (Design D) was conceived, using common rotors at first and second stage
locations (7).

® A lower stress version of the Design D rotor, designated Design I, has been designed using radially
stacked blade sections. Blade centrifugal stresses were reduced from 21,000 psi in Design D to 13,180
psi in Design D’-(8).

o The rotor test rig was rebuilt and testing initiated to evaluate the rotor attachment mechanism and
the curvic coupling mounting design. Hot-pressed Si3gN4 rotor hubs were subjected to 10 operating
cycles from 900 to 1950°F, during a 3-3/4 hour test, without damage (8).

® Design codes for ceramics were refined to include nonlinear thermal properties of materials and to
allow for the specification of the MOR-strength and Weibull "m" requirements for a given failure at
a specified loading and reliability level (9,10).
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@ Rotor hubs were successfully densified and press bonded at both 2% and 3-1/2% MgO levels,

resulting in reduction of MgO migration into the blade ring and improved high temperature strength
over previous pressings with 5% MgO (9).

A design C duo-density rotor with a few obviously flawed blades removed was cold spin tested after
static oxidation at 1900°F for 200 hours. A single half-blade failure occurred at 53,710 rpm, which
corrects to 68,000 rpm or 105% speed for the present shorter bladed Design Y configuration. The
results of a number of spin tests of slip cast SigN 4 blade segments were combined to yield a median
failure speed of 64,000 rpm (9).

Over five hundred blade rings, previous to Design D, were injection molded for press bonding
experiments, cold spin tests, and hot tests (9).

New tooling to injection mold the lower siressed Design D’ rotor blade rings was received and trial
moldings to establish molding parameters were initiated (9))\_,‘_?._

Progress has been made in several aspects of the press-bonding step »f duo-density rotor fabrica-
tion. A problem of excessive deflection of the graphite support structure beneath the rotor assembly,
permitting bending ard subsequent blade fracture, was solved by the substitution of high modulus
hot pressed SiC for the low modulus graphite. Increasing the rate of pressure application also
improved the quality of the hub sections (9).

A new hot spin test rig, designed to i.nprove the turn-around-time in testing turbine rotors, has been
constructed, and is currently in the shakedown testing phase. Using gas burners instead of a gas
turbine combustion system, this rig simulates the engine environment and was designed to be
quickly rebuilt following rotor failures (9).

In the program to engine evaluate ceramic rotors having reduced blade length (and less risk of
catastrophic failure), two duo-density SigN4 rotors with the blades shortened to 10% of the design
length were selected and cold spun to 64,000 rpm (9). These rotors were then hot tested in an engine
for 45 minutes at 32,000 rpm and 2000°F turbine inlet temperature without failure (10).

The aerodynamic design of an increased efficiency turbine, designated Design E. was initiated.
Flowpath optimizaiion, a one dimensional stress analysis, and preliminary detailed blade section
definition were completed for both the first and second stage turbine statc=. and rotors (9).

A process has b:en developed to slip cast turbine rotor blade rings (9).

3-D stress and reliability analyses were performed on preliminary blade configurations for the
increased efficiency Design E turbine rotors (10).

500 Design [ blade rings have been injection molded which will nitride to 2.7 g/cc density (10).

A new fabrication approach, called the 3 piece concept. to make duo-density silicon nitride turbine
rotors, was conceived and demonstrated that a significant reduction of upplied loads during hot
press bonding could be achieved, generally eliminating blade and rim cracking (10).

Good correlation was demonstrated beiween predicted cold burst speed and actual spin test results
on nine rotor hubs spun to destruction (10).

Six available duo-density turbine rotors of imperfect quality were used to check out the hot spin rige
by hot spin testing to failure, with failure speeds ranging from 12,000 rpm to 35,300 rpm at rotor rim
temperatures ranging from 1780° to 2250°F, (corresponding to equivaler.t estimated blade tip tem-
peratures in an engine of 1930°F to 2400°F) {10).

A duo-density retor with flewed blades removed achieved 52,800 rpm in the modified design engine
with ceramic stationary flowpath prior to an unscheduled dynamometer shutdown. A maximum
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turbine inlet temperature of 2650°F was observed during this run. Post inspection showed all
ceramic parts to be crack free. The rotor failed during a subsequent run at 50,000 rpm and 2300°F
T.LT. (10).

Since the Weibull probabilistic method is being used in the design of ceramic turbine rotors, an
investigation of various estimation techniques to obtain Weibull parameters from test data was
carried out. The method selected and used in this program is the “Maximum Likelihood Estimator”
(MLE) method. Confidence intervals in estimating Weibull parameters using the MLE method were
computed to vary significantly with the number of samples tested *.

An analytical method was prepared, b..sed on the Wiederhorn-Evans approach (11). to predict the
time-to-failure of complex, multiaxially-stressed ceramic components such as the ceramic turbine
rotor *.

Effort to design improved efficiency ceramic turbine stages (Design E) led to the consideration of a 3-
stage turbine versus the current 2-stage design. It was shown that, for the same overall level of
efficiency, a three stage turbine would have a significantly higher reliability and could operate at
50,000 rpm maximum speed rather than the 64,000 rpm required to obtain the same power output
from a two stage turbine. Alternately, for equal levels of overall reliability, the 3-stage design can be
expected to be 3-5 percentage points better in aerodynamic efficiency. Further work on improved
efficiency Design E turbine stages was terminated as a result of reductions in the overail program *.

An automatic control system utilizing solid state logic elements was designed, built and applied tc
the injection molding of ceramic turbine components, particularly rotor blade rings. The objective
was to consistently control such parameters as molding material temperature, die temperature and
various sequencing times. The desired setting of each parameter was varied systematically to optim-
ize the molding process for rotor blade rings based on visual and X-ray inspection. In addition to
using optimized molding parameters, it was found necessary to clamp the die accurately to avoid
blade root cracks, and to pre-extrude the starting material to avoid unmelted inclusions. A quantity
of Design DY rotor blade rings was molded in ihe 2.7 g/cc density SizNg4 material system utilizing
these improvements for subsequent processing *.

A parametric study of processing hot pressed SigNg (HPSN) involving SigNg powder quality, hot
pressing additive, powder milling conditions, and hot pressing conditions, was initiated in an effort
to improve the expected reliability of duo-density SizNg turbine rotors. Sixty HPSN billets were
made and used to establish Weibull strength data at 1600°F and 2200°F which is representative of
the maximum operating temperatures at the rotor bore and bond respectively *.

Test bars cut from three-piece duo-density SigNg rotors showed low strength in the bond between the
HPSN hub and the HPSN bonding ring. Failures of this bond in spin tests also confirmed its lack of
strength. In parallel, parametric studies on hot pressing SizNg4 showed that flat sided HPSN discs
could be made at pressures as low as 500 psi. As a resull, an improved two-piece, duo-density SigNg
rotor witha simplified hub profile was considered: this would eliminate the troublesome hub/bonding
ring bond and facilitate low hot pressing pressures which should minimize blade ring damage. Ten
such two-piece, duo-density Si3Ng rotors were hot press bonded at pressures from 500 to 1500 psi
using a 3-1/2 w/o MgO additive material for the hub. Three of these had no rim cracks and only minor
blade cracking. and have been selected for finish machining and subsequent spin testing *.

Development of the hot spin rig continued and resulted in improvenients in the failure detector
system, lemperature measuring system, and burst absorption capability. To check out the latter. a
bladcless rotor was accelerated to 64.840 rpm and the temperature gradient increased until failure
occurred. The attachment bolt fractured as designed. the ceramic fiber insulation and stainless steel
backing absorbed the failure, and the rotor shaft was only slightly scored at the bearing journal. This
damage was quickly repaired 1o demonstrate a relatively fast turn-around time *.

Note: Reler to this ~2port for ilems noted *.




® Finite element models of a duo-density SigN4 rotor tested in the hot spin rig were made and will be
used to calculate temperatures and stresses in the rotor for a given operating speed and rim tempera-
ture *.

® A number of lubricants have been investigated for the rotor ceramic-to-metal curvic coupling
including Nickel Ease, Molyxote, Electrofilm, Borkote, and Molydisulfide. A problem of limited life
at the 1400°F operating temperature resulted in the development of a 1/4 mi! thick gold coating on
the contacting surfaces of the curvic teeth. Such a coupling has been tested through four complete
thermal cycles with no significant deterioration, and will be used in the next engine test of a ceramic
rotor *.

CERAMIC STATORS, ROTOR SHROUDS, NOSE CONES, “ND COMBUSTORS

While development of the ceramic turbine rotor is the most difficult task, development of the
stationary ceramir: flow path components is also vitally necessary to meet the objective of running an
uncooled 2500°F vehicular turbine engine. In addition, success in designing, fabricating, and testing
these ceramic components will have an important impact on the many current applications of the small
gas turbine where the use of stationary ceramics alone can be extremely beneficial. The progress and
status of these dev.lopments is summarized, taking each component in tmn.

Progress and Status
Ceramic Stator

® Early Design A first stage stators incorporating the turbine tip shrouds had been designed, made by
assembling individual injection molded 1eaction bonded Si3N4 vanes, and tested, revealing short
time thermal stress vane failures at the vane root (1).

® Investigation of a number of modified designs led to Design B, with the rotor shroud separated from
the stator. Short time thermal stress vane failurrs at the vane root were eliminated (1).

@ In the fabrication of stators, the starting silicon powder, the molding mixture, and the nitriding cycle
were optimized for 2.2 gm/cc density reaction bonded SiaNg (2,3).

® Engine and thermal shock testing of first stage Design B stators revealed a longer term vane cracking
problem at the vane mid-span. This led to modification of the vane chord, designated the Design C
configuration, which solved the vane mid-span cracking problem (3).

® A remaining problem in first and second stage Design B stators was cracking of outer shrouds,
believed due to the notch effect between adjacent vanes. To solve this, a one-piece first stage stator
(Design C) was designed and tooling was procured (4.5).

o The Design B second stage stator could not be made in one piece due to vane overlap, so an
“inverted channel” design was investigated to eliminate notches at the outer diameter. However,
engine testing showed that axial cracking of the outer shroud remained a problem (3,4.5.6).

® A 50 hour duty-cycle engine test of the hot flow path components to 1930°F was completed. The
assembled first stuge Design C stator wus in excellent condition; 8 out of 33 vanes in the second stage
inverted channel stator had developed fine cracks (6).

® A 100 hour duty-cycle engine test of the hot flow path components {without a second stage stator) to
1930°F wus completed. The reaction bonded silicon nitride (2.55 g/cc density).one piece first stage
Design C stator successfully survived this test (7).

e Improvements in materials and processing resulted in the fabrication of flaw free one piece stators
of 2.55 gm/cc density (8).

Note: Refer to this report for items noted *.
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® A test was devised for mechanically loading stator vanes to failure which provided useful informa-
tior for material and process development (8).
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e Thermal shock testing of 2.7 gm/cc density stator vanes revealed no detectable cracking and
negligible strength degradation after 9000 cycles of heating to 2700°F and cooling in the thermal
shock rig (8).

® Processing of 2.55 gm/cc density injection molded stators continued. Consistently high weight gains
(61-62%) have been obtained using the Brew all-metal furnace employing a slow, gradual rate-of-
rise cycle, 4% H32-96% N2 gas under static pressure, and SigNg4 setters and muffles (9).

® An injecticn molded stator of 2.55 gm/cc density SigN4 survived static testing (no rotors) for 175
hours at 1930°F steady state. Weight gain of the stator was less than 1%, and this stabilized after 10
hours of testing. The stator is in excellent condition (9). ]

PR,

e Testing of stators up to 2500°F in the Flow Path Qualification Test Rig was initiated with over eight
hours of testing accumulated at 2500°F (9).

® A reaction bonded silicon carbide stator successfully accumulated 147 hours of testing at 1930°F and
remains crack free (10).

il

e Over nine hours of testing of a silicon nitride stator were accumulated without incident in the
modified engine configuration to a maximum turbine inlet temperature of 2650°F (10).

® Asa result of funding reductions in the over *{l - - ngram, a short-term attempt to fabricate stationary
ceramic components was made and the ba  vailable parts were selected for testing. Attempis to
injection mold one-piece stators in the 2.7 3/.c density SigN4 material system were made and a
variety of molding parameters were examined. A number of stators were processed with good vane .
quality but questionable outer shroud quality.*

® Three 2.7 g/cc density SigNg stators passed mechanical loading tests in the stator vane and outer .
shroud loading fixtures though one was categorize. poor due to visual fillet cracks. This latter one
failed the 10-light qualification test. The other two stators passed the 10-light qualification test®.

® A review was made of earlier durability testing of 2.55 g/cc density SigNg4 stators at 1930°F. The
weight gain was a measure of incipient failure. For example, the failures of six 2.85 g/cc density
SigN4 stators were associated with weight gains in excess of 1.9% . This wide variation of weight gain
is thought to be due to the variation in open porosity caused during the nitriding cycle. .t is expected
that this problem will be considerably lessened for higher density 2.7 g/cc density Si3N4 having
good quality microstructure *.

Cerxmic Rotor Shrouds

® Separate first and second stage ceramic rotor shrouds. which are essentially split rings, evolved in
the stator change from Design A to Design B (1).

e As a result of rig and engine testing. rotor shrouds made of cold pressed. reaction siniered SigNg
were modified to have flat rather than conical side faces (2).

e Because of occasional cracking. cold pressing was replaced with slip casting for making higher
density rotor shrouds, resulting in a 2-3 fold increase in strength {3).

Note: Refer to this report for items noted *.




o Slip casting of rotor shrouds sclved the cracking problem but revealed a dimensional change prob-
lem as a function of operating time. This was solved by incorporation of nitriding aids, heat treat-
ment cycles, and other changes in the fabrication process which reduced instability to acceptable
levels (4.5.6).

® A 50 hour duty cycle engine test of the hot flow path components to 1930°F was completed, after
which both first and second stage rotor shrouds were in excellent condition (6).

® A 100 hour duty cycle engine test of the hot flow path components to 1930°F was completed. after
which both first and second stage rotor shrouds were in excellent condition (7).

® Further testing of rotor shrouds to 245 hours and over 100 lights showed them to remain crack free
and in excellent condition (7).

e Over nine hours of testing slip cast SizN4 rotor tip shrouds were accumulated without incident in
the modified engine configuration used for testing a ceramic turbine rotor up to a maximum turbine
inlet temperature of 2650°F *.

Ceramic Combustors

e Combustor tubes made of slip cast Si3N4 and various grades of recrystalized SiC (Crystar) cracked
during lights off tests in the combustor rig (4).

® A thick-walled, reaction bonded silicon carbide {REFEL) combusior successfully completed the 200
hour duty cycle test. A total of 26 hours and 40 minutes was accumulated at a turbine inlet tempera-
ture of 2500°F (10). This combuster was aiso successfully tested in an engine (8).

o Three thin-walled. reaction bonded silicon carbide (REFEL) combustors were successfully qualified
over a 10 hour portion of the ARPA duty cycle (10).

Ceramic Nose Cones {with integral transition ducts)

o Early Design A nose cones had been designed. made from injection molded reaction sintered SizNy.
and tested (1).

o The nose vone was modified to Design B to accommodate the Design B first stage stator. Several
Design B nose cones were made and tested in rigs and engines (2).

o Voids in molding nose cones were minimized by preferentially heating the tooling during meldir.g

(5)

e Circumferential cracking and axial cracking problems led to pre-sloited, scalloped nose cones desig
nated Design C (3.4.5.6).

e A 50 hour duty cycle engine test of the hot flow path companents to 1930°F was completed, after
which the Design C nose cone was in excellent condition (7).

® A 100 hour duty cycle engine test of the hot flow path components to 1930°F was completed., after
which the Design C nose cone was in excellent condition (7).

o Further testing of the 2.2 g/cc density nose cone to 221 h.. irs showed it to ~emain crock free and in
excell=nt condition (7).

o Improvements in materials and processing resulted in the fabricatior of flaw free nose cones of 2.55

gm/cc density (8.

Note: Refer to this report for items noted °.
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® Processing of 2.55 gm/cc density injection molded nose cones continued. Consisiently high weight
gains (6i-62%) have been obtained using the Brew all-metal furnace employing a slow, gradual rate-
of-rise cycle, 4% H2-96% N2 gas under static pressure, and SigN4 setters and muffles (9).

® Testing of nose cones up to 2500°F in the Flow Poth Qualification Test Rig wos initioted with over
eight hours of testing accumuloted ot 2500°F (9).

e Over nine hours of testing o silicon nitride nose cone were occumulated without incident in the
modified engine configurotion to o maximum turbine ialet temperature of 2650°F (10).

® As a result of funding reductions in the overall program, a short-term attempt to fabricate stationary
ceramic components was made and the best available parts were selected for testing. A number of
Design D nose cones were injection molded in the 2.7 g/cc density SigN4 material system using an
autom.ated molding control system, primarily developed to make high quality rotor blade rings. Nose
cones were processed through nitriding and appeared visually good except for fine cracks between
the strut and inner nose.*

® Three 2.7 g/cc density Si3N4 nose cones successfuily passed the 10-light qualification test. One of
these has accumulated 10 hours of testing at 1930°F *,

Note: Reler to ihis report for items noted *.
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222 MATERIALS TECHNOLOGY

Materials technology forms the basis for component development including component design,
component fabrication, material quality in the component as-made, and evaluation by testing. There
are three major categories under materials technology — materials engineering data, materials science,
and non-destructive evaluation. Progress and present status in each of these areas is summarized

below:
Materials Engineering Data

o Techniques were developed and applied for correlating the strength of simple ceramic spin disks
with bend test specimens using Weibull probability theories (5).

o Elastic property data as a function of temperature was determined for various grades of silicon
nitride and silicon carbide (2,3,4,5,6,7,9).

® The flexural strength vs. temperature of several grades of SiC and Si3N4 was determined
(3.4,5,6,9,10).

® The compressive strength vs. temperature of hot pressed SiC and hot pressed SigN4 was deter-
mined (4).

o Creep in bending at several conditions of stress and temperature was determined for various grades
of reaction sintered silicon nitride (4,5,6,9).

® The specific heat vs. temperature of 2.2 gm/cc density reaction sintered SigN4 was measured, as
were thermal conductivity and thermal diffusivity vs. temperature for both 2.2 gm/ccand 2.7 gm/cc
density reaction sintered SigNg (4).

® Stress-rupture data was cbtained for rezction sintered silicon nitride under several conditions of
load and temperature (6,9,10).

® A group of 31 2.7 gm/cc density injection molded SigNj4 test bars, made using the best current
nitriding cycle and an atmosphere of 4% Hg, 96% N3, resulted in a Weibull characteristic strength of
44.3 ksi and an m value of 6.8. Additional material development work is aimed at obtaining a higher
m value (9).

o The effects of surface finish and post machining heat treatment on the room temperature strength of
hot pressed silicon nitride were determined (10).

® The variation in MOR strength of hot pressed silicon nitride was determined from rotor-to-rotor,
within cne rotor, und as a function of initial material preparation (10).

® Room and elevated temperature flexure strengths of injection molds:d reactior sintered silicon
nitride of 2.7 g/cc density were delermined (10).

@ No time dependent failures were observed for 2.7 g/cc density injection molded reaction sintered
silicon nitride during stress-rupture testing for up to 200 hours at stresses of 20-30 kst and tempera-
tures of 1900-2200°F (10).

® A simple, practical approach, based on the Wiederhorn-Evans (11) theory, was derived to predict the
life of a cercmic under load. The only material measurements required arc two sets of strength
values at two stress rates. For a given material, this would comprise a statistical number of bend tests
(preferably > 30) at each of two stress rates for each temperature. Stress-reliability-lifetime design
diagrams can then be readily constructed. Comparison of predicted lifetimes using this m.:thod
agrees reasonably well with limited published experimental stress rupture data °.

Note: Refer to this report for items noted *.
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@ Weibull MOR strength parameters were measured for “Refel” reaction bonded SiC at room temper-
ature and five elevateC temperatures. In addition, room temperature Weibull strength parameters in
tension were measured but, using probablistic methods, did not correlate with the MOR strength
data within a 90% confidence band. Suspected parasitic stresses in the tensile test and/or differ-
ences in specimen surface quality are being investigated *.

Materials Science

® A technique was developed and applied to perform quantitative x-ray diffraction analysis of the
phases in silicon nitride (2).

® An etching technique was developed and used for the study of the microstructure of several types of
reaction sintered silicon nitride (2).

@ ihe relationship of some processing parameters upon the properties of reaction sintered SigN4 were
evaluated (3,4,5,6,10).

o The oxidation behavior of 2.2 gm/cc density SigNg4 was determined at several different tempera-
tures. The effect of oxidation was found to be reduced when the density of reaction sintered SigNg
increased (3,7).

o The relationship of impurities to str:ngth and creep of reaction sintered silicon nitride was studied,
and material was developed having considerably improved creep resistance (4,5,6,9).

® Fractography and slow crack growth studies were performed on reaction sintered SiC (5) and hot
pressed SigNg (6.7).

@ The development of sintered Sialon-type materials was initiated (7). The effects of yttria additives
were being studied, especially in relation to the formation of glassy phases (8.10).

® A higher density (2.7 gm/cc) molded SizN4 has been develop-d which will be used for component
fsbrication. Four point bend strengths of 43 ksi at room temperature were measured (8).

@ An experimental study showed that high pressures did not facilitate nitriding of relalively dense
silicon compacts. A parallel theoretical study showed that to store sufficient nitrogen within the
pores and avoid diffusion, an impractically high pressure would be needed (8).

® Three techniques o improve the oxidation resistance of 2.7 gm/cc density injection molded SizNg
were evaluated (9).

o Nitriding exotherms, resulting in lucalized silicon temperatures in excess of 1420°C, produced
silicon “melt out” with resulting large porosity and lower strength. Eliminating these exotherms by
controlling furnace temperature appears to be the key to uniform microstructure, fine porosity and
higher strengths (10).

e Work on yttria-coataining Sialons showed that melting occurred at about 1200°C whether or not the
glassy phase was crystallized. A number of further experiments were conducted to prepare single
phase sialons from either the SigNg/Al203/AIN or SigNg/Al203/ AIN/SiO2 material systems. Fur-
ther work on Sialons was terminated as a result of reductions in the overall program *.

® Use of a programmed temperature/time nitriding cycle resulted in variations of the microstructure

of reaction sintered Si3gN4, depending on furnace load. To correct this, a control system was de-
signed and built to control the furnace temperature/time cycie automatically to maintain a reasona-

Note: Refer to this report for items noted *.




bly steady consumption of nitrogen (i.e. nitriding rate). Use of this automatic control was shown to
produce 2.7 g/cc density SigN4 with consistent, high quality microstructure over a wide range of
furnace load.*

® A fabrication technique for turbine components of reaction bonded SiC has been under develop-
ment by moiding a thermoset polymer filled with SiC particles, pyrolyzing the polvmer to carbon,
then reaction bonding the structure by the infiltration of molten silicon *.

Non-Destructive Evaluation

® Ultrasonic C-scan techniques were developed and applied to the measurement of internal flaws in
turbine ceramics (1,2,3,4).

® Sonic velocity measurements were utilized as a means of quality determination of hot pressed SizgN4
(2,3,5.9).

® A computer-aided-ultrasonic system was used to enhance the sensitivity of defect analysis in hot
pressed SigNy (3,4,6).

® Acoustic emission was applied for the detection of crack propagation and the onset of catastrophic
failure in ceramic materials (1,2,5,6).

o A method was developed and applied for the detect on of small surface cracks in hot pressed SigNg
combining laser scanning with acoustic emission (4).

® X-ray radiography was applied for the detection of internal defects in turbine ceramic components
(2,3.4,5). Hidden flaws in as-molded stators and rotor blade rings were located by x-ray radiography
(5.€,7). Such NDE of as-molded parts has been used to develop processes to make flaw-free compo-
nents (8).

o A dye penetrant has been used to detect surface cracks in components made of the 2.55 gm/cc density
SizNg (8).
.
® A state-of-the-art summary of MDE methods as applied to the ceramic turbine programs was com-
piled (6).

® 500 injection molded blade rings were examined, most of them in detail using 30X magnification and
X-ray radiography NDE techniques (10).

® A blade bend test wa¢ applied to a number of rotor blade rings to assess their quality in terms of
characteristic failure load and Weibull modulus. A distinct difference was demonstrated between
blade rings nitrided in 100% N3 and those nitrided in a 96% N2/4% Hg2 mixture, with the latter
being approximately 30-40% stronger *.

® Two test fixtures were designed, built and applied for the mechanical loading of stators either to
failure or to a pre-determined proof load. One fixture simultaneously loads each stator vane, and ific
other pressure loads the stator outer shroud. Testing to a proof load, while not a direct method of
detecting flaws, can be considered a form of NDE. From testing several stators in these fixtures, a
marked improvement in failure load was shown for 2.7 g/cc density SigN4 stators as compared to
stators made from earlier 2.55 g/cc density material. In addition, low-load vane failures could be
direcdy related to fillet cracks *.

o A number of NDE techniques were reviewed for possible application to ceramic turbine compo-

nent: including Microfocus x-ray, infrared thermography, x-ray tomography, an electrostatic
methcd, and holosonics *.

Note: Reior to this report for items noted *.
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23 FUTURE PLANS

Section 2.2 of this repert summarizes the progress made in ceramic component development and
materials technology over the contract period. Significant accomplishments have been realized in
terms of design, materials, fabrication and testing cn both the statinary ceramic components and the
ceramic turbine rotors; for both these areas, iterative development is well underway. Nonetheless,
further iterations are required, particurlarly in the area of ceramic turbine rotors, to meet the program
objective and demonstrate that such ceramic components can survive 200 hours of testing ai tempera-
tures up to 2500°F.

Finite element analytical techniques based on sub-critical crack growth will be developed end
applied to the duo-density Si3N4 turbine rotor using estimated material time-dependent properties.
These analyses should enable assessments of rotor lifetime reliability to be made for various operating
conditions and may also influence the procedures for testing ceramic turbine rotors.

In line with the ERDA work tasks, a continued, concentrated effort in the next reporting period will
be made on improved quality turbine rotors. Fabrication development of two piece, duo-density SigNg
rotors will be emphasized, using the thicker hub, to eliminate problems of the three-piece rotorsand to
minimize blade ring damage. Tooling and procedures for finish diamond grinding the hub profile will
be developed, and finish machining of improved quality rotors will be initiated. During the next 6
months and in accordance with the ARPA work tasks, testing of ceramic rotors will be performed in
both the hot spin test rig and the modified engine. Thic major testing objective for final year 1977 is to
test six duo-density SigN4 rotors in the hot spin test rig at a fixad speed and temperature to assess their
lifetime reliability, and establish correlation with analytical predictions.

In the area of stationary ceramic components, both 1930°F and 2500°F durability testing will be
conducted using best-quality-available components made of 2.7 g/ec reaction sintered SigNg.
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3 PROGRESS ON CERAMIC COMPONENT DEVELOPMENT
a1 DUO-DENSITY SILICON NITRIDE CERAMIC ROTOR DEVELOPMENT

SUMMARY

A study was performed which showed that, for equal levels of overall turbine reliability, a signifi-
cant increase in turbine efficiency could be realized with a three-stage turbine versus a two-stage
turbine. A method of analysis has been prepared for the prediction of turbine rotor tailure reliability
using the speed and temperature operating conditions experienced in the hot spin test rig.

Experience with injection molding of ceramic turbine componsnts has indicated the need for very
accurate control of molding parameters. An automatic solid state control system has been incorporated
into the injection molding machine. Improved correlation between molding parameters and resulting
flaws has been achieved through the use of a higher power microscope with improved part illumina-
tion, and higher resolution of rim voids by oblique x-ray techniques. An instrumentation probe was
added to the molding die to monitor die movement relative to an established norm. Unmelted injection
molding material inclusions in the molded parts were discovered and were eliminated by extruding
the material several times prior to injection molding and by increasing injection nozzle temperature.

Forty-six turbine rotors of the three-piece concept were fabricated during this reporting period.
Blade and rim cracking were minimal; however, lack of complete bonding between the hot pressed
hub and the hot pressed bond ring persisted despite several modifications to the fabrication process
intended to correct this problem. The fabrication concept was changed to a two-piece design involving
hot pressing and simultaneous bonding of a simplified, flatter hub to a reaction bonded blade ring. Ten
duo-density rotors were fabricated, and of these, three rotors are being prepared for testing to evaluate
two-piece rotor fabrication quality.

A new tool for non-destructive evaluation of ceramic turbine components was investigated. The
Magnaflux MXK-100M Microfocus x-ray tube is lightweight, small, and is particularly advantageous
because of its small focal spot diameter. Using this equipment, a technique of panoramic x-ray of the
rim of ceramic blade rings has been demonstrated.

Development of the hot spin test rig for evaluation of ceramic turbine rotors continued. The failure
detector system was modified to incorporate platinum wire to correct an oxidation problem experi-
enced with the chromel wire previously used. The turbine rotor temperature measuring system was
improved bv the addition of a bracket to support the pyrometer. which allows accurate repetition of
temperature measurements at specific radii. Turn-around time of the test rig after a rotor burst was
reduced by modification of the bearing and shaft labyrinth seal system. Burst of a rotor hub at 64,840
rpm resulted in minimal damage to the test rig components which was quickly repaired. Continuation
of development of an interface material for the Curvic coupling rotor mounting system produced a
successful demonstration of the capability of gold plating of the Curvic teeth to survive four simulated
engine thermal cycles without significant deterioration.
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311 DESIGN AND ANALYSIS

Introduction

During this reporting period, studies were conducted on a Design E turbine and on the analysis of
rotor spin test results.

Design E Three-Stage Vs. Two-Stage Study
Introduction

In the two previous reports (9) and (10), the analysis of a high-efficiency turbine with estimated near-
future material properties, designated design E, was presented. In its final configuration this turbine
was estimated to be about 7-1/2 percentage points higher in total-to-total efficiency than the current Y
design. In order to determine if increased efficiency levels of this magnitude could be achieved
without compromising mechanical reliability levels based on current material properties, a study was
performed during this reporting period to investigate the relative advantage of replacing the current
two-stage design with a three-stage design.

Generally speaking, in adding a stage to a turbine, one anticipates a gain in acrodynamic efficiency
to be realized for the same blade speed and pressure ratio. Alternatively, the speed may be reduced,
the efficiency level maintained, and the reliability increased because of the lower stress levels associ-
ated with the reduced speed. The latter, however, will be counteracted to some degree by the reduc-
tion in reliability due to the addition of a third rotating component.

The primary objectives of this study were to establish if a three-stage turbine design would have a
clear-cut advantage over a two-stage design in either of two directions; (1} increased aerodynamic
efficiency at current reliability levels; or (2] increased rotor reliability at current (two stage) efficiency
levels.

To establish quantitatively the relative efficiency/reliability advantages of the three-stage turbine,
various flow path configurations of both two and three-stage turbines were analyzed in terms of
aerodynamic efficiency and mechanical reliability. Simplified stress models of disks and blades were
used for all configurations. The disks considered were equal in thickness to those currently fabricated.
In the efficiency analysis, various acrodynamic quantities were investigated to assure that the final
configurations were reasonably optimum subject to common constraints.

Aerodynamic Efficiency Analysis

The conditions assumed in the efficiency calculations are summarized in Table 3.1. Free-vortex
designs were used rather than non-free-vortex helically stacked designs because of the ease of scan-
ning different canfigurations with free-vortex techniques. Helically stacked nen-free-vortex turbines
as currently designed (8} are generally one percentage point or less lower in efficiency than

the equivalent free-vortex designs. The existing Ford Turbine Aerodynamic Analysis computer pro-
gram, based on a modified version of the Ainley-Mathieson (12, 13} method of turbine performance
evaluation, was used for the efficiency calculations. The design analysis condition was selected at the
70% of Nmax level (about 30% power) as it wac felt that (ais was an appropriate middle range
condition to assure reasonable low and high power performance. The lower Fmit of rotational speed
variation for the three-stage turbine of 81.87% of current (52,452< N max<6+.240 rpm) was selected to
give the same average stage isentropic velocity ratio as the current two-stage turbine. Rotational speed
and flow path configuration were found to have a significant effect on efficiency. Of the three different
basic flow path configurations studied as shown in Figure 3.1, the constant tip (flow path C) is almost 3
percentage points higher than the constant hub (flow path A} at the same rotational speed. Both these
results are due to similar variations in mean blade speed. The remaining quantities shown on Table
3.1, weight flow, stage work split, annulus area, and stage exit swirl all had generally smali effects on
efficiency.




TABLE 3.1
‘ TURBINE AERODYNAMIC EFFICIENCY STUDY

Constant Parameters and Conditions

® Free Vortex Design Turbines

o Negligible Stator Leakage

@ Solidity, Trailing Edge Thickness, Tip Clearance, Number of Blades

Turbine Inlet Conditions

o Design Condition: 70% Speed (1840°F Regenerator Inlet)
e Ty = 2715°R W = 0.916 lb/sec

o P7 = 32.7 psia PR7.g =2.21

R Varied Parameters:

: ® Rotational Speed: Nmax Varied From 100% to 81.6%.

@ Flow Path Geometry
® Weight Fiow

® Stage Work Split

® Annulus Areas

@ Degree of Reaction: Stage Exit Swirl

(® CONSTANT HUB DESIGN —F
2.73 INCH RADIVUS

¢ 3

) tl.“ INCH RADIUS
(®) CONSTANT PITCHLINE DESIGN

[2.73 INCH RADIUS

PRI
(© CONSTANT TIP DESIGN 1.56 INCH RADIUS

L} €233 INcH RADIUS
|

=
t 1.56 INCH RADIUS

Figure 3.1 — Preliminary Three Stage Flowpath Configurations
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The incremental total-to-total efficiency levels for the various configurations and rotational speeds
are shown in Figure 3.2 as a function of mean turbine blade speed squared. The mean blade speed is
calculated as the product of the arithmetic average blade radius and the rotational speed. The points on
the left represent reduced blade speed due to reduced radius (constant hub design) and/or reduced
rotational speed, while those on the right represent higher mean blade radius (i.e. constant tip design)
and/or higher rotational speed. The relatively good correlation, in spite ot the variety of configurations
and speeds used, indicates that for the given gas conditions mean overall blade speed is the major
factor of efficiency and, whether one varies blade speed by radius changes or by rotational speed, the
effect will be the same.

As would be expected, the two-stage turbines can be seen to have significantly lower efficiencies
than the three-stage for the speed range considered.
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Figure 3.2 — Comparative Turbine Efficiency at 78 Percen! Speed

Stress and Reliability Analysis B

Simplified stress mudels were constructed of both the blading and the disks in order to estiniate the
relative fast fracture mechanical reliability of the various two and three-stage turbine configuraticns
studied. The construction of the models was particularly oriented towards evaluating the effects of
those measures which increase aerodynamic efficiency by increasing blade speed (i.e. hub and tip
diameters and rotational speed). The assumptions used in the stress models are summarized in Table
3.2 and Figura 3.3 which schematically shows the simplified model used. All stress analysis was done
at the appropriate 106% speed level (N max).




TETTEYTT

TABLE 3.2
TURBINE ROTOR STRESS ANALYSIS AND RELIABILITY MODEL

Disk Mode!

e DY First Stage Axisymmetric Finite Element Model
® Diameter Varied 3.1 Inches to 4.2 Inches

e Max Hub Thickness Maintained

e Common Temperature Boundary - All Stages

e Common Blade Number

; ¢ Speed 52,452 RPM to 64,240 RPM

® Material: Silicon Nitride - Duo-Density With Bond Ring
Blade Model

® One Dimensional Model

o Tip Diameter Varied

o Taper Ratio and Root Area Common to all Stages

o Blade Temperature Constant With Radius

—i—a——7— CONSTANT
I\ TAPER RATIO = .31

ONE DIMENSIONAL
BLADE MODEL

) _VARIED HUB
RADIUS

D' AXISYMMETRIC
FINITE ELEMENT
MODEL

VARIED
BLADE
HEIGHT

l«—CONSTANT ]

AXIAL DIMENSIONS
Figure 3.3 — Simplified Turbine Rotor Stress Model
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The existing axisymmetric finite element modei of the D’ first stage disk and its accompanying
boundary temperatures was used as the basis for all stages. Use of the same temperature boundaries
for all stages is admittedly a simplification, but was considered to be a reasonable alternative to a
lengthy heat transfer analysis for a preliminary relative study of this nature. To evaluate the effect cf
changing thc hub radius, all radial dimensions were varied in proportion to their distance from the
bore. Constunt platform thickness was maintained.

Th~ blade mechanical stress distribution was determined on a one dimensional basis. Blades in
each stage were assumed to have a constant temperature representative of typical relative gas tempera-
tures for that stage.

Weibull failure probability analyses were performed on the disk and blade models separatzly with
existing computer programs. Strength properties used are shown in Table 3.3, and represent current
property levels for silicon nitride. The use of the three piece duo-density rotor configuration with the
bond ring method of fabrication was assumed.

Figure 3.4 presents the fast fracture probability of failure for the various flow path configurations
and rotational speeds studied, plotted as a function of overall turbine mean blade speed squared, the
same parameter as used in Figure 3.2 for aerodynamic efficiency. The greater reliability at a given
mean blade speed of the two-stage over the three-stage is to be expected because of the extra rotating
component in the three-stage design. It should be pointed out that the absolute level of the curvasis a
strong function of the particular material properties and wheel and blade geometry used. It is felt that
apparent correlation of probability of failure with mean blade speed over the limited range studied is
attributable in some degree to the fact that for the disk and blade geometries, and material sirength
properties assumed, the rotors were basically disk strength-limited. That is, the numerical reliability of
the disks was in general lower than the blades and was therefore contrslling. However, there is
evidence to suggest that if the blade is the limiting component, the reliability is still a function of
rotational speed, but will become less dependent or blade mean radius.

TABIE 3.3
STRENGTH PROPERTIES

Weibull

Temp Slope MOR

°F m (pel)
2% Mg0 Hot-Pressed SigN4 78 10 109,000
(Hub) 1700 10 95.000
2100 10 78,000
2300 10 63,000
2500 10 42,000
5% Mg0 Press-Bonded SizNg 78 10 90,000
(Bond Ring) 1700 10 81,900
2100 10 65,700
2300 10 52,200
2500 10 33,300
Injection Molded SigNg 78 111 36,300
(Blades and Platform) 1700 16.2 33,300
2100 133 31,900
2300 9.5 33,000

2500 121 31,900
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Discussion

Table 3.4 represents the results of the study in terms of percentage point gain in efficiency of a
three-stage turbine over a two-stage turbine for equal levels of overall rotor reliability. It can be seen
that the three-stage efficiency is significantly higher than that of the two-stage and should be further
considered. Because of the simplified nature of the stress analysis, and because of the particular
assumplions regarding material properties and blade-disk geometries, the numerical reliabilities given
should be viewed as relative levels rather than as absolute numbers for a particular rotor. If higher
strength material properties were assumed, the absolute reliability levels could increase significantly.
Similarly. the assumption of a thicker disk or a more tapered blade would be sxpected to change the
absolute reliability level. However, the three stage turbine would still show an efficiency gain relative
1o the two stage turbire.

TABLE 3.4
EFFECT OF STAGE NUMBER ON AXIAL TURBINE
EFFICIENCY A<D RELIABILITY
Relative
Oversll Rotor Aercdynamic Efficiency Increase of
P saliability* Three Stage Over Tw<: Stage Turbino
{Percentage “sints)
0.870 +5.1
0.950 +4.5
0.90 +3.7

* Based on Presen: Disk and Blade Silicon Nitride Properties and Present Disk Dexign.
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This preliminary study has shown that a ceramic three-stage turbine is an attractive alternative to
the current two-stage design in terms of increased reliability and/or efficiency. It was shown that, for
the same overall level of efficiency, a three stage turbine would have a significantly higher reliability
and could operate at 50,000 rpm instead of 64,000 rpm for a two stage design. Alternately, at equal
levels of mechanical reliability, a three-stage turbine can be expected to have a 3-5 percentage point
efficiency gain relative to a two-stage.

Conclusion

From Figure 3.2, it can be se~n that for a given level of efficiency, a three-stage turbine operates at
about 80% of the blade speed of a two-stage turbine. This means that, using the same physical size
ceramic rotor as is currently under development, the maximum speed for a three-stage turbine would
only be about 50,000 rpm as compared to the 64,000 rpm required for the two-stage turbine to reach the
same level of efficiency. As a result, the reliability of the three-stage turbine would be significantly
higher than the two-stage turbine for compe:able efficiencies.

Analysis of Rotor Spin Test Results

In the earlier part of the Vehicular Gas Turbine Program, computer codes were developed and
methodology established for designing with brittle materials. The methodology is based on statistical
concepts which utilize Weibull's model of brittle fracture. Certain aspects of that methodology have
been successfully verified in cold spin tesis of ceramic disks and rotor blades. A program is underway
to conduct corrzlative studies in an environment closely simulating engine operating conditions. These
studies will be conducted in a hot spin rig described in earlier reports. A ceramic turbine rotor was
analyz.d in the rig environment to assess the feasibiiity of using the rig as an evaluation tool and to
determine how closely it will simula'e the engine conditions.

The hot spin rig described in an earlier report (8) will be used to conduct correlative studies between
analytically predicted and experimentally determined failure distributions of ceramic turbine rotors.
The test program will be similar to the program previously conducted in the cold spin pit {10), except
the tests will be conducted at elevated temperatures.

The proposed test proceduie is to first establish a temperature distribution in the rotor at a stable,
relatively low speed. The rotor is then accelerated sufficiently rapidly so that only negligible tempera-
ture changes occur in the rotor. The iailures that occur during acceleration will determine the experi-
mental fast fracture failure distribution. The calculated fsilure distribution will be determined using
finite element computer codes. Temperature and stress distributions in the rotor failure analysis
prevailing at the time of failure will be computed and the failure probabilities determined using
appropriate strength distribution (Weibull) parameters obtained from MOR tests. Rotors which survive
the fast fracture test procedure will be durability tested. The rotor will be operated at steady state
temperature and speed conditions for a previously determined period of time. Failures which occur
during the durability test will be correlated with life predictions.

The finite element model of the hot spin rig rotor assembly is shown in Figure 3.5. The model is
based on the redesigned hot spin rig configuration (10) and will be used to calculate the temperature
distributions. The physical parts represented by the finite elements are shaded and labeled. The blade
finite element mesh has been previously illustrated ‘6).

The temperatures in the rotor assembly will be determined by the boundary conditions around the
assembly and by the thermal conductivities of the interior of the assembly. Heat is applied to the rotor
at the blades with 12 gas burners. The resulting temperatures are measured at the rim and the blades
with optical pyrometers. The measured rim temperature forms one boundary condition for the rotor
assembly. The assembly bolt is cooled with air, and this air flow is assumed to flow out of the end of the
bolt and up over the nut and cap and then up the upstream side of the rotor. This flow is the second
boundary condition and is shown as “A” or Figure 3.5.
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Figure 3.5 — Finite Element Model of Hot Spin Test Rig Rotor ard Shaft Assembly

The outer diameter of the shaft is fed with labyrinth discharge air. This flow is assumed to travel
across the metal cone and slet' ¢ and up the downstream side of the rotor. This flow is the third
boundary condition and is show. as “B” on Figure 3.6. The rim temperature is the source of heat for the
assembly, and the two air flows are the heat sinks, resulting in a temperature gradient in the rotor hub.

A sample calculation was done to investigate the feasibility of matching engine temperature distri-
bution in the rotor. The results of this calculation are shown in Figure 3.6 and may be conipared to
engine results previously published (10). The sample calculation assumed a uniform rim temperature
of 2300°F. For the actual test program, the rira temperature will be measured and the measured values
will be used as input 10 the finite element model. The finite element model and the boundary condi-
tions will be checked with the use of thermal paints prior to conducting the correlation study tests.
Adjustme:ts will be made in the model, if required, when experimental temperature data become
available.
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Figure 3.6 — Isotherms (°F) in First Stage Rotor at 24,080 RPM and 23¢8°F. Rim
Temperature Operating Conditions
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312 MATZRIALS AND FABRICATION

Introduction

The duo-density process is a multi-step forming procedure heginning with an injection molded
reaction sintered silicon nitride blade ring, and ending with a hot pressing operation which forms the
hot pressed hub and bonds this hub to the blade ring. Coupled with these operations are the continued
use of non-destructive testing techniques botli throughout the duo-density process and after finish
machining of the hot pressed rotor.

The main thrust of the injection molding effort during this reporting period was 1) the installation of
automalic controls on the injection molder; 2) improvements in material mixing technigues; and 3} a
reduction in contamination of the injection molding material. Work in hot pressing consisted of 1} the
installation of a simplified two piece design rotor assembly; 2) material densification studies; and 3} a
continued effort to eliminate hot pressing cracks in the rotor blades and rim.The objective of the NDE,
program is to concentrate development and application eftort on the methods with immediate potential
and vet assess other techniqgues as their development proceeds. In this regard, a preliminary study on
the use of a Microfocus x-ray tube was accomplished, and several other new NDE techniques were
assessed for long or short term potential.

Molded Blade Ring Fabrication

During injection molding of ceramic turbine components, some variability of molding parameters
has been observed. Random viriations were experienced in molding material temperature, die tem-
perature, process time, and various other parameters which often exceeded the tolerance limits estab-
lished for molding acceptable components. These variations led to low vields of good gquality molded
consponents and served to point out a need for iniproved molding controls, with the eritical parameters
being accurately controlled automatically rather than manually.

In designing a control system to eliminate parametric variations affecting component molding, the
variables o be controlled were first defined. It was desired that all material and die temperatures he
controlled to within 1°F. Mold release application and compressed air blowout for cleaning the
medding tooling were also to be eontrolled to within 0.1 see. actuation time Both the vacuum Jovel in
the molding tool and the injection pressure were to be controlled utilizing pressure sensing limit
switches. Temperature of the component being formed had previouslv been measured during the
molding process by means of a thermocouple mounted in the die with the bead projecting into an area
of the machining stock of the component (Figure 3.7). Utilizing this thermocouple, the die-opening
pottion of the molding eyvele was to be controlled based upon part temperature with a resolwtion of
+t°F,

Implementation of these coneepts into a design for an automiitic control system was carried ont in-
house. The completed control, shown ir Figure 3.8, utilized solid state logic 10 accomplish all control
functions as defined in the initial design. CMOS type logic was chosen for its high noise immunnity.

In the component molding operations, all time conusls are set as desired. Temperature or time
made die opening is select: J as are the parameters for mold release, vacuum, and cleaning air. In the
fully wutomatic mode, the power-on button is depressed followed by the ¢vele start button. The
machine molds one component — in this case a rotor blade ring — then stops. After the blade ring is
manually nnloaded from the tool, the process is repeated. H desired. the machine can also be run ina
manual inede. After the power is turned on and cycle start depressed, the control hutton for cach
function must he depressed. As each function is coapleted, the machine returns to standby while
awaiting a new command. Any step can be skipped or its sequence altered in the manuai mode with
the exception of those which would cause machine damage.

Although thi- system was designed specifically to optimize rotor blade ring molding, it should be
equally effectic i molding otker components.




Figure 3.7 — Movable Half of Rotor Blade Ring Tool Showing Thermocouple for
Measuring Temperature

Figure 3.8 — Operator’s Controls for Automatic Injection Molding Control Unit




With automatic control to reduce variability of parameters successfully obtained, recording the
actual parameter level and correlating its effect on part quality became increasingly important. To
record temperature data, two 4 channel strip chart recorders were added to the system. Extra thermo-
couples were added to th~, barrel and nozzle, and a temperature comparator was used to provide a

signal to the recorders.

Using the recording system during the molding, the effects of process changes were readily seen and
analyzed. For example, Figure 3.9 shows that nozzle material temperature drops as the nozzle contacts
the tool. This rapid nozzle cooling was found to cause small, solidified iniclusions which were visible in
the molded component. By adjusting cycle time and nozzle temperature, a critical lower limit of nozzle
temperature was determined and henceforth maintained above this level.
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Figure 1.9 — Example of Temperature Recording Charts From Automaric Molding of
Rotor Blade Rings

‘T'wo improved techniques of molding flaw detection were also employed to more comnpletely charae-
terize the as-molded rotor blade rings. A 70 power stereo microscope with several high intensity
flucrescent lamps at oblique angles to the surface being inspected was found to be superior to the 35
power stereo microscope previously nsed. To more completely examine the blade ring rim {or internal
voids, an oblique x-ray technique has been instituted. The part is mounteid on a 45° angle relative to
the x-ray bean and 2 radiographs taken at 90° rotatisas of the blade ring. These obligue x-rays have
allowed increased resolntion sf fin voids.

Molding of blade rings was continued following installation of the new automatic control system.
Due to the previous wide degree of process variations, the exact parameters required tonold accepta-
ble rotor blade rings had to be determined by means of o parametric study,which vielded an initial set
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of parameters which produced good rotor blade rings. A quantity of blade rings were molded; how-
ever, during processing, vane trailing edge root cracks were discovered, as shown in Figure 3.10.

Investigation of methods of eliminating vane root cracks revealed that they were caused by exces-
sive tool movement during molding. The pressure of the molding material was pushing the tool open
slightly during filling. When the pressure was released, the molding machine reclosed the tool, fractur-
ing the vane trailing edge at the root. Die movement was reduced to an acceptable level through clamp
adjustment. A Bentley-Nevada proximity probe was installed to measure die movement during mold-
ing. Curves of normal (acceptable) die deflection were developed and care taken to maintain clamp
adjustment within this limit (>0.0005 inches). A single channel strip chart recorder was added to the
control system to record die deflection for each component molded.

Once it was determined that this improvement resulted in rotor blade rings with no trailing edge
cracks after processing, additional components were molded. Oblique rim x-ray results for these rotors
showed many internal voids in the rim areas, thus necessitating further optimization. A reduction in
material temperature of 20°F was found to reduce internal voids to a level undetectable to oblique x-
ray. An example of a rim void is shown in Figure 3.11.

A quantity of rotors was molded at the parameters now optimized to give void free rotor blade rings.
During this molding run a problem with unmelted inclusions was noted. An example of an inclusion is
seen in Figure 312 These Inclusions have been noted periodieally in all rotors molded usisig the 2.7
g/cc density material. The cause of these inclusions was found to be cooling of the molder nozzle as it
contacts the cool tool, as noted earlier in this section. If the temperature dropped below 150°F small
inchusions were noted in the rotor blade ring. Raising the initial nozzle temperature maintained nozzle
temperature above 150°F, eliminating the inclusion without adversely affecting blade ring quality.

A quantity of rotur blade rings has been molded for processing using all of the improvenients
discussed in this section.

Figure 3.10 — Trailing Edge Flaw in Injection Molded Rotor Blade Ring




Figure 3.12 — Unmelted Inclusion in Injection Molded Blade Ring
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Duo-Density Rotor Fabrication

After the blade ring has been fabricated and nitrided, the next step in the process is to slip-cast the
blade fills which completely encapsulate the airfoils and the blade ring rim. This blade filling process
was described in detail in the last report (10). The purpose of the blade fill is to provide support for the
blades and the rim during the hot press bonding operation when the dense silicon nitride rotor hub is
formed and bonded to the blade ring.

Previous to the last report, the primary approach taken was that of hot pressing a fully contoured
hub while simultaneously bonding it to the reaction sintered blade ring shown schematically in Figure
3.13. This twe piece fully contoured hub required hot pressing pressures oi 4000 psi at 1750-1775°C for
3 hours when using silicon nitride powder with two weight percent magnesium oxide. The high axial
load resulting from the 4000 psi acting over the entire area bencath the blade ring resulted in cracking
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of the blades in the fillet region where the blades join the rim. During the last reporting period (10) a
three piece concept, shown in Figure 3.14, was introduced which reduced the axial loading during the
bonding process to one-third of that previously used in the fully contoured two piece concept. The
three piece concept consisted of hot pressing a hub to theoretical density, machining the outside
diameter of the hub and attached graphite pistons, and then hot press bonding this preformed hub to
the blade ring using a circular ring of hot pressed silicon nitride.

During this reporting period 46 rotors were fabricated utilizing the three piece concept. The hot
pressed rotor hubs were fabricated from silicon nitride powder with 2-5 weight percent magnesium
oxtde and pressed at 5000 psi for three hours at 1775°C. The bonding ring was formed using 5 weight
percent magnesium oxide, which was hot pressed at 1500-2500 psi for 3 hours at 1775°C during the
assembly operation. Blade and blade rim cracking was usually minimal, and in some cases no cracking
was observed. However, the problem of achieving uniform densification of the bonding ring persisted.
Since a modification of the bond ring bottom contoured piston in the hot press (10} reduced the
densification problem, both of the pistons were further modified to a flat configuration. The result
indicated incomplete densification still occurred, as shown by the circle in Figure 3.15. As mentioned
in the previous report (10} another technique was investigated to solve the problem. A preformed bond
ring of silicon nitride powder with 5 weight percent magnesium oxide was cold pressed at 8000 psi and
the hot press bonded to the hub and blade ring. This approach was taken to insure an even distribution
of the silicon nitride powder in the bond ring cavity. However, the results, shown in Figure 3.16,
indicated incomplete densification: of the lower portion of the bond ring still occurred.

During the time this inconsistent densification problem was being investigated, another problem be-
came apparent. Test bars were cul from several three piece rotors fabricated with systematically varied
hot press bonding parameters and tested at elevated temperatures. The results, presented in detail in
Sectiun 4.2 of this report, indicated that the strength of the HPSN-10-HPSN joint between the hub and
the bond ring was reduced from that of the parent materials. In addition, several rotors exhibited
crack-like indications in the HPSN hub-to-HPSN-bond ring joint region which were revealed in an
inspection of the rotors during the finish machining process.

As this troublesome bond problem became apparent, a parallel parameter study in hot pressing cf
SigN4 showed that flat-sided HPSN disks could be made at pressing pressures as low as 500 psi. As a
result, a two-piece duo-density SigNg rotor with a simplified fiatter hub profile was considered.

The simplified two piece design, shown in Figure 3.17, climinated the complex contoured shape of
the rotor hub, thereby making pussible the densification of the silicon nitride powder at pressures far
below those previously required to produce a dense fully contoured hub. As noted above, a study on
hot pressing of silicon nitride with various concentrations of Mg0 and under various pressures, re-
ported ir detail in Section 4.1 of this report, indicated adequate strength could be achieved in flat sided
disks with hot pressing pressures as low as 500 psi. Ten design D’ duo-density rotors were fabricaled in
this simplified contiguration using pressures of 560 o 1506 psi, with 3-1/2 w/0 magnesium oxide added
to the silicon nitride powder which was milled with tungsten carbide balls. Blade and rim cracking
oceurred on all rotors to some degree. A typical leading edge crack is shown in Figure 3.18. Three
rotors having no rim cracks and minor blade cracking were selected and are in the process of being
machined for rig and engine testing in order to evaluate this design.

(ther areas in the rotor fabrication process were wlso evalusted during this reparting period The
effect of wedge pressure on blade ring deformation was found to be minimized at 1000 pound wedge
loading. Below 1000 pounds. the hot pressed rotors exhibit axial cracks in the rim indicating insuffi-
cient load was applied to counteract the omtward radial pressures exerted by hub densification. Wedge
loads above 1500 pounds produced indentations between the blades in the rim as a result of pressure
through the first blade fill material.

Another important observation was the significant reduction of biade root cracking problems at the
I B I

blade fillet with the new design 1) blade ring. Because of the modified blade profile this blade ring
design appears 1o be more compatible with the graphite wedge system fabrication coneept.
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Figure 3.15 — Section of Press-Bonded Rotor Made Using Modified Contour Top and
B ttom Pistons

Figure 3.16 — Section of Press-Bonded Rotor Made Using a Dry Pressed Preformed
Bond Ring
39
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Figure 3.18 — Section of Press-Bonded Rotor Showing a Typical Blade Leading Edge
Crack

Non-Destructive Evaluation

A number of Non-Destructive Evaluation (NDF) techniques were considered for the detection of
flaws in complex gas turbine components. These techniques are listed in Table 3.5, which shows the
current level of development for each of these technigques with respect to 1) their capability of detect-
ing flaws in complex parts; 2j potential for rapid examination of these parts; 3} development time,
development costs, and equipivent costs, and 4} status or recommendation for future action.

A promising NDE tool, evaluated on a preliminary basis during this reporting period, was the
Magnaflux MXK-100M Microfocus x-ray tube. This tube head is portable, weighs about 2ighi pounds,
and fits easily into a space less than four inches in diameter. li is partienlariv advantageons over the
conventional x-ray tube because of its small focal spot of 0.05 millimeters which permits 1} film focal
distance as low as 3 inches; 2} direct enlargements up to 36x; and 3} extremely fine resolution and
geometric sharpness.

Because of these features the MXK-100M x-ray tube would be partienlarly usefol for in-process
inspection of duo-density rotor blade rings. where the portable features o the equipment wonld permit
inspection at the molding site. A problem often encountered in the molding of turbine rotor blade rings
is the existenee of voids directly under the blades in the rim of the rotor. Using conventional x-ray
eqiipment these voids can best be detected using 2 or 3 obligue x-ray views. as noted earlier in this

ction, A very important feature of the Mierofocns x-ray tnbe is its suitability for design into a
panoramie tube. Such a tube would emit a 360° circumferential beam, permitting a single radial shot of
a cylindrical object. An example of a simulated panoramic x-ray of a tarbine rotor blade ring can be
seen in Figure 3.19. This partienlar film was made using the standand Microfocus tube, and even
though the sharpness is not good for all the blades, it is obvious that a circnmferential crack exists as
well as a void in the rim under one of the blades.
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Summarizing the NDE work during this reporiing period, activity was concentrated on the immedi-
ately useful techniques such as stator vane load testing (Section 3.2.1 of this report) and the preliminary
investigation of the Microfocus x-ray tube. As a result the stator vane load test fixture is very nearly
operational, and the Microfocus x-ray tube, including the panoramic tube design, is expected to be
procured and utilized during 1977. Other techniques such as infrared thermography and the electro-
static method, will be assessed at least through a feasibility study. A third group of N.D.E. techniques
include ultrasonics, holosonics, and x-ray tomography. These techniques are considered to require
extensive additional development before application could be expected.

TABLE 3.5

CURRENT LEVEL OF DEVELOPMENT FOR NDE TECHNIQUES UNDER CONSIDERATION

CRITERIA N.D.E. TECHNIQUE
Mechanical High
Microfocus  Infra-red X-ray Ele.trostatlc Holosonic Load Frequency
X-ray  Thermography = Tumography Method Method Testing Ultrasonlc
I. Capability of  Large flaws N.D.* Large flaws If flaw s N.D. Feasibility Detects flaws Potentially
detecting put under demonstrated only  through failure. useful for
flaws in load ou simpler Not a direct small flaws,
complex shapes indication difficult to
parts of flaw apply 10
complex
shapes
2. Provides Yes, may ND.* Very attractive N.D. ND Ye. ND*
rapd exam- be 1m- can store data
ination of proved for pictorial or
complex with pan- nuinerical rapid
parts and oramic output
gives simple X-ray tube
answers
3 Develop- Reasonably ND® Very expemive Short develop-  Long develop- {nexpenive High devel-
ment time short time, particularly ment time, ment time, upment and
and cost low devel- cquipment costs potentiatly in- kigh equip- equipmznt
atimates opment capenive ment Costs lists
and eguip-
ment cost
4 Status or Proceed 1o Proceed with Proceed on Proceed Recommend Currently esed heep
recom. develop feasitlity smahi n- with feauibility  technique on statons abreast of
mend- and study hodse program demonstration  for other onguoing
ation apply as Seek support programs which development
rapdly for larger use he: work
pussibie program frequemy

equipment

*ND not Jetermined
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Figure 3.19 — Simulated Radial Panoramic View of Turbine Rotor Blade Ring Made
] Using Microfocus X-Ray Equipment
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3.13 ROTOR TESTING

Introduction

Rotor testing during this reporting period concentrated on contiriuing rotor blade bend testing, hot
spin rig development, spin pit testing of hot pressed silicon nitridc rctor hubs, anc lubricant tests for
interfacing materials between the cer:mic rotor and mating meta! components. As reported previously,
(9, 10) the blade bend tust has been used to evcluate blade streagth differences between siip cast and
injection molded materials and to evaluate hea'ing and thermal shock effects. The vacuum spin pit was
used to evaluate rotor hubs fabricated by a unique hot pressing technique devised by AMMRC. The
development of the hot spin rig continued with emphasis placed on improving, the failure detector
system, temperature measuring system, and burst absorption capability. The curvic teeth on the rotor
shaft and curvic coupling adaptor, used in engine testing of ceramic turbine wheels, have been gold
plated to increase the operating temperature capabilities and reduce friction of the ceramic rotor
interfaces.

Blade Bend Testing

Blade bending testing of 2.7 gm/cc density D’ blade rings and rotors continued during this reporting
period. The procedure for this test remained unchanged from that described in the previous report (10).

The blade bend test supplies useful inforriation on the quality of the nitriding cycle For example,
comparing the results for blade rings 1773, 1775, 1778, and 1779 versus 1377, 1386 and 1410 a5 shown in
Table 3.6. the characteristic failure loads of the first group nitrided in 100 percent nitrogen are noti-
ceably lower than the second group nitrided in a 4 percent hydrogen — 96 ercent nitrogen atmo-
sphere.

Table 2.6 also shows blade fzilure load test results for a third group (1759, 1747, and 1737) of blade
rings nitrided in four percent hydrogen — balance nitrogen. The characteristic failure loads of this
group of blade rings are also significantly higher than blsde rings nitrided using 100 percent nitrogen.
This third gronp of blade rings also had slightly higher characteristic failure loads than the second
group, even though both groups were nitrided under the same conditions. No apparent reascn was
found for this difference.

TABLE 3.6

SILICON NITRIDE DESIGN D’ BLADE BEND TEST RESU'LTS
Injection Molded 2.7 gm/cc Density Material

Blade Ring Number of Weibull Charscteristic Nitriding No.
Number Data Points Slope Load (lbs.) Atmosphere
1773 8 6.5 67 B-56/100< N2
1775 n 10.0 71 B-56/100 N>
177 7 122 65 B-56/100¢ N2
1779 10 10.0 71 B-56/100%: N»
1377 18 6.6 82 B-48/4% H2 9%6% No
1386 15 13.0 89 B-48/4% Hp 96 No
1410 19 4.1 95 B-18/4% H» 96% No
1759 24 8.9 99 B-54/47 H2 96% N2
1747 24 16.3 10 B-54/4% H>» 96 Na

1737 f 8.0 105 B-54/4< Ho 96% N




Cold Spin Testing

The vacuum cold spin pit was used to evaluate four silicon nitride rotor hubs fabricated by the Army
Materials and Mechanics Res:-arch Center (AMMRC). These hubs consisted of two individually hot
pressed halves which were ground flat at the adjoining surfaces and bonded into an integral hab
configuration

Figure 3.20 shows a finish machined rotor hub, made by this process, ready for spin testing. The
bond intorface betwoen the two hiot pressed halves is visible as a lighter colored line un the hab owta
diameter. The only machining required to prepare the hubs for test was grinding of the axial faces,
centerbore, outside huly diameter, and radii on all edges. The rotor hubs were inspected radiographi-
cally and by fluoresent dye penetrant. The dye penetrant revealed tight evacks on the inner axial faces
of hub A.

Figure 3.20 — Hot Pressed Silicon Nitride Final Test Hub

Test procedures reported 12,7.8,9,10) were used in cold spin 1esting these rotor hubs. The test results
are shown in Table 3.7,

TABLE 3.7
COLD SPIN TEST RESULTS OF AMMRC ROTOR HUBS
Hub Number Failure Speed — RPM
A 73450
76,820
5 §1.050
6 73,050

A finite eloment stress analvsis wis made for rotor hath A, which failed at 73,450 rpm, that showed
the maximnm principal stress at this speed was 25,250 psi at the center hore The fragments from these
tests have been returned to ANINRC for analysis,
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Hot Spin Test Rig

Development of the hot spin test rig continued in preparation for the determination of the correla-
tion hetween predicted and experimentally determined failure distributions of ceramic turbine rotors.
Serveral problem areas in the test rig were identified and modifications in the rig design were evaluated.

Failure Detector

The failure detector systein in the hot spin test rig, which was described in the previons report (10),
consists of a cylinder of insulating material wound with closely spaced 0.010 inch diamater chromel
wire. Figure 3.21 shows the detector mounted in its metal housing. When a turbine rotor fails, the
chromel wire is broken by fragments and provides a signal for shut-down of the driving dvnamoemeter
by loss of electrical continnity.

A problem with the failure detector developed when failures were signaled, and subsequent exami-
nation showed the test rotor to he intact, although a wire in the detector circuit had broken. Examina-
tion of the wire revealed that oxidution was occuring and causing the wire to hecome brittle. Turbine
rotor testing in the hot spin test rig subjects the failure detector to many combustor light-offs, wire
temperatures to 1800°F, and a cool down before the next light-off. It is believed that the stresses
imposed in the chromel wire by expansion and contraction during this eveling were exeessive because
of the oxidized, brittle condition of the wire. A search was begun to lind a new wire with improved
high temperature capability and resistance to oxidation. Platinum wire, 0.019 inch diameter, was foundd
to meet these criteria.

s : .(.
BURST SHIELD
HOUSING

FAILURE
DETECTCR
“ CYLINDER WITH
WIRE WOND |l
ON THE OUTER
DIAMETER

Figure 3.21 — Hot Spin Rig Failure Detector Mounted in the Burst Shield Housing




Another problem which was discovered was that ihie insulation ring around which the wire was
wrapped was drying out and shrinking from the housing during the hot tests. The normally taut wire
moves and touchs its neighbor, shorting out the entire assembiy and shutting down the test. A proce-
dure has been developed to wrap the insulation ring with wire after ilie ring has been pre-shrunk in an
oven at 1500°F for two days.

Testing of pre-shrunk, platinum wound detectors is in progress and these maodifications appear to
have solve the problems encountered.

Radiation Pyrometer Mounting

Accurate temperature measurement by a radiation pyrometer requires a clear view of the target
object without interference from another object at a different temperature. Until the present reporting
period, the radiation pyrometer was mounted on a tripod and focused on the rotor rim by viewing
through a hole in the combustor cover between two combustor tubes through a slot in the nose cone
insulator. Considerable time was consumed in setting up the pyrometer, Additionally, the pyrometer
required resetting each time a temperature measurement at a different radius on the rotor was desired.
During this reporting period, a mounting bracket for the pyrometer was designed and built (Figure 3.22}
which, when bolted to the hot spin rig adaptor, will automatically align the radiation pyrometer with
the rim of the rotor. During rig operation, the bracket arm can be swiveled to record temperature at
four radii on the blade, the rotor rim, and four radii on the rotor hub with assurance that the line of
vision of the optical pyrometer is unobstructed. This bracket has functioned as designed.

RIG ADAPTER
RIG COVER s

INSULATOR

~" A ' RADIATION PYROMETER
>

s
SPRING LOAGED PLUNGER

-~ Y_sIGHT CONE

INDEXING HOLES CFOR

TEMPERATURE MEASUREMENT

\_ AT DISTINCT RADII
COMBUSTOR TUBE CENTERLINE

—.=——NOSE CONE INSULATOR

Figure 3.22 — Radiation Pyrometer Mounting in the Hot Spin Rig, Showing
Temperature Mcasurement Locations on a Test Rotor

Hot Spin Rig Burst Absorption Capabilities

Several design changes were previously made in the hot spin rig to reduce turn-around tinie {*0).
During this reporting period, further improvements were made which reduce the shait damage caused

by a high speed rotor burst. These include a silver plated turbine shaft labyrinth seal and a silver

plated turbine shaft bearing. Thus, contact between the bearing and labyrinth and the turbine shaft at
failure should confine the resulting demage to the soft labyrinth seal and bearing and cause minimal
damage to the rotor shaft. A bladeless ceramic rotor was accelerated to 64,840 rpm and the temperature
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gradient was increased until failure occurred, to assess the burst absorption capability of the test rig
and resulted in the following damage:

o The tension member of the bolt fractured as designed and as experienced in previous tests.

o The ceramic fiber insubiation and its stainless steel backing absorbed the energy of the burst rotor.,
Only slight deformation of the insulation hacking was noted (Figure 3.23) and this was easily re-
paired.

o The turbine rotor shaft at the bearing journal was slightly scored (Figure 3.24).

All of the ahove damage was quickly repaired, which demonstrates relatively fast turn-around time.

NOILYWH0430Q VIIdAL

Figure 3.23 — Stainless Steel Insulator Shell After Full Speed Rotor Burst (Ceramic
Fiber Insulation Removed)

Rotor Attachment

Investigation of improvements, in the curvie coupling rotor attachment system was continned.

One problem was to reduce the high frictional forces generated when the metal parts expand more
than the ceramic parts with which they mate. Some reduction of these forees has been accomplished
by two methods:

(1) Separating the ceramic to metal interfaces with a shearable intermediate substance such as Nickel
Ease (TM), Molykote (TM), Electrofilin (TM), ete. which wenld not allow ceramic-to-metal contact
which wonld produce high friction and loads.
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Figure 3.24 — Rotor Shaft Turbine Journal Bearing After Full Speed Rotor Burst

{2) Changing the basic characteristics of one of the two contacting surfaces and hence alter the
frictional nature of the interface.

The search for a durable, high temperature lubricant between the ceramic rotor Curvic teeth and
meta) paits, discussed in previous reports (4, 5, 9, 10), has continued. The best lubricant previously
tested (10) was a ceramic-bonded graphite and molydisulfide lubricant called Electrofilm 1000X (TM).
This compound has survived three cycles of a simulated engine load and thermal cycle test {10).
Observation of the lubricant after test indicated that it has limited life because of the high opcerating
temperature (1400°) required. The manufacturer recommends a maximum operating temperature of
only 1000°F.

During this reporting period, the Curvic teeth of a metal Gurvic adaptor (10) were coated with 99.54:
pure gold to form a permanent layer of shearable material between the ceramic rotor Curvic and the
metal Curvic adaptor. The gold coating was clectroplated to a thickness of 0.00025 in. over nickel strike
on the Inconel 750 adaptor. Only the contacting surfaces of the Curvic teeth were coated. The Curvic
adaptor was tested through four simulated engine thermat cycles to t400°F withent failure of the
cerimnic and without significant deterioration of the gold piate.

Obscervation of the parts after testing indicates that part of the gold plate transfers to the ceramic
material during eycling and lightly bonds the metal Carvic adaptor to the cerinic. However, the parts
are ecasily separated using only a slight force. The frictional character of the interface appears to be
changed to that of a gold to gold interface. considerably reducing the frictional loads. This gold coating
will be further tested in engine tests of rotors at both the metal Corvic adaptor and main shaft Carvic
coupling locations.
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32 CERAMIC STATOR, SHROUD, NOSE CONE AND COMBUSTOR DEVELOPMENT

SUMMARY

Fabrication of turbine inlet nose cones and stators was resumed on a very limited basis. A 2.7 g/cc
density silicon nitride material was utilized for the first time for injection molding of these compo-
nents.

Two additional test rigs were built for use in pre-engine test evaluations of ceramic stators. One of
these rigs, the stator vane mechanical load test fixture, serves a two-fold purpose 1) as a tool to evaluate
material and processing variations, and 2) as a screening tool to qualify stator vanes for subsequent
engine testing. The other rig, the stator cuter shroud pressure test fixture, evaluates the stator outer
shroud quality before subsequent engine testing. These new tools were utilized to enhance the qualifi-
cation of stationary ceramic flow path components. The initial evaluation of the 2.7 g/cc density SigNg
components is underway. In addition, a review of past weight gain data for 2.55 g/cc density SigNg
stators tested at 1930° was completed.

Work continued in a number of areas relating to the operation of the 2500°F flowpath qualification
test rig. To date the rig has accumulated 74 lights and 181 hours of hot time above 1900°F. Fifteen of
these hours were run at a combustor exit temperature of 2500°F.
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3.21 MATERIALS AND FABRICATION

Introduction

While the major effort on materials and fabrication development continued to be applied to ceramic
turbine rotors blade rings, a very limited fabrication run of nose cones and stators utilizing the recently
developed 2.7 g/cc density SigNg was made.

Stator Fabrication

During this reporting period, initial atiempis were made to mold some 2.7 g/cc density silicon nitride
stators needed for testing. Using the 2.7 g/cc density material developed for rotor blade rings, attempts
were made to optimize the molding conditions. Although it was possible to fabricate stators with no
visible molding flaws, fold lines or voids, fillet cracks remained in the stator inner shroud-vane area.
The initial composition exhibited shrinkage incompatible with the stator tooling over the range of
molding conditions investigated. To reduce shrinkage, the tool temperature was raised, but the materi-
al tended to stick in the gate area of the sprue detail. The particular sprue detail utilized was the
overflow type which feeds three vanes at the inner shroud inner diameter (Figure 3.25). Sticking in the
gate area resulted in fillet cracks in the stator inner shroud-vane area when the tool was opened. The
sprue detail was removed to have the gate area teflon coated.

In order to continue development of the stator moiding process, an available sprue detail of alter-
nate design was installed in the tool. This detail contains 25 large runners (Figure 3.26). Because of the
large runner cross-section, sticking in the gate area was not a problem. Other problems, however,
associated with this sprue detail have been previously reported. Molding at the previously established
conditinne arud the higher tanl iemperature resulted in several crack free staturs The predominance of
fabricated parts, however, exhibited fi'let cracks attributed to high material shrinkage.

Switching lo a different organic molding composition — still at the 2.7 g/cc density level — havinga
lower shrinkage rate during cooling, was attempted. This composition was previously used successfully
at the 2.55 g/cc deneity level in both the stator and nose cone tooling. The composition was altered to
the 27 gfee density level and stator molding atternpts initiated with limited success A sulflicient
quantity of crack free stators, as evaluated in the as-molded condition, was obtained to warrant further
processing. Blade quality was good but outer shroud quality was poor as a result of using the 25 gate
sprue detail. Future plans for stator fabrication are to utilize this fatest 2.7 g/cc density composition in
conjunction with the teflon coated overflow sprue detail.

Nose Cone Fabrication

As was the case with the stator labrication effort, the new 2.7 g/ee densily SigNg material weag
utilized in the first attempts to mold turbine air inlet nose cones. This effort was further complicated
with the tooling revisions needed to produce the new Design [) nose cone, shown along with the
Design C nose cone in Figure 3,27, and the installation of an automated molding control system
(Section 3.1.2 of this report).

The low-shrinkage 2.7 g/cc type material developed in the stator fabrication effort was utilized from
the vuset for these molding tiials. Initial problems waie encounterad with the Design 1Y tooling.
Excessive leakage necessitated rework of the tool. Following this rework, visually good nose cones
were molded. However, further processing ol nese cones (burnout, argon sintering and nitriding)
revealed fine cracks at the fillet between the strut and the inner nose. These cracks have been traced to
outer slide movement during withdrawal of the strut core pins in the tool. A system to pull core pins
without moving the outer slides has been designed and will be implemented during the next nose cone
molding run.

An automated molding control system was installed on the injection molder and evialuated. Its use
significantly aided optimization of the nose cone molding parameters and resiuhted in incicased yickd
from 6/day to 32 visually good nose cones/day in the as-molded condition.
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Figure 3.25 — Design D’ Stator with Overflow Sprue Detail; Directions of Material
Flow Shown by Arrows and Numbers

Figure 3.26 — Design D’ Stator with 25 Gate Sprue Detail; Directions of Material Flow
Shown by Arrows and Numbers
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DESIGN C NOSE CONE DESIGN D’ NOSE CONE

Figure 3.27 — Cross-Section View of Design C and Design D’ Nose Cones




3.2.2 TESTING
Introduction

The Design DY stationary hot flow path components include the combustor, turbine inlet nose cone,
common first and second stage stators, and first and second stage rotor tip shrouds. A very limited
fabrication effort of turbine inlet nose cones and stators resulted in a few of these parts of imperfect
quality being received for testing.

The testing centered on qualification of components for subsequent engine testing. As described in
previous reports (6,9,10), stationary ceramic flow path components are initially subjected to a qualifica-
tion test before being considered acceptable parts for engine testing. This is done in order to screen out
parts with fabrication and/or processing defects. This qualification test, in the past, consisted of
subjecting the part to 10 cold lights, each followed by a prescribed hold time at temperature and an
engine shutdown (10).

However, past testing of coinponents indicated that this 10 light qualification test was successful in
eliminating poor quality nose cones and rotor tip shrouds but did not adequately screen out poor
quality stators. In order to better evaluate stators prior to engine testing, two additional non-destructive
qualification tests are being developed. They are a stator vane bend test and a stator shroud pressure
test.

Stator Vane Bend Testing

Stator vane testing was initiated as a basis for establishing a quality control measure to assess
material and process improvements (8). For stators to be accepted as engine test candidates, the stator
vane bend test must be non-destructive. A need was recognized for a simple test fixture that would
permit the proof testing of stators prior to machining. Such a test fixture would not only eliminate poor
quality parts at a substantial cost savings, but would also permit rapid correlation between visual
inspection data and the mechanical integrity of the stator vane.

During this reporting period such a fixture was built and calibrated, and preliminary testing was
initiated. The test fixture, shown in Figure 3.28, consists of a series of twenty-five 0.250 inch diameter
pins which independently load the vanes at the inner shroud of each vane. The inner shroud is
separated from its neighbors by a thin slot, thus each vane is loaded independently. The part is secured
in the fixture by means of six clamps around the outer shroud of the stator. A variable load is applied at
the inner shroud by the pins, which places the leading and trailing edges of the vanes in tension. To
obtain this variable load, pressure is applied to the pins via a hydraulic system.

Figure 3.29 illustrates the initial calibration results for the stator vane luad testing fixture This curve
shows a maximum variation between pins to be about 5 pounds over the 0-700 psi calibration range.
Although considered to be acceptable, it is possible that the sprz.d between pins could be improved by
reducing friction. This is currently being investigated.

During shake down of the proof test fixture, the fixture was also used as a destructive test device to
evaluate the new 2.7 g/cc density SigN4 stators.

Figure 3.32 gives statistical results of data presented in a previous report (9) for stators 829 and 848
along with that from more recently tested stators 1036, 1047 and 1124. The data reveals a marked
improvement in stator vane load carrying capability for the more recent stators. Of note is that a
significant difference in density exists. Stators 829 und 848 are 2.55 g/cc density while stators 1036, 1047
and 1124 are 2.7 g/cc density. All five of these staiors were nitrided in a similar manner.

Figure 3.31 gives statistical results of data from two groups of stators which are all 2.7 g/cc density
SizN4 but are processed under different nitriding conditions. Stators 1057, 1083 and 1064 were part of a
nitriding run during which a malfunction of the nitrogen gas sensors occurred. The resulting vane load
capability shows a deterioration to a level comparable to properly nitrided 2.55 g/cc density parts. The
importance not only ol density but of close conirol of the nitriding cycle can be seen from these results.
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In Section 3.2.1 of this report on stator fabrication, it was noted that initial 2.7 g/cc density stators
contained fillet flaws in the outer shroud - vane area. The stator vane bend test was utilized to evaluate
the effect of these flaws with regard to vane load capability. Figure 3.32 gives statistical results from
two 2.7 g/cc density stators, Stator 1036, previously referred to, yielded results typical of good quantity
2.7 g/cc stator vanes. Stator 1103, without including data from vanes 6, 7, and 8, yielded comparable
results. Of note is that vanes 6, 7, and 8 broke at loads less than seven pounds. These low failure loads
can be directly attributed to the presence of fillet cracks which extended to the leading edge of the
vanes. Work continues towards the determination of the correlation of flaw size and orientation with
acceptance for engine testing.

Use of the stator vane bend test as a screening tool required the establishment of a screening load.
Based on data contained in a previous report (8), it can be seen that stator vanes capable of greater than
4-5 pounds bend load did not fail under actual engine light offs (0.30 hours and 16 lights). Using this
information and the fact that flaw-free vanes typically are capable of greater than 10 pounds bend
load. an initial screening bend load of 10 pounds has been selected. To date, five 2.7 g/cc stators have
been subjected to the stator vane bend qualification test. Two of the stators, 1055 and 1086, were of
extremely poor quality, being from the group of initial 2.7 g/cc density stators which experienced the
molding fillet crack problem. Stator 1086 passed, but five vanes on stator 1055 failed. The other three
stators snceessfullv passed the 10 pound stator vane hend test.
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Stator Cuter Shroud Pressure Test and 10 Light Test

The second of these new qualification tests is the outer shroud pressure test. In this test the stator is
supported between two flat steel plates and a pressure is applied to the stator outer shroud inner
diameter, putting the stator shroud in tension (Figure 3.33).

As in the case of the vane bend test, it was necessary to establish an appropriate screening stress
level. A thermal analysis indicated that the maximi:u transient thermal stress in the outer shroud is
tensile and is approximately 206 psi. This was established as a minimum level for outer shroud
qualification. In order to obtain an upper bound on the qualification stress, four good quality 2.55 g/cc
density stators were pressure tested to failure. The data was plotted on Weibull paper and yizlded a
cl.aracteristic strength of 11,000 psi and a slope of 7.6. From this data, a maximum level of 2 200 psi was
established for outer shrond qualification. For initial 2.7 g/cc stators, the minimum l-vel will be
utilized with the intent of modifying it if future data indicates a change is warranted.

Duriny this reporting period, several stators of 2.7 g/cc density were fabricated and finish processed.
Althcugh many of these stators contained flaws as discussed in Section 3.2.1 of this report, it was
deemed worthwhile to obtain initial data from these components.

Of the 2.7 g/cc stators which passed the bend test, as noted earlier in this section, three have
proceeded to the stator outer shroud pressure test. All three stators successfully passed this step in
stator qualificatizn prior to engine testing.

The last step in pre-engine test qualification is the 10 light test. Three stators, 1086, 1099 and 1117,
have been subjected to the bend test and the 10 light test. Stator 1086 was categorized as poor quality
because of the presence of numerous fillet cracks as previously noted. However, these cracks did not
extend to either the leading or trailing edges and the part passed the bend test. During the 10 light test,
seven vanes failures and one shroud crack were noted. The other two stators, 1099 and 1117, passed the
10 light test.
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Because of the results of testing stator 1086 — the apparent inability of the 10 pound bend test to
screen out a part not capable of passing the 10 light test — the stator vane bend test load level
specification is being reassessed. To date, the test data indicates a reassessment of the stator outer
shroud pressure level specification is not warranted.

In addition to the stators, three 2.7 g/cc density nose cones were finish processed and received for
testing. All were subjecied to and successfully passed the 10 light test.

Engine and Rig Testing

Limited testing of turbine iniet nose cones and first and second stage stators was conducted in
engine test rigs. No testing of combustors and turbine rotor tip shrouds was conducted during this
reporting period. Tables 3.8 to 3.10 shcw the results to date of engine testing on silicon nitride and
silicon carbide stationary components.

1930°F Durability

After completion of qualification testing, components may be subjected to static durablity testing in
engine test rigs at 1936°F. During the past six months, two nose cones were subjected to this static
durability testing. Nose cone 894 has survived 10.25 liours. The first 2.7 g/cc density nose cone, 1018,
has successfully accumulated 10 hours.

In addition to this testing, a review of the weight gain data on 2.55 g/cc stators tested at 1930°F in the

engine test rig was made. This data has not been previously reported and therefore covers a time span
greater than just this reporting period.
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TABLE 3.9
SUMMARY OF STATOR TESTING
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Figure 3.34 summarizes the percent weight gain versus time data gathered on a total of twelve 2.55
g/cc density stalors. The curve labeled “minimum observed” is a result of the data from stator 954 (9).
Stator 954 achieved 175 hours of test time at 1930°F without {ailure. Stator 954 weight gain was minimal
over the last 125 hours and the total percent weight gain after 175 hours was 0.74%, the lowest achieved
to date.

The wide variation in possible weight gain rates for similar density stators is reflected by the data
between the maximum and minimum curves. Figure 3.35 offers a possible explanation for this occur-
rence. In reviewing the numerous variations which have occurred during the 2.55 g/cc density stator
fabrication development process, one aspect — the nitriding process — appears responsible for differ-
ences in the weight gain versus time data. All but two stators (889 and 955) lent themselves to the
process groupings noted as Zones A, B and C. Zone A contains all data from stators nitrided in a 96%
N2/4% Hgy atmosphere (9,10). Zone B contains all data from early stators nitrided at an outside vendor
(A) in a 100% N3z atmosphere. Zone C contains data from two processing variations — stators nitrided
at an outside vendor (B), in a 100% N3 atmosphere and stators partially nitrided at vendor A then
renitrided in-house in a 96% N2/4% Hp atmosphere. A vendor A furnace malfunction caused this last
processing variation which, from weight gain criteria, proved to be undesirable.

The importance of this grouping, from an engine durability viewpoint, is addressed in Figure 3.36.
Of the twelve stators from which the data was gathered, nine have failed. Three of the nine failures
can be attributed to extraneous circumstances and are not included in the noted failures {F). The data
from the remaining six failures indicate that, for 2.55 g/cc density stators of relatively similar strengths,
a total percent weight gain to failure relationship may exist. All failures were associated with total
weight gains in excess of 1.9%.

Further testing of available 2.55 g/cc density stators and initial testing of 2.7 g/ce density stator 1s
planned.
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Figure 3.34 — Weight Gain Vs. Engine Test Time at 1930°F for 2.57 gm/cc Density
Silicon Nitride Stators
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2500°F Durability
Work continued in a number of areas relating to the operation of the 2560°F flowpath qualification

test rig. To date the rig has accumulated 74 lights and 181 hours of hot time above 1900°F. Fifteen of
these hours were run at a combustor exit temperature of 2500°F.

During this reporting period, work continued on instrumentation and component durability and
reliability for the 2500°F test rig. Areas of concentration were as follows:

1. Durability of the ceramic adaptor tube which houses the hot flow path components (Figure 3.37)
2. Procurement of durable and reliable high temperature thermocouples.

3. Determination of the spectral emittance of the ceramic flow path parts under actual test conditions.
4. Further automation of the rig operation.

5. A solution to the problem of carbon build-up in the combustor.

STAINLESS
STEEL
HOUSING

TEST FACKITY
AR SUPPLY
170° 10 1100°F)

FUlL

HiGH TEMPERATURL
WSULATION

1., " 08sERYATION PORT
THERMOCOUMLES ~ 5

Figure 3.37 — Schematic View of High Temperature Test Rig Showing Location of
Ceramic Adaptor Tube
The current status of each of these areas is as follows:

1. The original design slip east, SigNg adaptor tube demonstrated limited life (3 lights and 5 hours hot
time; and typically cracked as shown in Figure 3.38. An investigation of the problem resulted in a




design modification to the downstream end of the tube (Figure 3.39). A slip cast tube of the rede-
signed e figuration has been successiully tested Lor 12 lights and 24 2 hours of het e with Tive of
these hours at gas temperatures of 2500°F,

. A major effort was made to evaluate vendor-supplied high temperature thermocouples. All thermo-

couples received are:

a. Tested in a calibration furnace to check their accuracy.

. X-rayed to verify the integrity of the very fine (0.012 dia.) thermocouple wires.
¢. Pressure checked for braze joint leaks.

d. Flow-tested to determine aspiration air flow rate.

The above quality checks resulted in the rejection of a major portion of the thermoconples received.

In conjunction with the high temperatiire thermocouples used to measire 2500°F gas temperatures,
an Ircon one-color infra red radiation pyrometer is being utilized to determine surface termperatures
of the ceramic flow path components. Determination of this data requires that the spectral emit-
tunce vilue of the tergel surlace at cach opersting conditions be accurately ostablished. For the
radiation pyrometer being used, the wavelength band of interest is 2.0 to 2.6 microns. As previonsly
stated, the spectral emittance value for the varions ceramic surfaces being tested is not a constant
nor is it constant over the full operating range of testing conditions. Influencing factors are material,
density, surface finish, degree of surface oxidation, surface contamination, surface temperature,
radintion wavelength, ete Hence, divoctly applicalde data from the literature is not available.
However, trend data is available and a testing program has been initiated to enhance the available
information. ‘Twenty segments of Ford ceramic components were sent to NASA-Langley Research
Center for emittance determination. These specimens were selected to represent several different
material densities, surface oxidation, and contamination levels.
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Figure 3.39 — Adaptor Tube Design Modification

The expected Langley data will inciude:
a. Total emittance.

b. Spectral emittance for wavelengths being used by our two types of radiation pyrometers,
i.e. 2.0 to 2.6 micron band for the Ircon one-color pyrometer, and 0.81 & 0.95 microns for the
Milletron two-color pyrometer

c. The change of emittance with surface temperature.

Further refinement of the Langley data will be required in order to include the effect of the unique
rig enclosure which may result in somewhat higher effective emittance values. The expected data
from NASA-Langley Research Center and further data from in-house work should increase the
confidence level of using radiation pyremetry for accurate surface temperature measurements.

4. Anautomatic, closed loop control system wasincorporated in the test rigto maintain constant exhaust
cooling to 500°F. After considerable development, the system is operating very satisfactorily.

5. The problem of carbon build-up in the combustor dome became apparent as soon as testing at 100
flow conditions began. In the 2500°F flow path qualification rig. the temperature rise requirement
of up to 1400°F and the air flow rate of up to 2.14 pounds per second requires a fuel supply rate of up
to 165 pounds per hour. This fuel, when being consumed by a standard size engine combustor,
creates a rich combustion condition resulting in carbon formation; this does not occur in the engine
or in the engine test rigs where the use of regenerators greatly reduces the needed temperature rise.
A series of tests were conducted to establish the carbon formation map. and at the present time. a
number of combustor design modifications are being evaluated.
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4 PROGRESS ON MATERIALS TECHNOLOGY
SUMMARY

Materials technology is 4 very important portion of the systems approach employed in this project
for the development of high temperature gas turbine engines. The generation of ceramic material
property data, in progress since the beginning of the project, has been instrumental in component
design modifications and failure analysis. As testing and fabrication experience was gained, improve-
ments in materials have also been made. The properties of these improved materials are determined
and fed back into ausign modifications and failure analysis, thus closing the loop. The work on
determining material properties and on generating material improvements is reported in this section.

In order to select the best method of processing Si3N4 powder, the optimum MgO content and the
best hot pressing parameters consistant with the hub forming portion of the duo-density rotor proces- a
processing parametric study was conducted. Strength at two elevated temperatures, along with the
Weibull slope, were obtained in a number of hot pressed SigN4 materials. Some of these materials
were pressed at pressures as low as 500 psi. Preliminary results of this study shows that the best
material would be prepared by ball milling with WC media and would contain 5% MgO.

A major concern with the 3 piece approach to the duo-density rotor has been the degree of bonding
and the resultant stre:igth of the bond between the two regions of hot pressed SigN4. Test bars were cut
from six duo-density rotors such that the hot pressed to ho! pressed bond could be positioned within
the zone of maximum stress. Test results showed a strength variation at different locations, with higher
strengths obtained at the center region and lower strengths found at the outer regions.

Strength measurements were performed on Refel reaction silicon carbide, the material used most
recently for ceramic combustors. Statistical bend strength distributions were measured at room tem-
perature and at five elevated temperatures. In addition, tensile strength was measured at room temper-
ature.

A process for producing complex shapes of silicon carbide by injection molding and reaction
sintering has been under developrient in recent years. Principles of the process and strength data are
given. Both one piece stators and monolithic rotors have been fabricated.

Previous results obtained from nitriding of large loads of silicon metal powder shapes, such as
molded stators and rotor blade rings, have shown that the nitriding reaction was not under control.
Undesired exothermic reactions could cause silicon melting before nitriding was completed, with
subsequently reduced mechanical properties and degraded microstructure. A technique is described
which essentially allows the furnace to contral the nitriding rate dependent upon the nitrogen gas
consumption rate. Data are given which show that this t-»e of nitriding improves the material structure
for a wide range of furnace loads.

The work on developing Sialon materials has been terminated as a result of funding reductions. The
effort to develop high strength, stable Sialon materials by sintering is summarized in this section.

Work was un-dertaken to evaluate the use of hot isostatic pressing to further densify reaction
sintered SigN4 preforms, using Vycor encapsulation. Additives were evaluated and snme densilication
and strengthening were obtained. Attempts to densify complex shaped parts were not successful.




41 PROPERTIES OF HOT PRESSED SILICON NITRIDE

In order to obtain the best Weibull strength and resulting rotor hub reliability, a parametric study
was initiated which considered the following variables:

1. Material purity: “CP85" versus “KBI" SigNg powders. The powder designated CP85 was the as-
received powder purchased from A.M.E. The KBI powder refers to the CP85 after (1) magnetic
separation to remove 0.3% of magnetic material and (2) air classification at 50 microns at the rate of
9.07-11.33 kg/hr (20-25 1bs./hr.). Starting with 136 kg (300 Ibs.) of CP85, 0.45 kg {one Ib.) was removed
by magnetic separation, 43.5 kg (96 lbs.) were classified as plus 50 microns, 7.7 kg (17 1bs.) were
classified as dust collector fines (ultrafine material), 1.81 kg (4 1bs.) were used for cleanout run, 0.45
kg (one 1b.) was used to make screen size distribution analysis, and 78.9 kg (174 |bs.) were classified
a5 minus-50 microns. The minus-50 micron powder was designated “KBI". “KBI" is Kawecki
Berylco Incorporated, a supplier of silicon powder and recently also licensed by AME to manufac-
ture and sell 8igNg powder in the U.S.; they conducted the separation and classification of the
powder.

2. Hot pressing additive content: 2 to 7 weight % MgO.

3. Powder milling conditions.

a. Milling balls: WC versus Al2O3
WU balls were 095 cnr size and AlUj5 balls were 1.9 i size. b g gatlon size milling jar, 30,000
gm. WC were used with 800 gm. SigN4 in dry milling, and with 2000 gm. Si3N4 in wet milling;
6000 gm. Al203 balls were used with 800 gm. SigNy in dry milling and with 2000 gm. Si3N4 in
wet milling.

h. Wet versus dry milling. Wet milling was done with methanol.

¢. Milling time: 24-72 hours.

4. Hot pressing pressure: 3.45-34.5 MPa (500-5000 psi)

Approximately 60 hot pressings were made over several months with a combination of variables
based mainly on past experience. Towards the middle part of the program, a factorial analysis plan
was started. Table 4.1 shows the processing conditions used and Table 4.2 shows the Weibull parame-
ters obtained for those billets.

The bhillets were flat discs 7.6 cm. in diameter by 2.5 cm. thick. Approximately 40 A" size (14) MOR
test bars were machined frony each billel. Generally, hall of the bars were tested at 871°C P600°F) and
the balance were tested at 1204°C (2200°F) in four-point bending using 0.953 ¢m. upper span and 1.905
cm. lower span at a stress rate of 2200 MPa/min. The two test temperatures were selected hecause they
represent the temperatures at the bore and at the bond ring of the rotor.

From the MOR data such as shown in Table 4.3 for billet 1019, Weibull strength parameters of
characteristic MOR (a#) and Weibull madilus (m) were calculated by a maximum-likelihood {t5.16)
program and are tabulated in Table 4.2, Evaluation of the results in Table 4.2 shows that, within the
conditions investigated:

Wet milling with Al2Og balls produced low strengths,

Little difference was apparent antong dry WC, dry AlO3, and wet WC milling.

Surprisingly, the extensive powder cleaning did not show significantly superior resalts.

Iigh strengths were abtainable even at as low as 1500 psi pressing pressure. This is important since
the use of high peessure in rotor hub fabrication tends to damage the delicate blade ring.

. Within the range investigated, milling time had no significant effect on the resnlts.

s o (S~

fa2 )

In order to evaluate the effect of cach variable in g more quantitative manner, a factorial analysis
experiment was initiated halfway through the project. Because of the large number of variables
involved. a full factorial to evaluate six variables plis a possible unknown variable at four levels cach
would require t6.384 experiments. Even then, cach experiment, to be truly significant, wonld involve
approxinately 20 billets for proper sampling. Thus. the task wonld be horrendons. Instead, a satirated
fractional factorial analvsis for six variables, plus an sinknown variable, at two levels each, was made
as an initial effort, and without statistical hillet-to-hillet sampling, as shown in Table 4.4,
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TABLE 4.1
PROCESSING CONDITIONS FOR VARIOUS DISCS
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Disc No.

977
989
990
993
995
996
997
998
1000
1001
1003
1004
1006
1007
1008
1009
1010
101
1012
1013
1014
1015
1016
1017
1018
1019
1020
102]
1025
1026
1027
1028
1030
1031
1032
1033
1035
1036
1037
1039
1040
1042
1043
1100
1101
1133

WEIBULL PARAMETERS

871°C

TABLE 4.2

1204°C

_ o6, MPa (ksi)

519 (

554 (

564 (
639 (

509 (
450 (
485 |

593 (
541 |(

75.2)

80.3)

70.3)
86.0)
78.4)

724 (105.0)

458 |

505 |
470 |
535 |
506
679 {

605
569
445 |
454 |
586 |
641 {
599 |

66.4)

73.2)
68.2)
77 6]
73.4)
98.5)

87.8)
82.5)
64.5)
65.8)
85.0)
93.0)
86.9)

8.5

16.2

10.3
217

8.7

4.8

6.2
11.6
11.6

94

8.9

8.3
5.0
7.7
5.8
11.3

7.1
11.3
8.0
7.9
99
10.1
129

o6, MPa (ksi)

431 (62.5)
412 (59.7)
237 (34.4)
394 (57.2)
435 (63.1)
370 (62.5)
377 (54.7)
418 (60.6)
359 (52.1)
371 (53.8)
385 (55.8)
357 (51.7)
224 (32.5)
237 (34.4)
408 (59.1)
428 (62.1)
368 (53.3)
375 (54.4)
360 (52.2)
340 (49.3)
299 (43.3)
288 (41.7)
290 (42.1)
421 (61.1)
381 (55.2)
420 (60.9)
390 (56.5)
399 (57.9)
394 (57.2)
408 (59.1)

367 (53.2)
345 (50.1)
414 (60.1)

372 (54.0)
359 (56.4)
395 (57.3)
360 152.2
432 (62.6)
419 160.7)
390 (56.6)
354 (51.3}
354 (51.3)
439 (63.6)
425 (61.6)

18.6
1.1
11.9
14.6
20.5
11.2
12.4
12.6
11.0
10.2
1.1

98

6.2
124
13.2
17.4
11.2
22.3
16.7
11.3
17.2
19.0
14.9
15.6
19.1
12.7
11.7
20.6
19.6
13.2

13.1
21.1
10.7

15.6
11.3
21
14.5
14.6
15.5
71.0
16.5
10.4
13.0
123




871°C (1600°F)

TABLE 4.3

SAMPLE MOR DATA (BILLET 1019)

1204°C (2200°F)

tion.

72

sl

* MACHINING SOHRCE:

** DUMMY VARIABLE:

—

NAME OF SHOP WHICH MACHINED THE MOR TEST BARS

A FICTITHRIS VARIABLE TO INDICATE WHETHER THERE 1S A STRONG INTE"ACTION AMONG TUE
REAL VARIABLES OR WHETHER THERE IS A STRONG VARIABLE WHRKCH HIAS NOT BEEN CONSID-

ERED.

MPa ksi MPa ksi MPa ksi MPa ksi
667 96.8 745 108.0 373 54.1 453 65.7
703 102.0 618 89.6 389 56.4 409 59.3
710 103.0 645 93.6 440 63.8 356 51.6
508 73.7 717 104.0 413 59.8 437 63.4
663 96.2 772 112.0 350 50.7 399 57.9
689 99.9 681 98.8 415 60.2 415 60.2
] 800 116.0 582 84.4 458 66.4 389 56.4
710 103.0 696 101.0 397 97.6 405 58.8
841 122.0 601 871 454 65.8 389 96.4
758 110.0 318 46.1 429 62.2
|
TABLE 4.4
FACTORIAL ANALYSIS MATRIX
L DISC MACHINI:G DUMMY
] EXPERIMENT  NUMBER  POWDER 7. MgO BALLTYPE  WET/DRY  TIME SOURCE"* VARIABLE®*
1 1A 1611 CP85 5 wC WET 72 B CO +
L] 1012 CPss b we WET 72 BCO +
2] 1029 CP85 5 Al04 WET 1 T CO. -
'l’ 3 1010 cpss 2 we LRY 7 T CO -
a1
S 1 1030 CP8s 2 AlOq DRY 1 ¥ COo. +
E 5 1018 KB} 5 we DRY 18 B CO. -
] ) 1017 KB! 5 Alal)y DRY 7 T CO +
3
1 7 1019 Kht 2 we WET 8 TCO +
8A 1014 KBt g Al WET 7 B o -
a8 1016 KB} 2 Alat)y WET 72 B Co -

Because the strength data might be influenced by subtle differences in test bar machining quality, a
variable called the “machining source” was included to indicate whether the machining source would
have a strong influence on the results. The dummy variable was included to indicate if any strong
interaction or unknown variable existed. Duplicate runs were made in experiments 1 and 8 to evaluate
the reproducibility of results. The matrix as shown represents the very minimum amount of experi-
mental data in this initial work for factorial analysis, and sliould be considered preliminary informa-




Since the ultimate objective is highest reliability of the rotor hub, reliability numbers were used as
the basis for comparing the billet qualities. The method used far the calculation of reliability was
discussed by Swank and Uy (17). A sample data base for calculating reliability is shown in Table 4.5.
The characteristic MOR and Weibull modulus m measured a* 871°C (1600°F) and 1204°C (2200°F)
were used to estimate the values at the other temperatures by assuming straight line functions. These
strength parameters plus thermal and elastic properties measured elsewhere in the p1ogram were used
in conjunction with the calculated mechanical and thermal stress contours to calculate reliability
values by means of the Weibull equation. The rotor blade ring was considered to be fixed in material to
be 2.7 g/cc injection molded SizgNg (IMSN) which was calculated to have a reliability of 0.99190. The
Weibult pardnicters fur the various billets and the caloulated rotor eliabilitics uaahﬂ'nihs thuse bilicts
were made into rotor hubs are shown in Table 4.6. Using these reliability numbers, the factorial
analysis matrix of Table 4.4 was evaluated as follows: Taking each variable at a time, the average effect
of cach level of that variable was calculated. For example, consider the powder variable: the average
reliability in using CP85 powder is

1/4(0.94617 + 0.89297 + 0.99097 + 0.11273) = 0.73571
while the average reliability in using KBI powder is
1/4(0.98775 + 0.98987 + 0.98826 + 0.16247) = 0.79209
Therefore, the KBI powder is superior by
0.78209 — 0.73571 = 0.04638

This procedure is repeated for all the other variables at each of their two levels, including the
dummy {+) and dummy (=} levels.

As shown in Table 4.7, the strengths of the variables were ranked from 1to 7. As it turned out, the
milling ball type had the streagest effect on reliability while the wet/dry milling variable had a weak
effect. Fortunaiely, the dummy variable had the least efiect, which means that there was not a strong
interaction among the variables considered and there was no other significant variable which needed
to be taken into consideration. The significance of the effect of each variable was next evaluated at the
bottom of Table 47 by comparing the strength of cach eflect with the average irreproducibility of
reliability in experiments 1a, 1b, and 8, 8b. Since the irreproducibility in reliability was 0.19299, all
the effects smoller than this number would be considered insignificant or within the irreproducibility
fimits. In Table 4.7, only the variables consisting of bail type. machining source, and % MgO showed
effects larger than the irreproducibility range. The best material would therefore be WC milled and
would contain 5% MgO. The results also indicate that the machining source did have a strong influ-
ence on the results and that company “T” would be preferred over company 8",

All of the above evaluation assumed. of necessity, that the material sampling was large enough to be
significant, which it really was not, as previously pointed out. This analysis was taken as an initial step
towards a logical parametric study and is presented here te illustrate the approach.

There is however, a definite conclusion to be deawn from the aby ve study, and that is: assuming the
caleulated reliabilitics are correet, it is possikle to utilize CP85 powder, under proper processing
conditions, to achieve the required short term rotor reliabilities of over 0.9 in this program. Included in
the above statement is the additional assumption that the MOR duta on test bars of 2.7 IMSN represent
the propertics of the rotor blade ring as it goes into the engine. Both above assumptions are currently
being evaluated experimentally for accuracy. In the meantime, it is also obvious from these results that
tightening rotor fabrication quality control to ensure better reproducibility of properties is helpful in
improving the reliability picture.
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TABLE 4.5
TYPICAL DESIGN PROPERTIES FOR ROTOR HUB MATERIAL

Material: Hot Pressed Silicon Nitride
Designation: Billet 1018
Density: 3.17 g/cc

Composition: 2.2 Mg, 0.8 Al, 0.6 Fe, 0.2 Ca

TEMPERATURE, °K

PROPERTY UNIT ) 530 ne 109 1370 1640
WEIBULL MOR, MPa 617 617 617 566 429 303
: STRENGTH my, — 116 1.6 11.6 1.6 11.6 229
a 106 / °K 1.64 239 287 3.20 3.46* 3.66°
k WATTS 294 25.9 225 19.0 15.9 138
THERMAL m x°K
PROPERTIES Cp JOULES 745 950 1100 1209 1372 1360
kg X °K
E GPa 294 294 294 292 291° 286°
| ELASTIC v = 0.256 0.254 0251 0.246 0.239* 0.221*
; PROPLRTIES G GPa uz 117 17 117 Thad n7e
i * EXTRAPOLATED VALUE OR CALCULATFD FROM EXTRAPOLATED VALUES
1 TABLE 4.6
WEIBULL PARAMETERS AND CALCULATED RELIABILITIES
CHARACTERISTIC WERULL ROTOR
BILLET MOR, MPa SLOPE RELIABILITY
NO. 871°C 1284°C $71°C 1204°C RING HUB ROTOR
101 500 7S 183 223 0.99190 0.99970 0.98160
AVERAGE
1012 S0y 360 87 16.7 0.99190 0.90810 0.90074 0.04617
1029 9 324 105 16.5 99190 0.90027 089297
1 1010 63 368 217 n.2 0.99190 0.99917 € 99087
i M6 50 211 0.99190 0.11365 6.11273
381 116 19.1 099190 0.99542 0.98775
422 116 15.6 0.99190 0.95796 0 98987
420 924 127 0.99190 0 99833 298426
299 48 17.2 ©.99190 001513 001491
AVERAGE
290 62 149 0.99190 0.31256 0.31003 016247
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TABLE 4.7
FACTORIAL ANALYSIS

St

VARIABLE
MACHINING DUMMY
LEVEL POWDER % MgO BALL TYPE  WET/DRY TIME SOURCE VARIABLE

CP85 0.73571
KBI 0.78209
KBl 0.04638
2% MgO 056361
5% MgO 0.95419
5% ngo 0.39058
0.97829

}{VlCO 539
\ 0.53951
we 0.43878
WET 0.74747
DRY 0.77033
DRY 0.02286
48 HOURS 0.74543
72 HOURS 0.77237
72 HOURS 0.02694
B CO. 0.55228
T CO. 0.96552
T CO. 0.41324
DUMMY (+) 0.75926
DUMMY (-} 0.75854
DUMMY (+) 0.00072

RANKING OF STRENGTH OF VARIABLES AT THEIR INDICATED J ZVEL CHANGES:

RANK: 1 2 3 4 5 6 7

VARIABLE: BALL MACHINING % MgO POWDER TIME WET/DRY DUMMY
TYPE SOURCE

EFFECT: 0.43878 0.41324 0.39058 0.04638 0.02694 0.02286 0.00072

AVERAGE REPRODUCIBILITY IN EXPERIMENTS 1 AND 8 = 1/2(0.99160-0.90074) + 1/2(0.31003-0.01491) = 0.19299




4.2 STRENGTH OF THE EPSN/HPSN BOND
IN THREE-PIECE DUO-DENSITY ROTORS

In the three-piece rotor fabrication approach, one of the major concerns has been the quality of the
HPSN/HPSN bond at the neck region of the hub. Therefore, six rotors made under varying conditions
of bonding were evaluated for bond strength. All the hubs and bond rings were made from CP85
powder. Four rotors had 2% MgO in the hub and 5% MgO in the bond ring, one rotor had 5% MgQO in
the hub and 7% MgO in the bond ring. The pre | pressures varied slightly froin 1500 to 2000 psi.
The milling conditions also were varied, as shuwn in Table 4.8. It can be noted that wet alumina
milling ‘~vas excluded.

TABLE 4.8
ROTOR PROCESSING CONDITIONS AND SUMMARY DATA

ROTOR NUMBER

1114 1118 1185 1158 1181 1157

HUB: 2% W72D 2% W48W 2% A48D 2% A48D 5% A48D 5% A48D
BOND RING: 5% W72W 5% W144W 5% A48D 5% A48D 5% A48D 7% A48D
BONDING PRESSURE., MPa (PSl}: 10.3 (1500) 10.3 (1500) 10.3 (1500} 13.8 (2000) 13.8 (2000) 13.8 (2000)
FLAT CUT BARS, SURFACES IN TENRION

8MPA (ksi) CHARACTERISTIC STRENGTH 283 (41.1) 394 (57.2) 206 129.9j 207 (39.1) 343 (49.8) 230 (33.4)

m WEIBULL MODULUS 3.7 8.0 5.5 3.0 5.0 1.5

n NUMBER OF BARS 8 8 6 8 7 6
EDGE CUT BARS

(1] 243 (35.3) 328 (47.5) 215 (31.2) 246 (35.7) 412 (59.7) 345 {50.1

m 5.3 6.1 42 3.9 11.7 14.7

n 8 6 6 7 6 7
FLAT CUT BARS. CENTER IN TENSION

[] 363 (52.6) 406 (58.9) 285 (413) 348 (50.5) 441 (63.9) 374 (54.3)

m 5.4 7.3 7.9 31 166 7.7

n 6 6 6 6 5 6
TYPE OF BREAK

FOLLOWS BOND COMPLETELY 9 6 18 9 T n

STARTS AT BOND, SHIFTS TO HUB 5 6 — 8 8 8

NOT AT BOND LINE 6 6 — & 5
BARS CUT FROM CURVIC (i.e, HUB)

[] 389 (53.5) 424 |61.5) 448 (64.9] 414 (60.11 464 (87.3) 447 (64.8)

m 128 9.2 13.7 6.4 14.8 15.1

n 8 ] 8 ) 6 8

Code for compositions:
2%:; 5% = percent MgO added
W. A = WC or Al;05 milling balls
48; 72; 144 = hours of milling
W.D =« wet or dry milling

The six rotors tested represented six different compositional or forming conditions. The center section
of the bond ring, {determined on bars tested with the leading and trailing edges in compression)
consistently showed higher characteristic MOR and Weibull moduli than the outer section of the bond
{leading and trailing edges in tension). This is probably due to lower density near the surface and to
voids remaining after the skin was removed during machining. Variation in bond quality existed from
leading edge surface to trailing edge surface, most noticeably with rotor 1157 in which the leading edge
strengths were four times those of the trailing edge. In other cases, such as rotor 1159, a variation about
the circumference of the rotor occurred.

By grouning the data, with rotors based on 2% MgO bond rings, hubs and 5% MgO mixes using S3N4
ground with WC balls (1114 and 1118) were stronger than mixes based on material ground with Al03
balls {1165 and 1159). Using the same MgO content {5% in rotor 1161) in both hub and bond appeared
advantageous.

In summarizing the bond sirength evaluation, the numerical data obtained from this series of rotors,
combined with visual observation of this group and numerous other rotors, demonstrated that consid-
erable variation existed from pressing-to-pressing and within the individual rotor. When the bend was
properly formed. it approached the strength of the basic HPSN materials. These results have pointed




out the difficulty of obtaining consistently uniform, high strengths under current methods of fabrica-
tion.

Bond strength was evaluated by cutting MOR test bars across the HPSN/HPSN bonds in different
orientations and locations according to Figure 4.1 and testing the bars in different orientations at
1204°C (2200°F) according to the sketches in Tables 4.9 to 4.14. This particular test temperature was
chosen because it represented the bond joint conditions at 100% speed and 100% turbine inlet temper-
ature.

The test bars were cut from the hubs in the radial direction and included material from the blade
ring, the bond ring, and the inner hub This technique permitted the HPSN/HPSN bond line to be

1114 1118 1165
3 4148 4148 3 4148
rig 6T 3
28 68
21
E * ;
: 14 8
, or
1 131 137
i 138 L 138
] 12 10 12 "
1 NT 118 1T 118 107 108
b
1
2
4 1159 1161
) 97 98
4 10T

' T8 3 Tares
BLADE

RING HUB

RSSN HPSN

BOND RING

l

HPSN J—
] % =
X EDGE CUT 4 riat cut
| v %
BOND (\J—

LINE

Figure 4.1 — Lucation of Test Bars within Rotor Hubs
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positioned within the upper span of the test jig, and therefore within the zone of uniform maximum
stress. The dimensions of the hub permitted cutting bars with two orientations: “on edge” in which the
0.635 cm (1/4-inch) width of the test bar was parallel to the pressing direction or axis of the rotor, and
“flat” in which the 0.318 cm (1/8-inch) thickness was parallel to the pressing direction. The edge-cut
bars therefore represented the center portion of the bond, since most of the materisl at the surfaces of
the hub as formed was removed during cutting and finishing. The flat-cut bars were cut in two layers
so that, with reference to the pressing direction, the top surface of the upper bar, and the bottom
surface of the lower bar represented material close to the machine ¥ surfaces of the rotor. The lower
surface of the top bar and the top surface of the lower bar would be typical of the material in the center
of the bond. The bars were broken with either surface or interior portions of the bond in tension in
order to determine if differenc- s in strength occurred across the bond width. The data obtained are
summarized in Table 4.9, and the individual values are shown in Tables 4.9 through 4.14.

TABLE 4.9
ROTOR 1114 BOND STRENGTHS

Hub 1#1080) Material: KBI-1 powder., milling GR-2, dry milled 72 hours with
WC balls. Two percent MgO, pressed at 34.5 MPa (5000 psi).

Bond Material: CP-85-B powder, milling GQ-5. wet milled 72 hours with
WC balls. Five percenl MgO, pressed at 10.3 MPa (1500 psi.

b

Bars Cut on Edge v
BarsH 1 240 MPa 34,800 psi (3) s
3 19 27,500 (3) 0= 243 (211-282) MPa
5 1M 24,800 (RY] =35,390 (30,800-40,900) pei
7 192 27,800 (3) m = 5.28 (2.62-7.33) e B
8 270 39,200 (3)
10 285 41,300 3)
12 280 37.700 3)
14 203 29,490 3)
I i
Bars Cul Flat

Leading Edge in Tension
2B 192 MPa 27.800 psi (1) |
6B 154 22,300 (1) 0 = 288 (221-375) MPa I
1B 338 49,000 2) = 41,400 (32,100-54,400) psi |
m = 3.60 (151-5.29) F
Trailing Edge in Tension b J
2T 282 MPa 40,900 psi  (2)

6T 318 46,100 2)
nT 280 40,800 12)
LT}
Leading Edge in Compression y!
4B 345 MPa 50,100 psi  (3)
9B 416 60,300 (2) 0 = 363 (305-437) MPa
13 397 57.600 3) = 52,600 (44.200-83,300] psi : T =

m = 542 (223-7.78)

Trailing Edge in Compression
4T 306 MPa  44.400 psi (1)
ST 204 41,200 (1)
12T 290 42.000 (21

F is direction of forming.

Ry degm Chngs B is direction of breaking

15 339 MPa  49.200 psi

16 M1 48.000 © 0 = 309 (348-392) MPa

17 3Im 54.000 = 53,500 (50.400-58.800) pet
18 3 57,000 m = 12.8 (6.34-17.8)

19 368 $3.400

20 2 44.739

21 388 55,900

22 M 48.400

Noltes ]1] Break initiated at bond line tut moved into bonding material
12) Break in hub material. away rom bond line.
13} Break {o'lowed bond line.
}14] Break initiated outside upper knile ¢4+

Numbers in parentheses [ollowing # and m .cw the 80% confidence limits




TABLE 4.10
ROTOR 1118 BOND STRENGTHS

J Hub (#1055) Material: KBI-1 powder, milling GC-2. Wet milled 48 hours with
WC balls. Two percent MgO, pressed at 34.5 MPa (5000 psi).

el

Bond Material: CP85B powder, milling GU-5. Wet milled 144 hours with
WC balls. Five percent MgO., pressed at 10.3 MPa (1500 psi.
l.'

Bars Cut on Edge A 2
- Bar # 5 231 MPa 42,200 psi (3) # = 328 (286-379) MPa
] 7 260 37,700 1) = 47,500 (41,500-54,900) psi
4 3 260 37,700 (3) m = 6.09 (2.79-8.58)
] 10 361 52,300 3) e H
A 12, 330 47,800 3)
14 37 54,400 (3)
' Bars Cut Flat,
Leading Edge Tension I i
A 2B 392°MPa 56.900 psi (1) # = 394 (337-466) MPa
4 6B 442 64.100 {2)  ~ 57.200 (48.900-67.600) psi
y 1B 410 59,500 (1) .4 = 5.98 (2.46-8.59)
ri
E Trailing Edge Tension i
1 2T 248 MPa 36,000 psi (2) Y
6T 387 56,200 (2)
1T 336 48,700 2)
Leading Edge Compression 4 i
4B 440 MPa 63800 psi (2) # = 406 (357-487) MPa y!
9B 423 81,300 (3) = 58,900 (51,800-87,700) psi
13B 427 81.900 (1) m = 7.27 (2.98-10.4)
Trailing Edge Compression ¥ L
AT 370 MPa 53700 psi (2] 4 y
9T 282 40,900 m
13T w4 52,800 n
Bars From Curvic
15 390 MPa 58,700 psi # = 424 (387-406) MPa
18 387 58,200 = 81,500 {56.200-87,800) psi
17 476 08.100 m = 917 (4.20-12.9)
18 a8 53,400
19 422 81,200 F is direction of forming.
20 417 60,500 B is direction of breaking.
21 W2 58,900

Notes. {1) Break init.ated at bond line, but moved into bonding matetia..
|2) Break in hub material, away from bond lina.
|3) Break followed bond line.
|41 Break initiated outside upper knife edges.

Numbers in parenthesis following ¢ and m are the 90% conridence limis.




TABLE 4.11
ROTOR 1165 BOND STRENGTHS

Hub (#1158) Material: CP-85-B powder, milling HB-2. Dry milled 58 hours with
Al203 balls, two percent MgO. Pressed at 34.5 MPa [5000 psi).

Bond Material: CP 35-B powder milling HD-S. Dry milled 48 hours with
Al203 balls, five percent MgO. Pressed at 10.3 MPa {1500 psi).

Bars Cut on Edge '

Bar # 1 282 MPa 40900 psi (3) 6 = 214 (189-302) MPa 4
3 189 27.400 (3) = 31,000 {27,400-43,800) psi
5 179 25,900 (3) m=42(17-8.0) -
7 197 28,500 (3} e B
8 273 39,600 (3)
12 19 28,200 (3)
Bars Cut Flat
Leading Edge Tension | N
2T 210 MPa 30500 psi (3)
6T 108 15,600 (3) 6 = 206 (176-248) MPa v L 4
10T 221 32,000 (3) = 29,900 (25,200-35.900) psi
m=55(23-79)
Trailing Edge Tension
2B 224 MPa 32500 psi  (3) :
6B 185 28,800 3)
108 203 29.500 (3)
Leading Edge Compression T
4T 226 MPa 32,800 psi (3] )
9T 310 44,900 (3) # = 285 (253-324) MPa
nT 25 38,300 3) = 41,300 {36.700-47,900) psi
m = 79(32-113)
| - "
Trailing Edge Compression v ' ¢
4B 307 MPa  44.600 psi (3)
9B 263 38,200 {3)
nB 272 39,7450 13
Bars From Curvic F is direction of forming
13 433 MPa 62,800 psi B is direction of breaking
14 467 67.700 0 = 441 (423-474) MPs
15 389 56,400 = 64,000 {61.400-88,700) psi
16 390 56,600 m= 137 (681-191)
17 482 67.000
18 453 65.700
19 447 67,600
20 3IN 57.900

Notes 11} Break initiated at bond line. but moved into bonding materisl
121 Break in hub material. away from bond line.
{3) Break followed bond line.
{4) Break initiated outside upper knife edges.

Numbers in parenthesis following # and m are the 99 confidence imits.
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TABLE 4.12
ROTOR 1159 BOND STRENGTHS

Hub (#1155} Material: CP-85-B powder. milling HB-2. Dry milled 48 hours with
Al203 balls, two percent MgO. Pressed at 34.5 MPa (5000 psi).

Bond Material: CP-85-B powder, milling HD-S, dry milled 48 hours with
Al203 balls, five percent MgO. Pressed at 13.8 MPa (2000 psi).
I.

Bars Cut on Edge v

Bar # 1 164 MPa 23800 psi (3)
4 253 36.700 (1] 8 = 246 (199-308) MPa
6 260 37,700 3) = 35,700 (28,900-44.600) psi
7 308 44,600 (3) m = 3.92(1.80-553) I
9 248 35,700 (1)
1 192 27,800 {3)
3 13 155 22,500 (1)
-3
1 Bars Cut Flat - "
Leading Edge Tension
2B 253 MPa 36700 psi (1) y y
5B 217 31,400 (3) 6 = 270 (198-376) MPa
10B 181 28,200 (3) = 39,100 (28,700-54.500) psi
m = 3.03 (1.25-4.35)
Trailing Edge Tension L
2T 154 MPa 22300 psi  [3)
ST 320 46,400 1
10T 339 49.200 1
4y
Leading Edge Compression y |
3B 248 MPa 36,000 psi (1)
8B 429 62,200 (2) @ = 348 (256-483) MPa
12B 233 33.800 3 = 50,500 (37,200-70,000) psi
m = 3.07 (1.26-4.41) T m
v 1" 4
Trailing Edge Compression
3T 323 MPa 46.700 psi (1)
sT 47 61.900 (3)
12T 232 33,700 2
F is direction of forming.
Bars Cut From Curvic B is direction of breakirg.
14 397 MPa  57.600 psi # = 414 (360-468) MPa
15 356 51,600 = 60,100 (53,500-87.900) psi
16 435 63,100 m= 644 (3.19-8.94)
17 483 70 00
18 azs 47.500
19 409 50,300
20 97 60,500
21 293 42,50

Notes: 1) Break initiated at bond lime. bui moved into bonding material.
12) Break in hub material, away from bonid line.
{3) Break followed bond line.
141 Break initiated outside upper knife edges.

Numbers in parenthesis following # and m are the 90% confidence limits.
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TABLE 4.13
ROTOR 1161 BOND STRENGTHS

Hub (#1156) Material: CP85B powder, milling HC-5. Dry milled 48 hours with
Alz03 balls, five percent MgO. Pressed at 34.5 MPa (5000 psi).

Bond Material: CP85B powder, milling HD-5. Dry milied 48 hours with
Al203 balls, five percent MgO. 1 . essed at 13.8 MPa {2000 psi).

Bars Cut on Edge I

Bar # 1 397 MPa 57.600 psi (1) 6 = 412 (379-448) MPa y
1A 415 60.200 {2) = 59,700 (55.000-65.000) psi .
3 439 63.600 (2] m =117 (4.8-167)
5 352 51.000 (2}
361 52.400 3 o
11 419 60.800 (2)
Bars Cut Flat 2
Trading Edge Tension
7T 293 MPa 42500 psi (3] 0 = 343 (290-409) MPa ! H
10T 350 50.700 (11 = 49.800 (42.100-59,300} psi . v
m = 50 (2.3-7.0)

Trailing Edge Tension
7B 421 MPa 61100 psi (1)

108 339 49.200 (1 ‘h

2T 246 35.700 3)

4B 308 44.600 13)

6T 286 41.500 1

(4) T
: . v !
Leading Edge Compression

9B 429 MPa 62200 psi (1) @ = 441 [412-475) MPa

2B 423 61.300 (2) = 63.900 (59.700-68.900] psi

4T 437 63.400 (3) m = 166 (6.0-24.3} T
68 462 67.000 (1) v ! ¢

Trailing Edge Compression
9T 405 MPa 58800 in
Bars From Curvic

12 458 MPa  66.400 psi # = 464 |435-497) MPa

13 456 66,200 = 67.300 (63.100-72.100} pe:

14 494 71,700 m = 14.6 (5.99-20.9]

15 159 66,500

16 422 61,200 F 1s direction of forming
17 427 61,900 B is direction of breaking

Notes: }1) Break initiated at bond line, moved inw bonding material
{2} Break in hub matenal. away from bond line
13) Break followed bond line
}4) Break initiated outside upper knife edges.

Numbers in parenthesis following ¢ and m are the 907 confidence hmits

83




i e b b

s el

Hub (#1154) Material:

Bond Material:

Bars Cut on Edge
Bar # 1T 338 MPa 48,000 pesi
3 358 51,600
S 365 $3.000
7 302 43,800
8. 308 44,600
10 8 50.400
13 332 48,200
Bars Cut Flat
Leading Edge Tension
2B 302 MPa 43,800 psi
6B 318 45.800
11B 325 47,100
Trailing Edge Tension
2T 84 MPa 12.200 psi
6T 81 11,600
uT m 16,100
Leading Edge Compression
4B 389 MPa  56.400 pei
8B 66 38,600
12B s 52,300

Trailing Edge Compression

4T 383 MPa 55,600 psi
T 323 46,900

12T 408 58,900

Bars Cut From Curvic

14 388 MPs 76.400 psi
15 479 09.400

16 435 63,100

17 450 63,200

16 a1 61,100

19 417 00,500

20 428 62,100

21 456 06,200

TABLE 4.14
ROTOR 1157 BOND STRENGTHS

CP8SB powder. milling HC-S. Dry milled 48 hours with
Al203 balls. Five percent MgO. pressed at 34.5 MPa (5000 psi).

CP85B powder. milling HE-7. Dry milled 48 hours with
Al203 balls. Seven percent MgO, pressed
at 13.8 MPa (2000 psi). 1

(3}
(3)
3
(3)
(3)
3)
3)

3
(3)
3)

(1)
n
(h]]

)]
(M]
m

)]
1]
m

8 = 345 (327-387) MPa
= 50,100 (47,400-53.200) psi
m = 14.7 (8.72-20.7) e I

# = 230 (121-460) MPa
= 33,400 (17.500-68,700) psi
m = 1.48 (0.60-2.09)

g —

[

0 = 374 (331-427) MPs
= 54,300 (48.000-81,900) pei
m = 7,09 (3.15-11.0)

F is direction of forming.
B is direction of bresking.

0 = 447 (425470) MPs
= 64,800 (61,000-88.200) psi
m = 15.1 (7.47-209)

Notes: [1) Break initiated at bond line, tiut moved into bonding material.
{2) Break in hub material, away from bond line.
{3) Bresk followed bond line.
(4] Break initiated outside upper knile edges.

Numbers in parenthesis following ¢ and m are the 90% confidence limits.
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The six rotors tested represented six different compositional or forming conditions. The center section
of the bond ring, (determined on bars tested with the leading and trailing edges in compression)
consistently showed higher characteristic MOR and Weibull moduli than the outer section of the bond
(leading and trailing edges in tension). This is probably due to lower density near the surface and to
voids remaining after the skin was removed during machining. Variation in bond quality existed from
leading edge surface to trailing edge surface, most noticeably with rotor 1157 in which the leading edge
strengths were four times those of the trailing edge. In other cases, such as rotor 1159, a variation about
the circumference of the rotor occurred.

By grouping the data, with rotors based on 2% MgO hubs and 5% MgO bond rings, mixes using SigN4
grourd with WC balls (1114 and 1118 were stronger than mixes based on material ground with AloO3
balls (1165 and 1159]. Using the same MgO content (5% in rotor 1161) in both hub and bond appeared

advantageous.

In summarizing the bond strength evaluation, the numerical data obtained from this scries of rotors,
combined with visual observation of this group and numerous other rotors, demonstrated that consid-
erable variation existed from pressing-to-pressing and within the individual rotor. When the bond was
properly formed, it approached the strength of the basic HPSN materials. These results have pointed
out the difficulty of obtaining consistently uniform, high strengths under current methods of favrica-

tion.
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4.3 PROPERTIES OF REACTION SINTERED SIC

Introduction

As previously reported (10), Refel reaction sintered SiC has proven to be a suitable material for the
gas turbine combustor. During this reporting period, the statistical strength distributions at room tem-
perature, in both four-peint bending and tension, were determined for a batch of the material. In
addition, the statistical bend strength distributions at five elevated temperatures were also measured in
order to provide Weibull strength parameters for design and for correlation of bend strength distribu-
tion with tensile strength distribution.

Material Testing
Bend strength testing was conducted according to the Proposed Military Standards for Testing of
Structural Ceramics {14).The MOR vs. temperature data for Refel SiC are presented in Table 4.15. The

MLE (Maximum Likelihood Estimator — see Section 5 of this report} Weibull parameters are plotted in
Figure 4.2 as a {unction of temperature. The 90% confidence bands are also shown.

TABLE 4.15
FOUR YOINT BEND STRENGTH, KSI, OF REFEL SILICON CARBIDE

Test Temperature

78°F(26°C 47.2 68.3 68.4 66.2 62.1 56.1
64.0 65.5 51.0 66.1 73.3 714
64.1 64.8 99.1 67.1 47.2 52.6
64.6 50.3 74.4 56.5 52.6 721
57.6 52.7 54.0 66.4 53.7 54.3

932°F(500°C): 64.4 724 61.0 62.2 514 69.5
1.7 61.9 60.6 75.4 843 723
66.1 61.6 61.3 66.2 72.8 67.5
61.6 57.3

1832°F{1000°C): 64.1 60.6 61.6 59.4 64.8 51.1
65.8 60.4 43.0 60.3 57.6 53.9
61.9 66.9 55.4 572 50.4 544
58.9 61.7

2191°F(1200°C): 749 84.3 63.5 717 80.0 62.4
64.3 745 °6.6 68.9 719 7295
82.0 79.1 57.5 61.1 70.7 69.1
76.6 60.9

2372°F1300°C). 599 513 70.6 52.9 517 80.6
584 66.0 55.9 67.6 67 .4 70.6
68.7 721 67.6 74.7 70.5 Vi Wi
70.2 63.0

2462°F(1350°C): 605 533 59.1 57.1 66.4 704
73.1 57.8 58.3 68.1 66.3 539
70.7 63.0 62.5 65.0 64.8 63.5
65.1 56.2

The tensile testing was cartied out at Pennsylvania State University by Dr. H. Eugene Shull accord-
ing to a method he developed (18). Figure 4.3 shows a sketch of the tensile specimen. Samples were
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finish ground in the longitudinal direction using a 200 grit diamond wheel. Crosshead speed was (0.02)
in./min. (0.05 cm./min.).

Fifty nine samples were tested. Eight broke on shoulders where the load was transferred to them by
carbide balls. Table 4.16 shows the tensile strength dara.Table 4.17 shows the different statistical
summaries based on:

(1) All 59 values — Group 1.

(2) All values in Group 1 excluding the two lowest ones regarded as outlyers without quantative
justification — Group 2.

(3) All values in Group 2 excluding the eight tests invulving shoulder fractures — Group 3.

It can be seen that there is little difference among the three ways of grouping.
Correlation Between MOR and Tensile Strength Distribution

By converting the MOR strength distribution into tensile strength distribution through the Weibull
equation, one can compare the converted tensile strength distribution with the experimental distribu-

tion.
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Figure 4.2 — Bend Strength and Weibull Modulus of Refel SiC Vs. Temperature
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Figure 4.3 — Tensile Test Specimen




35.8
40.6
449
453
46.6
34.4
321
41.8
37.4

+ Shoulder Fracture.

46.0
40.2
40.6
521
47.2+
44.8
42.8
31.8
19.7

Group

te

TABLE 4.16

43.7 42.7 27.8
39.6 46.1 37.3
46.6 46.4 331
339 914 43.3
333+ 47.2 30.1
32.2 25.2 36.0+
45.7 39.0 42.3+
449 52.7 47 .4
133
TABLE 4.17

Sample Characteristic
Size Tensile Strength, psi
99 43,260

(41,600 - 44.800)

57 43700
(42,300 - 45,200)
49 44,000

{42,400 - 45,600)

Sce text for explanation of grouping.
Basedt on MLE Weibull program.
Numbers in parenthesis are 0% interval estimates.

ROOM TEMPERATURE REFEL TENSILE DATA, KSI

37.4
39.9
44.2
35.9
34.8+
32.8
46.6
53.4

STATISTICAL SUMMARY OF TENSILE TEST RESULTS

38.5+
44.0
32.6
471
48.4
41.6+
46.1+
419

Weibull
Slope m

6.3
(5.2 - 7.4)
(6.0 - 8.4)

7.1

(5.7 - 8.3)

Comparison of the calzulated and experimental tensile strength distribmntions is shown in Pignre 4.4,
It can be seen that the distribntion caleulated from the NMOR data is ontside the 900 confidence limits
of the experimental tersile strength distribntion.

The higher characteristic strength and slightly higher Weibull modatlns of the calenlated disiribution
suggests that there may still be significant parasitic stresses and/or inadegnate specimen snrface
guality in the experimental tensile testing.
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4.4 PROCESSING OF INJECTION MOLDED REACTION SINTERED SILICON CARBIDE

Introduction

A process for preparing complex shapes of silicon carbide by injection molding and reaction
sintering has been developed in-house over the last several years and has been reported in some
detail. (19, 20, 21, 22). Briefly, the process consists of three steps:

1. A molding step in which a thermoset polymer filled with SiC particles is injection molded into
the desired shape.

2. A carbonization step in which the polymer is pyrolyzed to carbon and a pore structure is formed.

3. A reaction sintering step in which the porous body is infiltrated with molten silicon and the
carbon phase is converted to silicon carbide.

The final microstructure and the behavior of the material in each of the processing steps is influ-
enced by the particle size, particle size distribution, and volume fraction of silicon carbide filler. These
parameters were investigated to permit optimization of the entire process.

Mechanical Properties

The mechanical properties determined by tiansverse rupture testing on a brittle solid such as SiC
are closely related to the sample surface preparation, gross flaws within the sample, volume of sample
under maximum stress, and rate of stress application. Strength normally measured in 4-point loading
of SiC samples 1/4 x 1/8 x 1 inch with both as-molded and diamond ground surfaces ranged from
values of 30 Kpsi (21 x 107N/m2) to 70Kpsi {48 x 107N/m2), and examination of fractured pieces
indicated that flaws in molding or in surface preparation were strength controlling.

Complex Turbine Parts

To obtain early experience in processing complex shaped parts, several turbine stetors have been
fabricated. Silicon carbide rotors, as shown in Figure 4.5, have also been substituted as part of an in-
house program.

Testing of stators was performed in a modified turbine engine with special provision for securing
the stator. The modified engine was alternately ignited and cooled for 10 cycles, after which the stator
was examined for damage. After successful completion of this 10-light test, the stator was further tested
in a madified engine under controlled heating and cooling conditions, with the maximum stator
temperature of 1900°F.

Several SiC stators have been molded and siiicided. Figure 4.6 is a photograph of a stator wlich
passed the 10 light test described carlier as well as 147 hours of engine testing without apparent change
or deterioration. Further testing of this stator is planned.
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Figure 4.5 — Molded Reaction Sintered Silicon Carbide Rotor

Figure 4.6 — Molded Reaction Sintered Silicon Carbide Stator

92




4.5 NITRIDING OF REACTION BONDED SILICON NITRIDE

Introduction

In the previous report {10) it was concluded that a microstructure of uniform fine porosity yielded
the best physical properties for 2.7 g/cc density injection molded reaction bonded SigNg. It was also
concluded that the nitriding exotherm must be controlled in order to obtain a uniform microstructure.
A time-temperature cycle was proposed that sccomplished these goals for small furnace loads. How-
ever, when this cycle was used with large furnace loads, typical of loads used for nitriding of turbine
engine components, a microstructure characteristic of an uncontrolled exotherm resulted.

This section will describe work on a control system to nitride large furnace loads without encounter-
ing the exotherm. Typical microstructures will be presented to show that this system does control the
nitriding exotherm and can produce components with optimum microstructure.

Background

The furnace used for nitriding large loads of silicon was a cold wall vacuum furnace with molybden-
um heat shields and tungsten heating elements. The furnace was equipped with a temperature control-
ler, programmer and recorder. The nitridings were performed in a statie atraosphere conteelled at 3 psi
positive pressure. 1t was observed that during the course of a nit::ding run, the furnace pressure would
frequently drop below the desired control pressure. When the pressure falls below the control pres-
sure, a solennid is automatically opened and gas is admitted to the furnace to bring the furnace
pressure back to the control pressure. An event marker was installed in the temperature recorder
which indicated when the gas inlet solenoid opened. Over a large number of runs, the pressure
fluctuations seemed to correlate with temperature increases. As temperature holds were encountered,
the fluctuations decreased with time. This indicated that there seemed to be a correlation between the
pressure behavior of the Turmace chamber and the nitriding reaction.

The Nitrogen Demand Cycle

The nitriding and microstructure data indicate that the nitriding reaction cannot he controlled when
a programmed temperature cycle is employed. In order to control the exothermic behavior of the
reaction, it seemed reasonable to allow the reactants to control the rate of reaction. This was accom-
plished by monitoring the reaction rate at one temperature and allowing the reaciion to reach comple-
tion at that teraperature before allowing the temperature to increase. This reasoning forms the basis of
the nitrogen demand cycle.

The schematic of the nitrogen demand control system is shown in Figure 4.7. The components are
the same as previously described, except that a logic system has been added. This nitregen demand
contrul behuves in a manner such that when a pressure fluctuation ocours, the temperatiee program is
instructed to hold and a timer is activated. Every additional pressure fluctuation resets this timer to its
startiug position. The timer must operate for a prescribed period of time (Tc) before the temperature
programmer is allowed to advance. The temperature will then increase until another pressure fluctaa-
tion is noted and the sequence repeats itself until the maximum temperature of 1400°C is reached. The
purpose of the time constant, Te, is to insure the reaction has reached equilibrium before the tempera-
ture is increased. In practice, Te is between 7 and 12 minutes.

Other control techniques have been employed in attempts to implement this basic concept. Lumby
123} has used thermocouples imbedded in the silicon in conjunetion with tenpersture comparator
circaitry to measure the difference between part temperature and furnace temperature. When the
temperature difference hecomes too large, the partial pressure of nitrogen in the furnace is decreased.
thereby retarding the reaction. Messier (24) has employed mass flow meters to deteet increased de-
mand for nitrogen by monitoring changes in gas flow. When the flow exceeds predetermined limits,
temperature holds would occur. The closed loop pressure control system just described has the advan-
tages of being easy 1o instrument and allowing the nitriding to be carried out in a quasi static environ
ment, which a number of investigators (25, 26) deem desirable.

93




Nitriding Results
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The nitriding information discussed in this section consists of the temperature eyele, percent nitro-
gren consumption and typicel microstructure. The percent gas consumption was calculated hased on
the number of pressure fluctuations recorded. During the course of this nitriding development pro-
gram, the quality of the test bars in terms of molding flaws varied to a large extent, making the resulting
modulus of rupture values questionable. Consequently, only the microstructure was presented bhecause
i it was felt that it forined the mest reliable basis for evaluating material quality.

Figure 4.8 shows the results for three nitriding runs which were performed using a fixed tempera-
ture program. ‘Two runs, B-36 and B-45, consisted of two temperature hold periods followed by a
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constant ramp rate up to the maximum nitriding temperatare of 1400°C. One run, B-48, was a constant
rate cyvele as defined in the last report (10). The gas consumption curves were similar in that a large
portion of the nitriding occurred during the first 20 hours of the eycle, with no appreciable nitriding
being performed over the long initial hold period. For the B-36 and B-45 cycles a second large gas
consumption region carresponds to the second temperature ramp and hold period. For the constant-
rate cvele B-48, the gas consumption rate in the second “use” region is lower than for the other cvcles.
This corresponds to the slower temperature ramp rate.

The microstructures of the silicon nitride (Figure 4.9) from these three cycles are all similar in that
there are regions of large grains {sec arrows) which have been fdentified with the nitriding exothenn
and the temperature exceeding the melting point of silicon (10). This type of microstructure has been
associated with low strength RBSN. and is considered undesirable.

Figure 4.10 shows the results of three nitrugen demand cycles. The input for the temperature
programmer is shown to be a linear increase (10°C/hr) from 1000°C to 1400°C. However, the demand
evele logic extends this cycle from 40 hours to as much as 160 hours with the actual cycle time
depending on the number and frequency of occurance of the pressure fluctuations. The gas consump-
tion curves are approximately X car with time, showing that the niteiding piocesds ot a continous
constant rate.

Examination of the microstructures from these nitridings, Figure 4.11, vields no evidence that the
melting point of silicon (1420°C) was exceeded. Tha structure is uniform with no apparent large
porosity or grains, which could act as defects. The structures obtained with the nitrogen demand eyele
also appear to be nitrided more completely. There is very littde evidence of free silicon in these
structures as compared with structiures from the temperature programmed cyceles. This structure is
typical of high strength material (10).

Discussion

In the last report {10), data was presented concerning the nitriding of 2.7 g/ce density RBSN at
constant temperature of 1177°C. This data is compared to the gas consumption data from run B-36 in
Table 4.18. It shows that there is good agreement between the weight gain data and the gas consump-
tiott date. The shape of the gas constmption ctirves are also very sitnilar to the nitriding kinetic curves
presented by consemption data (27). This indicated that the gas consumption data is a good approxima-
tion of the nitriding hehavior of the material.

Figure 4.9 — Typical Microstructure of 2.7 gm/cc Density Silicon Nitride from
Programmed Nitridings
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TABLE 4.18
NITRIDING BEHAVIOR AT 1177°C

(4% H2/96% N2 Atmosphere)

Weight Cain Gas Consumption
Results Data from Run B-36
Time at 1177°C % Nitrided Time at 1177°C % Gas Consummed
0 19.2 0 25
24 60.8 24 70
72 99 2 7 70

The gas consumption data from the nitrogen demand cycle shows that the nitriding kineties have
been drastically changed. With the demand cycle the nitriding rate is approximately finear with time
aver the entire temperature cycle. Table 4.19 shows that the gas consumption rate (or nitriding rate)
seems to vary with inercasing furnaee load. Beeause of the nature of the nitrogen demand cvcle, the
nitriding times are also dependent on the furnace load.

TABLE 4.19

SUMMARY OF NITRIDING DATA

Gas
Furnace Time Consumption
Run Nitriding Pressure Constant Furnace Cycle Rate
No. Cycle Time ATM (Pc) {Tc) Load Time (Nitriding Rate)
B 36 Temp. 440 H2/96% N2 3 psig N.A. 1250 100 hr N. A.
Programmed
B 45 Temp. 49 H2/96% No 3 psig N.A. 15008 120 hr N. A.
Programmed
B48 Temp. 4% H2/96% N2 3 psig N.A. 1500g 125 hr N. A.
Programmed
B42 N>» 19 Ha/96% Ha 3 psig 10 Min. 1200g 45 hr 3.0 < /hr
Demand.
B55 No» 1% Ho/96 No 3 psig 10 Min. 2350 140 hr 0.87¢« /hr
Demand
B 65 N 44 Ha/96% N» 3 psig 7 Min. 25008 160 hr .75 /hr
Demund

Previons experience shows that the furnace toad affects the severity of the nitriding exotherm (104, It
is desirable, therefore, to have a ¢ycle which is dependent npon the furnace loac. This system does
effectiveiy control the nitriding exotherm.

Summary

Nitriding results from temperature programmed cycles have been presented which show that, for
targe furnace’loads, the microstencture of the resulting 2.7 g/ce density SigNy is undesirable. The data
also shows that the gas consnmption for these cycles ocenrs over a very small period of tinie. This
implies that the nitriding reaction is not nnder control.
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A control system was developed which allows the furnace load to effectively contral the nitriding
cycle. The results of this type of nitriding show: the ricrostructure, for a wide range of furnace loads,
does not vary appreciably. When compared to pi :vious results {10), this microstructure is typical of high
guality material. The gas consumption data shows that nitriding proceeds in a continous fashicn, with
the nitriding occurring uniformly over the coinplete cycle time.
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4.6 SIALON RESEARCH

Further work on Sialon research has been terminated by the agencies supporting the overall pro-
gram. Therefore, this section of the report will review the work which was performed in an effort to
develop stable, high strength, sintered Sialon materials.

Summary of Work to Date

When Sialon work was initiated (7), the original Oyama-Jack formulation (28,29) had not yet been
shown to be improbable. Therefore, early efforts were concentrated en the pressureless sintering of
silicon nitride-alumina mixtures (7,8). 1t was discovered (8) that high room temperature strengths (80-90
kpsi in four-point bending) could be oblained by the pressureless sintering of slip cast bars of such
mixtures with 3-6% yttria additive, in an argon atmosphere at relatively low temperatures (1600-
1650°C) for lonyg tinies {8-24 hours). As long as the bars were prepared with not more than 169 by
weight alumina, they contained only Sialon as a crystalline phase. Materials prep»ied with higher or
lower yttria contents were not as strong, and those with 16-25%: yttria additive showed a glass halo in
their x-ray diffraction patterns.

The strengths of all the SigNgz-AloO3 and SigNg-Al203-Y203 Sialons started to decrease at about
10u0°C This bebavior, caupled with the glass halo ohserved in the x-ray diffraction patterns of the
high vttria mate -ials, strongly suggested the presence of a glassy phase whether or not yitria was
present. Attempts to crystallize the glass in the yttria-containing Sialons by heat treatment resulted in
an additional crystalline product which was predominantly Y 03:251U; {8). After the crystallization
treatment, the room temperature strength was less than before but with little further decrease in
strangth at elevated temperature.

In the course of some thermal shock tests, it was discovered (10) that those materials containing more
than a very small amount of ytiria melted to some extent at about 1206°C. The extent of meliing
increascd with increasing ytiria in the Sinlon and appe red o be independeat of crystallization
treatment. The discovery of this melting phenomenon discouraged further work on vitria-containing
Sialons.

Continuing studies of additive-free SigNg-Al20O3 Sialons showed that room temperature strengths
couldt be inereased to the 60 kpsi range (MOR in four-point bending) by suitable selection of sintering
conditions, but that strength still decreased at elevated temperature, although only one erystatline
phase was present. Presumably these materials still contained a glassy phase.

While these studies of SigNg-Al>03 and SigN3-Al»O3- Y203 materials were in progress, consider-
able evidence (30,31) was being collected to the effect thai Sialon was really the vacaney-free material
SigN4-XADLO3-XAIN, rather than SigNg-XAl203. This being the case, it was not surprising that an
additional phase was formed in trying to prepare it from just SigNg and Al2O3.

In efforts to prepare singlte phase Sialons by pressureless sintering of 8igNg. Al»O3 and AIN or
equivaient combinations in the SigNg-Al203-AIN-SiO2 system, difficulties were encountered in
maintaining the desired composition. Although samples were buried in powders of the same compaosi-
tion. with an irtervening thin boren nitride powder laver and plaeced inside a eovered boron nitride
crucible, the bars tended to lose weizht during sintering, the loss being least for the bars nearest the
center of the crucilde. 1n addition, it was found that considerable contamination of the starting pow -
ders occurred during milling. Since the powders were milled with high alumina balls, the contaminant
was mostly alumina. However, the results of analysis for alumina were markedly dependent upon the
analvtical technique employed, so that the compositions of starting powders milled in this manner
were uncertain.

In order to control weight loss, a seatable boron nitride crucible was fabricated and proved success-
ful. Since ¢ ntaminant alumina could not be accurately compensated fer, work was begnn on reducing
particle size with an air jet mitl. In addition, some fine particle stardng powders were obtained. A
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number of Sialon specimens have been prepared from unmilled, coarse silicon nitride and aluminum
nitride (325 mesh} powders and nominally 0.3 um alumina as well. Attempts to deal with the silica
contamination from the silicon nitride were made by compensating for this contaminant in prepara-
tions from SiOg, SigN4. Al203 and AIN.

In general, the results obtained, in terms of the phase composition of products, were in good
agrecment with predictions made from the product diagram of Land, Wimmer, Burns and Chandbury
(32). This particular product diagram was especially convenieni for comparison because the x-ray
dilffraction patterns of all phases were given Specimens prepared from alumina-rich starling materials
which lest little or no weight on sintering contained "J" phase as well as Sialon. Specimens which lost
weight generally contained phases near the aluminum nitride corner of the diagram, a reasonable
observation if the weight loss resulted from the formation and subsequent decomposition of silica.

Preparations from four-component starting materials tended to contain silicon as well as Sialon,
suggesting that some of the silica decomposed before it could react. Materials prepared from SiOg,
AIN, and Al;03 generally contained Si and Alg03, indicating incomplete reaction as well as silica
decomposition. A possible consequenze of SiO2 contamination was the frequent finding of a trace of Si
materials prepared at relatively high temperatures (1760°C) from SigNy. Al203 and AIN. The Si was
absent from lower temperature preparations.

Sialon specimens prepared at 1760°C from slightly alumina-rich starting materials which contained
a trace of “]” phase were of moderate rovm temperature strength (about 40 kpsi in four-point bending)
and remained so at 1200°C. Specimens prepared from stoichiometric but coarse mixtures of SizgNg.
Al203 and AIN, buried in powders of the same composition in sealed crucibles, reached theoretical
apparent densities whether sintered for one hour at 1650 C under argon or nitrogren, or for one hour at
1760°C under argon. The open porosities were about 27% for the materials prepared at 1650°C and
25¢% for the 1760° material, not surprising in view of the coarse starting powders. The 1650° materials
were single phase, while those prepared at 1760°C contained traces of silicon.

It appears that these twe sets of compositions, slightly alumina rich and stoichiometric, bear further
investigation with a view toward optimizing materials preparation and sintering conditions.
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4.7 ISOSTATIC DENSIFICATION AND STRENGTHENING OF
REACTION BONDED SILICON NITRIDE

Introduction

The objective of this effort was to explore methods of forming SizN4 turbine rotors by forming the
entire part of RBSN und then hot pressing to densify the areas requiring high strength. This subsequent
hot pressiug can be unidirectional if the region to be densified is simple in shape, or isostatic if it is
complex. Because of the large movements required in hot pressing powder into fully dense material, it
is difficult to find a suitable encapsulant which can produce an accurate geometry. In densification of a
RBSN part of much greater density than powder, there i~ =t only less movement involved but it is also
much casier to seal off the sitriace contours.

Process Development

Conpons 1-1/4 x 1-1/4 x 1/4 inch and individual rotor blades were made by injection molding of
silicon with an organic binder. The chemical analysis of the silicon powder used was: 98.56% Si, 0.04%
Ca. 0827 Fe, and 0.209% Al. After burn-out of the binder, the silicon coupons were then nitrided into
Si3Nyg of 2.46-2.76 g/cc density. The variability of starting microstructures from batch-to-batch was not
considered: in this feasibility study.

T'o prepare these coupons for further densification under a hot, high-pressure gaseous environment,
the porous surfaces had to be sealed off. Sealing consisted of a coating of boron nitride followed by
encapsulation in 1 vacuum tight Vycor casing. Without the beron nitride barrier, the low viscosity of
the Vycor glass at the high temperatures used would permeate the surface layers of the RBSN and pose
a differential thermal expansion problem. Figure 4.12 shows a coated and &n uncoated SigNg rowr
blade: Figure 4.13 shows an encapsulated specimen.

Hot isostatic pressing was accomplished at Ceramic Systems, Inc.. by subjecting the glass encapsu-
lated coupon to argon gas at temperatures of 1730 - 1760°C (3150-3200°F) and pressures of 3000 - 7700
psi for intervals from 15 to 200 minutes ot maximum temperature and pressure. The hot isostatic
furnace is shown in Figure 4.14.

Hot pressing additives, when used, were introduced into the siticon molding mixture. The nominal
additive contents mentioned in this peper refer to the weight percent additive wiih reference to the
silicon powder. These additives improved the plasticity of the SigN4 during densification and reduced
the tendency for local cracking. Another way to introduce the densilication aids into the RBSN was o
soak the RBEN in a salt sol.ation containing the proper metal cation. However, this latter procednre
was not employved in the major portion of this project.

Results and Discussion

A total of thirty rins were made, four of which had more than one sample in the furnace. Eight nins
were repetitions of the same conditions in order to generate more material for strength evaluation. The
effects of additives, hot pressing time, and specimen geometry are presented and discussed below.

Effect of Additives

Uinder the experimental conditions used, the need for additives to enhance the degree of densifica-
tion was indicated. Without any additives at zll. a slip cazt Si3Ng sample of 2.05 g/cc density, ofter
being isostatically pressed at 3000 psi and 3150°F for 60 ininutes, broke readily during removal of the
glass. s final density was only 2.15 g/cc. In addition, as shown in ¢ gures 4.15 and 1.16, the degree of
densification increases with MgO content at constant FexOg3 contents and vice versa. In Figures 4.15
and 4.16, the degree of densification was calculated as:
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where 8f is the final density, §, the initial density, and the theoretical density 8t of SigNy is 3.18 g/cc.
Although no experiments were made to specifically evaluate the effect of increasing FeaO3 content,
Figure 4.16 shows that, at 3.7% MgO, increasing the FeyO3 content from zero 1o 3% despite shorter
pressing times and lower pressing pressures improved the degree of densification. Or, guing back to
Figure 415 one can alsn see that at constant 06% Mgl 60 minutes pressing time, and 7500 psi
pressing pressure, the addition of 3% FepO3 improved the densification from 389 to 85¢.

Figure 4.12 — Reaction Sintered Silicon Nitride Before (Left) and After (Right) Boron
Nitride Coating

Figure 4.13 — Glass-Encapsulated Specimen Ready for Hot 1sostatic Pressing
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The data show also that there are various experimental conditions by which one can achieve
approximately 90% densification, i.e., 3.14 g/cc final density if starting density were 2.60 g/cc. These
conditions include:

1. 3.7% MgO, 0% Fe03, 7700 psi, 60 minutes pressing time,
2. 3.7% MgO, 3% Fe203. 3000 psi, 20 minutes pressing time,
3. 1.2% MgO, 3% Fe203. 3000 psi, 30 minutes pressing time

All the above parameters are minimum values. In other words, exceeding them should not detract
from densification.

Because of the presence of silicides and free silicon in the material, the theoretical density is less
than 3.18 g/cc. As shown in Figure 4.17, the isostatically hot pressed material on the right side has
nearly zero porosity, but because of the presence of silicides and silicon, its final density measured
only 3.15 g/cc. The reason for not using 3.15 g/cc as the theoretical density instead of 3.18 g/cc in
computing the percent densification was the variability in the amount of cilicides and :ilicon from
sample-to-sample. For more accurate calculations, each sample could be individually measured on a
quantative metallograph for % silicides and silicon, and individual density values could be calculated
and assigned to each starting RBSN material.

Without any additives at all, some voids crushed leaving localized cracks within the part. This
usually occurred in conjunction with a low degree of densification.

Strengthening

Eight coupons made under similar conditions of 3.7% MgO, 0% Fe203. 7700 psi, and 60 minutes
pressing time were machined into 1/8 x 1/8 x 1 inch bend test bars and tested in four-point bending
(3/8 inch top span, 3/4 inch bottom span]j at a loading and of 320 ibs/min. to assess the change in the
strength-temperature curve due to this densification. Seven coupons made under varying other pro-
cessing conditions were also evaluated for the degree of strength improvement.
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; Figure 4.18 shows a comparison of the strengths of several hot isostatically densified (VIP) materials
j with strengths of various popular classes of SigN4. It can be seen that the VIP materials fall somewhere
between RBSN and HPSN. If the starting material had no extraneous silicides and silicon, higher
strengths might be expected of the VIP material.

AS — NITRIDED RSSN AFTER HOT ISOSTATIC PRESSING
250X 500X

Figure 4.17 — Microstructure of Reaction Sintered Silicon Nitride Before and After
Hot lsostatic Pressing

100 - o — @ MP6 31 gcc
"*\( HS-130 X HP? 32¢gcc
2 Mg0 HPSN (CP-85) Y o A
80|~ 5Me0 PASN (CP-85) \ S
™~ £,0.%,8 ALL HAVE 1) 2w® Mg0.
——~ \ J°, Fep03 & WERE 264 cc
~Eg IMSN PRIOR TO HOT
4-PT. 60 - i Y 1ISOSTATIC PRESSING
BEND VIP-4278 . ~
STRENGTH [~ —— — Y1 __ K
Kst . TS e
40 - = =
2.64 g.cc RSSN R278 \ *
N Ao #
20 ba----m-mmommmt S \
0 1 1 1
0 1000 2000 3000

TEMPERATURE. °F

Figure 4.18 — Comparison of Strengths of a Hot lsostatically Densified Silicon Nitride
Versus Other Types of Silicon Nitride
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The alpha/beta content of the starting material could also play a part in the final strength obtaina-
lile, since it has been well known in the hot pressing of SigNg that starting with alpha powder produces
stronger hot pressed SigNg than starting with beta powder.

It is interesting to note in Figure 4.18 that the RBSN, which contained 3.7%+ MgO and 3% FepOg, did
not show a strength drop-off up to 2500°F. This is similar to regular RBSN of the same composition
made without MgO. Apparently the presence of MgO did not degrade the high temperature strength
{(beyond 2200°F) until the material had been subjected to the hot isostatic pressing conditions. This is
probally due to the formation of the silicate.

Bonding

Two attempts were made to determine the feasibility of diffusion bonding RBSN to HPSN employ-
ing hot isestatic pressing. In the first attempt, a bar of RBSN containing no MgO and 3% Fe203 was
encapsulated in intimate contact with a bar of the commercial NC-132 HPSN. After hot isostatic
pres-'ns at 7700 psi and 30 minutes, the RBSN showed very little densification and the bond broke
easily during machining.

In the second attempt, the RBSN bar contained 3.7% MgO and no FepO3 and the HPSN bar was
made from the commercial CP85 powder with 5% MgO. This pair was hot isostatically pressed at 7700
psi for 60 minutes. A good diffusion hond was obtained, as shown in Figure 4.19. The shrinkage of the
RBSN bhar also caused a pull on the IIPSN bar resulting in a bowed bi-ceramic couple as shown in
Figure 4.20. To reduce residual stresses, a long hold time at the pressing temperature may be required
t¢ ensure completion of plastic flow. In addition, a stress relief treatment may be essential at lower
temperatures to reduce the differential thermal contreetion stresses.

Complex Parts

Four attempts were made at various times during the course of this work to extend the densification
technique to a rotor blade. which represented a part having complex geometry. All the samples were

Figure 4.12 — Interface Between Reaction Sintered and Hot Pressed Silicon Nitrides
After Hot Isostatic Pressing
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broken, such as shown in Figure 4.21. It is believed that the differential thermal expansion between
Vycor and the SigNg caused the breakage. One contributing factor is believed to be the use of a thick,
1/4 inch glass encapsulant relative to the thin 1/8 inch rotor blade.

.
Y

Figure 4.20 — Deflection of Bonded Reaction Sintered and Hot Pressed Silicon Nitrides
After Hot Isostatic Pressing

B

X

Figure 4.21 — Broken Rotor Blade and Ring After Hot lsostatic Pressing
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Conclusions

The feasibility of hot isostatically pressing reaction sintr e SigN4 to high density has been shown,
along with the effect of densification agents. Higher densities and improvements in low temperature
(below 2200°F) strength have been achieved over that of the reaction sintered material. The feasibility
of simultaneously diffusion bonding RBSN tv HPSN while densifying the RBSN has also been demon-
strated. However, further investigation is needed to reduce the resulting residual stresses which may
Le set up across the interface.

The current encapsulation system is not suitable for isostatic densification of complex parts such as
thin rotor blades.
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5. ANALYTICAL CODES
Summary

The maximum-likelihood method was selected as the procedure for the estimation of the param-
eters of the Weibull Distribution. This result was based on extersive literature surveys and Monte
Carlo investigations. The maximum-likelihood method provides the desirable properties for estima-
tions which are exact for small sample sizes and yields a basis for hypothesis testing. The effect of
sample size on the confidence of estimation has also been determined.

Analytical relations are developed for computing time-dependent reliability for ceramic structures
which exhibit the phenomenon of delayed fracture or static fatigue. The equations are derived from
the subcritical crack growth model using fracture mechanics relations which are combined with Wei-
bull’s statistical model of strength and the time to failure is described probabilistically.
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5.1 STATISTICAL DATA ANALYSIS

The reliability of ceramic structures as a function of stress and/or time and the strength of ceramic
materials are random variables which are widely accepted to follow the Weibull distribution (3-10, 33,
34). The three-parameter Weibull probability density function is give by

iy \m-1 ' m7

B(5) e | ()] e
w (x; m, 0, 1)

o, X<q; mf-C u-0.

The distribution parameters are m, the shape parameter or Weibuli slope; 8, the scale parameter or
characteristic value; and g, the location or threshold parameter. It has been commonly assumed that,
for ceramic materials and components, the threshold parameter is zero. The cumulative distribution
function of the two-parameter Weibull distribution is give by

in
l_exp "(T);) » x_fo

0, x- 0.

Wi m, ) =

The previous report (10) shows the effect of Weibull slope on the material characteristic MOR
strength requirement for a specified component reliability. A 20 percent increase in Weibull slope
from a nominal slope of 10 produces a 16 percent decrease in the strength requirement; a 20 percent
decrease in slope causes a 27 percent increase in the strength requirement.

The Weibull par:imeters used in reliability analyses are estimates of the true distribution parameters
hased on a finite sample. Many different estimation techniques exist and, in general, they will produce
somewhat different results. During the preliminary analysis of material strength data, two statistical
methods had heen used: the method of moments, MOM (34), and the method of pseudo-least-squares,
PLE {35.36.37). One example of the differences in the methods follows. Table 5.1 contains the failure
stresses af 26 " A"-size MOR bars {14) taken from hot-pressed SizNg billet 989, tested at 2200°F in
quarter-point faur-point bending.

TABLE 5.1

MOR STRENGTH VALUES
HOT PKESSED SILICON NITRIDE BILLET 989

51800.0 52000.0 52100.0 52600.0 53000.0 53300.0
53600.0 53700.0 54700.0 55600.0 56600.0 57300.0
57900.0 58200.0 58200.0 58300.0 58800.0 59000.0
59800.0 60200.0 60800.0 60800.0 61100.0 £2800.0

63600.0 71100.0
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The point estimates of the Weibull slope and the characteristic values are given in Table 5.2 for each
method.

TABLE 5.2

WEIBULL PARAMETER ESTIMATES

Method i ]
MOM 16.16 59468
PLE 14.41 59648

The estimates of the characteristic value are very close while the Weibull slope estimates vary and
would yield considerable differences in the component strength requirements. These diffcrences
prompted an investigation to determine what method should be used for the estimation of the Weibull
parameters and to establish uniform statistical procedures for the entire program.

An extensive literature survey of estimation techniques was conducted and discussions were held
with numerous statisticians. Chou (35} discusses the criteria by which the quality of a classical estima-
tor mary be judged. These criteria include unbiasedness, consistency. efficiency and sufficiency. Berger
and Lawrence (37) point ont that modern estimators are available which are not only efficient but also
provide confidence intervals. Mann, Schafer and Singpurwalla (15) discuss moment estimators, least-
square estimators, best linear invariant estimators and maximum-likelihood estimators. They state that
the last two of these should be used for hypothesis testing because they have the smallest mean-

squared error.

Mann and Fertig (38) indicate that it has been shown that a Bayesian approach to the estimation of
confidence bounds offers no particular improvement over classical methods. Thoman, Bain and Antle
(16) discuss the method of maximum-likelihood and present exact confidence intervals, unbiasing

factors, tests of hypotheses and asymptotic methods.

The maximum-likelihood estimators (MLE), m and 8 of the Weibull parameters m and 6. satisfy the
equations:

M,
and 5 Y x. fnx. &
—_—t L fnx. = o
T =
—xi
a 1
”
5. lei|”
{ D —
n

These equations may be solved by the Newton-Raphson iterative procedure (39) which will require the
use of a computer. Thoman, et. al. (16) condueted a Monte Carlo study of the MLE and compared their
restlts to Menon's estimator (40). Comparison of the MLE to ether methods may be made through the
comparisons with Menon's estimator given in Bain and Antte (41). The maximum-likelihood estimator
wis shown to be the most efficient of the methods studied and. although it is highly biased for smail

sainples, the bias may be removed.

A Monte Carlo study was conducted to compare the maximume-likelihcod saethod to the methods of
moroents and of psendo-least sgnares which were recently heing used. Approximately 5000 samples
each of size 5. 10 and 20 were used. The expected valie and the varianee of each parameter for each
methed was calenlated and a gowdness of fit test based on the Kolmogorov-Smirnov statistic was
condncted. At cach sample size the naximum-likelihood estimators were unbiased. showed the least
variance and most often provided the best fit. Becanse this method will provide for significanee tests




and confidence intervals for the parameters and the distribution, and because this method is highly
respected in the literature, the maximum-likelihood method was selected as the single Weibull param-
eter estimation technique for this program.

The maximum-likelihood estimate for billet 989, mentioned earlier, for the Weibull slope is 11.07
and for the characteristic value 59707 psi. A Fortran computer program (see Appendix A} was written
to calculate the maximum-likelihood estimates. The program calculates the point and 90 percent
interval estimates for the parameters and the distribution Bqg, the distribution mean and standard
deviation. A nonparametric Kolmogorov-Smirnov goodness of {it test is conducted and the test statistic
D2 was printed. An example based on the data of Thoman et. al. (16) is provided in Appendix B.

The exact confides <e intervals for the parameters are based on the distributions obtained by Monte
Carlo methods presented in Thoman et. al. (16). It is not unexpected that the uncertainty in the
estimation of a parameter will increase as the saumple size decreases. This uncertainty, however, has
rarely been quantified. The width of the confidence intervals for the parameters is a measure of the
uncertainty and aids in the selection of the sample size of a test. Figures 5.1 and 5.2 are drawn from
Tables 1 and 4 of Thoman et. al. {16) and show the 90 percent confidence bounds for the Weibull slope
and the characteristic value. The bounds for the Weibull slope are a function of sample size only while,
for the characteristic value, they are a function of both the sample size and the Weibull slope. As can
be seen from the graphs, the error or uncertainty in estimates from small sample sizes is very large.
Important judgments and significant analysis should not be based on small samples. Sample sizes of at
least 30 should be used for all but the most preliminary investigations. An uncertainty of £ 10 percent
in Weibull slope requires more than 120 saumples. This uncertainty is not peculiar to just ceramics but is
intrinsic to the statistical analysis of data whether that data be material strength or the life of some
electronic component. The choice of sample size depends on many factors including the cost and
timing of testing and the degree of conservation which is acceptable, but erroneous judgments may be
made and unacceptable designs pursued if the sample sizes are too small.
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5.2 LIFE PREDICTION IN THE PRESENCE OF SUBCRITICAL CRACK GROWTH

Introduction

Certain ceramics that are being considered for the highly stressed turbine rotor exhilit the phenom-
enon of delayed fracture or static fatigue. While under stress, the material experiences degradation of
strength with time and fails at a stress less than that necessary to indice fast fracture. This strength
degradation and the resulting time-dependent fuilures are attributed to the subcritical crack growth
which, in ceramics in question, is usnally associated with higher eperating temperatures (> 1000°C).

Since the turbine rotor is expected to operate in that temperature regime, the suberitical crack
growth is of concern and the time-dependence of strength must be considered when estimating safe
loads, strength requirements, reliability, etc.

The method originally developed by Evans and Wiederhorn (11,42) for predicting time-to-failure of
simple nniaxially-stressed stractures has been extended in this work to complex, multioxiallv-stressed
ceramic components, notably tnrbine rotors.

In order to facilitate a subcritical crack growth analysis of such complexly stressed structures, the
following simplifying assumptions are necessary:

1. nsofar as the effects of creep on high temperature crack propagation are concerned, Evans and
Wiederhorn (11) have indicated th:t *he use of conventional fracture mechanics 1elations will
provide adequate approximations  .ong as the high temperature plastic deformations accempany-
ing creep are linearly visco-elastic - his qualification has been shown 1o be true of the hot pressed
varieties of SigNg. which are prime candidates for the turbine disks.

<

. It is assumed that only the normal stress cracs propagation, i.e.. the opening mode {K;) is operating;
shearing nedes 1 and 1 are neglected

3. In the case of the time-dependent load ta(t)), the orientation of principal stresses thronghont the
strueture is assumed to remain constant with time, which generally is far from reality' but shonkd
icad to conservative results.

1. The time to failure is treated prebabilistically using Weibull's statistical model of fracture. Previons
in-house work has shown considerable success with this maode! in treating fost fractere faihires of
ceramic materials that are being considered for turbire rotor application. Since the flaws that
control strength are nsually identical for both the fast fracture and the ime-dependent failnre
modes, i1 was theught dogica! o continne with ihe Weibuli model.

It is assumed that the effects of suberitical growth can be neglected at temperatures below 1000°C,
In actuality. subcritical crack growth does oceur at much lower teinperatiires. However. the rate of
crack propagation is so slow at these temperatures thatineasurements are extremely difficult if atall
possible,

(4,

Presently. the fall implications of all these simplifying assumptions carnot be assessed. However, the
time to faiaire eguations, as derived in this work, are being applied to turbine rotors in preparation for
tife-testing in hot-spin and engine iest rigs, where the validity of these assumptions will be evaluated.

Analysis

In line with the assumption that only the normal stress crack propagation Jjopening) made is being
considered. one can take advantage of the relations derived for the uniaxial state of stress case by
treating a maltiaxially-stressed ceramic structure as an assembly of uaiformiy stressed finite elements
and applying these relations to the individual elements. An assumption is here made that the suberiti-
cal crack growth occurs independently in cach element, so that a failure of any one clement constitates
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the failure of the entire structure. This assumntion is justified because the critical flaw size at the time
of fracture is expected to be smaller than the typical dimensions of an individual element.

A stress condition of an element of a structure is completely defined by three principal strosses o1;.
a2, 03i and their respective direction cosines. A normal stress is related to the principal stresses by a
known equation

a 03 o
2} gin? ) cos? b+ -~ sin’ o] = o1; B; (¢, &) (1

Tni 7 1, (c052 L " 1/ .
: i

n

¢ and # are the position angles of the normal stress sppj with respect to the maximum principal tensile
stress a1i. In a most general case. both o1; and 8i will be functions of time. 8; is defined by the
expression in the square bracket.

For cerumics which exhibit subcritical crack growth, the crack velccity has been shown (11,42)to be
related to the stress intensity factor K by a power law

da
v?dt—AK (2}

-2

where the parameters A and n are determined experimentally -- either in double torsion or similar
fracture mechanics tesis — or in MOR-tests conducted at several different strain rates (11).

Upon application of a nurmal stress apj to an element of the structure, the stress intensity factor at
the fracture controlling flaw hecomes

Ko oniYye? (3)

Y; being a geometric factor (43) for the element. As the normal stress approaches the fast fracture
strength of the material, the stress intensity factor reaches its critical value, as follows:

Kici - Thei Vi ! (4)

Since only the normal stress crack prepagation mode (1 ) is cansidered here. the time-to-failure for
an unifarmly-siressed clement is obtained by combining equations (2} and {3}, separating variables and
integrating:

My

. 2 I I
AV gt (_)T_ (_)T (5)
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tfj is the time to failure. In a typical finite eloment model of a turbine rotor, the dimensions of the
strength controtling flaw are generally small, even at fracture, comparad to the controlling dimension
of an element so that the geometric factor Yj can be considered constant up to fructure and can be
taken out from under the integral sign:

n—2 n—2

t; 1\"2 1N 2
[“ A on () dt —2——n —) - (— (6)
L (n-2) Y; t, /; c/i

Onee the time-function Aj(t) and on; () are determined for each element from the load history of the
structure, equation (6) can be solved for the time to failure, provided, both the initial (a,{) and the final
(a¢i) {law sizes are known.

The initial size of the strength-controlling flaw will be usually determined in Non-Destructive
Evaluation (NDE) tests. However. the rasolution of currently available NDE techniques for ceramic
materials is sdll far from adequate in identifying the sizes of flaws that are commensurate with the
stress levels found in the highly stressed ceramic turbine components, notably, turbine rotors. In cases
like this, an indirect method has been suggested in which the initial size of the strength-controlling
flaw, as well as it’s distribution are inferred. by way of fracture mechanics relations, from the fast
fracture strength nieasurements. The premise is that the flaws which control the strength are identical
for both the fast fracture and the time-dependent fracture. In this method, the analysis of failure
probabilities (P) for the fast fracture is combined with analysis of suhcritical crack growth and the time:
1o failure is described statistically.

The fast fracture strength of a multiaxially-stressed element is expressed in tenms of maximum
principal tensile stress aqfj in the element and is associated with a reliability level R by way of
characteristic strength agy:

1
1 . m
(44 . [ NPT A = -
lfl ul ”l(‘u Rl—)l i/l
The threshold strength gy is customarily set equal zero for most struciural ceramics.
The initial flaw size is related 1o the fast fracture strength accarding to equation (4)
)
o \ -
l\l(‘u 18}
a . )
al .
Unf \‘ ) .

apf; being the fast fracture strength of an element measvired nornral to the strength controiltiog flaw
in the absence of crack propagatian and Ki(,; is the corresponding vatue of the critical stress iniensity
factar, bath measnred at the sante temperature.

Similarly the critical size of the flaw at the time of the fracture is

Mie (9}

o .
nc Y/

where apg; is the vitlue of the applied stress normal to the strength eontrolling flaw it the time of
frachtre. and Ki; the value of critical stress intensity factor corresponding to the environmental
conditions (temperature] prevailing at fracture. Ki¢; usually varies with temperature. so tha
generatly Ky # KiCyp




For a specific loading (stress distribution), the relation between the normal stress and the maximum
principal tensile stress remains constant regardless of the stress level, i.e.,

(in—f) = (f—“g) = B (4, 6) < 1.0 (10)
U/ i Nel/ i

Let Ry be the desired survival probability of a ceramic structure subjected to some load history o(t)
for which the time to failure is being sought and Rjj the ccrresponding reliability required of an
individual element. On the basis of (7). (8) and (10), the initial size of the strength-controlling flaw
which corresponds to a survival probability Rgsi at some reference loading condition, denoted here
with subscript ‘0’ and assumed for convenience to be the maximum loading of th element is

2 2
Kico 1\  m
oy e " (1)
Boo9ov/ i ai

98, being the characteristic fast fracture strength :f the clement at the reference loading condition in
the absence of slow crack growth. The critical size of the same flaw at fracture (t =: tfj) is similarly

LY ki) (12)
a. . = — —
- Y /i il Jt = tg

Generally, the stress distributions corresponding to the maximum (reference) loading condition
(610i) and the loading condition at fracture (o1j) ; = tfj will be different so that Boj = (Bi) = tfi-
Substituting (11) and (12) into (6)

=9 = n-2

1, B o

fi p A" ol - __2_2 (ﬁo "()o) ( fn _1_> S (M) (13)
A (n-2) Y; Kico /i Rai Kici t =ty

Normalizing both sides of (13) with the reference load parameters (8. o and Ao) and rearranging
terms

1 S 2 p . n-Z . n-—.’ l _m_
f "; (thde ~ o = (ﬁ') (’fl 11 l\l('ul ) /‘m ”"('—.f kl?_') (l.l r) - 10 (14'
5 (n-2) "'co: "o/ “m "l kl(‘l A ta By l"l('m "

where

< \ ﬁn"ln )

H, (1) - T (15)
i
Ao ﬁ: "l?) i

is the ratio of the instantaneous to the reference load parameters,

2
K
oy o (16)
ﬁo \ (7("0 :

is the characteristic size of the strength controlling flaw in an element, associated with the reference
load condition and having the probability of occurrence of P = 0.632 and




e

n
Vcoi = Aoi KlCoi (17)

is the critical rate {at fracture) of crack propagation at reference conditions. Vi can be cither calcu-
lated from equation (17) or obtained directly from the V-K| — diagram.

For materials such as the hot pressed 8i3N4 which is being considered for the turbine disk, the crack
propagation exponent n= 10 and the Weibull slope m = 10 to 16. Since a necessary condition for an
element to have a practical lif¢ span is that Rgj <« Ryj, the unit term in the square bracket can be
generally neglected. In such a case equation (14) simplifies to

1 o<
2 B
(ty; 2ay .. v fn R .
' fi H, (Ddt - _.__Z_QL <_(‘)i (__% (18)
Jo (n=2) V4 Mo/ i fn =
foi
or on the basis of (11) and (7)
n-2
: R
fi H. (0dt - 2ay; R,
' CE)RY 1 (19)
o Ea coi b 5
B; .
foi

i1pj being the size of the strength-controlling flaw in an element associated with a fast fracture reliabil-
ity of Rfpi at maximum (reference) loading condition.

In the special case, when both the stress distribution (3j and ogj) and the stress amplitude (o1j) are
constant with time, we have

H,® = 1.0

and egnation (14) is solved directly for the time to failure tfj

n-2
2ua,. i o= m ‘
(\;‘-_ n R x 20
T e R o - 1.0 }
fa ==
R

AY
llu

Since (\'L-) has a dimension of time (it is the tilne necessary to traverse the initial length o crack ata
critical crack propagation rate} we denote

. oi
o
(n=-2) Vci
and introduce
T\ - (n=-2)
( O, >
I”l IOI ('n Rfl m l-ll
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the characteristic time to failurc of an element (Rgi = Pg; = 36.8%). Using Weibull's notation the time
to failure at a survival probability of Raj is then

1 -2
i = toi ("n §—.> "t (22)
al
or
te + t o
f* o\ 02
R, = exp|- ( o )i (23)

Equation (23} ploited on Weibull paper becomes a straight line with slope of (,TTE)and intersecting
the ordinate (tfj = 0) at Rfj. In most practical cases ty will be small compared to tf and would be
omitted.

Equations 18 and 22 will be applied to turbine rotors at a later date when inaterial data becomes

available to assess if the calculated survival probability of rotors correlates with the results from the hot
spin rig.
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APPENDIX A

FORTRAN LISTING OF MAXIMUM-LIKELIHOOD
ESTIMATION PROGRAM AND DATA FILES

¥S.MLE ¢

1%4FTN S.MLE=H.MLE(OFTZ,NOGO,CORE=24K,ULIE)LIR/FORD

20C
30C
35C
40C

PROGRAM WRITTEN BY RICHARD A. JERYAN, FORU MOTOR COMFANY
GAS TURBINE ENGINEERING DEFARTMENT» DEARBORN,» MI 48121
(REF: THOMANs BAIN AND ANTLE; TECHNOMETRICS, V.11, P.4S5)
LAST REVISION 4/11/77

SO0 DIMENSION X(200)sEN(196)yELM(25116)sELO(2y116)
40 DIMENSION AMRANK(20,20)sAMR(200),02CR(25)
70 DIMENSION UOS(30),U95(30)

75C
76C

POLYNOMIAL APFROXIMATION FOR GAMMA FUNCTION. REF: EQN. 6.1.36»
"HANDIEOOK OF MATHEMATICAL FUNCTIONS,® NBS AMS S5

80 F(AX?=1,-0.577191652%AX4+0.988205891XAX"2-0,897056937%AX"3
90240.918B206857%AX"4-0.756704078%AX"540.482199324%AX"6
1008-0,193527818%XAX"740,035868343XAX"8

120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270

CALL YOFEN(O2y "GKOS1509/BNFORMLESERUCEYR?*)

CALL YOFEN(03,*QK051509/INTFORMSERUCE R’ *)

CALL YOFEN(04/y'QR051509/INTFOROSERUCEYR? *)

REAL MOsMsLEBM,LEO,LEXB10

PRINT,

PRINT,

PRINTy "THIS FROGRAM WILL CALCULATE THE UNBIASED MAXIMUM LIKELIHOOD ESTIMATOR’
PRINTs 'FOR THE WEIBULL SHAFE FARAMETER AND CHARACTERISTIC VALUE’
READ(02,500) BN

READCO3,500) (ELMC1+I)s» ELM(2+,1)rI=1,116)

READ(O4,500) (ELO(2yI)YELO(2yI)y I=1+116)

B8 CONTINJE

READ(O1SO0,END=5000) Ns(X(I)s» I=1,N)

500 FORMAT (V)

IF (N.LT.5) GO TO 4000

1T=250

280CFIRST ESTIMATE OF THE SLOPE IS CALCULATED AS THE SLOPE OF THE
290C LINE BETWEEN THE FIRST AND THE LAST DATA POINTS.

300
310

CALL SORTS(XsNs*A*yERR)
MO=(ALOG(ALOG((N+.4)/.7))-ALOG(ALOG((N+.4)/(N-.3))))/

J20L(ALOG(X(N))-ALOG(X(1)))

330
340
3350
360
370
380
390
400
410
420
430
440
450
440
470
480
490
300
310
320
3530
340
330
360
370
360
390
600
610
620

AsQO,

ERROR=0,001

A= ((N)

DO 10 I=1,N

X¢(I)=X(I)/A

10 CONRTINUE

S1s(.

S2=0.

$3=0.

S420,

PO 300 Is=i,yN

S1=814ALOG(X(I))

S2=S2+4X(1)"M0
S3=SIH+ALOGIX(I )8 (X(I)"HD)
S4sS544 ((ALOG(X(])))"2)8(X(I)"HM0)
100 CONTINUE

DO 200 Is=3,IT
M=((1./M0)+(51/N)=-(S3782))/((1./7M0"2)+((54/52)-((S3/82)72)))
M=M4+MO

$2=0,

$3=0.

S4s0,

p0 300 J=1,N
€3=SI+ALOGIX (D) )B(X(J)™H)
S4sS44 ((ALOG(X(J)))"2)8(X(JI}I ™M)
S2=S24X(H "M

300 CONTINUE
DLDM=(N/M)-M8(S3/52)4S1

HO=M

IFCABS(DLDN) -ERROR) 250,250,200

125

Al

T —"




630 200 CONTINUE

640 WRITE (6+2000)

650 2000 FORMAT(’NO SOLUTION FOUND’)

660 GO TO 5000

670 250 THETA=0.

680 DO 400 I=1/N

690 THETA=THETA + X(I)"MO

700 400 CONTINUE

710 WRITE (692001)

720 2001 FORMAT (//°SAMFLE VALUES:*//)

730 WRITE (602002) (AXX(I)» I=1,N)

740 2002 FORMAT (1X»6F10.1)

750 THETA = AX(THETA/N)"(1./M0)

760C MULTIFLY BRY UNEIASING FACTOR

770 MO = MOXEN(N-4)

7735C IF (N.LE.120) CALCULATE FARAMETER INTERVAL ESTIMATES
780 IF (N.GT.120) GO TO 20035

790 WRITE (6,2003)

800 2003 FORMAT(/37X»*POINT®+135Xs»*"90 PERCENT®»/35Xs» *ESTIMATES®»
8108 ?Xy»*INTERVAL ESTIMATES®)

820 UBM = MO/ELH(1,N-4)
830 LR = MO/ELM(2/N-4)
840 URO = THETA/EXF(-ELOC(1.N-4)/M0)
850 LBRS = THETA/EXF(ELO(2,N-4)/MO)

860 WRITE (6+2004) MOsLEM,URM

870 2 )4 FORMAT(/'WEIRULL SHAFE FPARAMETER="»9XsF10.E+6X

8808 “(°»F10.59"9»°9F10.5,°)"

890 WRITE (60,2006) THETA»LRO,L®O

900 20046 FORMAT("WEIBRULL CHARACTERISTIC VALUE= *»F10.2»

F108 IX»"(°+sF10.2+°»°9F10.2,°%)":

920 GO TO 20235

930 2005 WRITE (6»2010) MG

940 2010 FORMAT (//°WEIEBULL SHAFE FARAMETER= 'F10.5)

9350 WRITE (6+,2020) THETA

960 2020 FORMAT (‘WEIRULL CHARACTERISTIC VALUE= ‘/,F10.2)

970C DISTRIRUTION MEAN=

980 2025 AAX= 1./MO

990 AAF=1.0

995C RECUKRSION FORMULA FOR GAMMA FUNCTION

1000 2026 IF (AAX.LE.1.00) GO TO 2027

1010 AAF = AAFXAAX

1020 AAX = AAX - 1,00

103G GO TO 2026

1040 2027 AMEAN = THETA%AAF¥F (AAX}

1050C DISTRIBUTION VARIANCE AND STANPARD DEVIATION

1060 AAAX=2,/MO

1070 AAAF=1.0

1080 2028 IF (AAAX.LE.1.00) GO TO 2029

1090 AAAF = AAAFXAAAX

1100 AAAX = AAAX - 1,00

1110 GO TO 2028

1120 2029 VARI= (THETAT2)X (AAAFXF (AAAX)-( (AAFRF (AAX))"2))

1130 STDDEV= SQRT(VARI)

1140C VALUE OF X AT W(XiM»0)=0.103 ( B3O )

1150 XR10 = THETAX(0.105360527(1./M0))

1160 WRITE (6+2030) AMEAN

1170 2030 FORMAT (/’DISTRIBUTION MEAN= ‘»F10.2)
1180 WRITE (60,2040 SYDDEV

1190 2040 FORMAT (’DISTRIBUTION STANDARD DEVIATION= ‘,F10.2)
1195C IF (N.LE.30) CALCULATE B10 INTERVAL ESTIMATES

1200 IF (N.GT.30) CO TO 20453

1210 DATA UOS/1.r20rle9ler=-1,422.-2.125/-1.,015/~,955/-.915/,-.8794,-.852,
12208 ~:8269-:8029=:78r=076489=:7419-07221=07061=:.691-e6741:-.6A2»
12308 -, 6481 -:86371-08261-0616,=.8051=.5969-.53729-.978+-.5672/
1240 DATA U93/1.920v1.090.94.445393.7613,1092.6492.2392.1304¢1.95+1.82+1.7+
12503 1.6v1.5091r1.44v1.38v1.32.1.27:1.2262:1.18.1.14.1.lol.O?rl.Oer.Olv
‘260‘ 099'096'09"091‘7/

1270 LBXR10 = XP10/(EXF(UPS(N)/M0))

12680 UBXR10 = XBI1OB(EXP(-UOS(N)/M0))

1290 WRITE(6+2051) XR10+LEXK10,URXR10

1300 2051 FORMAT(’'R10 VALUE='»23XeF10.296Xr (‘" 9F10.29“9’+F10.2+°)")
1310 GO TO 2052



1320 2045 WRITE(6,2050) XE10

1330 2050 FORMAT (’E10 VALUE= ‘»F10.2)

1340 2052 CONTINUE

1350C K-S GOOINESS OF FIT TEST

1360C +20 SIGNIFICANCE LEVEL (NONFARAMETRIC)

1370 IF(N.GT.25) GO TO 2055

1380 DATA D2CR/.900+.684+.585+.494,.4469.4109.381+.358».339».322,
13908 4307+ .2959.2849.2749.266+.2589.2509.2449.,2379.231»

14008 .2279.2239.2189.2149.21/

1410 D2CRIT = D2CR(N)

| 1420 GO TO 2060 i
1430 2055 D2CRIT = 1.07/SORT(N) ]
1440 2060 IF(N.GT.20) GO TO 3500
1445C READ MEDIAN RANK TABLE
1450 CALL YOPEN(OS»'QKOS1S509/MRDATASERUCER?*) a
1460 DO 3000 I=1,20

1470 DO 3000 J=1+20

1480 3000 AMRANK(I»J) = 0.000

1490 DO 3010 I=1,20

1500 REAL' (05,500) (AMRANK(IsK)sK=1+20)
1510 3010 CONTINUE

1520 DO 3020 I=1,N

1530 AMR(I)=AMRANK(IsN)

1540 3020 CONTINUE

1550 GO TO 3600

1560 3500 DO 3030 I=1sN

1570 AMR(I)=(I-43)/(N+.4)

! 1580 3030 CONTINUE

1 1590 3600 CONTINUE

“ 1600 D2=0.0

: 1610 DO 3420 I=1,N

| 1620 3610 FF = 1.-EXF(-(((AXX(I))/THZTA)"MO))
1630 D1 = ABS(FF-AMR(I1))

1 1640 IF(D1.LE.D2CRIT) GO TO 3616

1650 WRITE (4¢3615)
1660 3415 FORMAT(*XXXK*,/,**kXXTHE DATA EXCEEDS THE GOODNESS-
16618 OF-FIT LIMITS OF THE®»/»°*NOLMOGOROV-SMIRNOV TEST AT THE
16622 207%Z SIGNIFICANCE LEVEL®s/s *XRKK®)
1663 D2=D1
1665 GO TO 3425
1670 3616 1F(D1.LE.D2) GO TO 3620
1480 D2 = D1
! 1690 34620 CONTINUE
1700 3625 WRITE (6+3630) D2

SENFORMLE$

709 ¢7529 4792+ .,820+.842+.,859».872,.883».8939.901,.908,.914,.9185
0923'0927'0931'093‘5'0938'09‘05'09‘3'09‘5!.9‘7909‘9'0951'0953'.955 i
095659 .9589 9599 .9609:.9619.9629.9631.9641.94651.9669.9671.968 3
09699.6709 97059 .9719 97159 :9729.97259 497399735+ .974+ 9745+ .975

A 09755009261 .57851.9272:.972751.9789.9785+.979+.9795+.980+.980».980
09905'098190981'0981909815'0982’-982'0982'09325l0983'0983'0983'09835
: .98"099‘2'098“'098‘60098‘800985l09852909854'09956'09858I0986

f 09961’09862'09863’0986‘909865'09866!09867'09868'09869'0987
09972009973'09875009976'09878't9879'o9881'09882909984'09885
+9887+.98889.9870¢ . 9891+ .9893+.98%41.9896+.9897,.9899».9°00
¢99019:99019.99029.99039.99039:.9904+.9904».9905+.99069.97206

099075 .9908¢ 99081 .99095.99097.99105.99119.9911,.9912,.9913
0991397.99149.99149.9915+.99169.99161.9917,.9918,.9918,.9919
099199.99209.99219.99219.9922¢ 5923999237 .9924».9924..9925

099261 .99269.99279.99289 .99281+ 99299 .99299.9930+.9931
099319.9932+.99339:99339:99349.99349.9735+ 79369 .9936».9937

099369 .99389.99399.99391.9940+ .9941,.9941/+.9942,.9943..9943

099447 . 994319 .99459.99459.994679.99471.99481 .99481.9949 . 9949

«9950
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e .

KINTFORM:

683027791 069792.4369.70992.1839472092,0159.72991.,8969.73891.,8079,745,1.738
79291.6829.75991.6389.76491.5979477031.964947759145359.77991.510,5.784+1,487
0e78891.4671.79191.4499.795+1,4349.798+1.418+.,802+1,405,,805,1,392,.808,1,381
+810.1.3705.,81351.36197.81591.351+7.818+1.,3439.820+1.334,.82291.327+.824,1.319
+826.1.313+.82891.306+.83091.3009.832+1,294,.834,1.2688,.835,1.283,.837,1.278

il e, sarnmen

0839’10273!'841'10269't842!1.265?.844'1.261'-845!1|256'0846'1025370847'10249 {
+84991.,2469.85091,2425,,851+1.2399.852+1,2359.85391.2329.854,1.2299.85651.227 !
+85791.224,.05891.2219.65951.2189.860+s1.2169.86191.213,.862,1.211,.863,1.208

+8649¢1.2069.B6491.2049.86591.2029.846691.2009.86791.1985.86891.1969.86991,194
.869!1-192!.870!1.190!-871:1.188!-87211.187r.872!1-185!.873!1-184!-874!1.182
0875'1t181!t875!1-179'-876!1.178"876!1'176'|877'1'175't878'1|1731|879'1t172
+87991.170¢.88051.169y.880r1.1679.88191.1669.88191.165,,88291,164,,88291.,162
+88351.1619.863+1.,160+.884,1,.159,.88451,158,.885+1.157+.885+1.1569.886+1,155
+88691,154,.88791.153,.88791,152,.888,1.151,.88851.1509.889+s1.149,.889+1,148
+89051.1479.89051,1469.89191,.1449.89191,145/,.892+1.144,.892,1.,143,.69391.142
+89391.1419.893+1.1409.89491.139¢.89491.,1395.895+1.138+.89591.1375.895+1,136
+89691.1359.89691.1359.89791.134,.897+1,133

XINTFORO: ;

3

1,247+1.10791,0075 9379 .8745 e8299:7849.7519:7179.69114.665¢9.644y.622y.,605 ]

0987957295579 .5449.5329.5209.5099.4995 .4899.480,.471,4639.455y .447 ]
0441'0433' t428' 142171416' 14101 y4°4' t398' t394"389' 0384' 0379' 0376' 0371

036793029 .3609.3559,3529.3479.3459.3419.3369.3349.3329.3291.3269.323
e 3219.3i893159.31254,3109.3079.305+.302+.301¢.2989.2969.293,.292y.289 :
12889 .2859.2849.2829.2800.278942779 42759 .2739.2715.2701 2689 .2661.264

02631.2619.2A09 4258942579 42569 42549 .253942529.2509.2499.2479.247+.245
12449 .,2439.2529.2419.2399.2389.2379.2369.2349,233+,2329,2319.230,.229
0228'0227'0226'0225!t224"2:3't222'0221't22°'|22070218'0218"217't216
0215902149 02139.213¢.2119.2119.2109.2109.,2089.2085,2079.2079.2059.205
+2049.204,.2029.2029.201974201741999.1999.1989.198+41979.1979».196+.196
'194"19470193't193'ol91!0191'01907'19010189!0189"188"188't18610187
018570186't184"185'-183'|184"182'0183!t181't1817018°"18°'017970179
1780017891770 e1775 0176917791759 0176941749 .1759.1739.1749.,172,.173
0172901725 01700v 171941709 01719616990.1709,1689.1695.1679.1680.1660.167
0165't166't164"165't164!0165'01639016470162'916309162'01637016110162
01609'161'0159"16°'t1599016°'t158't159

. sl o it

MRDATA:

059029299:20639.1591+.12949.10919,09439.6839.0742+.067+.0611,,0561
+035199.0483,.,0452,.0424/,.04,.0378,.0358+.0341
170719.50.38640.31479.2655).22959.20219.1806¢.16329.14899.,13689.1264,.1176
»1101+.10349.0975,.0922,.0874,.0831
;7937!06136!05104218703648703213!u2871'o?594'02366I02175102013
01873001751!01644I0155001465'0139Iol322
+B4099.68539.5782¢:51,44049.39351¢35571.32449.2982¢.2769.2568r.2401
022549 .2125¢.20099.1905,.1812

eB87060.73459 635290 .55%967 .50.45199.41229.37899.3506¢.3263¢.3051
02865lt27"2553902421002302

18909977050 .67879.60659.54819 .7 45969 .42539.3958+.37+.3475+.32751.3097
02937+.2793
o9os7lo7979'07129'06443'05878l05404'05'04653'0435'04085'0385003641
«3453,.3283
09170.81949.74069.67560.6211¢.5747¢.53479.59.46939.44231.4184,.3968
3774

092399.83881 . 76349.70185 . 64749 .40429.545:.53050.5¢.47.80 . 4484+ .4264
09339.85119.78251¢7240:67379¢631.59150.55759.3272¢.5¢.4733
o9389n.8632v.7987v.7432r.6949--6525:.615:.58160.5516-.5245

oP4399 . 87349 .81279.75990+7135¢.6725+.6359¢.6032,.3734
«P4819.8822¢ .B2499 77460 ¢73+.69031.65471 ,46226

9517+ .88999 .8356¢.78751.74470.70630.6717

93548+ .89661.843, .79919 75792 .7207°

935769 .9025+,633%¢.8095,.7698

«96+.7078,.8461,.8188

09622Io9126I08678

96420 .9169

« 7639




APPENDIX B

EXAMPLE OF MAXIMUM-LIKELIHOOD

ESTIMATION PROGRAM

SLIST YBULDATA
10 23

20 17.88+128.92+33.00741.:52,42.12745.60948.48+51,84¢351.96754.12

30 55.56¢67.80+68.64168.64+68.868¢84.12+93.12,98.64,105.12

40 105.84,127.92+128.04,173.40

AMLE
08/24/77 8:14:06

THIS PROGRAM WILL CALCULATE THE UNBIASED MAXIMUM LIKELIHOOD ESTIMATOR
FOR THE WEIBULL SHAPE PARAMETER AND CHARACTERISTIC VALUE

SAMPLE VALUES:

17.9 28.9 33.0
48.5 S51.8 52.0
68.6 68.6 68.9
105.1 105.8 127.

WEIBULL SHAPE PARAMETER=
WEIBULL CHARACTERISTIC VALUE=

DISTRIBUTION MEAN=

DISTRIBUTION STANDARD DEVIATION=
B10 VALUE=

D2=

END OF DATA

3

41,5 42.1
S54.1 55.6
84.1 93.1
128.0 173.4

POINT
ESTIMATES

1.,97695
81.88

72,58

38.34

26,23
0.119588

(

(

45.6

67.8

98.6

90 PERCENT
INTERVAL ESTIMATES
1.40708, 2,46502)

67.25y 99.94)

15.04, 36.20)
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' ABSTRACT

\ y

The demonstration of uncooled brittle materials in structural applications at 2500°F is the objective
of the “Brittle Materials Design, High Temperature Gas Turbine” program. Ford Motor Company, the
contractor, is utilizing a small vehicular gas turbine comprising an entire ceramic hot flow path
including the highly stressed turbine rotors. Westinghouse, the subcontractor, originally planned to
evaluate ccramic first stage stator vanes in an actual 30 MW test turbine engine; however, this objec-
tive was revised to demonstrate ceramic stator vanes in a static test rig. Both companies had in-house
reseiarch programs in this area orior to this contract,

In the stationary gas turbine project, the test of ceramic stator vanes in a static rig for 100 cycles up to
temperatures of 2500°F has been completed. This accomplishment meets the revised objectives for the
stationary turbine project and, therefore, this project was completed,, The report of the last six months
progress will be included in the final report for the project and published separately.

[~ Fabrication of duo-density silicon nitride turbine rotors continued during this reporting period. Due
to persistent honding problems between the hot pressed materials in the three-piece design. the
fabrication concept was altered to a simplified two-piece design with the only hond being between
hot-pressed SigNy and reaction bonded 8i3Ng. This change wis also made possible by the results of a
hot pressing parametric study. which showed that good strength and density conld be achieved at
reduced hot pressing pressures. Ten two-piece rotors were fabricated. and of these, three are being
prepared for testing.

‘The injection molding of duo-density rotor blude rings hos been improved by the addition of a solid
stote automatic control system which was installed on the injection molding machine., A problem of
unmelted inclusions was discovered and solved by the use of material extrusion and increased nozzle
temperature during molding. Microfocus X-ray equipment has been evaluated and found advantage-
ous for blade ring flaw detection.

b—— Fabrication of turbine inlet nose cones and stators was resumed ou o liraited basis. A silicon metal
sowder/organic system vielding 2.7 g/ce density reaction bonded silicon nitride material was utilized
for the first time for injection molding of these components. Two additional test fixtures were built for
use in pre-engine test evaluations of ceramic stators. One of these fixtures, the stator vane mechanical
load test fixture, serves a two-fold purpose (1) as an NDE tool to evaluate material and processing
voriations, and {2) as a screening tool to qualify stator vanes for subsequent engine testing. The other
rig. the stator onter shroud pressure test fixture, evaluates the stator outer shroud guality before
subscequent engine testing. In the testing area, the primary emphasis was placed on the utilization of
these new fixtures to enhance the qualification of stationary ceramic flow path components. The initial
evaluation of the best quality 2.7 g/ce density 8igNg components is underway. In oddition, o review of
past weight gain data for 2.55 g/ce density stators, tested at t930°F, was completed.

L\\A'-ln order to select the best method of processing SigNg powder, the optimum Mgo content and the
best hot pressing parameters consistent with the hub forming portion of the duo-density rotor process, a
parametric processing sludy was conducted gStrength at two elevited temperatures, along with the
Weibull slope. were obtained for a number Yot pressed SigNg materials. A major concern with the
three-ptece approach to the duo-density rotdy has been the degree of bonding and the resaltant
strengthe of the bond between the twa regions of hot pressed SigNg. Test bars were ent from six duo-
dv nsity rotors such that the hot pressed to hot pressed bond eould be positioned within the zone of
sraximnm stress. Test results showed @ strengtle variation at different locations, being higher at the
center region and lower at the leading and trailing edges. Strength measurements were performed on
Refel reaction siticon carbide. the inaterial used far ceramic combustors. Statistical bend strength
distributions were measured at roon temperiature and at five elevated temperatures. In addition,
tensile strength was measured at room temperature,
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Previous results obtained from nitriding of large loads of silicon metal powder shapes, such las
molded stators and rotor blade rings, have shown that the nitriding reaction was not under control*
) technique was developed which allows the furnace to control the nitriding dependent upon the
nitrogen gas consumption rate, resulting in improved material structure. The task on develo ing high
strength, stable sintered Sialon materials was terminated as a result of fum resul(s‘\
of this work are summarized. Work was undertaken to evaluate the use of hot isostatic pressing to
' further densify reaction sintered 8i3N4 performs, using glass encapsulation. Additives were evaluated
and some densification and strengthening were obtained. As yet, attempts to densify complex shaped )/ 4

-

i L B

!

parts were not successful. _

“—=3 Work on analytical codes resulted in the development of relationships for computing time-depen-
dent reliability of ceramics in the presence of delayed fracture or static fatigue ,These equations are
derived from the subcritical crack growth model and combined with Weibulljstrength statistics to

determine failure probabilities, ;
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