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ABSTRACT

The progress in the last nine months on ERDA supported programs within the joint DARPA/ERDA
supported “Brittle Materials Design , High Temperature Gas Turbine ” Program is reported on in this
volume. Volume I covers the progress on the DARPA supported Ceramic Turbine Testing Program.

Investigations of the materials used to fabricate duo-density ceramic turbine rotors were conducted
on injection molded reaction bonded and hot pressed silicon nitride. The starting silicon powder, used
to injection mold rotor blade rings, was found to contain contaminates in the form of iron and chrom-
ium. Microstructural examination of both silicon nitride test bars and rotor blades indicated a definite
correlation between strength and the size of microscopic flaws due to contamination. Magnetic sepa-
rator equipment was ordered and received so that all starting silicon powder can be cleaned in-house.
Approximately 30 hot pressings were made with various purity level starting powders and a variety of
hot pressing aids. The high temperature strength will be determined to identify the best candidates for
further study.

The injection molding process, utilized to fabricate rotor blade rings, was improved by optimizing
the molding parameters with the automated control system and improving the molding mixture. The
installation of nozzles, to apply mold release, and air blast jets, to clean the die and evenly distribute
the mold release, resulted in a noticeable improvement in the surface finish of the blade rings.
Significant improvements were made in the hot press bonding process used to fabricate duo-density
turbine rotors . Control of the hot pressing load was refined and temperature measurement improved.
The graphite tooling was redesigned and blade filling process was modified. These two changes
resulted in the most sign ificant improvement in the yield of hot pressings to date; 70% of the rotors
fabricated were free of flaws induced by hot pressing. Alternate approaches were investigated to
produce duo-density turbine rotors.

Duo-density turbine rotors were tested in the cold spin pit to evaluate the hot press to reaction
sintered bond joints and the effect of I.D. voids, in the blade ring rim , on blade failure speeds.
Degradation of the room temperature strength of the reaction bonded silicon nitride rotor blades was
identified as resulting from the press-bonding operation. Blade strength decreases of 14 to 38% were
measured by the blade bend test. Analysis of the blades indicated they change from a shiny black to a
gray color after hot pressing with a corresponding increase in non-uniform porosity; phase analysis
indicated that the reaction bonded silicon nitride had changed from an average of 70% a, 29% ~ before
press bonding to an average of 22% a, 75% ~ and 3% silicon oxynitride after press-bonding.

A procedure for determining whether statistically significant differences exist between two sets of
data , known as the ‘Hypothesis Testing’ was outlined. The test was applied to data from duo-density
turbine rotors and showed that blade strength did deteriorate after the press-bonding operation. Use of
proof-testing as a means of enhancing the accuracy of life predictions was discussed. Analytical
relations were derived for predicting the survival probability of a proof-tested component , and a
procedure was outlined for maximizing the effectiveness of a proof-test. Life prediction relations

• derived in the previous report were applied to the first-stage turbine rotor. Several disk contour
modifications were studied as means of improving the life of the rotor under the DARPA duty cycle.
The s$udy showed that for given design constraints (space, Inertia , etc.) and using material utiliza tion as
the criterion , the optimum disk configuration derived on the basis of fast fracture (time independent)
mode of failure differed from the configuration derived from life considerations when the material is
subj ect to static fatigue.
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FOREWORD

This report is the twelfth technical report of the “Brittle Materials Design, High Temperature Gas
Turbine” program initiated by the Defense Advanced Research Projects Agency, DARPA Order Num-
ber 1849, and Contract Number DAAG-46-71-C-0162. This is an incrementally-funded seven year

• program.

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

In fiscal year 1977, the Energy Research and Development Administration (ERDA), now Depart-
ment of Energy (DOE), joined forces with DARPA to support this project.

The ERDA Division of Transportation (TEC), started to support process development to improve the
quality of duo-density silicon nitride turbine rotors, and ERDA’s Division of Conservation Research
and Technology (CONRT), supported some of the work on non-destructive evaluation of ceramics and
ceramic materials characterization. DOE has delegated project management responsibility to the
NASA Lewis Research Center for the TEC Heat Engine Highway Vehicle Systems Program. This
includes work under the TEC/AMMRC Heat Engine Systems Materials and Components Technology
Program. The Army Materials and Mechanics Research Center continued to function as the technical
monitor of the overall program.

The progress made on the DARPA Ceramic Turbine Testing Program is presented in Volume ‘1
while the progress on the ERDA Ceramic Turbine Technology and Ceramic Turbine Materials and
NDE Technology Programs is presented in this Volume. This work was supported under ERDA/DOD
(now DOE/DOD) Interagency Agreement EC-77-A-1017 between TEC and AMMRC.

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 performance of this work by the following people.
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1.0 INTRODUCTION

In July, 1971, the Defense Advanced Research Projects Agency of the Department of Defense jointly
sponsored a program with Ford Motor Company to develop and encourage the use of brittle materials
for engineering applications. The major program goal of the “Brittle Materials Design — High Temper-
ature Gas Turbine ” program was to prove by a practical demonstration that efforts in ceramic design ,
materials, fabrication , testing and evaluation could be drawn together and developed to establish the
usefulness of brittle materials in demanding high temperature structura l applications.

The replacement of high cost nickel-chrome superalloys in gas turbines with low cost, higher
temperature capability ceramics offers significant advances in efficiency, materials utilization and
power per unit weight. The vehicular turbine project was organized to design and develop an entire
ceramic hot flow path for a high temperature (2500°F) vehicular gas turbine engine (Figure 1.1).

The progress of the gas turbine engine has been and continues to be closely related to the develop-
ment 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 allowed a gradual
increased in operating temperatures. Today’s nickel-chrome superalloys are in us’e, without cooling, at
turbine inlet gas temperatures of 1800° F. However, there is considerable incentive to further increase
turbine inlet temperature in order to improve specific air and fuel consumptions. 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 efficiency, power per unit weight, cost, exhaust
emissions, materials utilization and fuel utilization. Successful application of ceramics to the gas
turbine would therefore not only have military significance, but would also greatly influence our
national concerns of air pollution, utilization of material resources, and the energy crisis.

In fiscal year 1977, ERDA joined forces with DARPA to support the program. The ERDA Division of
Transportation , working closely with NASA-Lewis, started to support process development to improve
the quality of duo-density silicon nitride turbine rotors, and ERDA’s Division of Conservation Re-
search and Technology supported some of the work on non-destructive evaluation of ceramics and
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FIgure 1.1 — Schematic View of the Vehicular Gas Turbine Engine Flowpath
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ceramic materials characterization (Figure 1.2). The Army Materials and Mechanics Research Ce~iter
continued to function as the technical monitor of the overall program.

TASK I
DARPA

CERAMIC TURBINE TESTING PROGRAM
S CONTINUE TO FABRICATE STAT IONAR Y AND ROTATING

• CERAMIC COMPONENTS

~ CONTINUE TO TEST STATIONARY AND ROTAT ING COMPONENTS
IN EXISTING TEST RIGS AND ENGINES

TASK U TASK Ill
ERDA —(DIVISION OF CONSERVATION RESEARCH

ERDA— (DIVISION OF TRANSPORTATION /NASA-LEWIS AND TECHNOLOG Y~
CERAMIC TURBINE CERAMIC TURBINE MATERIALS AND NDE

ROTOR TECHNOLOGY PROGRAM 
~ TECHNOL OGY PROGRAM

S DEVELOP CERAMIC MATERIALS AND PROCESSING • CHARACTERIZATION OF CERAMIC ROTOR MATERIALS
TE CHNOLOGY FOR TURBINE ROTORS • DEVELOP NEW NDE TECHNIQUES FOR CERAMIC

S CONTINUE DEVELOPMENT OF STRESS AND RELIABILITY 1URB INE COMPONENTS
DESIGN CODES

FIgure 1.2 — DAR.PA/EEDA Supported Tasks In the “Brittle Materials Design, High Temperature
Gas Turbine ” Program

During the past nine months, the DARPA portion of the program was specifically oriented toward
the evaluation of the reliability of state-of-the-art ceramic components which were developed over the
previous five and one half years. Volume I of this report covers the DARPA Ceramic Turbine Testing
Program and represents the 12th report of progress. This volume covers the progress on ERDA sup-
ported work on Ceramic Turbine Rotor Technology and Ceramic Turbine Materials and NDE Tech-
nology Programs.

The Turbine Rotor Technology Program , supported by ERDA Division of Transportation , focused
on continued development of ceramic materials and process technology used to fabricate ceramic
turbine rotors. The program was broken down into three separate categories, which are Ceramic
Materials Technology, Ceramic Processing Technology and Analytical Codes.

Work in the area of Ceramic Materials Technology concentrated on problem identification and
continued development of reaction bonded and hot pressed silicon nitride which are the two materials
used in fabricating duo-density turbine rotors (Figure 1.3). Improvements were sought in both strength
and “m” value of injection molded rotor blade ring materials of 2.7g/cc density. Investigations in hot
pressing technology were carried out to improve both the strength and reliability of the rotor hub
material.

The continued development of Ceramic Processing Technology as applied to duo-densi ty turbine Jrotors concentrated on fabrication improvements on both injection molded blade rings and hot press!
press bonding of rotor hubs. Considerable effort was needed and was spent on modifying the hot press
bonding process to increase the yield of usable rotors. Cold spin testing and room temperature MOR
strength tests were used to monitor improvements in the processes.

The Analytical Codes continued to be developed and applied through the use of statistical and 3-D $

finite elements stress computer codes for reliability anal ysis of ceramic turbine rotors. This analysis
was required to effect design changes made as a result of data generated on material strengths. An
analytical technique was developed for hypothesis testing which utilizes a computer program to deter-
mine , at what level of confidence , are two sets of data from the same or different populations.

The Ceramic Materials and NDE Technology Program , supported by ERDA Division of Conserva-
tion Research and Technology, concentrated on determining material properties of ceramics and
evaluating new NDE techniques.
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Figure 1.3 — Duo-Density Ceramic Turbine Rotor

The characterization of hot pressed and reaction sintered silicon nitride included determining
strength, creep, stress rupture and elastic properties of these materials for design purposes. A study was
also initiated on the relationship of material composition and processing variables on the fracture
mechanisms, microstructure and strength of these two forms of silicon nitride.

New ceramic NDE techniques were evaluated and applied to duo-density turbine rotors . The
primary emphasis was on the reaction sintered silicon nitride rotor blade ring utilizing micro focus x-
ray radiography . 

-
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2.0 FUTURE PLANS

Work during this reporting period under the DOE (ERDA)-sponsored portion of the program and
reported herein focused on development of ceramic materials and process technology used to fabricate
duo-density silicon nitride turbine rotors. While sign ificant improvements were made which resulted
in an increased yield of duo-density rotors made for testing under the ARPA-sponsored portion of the
program, several areas were identified which limite~j  the rotor materials from achieving their strength
potential. For example , cold spin testing revealed that blades which failed in the lower-speed range
had internal flaws not detected by NDE. Also, it was shown that the bend strength of blades after hot
press bonding was lower than before; this material degradation was confirmed by microstructure
analyses. These problems form the basis for future plans aimed at improving the duo-density silicon
nitride rotor.

In the past , efforts to improve rotor quality have been closely coordinated with the need to fabricate
rotors for material and spin testing. During the next reporting period , the need to make rotors for
testing will be relaxed and emphasis will be placed on quantify ing and resolving rotor material
degradation. As a result , fabricated rotors will be cut up to help make flaws more accessible to NDE
and blades will be fractured to assess material degradation. The primary objective of this next phase
will not be to make rotors, but to define the process for making improved rotors.

Under plans to improve the quality of injection molded rotor blade rings, recently acquired microfo-
cus X-ray equipment will be used to examine separate , cut-off parts of blade rings in an effort to detect
the type of internal voids previously revealed in cold spin testing. Parallel efforts in the injection
molding process will continue with emphasis on utilization of the Hunkar adaptive process control unit
(See 3.1) to maintain a programmed flow rate of mold material into the die cavity during injection.

In the area of hot press bonding, experiments will be conducted to quantify blade strength degrada-
tion as a function of hot press bonding conditions and to develop the conditions for minimum blade
degradation. Special attention will be paid to the sensing of parameters (particularly temperature) and

• the control of the hot press bonding process. The objective is to work toward fully automatic control
with safety features to facilitate consistent operation without manual monitoring.

During this reporting period , a small effort was initiated to investigate molten glass to replace the
graphite wedge system as the restraining mechanism in the hot press bonding process. Although this
approach has not proved successful as yet , a small effort will continue under future plans including the
evaluation of molten metal as the restraining media.

5
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3.0 CERAMIC ROTOR FABRICATION TECHNOLOGY

Introduction

The duo-density silicon nitride rotor concept utilizes reaction bonded silicon nitride for the complex
shaped creep resistant blades and hot pressed silicon nitride for the high strength rotor hub. The blades
are formed by injection molding a one piece blade ring consisting of all 36 blades and the blade ring
rim. The green preform , made of silicon particles and an organic binder, is subsequently burned out , to
remove the binder , and then heated in a nitrogen atmosphere to convert the silicon to silicon nitride.
The silicon nitride blade ring, after encapsulation in a blade fill , is placed in a hot press. Silicon nitride
powder is then hc’~ pressed to form the hub while simultaneously hot press bonding the hub to the
blade ring.

Improvements in both the injection molding and hot press bonding processes were sought in order
to improve the quality of duo-density turbine rotors. During the last reporting period several improve-
ments were made to the injection molding process utilizing the automated control system(1

~
). The hot

press bonding process was modified with th~ introduction of the simplified two piece concept which
eliminated previously encountered problemst 11i. However further improvements were required as all
rotors produced exhibited blade and/or rim cracking induced by hot pressing.

Summary

The injection molding process, utilized to fabricate rotor blade rings, was improved by optimizing
the molding parameters with the automated control system. The installation of nozzles to apply mold
release and air blast jets, to clean the die and evenly distribute the mold release, resulted in a
noticeable improvement in the surface finish of the blade rings.

Significant improvements were made in the hot press bonding process used to fabricate duo-density
turbine rotors. Control of the hot pressing load was refined by modifying the hydraulic pressure
regulating system. Some initial experiments conducted with a radiation pyrometer coupled to an
automatic . temperature control unit were successful. The graphite tooling was redesigned to provide
more consistent action of the blade ring restraining wedges. The blade filling process was modified to
more accurately control the thickness of boron nitride used as a barrier material. These last two
changes resulted in the most significant improvement in hot pressing to date as 70% of the rotors
fabricated were free of flaws induced by hot pressing.

Two alternate approaches were investigated to produce duo-density turbine rotors . A large graphite
ring, which replaced the wedge assembly, failed to provide adequate support to the blade filled blade
ring and resulted in cracked blades. Investigations of another concept which used glass to replace the
blade fil! and wedge assembly indicated a major problem in containing the high pressure molten glass.

7
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3.1 INJECTION MOLDING OF ROTOR BLADE RINGS

As reported in the last reporttfl), increased yields of improved quality blade rings were obtained
after installation of the automatic proct~ss r,ontroi unit. During this reporting period, attempts were
made to refine and improve the automati’. control to gain further yield and quality improvements .

Further optimization of parameters was made with respect to times and temperatures used in the
proces~. The temperature comparator unit which opens the die inserts at a given component tempera-
ture(

~~J was redesigned for more accuracy. The previous unit was found to be susceptible to false
signals due to a high ambient RF noise.

Further automation of the process of blade ring molding was also made. A process of automatically
- 

- applying a measured amount of mold release in a very un iform manner was developed. A system of
four mold release sprayers, four air blast jets, and two electronic timers was installed in the molding
system. First , jets of high pressure air cleaned the die cavity. Mold release was then introduced into the
cavity area as a cloud of fine mist. Precise timing regulated the amount of mold release used. A second
timed blast of high pressure air distributed the mold release in the die cavity. It was found that this
system applied a much more uniform application of mold release than previous manual spraying of the
die cavity. The improved part yield as reflected in cracks detected in the as molded components is
shown in Figure 3.1. The bottom curve represents blade rings having no visible defects, in the as
molded state, under 70x microscopic inspection. The top curve represents usuable test blade rings and
includes those molded with no cracks or other functional defects and less than two minor surface
imperfections. The number of parts refers to the total number of blade rings molded during a particu-
lar stage of control development. It should be noted that flaws were detected in some of these
components after subsequent processing steps. Improved NDE techniques aimed at detecting these
flaws in as molded parts are being investigated.

The overall part quality was also improved as evidenced by increased yields after the burnout
inspection and nitrided part inspection. The surface finish of the blade rings was noticealy improved at
all stages of processing, following introduction of the automatic mold release system. An added benefit
of better surface finish was improved ease of flaw detection during visual inspection.

100

90

80

PERCENT 50 500 PARTS

..
~~~~~~~ 

226 PARTS

500 PARTS 

102 PARTS 
69 PARTS

NO CONTROL EARLY AFTER FIRST AFTER PRESENT
CONTROL STUDY SECOND w I AUTOMATIC

DEVELOPMENT STUDY MOLD RELEASE
6/76 9/76 11/76 12/76 2/77

Figure 3.1 — Yield of Good As-molded Blade Rings Versus Process Development
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In an effort to further improve quality of molded blade rings, an adaptive process control unit
manufactured by Hunkar Laboratories Inc. was installed on the Reed Prentice injection molder. This
system interfaces with the Ford automatic control system and controls machine operation from the
time the inject command is given until the plunger retract command is received. A solid state logic

-~~ module controls a hydraulic solenoid valve and through modulation of the valve mainta ins a pro-
grammed flow rate of material into the die cavity during injection. A second module allows holding

-
- 1 pressure to be profiled once the material has filled the die. The amount of material prepacked in the

- 
-~~ - barrel for each shot, the remaining cushion after a shot, and the transition point for the transfer from

injection profile to hold profile are controlled by a third module. A monitor module gives an output of
ram position and velocity as well as cavity and hydraulic pressure. The values of these outputs can be
displayed on an osciliscope. This system is now undergoing checkout and debugging. 
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3.2 HOT PRESS BONDING OF DUO-DENSITY ROTORS

Introduction

The duo-density rotor concept utilizes the high strength of hot-pressed silicon nitride in the hub region
where stresses are highest but temperatures are moderate and , therefore, creep resulting from the use
of a magnesium densification additive is minimized. The process consists of hot pressing the hub , from
silicon nitride powder, while simultaneously hot press bonding the hub to the reaction sintered silicon
nitride blade ring. The primary fabrication approach , the simplified two piece design, was introduced
in the first quarter of FY 77 and described in some detail in reference 11. Figure 3.2 shows the blade
ring encapsulated in slip cast reaction sintered silicon nitride blade fill material which protects the
blades from the high temperature/carbonatious atmosphere and supports the blade ring rim during hot
pressing. A graphite wedge system was used to apply the radial restraining load to the outer diameter
of the encapsulated blade ring. A 1000 pound wedge load was used to counter balance the 1000 psi
central pressure which was held for three hours at temperatures of 1700 to 1775°C. The hub was hot
pressed from silicon nitride powder with 3Y2 w/o magnesium oxide added before wet milling with
tungsten carbide balls.
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GRAPHITE 1 .~~~ .1 ~~~~~~ ____________

REACTION
GRAPHITE SINTE RE D

“ -
S SILICON CARBIDE BASE RING

Figure 3,2 — Simplified Two-piece Configuration
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The major problem areas with this and earlier concepts were blade cracking and blade ring rim
distortion/cracks on an inconsistent basis. Two changes to the process were made which resulted in a
major improvement in quality and much more consistent results.

Outer Wedge Load Tooling Modifications

A set of new graphite tooling was carefully cleaned and hand polished and a normal hot pressing
made. Inspection of the outer wedge graphite piston and mating graphite restraining sleeve and
susceptor spacer , showed evidence of heavy rubbing which occured during the run . This rubbing
action must have been due to differential thermal expansion of the concentric graphite cylinders as a
clearance existed when the parts were assembled in the cold condition . Such an interference condition
r~duced the wedge restraining load actually obtained at the wedges due to inconsistent friction drag on
the sliding component. The radial clearances between the outer wedge piston and the inner sleeve and
outer spacer were increased from 0.0015” to 0.022”. In order to center the tooling over the blade filled
blade ring six strips of 0.015” thick Grafoil were placed between the outer wedge loading cylinder and
the mating cylinders as shown in Figure 3.3. The Grafoil strips were staggered in a circumferential
direction to take advantage of the increased radial flexibility of the thin outer wedge loading cylinder
when loaded at 3 points. The differential thermal expansion of the tooling then produced much lower
radial loads and thereby minimized the drag friction on the sliding piston. Since this change was
incorporated the shiny contact pattern s on the inner and outer wedges were much more consistent and
blade ring rim deformations/cracking were also more controlled. However blade cracking persisted
until the second change was made.

Changes in Blade Fill Process

The blade rings are encapsulated in a thick ring of slip cast silicon nitride prior to hot press bonding.
This blade fill operation is a multi-step processt 10) which involves the use of boron nitride (BNJ
between the blade ring and the blade fill. The BN serves as a lubricant for subsequent blade fill
removal and as a barrier material which prevents blade ring to blade fill bonding during the nitriding
step. Controlling the thickness of the BN was the second critical change in rotor fabrication carried out
during this pe riod. If  the BN was too thick in the rim region , the blade ring rim deformed and
compressed the BN until the BN either supported the rim or the rim fractured. On the other hand , if the
BN was too thin , the blade ring was bonded to the blade fill during the nitriding process making

OUTER WEDGE
PISTON SUSCEPTOR

SPACER

RESTRAINING
SLEEVE ~~

- TOP
PISTON

GRAFOIL 
___

STRIPS

FIgure 3.3 — Top View of Grap hite Tooling
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removal of the blade fill impossible. A thicker coating of BN was desirable on the airfoils so that small
motions of the blades were accommodated without resulting in cracking of the blades (Figure 3.4).

Forty-six simplified two piece duo-density turbine rotors were hot pressed with controlled BN
thickness and the modified outer wedge loading cylinder design at standard conditions of 1000 psi,
1715°C for 3 hours with 3)~ w/o magnesium oxide additive in the silicon nitride powder. As shown in
Figure 3.5, 70% (32 out of 46) were free of flaws induced by hot pressing. This represented the most
significant improvement in the yield of hot pressings to date.

I 
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BLADE RING~~~~~
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BORON NITRIDE THICKNESS
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Figure 3.4 — Blade Filled Blade Ring Showing Boron Nitride Layers
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Figure 3.5 — Hot Press Induced Blade Cracks versus Boron Nitride ‘t hickness

13

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



P 
__

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

_

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

_

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

_

~~

Bond J oint

The bond joint between the reaction bonded silicon nitride blade ring and the hot pressed silicon
nitride hub is formed during the hot pressing operation. Zyglo inspection of the joint of a rotor— fabricated during the development of the process gave a definite indication , initially thought to be a
crack. Upon closer examination it was proven to be a low density region in the hot pressed material at
the hub/blade ring interface. Three experiments were conducted to eliminate the low density region.

The first two trials involved painting the inner diameter of the blade filled blade ring with magne-
sium containing solutions. In both cases, one third of the surface was coated with a 50% solution of
magnesium oxide and methylethyl ketone , one third with a 50% solution of magnesium nitrate and
methanol and one third with no coating for the control section. The assemblies were then hot pressed
in the normal process, sectioned and zygloed. There was no discernable difference between the coated
and uncoated areas. The third experimental pressing utilized a blade filled blade ring one half on
which was impregnated with a 50% solution of magnesium nitrate and methanol under vacuum.
Inspection of the bond joint after press bonding showed the impregnated area to be no better than the
unimpregnated portion. While these experiments were being conducted , rotors which exhibited low
density indications at the bond joint were being tested in the cold spin pit , hot spin test rigs and in the
modified engine. Since none of these tests indicated the bond joint was a problem , work on this effort
was terminated. (See Volume 1, Tables 3.3 and 3.5)

Temperature Investigation

One of the important parameters for hot pressing silicon nitride powder is the pressing temperature.
The induction heated furnace used to hot press duo-density rotors was designed such that the control-
ling temperature is measured on the outside of the graphite susceptor. During the early phase of the —
development of the fabrication process experiments were run to correlate inside and outside tempera-
ture (1700°C outside — 1775°C inside). Since that time the design of the graphite tooling and the water
cooled loading rams were modified , therefore a recalibration of the present configuration was carried
out.

The standard graphite tooling was modified (Figure 3.6) so that optical pyrometer temperature
measurements could be made at both the inside and outside of the furnace. The outside temperature
was measured at the normal location while the inside temperature was measured 0.20 inches away
from the hot pressed hub. Utilizing this system several hot press runs were made and the inside
temperature was observed to be 1715°C while the outside temperature was maintained at the normal
level of 1700°C. This system will be used to recheck the correlation of controlling temperature to inside
temperature when future changes are made to the furnace or cooling system.

Hot Press Control Systems

The development of the rotor fabrication process has involved a continuing effort to improve the
control of the hot pressing temperature and pressure. The silicon nitride powder compaction pressure
is controlled by the use of manually set hydraulic pressure regulators. The hot pressing sequence
which was developed for the simplified two piece fabrication process required four discrete compac-
tion pressures. Accurate reproducibili ty of the lower two pressures required almost constant adjust-
ment as the associated hydraulic pressures were near the minimum operating levels of the regulators.
New , lower pressure regulators were procured and installed in parallel with the original equipment
thereby providing the required sensitivity and accuracy.

Control of furnace temperature has been performed , in the past , by periodically measuring t~e
surface temperature on the outside of the susceptor with a hand held optical pyrometer and mani ally
adjusting furnace power to maintain the desired temperature. This technique resulted in two prob-
lems. First , temperature-time reproducibili ty from run to run was difficult to achieve , particular ly
during the transition from start-up to steady state operation. Second , steady state temperature varia-
tions existed because of differences in optical pyrometer use techniques between operators. A three
phase effort to automate the temperature control was initiated.
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Phase one of the effort involved the use of available instrumentation and control components to
define the automatic control requirements and demonstrate steady state control following a manual
start. Phase two will extend the contro l capability to include the start transient and steady state control
with automatic compensation for furnace power variations to provide a constant temperature. Phase
three will provide fully automatic control with safety features to allow operation without manual
monitoring.

To date , phase one of the effort has been completed. A fixed position radiation pyrometer was
installed and a series of tests conducted to correlate with the hand-held optical pyrometer. Additional
tests were conducted to calibrate the control elements and identify the control hardware needed to
proceed with phase two.

Two successful steady state automatic control attempts were made; the longest for 2:30 hours of the
normal 4:00 hours hot press run.
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Figure 3.6 — Modification of Grap hite Tooling for Inside Temperature Mea surement
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4.0 CERAMIC MATERIALS INVESTIGATIONS

Introduction

The development of ceramic material technology for reaction bonded and hot pressed silicon
nitride has been an ongoing activity since the beginning of the Ford/DARPA program , and continued
under the ERDA sponsored portion of the FORD/DARPAJERDA Program. This technology is a very
important portion of the systems approach employed in this project for the development of high
temperature gas turbine engines. Improvements in materials have been made and characterized so
that components could be designed , fabricated and evaluated.

The strength of injection molded reaction bonded silicon nitride was improved by combining the
96% nitrogen/4% hydrogen atmosphere with the nitriding demand temperature contro l system previ-
ously developed (10, 11). However more work was needed to reduce the scatter in material strength
due to both macroscopic and microscopic flaws.

The results of a parametric study on hot pressing parameters consistent with the hub forming
process used to make duo-density rotors was presented in the last report (11). The best material , from
this study, was used during this reporting period , to investigate the effects of hot pressing temperature,
time and pressure on material quality. In addition some preliminary work was initiated to improve the
high temperature strength of hot pressed silicon nitride.

Summary

The starting silicon powder , used to injection mold rotor blade rings, was found to contain contami-
nates in the form of iron and chromium. Microstructura l examination of both test bars and rotor blades
indicated a definite linear correlation between strength and the size of microscopic flaws due to
contamination. Magnetic separator equipment was ordered and received so that all starting silicon
powder can be cleaned in-house.

The mixing of silicon powder and organics, prior to injection molding, was improved with the
addition of vacuum capability to the equipment. This, combined with better temperature control
during mixing, produced a more homogeneous mix which should result in fewer macroscopic flaws in
molded components.

Twenty-two hot pressed samples were fabricated with systematically varied hot pressing tempera-
ture , time and pressure. The optimum hot pressing conditions will be determined when the strength
data has been generated. Approximately 30 hot pressings were made with various purity level starting
powders and a variety of hot pressing aids. The high temperature strength will be determined to
identify the best candidates for further study.
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4.1 IMPROVEMENTS IN INJECTION MOLDED REACTION BONDED
SILICON NITRIDE

During this reporting period a major effort was made to reduce process variability by instituting
improved process controls and further development of the automatic molding control system.

Powder Preparation

As reported in Section 4.2 of this report contamination in the form of iron and chromium was
detected in the starting silicon powder. This contamination was high enough to produce local strength
degradation in the nitrided components. Following evaluation of a magnetic separator to remove iron-
chromium contaminates from the starting silicon powder , equipment was ordered so that all starting
silicon powder can be screened in-house.

Mixing

Once the starting powder has been cleaned and ball milled to the desired particle size distribu-
t ion (9) , it must be homogeneously mixed with an organic binder so that the resulting mixture can be
injection molded to form the green rotor blade ring. In addition to formaliz ing the mixing procedure ,
for batches of ceramic molding material , vacuum mixing capability was incorporated into the equip-
ment. The vacuum capabili ty reduces entrapped gas within the granules of molding mix and subse-
quentl y reduces the tendency for voids in the molded components.

It was determined that the temperature during mixing effected the homogeneity of the mixture. The
viscosity of the molding mix varied widely with temperature and if it was too high or too low a
homogeneous mix would not be produced. A readout system was installed on the mixer to monitor the
temperature thus insuring that correct temperature was maintained and was repeated from batch to
batch.

Molding

— Further automation of the injection molding process was found to be necessary in order to improve
the consistency of molded components and to reduce the reject rate of green parts. The improvements
incorporated into the injection molding system were discussed in section 3.1 of this report.

Burnout

The green injection molded component must be burned out to remove the organic binders, so that
the resulting compact of silicon metal particles can be nitrided to form silicon nitride. The green
component is buried in charcoal granules (8) and subjected to a specific time/temperature schedule.
Monitoring of the burnout process was improved to allow better correlation of burnout results with the
actual temperature profile achieveu for each batch of components. A two channel recorder was
installed to monitor two thermocouples placed near the components within the burnout furnace.
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4.2 MICROSTRU CFU~~ OF INJ ECTION MOLDED SILICON NITRIDE

Introduction

The previous report (11) described the nitrogen demand nitriding cycle utilized for nitriding injec-
tion molded preforms of silicon particles. This cycle controlled the furnace temperature/time schedule

- - automatically to maintain a reasonably steady consumption of nitrogen. This nitriding technique had
produced silicon nitride having a very uniform microstructure (uniform fine porosity and fine grain
size) and it was concluded that this structure should yield a high strength material (~ 1).

The strength of silicon nitride produced using the nitrogen demand cycle is shown in Table 4.1 (test
bars) and Table 4.2 (rotor blades). The variabili ty in strength and density is partially due to molding
flaws present in the center of test bars (Figure 4.1). This section describes the fractographic examina-
tions conducted oi~ Furd injection molded reaction bonded silicon nitride to determine the underlyin g
cause for the observed strength variations.

Procedure

Examination of fracture surfaces of both test bars and rotor blades revealed two distinct types of
flaws. Some were large macroscop ic flaws, resulting from either molding defects or green cracks,
which were highlighted by the presence of white alpha silicon nitride whiskers produced during the
nitriding cycle (Figure 4.2). Test samples that contained this type of flaw were not included in this
investigation. The other types of flaws observed were n~croscopic in nature and these were investi-
gated in detail.

TABLE 4.1

Strength of RBSN Test Bars Nitrided Using the Nitrogen Demand Nitriding Cycle

Measured Characteristic
Density Strength* Weibull Number of

Run Number g/cc Ksi Slope Samples

B55 2.67 49.6 10.5 7
B64 2.62 40.7 9.6 10
B71 2.55 43.4 9.6 7
B75 2.62 40.4 9.0 9
B76 2.62 41.1 13.5 8
B79** 2.69 37,6 9.2 10
B82** — 38.6 7.5 8

* Four Point MOR — as nitrided surfaces — Strength at 63 2% failure rate
** Furnace shutdown in middle of run

TABLE 4.2

Strength of RBSN Rotor Blades Nitrided Using the Nitrogen Demand Nitriding Cycle

Measured Characteristic
Density Bending Load

Run Number g/cc pounds

B-54 — 107
B-65 2.63 83
B-67 2.71 86
B-70 2.68 88
B-75 2.74 79
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The fracture surfaces of test bars from nitro~en demand nitridings and rotor blades from both
nitrogen demand and temperature controlled (111 nitridings were examined using Scanning Electron
Microscopy. The fracture origins were identified and characterized . If the origin proved to be crystal-
line in nature , its chemistry was determined using non-dispersive x-ray analysis.

The fracture origins on most samples were easily identified by the presence of fracture mirrors.
These mirrors were large on low strength samples and small on higher strength specimens. In the
center of these fracture mirrors , the fracture origin was usually identified , under low magnification , as
either a dimple or a depression. The fracture origin on very low strength samples, having no readily
discernible fracture mirrors , was identified by the dimple or depression.

Results

The identified critical flaws were classified as either a pore or an inclusion. The pores were mostly
of the type shown in Figure 4.3, exhibiting a different chemistry than the adjoining matrix indicating
they were formed by the pullout of an inclusion. Two distinct types of inclusions were identifi ed. One
was very crystalline in nature (Figure 4.4) while the other type contained a structure only slightly
different than the adjacent matrix (Figure 4.5).

— The flaws in the test bars (Table 4.3) ranged from 39 to 177 microns in diameter and were located , in
most cases, below the surface (10 to 125 microns). The pores were of the type previously shown in
Figure 4.3 while the inclusions were equally divided between the two types previously shown. The
chemistry of the measured inclusions was high in chromium , iron and silicon. Figure 4.6, constructed
from the data in Table 4.3, indicated a reasonable correlation existed between flaw size and test bar
MOR. Also shown in this figure is the relationship developed by Kinsman using pre-cracked HSI3O (6)
which is in the same region as the data recently generated.

The flaws in rotor blades (Table 4.4) ranged from 35 to 138 microns in diameter and were located , in
most cases, below the surface (25 to 250 microns). Chemistry and types of flaws were generally the
same as for test bars. Figure 4.7, constructed from the data in Table 4.4, again showed a correlation
between flaw size and blade bending load.

An investigation into the source of the chromium and iron contamination revealed that the starting
silicon powder contained 0.04 w/o chromium and 0.87 w/o iron (Table 4.5). Approximately 0.25 w/o of
the iron was metallic (from the initial ball milling operation by the vendor) while the remainder was
iron silicide probably formed during the reduction process used in producing the silicon. The chrom-
ium impurity was also in the form of a silicide. The increase in iron , from 0.87 to 1.71 w/o after
nitriding, was due to the addition of iron oxide which was used as a nitriding aid. The increase in
chromim contamination was probably due to in house powder processing performed in stainless steel
equipment.

Discussion

The general pore size of Ford reaction bonded silicon nitride is quite uniform and fine (Figure 4.8)
with the maximum pores being about 30 microns. The larger pores identified in this study could be the
result of nitriding exotherms, molding flaws or pullout from inclusions.

The type of pores resulting from a nitriding exotherm (Figure 4.9) were found to be small , less than
40 microns (11J , and were not typical of those considered in this investigation but were addressed
previously (10, 11), Pores resulting from molding flaws (shown in Figure 4.1) were much larger. in the
order of 75 to 150 microns, and were discussed in Section 4.1. Inclusions and large pores, due to pullout
of inclusions, were shown to reduce the strength of reaction bonded silicon nitride as a function of
their size. Reducing the contamination , in both the starting silicon powder and during in house
processing, should result in a higher , more consistent strength material.
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TABLE 4.3

CharacterizatIon of Flaws from Test Bars

Location
- - Flaw Microns

Test Bar Nitr iding MOR Size Flaw from Chemical
• - Number Number Ksl Microns Type Surface Composition

I B55 38.1 76 Inclusion 100 Cr, Si , Fe
2 46.0 76 Pore 50 —

7 52.5 39 Pore 15 —

9 B64 36.7 150 LO Density Area 125 —

18 43.9 47 Inclusion 100 Cr , Si, Fe,
19 41.7 72 Inclusion 100 —

22 37.4 92 Inclusion 100 Cr, Si, Fe
I B75 35.2 177 Pore 60 —

2 39.6 101 Pore 20 —-

3 43.9 101 Pore 20 —

6 33.1 117 Pore At Surface —

8 42.8 88 Pore At Surface —

- 
— 

I 
9 42.4 53 Pore 10 —

55 -

• PORES } NITROGEN DEMAND CYCLE ‘

:~

DATA FROM KINSMAN ,
0 USING PRE-CRACKED HS13O

/

25 I I I I i I i i i _ i
0.075 0.095 0.115 0.135 0.155 0.175 0.195

r (FLAW SIZE ) -_ - ( MICRONS) - ‘

177.3 110.5 75.5 54.8 41.6 32.6 26.2
FLAW SIZE (MICRONS)

FIgure 4.6 — Test Bar MOR versus Flaw Size
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TABLE 4.4

- k Character ization of Flaws from Rotor Blade Rings Tested In Blade Bend Test

Blade Location
Blade Ring Bending Flaws Microns

& Blade Nitr iding Load Size Flaw from Chemical
Number Number pounds Microns Type Surface Composition

1737 — 21 B54 110 35 Pore 180 —

11 122 45 Inclusion 65 —

1778 — 19 856 50.5 138 Inclusion 40 —

23 68.5 88 Surface At Surface
- _ 

1773 — 17 B56 79.8 88 Inclusion 168 —

30 62 87 Pore 25 Si , Fe, Cr
1386 — 17 B48* 91 76 Inclusion 60 Si, Fe

11 96 75 Inclusion 250 Si, Cr, Fe
9 84 95 Surface At Surface —

1410 — 21 B48* 97 67 Inclusion 150 Si, Cr
23 81 89 Inclusion 60 Si, Cr , Fe
19 94 83 Inclusion 170 Cr, Si, Fe

2180 — 4 B75 68 85 Pore 85 Si, TRACE
Cr, Fe

9 75 88 Inclusion 63 Si, Cr, Fe
2063 — 12 B70 101 57 Pore 168 Si, Fe,

TRACE Cr

* Temperature control cycle
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Figure 4.7 — Rotor Blade Bending Load versus Flaw Size
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TABLE 4.5 
-

Impurity AnalysIs of Silicon and SI,N.

- - Fe* Cr *

Starting Silicon 0.87 0.04
Final Si ,N4 1.71 0.06

* Weight percent
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4.3 IMPROVE MENTS IN HOT PRESSED SILICON NITRIDE

Introduction

The last interim report t~1) presented the results of a parametric study on hot pressed silicon nitride
which included such variables as starting powders (CP-85,KBI) , MgO content (2.7w/o}, powder milling
(wet . dry , WC, A1203,24-72hours) and pressing pressure (500-5000 psi). The best material was pro-
duced by WC milling and contained 5w/o MgO densification additive. This study was continued
during this reporting period by fixing the powder processing and varying the hot pressing conditions.
An additional investigation was initiated to improve the high temperature strength by applying grain
boundry engineering strategies.

Hot Pressing Parameter Study

Preliminary investigations were initiated to study the effect of the hot pressing temperature , time
and pressure on the material quality . Controlled phase AME silicon nitride powder (CP-85) with 5 w/o
magnesium oxide densification additive was processed per the following fixed procedure.

The silicon nitride powder and additive was wet milled with tungsten carbide cylinders in reagent
grade absolute methanol. The powders were milled unti l the average particle size (by weight) was
approximately 1.3 microns, dried and then dry ball milled to break up large agglomerates. The pow-
ders were then passed through a two tier screening apparatus with the bottom screen being 100 mesh.

Two hundred and twenty-five grams of the screened powder was poured into a cylindrical graphite
die where the piston and base had been previously coated with boron nitride. Experimental hot
pressings were then made under various fabrication conditions. The ranges of hot pressing parameters
investigated were: temperature (1500-1750°C), pressure (1000 to 5000 psi) and time (1 to 7 hoursj .
Twenty-two hot pressed samples were fabricated and are in the process of being diamond ground into
appropriate test specimens, for strength evaluation.

Grain Boundary Engineering of Hot Pressed Silicon Nitr lde(12)

Preliminary investigatory work was initiated to improve the high temperature strength of hot
pressed silicon nitride by applying grain boundary engineering strategies. The approach is two fold.

1. Reduce the residual impurity content in the starting silicon nitride powder to make the grain
boundary MgSiO3 glass more refractory.

2. Develop a densification aid to yield a more refractory glass than MgSiO3 or MgSi(O,Nl3.

The first approach was to investigate a variety of commercial grade silicon nitride powders having
varying purity levels. Six powders were obtained , five containing high alpha fractions and one which
was almost 100% amorphous. Two and five weight percent magnesium oxide was used as the densifi-
cation additive.

The second approach was to investigate oxide pressing aids other than magnesium oxide such as:
yttria stabilized zirconia (zyttr ite), yttria , and cerium oxide. Table 4.6 shows the chemistry of the
starting silicon nitride powders and of the oxide hot pressing aids. The powders were ball milled and
loaded into the graphite dies per the procedure used in the hot pressing parameter study. The die
assembly was placed into the hot press where the powder was cold pre-compacted to 500 psi and then
quickly heated (within 50 minutes) to 1500°C (pyrometer reading on the pressing cavity die wall ) in a
nitrogen atmosphere. The pressure was increased to 2000 psi when the temperature reached 1500°C. At
1600°C the pressure was increased to 4500 psi and then at 1650°C the pressure was raised to a final load
of 5000 psi. The temperature was further raised to 1700°C and then maintained for three hours - The
ram movement was measured with a dial indicator and compaction curves were constructed for each
run. Approximately thir ty hot pressed pucks have been made. The pucks were cleaned by sand
blasting and the densities measured using Archimedes ’ principle. All pucks are in the process of being
diamond ground into standard “A” size test bars for strength evaluation.
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- - TABLE 4.8
Chemistry of Commercial Grade Silicon Nitride Powder and Hot Pressing Additives

ÂME ÂME Starck Annawer k Sylvania Sylvania Zyttr ite Cerium Yttrla Magnesium
CP-$5B Hi-Purity SN 402 SN 502 OxIde Oxide
______ ________ ______ _________ ________ ________ 

()
~~~~ 

(CeOz) (Y~O3) (MgO)

I,-Si N ~° 84.7 —70 93.4 —80 0.5-1 --90
1~-Si N~° 14.3 —30 6.6 —20 Amorphous — 10
S i N  0* 0.7 0.5-1 <0.5 0.5-1 0 0
Si(free)° 0.3 05-1 0 0 5-1 0 <0.5

1.44 1.89 1.10 2.15 2.61 1.64
SiC) * 0 0 <0.5 0 0 0

I 
- Fe** 0.88 0.35 0.02 1.40 <0.01 0.04 0.05 0.01 0.01 0.05

AI ** 0.63 0.17 0.05 0.15 0.01 0.01 0.02 0.01 <0.01 0.01
Mg ** 0.01 0.01 0.02 0.10 <0.01 <0.01 <0.01 <0.01 <0.01 Base
Ca t” 0.20 0.01 0.05 0.20 <0.01 <0.01 0.10 <0.01 <0.01 0.10
Ni ** 0.03 <0.01 <0.01 0.02 <0.01 <0.01 <0_ui <0.01 <0.01 <0.01

0.01 <0.01 0.02 0.01 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 -i
Ti** 0.08 0.05 0.02 0.05 <0.005 <0.005 0.05 <0.005 <0.005 <0.005
B** 0.0005 0.0005 <0.002 0.008 <0.0002 <0 0002 0.0005 0.01 <0.0002 0.05
Si** Base 0.30 <0.01 0.03 0.10

*B\. X-ray A nalysis — weight percent
**l)y Em ission Spectrograp hic Anal ysis — weight percent

— 12 W/o Y203 ShII )il iZC(l Zr02
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4.4 ThERMAL EXPANSION OF HOT PRESSED SILICON NITRIDE

Thermal expansion was measured from room temperature to 900°C (1652°F) using a differential
expansion technique in which the dimensional changes were compared to those of a calibrated fused
Si02 sample. One-inch specimens were tested , with flat and parallel ends, ground to a length of 1.000

- 

- 

± 0.0005” . They were supported in a fused Si02 tube , and the length changes were transmitted through
fused Si02 push rods. The rod bearing against the reference sample was mounted on the frame , and
that bearing on the test specimen was attached to the movable core of a Theta linear variable differen-
tial transformer. The core motion relative to the frame is directly proportional to the difference ifl
expansion of the test sample and the reference sample, and the electrical signal produced is amplified
and recorded to provide the expansion data.

Comparative thermal expansion measurements were made on twenty-two samples of hot pressed
silicon nitride to evaluate the effects of MgO content , powder milling conditions , powder source, and
hot pressing pressures.

The ranges of variables investigated are shown below:

Weight % MgO 1, 2. 33~, 5, or 7
Milling Balls: WC or Al203
Milling Fluid: Methanol or none
Milling Time: 48, 72, or 144 hours
Powder Type: CP85, CP85 after KBI cleaning, or new CP85
Pressing Pressure: 1500 or 5000 psi (1715°C, 3 hours)

The MgO content was found to be the only significant variable affecting thermal expan-
sion (Figure 4.10).
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M g O
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Figure 4.10 — Linear Thermal Expansion of HPSN
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5.0 CERAMIC ROTOR BLADE RING INVESTIGATIONS

Introduction

The Ceramic Turbine Rotor Technology Program continued to develop ceramic material and proc-
ess technology and included both destructive and non-destructive tests to identify problem areas and
evaluate process improvements. This Section presents the results of several investigations conducted
on injection molded reaction bonded silicon nitride blade rings. Cold spin testing to destruction , room
temperature MOR testing of the rim material and blade bend testing before and after hot press
bonding all revealed significant problem areas requiring attention.

Summary

Four duo-density turbine rotors were tested in the cold spin pit to evaluate the hot pressed to
reaction sintered bond joints and the effect of I.D. voids in the blade ring rim on blade failure speeds.
Neither the I.D. voids nor the bond joints failed up to speeds of 96,900 rpm. However , blade failures
which occurred from 38,440 rpm to 89,070 rpm were related to surface and internal flaws in the airfoils.
Six blades which were free of obvious flaws failed in the 90,060 to 96,900 rpm range.

Room temperature MOR tests on bars cut from the rim area of four reaction bonded silicon nitride
blade rings gave characteristic strengths of 25.4 to 33.5 ksi with Weibull slopes rang ing from 2.6 to 6.8.
Subsurface flaws were responsible for the low Weibull slope which was improved if the flawed test
bar data was excluded from the analysis.

Rather severe degradation of the room temperature strength of the reaction bonded silicon nitride
rotor blades was identified as resulting from the press-bonding operation. Blade strength decreases of
14 to 38% were measured by the blade bend test. Analysis of the microstructure of the blades indicated
they change from a shiny black to a gray color after hot pressing with a corresponding increase in non-
uniform porosity . X-ray analysis indicated that the phase composition of the silicon nitride had
changed from an average of 70% a, 29% ~ before press bonding to an average of 22% a, 75% fi and 3%
silicon oxynitride after press-bonding.
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5.1 COLD SPIN TESTING

Introduction

The vacuum spin pit has been used to evaluate ceramic turbine rotor hubs, blade rings and comp lete
duo-density rotors. The facility and test procedures were described in detail in preceding reportst2 7
h1)~ During this reporting period , the spin pit was used to qualify twelve duo-density rotors prior to hot
testing (Volume 1, Section 3.1.2 of this report i . In addition four rotors, fabricated during the develop-
ment of the simplified two piece hot press bonding process, were spun to destruction to evaluate the
hot press to reaction sintered bend joint. This section presents the test results on the four rotors.

Test Results

Rotor 1197. shown in Figure 5.1 mounted in the spin pit ready for testing, had been machined
specifically to evaluate the hot press to reaction sintered bond joint. All blades with noted defects and
blades with defects in the rim beneath the blades were reiooved prior to testing. In addition , the blade
platform was slotted between each blade through the injection molded blade ring and into the hot
pressed hub. The slots interrupted the continuity of the platform and eliminated any tangent i al load
carry ing capacity of the rim thereby subjecting the bond joint to nearly nure radial tension. The blades
were not machined down to the design diameter but were left at the “as-molded” length to increase the
load on the bond joint. The failure speeds for the “as-molded” length blades , Table 5.1, should he
increased 18% to be equivalent to design length blades. None of the failures occurred in the bond joint
even at 71,000 rpm which for design length blades is equivalent to 83,800 rpm (130°/~- of design speed of
64,240 rpm). Two of the four failures originated from blade surface flaws while the other two failures
originated from blade internal flaws.

The remaining three rotors, 1246, 1272 and 1280 were machined to the first stage design tip diameter
with a simple tapered disk contour as shown in Figure 5.2. Blades with known defects and blades
positioned over defects in the rim were not removed prior to cold spinning. The results are shown in
Tables 5.2, 5.3 and 5.4. Since none of the 40 ID.  voids (defects in the rim beneath blades) resulted in
failure , even at 95,700 rpm , this type of flaw is not critical to cold spinning. However , gross fabrication
flaws in the airfoils , internally and at the surface, were revealed for each test up to 90,000 rpm. Where
multiple blade failures occurred in one test , it is believed that the flawed blade(s) was the primary
cause of failure with the failure of unflawed blades due to impact from the failed flawed blad e(s).
Three of the six blades with known gross surface defects failed throug h the defect while the remaining
three did not.

Figure 5.3 shows the largest flaw found during these tests which emphasizes that the nature of the
flaw is a gross fabrication defect , it caused a failure at 38,440 rpm on rotor 1246. Figure 5.4 shows the
gross fabrication flaw in blade number 11 of rotor 1246 which was noted prior to testing. The insp ection
report listed it as a 2Bw , i.e. 0.050” long on the convex side of the airfoil. This flaw resulted in failure at
52,270 rpm. Many of the flaws were internal and did not extend to the surface of the blade. Figure 5.5
shows two internal flaws in blade numbers 31 and 32 of rotor 1280 which failed at 80,350 and 81,020
rpm respectively. Figure 5.6 shows the fracture surface of blade 14 of rotor 1280. This 95,700 rpm
failure , is typical of the six blades which failed at 90,060 to 96,900 rpm (Table 5.4) and revc~ded n o gross
fabrication flaws.

Figure 5.7 is a Weibull distribution of the combined data from rotors 1246, 1272 and 1280. The
characteristic failure speed was 97,000 rpm with a Weibull slope of 6.0. Of course it must be emp ha-
sized that this distribution includes a preponderance of failures due to gross fabrication defects.

Discussion

This series of tests showed that cold spin blade failures occurring below 90,000 rp m were re l ated to
internal  and surface gross fabrication flaws in the airfoils. Many of the surface flaws and all of the
internal flaws were not detected by the NDE techniques used indicating better techni q ues arc re-
quired. More importantly, improvements are required in the fabrication process to eliminate such
gross fabricat io n flaws so that cold spin speeds of 90,000 rpm can be achieved without a large number
of failures. Both of these problem areas were addressed in Section 2 of this report . Future Plans.
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Figure 5.1 — Rotor 1197 Prior to Vacuum Spin Test

TABLE 5.1

Rotor 1197 (Blade Ring 1982) — As Molded Blade Length — 5 Blades

Before Spin
Failed Inspection

Spin Failure Blade I.D. Blade Post Failure Examination
Number RPM Number Voids Crack of Fracture Surface

1 43020 25 0 0 Sur f ace Flaw

2 58340 3 0 0 Internal  Flaw

3 65690 22 0 0 Surface Flaw

4 71000 28 0 0 In terna l  Flaw

Blade number 5 intact  af ter  71 ,000 rpm test.
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TABLE 5.2

- - Rotor 1246 (Blade Ring 2051) — 1st Stage Design Length — 25 Blades

Before Spin
- Failed Inspection

- Spin Failure Blade ID. Blade Post Failure Examination
Number RPM Number Voids Crack of Fracture Surface

1 38440 13 V* Surface Flaw
14 V No Flaw

- 

- 
2 52270 11 V 2Bw** Surface Flaw
3 63250 17 V Surface Flaw

7 Surface Flaw
4 63220 23 Surface Flaw
5 68400 3 Flaw

4 Flaw
5 Blade Chipped

6 70900 36 Flaw
- 2 No Flaw

7 71400 8 Flaw
-- 

I 9 V No Flaw
10 V No Flaw

8 77910 19 V Flaw
— 9 78980 20 Flaw

21 No Flaw
24 Flaw

10 81450 6 Flaw
I 12 No Flaw

H 35 No Flaw
11 86950 1 V IBw *** No Flaw

16 V Flaw
12 85480 5 V

— 22 ~Hub Failure
34

Blades 5, 22 and 34 lost when hub failed.

*Voj d
**Suction surface indication — 0.050” long.
***Suction surface indication — 0.025” lQng.

-
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TABLE 5.3

Rotor 1272 (Blade Rin g 2042) — let Stage Design Length — 36 Blades

Before Spin
Failed inspection

Spin Failure Blade ID. Blade Post Failure Examination
Number RPM Number Voids Crack of Fracture Surface

1 61250 20 V* No Flaw
21 V No Flaw
22 V C~** Flaw

2 65210 33 V Internal Flaw
34 No Flaw

3 71110 18 V C, No Flaw
19 V Internal Flaw
24 V No Flaw
25 Surface Flaw

4 72190 12 No Flaw
13 No Flaw
14 Internal Flaw

5 74020 4 V No Flaw
5 V Internal Flaw
6 Surface Flaw

° I 29 Surface Flaw
6 74310 26 No Flaw

- - .  27 Surface Flaw
7 75190 7 Flaw

8 No Flaw
9 No Flaw

8 75190 1
2 V
3 V

10
— 11

15 V
16 V
17 V C 1 Hub Failure
23 V
28
30
31
32
35
36 V

15 blades lost when hub failed.

*Void
**Leading or trailing edge indication >0.050” long.
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TABLE 5.4

Rotor 1280 (Blade Ring 2040) — let Stage Design Length — 36 Blades

Before Spin
Failed Inspection

Spin Failure Blade I.D. Blade Post Failure Examination
Number RPM Number Voids Crack of Fracture Surface

1 50050 1 Surface Flaw
36 V~ No Flaw

- 
- 2 54570 24 No Flaw

25 No Flaw
26 No Flaw

- - 27 V Surface Flaw
3 58760 22 No Flaw

23 Surface Flaw
- ;~

- 4 68620 7 No Flaw
8 V No Flaw
9 V Surface Flaw

28 Internal Flaw
29 Internal Flaw
30 Internal Flaw

5 74560 16 V No Flaw
17 V Surface Flaw
19 No Flaw
20 V No Flaw
21 V Internal Flaw

6 80350 31 Internal Flaw
F 7 81020 32 Internal Flaw

8 87140 2 Internal Flaw
3 V No Flaw

15 V No Flaw
-

- - 
9 89910 4 lBw** Surface Flaw

10 V No Flaw
11 Internal Flaw

10 89070 18 No Flaw
33 No Flaw
34 Internal Flaw

11 90060 35 V No Flaw
12 95700 13 V No Flaw

14 V No Flaw
13 96900 5 No Flaw

6 No Flaw
12 No Flaw

*Void
**Suction surface indication — 0.025” long.
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Figure 5.3 — Blade 13 of Rotor 1246 — 38,440 rpm Failure
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Figure 5.4 — Blade 11 of Rotor 1246 — 52,270 rpm Failure
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FIgure 5.5 — Internal Flaws in Blade 31 (80,350 rpm) and 32 (81,020 rpm) of Rotor 1280
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FIgure 5.6 — Typical Fracture Surface of Unflawed Blades — Blade 14 of Rotor 1280 (95,700 rpm
failure)
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5.2 M.O.R. TESTING OF ROTOR BLADE RINGS

Four reaction bonded silicon nitride turbine rotor blade rings, produced by injection molding, were
used to determine the room temperature strength of the material. Approximately 15 bars, 1.25” x 0.25” x

-: 0.095”, were cut frdm each rotor blade ring rim. The bars were loaded in a steel fixture with fixed knife
edges under four point loading with a constant head speed of 0.5 mm per minute.

Table 5.5 presents all the raw data, including those with clearly visible surface and internal defects
Table 5.6 shows the characteristic strengths to vary from 25.4 to 33.5 ksi and the Weibull modulii
ranged from 2.6 to 6.8 for all the raw data. The broken surfaces of the bars were examined and the data
for those having white inclusions or pores were rejected. The Weibull parameters for sound bars
showed a minor increase in characteristic strength but a significant improvement in Weibull modulus.
Eight additional blade rings are under investigation to increase the data base and examine the relation-
ship between type of defect and strength.

TABLE 5.5

Room Temperature M.O.R. Data (KSI)

Blade Ring No. 2047 2155 2251 2256

21.2 15.6* 12.3* 4 6*
22.4 212 13 7* 12 3*
23.6 28.0* 15.6* 12.6*
264 280 17 0* 12 6*
26.8 29.2 17.6* 13.4*
27.4 30.1 25.7 15.1*
28.0 30.2 25.9 22.4
29.6 33.2 26.9* 23.2*
29.6 34.4 28.3* 24.8
31.4 35.4 30.2* 25.8*
32.0 35.8* 30.7 27.3*
33.6 37.0 31.9 28.0*
35.8 38 0* 32 5* 286

39.2 32.5* 30.3*
33.6*
33.9
36.0

* indicates bar with obvious flaw
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TABLE 5.8
-Ii

WelbuIl Parameters

J 
Blade Ring No. All Bars Flaw-Free Bars

1. I 2047 q 30.1 (27.8-32.7) 30.1 (27.8-32.7)
m 6.8 (4.2-8.9) 6.8 (4.2-8.9)
n 13 13

2155 33.5 (30.6-36.8) 33.8 (30.7-37.3)
m 5.7 (3.6-7.5) 6.7 (3.7-9.1)

- 
n 14 10

2251 ff 0 27.0 (23.4-31.1) _*

- m 3.7 (2 13-3.lj
n 14 4

2256 25.4 (21.2-30.4) 31.1 (24.0-41.8)
- m 2.6 (1.7.3.3) 4.2 (1.5-6.2)

Combined Valuesa~ 29.1 (:7A-3o.a) 31.6 (30.1-33.1)
m 4.0 (3.3-4.6) 6.7 (5.1-8.2)

1 n 58 32

- - ff 9 = Characteristic M.O.R. (ksi) — strength at 63.2% failure rate
m = Weibull Modulus
n Number of bars
Numbers in parentheses represent the 90% confidence band.
* Too few specimens to permit Weibull analysis.
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5.3 EVALUATION OF NEW N.D.E. TECHNIQUES

Several N.D.E. techniques were previously considered for the detection of flaws in complex shaped
ceramic gas turbine componentsU 1). These included microfocus X-ray, infra-red thermography, X-ray
tomography, electromagnetic excitation , electrostatics , holosonics and mechanical load testing. During
this reporting period , feasibility studies were completed on two of these techniques and the equipment
was ordered and received for the microfocus X-ray technique.

Infra-Red Thermography

An evaluation of infra-red thermography using silicon nitride rotor blade rings revealed that this
technique was not feasible on such complex shaped ceramic parts . This was due to the inability to
establish the necessary thermal gradient across the test piece.

Electrostatic Technique

The University of Arizona completed some additional work on the use of an electrostatic technique
to detect surface flaws in silicon nitride blade rings. This work involved the use of lighter blade loads
than those used in previous tests. Setting a maximum load of 738 grams per blade resulted in a marked
reduction of broken blades with detection of root or fillet cracks still possible. The conclusions of the
study suggest that an electrostatic technique , using a non-contacting voltmeter as a detector, was a
practical N.D.E. tool for locating flaws in rotor blade rings. An automatic system could be set up
whereby the blades would be rotated into the test position by a stepped rotary table. Loading would be
accomplished by a micropress and the Trek voltmeter detector would move into a preset position at
each blade. The disadvantage with this approach is that it only promises to detect flaws in stressed
areas and only relativel y small portions of the blades can be readily stressed by simple blade loading.

Microfocus X-ray Technique

This technique was described in some detail in the last report (h 1) with the recommendation that this
equipment be obtained and developed as soon as possible. The microfocus X-ra y equipment , received
late in this reporting period , offers excellent potential for the detection of gross fabrication flaws in
rotor blade rings. The panoramic tube , an accessory to this equipment , should permit radial examina-
tion of the blade ring rim area to detect sub-surface flaws.
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5.4 BLADE STRENG TH DEGRADATION DURING HOT PRESS BONDING

Introduction

Rotors produced during the development of the simplified two-piece hot press bonding concept .
described in Section 3.2 of this report , were sectioned to examine the bond joint between the blade
ring and the hot pressed hub. During these examinations, it was observed that the reaction bonded
blade ring material usually had changed color , from a shiny black to a dull gray. Several rotors were
then selected for an investigation into the color changes and possible associated mi’ rostructural
changes. In addition , a few rotors were subjected to blade bend testing to determine if the strength of
the blades was affected by hot press bonding.

BLADE BEND TESTING

The rotor blade bend test t9’ 10, 11) was used to determine the affects of hot press bonding on the
bend strength of the reaction bonded silicon nitride blades. In order to eliminate any bend strength
variability from one nitriding batch to another , blade rings in the “as nitrided” state were compared to
hot press bonded blade rings from the same nitriding run.

Seven blade rings from three different nitrid ing runs were tested and the results compared to five
blade rings, which had been further processed into duo-density rotors , from the same three nitrida-
tions. Where multip le sets of test data were available for the same nitridation run , in either the as
nitrided or press bonded state , the data was combined to obtain a composite Weibull slope, character-
istic load and load range. The results are shown in Table 5.7. In all cases, the characteristic loads after

TABLE 5.7

-, Blade Bend Test Results

Blade Load Characteristic
Data Nitriding Ring Rotor Samp le Range Weibull Load*
Set Condition Number S.N. S.N. Size (Pounds) Slope (Pounds)

I As Nitrided 48 1377 — 18 49-102 6.6 82.4
2 As Nitrided 48 1~186 — 15 63-96 13.0 89.5
3 As Nitrided 48 1410 — 19 68-103 14.0 95.3

Combined Data Sets 1, 2, 3 — — 52 49-103 9.1 89.9

4 After Hot Pressing 48 1400 1079 15 52-84 11.3 78.0
5 After Hot Pressing 48 1404 1083 29 53-83 8.7 72.8
6 After Hot Pressing 48 1421 1087 16 46-98 5.3 81.3

Combined Data Sets 4, 5, 6 — — 60 46-98 6.9 77.0

7 As Nitrided 67 1991 — 31 66-98 11.5 85.4
8 As Nitrided 67 2023 — 26 68-94 10.3 86.1

Combined Data Sets 7, 8 — — 57 66-98 11.2 85.7

9 After Hot Pressing 67 2037 1263 16 34-60 6.8 53.0

10 As Nitrided 78 2262 — 12 60-83 8.0 75.2
11 As Nitrided 78 2280 — 20 53-94 9.2 81.2

— Combined Data Sets 10, 11 - - — — 32 53-94 9.2 79.1

12 After Hot Pressing 78 2342 1319 13 42-65 15.1 61.6

*Load at 63.2% failure rate 
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hot press bonding were lower than in the as nitrided state. Table 5.8 summarizes the results and shows
the blade strength degradation , due to hot press bonding. to range from 14 to 38%. In order to
determine if the 14% strength and 24% Weibull slope degradation observed for nitridation 48 was
statistically significant , an analysis of the data was conducted as per the procedure outlined in Section
6.1 of this report. The results show that there is a statistically significant difference in the data before
and after hot press bonding. Estimates of the difference and confidence levels are presented in the
detailed results of analysis in Section 6.1.

TABLE 5.8

Summary of Blade Bend Test Results

As Nitr ided After Hot Pressing % Change
Nitriding Weibull Characteristic Welbull Characteristic Weibull Characteristic
Number Slope Load * Slope Load* Slope Load *

(Pounds) (Pounds)

48 9.1 89.9 6.9 77. —24 —14
67 11.2 85.7 6.8 53.0 —39 —38
78 9.2 79.1 15.1 61.6 +64 —22

*Load at 63.2% failure rate

Color Changes

Color gradients and color changes were observed in the reaction bonded silicon nitride (RBSN)
blade rings after the hot press bonding operation . These color gradients or changes occurred in two
areas, the blades and the rim. The blade changed color during the hot press bonding operation , going
from a shiny black to a light to dark gray color. The light gray was usually present as a case around the
perimeter of the blade , while a darker gray color was present in the center of the blade. The color
changes present in the rim of the blade rings were more complex. The area of the blade ring next to the
bond was usually black. As the distance away from the bond increased , the color changed to a light
gray. As the distance was further increased into the blade region , a darker gray region was encoun-
tered (Figure 5.8).

Rotor 1182 was studied to evaluate the color gradients present in the bond/rim area. The color
gradients in this rotor were typical of all hot pressed rotors examined. The rotor was sectioned ,
polished and examined using the optical microscope and the electron microprobe.

Figure 5.8 shows the type of color gradients typically found after the hot press bonding operation.
Optical micrographs were obtained at various locations within the hub and blade ring (areas marked A
throug h F on Figure 5.8). The micrographs from these areas are shown in Figure 5.9A through F. There
was a definite correlation between the color and the porosity of the silicon nitride. The black area of
the injection molded blade ring rim (near the bond) appeared to be as dense as the hot pressed hub
(Figures 5.9A, B, C). The interface between this black and gray region (Figure 5.9D) showed that the
gray region contained much more porosity than the black region. This is, again , shown in Figure 5.9E.
The blade region , which has a black color , had less porosity than the gray regions (Figure 5.9F).

That portion of the injection molded rim near the bond region appeared to be densified. The
microhardnc’ss of the rim was very similar to the hot pressed hub (see Table 5.9) and higher than the
values for as nitr ided injection molded RBSN.

Tu e bond region was studied in depth using the election micropi-obe. The magnesium concentration
was monitored from the hub to the rim across the bond joint. The result , shown in Figure 5.10, showed
that the magnesium had diffused from the hub into the rim area. This diffusion of magnesium into the
rim , along with pressure applied to the rim, probably caused densification to occur , yielding the
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resulting dense microstructure. It is also interesting to note from Figure 5.10 that the porous regions D
and E contain no magnesium only background scatter. This confirms that the magnesium was impor-
tant to the rim densification observed in the bond region.

- 
- A color change, after press bonding, was also noted in the rotor blades as shown in Figure 5.11. After

hot pressing, the color had changed from a shiny black to a dark gray-light gray color. This is similar to
the gray region that occurred in the rim.

Characterization after Hot Press Bonding

Extensive microstructural analyses were performed on rotor blades after each major processing step
in the rotor processing operation; after initial nitriding, after blade fill nitriding, and after hot press
bonding. The objective of this work was to identify property changes occurring during the processing
steps, to correlate any changes with the observed strength degradation , and to identif y possible solu-
tions to the problem.

In this work , 16 as-nitrided , 2 blade-fill nitrided , and 8 hot press-bonded rotor blade rings were
studied. The following properties were measured on selected rotor blade rings; bulk density of a rotor
blade , color of the blade , general microstructural features , phase composition and oxygen content. The
results for each blade ring are given in Table 5.10 with the results summarized for each processing step
in Table 5.11. From Table 5.11 the following observations can be noted:

• There was very little change in blade density from the as-nitrided to press-bonding step.

• The color remained the same after blade fill nitriding (shiny black) but changed to gray with a
lighter gray case after press bonding (See Figure 5.11).

• The microstructure remained the same after blade fill nitriding (Figure 5.12) but changed after
press bonding. After press bonding, a continuous network of fine porosity was formed. Equally
distributed within the structure was a network of large grains , which varied in size from blade
ring to blade ring as shown in Figure 5.12C and D. These large grains , had a hardness equal to the
as nitrided blade rings, while the porous areas had a 40% lower hardness (Table 5.12). A quantita-
tive determination of the increased porosity was made by obtaining the pore size distribution
using Mercury Porosimetry. Figure 5.13 shows the pore size distribution of two as nitrided blade
rings and two press bonded rotor blades processed in the same nitriding cycle. As shown , the
average pore size had increased ranging from 0.03 microns to 0.11 microns.

• The phase composition remained constant through blade fill nitriding but changed to a high j~Si3N4 composition after press bonding. Also, the amount of Si2ON2 was greatly increased after
press bonding.

• The oxygen content , as determined using Neutron Activation Analysis (Dr. H. Priest of AMMRC ) ,
• changed throughout the process; from 1.24% for nitriding to 1.39% after blade fill nitriding to

1.57% after press bonding. The 1.39% after blade fill nitriding may be misleading because of two
very diverse readings (See Table 5.10).

In summary , the following can be concluded based on the blade rings studied and the information
obtained:

• The data showed that many properties of the blade ring changed after press bonding. All of these
property changes (porosity, microstructure , phase composition and oxygen content) could explain
the observed strengt h degradation.

• No such property changes are observed for blade rings subjected to blade fill nitriding. It can he
assumed that no strength degradation would be observed after this processing step.

57 

- - --~~~~- . — -~~~~-.—.~~~-— —-— -~~- --~~~~-— - -- -~~ -- -_ _- .~~~~~~~~~~ - - - 
- A



p -- - - - - -  

General Discussion

The observed changes that occurred in RBSN during rotor fabrication were all related to tempera-
ture or time at temperature. The rotor blade rings were subjected to temperatures of about 1700°C for
times of up to three hours. At this temperature , many things can happen to silicon nitride. At 1700°C
the a to ~ silicon nitride phase transformation will occur. At temperatures around 1700°C. Lange and
Terwilleger t 13

~ and Gresk~vich and Rosolowski~
14) have observed that it is possible to sinter silicon

nitride if the proper additives are present. However , more importantly, at temperatures above 1650°C,
Lange and Terwilleger113

~ observed that silicon nitride dissociation occurred. They observed that
- : samples heated in a flowing nitrogen atmosphere to about 1650°C for 20 minutes exhibited about a

- - 16% weight loss.

The rotor blade rings were subjected to more severe temperature conditions (1700°C) for longer
times (3 hours) than the silicon nitride in Lange ’s experiments. It is, therefore , reasonable to expect that

• the silicon nitride rotor blades did undergo some dissociation. The previous results are consistent with
this hypothesis. The color changed because density gradients occur~ One major observation , in regard
to the strength degradation , was the formation of a continuous porous phase. These density gradients
and changes in pore distribution could both be the result of silicon nitride dissociation.

The use of a nitrogen over-pressure condition could possibly solve the apparent silicon nitride
dissociation. This technique is being used by Greskovich et. ~~~~ and Priest et. al.(15) to sinter silicon
nitride. Lacking high pressure nitrogen facilities , the silicon nitride blade fill that surrounds each rotor
blade ring during press bonding could provide a suitable encapsulating device. However, the blade fill
must be impervious to nitrogen and capable of building up from 10 to 100 atmospheres of nitrogen
pressure , which the literature suggests is necessary to retard the dissociation at the hot pressing
temperature.

The other possible way to retard the dissociation of the silicon nitride is to reduce the hot press
bonding temperatures. This step, in conjunction with the current blade fill technology, could reduce
the dissociation of the silicon nitride in the blade ring and significantly improve the properties of the
blade ring.
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Figure 5.8 — Cross Section of Rotor 1182 ShowIng Color Gradients
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TABLE 5.9

Mlcrohardness at Various
Locations on Rotor 1182

Location Color Vickers Hardness*

- 

,~~ Hub Black 1670
Bond Hub Side Black 1650

-~ Rim Side Black 1525
Rim Gray 753
Blade Root Dark Gra y 976
Blade Dark Gray 1017
As Nitride .1 Black 1178

RBSN
(BR 2023)

* Vickers Diamond Pyramid Indentor 5Kg Load

— RIM — INJECTION MOLDED RBSN ____________ -_____ 9
HOT PRESS

25 — 
HUB REGION C REGION D REGION E

1.50% Mg BLACK BLACK TO GRAY
REGION C GRAY

20 -

RELATIVE 15 INTENSITY 

~

—160 0 +160 #320 +480 +640 +800 +960 + 1120

DISTANCE FROM BOND (MICRONS)

Figure 5.10 — Magnesium Concentration Across the Bond J oint of Rotor 1182
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TABLE 5.11

‘ Characterization of Rotor Blade Rings

~~ Phase Composit ion Blade
Blade Ring Rotor Nitr iding Density Color Micro- a ~ SI S120N2 SIC)2 Oxygen Bend

S.N. S.N. Nu mber g/cc Structure ______ — 
Content Strength

________ — ______ _____ — _______ — — — % (Pounds)
As Nitrided

1377 — 48 2.74 SB UP, SMP 67 31 1.2 0.9 0 1.21 .82.4
1386 — 48 2.69 SB UP, SMP 64 35 0.7 0 0 1.20 89.5
1410 - - 48 2.73 SB UP , SMP 60 40 0 0 0 1.12 95.3
1737 — 54 — SB — 73 26 0.7 0 0 — 105.0
1747 — 54 — SB — 74 24 0.7 0.7 0 — 109.0

1977 — 65 2.60 SB UP , MF 76 24 0 0 0 1.32 78.2
1980 — 65 2.66 SB UP , SMP. MF 80 20 0 0 0 1.39 88.0
1991 — 67 2.74 SB UP. SMP, MF 80 20 0.5 0 0 1 24 85.4
2023 — 67 2.67 SB UP, SMP 73 25 0 2.0 0 1.23 86.1
2047 — 70 2.65 SB — 70 30 0 0 0.4 — 85.5
2063 — 70 2.70 SB — 62 38 0 0 0.4 — 90.1
2066 -- 71 — SB — 73 25 0.3 1.2 0 — —
2155 — 75 2.76 SB — 62 38 0 0 0 — 79.4

2180 — 75 2.74 SB — 68 31 0 1.0 0 — 78.1
2198 — 76 2.75 SB — 69 30 0.4 0 0 — —

2246 — 76 2.73 SB — 72 27 0.4 0.6 0 — —

As Nitrided Averages 2.70 SB UP, SMP.MF 70 29 0.3 0.4 0.1 1.24 88.6

Alter Blade Fill Nitriding

1815 — 55 2.69 SB UP. NMP 69 3-1 0 0 0 1.23 —

2020 — 67 — SB UP. SMP. MF 74 26 0 0.3 0 1.55 —

Afte r Blade Fill Nitrid ing Averages 72 29 0 0.15 0 1.39 —

Alter Hot Press Bonding

1400 1079 48 2.70 G, LGC NUP 14 84 0 1.5 0 1.69 78.0
1404 1083 48 2.77 G. LGC NUP , 2P. MF 20 79 0 1.3 0 1.48 72.8
1421 1087 48 2.68 G SMP 0 99 0 1.4 0 1.92 81.3
Y’44 1204 57 2.68 DC, LGC 2P 46 51 0 3.1 0 1.26 —

1800 1192 55 2.56 G. LGC — 27 69 0 4.0 0 1.58 —

1952 1206 65 2.63 SB, GC NUP. 2P 54 42 0 4.2 0 1.60 —

1982 1197 65 2.70 C. LCC NUP, 2P 14 84 0 2.2 0 1.49 —

2037 1263 67 2.79 G UP, 2P. MP 0 96 0.3 3.8 0 — 53.0

Avera ge After Hot Pressi ng 2.68 C. LGC NUP. 2P 22 75 0 2.7 0 1.57 71.2

LEGEND: COLOR SB = Shiny Black MICROSTRUCTURE UP Uniform Porosity
DC — Dark Gray NUP = Non Uniform Porosity
C — Gray NMP No Metallic Phase
CC • Gray Case SMP Some Metallic Phase
LGC — Light Gray Case MP — Metallic Phase

2P 2nd Phase
MF = Molding Flaws
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Figure 5.12c,d — Typical Microstructure of RBSN Rotor Blade Rings after:
c. Hot Press Bonding (1083) d. Hot Press Bonding (1263)

TABLE 5.12

Hardness Data on Rotor Blades

Blade Ring!
Rotor Number Ha rdness *

BR 2023
(as n itri ded ) 1178

R 1263 Large Grains 1263
(hot press

bonded) Porous Area 739

*Vickers Hardness , diamond pyramid indento r , 5 Kg load.
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Figure 5.13 — Pore Size Distributions before and after Hot Press Bonding
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6.0 ANALYTICAL CODES

Introduction

The development of analytical design codes and the application of these analytical techniques to the
duo-density silicon nitride turbine rotor have been ongoing activities in the Ford/DARPA Brittle
Materials Design Progra m and were continued in the Ford/ERDA program. This technology is an
important part of the systems approach employed in this project for the development of high tempera-
ture gas turbine engines. The previous reportl11) presented the analytical techniques used to statisti-
cally analyze data in addition to a life prediction method used to estimate the time dependent reliabil-
ity of ceramic turbine rotors.

During this reporting period work continued on developing statistical tools, proof testing and life
prediction analysis as applied to the duo-density silicon nitride turbine rotor.

Summary

Because strength assessment of ceramics is treated statistically, a procedure was prepared for
determining whether statistically significant differences exist between two sets of data , known as
‘Hypothesis Testing’. The test was applied to the duo-density turbine rotor and showed that blade
strength does deteriorate after the press-bonding operation.

Use of proof-testing as a potential means of enhancing accuracy of life predictions was theoretically
investi gated. Analytical relations were derived for predicting the survival probability of a proof-tested
component , and a procedure was outlined for maximizing the effectiveness of a proof-test .

Life-prediction relations derived in the previous reportUl) were applied to the first-stage turbine
rotor. Several disk contour modifications were studied as means of improving the life of the rotor
under the ARPA duty cycle. The study showed that for given design constraints (space, inertia . etc.)
and using material utilization as the criterion , the optimum disk configuration derived on the basis of
fast fracture (time independent) mode of failure differed from the configura tion derived from life
considerations when the material is subject to static fatigue.
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6.1 HYPOThESIS TESTING

The development of statistical tools for the analysis of data continued during this reporting period.
Methods to estimate Weibull parameters continue to be investigated while the bulk of the effort was in
the field of hypothesis testing.

A very common problem encountered in dealing with statistical information is the determinat ion of
significance in the data. For example: given a change in a material process parameter , is there a
significant change in the characteristic strength or the Weibull slope. This question recognizes that two
independent statistical samples from the same distribution will never be exactly the same but that
there are identifiable limits as to how much of a difference can be expected. Hypothesis testing is a
procedure for drawing simple conclusions from observed data. It is a widely used and standardized
convention and has been well documented~

16 19
~.

Hypothesis ~es~s may be either parametric or nonparametric in nature. Nonparametric or “distribu-
tion-free ” testst 19l do not require the assumption that the form of the population distribution is known.
When the underlying population distribution is known , a parametric test , more powerful than the
nonparametric may be used. Parametric procedures which assume distributions such as the normal ,
the exponential , the log-normal and the Weibull exist in the literature.

Certain problems exist in the application of hypothesis testing. A hypothesis test is a point estimate
and does not , by itself , provide a measure of the test uncertainty. Two types of errors may be committed
in an hypothesis test. The first , the Type I error , is to reject the test hypothesis when in fact it is true.
The second , the Type II error , is to accept the test hypothesis when in fact it is false. The probability of
committing Type I or Type II errors are represented by a and $, respectively. The test sample size, N ,
used in the test and the probabilities a and 13 are not independent; any two may be specified , thus
fixing the third. Usually, the test sample size is fixed by the practica lities of testing and a, often called
the significance level , is set at some small probability such as 0.05 or 0.10. Information as to the level of
13 must accompany the results of the hypothesis test in order to provide a complete test. It is possible ,
particularly with small sample sizes, to conduct a test in which it is virtually impossible to detect a
difference between two samples when in fact the difference exists. In this case the value of 13 is large.
An Operating Characteristic (OC) Curv e for a test does show the discriminating ability of the test but
not in a straight forward manner , A more readily understood 1 method for describing the uncertain ty in
a test is the use of the confidence interval type hypothesis test ’20

~. The width of the confidence interval
calculated for the test is a measure of the quality of the test. Tests based on small sample sizes will
exhibit very wide confidence intervals because of their high uncertain ty.

Because the Weibull distribution has been chosen to characterize the strength of ceramic materials
and the reliabili ty of ceramic components , Weibull based hypothesis tests were studied and asI interac-
tive computer program was written to anal yze data. Thoman and Bain~

21) and McCool~
22 ann 23) have

developed two simple hypothesis tests for the Weibull slope and the characteristic value. The critical
values for the test statistics were found by Monte Carlo sampling and procedures were established for
determining the test confidence intervals. A limitation of these tests is the assumption that both
samples have the same size. When the samples are unequal , the actual values of a and (3 are changed
and the degree of change is not known. The effects of unequal sample size should be investi gated. The
computer program , S.DIFF , which performs the hypothesis test is listed in Appendix I.

As an example , the rotor blade bend test data for the B-48 nitr iding , reported in Section 5.4. was
analyzed to determine if there was a statistically significant difference in blade strength as a result of
hot press bonding. The blades from as-nitrided blade rings showed a characteristic breaking load of
89.8 pounds and a Weibull slope of 9.1, based on a sample of 52. A sample of 60 blades which had been
press bonded had a characteristic load of 77.0 pounds and a Weibull slope of 6.9. The hypothesis test , at
the 10 percent significance level , showed a statistically significant difference in both the Weibull slope
and the characteristic value , indicating that the blade quali ty was degraded during the press-bonding
operation. Details of the test are shown in Appendix II.

69



r --

6,2 PROOF TESTING

Introduction

In the last report (~1) equations were developed for predicting the time-dependent reliabili ty of a
ceramic component under a service load when the material is subjet.t to so-called static fatigue
resulting from subcritical crack growth.

In the above approach , the size of the strength controlling flaw and its distribution are inferred by
way of fracture mechanics relations from statistical strength data. For reasons of economics these data
are generated from relatively small (“- 30) sample sizes. Consequently, uncertain ty exists as to the
accuracy of predictions based on such limited information. Often , even less is known of the material
strength in fabricated , geometrically complex structures, such as a turbine rotor , where the fabrication
process itself may amplify the variability in strength properties. These difficulties may be overcome
and the accuracy of predictions greatly enhanced by proof-testing of individual structures prior to
service.

The purpose of proof-testing is to eliminate , by destructive testing, the occasional weak components
and thus enhance the surviva l probability or strength of the truncated population of the compo. ents. In
effect , proof testing establishes an upper limit on the allowable sizes of strength controlling flaws
within the structure and should therefore improve the structure ’s probabili ty of attaining specified life
under a given loading condition.

Analysis

Let us consider a turbine rotor and assume that it is to withstand a service load f~r ti me r w it h a
probability of survival Ra. The load magnitude can either be constant or it may vary with time. Using
an appropriate equation derived in the last report 111) an estimate can be obtained of the time to failure
(t f )R corresponding to the specified reliabili ty Ra, or conversely one can compute the probabili ty of
a tt aif ling the desired life r. Both Ra and r are not likely to be satisfied simultaneously.

Let R be the probability of attaining life r> (t f)R a under a specified loading condition. Then using
Weibull’s notation

N / ~ m

R = exp —~~ . ( ..L~~n— . 2 (1)
u l \

t
O ./

or solving for

- 
n— 2 1 n—2

Iii
(1 = ( t f ) ~~T =  _________

1 (~
) 

ro R 

(~) 
m 

(2)

in is the Weibull slope and n is the crack propagation exponent. N is the number of uniformly stressed
finite elements into which the rotor is subdivided for the purpose of anal ysis the t~ the characteristic
time to failure of an individual rotor element at specified service loading and is given ~y( h h )

2a01 
~~~~ 

n—2
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where B- -U 2

(n 2) Y~ A 1 K ic ~~~~~2

or expressed in terms of static fatigue strength parameterst24
~

— n + l(Sn.)t~ . = 1 t 0
1 (J~~j

r~ (n -,- l) o

- ~
-
1

(Sf) \- i I t = o is the characteristic strength of rotor element evaluated at time t=0 at a constant stress
rate a.

The unequality in equation (2) is satisfied only if R<R a and therefore in order to increase the
probability of attaining the desired life r to Ra. the strength of the rotor must be correspondingly
increased. This can be achieved either through redesign or as we mentioned earlier by way of proof-
testing according to the relation

R0 = ~~~~
- (4)

when R~ is the survival probabili ty at proof test loading condition and is equal

-s R~ = exp 

~~~ ~ (~ )~ ~ (5)

~1pi is the max principal tensile stress in a rotor element at proof test and S0 is the characteristic
strength of the element again at proof test conditions. Combining (1), (4) and ~5)

m

R
~ =j~~ 1 

exp 

~~~~~~~~~~ 
(6)

or

1 ~1 
- 

~~l 

— 
(a~~~

\ 
m

— 

Ra 1 1  R .  

~iL\t~) ~
so~~~ 

( I

From the last equation one concludes that maximum benefit is realized from the proof test in terms
of increased reliabili ty when the distribution of reliabilities of individual rotor elements at proof test
conditions approaches the distribution of the time dependent reliabilities at the specified time r , i. e.

R(~ R01 —.- 1.O when 

~~~~~~~~~
It is doubtfu l that this condition can be satisfied identically throughout the structure . Generally, an

iterative process will be required to zero in on the appropriate proof-test load distribution that will
result in the desired reliabili ty level and that will be both practical and economical.
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6.3 TURBINE DISK REDESIGN

Introduction

In the last report(
~M a technique was outlined for predicting the life of a ceramic component under

stress in the presence of subcritical crack growth (S.C.G.). In the current reporting period, this tech-
nique was applied to a duo-density rotor using estimated material characteristics to see whether
modifications to the rotor disk design based on fast fracture considerations could improve rotor relia-
bility for 25 hours of operation at maximum conditions. In order to perform the analysis, it was
necessary to estimate strength and crack propagation parameters from preliminary and rather limited
hot pressed ceramic nitride test data.

The analysis revealed that the disk configuration as originally designed for fast fracture failure ~ as
unsatisfactory when time-dependent failure modes were considered. Based on earlier work 124

~ aparametric study was conducted to find out what improvements, if any, in time-dependent reliabili ty
were attainable by way of disk contour redesigns where given design constraints. The results of this
analysis indicated that a disk with a thicker throat was beneficial in terms of lifetime reliabili ty.

Discussion

Disk redesigns studied were limited in scope so that any new disk configuration could be made from
the existing hot pressing blank with minimal changes to the existing machining tools and so that
existing blade tooling and rotor mounting hardware could be retained. Two disk contour modifications
were investigated within these constraints. The first which is shown in Figure 6.1 has a throat thickness

1!
/ / / ‘t-I ~~~ _ _ _ _

LII 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

1
iiiii ~~~~ii~~~ii~-ii i--iiiiii

Figure 6.1 — First Stage Turbine Disk — 0.40 inch Thr oat

73

-

~

- -

~

. - - - - -

~ 

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



- -

increased from .300 inch to .400 inch. The second with a throat thickness of .480 inch is shown in Figure

~ 2. As will be shown later , both disk changes give a stress reduction in the throat without a significant
increase in the stress levels in the disk bore.

Figures 6.3. 6.4 and 6.5 respectively show the calculated temperature contours in the .300, .400 and
.480 inch throat disks at 2500°F TIT and 100% mechanical speed. Since the disk design modifications
do not significantly alter the original disk contour geometry, (i.e. surface area) no major change in
thermal loading is expected in the new rotor disk configurations for the same operating conditions.

- 
- - 

Consequently. the thermal boundary conditions calculated for the .300 inch disk were used in each
instance.

The calculated maximum principle tensile stress contours for the original design and for the two
modified designs at the full power loading (2500°F TIT and 100% speed) are shown in Figures 6.6, 6.7
and 6.8. A summary of maximum stress levels in the disk throat and bore areas for all three configura-
tions is shown in Table 6.1.

H 
_  

_

Figure 6.2 — First Stage Turbine Disk — 0.48 inch Throat
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Figure 6.3 — First Stage Turbine Disk (0.30 inch Throat) Temperature (°F) Contours for 2500°F T.I.T.
and 100% Speed
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Figure 6.6 — Maximum Principle Tensile Stresses (Psi) for the First Stage Turbine Disk (0.30 inch
Throat) at 2500°F T.I.T. and 100% Speed
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Figure 8.7 — Maximum Principle Tensile Stresses (Psi) for the First Stage Turbine Disk (0.40 Inch
Throat) at 2500°F T.I.T. and 100% Speed
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10000

Figure 6.8 — Maximum Principle Tensile Stresses (Psi) for the First Stage Turbine Disk (0.48 inch
Throat) at 2500°F T.I.T. and 100% Speed

TABLE 6.1

Throat and Bore Maximum Stresses

Disk Throat Throat Bore
Thickness (inch) Stress (psi) % Reduction Stress (psi) % Increase

.300 (original) 34,000 — 40,000 —

.400 28,000 18% 44,000 10%

.480 20,000 41% 47,000 18%

Table 6.2 lists the thermal and physical properties of the HPSN and injection molded RBSN
disk/blade materials that were used in the analysis. Hot pressed silicon nitride strength data for the
study was estimated from prelimina ry material modulus of rupture test data.

The estimated strength data for the hub material is shown in Figure 6.9. It is based on limited MOR
tests at various stress rates of “A” size bars of hot pressed silicon nitride hub material with 3~~7o MgO
hot pressing additive. The solid line represents an estimate of material fast fracture strength while the
broken lines represent a lower , static fatigue strength due to subcritical crack growth. The Weibull
modulus which defines material strength scatter , m. was assumed independent of temperature for fast

80 
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fracture failure modes. The subcritical crack growth exponent , n , was estimated from preliminary
material test data as also shown in Figure 6.9.

Discussion

In designing the original , .300 inch throat rotor , its geometry was optimized to produce almost the
same failure probabilities at full power loading for the bore and throat regions with the higher bore
stresses being offset by the larger volume of the throat region.

By increasing the throat thickness, the stresses and thus the fast fracture failure probabilities in that
region have been reduced. Since the hub configuration remains unaltered the stresses in that region
have increased and the rePability reduced enough to lower the fast fracture reliability of the overall

I

TABLE 6.2

4 MaterIal Properties

Coefficient
of Thermal

Young’s Shear Expansion
Temp. Modulus Poisson’s Modulus in/in/°F
_____ 

x10 psi Ratio xlO’ psi x10’

3.5% MgO Hot-Pressed Si3N, 78 43.5 .272 17.1 0.95
(Hub) 500 44.1 .260 17.5 1.23

1000 44.3 .251 17.7 1.54
Density = 3.18 gm/cm~ 1500 43.5 .250 17.4 1.74

2000 42.6 .246 17.1 1.89
2500 41.3 .237 16.7 2.01

Injection Molded Si3N4 78 25.0 .187 10.5 .82
500 24.7 .178 10.5 1.07

Density = 2.70 gm/cm~ 1000 24.1 .164 10.3 1.46
1500 23.3 .152 10.1 1.62
2000 22.2 .140 9.8 1.70
2500 21.5 .128 9.5 1.73

Thermal Specific
Temp. Conductivity Heat

°F Btu/hr -ft- °F Btu/lb-°F

3.5% MgO Hot-Pressed Si3N4 78 17.0 .178
(Hub) 500 15.0 .227

Density = 3.18 gm/cm~ 1000 13.0 .263
1500 11.0 .289
2000 9.2 .328
2500 8.0 .325

Injection Molded Si~N4 78 11.4 .150
500 10.4 .230

Density = 2.70 gm/cm~ 1000 8.1 .270
1500 6.6 .280
2000 5.5 .290
2500 4.6 .300
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rotor. Thus by trading off the reliabilities in these two regions, one can arrive at a rotor configuration
that will be optimum from the standpoint of life considerations. This configuration will be different
than that arrived at from the fast fracture point of view. Similarly as in the fast fracture approach an

- _ optimum configuration is defined as one for which the failure probabilities for the two regions are
equalized at the time of failure. In this case this is represented by the .40 throat thickness which as seen
from Table 6.3, gives the maximum probability of attaining the 25-hour life at full load.

18

SUBCRITICAL CRACK GROWTH EXPONENT n.
16

14 
WEIBULL MODULUS , m,

12 -

KSI

100 MPa

6®~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~ICAL
CRACK GROWTH (SCG) \ ~~~ 50 . 1580 MPa NIH. \~~\ \\

3® - 172 MPa MIN. ‘

18 MPa MIN.
I MPa NIH.

FIRST STAGE TURBINE
- DISK TEMPERATURE

DISTRIBUTION AT 1370°C
(2500°F) TIT

I I I I I I

0 200 400 600 800 1000 1200 1400 1600°C

I I I I
500 1000 1500 2000 2500 ‘F

TEMPERATURE

Figure 6.9 — Estimated Strength Characteristics of Rotor Hub Hot Pressed Silicon Nitride Used to
Check Out Analytical Codes

TABLE 6.3

Fast Fracture and Time Dependent Reliability Estimates for the First Stage Turbine Disk
(exluding Blades) 2500°F TIT and 100% Speed

SCG
Throat Threshold Reliability

Thickness Temperature (+) Reliability (Time Dependent, SCG) Critical SCG
(Inches) °C, °F (Fast Fracture) (25 Hours) Disk Region

.300 770°, 1420° .99787 .29156 Throat

.400 770°, 1420° .99647 .82042 Throat

.480 770°, 1420° .98986 .60986 Bore

(+): Threshold temperature for a loading rate of 1 MPa/min. (8.7 ksi/hr.) on the “A” size MOR test bar.
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FORTRAN LISTING OF HYPOThESIS TESTING
PROGRAM S. DIFF

S , D I F - F :

LO*$FTN S.DIFF=H .DIF1 (OFT/~ NOGO,CORE~ 24P’~)
20C PROGRAM W R ITTEN 1~Y RiCHA RD A ,  J ERYAN , FO RD MOTOR COMPANY
30C GAS TURBINE RESEARCH DEPARTMENT , DEARBORN MI 48121
40C (REF. : THOMAN AND BA IN ; TECHNOMETRICS , V .11 , P.805.)
50C LAST R EV I S ION FI/1O/77
60 DIMENSION FPA (lO0), ~~~~~~~~~
70 REAL Mi ,M 2 ,N 1 ,N 2 ,L IJA ,L E IB ,LB THETA R
80 600 FORMA T (//’tio) YOU WANT TO RUN ANO THER TEST? (YES ~~1 ,NO~ O) ’)
90 WRITE (6 ,10)

- 
- 100 10 FORMAT (/’THIS P R O G R A M  WILL DETERMINE IF A STATISTICALLY

110$ SIGNIF ICANT ’/’DI FFERENCE EXISTS BETWEEN FWO WE IBULL
120$ IIISTRIBUTIONS ’/ ’RASED ON A TWO -sHEll TEST AT A 0.10
130$ SIGNIFICANCE LEVEL // EN IER WE IBULL SLOPE, CHARACTERISTIC
140$ VALUE AND SAMPLE SILE )
150 11 WRITE (6,12)
160 12 FORMA T (// ’SAM PLE 1 :)
170 READ (5,500) M1 ,THETA 1 ,N 1
180 WRITE (6,20)
190 20 FORMAT (/ SAMPLE 2:’)
200 READ (5,500) M2 ,THETA2 ,N2
210 N = MINO(N 1,N2)
220 IF (N .LT .5) GO TO 5000
230 IF (N ,GT .100) GO TO 5003
240 IF (AMAX O(N1 ,N2)/AM IN O (N 1 ,N2) ,LT.1 .50) GO TO 30
250 WRITE (6,25 )
260 25 FORMAT (/‘***WARNING*** THERE IS CONSIDERA BLE DIFFERENCE
270$ BETWEEN THE~~/’SAMFLE SIZES WHICH MAY CAUSE SOME ERROR IN
280* THiS TEST’)
290C
300C A: TEST STATISTIC FOR SHAPE F’ARAMETER RATIO
310C B: TEST STATISTIC FOR SCALE PARAMETER RATIO
320C
330 30 A M 1/M2
340 C THETA1/ THETA2
350 8 ((M 1+M2)/2 .)*AL OG (C)
360C
370C READ IN THE 95% PERCENTAGE POINTS TO DETERMINE THE
380C 95% CONFIDENCE INTERVALS FOR A ANt i B
390C
400 DATA F’PA/l .0,1 .0,i ,0,1.0,2 .765,2.465,2 .246p2 .093,1.983,1 .897,
410$ 1.829,1.774,1.727 ,1 .688,1.654,1 .624~~1.598,1 .574,1.553,1.534,
420$ 1.519 ,1 ,501,1 ,487,1.473 ,1,461,1.449,i.439,1,428 ,1.419,1.409,
430$ 1.401,1 .393 ,1,380,1 ,378,1.372 ,1,365 ,1.359,1 ,353 ,1 ,348 ,1 ,342 ,
440$ 1,3~I7,1 ,332,1 ,328,i,323 ,1,319,1.314 ,1.31O ,i.3O6,1 .303 ,l.299,
450* i.296 ,1 ,292 ,i ..289,i ,285 ,1,282 ,1,279 ,1,277 ,1.274 ,1.271,1.268,
460* 1,26~,,1,263 ,i .26 1,i ,258 ,1.256,1.253 ,1.251 ,i.249 ,1.247 ,1,24s ,
470* 1,243 ,1.241 ,1.239,1.237 ,1,235 ,1.233 ,i.232,1 ,23o,l.229,1.227,
480$ 1.226,1 .224 ,1.223,1.221 ,1.220 ,1.218 ,1.217 ,1.215 ,1.214,1.212,
490$ 1.211.1.209,1.208, 1.207,i.206 ,1,204 ,1.203,1.202 ,1.200,1,199/
500 DATA PF’B/1..1..1 ,.1.r1.670.1.404,1.215,1.086,0.992,0.918,
510$ ,860~ .811, .770, .734, .704, .676~ .654, .631. .611. .593.
520$ .577,.561,.548,.534,.522, ,510,,500,,490,.481,.472,
5301 •464,,455,.448,.441,,434,.427,,421,.415,,410,,404,
540* .399, .394, .389, .384, .380~ .376, .372, .367, ,364. .360,
550$ •356,.353,,350,.346,,343,,340,.337,.334,,331,.328,
5601 •326,,323,.320,.317,,315,,313,.311,,308,,306,.304 ,
570$ ,302,.299,.297,.295,.293,.291,.29o,.288,.286,,284,
580$ ,282,,281,,279,.278,,276,.274,.273,,271,.270,,268 ,
590$ .267. .265p,264, .263, .262. .260, .259, .258~ .256, .255/600 500 FORMAT (V)
61 OC
62OC 90X INTERVAL FOR A (LBA*A , UBA*A)
63OC 90Z INTERVAL FOR c: (LBTHETAR , UBIHETAR I
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- 640C

650C TO BE CONSERVATIVE , CONDUCT TEST BASED ON THE
660C SMAL .ER SAMPLE SIZE
670C
680 LE4A 1.i FFA (N)
690 UBA = FFA (N)
700 L1’B =
/10 UBE’ = (18 (N)
720 IF(A .LT.LBA) GO [0 50
730 IF-(A .GT .U 8A ) GO TO 70
740 W h I T L  (6,40)
750 40 FORMAT (1’ 1, THERE IS NO STATISTICALLY SIGNIFICANT
7601 DIFFERENCE BETWEEN’/ THE WEIBULL SLOPES’)
770 GO TO 90
/80 50 WRITE (6,60)
790 60 FORMAT (/’ 1. THE WEIBULL SLOPE OF SAMPLE 1 IS SIGNIFJCANrLY
800* SMALLER / THAN THE WEIBIIL.L SLOPE OF SAMFLE 2’)
810 GO T O  90
820 /0 WRITE (6,80 )
i330 80 FORMAT(/ 1. THE WEIBULL SLOF’E (IF SAMPLE 1 IS SIGNIFICANTLY
8401 GREATER~ /’ THAN THE WEIBULL SLOPE OF SAMPLE 2’)
850 90 IF(B,LT .LEIEI) GO TO 110
860 IF(L’.CT.UBB) GO TO 130
870 WRITE (6.100)
880 100 FOF — A1(/’2. THERE IS NO STATISTICALLY SIGNIFICANT
8901 1:’IFFERENCE BETWEEN / THE CHARACTERISTIC VALUES’)
900 GO TO 150
910 110 WRITE (6,120)
920 120 FORMAT (/~~2. THE CHARACTERISTIC VALUE OF SAMPLE 1 IS
930* SIGNIFICANTLY SMALLER THAN THE ; C H A R A C T E R I S T I C  VALUE
940* OF SAMPLE 2’)
950 GO TO 150
960 130 WRITE (6,140)
970 140 FORMAT(/ 2. THE CHARACTERISTIC VALUE OF SAMPLE 1 Is
980* SIGNIFICANTLY GREATER’/ THAN THE CHARACTERISTIC VALUE
990* OF SAMPLE 2’)
1000 150 WRITE (6~~160) LBA*A , UBA*A
1010 160 FORMAT (/ THE 90 PERCENT CONFIDENCE INTERVAL FOR THE RATIO
10201 (M1/M2) OF THE / WEIBULL SLOPES Is:’,/19x.’(’,F6.4, , ,F6.4~~~)’)
1030 LBTHETAR = EXP (LBB*(2./(M1+M2)))*C
1040 UBTHETAR EXP (UBB* (2./ (M1FM2)))*C
1050 WRITE (6,170) L E iT HE T A R,  U B THE TA R

1Q60 170 F ORMAT (/ THE 90 F-ERCENT CONFiDENCE INTE:RVAL. FOR THE R A T I O
1070* (CV1/CV2) OF THE’/ CHARACTERISTIC VALUES IS:’,/19X,’(’,
10801 F6.4.’ • ,F6.4, • ) •
1090 WRITE (6,600)
1200 READ (5,500) bf~
11 10 IF(M~ .GT,0) GO TO 11
1120 STOP
1130 5000 PRINT,
1140 FRINT . BE sF:RIOUS, YOU HAVE LESS THAN 5 t’ATA
1150* POINTS IN ONE OF YOUR SAME-LEs;’
1160 PRINT, D(J MORE TESTS’~~
1170 WRITE (6,600)
1180 REAl’ (5,500) ~~
1190 IF U~~ .GT.0) GO 10 11
1200 STOF

10 5003 PR (NT ,
1220 FR IN 1 ,’THIS PROGRAM W I L L  NOT HANDLE SAMPLE SIZES OVER 100’
1230 WRITE (6,600)
1240 REAr (S, 500) ~t\
1250 IF(P~K .GF.o) GO TO 11
1260 STOF
1270 ENI’
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.. APPENDIX H

NUMERICAL EXAMPLE OF HYPOTHESIS TESTING

A sample of 52 as-nitrided blades were tested and the maximum likelihood estimates of the Weibull
- 

- parameters were calculated to be
9.1

01 = 89.9

A sample of 60 blades, after hot press bonding, were tested and the Weibull parameter estimates
were

m = 6.9

02 77 0

The caret mark is used above the symbols to indicate that they are maximum likelihood estimators of
the true parameters.

Testing for equality of the Weibull slopes, the significance level is

— a = 0 . 1 0

The null hypothesis is

H0: m1 =

The alternative hypothesis is
-J

- 
~~~ H1 : m 1~~ m 2

To test H. against I-It , H. is accepted if

< 

~1”~ 2 < 
~1 “~

‘2

where is taken from Table I of Reference 21.

Assuming that both samples are composed of 52 items, the nu ll hypothesis is accepted if

0.774 < 
~1~~ 2 

< 1.292

Because M,/m~, = 1.319 and does not fall within the above acceptance region , the hypothesis that both
samples come from Weibull distributions with the same slope may not be accepted. The 90% interval
estimate for the ratio of the true Weibull slopes is

2 ~‘1 
- rn 2~ 

< m
1
,’~~ 2 

< 

~1 ‘2 ~ ‘i m 2 )

1~~
) . ’1 m~ 1 .704

~~~~ 
114 th. t,i~~ popul&k,ns ~ Fwtw.’..n 1 021 and 1 704 with 90’~ confidence. It

___ .~ ~~~~ ‘*~~ ‘h. ., . ~. ~~i .  ‘ i.nftd.nc. ~~ th, rati o I. greater than 1 021.

- . ,~~~~~~ •‘~~~ 4~. us ,,h. aN ~
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The null hypothesis is -. - - - -
~

02
- - The alternative hypothesis is

H1: O~ ~

To test H, against H,, H, is accepted if

A A
m 1 ÷ m2

2 ) ( 0 1/0 2 ) <
~

1_
~ /2

where ~, is taken from Table 2 of Reference 21.

Again assuming that both samples are composed of 52 samples. the null hypothesis is accepted if

m l f m 2  A A
—0.353 <~~ 2 

—) 
~° (0 i / 02 ) < 0.353

Since ~- ~ 2 A A

2 
)~ n ( 0 1/O 2 ) = 1.239

and does not fall within the above acceptance region, the hypothesis that both samples come from
Weibull distributions with the same characteristic value may not be accepted. The 90% interval
estimate for the ratio of the true characteristic values is

12~~.V2 1 A A 12t1— ’V
(0 1 / 0 2 ) exp 

+ A j <  (0 1 / 0 2
) < ( 0 1/0 2 ) exp 

~~~ 

2

or
1.117 < 01 / 0 2 < 1.220

The ratio of characteristic strengths of the true populations is between 1.117 and 1.220 with 90%
confidence. There is a 95% confidence that the ratio is greater than 1.117
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APPENDIX III

FORTRAN LISTING OF MAXIMUM-LIKELIHOOD
- - ESTIMATION PROGRAM AND DATA FILES

The listing of the Fortran computer program which caj culates the maximum-likelihood estimates of
Weibull parameters was incomplete in the 11th report ~h1)~ The complete listing follows.
S.ML E

1 ~#FTN S.MLE= H.MLE (O PTZ ,NOGC ,CO RE ”2 4x,U L IB )L IB /FOR D
2CC P R O G R A M  W R I T T E N  BY R I C H A R D  A , .IERYAN , FORD MOTOR COMPAN Y
30C GAS TU R BINE E N G I N E E R I N G  D E P A R T M E N T ,  DEARBORN , I’I 48121
35C (RU: THOMAN , BAIN A N D  A N T L E ;  T E C H N O M E T R I C S ,  V .11, P.455 )
4 C C  L A S T  R E V I S I O N  4 / 1 1 / 7 7
SC D I M E N S I O N  X ( 2 0 0 ) , B N ( 1 9 6 )  . E L M ( 2 , 1 1 6 ) , E L C ( 2 , 1 1 6
60 D I M E N S  ION A M R A N K ( 2 0 , 2 0 )  , A t ’ R ( 2 0 0 ) , D 2 C R ( 2 5 )
7C D L M E t ~S I O N  t J O S ( 3 0 ) , 0 9 5 ( 3 0 )
7 5C  P O L Y N O M I A L  A P P R O X I M A T I O N  F O R  G A M M A  FUNCTION. R E F :  EON. 6 . 1 . 3 6,
76C “HANDBOO K OF M A T H E M A T I C A L  F U N C T I O N S , ” NBS AMS 55
SC F (AX) =1 ,—O.5 77 191 652 *AX+C .98S205891 *A x ~~2—O .89?056937*Ax~~3
9C&+0. 9182O68 57*AX ~~4_O. 7567C4O78*AX ~~5+O .482199394*A X~~6
1 CO &— ’J.l 9352781 8*AX ~~7+O .O3S86b343* A 1 8
120 CALL YOPEN( 02,”0K O5150 9 /EN FORM LESB R UCE, R ”)
130 CALL YOPEN(03,”QK 05150 9/ INT FORM$ aR UCE,R ;” )
1 4C CALL YOPEN (04.”QKO 51SC9 /INT FORQ $I3R UCE ,R .:”)
150 REAL MO,M,LBM ,L8O ,LB X B1 C
160 PRI N T ,
17C PRINT,
180 PRINT , ’T H IS P R O G R A M  W I L L  C A L C U L A T E  THE U N B I A S E D  M A X I M U M  L I K E L I H O O D  E S T I M A T O R ’
190 PRI ;~T,’FOR THE W E I B U L L  SHAPE PA R A M E T E R  AND C H A R A C T E R I S T I C  V A L U E ’
2CC READ (02,SOO) BR
210 REA D (03,S0O) (ELM(1 ,I), ELM( 2 ,I),I=1,116 )
220 READ (04.500) (ELO (1,I),ELO (2,I , 1=1,11 6 )
230 6 CONTINUE
24C REA D (01,5 0Q,EN D~~50O0 ) N, (X(I), I”l,N )
25C 500 FO R M A T  (V)
26 C (F (N.LT .5) GO TO 40 00
270 IT SO
2 8 O C F I R S T  EST I M A T E  OF THE SLCPE IS C A L C U L A T E D  AS THE SLOPE OF THE
29CC LINE B E T W E E N  THE F I R S T  A ND THE L A S T  D A T A  POINTS.
3C0 CALL SORTS ( X,N ,”A ” ,ERR )
310 MO (ALOG (ALOG ((N+ .4)/.7 ))—AL OG (ALOG((N + .4)/(R— .3))) )/
320& (ALOG (X(N ))—ALO G (X( 1 )) )
33C A ” 0 ,
340 ERR O R~~O.0O 1
350 A X ( N )
360 DO 10 1 1,N
370 X ( I ) = X ( 1 ) / A
380 10 C O N T I N U E
39C siso.
4CC S2 0.
410 S3 0.
420 S4 O,
430 DO 100 I~~1,N
440 S1”Si +ALOG (X (I ))
450 S2~~S2 +X (I ) ”I’i O
460 S3 S3 +ALOG(X( I ) )*  ( X ( I  )~~? ( C )
6 70 S 4 ” S 4 + ( ( A L O G ( X ( I )  ) ) “ 2 ) *  ( x ( I ) ~~M O )
4 8 0  100 C O N T I N U E
490  DO 200 I~~1,IT
S CO M ( ( 1 . / M O ) + ( S 1 / N ) — ( S 3 / S 2 ) ) / ( ( 1  ./MO’~2)+( (S4/S2)—((S3IS2)”2)))510 M~~M+ M O
5 20 S2s 0 .
530 S3~ O .
540 S4 z 0 .
5 5 C  D O 300 , js l , N
560 S 3 z S 3 + A L O G ( X ( J ) ) * ( X ( J ) ~~F)
570  S 4 z S 4 + ( ( A L 0 G ( X ( J ) ) ) ~~2)~~( X ( J ) ” M )
580 S 2 s 5 2 , X ( J ) * M
59C 300 C O N T I N U E
6 00 D L D M . ( N / M )— N~~( S 3 / S 2 )  •S 1
6t 0 M0s ~
620 IF A B S C D L D M — E R R O R  250,250.200

89 

— -.~~~~-~—. - -~ - - --~~ - - -



-~ =-~~=-~- - =~~ ,. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~

P
~~ ACflC~~~~~~~~~~~

6 3C  200 ~ — O NT IN U E C

64C w R I T E  (6,2000)
6 5 C  2000 F O R M A T ( N U  S O L U T I O N  F O U N D ’ )
660 GO T O  5000
67C 250 T HETA :0 .
680 DO 400 I 1,N
690 TH E T A T H E T A  + X ( I ) ” M O
7 CC 400 C O N T I N U E
710 W R I T E  (6.2001)
720 2001 F O R M A T  (//“ SAMP L E VA LUES: ”I/)
730 wR I T E  (6.2002 ) (A*X (I), U1,N)
74C 2002 FOR M A T  (1X ,6F1C . 1)
750 1 H E T A  A * (T H E T A / N ) (1 ./~~O)
760C MULTIPLY BY U N B I A S IN G  FA C T O R
770 MO MO~~BN (N—4)
775C IF (N .LE.120) C A L C U L A T E  P A R A M E T E R  I N T E R V A L  E S T I M A T E S
780 IF (N.GT .120) GO TO 2005
75C w R I T E  (6,2003)

- 

- 

8CC 2003 F O R M A T ( /3 7 X , ” P O I N T ”,15X , ”90 P E R C E N T ” ,/35 X ,”E S T I M A T E S ”,
8 1 C~ 9X, ” I N T E R V A L  E S T I M A T E S ”)
820 U,3M = M 0/ELM (1,N—4)
830 L~~M MO /EL M(2,N—4)
84C uBO TH E TA / EX P ( — E L O (1 , N — 4 ) / MO )
85C LBi )  T HETA /EXP (EL O (2,N— 4)/MO )
8~~0 w R I T E  (6 .2 0 0 4)  MO ,LB M ,U E~’
870 2004 F O R M A T ( /’ W E I B U L L  SHAPE PARA ~l E T E R = ”,9X,F1C .5,6 X,

— 880* “(“ ,FlO .S,”,” ,FlO .S,”)”)
sco w R I T E  (6,2006) THETA ,LBC ,UB0
9CC 2006 FO R M A T (” WEI B U L L C H A R A C T E R I S T I C  VALUE : “,F10.2.
910* 9X,”(” .F1 Q.2,”,”,F 10.2,”)”)
920 60 TO 2025
93C 2005 WRI T E  (6,2010) MO
9 4 C  2 0 1 0  F O R M A T  ( / / ‘ W E I B U L L  S H APE P A R A M E T E R =  ‘.F10.5)
950 W R I T E  (6,2020) THETA
960 2020 F O R M A T  (‘WEIBULL C H A R A C T E R I S T I C  VALUE: ‘,F10.2 )
970C D I S T R I B U T I O N MEAN :
9 80  2 0 2 5  A A X :  1 . / M O
990 A A F 1.O
995C R E C U R S I O N  F O R M U L A  FOR GAMMA F U N C TION
1CQO 202 6 IF ( A A X .LE. 1 .00)  C - C  TO 2027
1C 1 O AAF = A A F * A A X
1C2O A A X A A X  — 1 .00
1030 GO TO 2026
1040 202 7 A M E A N  = T H E T A * A A F . F ( A A X )
1CSOC D I S T R I B U T I O N  V A R I A N C E  AND S T A N D A R D  D E V I A T I O N
1C 6 O A A A X : 2 , / M O
1070 A A A F : 1 .O
1C8O 202 8 IF (AAAX .LE. 1 .O0 ) GO TO 2029
1090 A A A F = A A A F * A A A X
1 1 00 A A A X  A A A X  — 1.00
1110 GO TO 2028
1 1 2 0  2 0 2 9  V A R I ”  ( T H E T A * 2 ) * ( A A A F * F ( A A A X ) _ (  ( A A F a F ( A A X ) ) * 2 ) )
1130 ST D DEV ” S Q R T (V A R I )
114 C C V A L U E  OF X AT W(x;r4.0)=C.10; ( 810
1150 X B1 O T H E T A ’ ( 0 . 1 0 5 3 6 0 5 2 ” ( l . / M O ) )
1160 w R I T E  (6 .2 0 3 0 ) A M E A N
1170 2030 FO R M A T  (/ ‘DISTRI BU TION MEAN : .F10.2 )
1180 W R I T E  (6 ,2 04 0 )  S T D D C V
1190 204 0 F O R M A T  ( ‘ D I S T R I B U T I O N  S T A N D A R D  D E V I A T I O N  ‘,F 1O .2 )
1195C IF ( N .LE .30)  C A L C U L A T E  8 10 I N T E R V A L  E S T IM A T E S
1 2C0 IF ( N . G T ,30) GO TO 2045
1210 D A T A  U OS / 1 .,1_ . 1 ..1.,— 1 . 4 2 2,—1 .125 , — 1 .0 15 , — .955 ,— .915, — .8794 ,— .652 ,
122 0& — .826. — .80 2. — .78, — .764 2,— . 741, — .722 , — .706, — .69. — .674 , — ,662,
123 0& — .648 . — .637 , — .6 26, — .6 1 6 ,— .605, — .596 , — .587 , — .5 ? 8 , — .5672 /
1240 D A T A  09 5 / 1  .,1 ,,1 , ,1 , ,4 ,4 4 5 3 , 3 .7 6 ,3 , 1 O , 2 . 6 4 , 2 . 2 4 , 2 . 1 3 0 4 , 1  .9 5 , 1 . 8 2 , 1 .7.
1250* 1 .6 ,1 ,5 O 9 1 , 1 . 4 4 , 1 . 3 8 , 1 . 3 2 ,1 .2 7 , 1 . 2 2 6 2 , 1  _ 1 8 , 1 .14 ,1 .1, 1 . 0 7 ,1 ,C4 , 1 .C1,
1 260* .9 9 , . 9 6, .9 4 , .9 1 47 /
1 270 L B X O 1 O  z X B 1 O / ( EX P ( U 9 5 ( N ) / N 0 ) )
1 280 U 8 X B 1 O  ~ X B 1 O * ( E X P ( — U 0 5 ( N ) / M 0 ) )
1 290 W R I T E ( 6 , 2 0 5 1 )  x B 1 0 , L B X B 1 O , U B X B 1 O
1300 205 1 F O R M A T (’e l O  V A L U E Z ’ ,2 3 X , f I 0 . 2 , 6 X , ’ ( ’ ,F1 O.2 , ’ , ,F IO . 2, ’ ) ’ )
1310 GO TO 20 5 2
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1320 204 5 W R i T E ( 6 . 2 O 5 6 )  X b l C
1330 2050 F O R M A T  (‘810 V A L U E :  ‘,FIO.2) -:

1340 2052 CONTINUE
135 0 C K—S G O O D N E S S  O F F i T  T E S T
136OC .20 S I G N I F I C A N C E  LEVEL ( N ON P A R A M E T R IC )
1 3 7 0  IF ( N . G T . 2 5 )  GO T O  2 0 5 5
1380 D A T A  D 2 C R /  .9 0 0, . 6 84 , . 5 8 5, .4 9 4, . 4 4 6 . . 4 1 0, _3 8 1 , . 35 8 , . 3 3 9,  . 3 22 .
1390* .30?,.295,.284,.2?4,.26 6..258,.25Os .244,.237,.231.
14CO& .227,.223,.218,.214,.21/
14 10 D 2 C R I T  = D 2 C R ( N)
1420  GO TO 2060
1430 205 5 D 2 C R 1 T  = 1 . 0 7 /S Q R I ( N )
1 440 2060 IF(N .GT .20) GO TO 3500
1445C R E A D  M E D I A N  R A N K  T A B LE
1450 CA L L  YO PEN (0S,”QK 0 515Oc/ DATA St ~RUCE ,R ,

”)

1 660 DO 3000 U1,20
1470 DO 3000 J 1.2O
1480 3000 A M RA N K (I,J ) = 0 . 0 C C
1490 DO 3010 1=1 ,20
150 1) REA D  (0 5 ,5 00 )  (AMRANK (I,k),K:I,20)
1510 301 0 CONTINUE
1520 00 3020 I 1,N
1530 AMR (I) AMR A N K (I ,N )
15 40 3020 CO ;~T I N U E
1550 GO TO 3600
15 60 3500 DO 3030 I 1 ,N
1570 A M R ( I ) ( I — . 3) / ( N+ .4 )
1583 303 0 CONT I N UE
1590 3600 C O N T I N U E
16C0 D2 O.O
1610 DO 3620 I=1 , N
1620 361 0 FF 1. — EXP( -—( ( (A *X (I ))/THETA) MO))
163 0  D l  = A B S ( F F — A M R ( 1 ) )
1640 IF (D 1 .LE .D2CRIT ) GO TO 3616
16 50  - w R I T E  (6 ,3 6 1 5)
1660 361 5 F O R M A T (”*.**”,/,”** **THE D A T A  E X C E E D S  THE GOODNESS—
16 61 * O F — F I T  L I M I T S  OF T HE ”,/,”K O L M O G O R O V — S F I I R N O V  T E S T  AT THE
1 66 2~ 20’h S I G N I  F I C A N C E  L E V E L ”,/ ,”* ** * ”)

1663 02 D 1
166 5  GO TO 362 5
16 7 0  361 6 IF ( D 1 .L E . D 2 )  GO T C  3 6 2 0
1680 0 2 = Dl
1690 362 0 CONTINUE
1700 3625 W R I T E  (6,3630) D2
1710 363 0 F O R M A T  (“D 2 “,F10.6)
1720 60 TO 8
1730 4000 PRIN T, ”BE SERIOUS, YOU H A V E  L E S S  T H A N  F I V E  S A M PLES;”
1 740 PR IN T,”DO S O M E  M O R E  T E S T S ”
1 7 5 0  GO TO 8
1760 500 0 P R I N T , ”EN D OF D A T A ”

1770  S T O P
1 780 E N D

BNFORMLE

.70,.?52..792,.82O,.842,.85c,.872,.883,.893,.901.,9O8, c ,4,.9185

.923..92?,.931,. 9345,.938,_ 9405,.943,.945,.947..949,.951,.953 ,.955
,9565 ,.958,. 959. .960, .961,. 962, . 963. .964 ,  .965,  .966. .967,  .968
. 569 . .6 70 . .9705 . .9?1 , .971s ,. c72 , .9 72s , ,973 , . 973 5,.9 7 4 , . 9 7 4 5 , . 9 7 5
.975 5 , . 9? 6 , . 976 5 , .9 77 , .97 7 5, . 9 78 , .97 8 5 , .9 7 9 , .9 7 9 5, . 980, .980, .98 O
.98O5 ,.981 , .98 1,.981 , .98 15 ,. 98 2 , .982 , .982,.9825,.983, .983 , 983, 9835
.984,. 984 2 , . 9844 ..9846 ,.9848, .985 , .9852 , .9854, .9856, .9858 ,. 986
.9861,.9862,. 9 8 6 3 , .9 8 6 4 , .9 8 6 5,.9866, 9867 , .9868 , .9869, .987
.987 2 , .9873, .987 5.. .9876, .98 78,. 9879,  .9881 ..988 2. .9884. . 9885
.98871.9888, . 9890 , .989 1 ,.98c3 , .9894, . 9896, .9897 , .9899, .9900
.9901..99 01..990 2 , .9903 , .99C3 , .99O4 , . 99 04, .9905,.99O6. .9906
.9907, .9 908, . 9908, .9909, • 9909,. 991 0, • 9911,. 9911 , • 9912, .  9913
• 9 9 1 3 , . 9 9 14 , . 0 9 1 4 , . 9 9 15 , . 9 9 16 , . 9 9 1 6 , . 99 1 7 , , 9 9 18 , . 9 9 1 8, . 9 9 1 9
.99 19 , .9920 , .99 2 1 , . 9 9 2 1 , .9 9 2 2 , , 9 9 2 3 , . 9 9 2 3 , . 9 9 2 4 , . 9 9 2 4 ,_ 9 9 2 5
.99 26 , .9926 , . 99 2 7 , .9 9 2 8 . . 9 9 28 . . 9 9 2 9, . 9 9 2 9, .9 93 0 , . 9 93 1
.99 31 , .993 2 , .9 9 3 3 , .9 9 3 3 , . 9 9 3 4 , ,9 9 3 4 ,  9 9 3 5 . ,9 9 3 6 . .9 9 36 , .9 9 3 7
.99 3 8 , .9 9 3 8 , .9 9 3 9 , .9 9 3 9 , . 994 C , . 9 9 4 1 , . 9 9 4 1 , . 9 9 4 2 , . 9 9 4 3 ,_ 9 9 4 3
. 99 4 4 . . 9 9 4 4 . . 9 9 4 5 . . 9 9 4 5 , . 9 94 6 , . 9 9 4 7 , . 9 9 4 8 , . 9 9 4 8 , . 9 9 4 9 , . 9 9 4 9
.995 0
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.6 83 ,2 . 7 ? ~~. . 69? ,2 . 436 , . 7U9 ,2 . 183, . 720 ,2 .015 , .729 , l .896.. 738 .1 .8C7 , .74 5 ,1.738

.752. 1 .682,.?59 .1 .636,.764 ,1 .597.,77C ,1 .564 ..775 ,l .535 ,. 779 ,1.51O,.784 ,l.487
— 

• 788,1 .467..?9 1.1 .449,.795,l .434,.798.l .418..802.1.4O5,,805 ,l.392,.808,1.381
.S1U,1 .370,.8 13 ,1 .361 ,.815 ,1.351 ,. 818.l.343 ,.820 ,l .334. .82?.l .32?..824,l .3l9
.826 , 1 .3 13 , . 82 b . 1 .3 0 6, .8 3 0, 1 .300, .8 32 , l .2 94 . . 83 4 . 1 . 288 , . 83 5 , 1.2 8 3, .8 37 , l .2 ? 8
.23?, 1 .2 73,.641.1 .269,.842,1.265,.844,1.261,.845,1.256,.846,1 .253,.847,l .249
•849 ,1 .2 66,.850,1 ,242 ,,85 1,1,239 ,.852 ,1 .235 ,.853 ,l .232 ..854 .1 .229,.856,1 .227

.e~~7 ,1 . 2 24 , .858 , l .2 2 1, . 859 , 1.2 18 , .86 0 , l .2 l6 , .8 61, 1. 2 13 , . 862 . , l .2 1 1 , .8 6 3, t . 2 O 8

.8 64 , 1 . 2 0 6, .8 64 . 1 .20 1.,.86 5 , 1 . 2 0 2, .8 6 6, 1 .200,.867, l .l98, .868 .1 . 196, .869,1 .194

• 869. 1 . 1 9?, .870,1.190. . 871,1 .188. . 8 7 2 . 1 . 187,  • 872 ,1 .185,  .873.1 .184, . 874,1 .182
.875. 1 .1111 ,.875,l .179, .876 ,1 .178,.876,l .176,.877.l.175 ,.878.l. 173 ,.879,l. 172
879,  1. 1 70,. 880 ,1.  169, . 880,  1. 167.  . 881,1. 166, .881, 1 .165,  .882, 1 .164.  . 882 , 1. 16 2
883 ~ 1. 161 , . 883.1 .160. . 884 ,1 .159, . 884, 1 . 158, .885,1 .157,  .885.1 .156. .886.1 .15 5
.888w 1 _ 154, • 88 7,1 . 15 3. . 8 8 7, 1 .152 ,  .888,1.  151, .888,1.150 .  .889.1.149,.  889,1 .148
. 890 , 1 . 14 7 ,  . 8 9 0 , 1 . 14 6,.  8 9 1 , 1 .14  6. . 891.1 . 145,. 892,1 .144, .892.1 .143.. 893.1. 142
.893,1 . 141,. 89 3,1 .140,. 894, 1 ,139, , 894,1 . 139,. 89 5,1.138, .895.1 .137, .895,1.136

• 896. 1 . 135, .896.1 .13 5, , 897 .1 .134, .897.1. 133

INTFORØ

1 .24 7,1 .107,1.O07,.939,.874,.829,.784,.751,.717,.697,.665,.644,.622,.6O5
.587. .57 2..55?. .54 6 ,  , 532 . , 52 0 ,  . 50 9. .  4 9 9 ,  .4 8 9. .  4 8 0 .  . 4 7 1  ,.4 6 3, .  4 5 5 ,  • 4 4 7
.441,.433,.428,.421,.41 6,,41C,.404,.398,.394..389,.384,.379,,376,.371
.367..362,.360. .355 ,.352..347 . .345 ,.341. .338..334 ..332 ..329,.326..323
.32 1,.318,.315,.312,.31C,.3C7..305,.302,.301,.298,.296..293,.292,.289
.288,.285,.28 4,.282,.280 ,.278 ..277,.275,.273..271 ,.270,.268,.266,.264
.263,.261 ,.26O ,.258,.257 ,.256 ,.254,. 253 ,.252..250,.249 ,.247 ,.247 ,.245
.2 44 ,.243 ,.242 ,.241 ,.239,.238 ,.237,.236 ,.234 ,.233 ,.232 ,.231 ,.23C ,.229
.2 ?8 , . 2 2 7 , . 2 2 6 . . ? 2 5 . . 2 2 4 , . 2 2 3 . . 2 2 2 , . ? 2 1, .2 2 0 , . 2 2 0 , .2 18 , .2 1 8 , .2 17 . .2 16
.215,.214,.213..2 13,.2fl,.217..210,.21O,.208,.208,.2C7,.207,.205,.205
,2 0 4 . .2 0 4 . . 2 0 2 . . ? 0 2 . .  2 0 1 . .  2 C l .  . 199, .19 9 , . 19 8 . . 1 68, .1 9 7, . 1 97, . 196 . .  196

• 1 9 4,  . 1 9 4,  . 1 9 3,  . 1 9 3 . ,  1 9 1 , .  ic i.. 1 9 0, .  190 ,  . 189. .189, .188, , l88,. 18 6 . . 18 7
.185,.186,.184..185..183,.184..182,.183,.181,.181,.180..180,.179,.179
.178,.178,.177 ..177,.176,.177..175,.176,.174,.175,.173,.1?4,.172,.173

• 171, .172, .170, .171, . 17U..171. . 1 6 9 ,  . 17 0 ,  .16 8 , . 16 9 ,  . 16 7, .1 68 , ,  1 66 ,.  1 6 7
1 65 ,  .1 6 6,  .164 ,  .165,.164,. 165, , 163 , , 164, .162, .163, .162, .163, .161..162

.160,  .1 6 1. .  1 5 9 . .  1 6 0 . ,  1 5 9 . .  160. . 1 5 8. . .  1 5 9

MRDATA

.5..2929,.2063..1591..l2 94,.1091,.Q943,.083..O741..067,.O611,.0561

.0519.. 0483, . 04 52, .04 24, .04 , .03 78, • 035 8.. .0341
• 7071.. 5.. 3864. . 3147, . 2655, .2295, . 2021,. 1806, .1 632,. 1489, .1368, .1266,.1178
•1101.,1034,.1J975,.0922,.0874,.O831
.79 3 7 . .6 1 3 6 ,.S . .4 2 1 8 , . 3 64 8 , .3 2 1 3, .2 6 7 1 , . 2 59 4 , .2 3 6 6 , .2 17 5 , .2 0 13

18 73 . . 1 ? S l . . 16 4 4 , . 15 5 , . 14 6 5 , . 139,. 13 2 2
.8409,.6853 ,.5?82 ,.5,.4404 ,.3935 ,.3557 ,.3244 ,.2982 ,.276 ,.2568 ,.2401

2 2 5 4  ,. 2125 ,.  2009 ,.1905 ,.  18 12
.8706.. 7345. . 6 3 52 ,  .5 5 96, . 5 .  . 45 19 ,  . 4 1 2 2  ,. 3789 ,  3506. .  3 ’6 3 .  . 3 0 5 1
.2 8 6 5 , .2 7 , .2 5 5 3 , .2 4 2 1 , .2 3 0 2
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\ ABSTRACT

~~The progress in the last nine months on ERDA supported programs within the joint DARPA/ERDA
supported “Brittle Materials Design , High Temperature Gas Turbine ” Program is reported on in this
volume. Volume I covers the progress on the DARPA supported Ceramic Turbine Testing Program.

Investigations of the materials used to fabricate’duo-density ceramic turbine rotors were conducted
,on_in.iection molded reaction bonded and hot pressed silicon nitrid e~The starting silicon powder . used

7’ to inlection mold rotor blade rings, was found lo contain cöntaminàtes in the form of iron and chrom’
ium. Microstructural examination of both silicon nitride test bars and rotor blades indicated a definite
correlation between strength and the size of microscopic flaws due to contamination. Magnetic sepa-
rator equipment was ordered and received so that all starting silicon powder can be cleaned in-house .
Approximatel y 30 hot pressings were made with various purity level starting powders and a variety of
hot pressing aids. The high temperature strength will be determined to identify the best candidates for
further study.

~~ The injection molding process, utilized to fabricate rotor blade rings, was im proved by opti m izing
the molding parameters with the automated control system and improving the molding mixture. The
installation of nozzles, to apply mold release, and air blast jets , to clean the die and evenly distribute
the mold release, resulted in a noticeable improvement in the surface finish of the blade rings.~.- 

—

Significant improvements were made in the hot press bonding process used to fabricate duo~density
turbine rotors. Control of the hot pressing load was refined and temperature measurement improved.
The graphite tooling was redesigned and blade filling process was modified. These two changes
resulted in the most significant improvement in the yield of hot pressings to date: 70’Y of the rotors -

fabricated were free of flaws induced by hot pressing. Alternate approaches were investigated to - -

produce duo-density turbine rotors . -

~—PDuo-density turbine rotors were tested in the cold spin pit to evaluate the hot press to reaction
sintered bond joints and the effect of 1.0. voids, in the blade ring rim , on blade failure speeds.
Degradation of the room temperature strength of the reaction bonded silicon nitride rotor blades was
identified as resulting from the press-bonding operation~ Blade strength decreases of 14 to 38~/, were
measured by the blade bend test. Analysis of the blades indicated they change from a shiny black to a
gray color after hot pressing with a corresponding increase in non-uniform porosity: phase anal ysis
indicated that the reaction bonded silicon nitride had changed from an average of 70% a, 29d/ ji befo re
press bonding to an average of 22% a, 75% ~ and 3% silicon oxynitride after press-bonding.

~~~ procedure for determining whether statistically significant differences exist between two sets of
data , known as the ‘Hypothesis Testing ’ was outlined. The test was applied to data from duo.density
turbine rotors and showed that blade strength did deteriorate after the press-bonding operation. Use of
proof-testing as a means of enhancing the accuracy of life predictions was discussed. Anal ytica l
relations were derived for predicting the survival probabili ty of a proof .tested component , an d a
procedure was outlined for maximizing the effectiveness of a proof-test. Life prediction relations
derived in the previous report were app lied to the first-stage turbine rotor .ASevera l disk contour
modifications were studied as means of improving the life of the rotor under the DARPA duty cycle.
The study showed that for given design constraints (space, inertia , etc.) and using material utilization as
the criterion , the optimum disk configuration derived on the basis of fast fracture (time indep enden tj
mode of failure differed from the confi guration derived from life consideration s when the material is
subj ect to static fatigue.
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