dz =
l AMMRC TR 79-11

59 27

BRITTLE MATERIALS DESIGN,
HIGH TEMPERATURE GAS TURBINE

CERAMIC TURBINE ROTOR TECHNOLOGY

13TH INTERIM REPORT FOR THE
PERIOD OCTOBER 1977 — MARCH 1978

"/“'?\ Arthur F. McLean, Robert R. Baker

Date Published — February, 1979

Prepared for
ARMY MATERIALS AND MECHANICS RESEARCH CENTER
Watertown, Massachusetts 02172

Contract Number DAAG-46-71C-0162
\ Agency Accession Number DA-OD 4733

FORD MOTOR COMPANY
ENGINEERING AND RESEARCH STAFF
DEARBORN, MICHIGAN 48121

U. S. DEPARTMENT OF ENERGY

Division of Transportation Energy Conservation




e
S W R R VL. SRt a0 - AT T T A G U 9 W

The findings in this report are not to be construed as an official Depart-
ment of the Army, or U.S. Government position, either expressed or : .
implied, unless so designated by other authorized documents.

Mention of any trade names or manufacturers in this report shall not be
construed as advertising nor as an official indorsement or approval of .
such products or companies by the United States Government. e |

-, l
DISPOSITION INSTRUCTIONS )
Destroy this report when it is no longer needed. i 1
Do not return it to the originator. fJ;:';f- i
1 ¥
Printed in the United States of America 1 ‘

Available from

National Technical Information Service
U.S. Department of Commerce

5285 Port Royal Road

Springfield, Virginia 22161

Price: Printed Copy  $6.50
Microfiche $3.00




DISCLAIMER NOTICE

THIS DOCUMENT IS THE BEST
QUALITY AVAILABLE.

COPY FURNISHED CONTAINED
A SIGNIFICANT NUMBER OF
PAGES WHICH DO NOT
REPRODUCE LEGIBLY.




K
ﬁ UNCLASSIFIED
% SECURITY CLASSIFICATION OF THIS PAGE (When Deta Entered)
3 REPORT DOCUMENTATION PAGE BEF oab COMPLETING FORK
‘:‘ ' REPORT NUMBER 2 2 GOV I ACCESSION NoJ 3. RECIPIENT'S CATALOG NUMBER
. \
: AMMRG/TR79-11 m\ FR-"4-13 \
! 4. TITLE (and Subtitie) e — s. TYPE OF REPORT & PERIOO COVEREO
: E v ; Interim Report Number 13
b Brittle Materials Design, ngh\Temperature 10-1-77 to 3-31-78
Gas Turbin?o bf,\ﬂ-’a) o b T PERFORMING ORG. REPORT NUMBER
Tuw ki e Rotopr Terhnalosup\DAAC 16-71.C-0162
AUTHORS M RACT OR GRANT NUMBER(s)
k A. F. McLean, Ford Motor Company
R. R. Baker, Ford Motor Company
9. PERFORMING ORGANIZATION NAME ANO AOORESS 10. ::‘E)EROA.W‘OERLKE'JsrTT.NPURMOBJEEgST' TASK
Ford Motor Company, Dearborn MI 48121 RﬁcﬁgeégdgFPA AN -
il Agency Accession: DA OD4733
1. CONTROLLING OFFICE NAME ANO ADORESLS ‘Y / i
Army Materials and Mechanics Research Center ' Febjuery 1979
Watertown, Massachusetts 02172 94
! 3. MONITORING AGENCY NAME & ADORESS(if diiferent from Controliing Ollice) 1S. SECURITY CLASS. (of thie report)
,/\1) g‘(p ; Unclassified
P 15a. DECL ASSIFICATION/ OOWNGRADING
SCHEOULE
76. DISTRIBUTION STATEMENT (of this Report) \ g " =y - —— et O
@In‘f‘ew v ;«\gP‘i‘.}no\fi& /
Approved for public release; distribution unlimited. E— [) C,T' '7 r} Ce 3 j— /)?QJ N '7 g i [
{ 17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, if different from Repori)
DL - ol Bakoers/
| .- FThopr B (Melenn Robent R-/Bmfﬁewl
: {

T8, SUPPLEMENTARY NOTES m—— ]

DAAG o =13 ~T-PLb%> " AR PA Drdew -39

19. KEY WOROS (Continua on revaree eide if neceseary and identify by biock number)

j Gas Turbine Engine Silicon Nitride
Brittle Design Silicon Carbide
Ceramics Non-Destructive Test
High Temperature Materials Mechanical Properties

20. ABSTRACT (Continue on ravaree side il necessary and identily by biock number)

(See reverse side)

DD ,"S"", 1473  E0iTioN OF 1 NOV 6515 OBSOLETE UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered) A

Sl

141 350

A

o T et e




UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

ABSTRACT
!

This report contains progress during the last six months and a sum:aary of earlier progress on the
DOE supported programs within the joint DARPA/DOE *Brittle Materials Design, High Temperature
Gas Turbine” Program and constitutes the final report of work under DOE funds. A separate report
will cover the progress on the DARPA supported Ceramic Turbine Testing Program.

The summary of previous work supported by DOE includes progress on reaction bonded and hot
pressed silicon nitride materials technology. Several NDE techniques were considered for the detec-
tion of flaws in complex-shaped silicon nitride components. Improvements to the hot press bonding
process resulted in a signif - ant improvement in the yield of flaw-free hot press bonded rotors. M.O.R.
and cold spin tests of rotor vlade rings revealed the presence of undetected subsurface flaws in both
the blades and the rim. Blade bend testing indicated that blade strength degraded during hot press
bonding,

During this reporting period, an investigation of hot press bonding tem peratures !md time at temper-
ature defined a region of zero microstructural and strength degradation. This study involved 19 hot
press bondings from which curves were generated defining the changes in color, porosity, hardness,
phase and strength as a function of time and temperature. <~

adaptive process
control unit which controlled and monitored the injection velocity and die cavity pre
injection and held portions of the molding cycle. Five parametric studies were conducted
atically varied injection profiles and hold pressures. Microfocus X-ray results indicated that high
injection flow rates combined with low holding pressures in the die cavity reduced the number of
subsurface void-type blade flaws.

The detection of planar flaws in both green as-molded and nitrided blade rings revealed that this
type flaw was only detectable after nitriding, indicating that it may only occur after burn out and/or
nitriding. Void-type flaws were detected in the rim of blade rings using a panoramic microfocus X-ray
technique.

Approximately 30 experiments were conducted utilizing glass and/or metals as isostatic hot pressing
media. A grafoil seal system was developed which contained the molten pressurized glasses. Decom-
position of the glass was minimized with vycor utilizing boron nitride as a barrier material. A sliding
seal for molten metals employed a grafoil-glass hybrid system; however, the metals were extruded
through the porosity of the graphite.

A reliability analysis was conducted for individual loading conditions and the cumulative reliability
estimated for Rotor #1195 which was previously engine tested. The cumulative time-dependent relia-
bility for the 36.5 hour run was 0.838. Reliability estimates were also made for 0.40 and 0.48 inch thick
throat rotors operating in the hot spin rig at a rim temperature of 180°F at 50,000 rpm,

An assessment of where the technologies addressed in this report now stand and recommendations
for follow on work are presented.
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SECURITY CLASSIFICATION OF THIS PAGE(When Date Entered)
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FOREWORD

This report is the thirteenth technical report of the “Brittle Materials Design, High Temperature Gas
Turbine” program initiated by the Defense Advanced Projects Agency, DARPA Order Number 1849,
{Contract Number DAAG-46-71-C-0162).

In fiscal year 1977, the Energy Resecarch and Development Administratian (ERDA), now Depart-
ment of Energy (DOE), joined with DARPA to support this project and this constitutes the final repor
of the DOE funded work.

This report is also the fipal report on materials development in the iterative design and materials
development portian of the DOE funded partion of the Brittle Materials Design Progran, as such it
represents the state of the art in materials processing developed as of the end of the program. However,
this does not Imply that further processes improvements are not desirable.

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 ceramlcs 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
Pragram. The Army Materials and Mechanics Research Center continued to function as the technical
monitor of the overall program.

The principal investigator of thix 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 vahrable
contributions in the performance of this work by the following people.

Ford Motor Company

N. Arnon, R. ]. Baer, |. H. Buechel, D. |. Cassidy, ]. C. Caverly, G. C. DeBell, R. C. Elder, A. Ezis, E. A.
Fisher, R. K. Govilla, M. N. Gross, D. L. Hartsock, P. H. Havstad, {. A. Herman, R. A. Jeryan, C. F,
Johnson, |. A. Mangels, W. E. Meyer, |. T. Neil, A. Paluszny, G. Priisch, |. R.. Secord, L. R. Swank, W.
Trela, T. |. Whalen, R, M. Williams, W. Wu

Army Material and Mechanics Research Center

G. E. Gazza, R. N. Katz, E. M. Lenoe, D. R. Messier, H. Priest
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1.0 INTRODUCTION g

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 ceram.ic design,
materials, fabrication, testing and evaluation could be drawn together and developed to establish the
usefulness of brittle materials in demanding high temperature structural 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) vehi:ular 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
increase in operating temperatures. Today's nickel-chrome superalloys are in use, 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.

Therefore the goals of this program were considered to be congruent with the goals of the emerging
ERDA (now DOE) Highway Vehicle Systems Program. It was also apparent that ceramic component
processing developments and life prediction methodologies being developed under the DARPA pro-
gram would be directly transferable to future ERDA (DOE) programs in the heat engine area. Accord-
ingly in FY77, ERDA joined with DARPA to support the program and to carry the materials develop-
ment portions of the program. The ERDA Division of Transportation, working closely with NASA-
Lewis, started to support process development to improve the quality of duo-density siliccn nitride

Figure 1.1 Schematic View of the Vehicular Gas Turbine Engine Flowpath
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turbine rotors, and ERDA's Division of Convservation Research and Technology supported some of the
work on non-destructive evaluation of ceramics and ceramic materials characterization (Figure 1.2),

The Army Materials and Mechanics Research Center continued lo function as the iechnical montilo: of

the overall program.

TASK |
DARPA/AMMRC
CERAMIC TURBINE TESTING PROGRAM

® CONTINUE TO FABRICATE STATIONARY AND ROTATING
CERAMIC COMPONENTS

¢ CONTINUE TO TEST STATIONARY AND ROTATING COMPONENTS
IN EXISTING TEST RIGS AND ENGINES

B .

TASK Il i TASK 1)

i NASA-LEWIS/AMMRC DOE (CONRT) NASA-LEWIS/AMMRG
CERAMIC TURBINE

ROTOR TECHNOLOGY PROGRAM ' | CERAMIC TURBINE MATERIALS AND NDE

¢ DEVELOP CERAMIC MATERIALS AND PROCESSING - FRCHADLOWWY POV

TECHNOLOGY FOR TURBINE ROTORS @ CHARACTERIZATION OF CERAMIC ROTOR MATERIALS
© CONTINUE DEVELOPMENT OF STRESS AND RELIABILITY ¢ DEVELOP NEW NDE TECHNIQUES FOR CERAMIC
DESIGN CODES TURBINE COMPONENTS

Figure 1.2 DARPA/DOE Supported Tasks in the “Brittle Materials Design, High
Temperature Gas Turbine” Program

The DARPA portion of the fiscal year 1978 program, Task I in Figure 1.2, was specifically oriented
toward the evaluation of the reliability of state-of-the-art ceramic com ponents which were developed
over the previous five and one half years. The progress made on the DARPA Ceramic Turbine Testing
Program will be reported in a separate document,

The Turbine Rotor Technology Program, of fiscal year 1978, Task II in Figure 1.2, supported by
DOE, focused on continued development of ceramic materials and process technology nsed to fabri-
cate ceramic turbine rotors, The program was broken down into three separa’; categories, which are
Ceramic Materials Technology, Ceramic Processing Technology and Anglytical Codes. Work in the
area of Ceramic Materials Technology concentrated on problem identificaiion and continued develop-
ment of reaction bonded and hot pressed silicon nitride which are the two materials used in fabricatiny
duo-density turbine rotors (Figure 1.3). Improvements were sought in boih strength and “m" value of

development of Ceramic Processing Technology as applied to duo-density turbine rotors concentrated
on fabrication improvements on both injection molded blade rings and hot press/press honding of
rotor hubs. Considerable effort was needed and was spent on modifying the hot press bonding process
to increase the yiold 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 the statistical and 3-D finite clement stregs computer codes for reliability
analysis 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 utilized a computer program to determine, at what level of Sonfidence, were two sets of data
from the same or different populations.
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Figure 1.3 Duo-Density Ceramic Turbine Rotor

The progress made on the Ceramic Turbine Rotor Technology Program and the Ceramic Turbine
Materials and NDE Technology Program, up to September 1977, was covered in detail in references 11
and 13. A summary of the results js pbresented in Section 2.9 of this report,

before; this material degradatjon Wwas confirmed by microstructure analyses, These problems formed
the basis for work during this reporting period 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 this reporting period, the need to make rotors for testing was
and h i

Under plansto improve the quality of injection molded rotor blade rings, recently acquired microfo.
cus X-ray equipment was used to examine Scparate, cut-off parts of blade rings in an effort 1o detect
the type of internal voids breviously revealed in cold spin testing. Paralle] efforts in the injection
molding process continued with emphasis on utilization of the Hunkar adaptive process control unit to
Mmaintain g Programmed flow rate of mold material into the die cavity during injection,

experiments were conducted to quantify blade strength degrada-

tion as a function of hot press bonding conditions and to develop the conditions’ for minimum blade

egradation, Specia) attention was paid to the sensing of parameters (particularly teinperature) and the
control of the hot press bonding process,




2.0 SUMMARY OF PREVIOUS DOE SPONSORED WORK

Introduction

The duo-density silicon nitride rotor concept utilizes creep resistant reacticn bonded silicon nitride
for the complex shaped 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 blade: and the blade
ring rim. The green preform, made of silicon particles and an organic binder, is subsequently burned
out, to removed the binder, and then heated in a nitrogen atmosphere to convert the silicon to silicon
nitride. The silicon nitride blade ring, after blade encapsulation in a blade fill, is placed in a hot press.

Silicon nitride powder is then hot pressed to form the
hub to the blade ring.

hub while simultaneously hot press bonding the

Table 2.1 presents a summary of all DOE sponsored work. Improvements in ceramic materials
technology (Section 2.1} in addition to improvements in both the injection molding and hot press
bonding processes (Section 2.2} were sought in order to improve the quality of duo-density silicon

nitride turbine rotors.

TABLE 2.1

DOE PROGRAM ACCOMPLISHMENTS

Status at Start of Program
. CERAMIC MATERIALS TECHNOLOGY
1. Reaction Bonded Silicon Nitride

— Strength variability exhibited by 2.7 g/cc
Injection Molded RBSN.

2. Hot Pressed Silicon Nitride

— Limited coefficient of expansion data
available.

— Parametric study needed to identify the
best combination of starting powder, w/o
MgO, milling conditions and hot pressing
pressure.

3. Non-Destructive Evaluation
— Standard X-ray techniques failed to detect

subsurface voids in blades and blade ring
rim.

Status at Program Termination

Iron and chromium contaminant identi-
fied as source of strength variability.

Magnetic separator equipment ordered
for powder cleaning.

Coefficient of expansions determined
for varying concentrations of MgO over
the 100-800°C temperature range.

Best material produced with 5 w/o
MgO, wet WC milling in methanol, even
at low pressure.

Microfocus X-ray set up and evaluated
for detection of subsurface voids, 0.010
inch and larger, in blades and rim.

Panoramic X-ray of rim with magnifica-
tion achieved.
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TABLE 2.1 — Continued

DOE PROGRAM ACCOMPLISHMENTS

Status at Start of Program

1. CERAMIC ROTOR FABRICATION
TECHNOLOGY

1. Injection Molding of Rotor Blade Ring
— Poor surface finish of molded blade rings.
— Low yield {10-15%) of good blade rings due
to blade cracks.

— Subsurface molding voids present.

2. Hot Press Bonding

— 3-piece rotor configuration had inadequate
hot pressed to hot pressed bond joint
strength,

— 2-piece contoured rotor processing cracked
blades resulting in a low yield of usable
rotors.

— Blade fill/graphite wedge support system

limited hot pressing pressure.

— Blade rings exhibited varying color and
microstructure after press bonding.

lii. ANALYTICAL DESIGN CODES

— Standardized method needed to estimate
Weibull parameters.

— Standardized analytical test needed to check
differences in sets of data.

— Fast fracture reliability analysis developed re-
sulting in thin throat rotor design.

[=>]

Status at Program Termination

Mold release/air blast distribution sys-
tem noticeably improved surface finish.

Yield increased to 75% with automated
system controlling molding parameters.

Hunkar flow control equipment pro-
cured and set up, and shown to greatly
reduce the number of subsurface voids
in highly stressed portions of blades.

Simplified 2-piece configuration elimi-
nated this bond joint.

Yield of flaw-free hot pressings in-
creased to 76% with improved process
controls.

Molten glass media identified as a suit-
able support system and sealing config-
uration developed.

Blade strength degradation identified as
occurring during hot press bonding. Re-
gion of hot pressing time and tempera-
ture defined to eliminate material and
strength degradation.

Maximum Likelihood Method selected
and automated with computer program.

Hypothesis testing computer program
developed.

Analytical procedure developed to com-
pute time-dependent reliability of ce-
ramic structures. Rotor throat thickness
increased to increase time-dependent
life,
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2.1 CERAMIC MATERIAL TECHNOLOGY

Introduction

imic material technology for reaction bonded and hot pressed silicon

The development of cer
pitride has been an ongoing activity since the beginning of the Ford/DARPA program, and continued

mnder the DOE sponsored portion of the FORD/DARPA/DOE program. This technology is a very
important portion of the systems approach employed in this project for the development of high
temperature gas wurbine engines. linprovements in materials have been made and characterized so

that components conld be designed, fubricated and evalnated.

2.1.1 REACTION BONDED SILICON NITRIDE

{ organics, prior o injection molding, was improved with the
This, combined with hetter temperature control
ewer macroscopic flaws in

The mixing of silicon powder ant
addition of vacumm capability to the equipment.
during mixing, produced a more homogenecous mix which should result in {

molded components(13).

The starting silicon powder, nsed to injection mold rotor blade rings, was found to contain contami-
nant in the form of iron and chromiunm. Microstructural examination of hoth test bars and rotor blades
indicated a definite correlation between strength and the size of microscopic flaws due to contamina-
tion {Fignres 2.1 and 2.2). Magnetic scparator equipment was ordered and received so that all starting
silicon powder can be cleaned in-house(13).
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2.1.2 HOT PRESSED SILICON NITRIDE

A parametric study on lot pressed silicon nitride included such variables as st
85,KBI), MgO content (2-7w/0), powder milling (wet, dry, wg, Al203,

pressure (500-5000 psi). The best material was produced by wWe milling
densification additive(11),

arting powders (CP-
24-72 hours) and pbressing
and contained 5w/q MgO

This study was continued with fabrication of twenty-two hot bressed samples with systematically
varied hot pressing temperature (1500-1750°C), time (1 to 7 hours) and pressure (1000-5000 psi). The
optimum hot pressing conditions would then be determine once strength data had been generated,
Approximately 30 hot pressings were made with various purity level starting powders and a variety of

hot pressing aids shown in Table 2.2, The high temperature strength would then be determined to
identify the hest candidates for further study(13)

Comparative thermal expansion measurements were made

silicon nitride to evaluate the effects of MgO content, powder
hot pressing pressures.

on twenty-two samples of hot pressed
milling conditions, powder source, and

The ranges of variables investigated are shown below:

Weight % Mgo 1,2, 3% 5 or7

Milling Balls: WC or Alb0q4

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 2.3)(13),
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2.2 CERAMIC ROTOR FABRICATION TECHNOLOGY
Introduction

Improvements were sought in the injection molding process which is utilized to fabricate a one
piece blade ring consisting of all 36 blades and the blade ring rim. Improvements were also sought in
the subsequent hot press bonding process used to form and bond the dense hot pressed silicon nitride
hub to the blade ring.

2.2.1 INJECTION MOLDING OF ROTOR BLADE RINGS

The injection molding process was improved by optimizing the molding parameters with the auto-
mated 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 nnticeable improvement in the surface finish
of blade rings. The improved part yield as reflected in cracks detected in the as-molded components is
shown in Figure 2.4. The bottom curve represents blade rings having no visible defects, in the as-
molded state, under 70x microscopic inspection. The top curve represents usable test blade rings and
includes thosc 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(13),

In an effort to further improve the 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 interfaced with the Ford automatic control system and controlled machine operation from the
time the inject command was given until the plunger retract command was received(13). Section 4.1 of
this report describes the initial experiments with this adaptive process control unit.
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2.2.2 HOT PRESS BONDING OF DUO-DENSITY ROTORS

The three-piece approach to fabricating duo-density rotors was developed earlier(10) in order to
circumvent blade cracking problems. Figure 2.5 shows this concept. An investigation was made of the
bond strength between the pre-formed hot pressed hub and the hot pressed bond ring. Test bars were
cut from the bond region of six rotors representing six different compositional or forming conditions -
and tested at 2200°F. The results showed the hot pressed-to-hot pressed silicon nitride bond strength to
vary from 18 to 98% of the parent materiall11). The fabric.don concept was changed to a two-piece
design involving hot pressing and simultaneous bonding of a simplified, flatter hub to a reaction
bonded blade ring as shown in Figure 2.6(11). Several rotors were fabricated using pressures o/ 500 to
1500 psi with 3%w/0 magnesium oxide added to the silicon nitride powder which was milled with
tungsten carbide balls in methanol. Blade cracking was minimized at 1000 psi pressure, 1000 lbs.
wedge restraining load and three hours at temperatures of 1700 to 1775°C(11),
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Figure 2.5 Hot Press Bonding Assembly — Three Piece Duo-Density Concept
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Figure 2.6 Simplified Two-Piece Configuration

Control of the hot pressing load was refined by modifying the hydraulic pressure regulating system.
Initial experiments conducted with a radiation pyrometer coupled to an automatic temperature control
unit were successful and this system was used during this reporting period (Section 3.0). 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
Larrier material. These last two changes resulted in a significant improvement in hot press bonding as
70% of the rotors fabricated were free of flaws induced by hot pressing(13).
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3.0 CERAMIC MATERIAL TECHNOLOGY (ROTOR IMPROVEMENT)
3.1 INTRCDUCTION

Rotors produced during the development of the simplified two-piece hot pres: bonding concazpt
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 microstructural 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. Several blade
rings were also bend tested to establish the blade bend strength prior to hot press bonding. The results,
in Table 3.1, show the characteristic loads after hot press bonding were 14 to 38% lower than those for
the “as-nitrided” or before hot press bonding state.(13)

TABLE 3.1
Summary of Blade Bend Test Results
As Nitrided After Hot Pressing % Change
Nitriding Weibull Characteristic Weibull Characteristic Weibull Characteristic
Number  Slope Load* Slope Load* Slope Load*
(Pounds) (Pounds)

48 9.1 89.9 6.9 77.0 =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

Analysis of the microstructure of the blades indicated they had changed from a shiny black to a gray
color after hot pressing with a corresponding increase in non-uniform porosity as shown in Figure 3.1.
X-ray analysis showed the phase composition of the silicon nitride had changed from an average of
70% a, 29% B before press bonding to an average of 22% o, 75% B and 3% silicon oxynitride after
press bonding (Table 3.2). Also shown in this table is data on two blade rings at an intermediate
processing step, (after blade fill nitriding), which indicated that the degradation was occurring during
hot press bonding.(13)
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Table 3.2

Blade Ring Degradation Characteristics at Various Process Steps

% PHASE COMPOSITION

NO. OF BLADE

SAMPLES  DENSITY COLOR MICROSTRUCTURE a ) sl SI;0N,

AFTER NITRIDING 16 2.70 SHINY  UNIFORM POROSITY, 70 29 03 0.4

BLACK  METALLIC PHASE,

MOLDING FLAWS

AFTER BLADE FILL 2 2.69 SHINY  UNIFORM POROSITY, 72 29 0 0.15
NITRIDING BLACK  METALLIC PHASE
AFTER HOT PhibS 8 2.68 GRAY/  NON-UNIFORM FINE 2 7 0 2.7
BONDING LIGHT POROSITY, 2ND PHASE

GRAY

CASE

It was hypothesized that the reaction bonded silicon nitride blade rings were subjected to a high
enough temperature, during press bonding, to result in dissociation of the silicon nitride which produc-

ed non-uniform porosity resulting in a reduction in strength.(13

During this reporting period data in support of this hypothesis was collected on rotors previously
fabricated and in some cases tested. In addition, a comprehensive study of the reaction bonded silicon

nitride degradation was conducted and is presented in Section 3.3.
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3.2 SUPPORTING DATA

Fhe first two tines of data in Fable 3.3 are from reference 13 with the exception of the hardness data
which was generated during this reporting period to determine if hardness conld be related to degra-
dation. During the development of the hot press honding falricatian process several rators were
fabricated at lower temperatures than the finalized standard of 7170 Fwo rotors, 1344 and 1345,
were hot press honded at 1600°C, approximately 100°C fower temperature than standaniized. The
data, fines 3 and 4 of "Fable 3.3, shaws that little or no change had ocenrred in the microstructire, phase
compositio™ and hardness during hot press bonding. This indicated that o reduction in the hot press
bonding temperature of 100°C or loss, shoudd resnlt in eliminating the degradation of the reaction
bonded siticon nitride blade ring. The nexi section of this r port covers the experiments conducted jo
establish the required changes in ot press honding parameters climinate degradation.

F

TABLE 3.3
Characterization of Rotor Blade Rings

Hardnoess
Rotor  Densily Micro. “ Phase Compositlon Vickers
Comments SN, _Rcc Golor .slrm',lum_ K 3 Sig(m SO 30 X
Merage As Natrided( 131 3 SB FRSMP, o Ty 04 0l 1t
N
Merage After Hot Press Bonding! 1) A Gl Nu. op 2 3 &7 4 O
Low 1ot Press Bondig Temperature [REF} 283 B LP, S 69 0 11 0 1076
Low Hol Press Bondiay Teaperature 1365 i B Lp St aAF d6 0 i
Cold Spin Tested 146 G NEPMPP a0 g a2 0 At
Cold Spin Fosted 1280 n NG 61 a1 1.7 0 QAL
Engine Tested Rotar 1195 G Nip O~ o o (U}
LEGEND
Color S = Shiay Black Micrastracture U Hmlora Porosin 20 = 2nd Phase
LI tlack Ly = Larger Porvasin NC = N Change
G o= G NUD = Non Unifarm Porosinn. - 8¢ o= Shight Change
LOC = Light Gray Case SME = Some Metallic Phase ME = Molding tlaws

MP = Atetallic Phase

Several rotors which had been tested previously were also analyzed during this reporting period,
The blade fragments from rotors 1246, and 1280, which were cold spin tested were examined and the
data presented in Table 3.3 (lines 5 & 6). The data shows the blades of rotor 1246 were severely
degraded (gray color, non-uniform porosity and 3% o). Failure speeds of unflawed blades ranged from
70.900 10 86,950 rpm with a characteristic failure speed of 83.500 rpm{ 4] Rotor 1280 was not degraded
(black, wniform porosity, 6t a) and unflawed blades failed in the 87,140 10 96,900 rpm range with a
characteristic failnre speed of 96,200 rpmlt4), This 15¢, increase in characteristic failure speed, or
; therefore 320 increase in centrifugal stress confirms the previously seen strength degradation which
was observed during blade bend testingl 13, Nore importantly however, rotor 1280 demonstrated that o
rotor could be fabricated with a strong bond joint {150+ speed. no hond joint failure) and with minimal
or no degradation in blade strength,

Fragments of blades from rotor t 195 were recovered from the engine test desar ibed previously {12
and analyzed. The results, shown in the ast line of Table 3.3, showed this to be one of the most
. severely degraded rotors analyzed. The gray Mades were approximately to0<i g, and had a lot of non-
uniform porosity. This rotor had operated in the modified 820 engine for over 37 hours, all but a fow
minntes at a Turbine nlet Temperature (T of 2200°F or higher, at speeds of 45.000 to 50,000 rpm,
A including t-1/2 hours at 50,000 rpm and over 2500°F TLT02), This unprecedented test demonstrated
the capability of severely degraded hlade rings indicating improved rotors with no hlade strength
degradation should he capable of higher speeds.




=

e o—

35 REACTION BONDED SILICON NITRIDE DEGRADATION STUDY

As mentioned in the previous section, a study was conducted to determine the parameters causing
the strength degradation of the injection molded blade ring during the hot press processing. This
section presents the details of that study.

The hot pressing process consists of two distinct operations — blade filling and hot pressing.

The blade filling operation(13) occurs prior to hot pressing and encapsulates the blade ring in an
envelope of silicon nitride. This encapsulation was accomplished by coating the blade ring with a
barrier layer of boron nitride (0.001-0.010” thick) and then slip casting an envelope of silicon around

the coated blade ring. This slip cast assembly was then nitrided to convert the slip material to silicon
nitride.

At this point, the blade ring was ready for the second operation, hot pressing(13) (see Figure 3.2). In
this operation, silicon nitride powder was placed inside the encapsulated blade ring and subjected to
temperature and pressure sufficient to cause the SigNg powder to densify and bond to the blade ring.
In order to prevent deformation of the blade ring during this operaticn, a radially inward load was
applied to the outer diameter of the blade fill assembly by means of a wedge system(13).

The technique employed in this study was such that the effect of each of these operations on blade
ring degradation could be identified.
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Figure 3.2  Graphite Tooling for Inside Temperature Measurement
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3.3.1 TECHNIQUE FOR ASSESSING DEGRADATION

Data wnich was gathered outside this study and which, in essence, identified the presence of
degradation contained a major variahility. Comparisons hetween the “as nitrided” and the “after” hot
pressing operations were made utilizing different blade rings. Such variability between blade rings
wis not desired in this study. 'To eliminate the variability, the following technique for determining
hefore and after comparisons was established:

(a) First, the odd numbered blades of a blade ring were loaded to failuse in the load test fixture(11)
(Figure 3.3) resulting in a blade ring as shown in the top right of Figure 3.4.

(b) The blade ring with remaining even blades was then processed through the blade filling
operation.

(¢) I an “after blade filling comparison” was required, the blade fill was removed and the even
blades were loaded to failure.

() If an “after het pressing comparison” was required, the encapsulated blade ring was processed
through the hot pressing operation, then the blade filt was removed and finally the even blades
; were loaded to failure.

Figure 3.3 Rotor Blade Bend Test Set-Up
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AS NITRIDED AFTER INITIAL BEND TESTING

AFTER BLADE FILLING AFTER HOT PRESS BONDING

Figure 3.4 Processing Steps for Degradation Stndy

After completing either eyete [(a), (D) & (¢) or (a), (b) & ()], a comparison was made between
properties ol the before and after Blades, Of concern were load, color, microstrinctiee, hardness and
phase composition. fn addition, fimetional relationships between the independent and dependent
variables were checked nsing o multiple regression computer program.

3.3.2 STUDY RESULTS
3.3.2.1 BLADE FILLING OPERATION

Althongh prior data indicated that the blade filling operation of the hot pressing process did not
contribute: signilicantly to the blade ring degradation13), 4 number of blade rings were processed

through the [(a), (b). (¢]] sequence to verify this indication. One blade filled blade ring from cach of five
blade [ill nitridings was evalnated. The resilts of these tests are shown in ‘Table 3.4,

TABLE 3.4
Blade Ring Data Before and After Blade Fill Processing

Charactorisile

Wethall Fand Ll Weilmll Slopo Micrastracture " Phase Compashiioa
Refore After  Sawmgple Statistical Slope  Statlstical Vichers Metalllc

Bladn FIll Slae * Patt Wifterenco w Otflovence Color Harduess  Poraslty Chase ) Phase a o SLON, 810, bl

il b et h wh [ St i Nl Hoine N (B e " A )
L Al H an N H No s R Tanm Ny Nt LR [} 0 [

RULT ! Relare W N 1} S ny N Soine N myeoome [ 1l "
Al [ n Nu iy Nao sh [N Notmal Naune Nune whoooa [ "

] i PBefone n & " Rl e Nuiinal Sompe KR R [E] " [
A At # n Nn B} Nn Sh nn Nl N [N U [t} 0 &

JGEH 4 Belore ] " 1 S0 nge Nuttaul Saine LRI N u u t
1 N 1N n Na 1K Nn S e Nl Nob phs T 0 u Hl

Ml W lehe il ‘Hn oi} sh nh Nuvinal Slight e M [N (U n
HERY ] m i Nt n SH il Nl Nune (R I LR N a [l

¢ Nambor of aoflawed hlades
¢ Load at 8327 (alkure cate
St SR = Sy Bl k

PR —

.
)




o —_— S i i s R L L Ll e R e -, )
Y TN R il e G ‘

m—-—amﬂ":“’[T"- R . ¥ i

1

None of the parameters used to characterize a material demonstrated any significant change. The
metallic phase present in “as nitrided” blade vings (probably si¥icon) was not detectable in blade rings
after the blade filling operation. It was assumed that the free silicon was nitrided to form SigNy.

The conclusion was that the blade Filling operation did not contribute to blade ring degradation.

3.3.2.2 HOT PRESSING OPERATION

Based on the previonsly mentioned hy pothesis, the hot pressing stndy concentrated on identifying
the effects of two pressing parameters - lemperatnre and time temperature,

The temperatire parameter was defined as the maximuim pressing temperature as observed hy
i optical pyrometer measurements on the top graphite piston 1/4” from the hub (see Figure 8.2.). This
study examined a range of temperatuie from 1790°C to t670°C, Below this lower lmit, adequate

bonding between the rotor blade ring and hub conld not he achieved,

The time at tempervature parameter was varied between 1/2 hour and 4-1/2 hours, Shorter times do

not alow the hot pressed hub to reach maximum strength(t5), The upper time at temperahne limit

| approiaches a maximmn as Far as practical scheduling is concerned. Figure 3.5 shows a typical pressure
and temperatinre versus time schedule.

The actnal time-temperature matrix is shown in ignre 3.6, The points on this matrix were chosen to
j viekd results which could he analyzed statistically.

Fhe parameters of hub and wedge pressures were kept constant throughout these tests. These were
000 psi hub pressurve and tono {hs, wedge toad.
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Figure 3.5 Typical Hot Pressing Schedule -1
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Figure 3.6 Times and Temperatures for Experimental Hot Pressings

HOT PRESSING TEMPERATURE — °C

Blade Bend Load

At the initiation of this study, it was assumed that the primary method to determine strength
degradation was to compare failure loads of beforc and after hot pressing blades tested in the fixture
shown in Figure 3.3. This before/after comparison was not successful for reasons discussed below.

Initial blade rings were available in the machined configuration shown on the left in Figure 3.7.
When blade rings of this configuration were mounted on the blade load fixture and blade loaded, an
occasional rim failure would occur. These rim failures were undesirable. A blade ring configuration
with a center rib (shown on the right in Figure 3.7) was successful in eliminating rim failures.

Figure 3.7 Blade Rings with and without Center Rib
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As a cheek to determine if the rily had an effect on the measured blade Failnre foad, two blade rings
were tested in the following manner., Hall of the blades were loaded to failure with the rib in place,
After removal of (e rib, the remaining blades were loaded 1o faihire. In both cases, the blade loads
with the center rib intact were significantly lrigher than with the center rib removed. These results are
summarized in Fable 3.5,

TABLE 3.5
Effect of Rib Oun Blade Bend Load

Weibull
No. of  Characteristic Hub
Blade Ring # Blades Load (lbs.) Configuration
2244 12 an Ribh in
2248 4 Y] No Rib
2637 t4 87 Rib in
2637 t4 7b No Rib

The tinal hot pressed confignration introchiced yetanother blade ring support. In this conlignration
the blade ring is supported over its full widtly by the solid hub. ft was anticipated that the fuilire loads
would be effected and thus negate the usefulness of the before/alter comparisons,

Failure of the belore/after blade bend test 10 provide a satisfactory measure of hlade ring degrada-
tion led to the evaluation of four material characteristics or properties (color, microstructure, hardness
and plise composition).

Fo evaluate color, microstructure, and hardness, polished cross sections of before and after blades
were made. The polishing was perforned using a series ol SiC grinding discs followed by polishing
with t micron Linde ¢ Al203 Tolowed by 0.3 micron Linde A, Al2Og on a hard-backed polishing cloth,

Color
The color of the polished blade cross section was determined by visyal examination, The results are
summarized in Fignre 3.8, 1y general, as hol pressing temperature and/op time at temperature jn-

creases, a color change occurs, 'fhe noted color change from black to light gray correlated well with
strength degradation.
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Figure 3.8 Color Change Versus Hot Pressing Parameters
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Microstructure

A comparison of typical belore and after microstructures ol reaction bonded silicon nitride (Figure
3.9) showed two important results. The after microstructure contained mueh more fine, interconnected
porosity. Hence the gray color. The presence ol this increased porosity can be related to hot press
bending conditions as shown in Figine 3.10. Also noted was the large clusters of second pnase moterial,

This second phase was usually, but notalways, associated with a metallic phase. Figure 3.11 shows that

below 1700°C no second phase formed while above this temperature the results were mixed.

i
:.';'__;';.-.':“., s 0
ool oot oo
AFTER NITRIDING AFTER PRESS BONDING AFTER PRESS BONDING
HARDNESS 925 HARDNESS 1003 HARDNESS 703

NO DEGRADATION SEVERE DEGRADATION
Figure 3.9 Typical Micrographs of Rotor Blades
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Figure 3.10 Change in Porosity Versus Hot Pressing Parameters
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Figure 3.11 Second Phase Development Versus Hot Pressing Parameters

Hardness

shown to be true for the samples shown in Figure 3.9, However, the hardness data in general only
vielded a rough correlation to borosity. It was further assumed that hardness should show a correlation
with the strength of reaction bonded silicon nitride. Figure 3.12 shows the relationship between
hardness and characteristic blade bend load.
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Figure 3.12 Hardness After Hot Pressing Versus Characteristic Blade Load
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Phase Composition
The phase composition of the blade ring material was determined using an x-ray diffraction tech-

nique described by Mencik and Short(17). The major observatior: was that the « silicon nitride trans-
| + formed to g silicon nitride with increasing hot pressing times and temperatures as shown in Figure 3.13.
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Figure 3.13 Percent Change in Alpha Versus Hot Pressing Parameters l

A linear regression analysis of the data showed that the percent change in the « silicon nitride (% Aa)
I can be expressed as a function of the initial « silicon nitride composition and the hot pressing time and
temperature. The derived relation was:

Y%A = — 1604 — 196t + 47 In t + 846 T — .156a]

Y%oa] — %aF X 100
%olAa = ﬂ/oCEI |

where t hot pressing time
T hot pressing teraperature
a] = initial « SigN4 composition
%afF = final aSigNg4 concentration

A correlation coefficient of 0.94 was achieved with this empirical relation.
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3.3.2.3 DETERMINATION OF PERCENT STRENGTH DEGRADATION

The study results showed that changes occur in the reaction bonded silicon nitride as a result of hot
press bonding.

Of prime coneern was a degradation in strength. The study, however, did not vield before and after
hot pressing strength values which could directly quantify the experienced degradation. Less direct
quantification was attempted by evalution of four other before/after parameters — color, hardness,
microstrueture and % phase composition,

The percent phase composition parameter (7eaSigNg) was of particular interest in the quantification
attempt. Figure 3.14 presents a plot of blade bend load versus “%aSigNg after hot pressing,

It can be seen that for any % «S8igNy, a maximum blade bend load was obtained and this maxinums
load increased as the “eaSi3Ny increased. 1f it is assumed that this is an upper hound for the plot of

blade bend lcad versus Y aSigNyg and that data points below this upper bound represent the effect of

increased flaw size, then the upper bound defines the maximum load obtainable for a component with
minimmn flaw size.

Since the blade bend load reflects strength capability. a relationship for determining degradation
was established. For example, if the % a8igNg before hot pressing is 80% and after hot pressing is 60%,
then a 9% strength degradation is predicted (Figure 3.14).

Converting the data in Figure 3.13 utilizing the relationship established in Figure 3.14 resulted in the
strength degradation versus hot pressing parameters (time and temperature) presented in Figure 3.15.
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Figure 3.14 Blade Bend Load Versus Percent Alpha Silicon Nitride After Hot Pressing
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Figure 3.15 Percent Degradation in Strength Versus Hot Pressing Parameters

Of particular importance is the arca under the

defines a region in which hot pressing can he

zero percent strength degradation curve which now

conducted with no expected degradation.
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3.4 SUMMARY AND CONCLUSIONS

The last interim report{13) hypothesized that the mechanism for the degradation of the reaction
bonded silicon nitride during hot press bonding was silicon nitride dissociation. During this reporting
period it was determined that the « to 8 conversion of silicon nitride was a good measure of the

. time/temperature seen during hot pressing which resulted in a degradation of the microstructure
which in turn resulted in degraded strength. Since dissociation was the controlling degradation mecha-
nism, it would be expected that a minimum temperature/time at temperature condition would exist
where no degradation occurs. The study has defined a region of zero degradation. In addition, the

2 study results provide for the determination of the amount of degradation for any chosen set of hot l

pressing parameters.

.
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4.0 CERAMIC PROCESSING TECHNOLOGY
Introduction

Two major areas of improvements in ceramic processing technology were addressed in this portion
of the prograni. These were (1) improvements in the quality of injection molded blade rings for the
duo-density rotor by the application of additional process controls intended to reduce or eliminate the
evidence of molding flaws and (2) improvements in the press bonding of duo-density rotors by replac-
ing the wedge/blade-fill system with a hot isostatic media.

The blade ring molding program was based upon molding a matrix of blade rings in several experi-
mental phases. Each phase was designed to explore molding variables available through the use of
new adaptive process control equipment. This equipment is used to control the flow of material into
the molding die cavity. A closed loop system of electronic control, high response (120 Hz) Hydro valve,
hydraulic pressure sensors and ram position indicator are utilized to vary the injection velocity and
hold pressure of the injection molding machine. Closer control of injection velocity and ht:ld pressure
may reduce trapped gas bubbles, knit lines and “molded-in” stress in injection molded blade rings.
Since the relatively short time available under this project would not permit the completion of many
phases if the blade rings were to be completely processed (i.e., burn-out, nitriding, post-nitriding
inspection), blade ring quality was evaluated entirely using as-molded components. Microfocus X-ray
equipment was utilized to assist this evaluation and to help locate subsurface defects in the blade rings.

The press-bonding program was based upon the use of materials which would be fluid at hot
pressing temperatures (i.e., glasses, metals) and could then be mechanically loaded to apply isostatic
pressure upon the blade ring in a radial, inward direction, thus counteracting the outward force used to
densify the hub material. Potential advantages of such a system include simplified tooling, reduced in-
process time now needed for blade filling, and more uniform inward pressure on the blade ring.
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4.1 ROTOR BLADE RINGS
Background

The Ceramic Turbine Rotor Technology Program developed ceramic material and process technol-
ogy and included both destructive and non-destructive tests to identifv problem areas and evaluate
process improvements. Two investigations conducted on injection molded blade rings during the

previous reporting period(13) were cold spin testing to destruction and room temperature MOR testing
of the rim material.

Room temperaturc MOR tests of bars cut from the rim area of four reaction bonded silicon nitride
hhade rings gave characteristic strengths of 25.4 tr, 33.8 ksi with Weibull slopes ranging 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 as shown in Table 4.1(13).

TABLE 4-1

Weibull Parameters

Blade Ring No.

All Bars

Flaw-Free Bars

2047 afl 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 all 33.5 (30.6-36.8) 278 (30.7-37.3)
m 5.7 (3.6-7.5) 6.7 (3.7-9.1)
n 14 10

2251 af 27.0 (24.4-31.1) —%
m 3.7 (2.3-3.1)
n 14 4

2255 afl 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)
n 17 5

Combined Valuessf

m
n

29.1 (27.4-30.8)
4.0 (3.3-4.6)
58

31.6 (30.1-33.1)
6.7 (5.1-8.21
32

Ty

of = Characteristic M.O.R. (ksi) — strength at 63.2% failure rate
Weibull Modulus
= Number of bars
Numbers in parenthesis represent the 90% confidence band.
* Too few specimens to permit Weibull analysis.
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Four duo-density turbine rotors were tested in the cold spin pit to evaluate the hot pressed to
reaction bonded bond joints and the eftect of L.D. voids in the blade ring 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 ond internal flaws in the airfoils
of the type shown in Figure 4.1. Blades which werc free of obvious flaws failed in the 90,060 to 96,900
rpm range as shown in Figure 4.2. Flawed and unflawed failure distributions of the best and the worsi
rotor are shown in Figure 4.3 along with a failure distribution representing the state-of-the-art in 1975.
All four distributions show significant improvements in rotor processing, however, it is also apparent
that substantial improvement would be recognized with the elimination of large, process induced

blade flaws(13)(14), Section 4.1.1 of this report presents the results of work during this reporting period
directed towards this goal.
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Figure 4.2 Typical Fracture Surfaces without Gross Fabrication Fl
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4.1.1 INJECTION MOLDING STUDIES
A Reed Prentice 450 TC plunger type injection molder was used for the injection molding of rotor
blade rings. Control of the molding process was accomplished by a solid state machine function control
unit, shown in Figure 4.4. This unit controls all machine timing and sequencing functions. Tooling
utilized to mold *he rotor blade rings is semi-automated and is shown in Figure 4.5. The operation of
the molder, control, and tooling have been previously discussed(10, 11, 12).
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Figure 4.4

Control Console for Automated Injection Molding System

Figure 4.5 Tooling for Injection Molding Blade Rings
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In order to shiudy the effect of additional control dnring the injection portion of the molding cvele, an

adaptive process controi wait wos added to the system. This wnit, shown in Figure 4.6, consists of fonr

control modnles, The first module eontyols cushion, shot size, hold time, pressnre limit, shot size
corvection and decompression. This module also selects the mode of Tlow control operation hased npon
type ol material injected and injection evele (e, thermoplastic or thermosoet),

Figure 46 Hunkar Flow Control Equipment

The second modnle controls the material injection velocity, Injection velocity will determine the
type of flow Tront Tormed in the die cavity. Low velocity is desived in areas where the material st
change divection to maintain o uniform Front, Velocities which are too high will canse non-nniform
Now, i.e., jetting with its” associated knit lines and entrapped gas. Excess velocity will also lead to shear
heating and © " associated shrinkage cracks and part sticking problems. Velocity as controlled by the
Hunkar amit vanes o a fanction of vam position with the maximam velocity (10040} heing equal to 10
inches/second. A 10 position pin panel can be set up to produce varied injection vate vs. vam position
values. Each of the th injection profile increments can range in size from 1 inch to 0.01 inch. As the
injection vam enters the zone delined by each pin, the hydranlic flow is modnlated to achieve the flow
rate set for that zone. Fignre 4.7 shows the pin vs. vam position relationship,

DIE

INJECTION CYLINDER

g INJECTION RAM ‘

fe ——  0.40" |

RAM TRAVEL TO
MOLD ONE PART

Figure 4.7 Relationship of Injection Patch Panel to Ram Position
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48 many variables which affeet part (uality, The
temperalure, pressure, volume ang material vigg
control manually, A relationship between variables is ¢
following equation; (P + ) (V- w) =R

-

The third inodnle controls holding pressire exerted on the materin) in the cavit
complete. The pin panel in this module is based upon 10 iner
panel is related to 10 increments of ram position, The o
is equal to 1/10 of the selected valne. ‘The

y alter injection iy
ements of time, wherens the injection
verall hold time is selected and gach increment
pins are arranged to yield g bercentage of maximnm
machine hydrunlic pressure during eaci increment. The point at which injection profife is complote
and hold profile is initiated is determined by either g preset cavity pressure or o predetermined ram
position. When this value or position i achieved, injection ends and hold begins. Once the hold
expires, control ig returned to the machine

function control system for machine movement required 1o
open the tool angd prepare for the next shot,

The fourth modnje monitors the process and provides controlled omputs fop
dranlic pressnre, or ram velocity, An oscilloscope is nsed 1o
hydraulic pressure vs, ram position or ram ve

Javity pressnre, hy-
senerate cavity pressure VS, ram position,
locity vs, position eurvos.

A theoretical ram position vs, cavity pressure plotis shown in Figire 4.8, Note that as the ram moves
throngh the filling of the sprue and runner, the pressure in the Citvity is zero nntjj material enters the
tool. The cavity pressure then hnilds slowly nntif the tool is nearly fl, ot which point o rapid pressnre
rise is scen (packing). At the peak cavity pressure level the transition is made to hol pressnre and the
Cavity pressure falls as the material shrinks. The ram continnes to advange iy the after-feed mode

which replenishes volime Jost to shrinkage. When the pressnre s removed, the eavity bressure retirng
to zero and the part is removea from the tool,

- Overshoot (Peak Pressure)

g 7 %’7/ O sonary
F"' 0

INJECTION RAM POSITION

Figure 4.8 Schematic of Cavity Pressuve Versus Ram Position

In theory, flow control of molding i desirable for several reasons, The injection molding process

control of these interrelated variables such as
osity varialion is complex ang virtnally impossible to
Xpressed by Spencer and Gilmorel18) i (he

= external pressure (applied force)

= inlernal pressupe of material being molde
volume of malerial pressurized

absolute volume (material constant)

5AS constan From Van der Waals' equation
lemperatnre constant

d (materia) conslant)

[}

[}

[}
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it can be seen that volume adjustments can be nsed to compensate Jor temperature and viscosity
changes in the molding componnd. Control and variation of flow and hold pressure make precise
metering of volume possible.

In previous rotor blade ring molding vuns, several types of flaws were noted during subsequent
inspection and testing. Rim voids, blade voids, and planar crack-like flaws in blades were observed.
One sowrce of voids was deemed to be cansed by uncontrolled flow and holding pressiee on the
material during injection. Controlling material flow into the tool rednces turbulence which tends to
cause arcas of poor {ill, knit lines, and entrapped gas pockets. Proper holding pressure tends to
“squiceze’” voids from the part and also alter-feeds the thicker portions of the part to eliminate shrin-
kage voids. Holding pressure may also be critical in eliminating the hard-te-detect planar delect. One
possible cause of this type of defect is a stress build-up caused by uncontrolled hold pressive. 1f the
outer skin of the blade solidifies at a high holding pressure and the inner skin solidifies at a lower
pressure, the resulting density gradient will cause differential shrinkage and result in internal blade
stresses. Normal constant hold pressures natrally vesult in this condition because as the viscosity of
the cooling molding material increases, the system fails to increase system pressie to maintain con-
stant cavity pressure, The controlled holding portion of the adaptive control system will allow a
profiled hold, thus cavity pressure can be varied as required to minimize stress in the part.

Molding experiments performed as part of this program were divided into five phases. Phase One
used the monitoring capabilities of the adaptive process controf it to determine the cavity pressive
vs. ram position relationship of the molding system without using the flow control during injection,
Phirty votor blade rings were molded at conditions previously determined to yield visually good parts,
These rotors were X-ray and visnally inspected and pudged to be of a quality level comparable to those
molded just prior to the beginning of these experiments.

Cavity pressure traces Tor the rotors molded with no flow control exhibited large variations in cnrve
shape and pressure level attained. An example ol curves generated during for suceessive molding
operations are scen in Figure 4.9. Records were kept for each blade ring molded with vespect to visual
quality and the case with which the component conld be removed from the molding tool. Lase ol
removal is related to shrinkage prior to tool opening, and therefore may relate to molding stress level in
the molded blade ring. A cavity pressire vs, ram position aurve which represented those blade vings
observed to be best in surface Tinish and ease of removal from the die was selected for duplication in
the Phase Two work. The parameters used in molding are as follows:

Phase 1 parts were as follows:

Material Temperature  Zone 1 200
(°I) Zone 2 200
Zone 3 200
Nozzle 80
Sequence Fimes Inject 8
(Seconds) Hold 6
Open die 7
Die Temperatinre Moveable 90
(°F) Stationary 85

The adaptive control unit was in the “monitor only” position.
I )

No X-ray results from the microfocus wnit were available at this point becanse the unit was in the
preliminary set-up stage. Microfocns X-ray results became available later and are summarized in
Table 4.2. The Microfocns unit revealed more void type defects than previously shown by conven-
tional X-ray. As wonld be expected and confirmed from previons test data, voids and planar defects in
the blade sections near the rotor rim weve more eritical than those in the lower stressed tip region of
the blade. Therefore, elimination of voids in the inner one-third of the blade was given primary effort
in this program. The number of voids per blade ring shown in Table 4.2 refers to blade voids in the
inner one-third of the blade.
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TABLE 4.2

X-RAY RESULTS OF PHASE 1|

Total Number of Total Number of Average Number of
Blade Rings Voids in Base Sections* Voids per Blade Ring
249 28

0.97

*in lower t/3 of bludes

Phase Two of the programn utilized tle Ciapabilitios of the adaptive process control to duplicate the
CAVILY pressure vs. ram position curye determined to he optimum during Phase One, Once parametric
adjnstinents were complete and the Cavity pressure vs, ram bosition crrye closely resembledd the one
selected, 25 rotor hlade rings were mokded fop evaluation. The adaptive process control iit controlled

the shape and magnitide ol the COVILY pressure cnrve mnch more closely than the standard machine
controls nsed in Phase One.

An example of fory sequential cavity pressure V8. Tiam pesition enrves is shown in Figure 4.10, The
stirface Tinish and onse of removal for the molded rotors wag more consistent daring Phase Two
controlled molding. Molding parameters nsed during Phase Tw included all those lield constant
nnder Pliase One and the following adaptive process control nnit parameters, Fill stroke was nine
inches with a cushion of 0.6 inch, Cavity pressure limiy was 1200 psi, this level when achieved shifts the
control from the injection mode to the lold mode. Injection profile was a constant t00% of machine

capacity Tor the entire 9" stroke. Hold pressure was ramped from 800 Psi to 1300 psi over a 6 second
hold time,
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N-ray results for Phase Two Made rings are seen in ‘Table 4.3, The N-ray results from Phase One and
Two revealed that those conditions believed to vield best guality Made rings based on visual inspection
did not coincide with optinnim N-ray results. Although Phase Two parts had more defects, die to the
parameters selected, they were more consistent from shot to shot.

TABLE 4.3

X-RAY RESULTS OF PHASE 11

Total Number of Total Number of Average Number of
Blade Rings Voids in Base Sections* Voids per Blade Ring
20 35 t.75

*in lower /3 of blades

Phase Three attempted to vary molding Tlow and hold pressure in an effort to reduce the nunmber
and size of void-type defects in the blade base section of the blade rings. The parameters held constant
during the Phase Three study were identical to those nsed in Phase Two with the exception of fill
stroke which was rednced to 0.50 inch with a cishion of 0.10 inch, Pressure limit and hold pressure
were varied rather than held constant as was injection profile and program {hold) profile. The variable
parameters used are shown in Table 4.4. Three rotor blade rings were molded at each point on the
matrix. The resnltant parts were visually inspected and evaliated by microfocus N-ray evaluation. It
wis noted from these results that high injection rates and moderate hold pressures resulted in a lower
average number of blade base voids.
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TABLE 4.4

X-RAY RESULTS OF PHASE III
(Average Number of Voids Per Blade Ring*)
Parameter -  Injection Velocity Profile (1007 = 10”/Seconds)

Parameter % Machine Capacity
{ 99% 35%
Hold Pressure (psi)
2000 1.33 5.67
500 0.67 5.67
300 1.17 5.17
75 1.0 5.67

* in lower 1/3 of blades

The injection and hold profiles used in Phase Three were linear with a slope = 0. For example if
injection rate was at 35% of machine capability, it was 35% for the entire fill of the rotor.

In order to vary injection flow in a nonconstant manner (i.e., slope of the control line $ 0) the shot
size and corresponding region of fill had to be determined for each of the 10 zones of flow control. A
study was run at this point to determine this relationship. In addition, control of the material remaining
ahead of the plunger when the tool has filled, referred to as cushion, had to be achieved in order to
assure the tool fill versus ram position relationship would be valid for each shot. Figure 4.10 shows
uncontrolled cushion, while Figure 4.11 illustrates controlled cushion for cavity pressure vs. position
curves on four consecutive shots. The varying X displacement shot to shot results from variable
cushion. Note that the larger cushion reduces cavity pressure achieved for a given injection setting.
Once more sophisticated flow programs are used, variable cushion would result in the wrong velocity
of flow in any given die section due to the ram'’s displacement in relationship to the set points on the
flow control curve.
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Figure 4.11 Typical Cavity Pressure Profiles with Controlled Cushion
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In order to more accurately see the results of changing injection and hold profile values the X-{ram

position) scale of the oscilloscope was expanded. The resulting curves were more easily interpreted.

This change was needed to discern between subtle variations encountered from shot to shot under

! adaptive process control. As seen in Figure 4.11, prior to scale expansion, the curves for each shot
appeared colinear. The expanded scale as seen in Figure 4.12 allowed differentiation between shots.

5000

4000

3000

2000

CAVITY PRESSURE

(Monitored by Pressure Transducer
Located in Cavity Near Gate)

1000

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
INJECTION RAM POSITION

L Ay, B,

Figure 4.12 Expanded Osciliscope Scale

Based on the results of Phase Three, namely that fewer blade base voids existed at low hold

pressures and high injection rates, a Phase Four matrix was developed to concentrate on the high

| injection and low hold pressure areas. Once again injection and hold profiles were linear with slope =

0. The parameters held constant were identical to those in Phase Three. The injection and hold

{ parameters used in Phase Four are shown in Table 4.5. Cushion control was also utilized for this study

| as previously explained. As in Phase Three, moderate to low hold pressures and high injection raies

' yielded a lower level of hlade base voids. With the cushion control the absolute level of voids also was
decreased in the Phase Four matrix.

TABLE 4.5

X-RAY RESULTS OF PHASE IV
(Average Number of Voids Per Blade Ring*)
Parameter — Injection Velocity Profile (100% = 10"/Second)

Parameter % Machine Capability

¥ 99% 70% 35%

Hold Pressure (psi)

. 2000 0.33 0.67 4.33
1200 0.33 0 5
300 0 4.67 3.33

* in lower 1/3 of blades




To further optimize the relationship between injection rate, hold level and blade ring base voids, a
Phase Five study was run based on the results of Phase Four. In an effort to approach the low hold
pressure more gradually, a non-linear injection profile was used. The hold profile was retained as
linear with slope = 0. The constant parameters for Phase Five were identical to Phases Three and
Four. The injection and hold profiles which were varied are shown in Table 4.6. Injection was linear at
the indicated level from pin 1 to pin 6 of the injection control patch panel. Injection rate was reduced
in a linear form from pin 7 to 10 over the range from the indicated level to 35%. The 35% level was
chosen from Phase Three as the minimum injection level required to maintain material flow into the
tool.

TABLE 4.6

X-RAY RESULTS OF PHASE V
(Average Number of Voids Per Blade Ring*)
Parameter — Injection Velocity Profile (1007, = 10"/Second)
Parameter 7 Machine Capability

V 95% 75% 70%

Hold Pressure (psi)

900 1.67 1.0 2.67
600 2.0 0.67 8.67
300 3.33 8.67 4.0

* in lower 1/3 of blade

From the X-ray results shown in Table 4.6, it can be noted that there were less blade base voids at
the higher injection rates. The absolute level of voids was higher for Phase Four and the level of hold
pressure required to minimize voids was higher. It appears that higher hold pressure compensates
somewhat for the reduced injection rate. It was concluded that the reduction in injection velocity prior
to heid was too abrupt and should be reduced or eliminated.

Summary/Conclusion

On the basis of these studies it is concluded that injection velocities of 75 to 100% of machine
capacity with hold pressure from 300 to 1200 psi, significantly reduce the number of blade base voids in
injection molded blade rings. The optisnization of flow controlled injection will require much further
experimentation. Control over the process afforded by the adaptive process control yields the level of
injection uniformity required to carry out significant experiments in regard to material flow and its
relation to molding defects.

It was also found that the iteration between molding variations and feedback from the Microfocus
X-ray examination of the as-molded parts was indeed a useful method of attacking the problem of
molding flaws. The Microfocus X-ray equipment itsclf was deemed to be considerably better than
conventional industrial X- ray equipment for detection of small flaws. Further work iterating further
process control variations with Microfocus X-ray examination should yield molded blade rings of
significantly higher quality.
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4.1.2 NON-DESTRUCTIVE EVALUATION

During previous reporting periods several N.D.E. techniques were assessed for the detection of
flavss in complex shaped silicon nitride gas turbine components(11-13), Table 4.7 shows the current
results of this assessment. Infra-red thermography was not successful due to an inability to establish
the neeessary thermal gradient across the test piccel13). The electrostatic method would only detect
flaws in mechanically stressed regions and only relatively small portions of the rotor blades could he
readily stressed by simple hlade loadingl(13) Both computerized tomography and holosonic N.D.E.
technigques would require considerable development time. Ultrasonic inspection is useful for small
flaw detection in simple shapes but this technique is currently not emploved for the very complex
shaped parts such as the airfoils of o gas turbine rotor. The microfocus x-ray technigne showed the
most promise and the equipment was procured(13),

TABLE 4.7

ASSESSMENT OF NDE TECHNIQUES CONSIDERED FOR FLAW DETECTION
IN REACTION BONDED SILICON NITRIDE COMPONENTS

CRITERIA N.D.E. TECHNIQUE
Mechanical High
Microfocus infra-red X-ray Flectrostatic Holosonic Load Frequency
X-ray Thermography Tomography Method Method Testing Ultrasonlc
—_— e

t Capability of Farge flaws Not Feashle Expect H flaw is Feasibility detects flaws Potentially
detecting 20 improved detection put under demonstrated only through failire nseful for
flaws in cipubility over loid on simple disk Not u direct small flws
complex conventional x-ray and indication (254) in
parts, ie rectangulur of flaw simple
tnrhine rator shupes. shipes.

2. Provides Yes, may Np* Very uttrictive N N.D* Yeos Currently
rapid exum- be im- Can store data 1ot feasihle
ination of proved for pictorial or far complex
complex with pan- nunerical rapid shuped parts
parts oramic ottput

Xeray tnbe

3 Develop- Reasanahly ND* Very expensive - Shart develop- Long develop- Inexpensive figh devel-
men* time short time, particnlarly ment time, ment time; opment and
and cost low devel- equipment costs. potentially in- high equip- equipment
estimates. opment expensive. mnent costs, GOsts.

and equip-
ment cost.

4 Statns or Proceed to Nat Seek support Additional Recommend Currently used Keep
recom- feasiblity recom- for funded development technique on stators. abreast of
mend- and mended. program required for other ongoing
ation apply s programs which development

rapidly as use hi- wark
possihle frequency
equipment

* Not Determined

During this reporting period the microfocus X-ray equipment was utilized to detect subsurface
defects in blade rings as described in section 4.1.1 of this report. The Magnaflux variable focus x-ray
unit is shown in Figure 4.13 along with a lead cabinet having a working area of approximately 35x30x35
inches. Figure 4.14 shows the microfocus x-ray tube and molded blade ring positioned for an obligre
radiograph.

One of the important features of the MXK-100m Maganflux x-ray system is the small focal spot
(variable from 0.05mm — 0.5mm) which permits film focal distances and direct film enlargements up
to 36x with very good geometric sharpness. Another feature of this equipment is the availability of the
panoramic accessory tube which can be used for radial x-ray viewing of circular components. This
optional tube is shown in Figure 4.15, while the lixture used to obtain panoramic radial views of the
rotor blade rim and blades is shown in Figure 4.16.
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Figure 4.13 Microfocus X-ray Equipment

Figure 4.14 Microfocus X-ray Tube and Molded Blarle Ring
Positioned for Oblique Radiograph
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Figure 4.15 Close Up of Panoramic Microfocus Tube Head
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Figure 4.16 Panoramic Microfocus Equipment and Fixture fcr Radial X-ray

Sensitivity of X-Ray Equipment

The first experiment conducted with the microfocus X-ray was to determine the sensitivity of the
equipment. Several penetrameters were fubricated using reaction bonded silicen nitride of 2.7 8/cc
density. Figure 4.17 shows radiographic rcsults for a 1/8 inch peretramete-, It can be seen that the 2T
hole of 0.010 inch is detectable in the 1/8 inch cross section. This cerresnonds to g sensitivity of at least
8 percent for sections encountered in melded blade rings.

Most of the NDE effort during this reporting period was directed towards the detection of gross
flaws(13) encountered in the molding of silicon nitride blade rings. These defects can be catagorized as
one of two basic types: 1) voids and 2) planar type cracks. The planar crack is shown in Figure 4.18.
This particular defect is characterized by a large length-to-widtt: ratio. The crack can be detected after
nitriding via visual inspection of the surface. However, 100 percent detection is difficult because of
part complexity or failure of the crack to surface.

Radiographic and Visual Inspection Results of Molded and Nitrided Blade Rings

A number of x-ray parameters were explored in an effort to produce quality radiographs for oblique
and axial viewing of blade rings and individual blades at 1x through 18x magnification. These vari-
ables included film speed, focal spot size, voltage setting and X-ray exposure. Best results were ob-
tained with medium film speed, low voltage setting and the small focal spot.

Figure 4.19 and 4.20 are photographs of radiographs made of blade rings nio. ied using flow control.
These figures represent the quality extren. >s of molded parts radiographed during this study. Over-{i
results on all molded components were presented previously.
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Fignre 4.17 Microfocus X-ray of One Eighth Inch Silicon Nitride Penetrameter




Figure 4.19 Microfocus X-ray Reproduction of Molded Blade
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Figure 4.20 Microfocus X-ray Reproduction of Molded Blade Ring with Numerous Defects
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In Fignres 4149 and .20 two lypes ol Tlaws are evident, voids and inclusions. In these photographs,
the voids, shown as the light indications, are mostly confined to the onter sections of the molded blade
ring. This would be expected since this arca is the last part ol the die to Till during molding.

Soveral inclusions (dark spots) can also be sean in these figures. Snch inclusions were random in
location. These inclusions were Tovmd inall molded parts and believed to have originated in the
mixing ol the molding powders or in the incoming rw materials. While detection ol this type of defect
wits not the object of the investigation, it was shown to he within the capability of the microfocus x-ray.

Figure 4.21 ilustrates a blade void which was tracked, nsing x-ray technignes, Irom molding to
nitriding. This void was imeovered Iy grinding the surlace ol the part using a small hand grinder.
Figure 4.22 is a Iractured Blade void similarly detected by x-ray. Note the absence of white alpha
silicon nitride in Figure 4.21. 10 was Tiest thought that these Maws were dissimilar in origin, however,
repeated grinding and Tractiring ol other blade voids indicated that grinding ol the delective area
removed the alpha material and in addition grinding dust tended to mask th presence of alpha silicon
nitride.

Figure 4.21 Subsurface Void in Reaction Bonded Silicon Nitride Blade
Uncovered by Grinding

od




Figure 4.22 Molding Flaw in Reaction Bonded Silicon Nitride Blade Fractured Surface

Mamy attenipts were nnade to deteet the planar tepe flaw, Fignre -t 18, i as molded blade rings One
experiment consisted of using blade segments ent from the blade vings Mrer molding, and monitoring
the parts nsing visnal inspection and x-ray from molding to mtriding Phis techuique permitted hetter
inspection of the part;and x=ray viewing from several angles not possible with a complete blade ving,
The vesults of this work revealed 1 gross spherical tvpe Daws are detectable in the malded as well as
nitrided blades. 2) planar flaws were not seen nntil after nitviding

Some of these plaar flaws were detected Tor the Tirst time nsing x-ray dnving this program. Fienres

St and U2 show negative reprodnetions of x-rays obtained of the same blade (307 shown in Fignee

it Phese radiograplis, taken at Sy and 18 magnification, point ont the valne of the variable foens -
ray tiibe at high wagnification as evidenced by the shavpness of the x-rayvs OF equal signilicanee was
e detectability: of the planar crack in the witrided state: Fhis fidmg coupled with the Tack of
detection of thisdefect in the molded state suggests that the actral form, oon of the defect may ocenr
after molding, T
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Figure 4.23 Microfocus X-ray Reproductions of Blades Showing Planar Type Flaws
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0.100 INCH

Figure 4.24 Microfocus X-ray Reproduction Showing Planar Type Flaw

Not all planar cracks were detectable nsing x-ray even with multiple orientation. A reason for this is
obvious when one inspects the fractured section of a planar crack previously detected with x-ray.
Figure 4.23, blade #3t, shows an x-ray of such a flaw, and Figure 4.25 shows the fractured section of
blade #31. It can be seen that there is appreciable flaw volume (white material) below the surface of
the defect. Only in such cases was the planar defect detectable using x-ray. These results are consistent
with flaw sensitivity measurements made using penctrameters.

- 3 L N .

Figure 4.25 View of Planar Flaw After Fracture of Blade
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Panoramic Microfocus Tube

The remaining time on the program was utilized assesing blade rim quality. The fixture shown in
Figures 4.15 and 4.t6 was designed for radial x-ray inspection of the rim in its' cireumference along
with the entire 36 hlades. This illustrates the panoramic tube positioned in the inverted position
projecting through the center hole of a plastic disk.

The rotor part is placed over the tube head and positioned for alignment with the radiation pattern
of the tube. A series of concentric slots were cut in the plastic disk to hold the x-ray film strip. These
grooves, spaced in a pattern of t-1/2 — 10 inch radius in increments of 1/2 inch, permit magnification
up to 10x.

Several voltage and exposure parameters were varied in an effort to obtain quality panoramic radial
radiographs of silicon nitride blade rings. Blade ring rim voids were detected using a 10x magnification
and medium speed film. Some distortion or unsharpness of the blades was noted and should be
minimized with Turther work.

Summary

Microfocus x-ray equipment has been purchased, installed and ntilized for the N.D.E. of reaction
bonded silicon nitride components. Flaw size sensitivity of the equipment was established at 8 percent
for voids in 1/8 inch cross sections of reaction bonded silicon nitride of 2.7 g/ce density. Both voids and
metallic inclusions were detectable in green as-molded components. Planar cracks were only detected
in nitrided components and not all planar cracks were detected even with multiple orientation. Void-
type flaws were detected in the rim of nitrided blade rings using a panoramic microfocus x-ray
technique.
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4.2 PSEUDO-ISOSTATIC HOT PRESSING

Introduction

A process to produce improved dno-density turbine rotors was developed under the sponsorship of
DOE. It utilized a blade fill and graphite wedge system v ot oly a radially inwards restraining load to
snpport the blade ring while the hot pressed Inrh was being formed and bended to the blade ringl(13),
Because this approach limits the hot pressing pressure and is time consuming, an alternate approach
was conceived which replaced the wedge/blade-fill system with an isostatic media. Successful devel-
opment of this approacl would result in simplified (ooling, redueed manufacturing time, and increased
hot pressing pressure over that allowable with the graphite wedge system.

Initial psendo-isostatic pressing trials with

blade rings revealed a number of diffienlt problem
arcasl 1), During hot pressing the glass esc

aped throngh the clearance between the piston and bucket
and prevented piston retraction. The glass also permeated the silicon nitride powder and damaged the

reaction honded blade ring. Solutions for these problem arcas were established as the goals of this
development effort and they are as follows:

a) Design simplified graphite (est tooling,

b) Develop a system for sealing the isostatic fluid in a changing volume cavity for a period of fonr
hours (one hour to reach temperatnre, three hours ot 1700°C).

¢) Find a suitable isostatic flnid and determine fluid compatibility with silicon nitride and gas
environment in hot press cavity,

d) Develop snitable barrier layers for isolating the reaction honded silicon nitride from the isopross
media,

Experiments

Approximately 30 hot press runs were made
ent isostatic fluids and sealing systems, The flu
The seals employed were “rafoil supple

using the psendo-isostatic approach to evaluate differ-
ids examined were oxide glasses (Table 4.8) and metals.
mented in some cases with glass,

TABLE 4.8

PROPERTIES OF GLASSES USED IN ISOPRESS EXPERIMENTS

Thermal Exp,
Density Softening Working Annealing 25°C o Set Pt.

Glass gm/cm3 Point °C Point °C Point *C 10-7cm/cm/*'C
Corning #7740 Pyrex 2:233 82t 1.252 560 35
Corning #7913 Vycor

(96% Si02) 2179 1.530 - 1,020 5.5
Corning #1723
Aluminosilicate 2.64 908 1,168 710 54

Corning #9458 LAS Not Available

The glass systems investigated were borosilicates (pyrex and vycor), alumino-silicates, and lithium
alumino-silicates. Soda lime glass and fused silica were eliminated based on viscosity considerations

and on a possible chemical reactivity with silicon nitride.
59
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Experimental graphite tooling was designed to produce a 2:1 pressure relationship between seal
cavity and isopress cavity (See Figure 4.26). Therefore, when 1000 psi was introduced to the seal cavity,
500 psi was generated in the isopress cavity. Several experiments were also performed using tooling .
designed to produce 3:1 and 4 1 pressure relationships. The seals used in the glass isopress runs were
either Grafoil laminated preformed rings or a wound Grafoil ribbon pack.
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Figure 4.26 Graphite Tooling
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The pyrex system was first investigated using the grafoil laminated or ribbon pack seals. From
compaction measurements, the pyrex was found to soften ~t a hot press susceptor will temperature of
1200°C. These runs were made to 1700°C for hold times of 30 and 60 minutes and an isopress cavity
pressure of 500 psi. A seal pressure of 1000 psi (2:1 ratio tooling) was used in all but one case where 3:1
tooling gave a seal pressure of 1500 psi. Both sealing systems showed no leakage of pyrex, but did show
a substantial glass weight loss (18% weight loss after 30 minutes and 36% weight loss after 60 minutes).
This was attributed to the pyrex (Si02) being reduced by the carbonaceous hot-press atmosphere.
Evidence of this was also observed when smoke was noted coming from the furnace at about 1700°C
(susceptor temperature). Coating the isopress cavity with boron nitride prior to pressing only slightly
reduced the weight loss even though no smoke was noted during the run. The reaction of pyrex with
silicon nitride was examined by drilling holes in the piston head and connecting these to the isopress
cavity. Examination of reaction bonded silicon nitride bars placed in these holes during a run showed
no reaction or penetration of the glass with the silicon nitride when boron nitride (BN) was employed
as a barrier layer and the glass was easily removed from the bars. Without the barrier material the glass
bonded to the silicon nitride test bars. Figure 4.27 shows the difference between a boron nitride coated
test bar and an uncoated test bar after pseudo-isostatic pressing in a glass media.
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Figure 4.27 Coated and Uncoated Test Bars

Due !, the high volatility of pyrex in a carbonaceous environment, it was eliminated as a candidate
isopress material. The above results have demonstrated that the attrition rate of pyrex is such that after
four hours in the hot press there would be no glass remaining. As a note of interest, the highly velatile
character (high vapor pressure) of pyrex was also demonstrated by the piston raising approxin. 'y
one inch when the load was released at the end of the test run.

Alumino-Silicate glass was evaluated in an attempt to find a more stable glass system. This glass
proved to be very stable under a carbonaceous environment but very difficult to seal. Using the
standard 2:1 pressure ratio tooling resulted in leakage in one case and a graphite bucket failure in the
other. A pressure ratio of 4:1 tooling at a 500 psi cavity pressure failed to stop the leak problem.
Increasing cavity pressure to 1000 psi agair nsing 4:1 tooling resulted in a cracked bucket during the
run. This glass remains as a candidate due to its stability, however, the seal problem must still be

overcome.

Lithium-alumino-silicate glass was also evaluated. This glass showed a severe volatilization prob-
lem greater than that demonstrated by the pyrex system and, therefore, was eliminated.

Vycor appeared to be the most promising of the glass materials investigated. This glass does vola-
tilize under hot pesss conditions; however, the volatilization rate is considered acceptable. For exam-
ple, after a 4-hour hot press run (3 hours at 1700°C) with the isopress cavity coated with BN, approxi-
mately 15 W/o loss was experienced. The BN barrier layer between the graphite and the glass cavity
was very effective in this case. Without BN barriers, the glass loss rate approximates that experienced
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with pyrex. The BN was also an effective barrier for silicon nitride. No deleterious reactions were
noted on test specimens examined. In all cases, vycor was easily sealed using grafoil as the sealing
material. It should also be noted that the bucket cracked in each instance upon cool down due to the
thermal expansion differences between the graphite and the vycor.

The use of liquid metals in the isopress cavity was seen as a way to circumvent the dissociation
problem of the oxide glasses. Reviewing the possible candidates, it was decided to begin experimenta-
tion with tin which has a very low melting point (232°C) and which would allow easy removal from a
rotor. Tin also has a high boiling point and low vapor pressure in the hot pressing temperature range.

An initial run was made for 50 minutes at 1700°C and 500 psi cavity pressure. Upon opening, no tin
was found in the cavity with some being in the overflow reservoir (Figure 4.26), and the remaining tin
was in the base of the susceptor. Leaking through the seal accounted for the reservoir tin, but that
under the susceptor was more difficult to explain. Immersion density measurements on graphu~ from
various bucket locations showed that the tin was forced through the pores of the AT] graphite (75%
TD). Test bars of RBSN in this run showed a BN barric» layer to be effective for stopping Sn - 5i3N4
reaction. Of note was the observation that the tin showe i no reaction and did not wet the graphite. This
indicates the viscosity of the molten tin must have been very low to be forced through the graphite

pores.

Further tests were carried out with a higher melting metal — copper. Again, Cu did not wet graphite
and BN proved to be a good barrier layer between molten Cuand RBSN. The melted Cu also exhibited
a low viscusity and grafoil laminated or ribbon seals consistently leaked. Combination grafoil and glass
seals were develored of the general form shown in Figure 4.28. Pyrex and vycor were tried as the
sealing glasses with pyrex superior since it is soft at the melting point of copper (1083°C). When a pyrex
floating seal is used with cupper, the pyrex takes vn a distinet eopper €U lur. This seal uses the density
difference between Cu and the glass to keep the seal in position. With these combination seals,
volatilization of the glass sti'' curs but the quantity of glass required is small. The grafoil-glass seal
worked well but the copner was forced through the pores in the graphite bucket. This problem might
be solved by employing high-density graphite or high-density graphite liners.

GRAF (L
SEAL

GLASS

GRAFDIL
SEAL

METAL

_

Figure 4.28 Sealing Systems for Metallic Isopress Fluids
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Summary

In smnmary, the major problems approached involved the development of a sealing system, select-
ing a suitable isostatic media, and the development of an effective Larrier layer hetween the reaction
honded silicon nitride and the media. It was found that the oxide glasses could generally be contained
by a simple grafoil seal. The major problem with glass proved to be its susceptibility to decomposition
under a hot-press environment. Of the glasses investigated, vycor appeared to be the most promising
isopress media material. Although some vycor loss will be experienced, this loss is acceptable.

Results also show that horon nitride appears to be an effective barrier layer material between the
vycor and silicon nitride.

Tin and Copper metals, as the isostatic media, were found to be very stable in the hot press
environment but were difficult to contain without employing a more complicated grafoil-glass hybrid
seal. The chief diffienlty was extrnsion of the molten metal throngh the porosity of the graphite.

The reaction bonded silicon nitride test hars recovered from the isostatic media were not checked
for densification but constdering the short times and low pressures employed and from examination of
the microstructures it is believed that little if any densification occurred.
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5.0 ANALYTICAL CODES

The development of analytical design codes and the application of these analytical techniques to the
duo-density silicon nitride turbine rotor were ongoing activities in the Ford/DARPA Brittle Materials
Design Program since its’ inception. This technclogy is an important part of the systems approach
employed in this project for the development of high temperature gas turbine engines. DOE funded
work concentrated on development of analytical tools and limited analysis to clarify a few issues
identified during the DARPA portion of the program.

During previous reporting periods(11,13) several analytical tools and procedures were developed.
The maximum-likelihood method was selected as the procedure for the estimation of the parameters of
Weibull distributions(11), Analytical procedures were developed for computing time-dependent relia-
bility for ceramic structures which exhibit the phenomenon of delayed fracture or static fatipue(11), A
“Hypothesis Testing” procedure was prepared for determining whether statistically significant differ-
ences exist between two sets of datal13). This test was applied to the turbine rotor and showed that
blade strength does deteriorate after the press-vonding operation. Use of proof-testing as a potential
means of enhancing the accuracy of life predictions was theoretically investigated(13). The turbine
rotor hub contour was modified based on a life prediction analysis which indicated a thicker throat
was beneficial(13),

During this reporting period a reliability analysis was performed for the off-design operating condi-
tions of rotor 1195 which had been tested previously(12). This analysis, presented in Section 5.1, was
conducted to determine the time dependent reliability for the duration of the testing and determine if
the reliability estimate agreed with the successful engine test. Section 5.2 presents the reliability
estimates for thicker throat rotors (0.40 and 0.48 inches) operating in the hot spin rig.
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5.1 RELIABILITY ANALYSIS OF ROTOR 1195 TESTING

Rotor 1195 was tested .u a modified engine for ten hours of steady state operation at 45,000 rpm and
2200°F turbine inlet temperature (T.L.T). Following a successful shutdown and examination of the parts
a second run was made comprising of 25 hours at an average T.LT. of 2250°F and 1-1/2 hours at an
average T.LT. of 2530°F, all 26-1/2 hours at 50,000 rpm. At this time an engine shutdown was started to
reduce the excessively high air temp .ratures (~1900°F) in the vicinity of the metal curvic adapter, but
was unsuccessful when the rotor s_stem abruptly failed{12). The speed selected for the second test,
50,000 rpm, was 100% design spee. for a three stage turbine discussed in a previous report(11).

i During this reporting period a reliability analysis was conducted for the individual loading condi-
tions and the cumulative reliability estimated for the entire test cycle of rotor 1195. The average turbine
inlet temperature was taken to be 2200°F for both the 10 hour and 25 hour portions of the test and
2500°F for the remaining 1-1/2 hours. Thermal loadings useil in the analysis were obtained from
separate heat transfer analyses modified to simulate the condi.ions prevailing in the modified engine
and defined from measurements taken during the test runs.

As shown in Figure 5.1 four thermccouples were placed in the vicinity of the first stage rotor (1195)
so the air temperatures on the forward and aft surfaces of the disk could be mewsured during the test
run of Engine 6-14C. Using these test temperatures as a guide, two dimensional (axisymmetric) thermal
analyses were made for the turbine end of the modified engine rotor system at (arbine inlet tempera-
: & tures of 2200°F and 2500°F.

The heat flow into the rim of the disk was simulated by using film coefficients (h) and adiabatic wall
temperatures on that edge of the disk model. Two and three dimensional analytical techniques have
{ previously been used to define the thermal boundaries at the rim of the disk for full power loading
(2500°F TIT and 64,240 rpm)(8).

: With this data as a baseline, the film coefficients corresponding to the 2500°F TIT portion of the
1 modified engine run were obtained by using & ratio of the mass flow rates to the 0.8 power, while the
adiabatic wall temperatures were left unaltered. For the 2200°F TIT condition both thermal parameters
were adjusted to rei'. ot measured engine data (mass flow rate and turbine inlet temperature).

TEMPERATURES — °F

1st NOZZLE TEST CALCULATED
1896 1863
1879 1870
1097 1070
976 992

f 25000°F
T -

TO00°F =
AIR TEMP.

padan b b el e

Figure 5.1 Assumed Air Flow Around Rotor 1195




To duplicate the measured air temperatures at the forward face of the Ji<k: Points 1 and 2 in Figure
5.1) turbine gases were assumed to leak inboard at the axial clearance be:w<en the first stage nozzle
and disk and then mix with the turbine bolt cooling air. This air mixture was then assumed to flow up
the forward contour of the disk from the curvic to the rim. For the aft side of the disk (Points 3 and 4)
the flow of labyrinth scal sir was 2ssumed to ereate vortices, which eaused revireulation to heat up the
air along the back face of the rotor. Figure 5.1 shows the assumed air flows, and the test and calculated
air temperatures at the forward and aft sides of Rotor 1195 for a turbine inlet temperature of 2500°F. As
shown in the figure the thermal analysis closely simulated the temperature environment in the modi-
fied engine.

Using the thermal boundaries in Figure 5.1 the temperature distributions in the rotor disk at 50,000
rpm and for turbine inlet temperatures of 2200-F and 2500°F were calcu!ted and are shown in Figures
5.2 and 5.3, respectively. Using the material properties in Table 5.1, the maximum principle tensile
stresses in the disk for the two engine loading conditions were calculated and are shown in Figures 5.4
and 5.5. In these calculations it was assumed that the rotor was fully bladed (36), while actually Rotor
1195 had 28 blades. Thus, the computed stresses will be approximately 2% higher than the actual
stresses developed in the disk making the reliability estimates on the conservative side. Since the
recorded test data from the 10 hours of running in Engine 6-14B were similar to the 25 hours in 6-14C it
was assamed ‘et the tenperature distributions in the disk for these two engine mins at 2200°F TIT
were the same. Therefore, using the temperatures shown in Figure 5.2, the disk stresses at 2200°F TIT
and 45,006 rpm were calculated and are presented in Figure 5.6.

Figure 5.2 Temperature Distribution (°F) for Rotor 1195 in Engine 6-14c
at 2200°F TIT and 50,000 rpm
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Figure 5.3 Ten:perature Distribution (°F) for Rotor 1185 in Engine 6-14c

at 250u°F TIT and 50,000 rpm

TABLE 5.1

MATERIAL PROPERTIES

Coefficient
of Thermal
Young's Shear Expansion Thermal
Temy. Modulus  Poisson’s Modulus in/in/°F Conductivity
°F x108 psi Ratio x106 psi x 10-6 Btu/hr-ft-°F
3.5% MgO itlol-Pressed 813,44 78 435 272 17.1 (.95 17.0
{iiub) 500 4.1 260 17.5 1.23 15.0
1000 44.3 251 17.7 1.54 13.0
(jensily = 3.18 gm/cm? 1500 43.5 250 17.4 1.74 11.0
2000 42.6 246 17.1 1.89 9.2
2500 41.3 237 16.7 2.01 8.0
Injection Molded $i3Ny 78 25.0 187 10.5 .82 114
500 24.7 178 10.5 1.07 10.4
Density = 2.70 gm/cm3 1000 24.1 164 10.3 1.46 8.1
1500 233 152 1.1 1.62 6.6
2000 22.d 140 4.8 1.70 5.5
2500 215 128 9.5 1.73 4.6
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Specific
Heat

178
227
.263
.289
328
325
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Engine 6-14c at 22¢9°F TIT and 50,000 rpm

pal Tensile Stresses (psi) for Rotor 1195 in
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Figure 5.5

Maximum Principal Tensile Stresses (psi) for Rotor 1195 in
Engine 6-14c at 2500°F TIT and 50,000 rpm
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Table 5.2 lists the temperatures and the stresses in the disk at the bore, throat, and rim for the 2500°F
TIT and 50,000 rpm operating condition of engine 6-14C. Also shown in this table is the temperature
and stress gradient between the disk and rim.

TABLE 5.2

Temperature and Maximum Principle Tensile Stresses
of Rotor 1195

Gradient
Bore Throat Rim (Bore-Rim)
Temp. Stress Temp. Stress Temp. Stress Temp. Stress

(°F) (psij (°F) (psi) (°F)  (psi) (°F)  (psi)

Modif ed Engine (6-14C)
2500°F TIT & 50,000 rpm 1630 30,000 1900 23,000 2110 7,000 580 23,000

Estimated Weibull strength parameters presented in Figure 6.9 of report(13) were used to make the
fast and time dependent reliability point estimates for rotor 1195 which are presented in Table 5.3.In
all the reliability estimates presented, the reliablility of the proof tested blade ring was excluded on the
assumption that reaction bonded silicon nitride does not exkibit subcritical crack growth at the temper-
atures experienced in the engine tests.

TABLE 5.3

Fast Fracture and Time-Dependent Reliabilities for Rotor 1195

Fast Fracture Time Dependent
Time Reliability Reliability (2)
Loading (Hours) m=7 m = 10 m=7 m = 10
2200°F TIT & 45,000 rpm 10 98113 .99981 .97443 .99972
2200°F TIT & 50,000 rpm 25 96145 .99947 91667 .99845
2500°F TIT & 50,000 rpm 1.5 .89500 99766 .85830 99623

1. Point estimates of disk hub material Weibull slope: 7 and 10
2. Assuming individual loading on the rotor disk.
3. Cumulative time dependent reliability for the total 36.5 hours of running time:
83843 (m = 7, M= 8.5, n = 15.9)
99547 (m = 10, m= 12.2, n = 15.9)
4. The reliability o: the blades is 1 since they were proof-tested by cold-spinning to 50,000 rpm.

Weibull slope for fast fracture
Weibull slope in presence of slow crack growth
crack propagation velocity exponent

where

m
m
n

As mentioned earlier all analyses were made for a 36-bladed rotor, and since Rotor 1195 had only 28
blades, the reliability estimates are conservative. The time dependent reliabilities at each loading
mode were calculated assuming no previous load history. They provide a measure of the relative
severity of the individual loading mode. Using an estimated Weibuvll modulus, m, of 7, the calculated
cumulative time dependent reliability for the total 36.5 hours of running time is 0.83843. For an m of 10,
this cumulative reliability increases to 0.99547. These cumulative estimates tend tc curioborate the
engine testing, since an evaluation of the failed parts shows that Rotor 1195 material quality was not the
direct cause of the shutdown failure.
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5.2 ANALYSIS OF ROTOR DISK CONTOUR MODIFICATIONS

Hot spin rig testing is being used to evaluate the quality of Ford's duo-density rotors under the
DARPA program end eventually will serve te verify aualvlimlly predicted failure distributions uf test
rotors. Before the axisymmetric thermal analysis of the hot spin rig rotor system could be made, the
existing 2-D model(11) had to be altered to represent the geometry of the test hardware. This included
the change from a conical piloting system to curvic couplings and modifying the configuration of the
disk from the original designed 0.300 inch throat to the recontoured 0.400 inch throat configuration.
The 0.400 inch disk shape was chosen since this alteration to the model would require the least amount
of time. No significant difference in disk temperature is expected between the 0.480 and the recon-
toured 0.400 inch throat rotors since there is not a major difference in the disk geometries.

For the thermal environment, it was assumed that the rim of the disk from the leading to the trailing
edge had a uniform temperature of 1800°F. Next, two modes of air flow were assumed to occur around
the disk. For the first, shop supplied bolt cooling air was assumed to flow up the forward disk face,
while labyrinth seal air was assumed to cool the aft disk surface. Figure 5.7 shows the temperature
distribution in the disk for this condition. For the second mode, hot recirculated air was assumed to

bathe both disk surfiecs. This assumption wae based on optieal pysonircter readings, taken Juring rig
testmg of hub 988, which showed higher disk temperatures, Figure 5.8, than those presented in Figure
5.7. Figure 5.9 shows the calculated disk temperatures for this hotter condition. As expected, these two
assumed operating conditions produce vastly different temperature levels and gradients in the disk.

1800
1750=

Temperatures {°F} of Recontoured 0.400 Inch Throat Disk in Hot Spin
Rig at 1800°F Rim Temperature and 50,000 rpm. Cooling Air Along
Both Forward and Aft Disk Surfaces

Figure 5.7
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Figure 5.8 Measured Disk Temperatures (°F) on Hub 988 in Hot Spin Rig at
1800°F Rim Temperature at 50,000 rpm




Figure 5.9 Temperatures (°F) of Recontoyred 0.400 Inch Throat Disk in Hot Spin at

1800°F Rim Temperature and 50,000 rpm. Hot Recirculated Air on
Both Forward and Aft Disk Surfaces
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Using the two sets of disk temperatures and the material properties in Table 5.1, the maximum
principle tensile stresses in (e disks at 50,000 rpm (78% of Design D or 100% for a three stage design)
were caleulated and are si cwn m Figures 5.10 and 5.11 for the recontoured 0.400 inch profile and in
Figures 5.12 and 5.13 for thie 0.480 inch configuration. A comparison of these figures show that the bore
stresses in the cooler running disks (higher thermal gradients) are approximately 10,000 psi greater than
those in the hotter rotors.

| Figure 5.10 Maximum Principal Tensile Stresses (psi) for Recontoured 0.400 Inch
i Throat Disk in Hot Spin Rig at 1800°F Rim Temperature and 50,000 rpm.
Cooling Air Along Both Forward and Aft Disk Surfaces
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Figure 5.11 Maximum Principal Tensile Stresses (psi) for Recontoured 0.400 Inch
Throat Disk in Hot Spin Rig at 1800°F Rim Temperature and 50,000 rpm.
Hot Recirculated Air on Both ¥orward and Aft Disk Surfaces
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e 5.12 Maximum Principal Tensile Stresses (psi) fo: 0.480 Inch Throat
Disk in Hot Spin Rig at 18¢5°F Rim Temperature and 50,000 rpm. Cooling Air |

Along Both Forward and Aft Disk Surfaces
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psi) for 0.480 Inch Throat Disk in Hot

Figure 5.13 Maximum Principal Tensile Stresses (
d 50,000 rpm. Hot Recirculated Air on Both

Spin Rig at 1800°F Rim Temperature an
Forward and Aft Disk Surfaces
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Using estimated Weibull parameters from Figure 6.9 of the last repo1 :(13), the fast fracture and the
25 hour time dependent reliability estirates of the rotors were calculated and are shown in Table 5.4.
In these computations the biade reliability is assumed to be 1.0, based on the rotor being proof-tested
up to maximum operating speed prior to hot testing. The steeper temperature gradient, shown in Figure
9.7, approximates closely in severity the loading conditions of the modified engine at 2200°F turbine
inlet and 50,000 RPM. The temperature distribution in Figure 5.9, which approximates closer the
temperature distribution obscrved in tests, is less severe as reflected in higher reliability estimates.
Both temperature distributions show very little degration in the reliability with time as evident from
fast fracture reliabilities. This is not unexpected as the operating temperatures are relatively low
(1800°F and less) and therefore not as conducive to subcritical crack growth.

TABLE 5.4

Fast Fracture and 25 Hour ‘Time Dependent Reliability Estimates for Rotors in the
Hot Spin Rig with a Rim Temperature of 1800°F and 50,600 rpm (m = 7)

Cooling Air Hot Recirculated Air
Throat Fast 25 Hour Fast 25 Hour
Thickness Fracture Time Dependent Fracture Time Dependent
(Inches)
Recontoured
400 .93263 .93078 .98961 .96970
.480 12226 92162 .98549 95625
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6.0 RECOMMENDATIONS

Work during this reporting period under the DOE-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. Hot press bonding process parameters were defined to eliminate
microstructural and strength degradation of blade rings. Improvements were also made in the injection |
molding of rotor blade rings though more work is required to eliminate subsurface void-type blade !
flaws. It is recommended that a program be initiated to fabricate and test such improved all-ceramic
turbine rotors to demonstrate the improvement.

Development of practical NDE techniques is also recommended to detect subsurface flaws of 100 l
microns or less in compiex shapes; this would be extremely useful to assess and confirm anticipated
improvements in blade ring quality, ]

Recommendations would not be complete without the cali for continued programs on materials,
processing and ceramic rotor testing, In particular, improved reaction bonded and hot pressed silicon
nitride, along with a simplified process to fabricate highly-stressed ceramic turbine rotors, is required
to produce large qua.tities of reliable parts at low cost. More ceramic rotor testing is required to
validate or modify life prediction analyses and substantiate the reliability of ceramics in such a
demanding high-temperature application.

While a methodology basis has been established, support shouid continue toward further develop-
ment of this energy efficient turbine technology. An all-inclusive prograr is recommended, encom-
passing materials research, process research, ceramic design and testing under realistic conditions of
environment, temnperature and stress. Such an inter-disciplinary, all-inclusive approach is recom-
mended to provide for cross fertilization of ideas and to facilitate emphasis on different aspects of the
research program as required.
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