
■■Mt^mmmmmmmmmfwsr^ 

^ 

ENERGY 

AD 

fQ lib 
AMMRC TR 79-11 

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 

O 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 

. 

mmmmmmmm 



■PH«!-1 .'-. HJSPWim.'i^iJi  mjUlpiMillil ii.i  ifiiiiiiiijiMmimpi ^     f 

«Tiria-^Wu-j^vj.,^1 f 

The findings in this report are not to be construed as an official Depart- 
ment of the Army, ör 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. 

DISPOSITION INSTRUCTIONS 

Destroy this report when it is no longer needed. 
Do not return it to the originator. 

Printed in the United States of America 

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. 



pr N im iw.. i. . i^imnwi^im^mmmmMm*"*w I'm^mi'/mmmm-^mmii.i .... IUUHU|J||^| ^äzi 

ti 

UNCLASSIFIED 
SECURITY CLASSIFICATION OF THI5 PACE (When Dmlm Enterrd) 

REPORT DOCUMENTATION PAGE 
/^ JNREPORT NUMBER j^-^t -s*:- "—BSSaQfifif 

4.   TITLE (■•nd SubOlleJ 

ESSION  NO 

±5"  

/ R   Brittle Materials Design. Highjemperature 

^U   Gas Turbine» b-eH Aj )rr^\  t> , 

READ INSTRUCTIONS 
BEFORE COMPLETING FORK 

3. RECIPIENT'S CATALOG NUMBER 

5. TYPE OF REPORT « PERIOD COVERED 

Interim Report Number 13 
10-1-77 to 3-31-78 

.s 
A. F. McLean, Ford Motor Company 
R. R. Baker, Ford Motor Company 

,».    JiNl'RACT OR GRANT NUMBERf«J 

V    PERFORMING ORGANIZATION  NAME  AND  ADDRESS 

Ford Motor Company, Dearborn MI 48121 

I.   CONTROLLING OFFICE NAME AND ADDRESS 

Army Materials and Mechanics Research Center 
Watertown, Massachusetts 02172 

PERFORMING ORG. REPOR^NilMBER 

DAAG 46-71-C-0162 

10.    PROGRAM ELEMENT, PROJECT,  TASK 
AREA »  WORK UNIT NUMBERS 

D/A Project: ARPA Order 1849 
AMCMS Code: 
Agency Accession: DA OD4733 #«/ Agency Accession: D. 

(|    )   Febtto»yr^79 _^ 
V_.^  NUMBER OF ^AULJ        T~ 

94 

S 

Ji.   MONITORING AGENCY NAME 1  AODRESSflf d<//.r.nl fron. Con„olUni OWc) 

W^r 
15.   SECURITY CLASS, (ol Ihlt report) 

Unclassified 
ISa     OECLASSIFICATION/DOWNGRADING 

SCHEDULE 

16.    DISTRIBUTION STATEMEN' M T fof (IW. R»P°'I) Sft \ , | I       1 \ U    -6 

Approved for public release; distribution unlimited. / J- 0 "CSV   " f"" O**-   / IfaY*   1% 

17.   DISTRIBUTION STATEMENT (ot the mbttrmcl en tered In Block 30. H dltlereot Iron, Report) 

/IntKuH F.jfltL-e.Mhj   Kd^t-'f /?./B«>ICt**J 
L 

If;   KEY WORDS fConflnu. on reveree ,lde II n.c....ry •"«' Idenllly by block number) 

Gas Turbine Engine 
Brittle Design 
Ceramics 
High Temperature Materials 

Silicon Nitride 
Silicon Carbide 
Non-Destructive Test 
Mechanical Properties 

M.    ABSTRACT (Continue on revere e elde II neceeterr end Identlly by block number) 

1 

(See reverse side] 

QP      FO       ,   1473 EDITION OF  1 NOV «SIS OBSOLETE UNCLASSIFIED 

* 

SECURITY CLASSlFir ATION OF THIS PAGE fWi«. Dete Entered) 

A!- 
ifl iSO 



^"I"" ' HBW'iMU >»»■•■   ' ' "^'H^O >^'    /^ ' il!WU<ll> 'WIHHIWi .'*«.' 

UNCLASSIFIED 
SgCUWITY CLASilflCATION OF THIS PAOEfWun Oaf. Cnl.r*« 

ABSTRACT 

This report contams progress during the last six months and a summary 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 m a signif ml improvement in the yield of flaw-free hot press bonded rotors M O R 
and cold spin tests of rotor ülade rings revealed the presence of undetected subsurface flaws in both 
the bfcdes and the rim. Blade bend testing indicated that blade strength degraded during hot press 

During this reporting period, an investigation of hot press bonding temperatures ^nd time at temper- 
ature defined a region of zero microstructural and strength degradation. This study involved 19 hot 

E    H ?S T      ^ CUrVeS rre genera,ed definin« the chan«es in color. Polity, hardness, phase and strength as a function of time and temperature   ^ ^        y. 

Improvements in injection molding of rotor blade rings were made utilizing-aQ adaptive process 
control unit which controlled and monitored the injection velocity and die cav^eWe Ling the 
in,ecnon and hold portions of the molding cycle. Five parametric studies were coLuc^Wkh "y Je^ 
fnIS IT "JI^110" Profiles and hold pressures. Microfocus X-ray results indicated ifcat high 
injection flow rates combined with low holding pressures in the die cavity reduced the number of 
subsurface void-type blade flaws. "umuer 01 

The detection of planar flaws in both green as-molded and nitrided blade rings revealed that this 

SilTv TH * dneteCtable ^ nit!;iding
l:
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technique ^ ^ ^0f blade rin8S USing a Panoramit microfocus X-ray 

Approximately 30 experiments were conducted utilizing glass and/or metals as isostatic hot pressing 
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S mi?,m,fd with vycor utilizing boron nitride as a barrier malerial. A sliding 

hrnnl T       ^tT^Z ^foil-glass hybrid system; however, the metals were extruded through the porosity of the graphite. CAUUUCU 

A reliability analysis was conducted for individual loading conditions and the cumulative reliabilitv 
estimated for Rotor #1195 which was previously engine tested. The cumulative time.depende"a 
bihty for the 36.5 hour run was 0.838. Reliability estimates were also made for 0.40 and oTSKtek 
throat rotors operating m the hot spin rig at a rim temperature of 1800ÖF at 50,000 rpm. 
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FOREWORD 

This report is tho thirteenth tochnicul report of the "Brittle Materials Design, High Temperature Qas 
Turbine" program initialed by the Defense Advanced Projects Agency. DARPA Order Number IN4!), 
[Contract Number DAAC-W-Zl-C-OKiU). 

In fiscal year 1977, the Hnergy Research and Development Administration (ERDA), now Depart- 
ment of F-mergy (DOR), joined with DARPA to support this project and this constitutes the final repoi 
of the DOK funded work. 

This report is also the final report on materials development in the iterative design and materials 
development portion of the DOK funded portion of the Brittle Materials Design Program, 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 KRDA Division of Transportation (TK(]). started to support process development to improve the 
quality of duo-density silicon nitride turbine rotors, and ERDA's Division of Conservation Research 
and Technology (CONRT|. supported some of the work on non-destructive evaluation of ceramics and 
ceramic materials characterization. DOE has delegated project management responsibility to the 
NASA Lewis Research Center for the TEC Heat Engine Highway Vehicle Systems Program. This 
includes work under the TEC/AMMRC Heat Engine Systems Materialsand Components Technology 
Program. The Army Materials and Mechanics Research Center continued to function as the technical 
monitor of the overall program. 

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

Ford Motor Company 

N. Arnon. R. ]. Baor, |. H. Buechel. D. |. Cassidy. |. C, Caverly. C. C. DeBell, R, C. Elder. A. Ezis. E. A. 
Fisher, R, K. Covilla, M. N. Cross. D. L. Hartsock. P, H. Havslad. /. A. Herman. R. A. [eryan. C. F. 
Johnson. |. A. Mangels. W. E. Meyer. J. T. Neil. A. Paluszny. C. Poilsch. J. 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 

DOE-TEC Project Officer — R. B. Schulz 

DOE-CONRT Project Officer - f. Neal 

DOE-NASA Lewis Project Officer — C. P. Blankonship 

ili 

^ ppaww««*- 



H.U..KIII.UV.II...1..I. i....i.ui        ™—=- 

! 

TABLE OF CONTENTS 

Page 
Ropurt DwnmuMitalion Pago   

Abstriu:!   

Forowonl   
 ill 

Tablo of Conh'nts   . 
 Iv 

List of Illuslrnlions  
 vi 

I.isl of Tahlos  
 Ix 

1.0 IntrtMluction   

2.0 Summary of DOK Sponsoroil Work   5 

2.1 Ceramic Malorial TochMoloj?>'   7 

2.1.1 Roaction Bonded Silicon Nitride   7 

2.1.2 M.«» Prossed Silicon Nitride   8 

2.2 Ceramic Rotor Fabrication Technolo«y  ,, 

2.2.1 Injection Molding of Rotor Hlade Rings  u 

2.2.2 Hot Press Bonding of Duo-Density Rotors   y 

3.0 Ceramic Material Technology (Rotor Improvement)  ^5 

3.1 Introduction   15 

3.2 Supporting Data   17 

3.3 Reaction Bonded Silicon Nitride Degradation Study   jg 

3,3.1 Teclmique for Assessing Degradation   20 

i 3,3.2 Study Results   

3.3.2.1 Blade Filling Operation   21 

3.3.2.2 Hot Pressing Operation   22 

3.3.2.3 Determination of Percent Strength Degradation  28 

3.4 Summary and Conclusion   31 

4.0 Ceramic Processing Technology  3a 

4,1 Rotor Blade Rings  ,. 

4.1.1 Injection Molding Studios   g7 

4.1.2 N. D. E. of Rotor Blade Rings  47 

iv 



HWnuuuviiiu.ujiijiiHf^iip ^"'^iw|W•l!^l!l^^PW.■^M^n'^MMWPl^lH'^^,i?,■* ^£. 

TABLE OF CONTENTS 
Page 
 59 

4 2 Pseudo-Isostatic Hot Pressing   
 65 

5.0 Analytical Codes   

51 Reliaiility Analysis of Rotor 1195 Testing  
 75 

5 2 Analysis of Rotor Disk Contour Modifications  
 83 

6.0 Recommendations  
 85 

7.0 References   



wiiWPW!m»»!w-i. "■ !■ mm*mmmmm mu.mmmi.-wi,!immir*»'v'mim--^'*"*' ■",l " •■ flfPPISFP 

LIST OF FIGURES 

Page No. 
Fittim; 1.1      Schematic View of the Vehicular Gas Turbine Engine Flowpath  i 

Figure 1.2 DARPA/DOE Supported Tasks m the "Brittle Materials Design. High 
Temperature Gas Turbine" Program  2 

Figure 1.3      Duo-Density Geramic Turbine Rotor 3 

Figure 2.1     Test Bar MÜR Versus Flaw Size 7 

Figure 2.2     Rotor Blade Bend Load Versus Flaw Size  8 

Figure 2.3     Linear Thermal Expansion of HPSN 9 

Figure 2.4     Yield of Good As-Molded Blade Rings Versus Process Development  n 

Figure 2.5     Hof Press Bonding Assembly — Three Piece Duo-Density Goncept  12 

Figure 2.6     Simplified Two-Piece Gonfiguration  13 

Figure 3.1      Pore Size Distribution Before and After Hot Press Bonding  15 

Figure 3.2     Graphite Tooling for Inside Temperature Measurement  19 

Figure 3.3      Rotor Blade Bend Test Set-Up  20 

Figure 3.4     Processing Steps for Degradation Study 21 

Figure 3.5     Typical Hot Pressing Schedule 22 

Figure 3.6     Times and Temperatures for Experimental Hot Pressings  23 

Figure 3.7     Blade Rings with and without Genter Rib  23 

Figure 3.8     Golor Ghange Versus Hot Pressing Parameters  24 

Figure 3.9     Typical Micrographs of Rotor Blades  25 

Figure 3.10    Ghange in Porosity Versus Hot Pressing Parameters 25 

Figure 3.11    Second Phase Development Versus Hot Pressing Parameters  26 

Figure 3.12    Hardness After Hot Pressing Versus Gharacteristic Blade Load  26 

Figure 3.13    Percent Ghange in Alpha Versus Hot Pressing Parameters 27 

Figure 3.14    Blade Bend Load Versus Percent Alpha Silicon Nitride After Hot Pressing  28 

Figure 3.15    Percent Degradation in Strength Versus Hot Pressing Parameters  29 

Figure 4.1     Typical Fracture Surfaces with Gross Fabrication Flav      36 

Figure 4.2     Typical Fracture Surfaces without Gross Fabrication Flaws 36 

Figure 4.3     Weibull Distributions of Blade Failures 37 

vi 

r 
'fMt"»!1   IM 



• • ■' >!<•>■- 

LIST OF FIGURES 

Page No. 

Figure 4.4 Control Console for Automated Injection Molding System 38 

Figure 4.5 Tooling for Injection Molding Blade Rings  38 

Figure 4.6 Hunkar Flow Control Equipment   go 

Figure 4.7 Relationship of Injection Patch Panel to Ram Position  39 

Figure 4.8 Schematic of Cavity Pressure Versus Ram Position   40 

Figure 4.9 Typical Cavity Pressure Profiles During Phase One  42 

Figure 4.10 Typical Cavity Pressure Profiles During Phase Two   43 

Figure 4.11 Typical Cavity Pressure Profiles with Controlled Cushion        44 

Figure 4.12 Expanded Oscilloscope Scale   45 

Figure 4.13 Microfocus X-ray Equipment  

Figure 4.14    Microfocus X-ray Tube and Molded Blade Ring 
Positioned for Oblique Radiograph   48 

Figure 4.15 Close Up of Panoramic Microfocus Tube Head  49 

Figure 4.16 Panoramic Microfocus Equipment and Fixture for Radial X-ray        50 

Figure 4.17 Microfocus X-ray of One Eighth Inch Silicon Nitride Penetrameter  51 

Figure 4.18 Planar Type Defect Detected by Visual Inspection   51 

Figure 4.19    Microfocus X-ray Reproduction of Molded Blade Ring with Lower 
Level of Defects   
 52 

Figure 4.20 Microfocus X-ray Reproduction of Molded Blade Ring with Numerous Defects  53 

Figure 4.21 Subsurface Void in Reaction Bonded Silicon Nitride Blade Uncovered by Grinding 54 

Figure 4.22 Molding Flaw in Reaction Bonded Silicon Nitride Blade - Fractured Surface 55 

Figure 4.23 Microfocus X-ray Reproductions of Blades Showing Planar Type Flaws  56 

Figure 4.24 Microfocus X-ray Reproduction Showing Planar Type Flaw          57 

Figure 4.25 View of Planar Flaw After Fracture of Blade  57 

Figure 4.26    Graphite Tooling   
 60 

Figure 4.27    Coated and Uncoated Test Bars . 
 ol 

Figure 4.28    Sealing Systems for Metallic Isopress Fluids  62 

Figure 5.1      Assumed Air Flow Around Rotor 1195 
" 0/ 

vil 



mBpuW^ipp'iiiiw"- ■ -. wv*iw*im/m*i&*mm'i 'j-Hwmnw'v jwwsir-W-W'WliW"^ 

LIST OF FIGURES 

Page No. 

Figure 5.2     Tempoi...... Distribution (0F) for Rotor 1195 in Engine 6-14c 
at 2200°F TIT and SO.OOO rpm .. 
 ho 

Figure 5.3     Temjwniture Distribution (0F) for Rotor 1195 in Kngine 6.14c 
at 25t)0oF TIT and 5().()(K) rpm  .69 

Figure 5.4      Maximum Principal Tensile Stresses (psi) for Rotor 1195 in 
Engine 6-14c at 2200oF TIT and 50.000 rpm   70 

Figure 5.5      Maximum Principal Tensile Stresses (psij for Rotor 1195 in 
Engine 6-14c at 2500oF TIT and 50.000 rpm   71 

Figure 5.6      Maximum Principal Tensile Stresses (psi) for Rotor 1195 in 
Engine 6-14b at 2200oF TIT and 45.000 rpm   72 

Figure 5.7     Temperatures (0F| of Recontoured 0.400 Inch Throat Disk in Hot Spin 
Rig at 1800oF Rim Temperature and 50,000 rpm. Cooling Air Along 
Both Forward and Aft Disk Surfaces   /o 

Figure 5.8      Measured Disk Temperatures (0F) on Hub 988 in Hot Spin Rig at 
1800oF Rim Temperature at 50.000 rpm   76 

Figure 5.9     Temperatures {°F] of Recontoured 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 DM Surfaces    77 

Figure 5.10    Maximum Principal Tensile Stresses (psi) for Recontoured 0 400 Inch 
Throat Disk in Hot Spin Rig at 1800oF Rim Temperature and 50,000 rpm 
Coolmg Air Along Both Forward and Aft Disk Surfaces  78 

Figure 5.11    Maximum Principal Tensile Stresses (psi) for Recontoured 0.400 Inch 
Throat Disk in Hot Spin Rig at 1800oF Rim Temperature and 50.000 rpm 
Hot Recirculated Air on Both Forward and Aft Disk Surfaces  79 

Figure 5.12    Maximum Principal Tensile Stresses (psi) for 0.480 Inch Throat 
Disk in Hot Spin Rig at 1800oF Rim Temperature and 50,000 rpm. Coolin« Air 
Along Both Forward and Aft Disk Surfaces   .80 

Figure 5.13    Maximum Principal Tensile Stresses (psi) for 0.480 Inch Throat Disk in Hot 
Spin Rig at 1800oF Rim Temperature and 50.000 rpm, Hot Recirculated Air on Both 
Forward and Aft Disk Surfaces   

 "■"■ • 01 

VIII 



££- 

LIST OF TABLES 

Page No. 

Table 2.1 DOE Program Acoomplishmenls  5&,) 

Table 2.2 Chemistry of Commerical C.rade Silicon Nitride Powders and Hot Pressing Additives  9 

Table 3.1 Summary of Blade Ueiui Test Results  15 

Table 3.2 Blade Ring Degradation Characteristics at Various Processing Steps 16 

Table 3.3 Characterization of Rotor Blade Rings  17 

Table 3.4 Blade Ring Data Before and After Blade Fill  21 

Table 3.5 Effect of Rib on Blade Fiend Load  24 

Table 4.1 Weibull Parameters 35 

Table 4.2 X-ray Results of Phaso I  42 

Table 4.3 X-ray Results of Phase 11  43 

Table 4.4 X-ray Results of Phase 111  44 

Table 4.5 X-ray Results of Phase IV  45 

Table 4.6 X-ray Results of Phase V  46 

Table 4.7  Assessment of NDE Techniques Considered for Flaw Detection in 
Reaction Bonded Sil^on Nitride Components 47 

Table 4.8 Properties of Glasses Used in Isopress Experiments  59 

Table 5.1 Material Properties 69 

Table 5.2 Temperature and Maximum Principle Tensile Stresses of Rotor 1195  73 

Table 5.3 Fast Fracture and Time-Dependent Reliabilities for Rotor 1195  73 

Table 5.4   Fast Fracture and 25 Hour Time Dependent Reliability Estimates for 
Rotors in the Hot Spin Rig with a Rim T< mperature of 1800oF and 50.000 rpm (78,7,)  82 

IX 



HHllBJIllHUJWJI "^ipippipiw 

1.0 INTRODUCTION 

In July, 1971, the Defense Advanced Research Projects Agency of the Department of Defense jointly 
sponsored a program with Ford Motor Company to develop and encourage the use of brittle materials 
for engineering applications. The major program goal of the "Brittle Materials Design — High Temper- 
ature Gas Turbine" program was to prove by a practical demonstration that efforts in ceramic design, 
materials, fabrication, testing and evaluation could be drawn together and developed to establish the 
usefulness of brittle materials in demanding high temperature 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 (2500oF) 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 1800oF. 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 
2500oF. 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 

Comkuilw 

Figure 1.1    Schematic View of the Vehicular Gas Turbine Engine Flowpath 

1 



■PHPPIPP p^wwic^-n-""."1 

.^£L 

TASK I 
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• CONTINUE TO TEST STATIONARY AND ROTATINO COMPONENTS 
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TASK III 
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• CHARACTERIZATION OF CERAMIC ROTOR MATERIALS 
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TURBINE COMPONENTS 

Figure 1.2 
DARPA/DOE Supported Tasks in the "Brittle Materials Desixn Hfch 
Temperature Gas Turbine" Program 8       8 
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2.0 SUMMARY OF PREVIOUS DOE SPONSORED WORK 

Introduction 

The duo-density silicon nitride rotor concept utilizes creep resistant reaction bonded silicon nitride 
for the complex shaped blades and hot pressed silicon nitride for the high strength rotor huk 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 ma hot press. 
Silicon nitride powder is then hot pressed to form the hub while simultaneously hot press bonding the 
hub to the blade ring. 

Table 21 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 

L    CERAMIC MATERIALS TECHNOLOGY 

1. Reaction Bonded Silicon Nitride 

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

Status at Program Termination 

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

Magnetic separator equipment ordered 
for powder cleaning. 

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. 

Coefficient of expansions determined 
for varying concentrations of MgO over 
the 100-900oC 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 

11.   CERAMIC ROTOR FABRICATION 
TECHNOLOGY 

1. Injection Molding of Rotor Blade Ring 

— Poor surface finish of molded blade rings. 

— Low yield (10-157«) 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% wi'.h 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 '/G% 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 ^ 

The development of ce^^^^^ 
„Hride has been an ongoing act ylty s;Il;:^,1    "^ ^ ;j;/n()H Program. This technology la a y.ry 
under the DOE sponaored portion ol the ■()Rn//)AI, /; , •   DroieJt for the development of high 

S^Sr=SSSr- '  
2.1.1 REACTION BONDEO SILICON NITRIDE 

Th„ m. r ..«con powd« and „^n^pHoMo -^^^^0^^ 

molded components!13!. 
n r,..nr Winde rlnas was found to contain contami- 

The staHing lUcon pow.lor uso,! u, ''^ » ^      „m    ,U  * i bo.h .oS, tar,, and rolor blade. 
„am in the torn of iron »^^"^„^^SheX ..r mlcrMcoplc flawa due to ».«..rann,- 

;;;;!:^^^s;;r .1;^ s-^0"'was ',r,,crüd"""^cco,vc,,"  silicon powder can be cleaned in-housed). 

55 r 
• PORES 

_    ▲ INCLUSIONS 
^ NITROGEN DEMAND CYCLE //

/ 

0.115 
(FLAW SIZE)   ^    (MICRONS)'» 

75.5 54.8 41.6 
FLAW SIZE (MICRONS) 

Figure 2.1    Test Bar MOR Versus Flaw Size 

_    . .. . 



mmmmmm "■ •'" ■%s?''' ■ 

140 
u SURFACE 

V) 
00 

Q < o 
—I 

o z 
Q 

UJ 
CO 

UJ 
Q < 
-I 
m 

1 
r INCLUSIONS j   N,TR0GEN DEMAND CYCLE   A 

® INCLUSIONS } TEMPERATURE CONTROL 
CYCLE 

<S   <A> 

0.120 

156 

0.140 n ifin 
(FLAW SIZE)   ',   (MICRONS)', 

100 69-4 50.9 39 0 
FLAW SIZE (MICRONS) 

««"re 2.2    Rotor Blade Bend Load Vereil8 F,aw size 

0.180 

30.8 

2.1.2 HOT PRESSED SILICON NITRIDE 

donsifta,,,™ „„.„„^l,,      '" "•»"'"»I «a. pr„d„Mi by WC J,,* .„d coSÄ^ 

op«mum hot|OTMi„g condlUon. would ih ,, l, Z '      ,'1""rs| Md P'™"™ mo-w^ZTrhl 

IdendlV .ho b«, cndida.« ^ f„r7hCT
rtlyfö|IC"n,"ra,ure *™* wol' .SlX™,™^» 

The rang^ of variablea investigated .re shown below: 

Weight % MgO 
Milling Balk- 
Milling Fluid; 
Milling Time: 
Powder Type: 
Pressing Pressure: 

1. 2, 3K, 5. or 7 
WC or AI2O3 
Methanol or none 
4«. 72, or 144 hours 

1800 or 5()0,) Psi (17150C. 3 hours) 

•t Ä'S«' ,ü",",'" "0 lh" im|v •*"«""  .fteb* ,hCT„ .,«,„. 

.. L_   



w^p« mm HH .- 

TABLE 2.2 

Chemistry of Commorcial Grade Silicon Nitride Powder and Hot Presslnj} Additives 

AMK AMK Slarti Aiuiiiwnrk Kylvanl« Sylvmil« //Mrlle Corliim VllrU M.iiinr-ii 

( I'K.II Hl-Purlly SN 402 SN Stt2 
W 

Oxlile 
(i:e02) (Y|0,3) 

(Will» 
|M|0) 

,.-Si,N4' H -70 034 -HO 0 5-1 MMI 

,l-Si,N4' 14.3 -so 0.3 -at AmorphoiM -10 

Si.N.n* 07 0 51 ■ 0.8 0.8-1 0 0 

Slllnvl* 0,3 0.6-1 0 0.8-1 u ■ 0.8 

Oxygw** 1 U 1.89 i in 2 18 ■i.i i I.I 

SU).' ii 0 <0.8 n 0 0 

ft"1 ii mi o;i5 0.03 '. in <-U.01 um ii 08 0.01 0.O1 mi:. 

Al"' 0.03 0 17 0,08 0.18 mil 0 01 0,03 0.01 ■ 0.01 C :il 

Mj"' 0.01 0.01 0.03 0.10 ■Olli <0.01 <0,01 <0.01 -II 01 Itiiwi 

Ci**' 0.20 0 01 0.08 0.30 - 0.01 <0,01 0 10 v»(ll <0.01 0 10 

Ni'*' (1 (Kf <0.01 -.001 O.O'J <0.01 <0.01 vOOl ^0.01 <0.01 -.0 01 

Ct'" Olli - 0 01 0.03 mil -0 01 vOOl 0.01 -.0.01 vOOl ■ inn 

IV" u mi II 03 0.03 D 08 <0.008 <0.008 11 Oil <0.008 < 0.008 - 0 005 

11'*• min:. (1 OOIKI ■ 0.003 IIIHIH <0.0003 - 0 IHMC - O 0005 0 01 < 0.0003 005 

Si'" B«M 0 03 -.1101 0.03 0 10 

' llv \-r.n An.ilvsis      imlght pamnl 
•' Hy Neutron Arliv.ilion Analysi» (AMMRC) 
'" liy Kiiil.Hsinii Spactragniphlc Aiiiilysi»     wslghl in 

^ IJ'i   WO YjOj »lilllilUlHl Zrt'j 
rcenl 
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Figure 2.3    Linear Thermal Expansion of HPSN 
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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 noticeable 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 those molded with no cracks or other functional defects and less than two minor surface 
imperfections. The number of parts refers to the total number of blade rings molded during a particu- 
lar stage of control development!^). 

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^3). Section 4.1 of 
this report describes the initial experiments with this adaptive process control unit. 

100 

90 - 

80 - ^< 

70 - y\ 
60 - /y* \ 

PERCENT   50 - y s\ 500 PARTS^ 

40 - ^o^ \ 

30 ^^ ■—"^S^ 
226 PARTS^ 

20 

10 

0 

500 PARTS 

102 PARTS^ 

69 PARTS^ 

NO CONTROL EARLY AFTER FIRST AFTER PRESENT 
CONTROL 

DEVELOPMENT 
STUDY SECOND 

STUDY 
W / AUTOMATIC 
MOLD RELEASE 

6/76 9/76 11/76 12/76 2/77 

Figure 2.4    Yield of Good As-Molded Blade Rings Versus Process Development 
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2.2.2 HOT PRESS BONDING OF DUO-DENSITY ROTORS 

cJ« - fveloped earlierflOJ in order to 

bond strength between the preZmed &i,Ä thus concept. An investigation was made of the 

cut from the bond re^ of ^ Zra rel3n?I 7u ^ ^^ bond rin8- Tes, bars w™ 
and tested at 2200»F The es Its sh wod h h^ ^ fl T^ ComPositional ^ forming conditions 
vary from 18 to 98% of hel ent m .thHl i SÄ f^ ^^ ^ nifride bond s,'-en^h to 
design involving hot pres inland ^t nenn "'^T" TV WaS changod t0 a ^606 
bonded blade ring as shown in F^LeTß 1 I Sol  'I'  7 üf a 8ifPlified' natter hub ^ " reaction 
1500 psi with 3Kw/o maZsiuSeadÄ 
tungsten carbide bailsTm Zn 1 Idf nitride powder which was milled with 

wedge restraining load and ^^t ^^^^^^1^ ^^ ^ ,bS- 

OUTER 
WEDGE 

GRAPHITE 
PISTON 

TAPERED 
OUTER 

GRAPHITE 
WEDGE 

TAPERED 
INSIDE 

GRAPHITE 
WEDGE 

Figure 2.5    Hot Press Bonding Assembly - Three Piece Duo-Density Concept 
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GRAFOIL 
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 T 
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GRAPH'TE 
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POWDER 
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SILICON CARBIDE BASE 
\        \        \       \ 

Figure 2.6    Simplified Two-Piece Configuration 

REACTION 
SINTERED 

BLADE 
RING 

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 
barrier 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 pressing13). 

13 
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3.0 CERAMIC MATERIAL TECHNOLOGY (ROTOR IMPROVEMENT) 

3.1 INTRODUCTION 

Rotors produced during the development of the simplified two-piece hot prtvj bonding concjpt 
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.U3) 

TABLE 3.1 

Summary of Blade Bend Test Results 

 As Nitrided After Hot Pressing % Change 
Nitriding 
Number 

Weibull 
Slope 

9,1 
11.2 

9.2 

Characteristic 
Load* 

Weibull 
Slope 

6.9 
6.8 

15.1 

Characteristic 
Load* 

Weibull 
Slope 

-24 
-39 
+64 

Characteristic 
Load* 

48 
67 
78 

(Pounds) 

89.9 
85.7 
79.1 

(Pounds) 

77.0 
53.0 
61.6 

-14 
-38 
-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% ß before press bonding to an average of 22% a, 75% ß 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.U^) 
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Figure 3.1    Pore Size Distribution Before and After Hot Press Bonding 

15 
*«■■ 

PK£C£DIM} FAQS 



jiwrnnw «mmv 

Table 3.2 

Blade Ring Degradation Characteristic, at Variou, Process Steps 

% PHASE COMW ' i5 '' 
ß       SI       SI2ON2 

AFTER N1TR1D1NG 

AFTER BLADE FILL 
N1TRIDING 

AFTER HOT V^HS 
BONDING 

16 270 

2.68 

SHINY UNIFORM POROSITY, 
BLACK METALLIC PHASE, 

MOLDING FLAWS 

SHINY UNIFORM POROSITY, 
BLACK METALLIC PHASE 

GRAY/ NON-UNIFORM FINE 
LIGHT POROSITY, 2ND PHASE 

GRAY 
CASE 

70 29       0.3 

72       29 

22       75 

0.4 

0.15 

2.7 

It was 
eno 

fabricated and in some cases testea. in au s    ion 33 
nitride degradation was conducted and is presemeu 
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3.2 SUPPORTING DATA 
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3 3 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 operationl™) 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 Si3N4 powder to densify and bond to the blade ring. 
In order to prevent deformation of the blade ring during this operation, 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. 

NITROGEN FEED TO CLEAR 
AWAY "SMOKE- 

WATER COOLED 
RAMS 

TEMPERATURE 
CONTROL 
MEASURED 
HERE   »■ 

SILICON CARBIDE BASE 

REACTION BONDED 
BLADE RING 

I 

Figure 3.2    Graphite Tooling for Inside Temperature Measurement 
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3.3.1 TECHNIQUE FOR ASSESSING DEGRADATION 

Data which was gathered outside this study and which, in essence, identified the presence of 
degradation contained a major variability. Comparisons between the "as nitrided" and the "after" hot 
pressing operations were made utilizing different blade rings. Such variability between blade rings 
was not desired in this .study. To eliminate the variability, (he following technique for determining 
before and after comparisons was established: 

(a) First, the odd numbered blades of a blade ring were loaded to failure in the load test fixtureM t) 
(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. 

(c) If an "after blade filling comparison" was required, the blade fill was removed and the even 
blades were loaded to failure. 

(d| If an "after hrt pressing comparison" was required, the encapsulated blade ring was processed 
through the hot pressing operation, then the blade fill 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 H0T pRESS B0ND|NG 

Figure 3.4     Processing Steps for DeKradulion Study 

Aller compbling either cycle [(a), (b) S (c) or (a), (I)) ^ (d)], ii comparison was made between 
properties of the before and aller blades. Of concern were load, color, microstructure, hardness and 
phase composition. In addition, functional relationships between the independent and dependent 
variables were checked using a multiple regression computer program. 

3.3.2 STUDY RESULTS 

3.3.2.1 BLADE FILLING OPERATION 

Although prior data Indicated thai the blade lillinj- operation of the hot pressing process did not 
contribute significantly to the blade ring degradation!^), ^ number of blade rings were processed 
through the [(a), (bj, |c| | sequence to verify this indication, ()ne blade filled blade ring from each of five 
blade fill nltridings was evaluated. The results of these tests are shown in Table 3.4, 

TABLE 3.4 
Blade Ring Data Before and After Blade Fill Processing 
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3.3.2.2 HOT PBESSING OPERATION 
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Flsure 3.5    Typical Hot Pressing Schedule 
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Figure 3.6    Times and Temperatures for Experimental Hot Pressings 

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 before 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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After removal of /ho rib. the remaining Ul^^tZZ "1 '? ,i:i,,m, wi,,, the ,•i,''" I''"- 
with the center rib Intact were significantly hfche ' 1 I" "l ^ ,:i,s,!s' ,ht> ^de loads 
summarized in Table 3.5. " u ",, tha center "[> removed. Those results are 

TABLE 3.5 
Effect of Kih On Blad« Bend Load 

Woibiill 
Di   i   ... No- of     c'iaracteristic Hub 

—'*•' 12 80 
2249 9 69 

2M7 |4 H7 
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MIcroslructure 

A comparison of typical before and alter microstructures of reaction bonded silicon nitride (Figure 
3.9) showed two important results. The alter microstmctnre contained much more fine, interconnected 
porosity. Hence the gray color. The presence of this increased porosity can be related to hoi press 
bonding conditions .is shown in Figuiu 3.10, Also noted was the large clusters of second phase material, 
This second phase was usually, hut not always, associated with a metallic phase, Figure 3.11 shows that 
below 17()()0(; no second phase formed while above this temperature the results were mixed. 

AFTER PRESS BONDING 
HARDNESS 703 

SEVERE DEGRADATION 

Figure 3.9     Typical Micrographs of Rotor Blades 

o 

oc 

(- 
< 
IT 
UJ a 
5 
iu 
t- 
O 
z 
tn 
</) 
UJ 
or a. 
i- o 
X 

1800 

80 

60 

40 - 

20 

1700 - 

80 - 

1660 

.  •! 
o 

\ i       0 INCREASED POROSITY 

• o 
- \  O o 

• 

\0 

^--Q. 
o 

• 
NO CHANGE# 

• 

• 

i 

• 

i          i 

• 

1 

• 

1 

• 
1         1 

0        40 80       120      160      200      240       280 
HOT PRESSING TIME AT TEMPERATURE — MINUTES 
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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 observation was that the a silicon nitride trans- 
formed to ß 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 

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

%Aa - - 1604 - .1961 + 47 In t + .846 T - .156«! 

%Aa = 

where t 
T 
«I 
7c ap 

_  %al - %aF X 100 
7c a] 

hot pressing time 
hot pressing temperature 
initial a Si3N4 composition 
final aSi3N4 concentration 

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

The study resulta showed thai changes occur in the reaction bonded silicon nitride as a result of hot 
J 'I (jtlo    ''•■IMllllL, 

Of prime concern was a degradation in strength. The study, however, did not yield before and after 
u.  Fessm, strength values which could directly quantify the experienced degradation. Less direct 

quant, .cahon was attempted by evaluation of four other before/after parameters     color hardness 
microstructure and % phase composition, .naraness, 

The percent phase composition parameter (VVuSigN^ was of particular interest in the quantification 
attempt. Figure 3.14 presents a plot of blade bend load versus 'r.aSi;,^ after hot preLng 

It can be seen that for any «7. «SisN* a maximum blade bend load was obtained and this maximum 
oad mcjv      1      ,he %Si3N4 increased. If it is assumed that this is an upper bound for the pfc of 

blade ben   lead versus   , aSi;^ and that data points below this upper bound represent the effect of 

minimmn n'w Si ^^ b0Und define8 ^ m**Xxmai ^ ^«^ble for a component with 

Since the blade bend load reflects strength capability, a relationship for determining degradation 
was estabhshed. For example if the %«Sl3N4 before hot pressing is 80% and after hot pressi,^        ' 
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 3.15   Percent Degradation in Strength Versus Hot Pressing Parameters 

Of particular importance is the area under the zero percent strength degradation curve which now 
defines a region in which hot pressing can be conducted with no expected degradation 
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3.4 SUMMARY AND CONCLUSIONS 

The last interim roport(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 a to ß 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 
study results provide for the determination of the amount of degradation for any chosen set of hot 
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 program. 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 h .Id 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. 

tmomzm Pjm 
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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 periodPS) were cold spin testing to destruction and room temperature MOR testing 
of the rim material. 

Room temperature MOR tests of bars cut from the rim area of four reaction bonded silicon nitride 
blade rings gave characteristic strengths of 25.4 to 33.8 ksi with Weibull slopes ranging from 2.6 to 6.8. 
Subsurlace 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 4.1113). 

TABLE 4-1 

Weibull Parameters 

Blade Ring No. 

2047 

2155 

2251 

22^5 

all 
m 
n 

nil 
in 
n 

all 
m 
n 

all 
m 
n 

Combined Valueströ 
m 
n 

All Bars 

30.1 (27.8-32.7) 
6.8 (4.2-8.9) 

13 

33.5 (30.6-36.8) 
5.7 (3.6-7.5) 

14 

27.0 (23.4-31.1) 
3.7 (2.3-3.1) 

14 

25.4 (21.2-30.4) 
2.6 (1.74-3.3) 

17 

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

58 

Flaw-Free Bars 

30.1 (27.8-32.7) 
6.8 (4.2-8.9) 

13 

43 8 (30.7-37.3) 
8.7 (3.7-9.1) 

10 

31.1 (24.0-41.8) 
4.2 (1.5-6.2) 

5 

31.6 (30.1-33.1) 
6.7 (5.1-8.21 

32 

all 
m 
n 

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. 

Four duo-density turbine rotors were tested In the cold spin pit to evaluate the hot pressed to 
reaction bonded bond joints and the effect of I.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 end internal flaws in the airfoils 
of the type shown in Figure 4.1. Blades which were 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 worst 
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 flawsl"l|l4). 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 4.1    Typical Fracture Surfaces with Gross Fabrication Flaws 
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Figure 4 .2    Typical Fracture Surfaces without Gross Fabrication Flaws 
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Figure 4.3    Weibull Distributions of Blade Failures 

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-autombted and is shown in Figure 4.5. The operation of 
the molder, control, and tooling have been previously discussedU0- H. 12). 
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Figure 4.4     Control Console for Automated Injection Molding System 

Figure 4.5    Tooling for Injection Molding Blade Kings 



n order to study the effocl of addltionBl control during the injection portion of the molding cyclo an 
daptive process control unit was added to the system, This unit, shown in Figure 4,6 consists o four 

-"'•'    modules,  Phe first n.odule control, cushion, shot size, hold time, pressure hmit   ho size 

vrof 0mXlalTnSl0Hn'^ ^T* ^ "^ "<(hw contro1 "^" '--''■- typ« ol material injected and iniection cycle (i.e. thermoplastic or thermosetj. 

Figure 4.6    Hiinkar Flow Control Equipment 

The second modulo controls the material injection velocity, Injection velocity will determine the 
type ol flow  rent formed in the die cavity. Low velocity is desired in areas where he n, l „   , hange .,„,:,...„ f        ntain .. lmi|()1,m ,,,.„,, Volocities whjch ^ ^ "   ,   ^ 

Sin^anH   "' "     "; TT^ ^ 'T ^ ^'^ ^ Exce8S ^ wil1«'- '-' ^shZ 
Hunkar unit vJT    * f    r     T crack8

1
a

1
nd Par' s,i<:killH P™blems. Velocity as controlled by the 

"cLs/second Ä   n"  " r ^ ^T" ^ the maximUm Velocity ',00%) bein8 ^"«1 "' '" 
values r 'X   iS?    ?• P    Vl^ •:an be S,,, UP ,,, Pr0duce varied iniection rate vs' ■•-' PosiUon value   Each ..I the  0 iniection profile increments can range in size from I inch to 0,01 inch As the 

..l.n. nnn enters the zone defined by each pin. the hydraulic flow is modulated to ..hiev., he flow 
rate set for that zone. Figure 4.7 shows the pin vs. ram position relationship 
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FiRiire 4.7     Relationship of Injection Patch Panel to Ram Position 
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II can be seen thai volume adjustments can be used to compensate tor temperature and viscosity 
changes in the molding compound. Control and variation of flow ami hold pressure imiko precise 
metering of volume possible, 

In previous rotor blade ring molding runs, several typos of flaws were noted during subsequent 
inspection and testing. Rim voids, blade voids, and planar crack-like flaws in blades were observed. 
One some.« of voids was deemed to be caused by uncontrolled flow and holding pressure on the 
material during injection. Controlling material flow into the tool reduces turbulence which lends to 
cause areas of poor fill, knit lines, and entrapped gas pockets. Proper holding pressure tends to 
"squeeze" voids from the pari and also after-feeds the thicker portions of the part to eliminate shrin- 
kage voids. 1 lolding pressure may also be critical in eliminating the hard-to-detect planar defect, ()ne 
possible cause of this type of defect is a stress build-up caused by uncontrolled hold pressure, if 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 naturally result in this condition because as the viscosity of 
the cooling molding material Increases, the system fails to increase system pressure 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 control unit to determine the cavity pressure 
vs. ram position relationship of the molding system without using the flow control during injection. 
Thirty rotor blade rings wen; molded at conditions previously determined to yield visually good parts. 
These rotors were X-ray and visually inspected and judged to be of a quality level comparable to those 
molded just prior to the beginning of these experiments. 

Cavity pressure traces for the rotors molded with no flow control exhibited large variations in curve 
shape and pressure level attained. An example of curves generated during four successive molding 
operations are seen in Figure« 4.9. Records were kept for each blade ring molded with respect to visual 
quality and the ease with which the component could be removed from the molding tool. Ease of 
removal is related to shrinkage! prior to tool opening, and therefore may relate to molding stress level in 
the molded blade ring. A cavity pressure vs. ram position curve which represented those blade rings 
observed to be best in surface finish 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 Tempen ture Zone 1 200 

[0F1 Zone 2 ■Mi) 

Zone 3 200 
No/./.le! 80 

Sequence Times Inject 3 
(Seconds) Hold (i 

Open eiie 7 

Die Temperature! Moveable 90 
(0F) Stationary 85 

The adaptive control unit was in the "monitor emly" position. 

No X-ray results from the! microfocus unit wore available at this point because the unit was in the 
preliminary set-up stage. Microfocus X-ray results became available later and are summarized in 
Table 4.2. The Microfocus unit revealed more vend type defects than previously shown by conven- 
tional X-ray. As would be expected and confirmed from previous test data, venels and planar defects in 
the! blade sections near the rotor rim were more critical than those in the lower stressed tip region of 
the blade. Therefore, elimination of voids in the inner one-third of the blade was giveüi primary e!fle)rt 
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 I 

Total Number of 
Blade Rings 

29 

* in lower 1/3 of blades 

Total Number of 
Voids in Base Sections* 

28 

Average Number of 
Voids per Blade Ring 

0.97 
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X-ray results for Phase Two blade rings are .won in Table 4.3. The X-ray results from Phase One and 
1 wo revealed tint those conditions believed to yield Lost quality blade rings based on visual inspection 
did not coincide with optimum X-ray results, Although Phase Two parts had more defects, due to the 
parameters selected, they were more consistent from shot to shot. 

TABLE 4.3 

X-RAY RESULTS OF PHASE II 

Total Number of 
Blade Rings 

20 

Total Number of 
Voids in Base Sections* 

35 

Average Number of 
Voids per Blade Ring 

1.75 

in lower 1/3 of blades 

Phase Ihroo attempted to vary molding flow and hold pressure in an effort to reduce the number 
and size oi void-type defects in the blade base section of the blade rings. The parameters held constant 
during the Phase Throe study were identical to those used in Phase Two with the exception of fill 
stroke which was reduced to 0.50 inch with a cushion 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. 1 he resultant parts were visually inspected and evaluated by microfocus X-ray evaluation It 
was noted from those 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 (100% = 10"/Seconds) 

Parameter % Machine Capacity 

i 

Hold    Prossure (psi) 
2000 

99% 

1.33 

35% 

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 357<. of machine capability, it was 357r for the entire fill of the rotor. 

In order to vary injection flow in a nonconstant manner (i.e., slope of the control line t 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 wh'jn 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 soo 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. 
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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 blade 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% = lOVSecond) 

Parameter % Machine Capability 

i 99% 70%                 357, 

Hold    Pressure (psi) 

2000 0.33 0.67                 4.33 

1200 0.33 0                    5 

300 
in lower 1/3 of blades 

0 4.67                 3.33 
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To further optimize the relationship between injection rate, hold level and blade ring base voids a 
Phase f.ve study was run based on the results of Phase Four. In an effort to approach the low hold 

linrwirsk.u?- o Tha non;linriniec,ion rswas i,sed-The hoid ^ ^zäz hnear with slope - 0. The constant parameters for Phase Five were identical to Phases Three and 

ttU[nH     ;T.C,i0W nd h0ld Prüfii0S WhiCh Were ""^ arC Sh0wn in Table 4-6 I" «I   was 1   ear he indicated level from pin 1 to pin 6 of the injection control patch panel. Injection rate was reduced 
n a hnear form from pm 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 intoThe 

TABLE 4.6 

X-RAY RESULTS OF PHASE V 

(Average Number of Voids Per Blade Ring*) 

Injection Velocity Profile (100% = lOVSecond) 

% Machine Capability 

95% 

Parameter 

Parameter 

75% 70% 

Hold    Pressure (psi) 

900 1.67 1.0 2.67 

600 2.0 0.67 8.67 

300 
in lower 1/3 of blade 

3.33 8.67 4.0 

From the X-ray results shown In Table 4.6. it can be noted that there were less blade base voids at 
the h.gher m,ect.on 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   ompensates 
omewhat for the reduced injection rate. It was concluded that the reduction in injection veS pr o 

to hold was too abrupt and should be reduced or eliminated. ^ P 

Summary/Conclusion 

On the basis of these studies it is concluded that injection velocities of 75 to 100% of machine 

ISW M JK^r^ fTu300,0 1200 PSi- s^ifica"tly reduce the number of blade ba e"o d in 
m)ect!on mo ded blade rings. The optimization of flow controlled injection will require much further 
expenmentat.on. Control over the process afforded by the adaptive process contro'yieldTthe level o 

ÄrtotSÄrrto carry out significant experimen,s in ^ *° —>"—" 
X-l^Snatiön^nt1116 '^MT ^T™ ^f"! '^^ and feedback from the M^ofocus X ray examination of the as-molded parts was indeed a useful method of attacking the problem of 
moldmg flaws. The Microfocus X-ray equipment itself was deemed to be considerably better San 
convent.ona industrial X- ray equipment for detection of small flaws. Further w rk teratinrfu the" 

SaÄtsr *Microfociis x-ray examina,ion shou,d yidd moided ^^ 
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4.1.2 NON-DESTRUCTIVE EVALUATION 

fh!^ in* |,r,;Vmis,mp,,ri^ periods 8everal ND-E' techniques were assessed for the detection of 
flay s In complex shaped si! con nitride gas turbine components! 11-13). Table 4 7 shows the cZ" 
msdtso   his assessment,  nfra-red thermography was not successful due to an i . Z t    > , 

^ 1 s v" v „ r; ?*rv"tfn rf,,ivoIy smal, portions ,,f the ^h]^ ^w £ u n\ MI.SM.I in simplo hlmio Ioa(iing{13), Both computerized tomography and holosonic NDK 
^n^s would require considerable development time, ultrasonic L, oc io^L     '      o,^ v n 

TABLE 4.7 

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

CRm-HIA 
N.D.E. TECHNIQUE 

Mlcrofocus 

X-ray 
Inll.i  tr,l 

Thnrnio){raphy 
X-ray 

Tomography 
Elect ro»l«(ic 

Method 
Holosonic 

Method 

Mechanical 

Load 

Totting 

High 

Frequency 

Ultrasonic 
1  Capabllfty of 

llt'IOt tlllfj 

fhiws in 

complox 

Large Daws Not Feasible Bxpeci 

Improved detection 

capability over 

conventional x-ray 

If Haw is 

put under 

luad 

Feasibility 

demmislrated only 

on simple disk 

and 

Detects flaws 

through failure 

Not a direct 

Potentially 

useful for 

small flaws 
parts, i 0 indication l'''-i in 
turhini- rotor rectangular 

shapes. 
of flaw. simple 

shapes 
2   Prnvulrs 

rapid axam- 
Yrs. may 

be Im- 
N n* Very attractive NO* N.n.« Yes Currently 

jihition of proved for pictorial or not feasible 
complex with pan- numerical rapid 

output. 

for complex 
parts oramic shaped parts 

X-ray lube 

3. Develop- 

men' lime 

and cost 

esHm^les. 

Roii.snnahK 

short Hme, 

low devel- 

opment 

und equip- 

ment cost. 

N.D.' Very expensive 

particularly 

equipment costs 

Short develop- 

ment time, 

potentially in- 

expensive 

Long develop- 

ment time; 

hitfh equip- 

ment OOSlS. 

Inexpensive Hlxh devel- 

opment and 

equipment 

costs. 

4  Status or Proceed io Not 

recom- 

mended 

Sock support 

for funded 

program 

recom- 

mend- 

ation 

Feaslblity 

and 

apply as 

Additional 

development 

required. 

Recommend 

technique 

for other 

Currently used 

on stators. 
Keep 

abroad of 

ongoing 
rapidly as programs which development 
possible use hi- 

frixjuoncy 

equipment 

work 

• Not Determined 

deKlS l'.'S'rir"''* r"'1! ";c n'icr,,f"c"s ""'y «^P-«« »™ ""IW 10 deled aubeurfeee 
en ÄW^ÄMSS S"™^"",8 rü,",^,■ I"0 Ma8nata raria"l° '<«--» 
radiograph. 

panoramic accessory tube which con be used for raHtnl v m, .   t'l!u,^mt-ni >8 we availability of the 
optional tube is shown in Figure 4      wh   ' tj  ^ 0f C,rCU ar ^"»P^^nts. This 
rotor blade rim and blades fs show^r^gure 4 u! " Pan0ramiC riUiial vlewsof *« 
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Figure 4.13   Microfocus X-ray Equipment 

Figure 4.14   Microfocus X-ray Tube and Molded Blade Ring 
Posmoned for Oblique Radiograph 
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Figure 4.15   Close Up of Panoramic Microfocus Tube Head 
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I 
* 

BLADE 
RING 

PANORAMIC MICROFOCUS TUBE HEAD 

Figure 4.U   Panoramic Microfocus Equipment and Fixture for Radial X-ray 

Sensitivity of X-Ray Equipment 

eÄ s: ~ re tSÄrr r r d?r ^the -^ <* ** 
density. Figure 4.17 shews radiograprc resuhsTor a iTinrhn 1 0nC,eCl ^ nitrit,c of 2-7 «/cc 

hole of 0.010 inch is detectable in the /sTc^rn ' U*mc\vGr'c[™™^. It can be seen that the 2T 
8 Percent for sections en^ 

naÄ^S^^S^is .po^ ^        d,       d towar[is ^ ^^ of 

one of two basic types: 1) voids   ml ') n   n" tv t'   TV!"^ ^ defeCtS Ci,n be ^^^d as 
This particular defect is cLlracti ,? ^^u:^^^9^ ^^T '" ^'^ 418- 
mtnding via visual inspection of the surf.re H~ .„T* ratl0

J
The crack can be detected after 

part complexity or failSe of the cracUo surf"e     ' PerCent   Ct0Cti0n iS diffiCU,, becaU8e "f 

Radiographic and Visual Inspection Results of Molded and Nitrided Blade Rings 

and^ltviÄ bLrS anTinÄ:' M ^^t0 ProduCe ^ radi^ ^r oblique 
ables included film speed fSspol " olt'Le T t? ^ 1X.thr0Ugh 18X ma«ni^«on. These va'ri- 
tained with .edium L speed, ^ Zz^^^Z^ ^ ^ ^ 0b- 

TheX-^sfnr^Ä 
results on all molded ^0^^^ durin8 this ^dy, Over II 
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« - 4T (0.020") 

2T (0.010") 

— 8T (0.040") 

Figure 4.17  Microfocus X-ray of One Eighth Inch Silicon Nitride Penetremeter 

FlRiire 4.18   Planar Type Defect Doloctod hv Visual Intpectlun 
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FiKiiro 4.l!l   Microfocus X-ray Roprodnction of Mi.1.1,-,1 Blade Hin» with Lower 
l.l'vol ol I)e'ltu:ls 



-a 

1 

Figure 4.20   Microfocus X-ray Reproduction of Molded Blade Ring with Numerous Defects 
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In Fisuros 4.19 an.i 4.20 two typos of flaws an- evident, voids and mclus.ons. In those ,,1... 0^1 ,!> 
the voi £ shown as the light indications, are mostly confined to the outer sections oi the molded blade 
ring Tins would be expected since this area is the last part ol the d.e to l.ll dunng moldmg. 

Several inclusions Mark spots] can also be seen in those figures. Such inclusions won- random in 
location These inch, ions wore found in all molded parts and believed ,o l.avo ong.nahn   m  h 

, of ho molding powders or in the incoming raw materials, While detect.on ol tins typo of defect 
^ not the object oHho investigation, i. was shown to be within the capability ol the microfocus x-ray. 

Figure 4 '! illustrates a blade void which was tracked, using x-ray techniques, from molding to 
nitridl This void was uncovered by grinding the surface of the part usmg a small ^d «rmder 

FSöL -•• f-:i"-1 biadcvokisi,nilarlydc,ectGdbyx"n,y-mu\   rm:,)   T ' silfcort-nitride in Figure 4.21. II was first thought that these flaws wore d.ss.mdar m o"g>n. however 
' oated grinding and fracturing of other blade voids indicated that gnndmg ol the ^feet.ve area 
omoved the alpha material and in addition grinding dust tended to mask th - presence ol alpha sd.con 

i 

nitride. 

Figure 4.21   Subsurface Void in Reaction Bonded Silicon Nitride Rlade 
Uncovered by Grinding 
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Figure i.'lZ   Molding Flaw in Kraclion Bonded Silicon Nilriilr Bladn      Fractured Surface 

Many atlcmpts wrvr m.ulr hniotocl \ho planar lypi1 flaw, l'ii;uiv 1 tu, in as niultlctl hl.uli'nm;s due 
t>x()iM'iiiUMil cdiisistcil of iiMiu; hlatio si>>!inonts nit from tho Maiio rings after molding, ■n"1 inonitoring 
the- parts using visual inspoctinn ami x-ra\ from moliling to nitriiling This tcilnniiuc ptM-milU'ci I'cttci 
inspoivtion of tlic part, and x-ra\ vitnving from sovoral angles not possihlt1 witli a compli-lo lilailc ring 
Tiir ivsnlls of tliis work revoali'il 1) gross spherical typo fliiws arc tlotoctablo in tin- molilod as well as 
nitriilcd lilatlos, :'l planar flaws wore not seen until alter nitriding 

Some of these planar flaws were detected for the first time using x-nn during this program iMgures 
. I.:':! and I,;'.! show negative reproiluctions of x-rays obtained of the same Made |/M0l shown in Figure 
•UKTIiese ratliographs, taktm ,;t l>\ and IHx magnification, point out the value ol the variable locus \- 
ray tuTre ,it high magnification as evidenced by the sharpness of the x-rays ()l eiiual signific.ince was 
ih,- dcleetahsblN of the planar crack in the nitrided state This finding coupled with the lack ol 
detection of this"deled in the molded state suggests that the actual term, " of the defect m,i\ occur 

alter molding, \. 
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0.1 INCH 

Figure 4.23   Microfocus X-ray Reproductions of Blades Showing Planar Type Fla pe Maws 
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Figure 4.24   Microfocus X-ray Reproduction Showing Planar Type Flaw 

Not all planar cracks were detectable using 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 #31, shows an x-ray of such a flaw, and Figure 4.25 shows the fractured section of 
blade tl3\. 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 penetrameters. 

. 

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

Tho remaining time on the program was utilized assesing blade rim quality. The fixture shown in 
Figures 4.15 and 4. Hi was designed for radial x-ray inspection of the rim in its' circumference along 
with the entire 36 blades. 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 tho tube head and positioned for alignment with the radiation pattern 
of the tube. A series of concentric slots wore cut in the plastic disk to hold the x-ray film strip. These 
grooves, spaced in a pattern of 1-1/2 - 10 inch radius in increments of 1/2 inch, permit maanification 
up to lOx. 

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

Summary 

Microfocus x-ray equipment has been purchased, installed and utilized for the M.D.E. of reaction 
bonded silicon nitride components. Flaw size sensitivity of tho equipment was established at 8 percent 
for voids in 1/8 inch cross sections of reaction bonded silicon nitride of 2.7g/cc density. Both voids and 
metallic inclusions wore detectable in green as-molded components. Planar cracks wore only detected 
in nitridod components and not all planar cracks wore defected oven with multiple orientation, Void- 
typo flaws wore detected in the rim of nitridod blade rings using a panoramic microfocus x-ray 
technique. 

58 



p^u. ,.,.,.,.„.,.• mnpHPMPWMipi«    «i ******"■'■-"•'      --~«w-»- 

1 

4.2 PSEUDO-ISOSTATIC HOT PRESSING 

Introduction 

..sa «™TÄ:«;x™;vii;r. T-k" •, ■; ,•' ■,,"■ - 

a) Dosi^n simplified graphite test tooling. 

':l -l;;,:;;;;;;1;:::;5;*'S,;'1 "™i"" fi"i<i ^ > ^s"^ ■* ^ 
•11 Davetep suitable barrier leyen, f,,, Isoleb^ ,be reecto bonded elllcon nitride tron, ,he 

tsopress 

Experiments 

■"•■'— > ^^z^^t^^r^ ,4•"a", ,"is 

TABLE 4.8 

PROPERTIES OF GLASSES USED IN ISOPRESS EXPERIMENTS 

Glass 

Corning ^7740 Pyrex 
Corning #7913 Vycor 

(96% SiO^I 
Coming #1723 

Aluminosllicate 

Corning //!Mr)8 LAS 

Density 
gm/cm3 

2.233 

2.179 

2.64 

Softening 
Point 'C 

821 

1.530 

!)08 

Working        Annealing 
Point »C Point 'C 

1.252 560 

1,020 

1.168 710 

Not Available 

Thermal Exp. 
25,C to Set Pt. 
IQ-^cm/cm/'C 
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Exporimontiil 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 prefoimed rings or a wound Grafoil ribbon pack. 

LOAD 

OVERFLOW 
RESERVOIR 

PISTON SLEEVE 

M ISOPRESS S 
Ä CAVITY f|| 

DIE BODY 

—   }• SEALING MATHRIAl. 
CAViTV 

SUSEPTOR 

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 nt a hot press susceptor wf.ll temperature of 
IZOtrC. These runs were made to 17000C 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. 

GLASS 

\     ■ ■ 

*■ 

■■ 

■* $   S ■ :'m   SILICON    • \«/„,«««.To.nc 
.     CRACK ^        l^ NITRIDE   ^-^ .  ^BORON NITRIDE 

>   ' •.,•.     ^T      TEST        ^^ •        C0ATING 

.'     ". j BAR 

, ,.     '• 

Figure 4.27  Coated and Uncoated Test Bars 

Due I > 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 volatile 
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 again using 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 17000C) 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 (232ÜC) 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 17000C 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 graphic 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 barrier layer to be effective for stopping Sn - Si3N4 
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 Cu and RBSN. The melted Cu also exhibited 
a low viscosity and grafoil laminated or ribbon seals consistently leaked. Combination grafoil and glass 
seals were developed 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^). When a pyrex 
floating seal is used with copper, the pyrex takes on a distinct copper color. 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'1 .curs but the quantity of glass required is small. The grafoil-glass seal 
worked well but the cooner was forced through the pores in the graphite bucket. This problem might 
be solved by employing high-density graphite or high-density graphite liners. 

Figure 4.28  Sealing Systems for Metallic Isopress Fluids 
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Summary 

In nonmary, the major problems approached involved the development of a sealing system, select- 
ing a suitable isostatic media, and the development of an effective harrier layer between the reaction 
bonded 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 boron 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 difficulty was extrusion of the molten metal through the porosity of the graphite. 

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

I 

V 
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5.0 ANALYTICAL CODES 

The development of analytical design codes and the application of these analytical techniaues to the 
duo.dens.ty s.hcon nitride turbine rotor were ongoing activities in the FMdSS^ÄvtaÄ 

During previous reporting periods(ll-13) several analytical tools and procedures were develooed 

Wejull distnbuüonsdD. Analytical procedures were developed for computing time-depenTnt relia 

"HvlL^TTr    UCtUreS.WhiCh eXhibit the Phenomenon delayed fracture or JicM^en  A 
Hypothesis Testing  procedure was prepared for determining whether statistically significam dif er 

hS r I ren.tW0 .^ 0f data(13)- This test was aPP,ied t0 the turbine rZand^edZt 
blade strength does deteriorate after the press-oonding operation. Use of proof-testin7as7Dotentia 

ZZll rm8 the ^Tr 0f life Predicti0ns was theoretically ta^Sf) TWbtae 
^l^ffli.^ m0dlfied ^ ^ a ,ife PrediCti0n ana,>'sis Which "^ted a Jctlroat 

During this reporting period a reliability analysis was performed for the off-design ooeratinB rnnHi 
hons of rotor 1195 which had been tested previously(12)PThis analysis. preLtedirSecCfl was 

thP r^h , K, !rm,?e ^ tir?e dependent reliabi,ity for tbp duration of the SS« «SSÄ 
the rehab htyeshmate agreed with the successful engine test. Section 5.2 present the e^bilitv 
esumates for th.cker throat rotors (0.40 and 0.48 inches) operating in the hot spin ^ 

mcmm pm 
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5.1 RELIABILITY ANALYSIS OF ROTOR 1195 TESTING 

Rotor 1195 was tested ai a modified engine for ten hours of steady state operation at 45,000 rpm and 
22000F turbine inlet temperature (T.I.T). Following a successful shutdown and examination of the parts 
a second run was made comprising of 25 hours at an average T.I.T. of 2250oF and 1-1/2 hours at an 
average T.I.T. of 2530oF, 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 failedUZ). The speed selected for the second test, 
50,000 rpm, was 100% design spee^ for a three stage turbine discussed in a previous reportl"!. 

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 2200oF for both the 10 hour and 25 hour portions of the test and 
2500"F for the remaining 1-1/2 hours. Thermal loadings used 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 measured 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 .urbine 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 analvtical techniques have 
previously been used to define the thermal boundaries at the rim of the disk for full power loading 
(2500"F TIT and 04,240 rpm)(8l. 

With this data as a baseline, the film coefficients corresponding to the 2500»F TIT portion of the 
modified engine run were obtained by using 6 ratio of the mass flow rates to the 0.8 power, while the 
adiabatic wall temperatures were left unaltered. For the 2200^ TIT condition both thermal parameters 
were adjusted to rei' U measured engine data (mass flow rate and turbine inlet temperature). 

1st NOZZLE 

CYLINDER HEAT SHIELD 

TEMPERATURES - T 
TEST        CALCULATED 

1 1896      1863 
2 1879      1870 
3 1097      1070 
4 976      992 

Figure 5,1    Assumed Air Flow Around Rotor 1195 
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To duplicate the measured air temperatures at the forward face of the VIR\ I Points 1 and 2 in Figure 
5.1) turbine gases were assumed to leak inboard at the axial clearance between 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 seal air was assumed to create vortices, which caused recirculation 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 25000F. 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 22000F and 25000F were calcuhted 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 assumed hat the temperature distributions in the disk for these two engine runs at 22000F TIT 
were the same. Therefore, using the temperatures shown in Figure 5.2, the disk stresses at 22000F TIT 
and 45,000 rpm were calculated and are presented in Figure 5.6. 

Figure 5.2    Temperature Distribution (0F) for Rotor 1195 in Engine 6-14c 
at 2200oF TIT and 50,000 rpm 
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Figure 5.3    Teurneratuie distribution (0F) for Rotor 1195 in Engine 6-140 
at 250toF TIT and 50,000 rpm 

TABLE 5.1 
MATERIAL PROPERTIES 

3,5'.; MHO Hot-Pressed Si:(J4 
IHub) 

Density = 3.1H gm/cm3 

Inioclion Molded SiaN^ 

Density - 2.70 urn/cm3 

Tem(. 
°F 

78 
500 

1000 
1500 
2000 
2500 

78 
500 

1000 
1500 
2000 
2500 

Young's 
Modulus 
xlOs psi 

43.5 
44.1 
44.3 
43,5 
42.0 
41.3 

25.0 
24.7 
24,1 
23,3 

Poisson's 
Ratio 

,200 
.251 
.250 
.240 
.237 

.187 
,17« 
,104 
,152 
.140 
.120 

Shear 
Modulus 
xlO6 psi 

17.1 
17.5 
17,7 
17.4 
17,1 
10.7 

10,5 
10.5 
10.3 
10,1 

9.8 
9.5 

Coefficient 
of Thermal 
Expansion 
in/in/°F 

x Id-6 

0,95 
1.23 
1.54 
1.74 
1.89 
2.01 

,82 
1,07 
1.40 
1.02 
1,70 
1.73 

Therm«'. 
Conductivity 
Btu/hr-ft-°F 

17.0 
15.0 
13.0 
11.0 

9.2 
8.0 

11.4 
10,4 

8.1 
6.6 
5.5 
4.6 

Specific 
Heat 

Btu/lb-0F 

.178 

.227 
,263 
,289 
.328 
.325 

.150 
,230 
.270 
.280 
.290 
.300 

69 



m^ammmmmmmmmmmmmmmm^mmmmmmmmmmmmmmm 

1     -m 

Figure 5.4    Maximum Principal Tensile Stresses (psi, for Rotor 1195 In 
Engine 6-14c at 2200°F TIT and 50.000 rpm 
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Figure 5.5    Maximum Principal Tensile Stresses (psi) for Rotor 1195 in 
Engine 6-14c at 2500oF TIT and 50,000 rpm 
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Figure 5.6    Maximun, PrincipaJ T 

Engine 6.i4b at ^Fm^Too^ Rot0r 1195 '» 
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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 

Bore 
Temp.     Stress 

(0F) (psij 

Modified Engine (6-14C) 
2500° F TIT & 50,000 rpm 

Throat 
Temp. 

(0F) 
Stress 
(psi) 

Temp. 
(0F) 

Gradient 
Rim (Bore-Rim) 

Stress    Temp.     Stress 
(psi)        (0F) (psi) 

1530       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 exhibit subcritical crack growth at the temper- 
atures experienced in the engine tests. 

TABLE 5.3 

Fast Fracture and Time-Dependent Reliabilities for Rotor 1195 

Time 
Fast Fracture 

Reliability 
Time Dependent 

Reliability (2) 
(Hours) 

10 
25 
1.5 

m = 7             m = 10 

.98113                .99981 

.96145                .99947 

.89500                .99766 

m = 7 

.97443 

.91667 

.85830 

m = 10 

.99972 

.99845 

.99623 

Loading 

2200oF TIT & 45,000 rpm 
2200°F TIT & 50,000 rpm 
2500oF TIT & 50.000 rpm 

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 oi the blades is 1 since they were proof-tested by cold-spinning to 50,000 rpm. 

where m = Weibull slope for fast fracture 
m = Weibull slope in presence of slow crack growth 
n = crack propagation velocity exponent 

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 Weibidl 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 to corroborate 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 and eventually will serve to verify analytically predicted failure distributions of test 
rotors. Before the axisymmetric thermal analysis of the hot spin rig rotor system could be made, the 
existing 2-D model(ll) 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 1800oF. 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 surfaces. This assumption was based on optical pyrometer readings, taken during rig 
testing 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- 

t\ 

Figure 5.7    Temperatures ldF) of Recontoured 0.400 Inch Throat Disk in Hot Spin 
Rig at 1800oF Rim Temperature and 50,000 rpm. Cooling Air Along 
Both Forward and Aft Disk Surfaces 
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1820oF 

LEADING EDGE 
TRAILING EDGE 

Figure 5.8    Me-uredDisk Temperatures ("F, on Hub 988 in Hot Spin Rig at 
1800 F Run Temperature at 50,000 rpm g 
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Figure 5.9    Temperatures (°F) of RecontoMred 0.400 Inch Throat Disk in Hot Spin a, 
1800 F Run Temperature and 50,000 rpm. Hot Recirculated Air on 
Both Forward and Aft Disk Surfaces 
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Using the two sots oi «''sk temperatures and the material properties in Table 5.1, the maximum 
principle tensile stresses in the disks at 50.000 rpm (78% of Design D or 100% for a three stage design] 
were calculated and are si own m Figures 5.10 and 5.11 for the recontoured 0.400 inch profile and in 
Figures 5.12 and 5.13 for the 0.480 inch configuration. A comparison of those 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 
Throat Disk in Hot Spin Rig at 1800oF 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 1800oF Rim Temperature and 50,000 rpm. 
Hot Recirculated Air on Both forward and Aft D'sk Surfaces 
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Figure 5 13  Maximum Principal Tensile Stresses (psi) for 0.480 Inch Throat Disk in Hot 
Figure 5.13  JJJ^J 1800OF

P
Riin Temperature and 50.000 rpm. Hot Recirculated Air on Both 

Forward and Aft Disk Surfaces 
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Using estimated Weibull parameters from Figure 6.9 of the last repofl(13), the fast fracture and the 
25 hour time dependent reliability estimates of the rotors were calculated and are shown in Table 5 4 
In these computations the blade 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 
5.7. approximates closely in severity the loading conditions of the modified engine at 2200oF turbine 
inlet and 50,000 RPM. The temperature distribution in Figure 5.9, which approximates closer the 
temperature distribution observed 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 

rffLorCtUrf ,roI,',bili
I
tie

1
s  This is not unexpected as the operating temperatures are relatively low 

llöüü h and less) and therefore not as conducive to subcritical crack growth. 

TABLE 5.4 

Fast Fracture and 25 H jur Tims Dependent Reliability Estimates for Rotors in the 
Hot Spin Rig with a Rim Temperature of l«00oF and 50,000 rpm (m - 7) 

Throat 
Thickness 
(Inches) 

Recontoured 

.400 

.480 

Cooling Air 
Fast 25 Hour 

Fracture Time Oependont 

93263 .93078 

•92226 ,92162 

Hot Recirculated Air 
Fast 

Fracture 

.98961 

.98549 

25 Hour 
Time Dependent 

.96970 

.95525 
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6.0 RECOMMENDATIONS 

Work durinK this roporting period under the DOE-sponsored portion of the program and reported 
herem focused on development of ceramic materials and proceL technology used TfabrLate dio- 
dens-ty s.l.con mtr.de turbine rotors. Hot press bonding process parameters were deV.netuoTJnl 
m.crostruc ural and s rength degradation of blade rings. Improvements were also made in the inSion 

hw    b iüsV   "    1,d,i r T ,,10UXh m0r(; WOrk iS reC,llired to eliminate subsi1^ void-ty^e bl do laws. It .s recommended that a program be initiated to fabricate and test such improved all-ceramic 
turbine rotors to demonstrate the improvement. "proved an ceramic 

Development of practical NDE techniques is also recommended to detect subsurface flaws of 100 

Z^ZSS^S^would bc ex,remdy "seful to ***and -fi- AS 
Recommendations would not be complete without the call for continued programs on materials 

processmg and ceramic rotor testing. In particular, improved reaction bonded and hot pressed sihcon 
mtndo along w.th a simplified process to fabricate highly-stressed ceramic turbine ro o'rsXrequ re3 
o produce large qn M.es of reliable parts at low cost. More ceramic rotor testing is required to 

vnndate or moddy life prediction analyses and substantiate the reliability of ceramics in such a 
demanding high-temperature application. ramies m sucn a 

While a methodology basis has been established, support should continue toward further develoo- 
ment of this energy efficient turbine technology. An all-inclusive program is recom^nded encom- 
passing materials research, process research, ceramic design and testing under realistic conditions^ 
environment, temperature and stress. Such an inter-disciplinary, all-inclusive approach i.recom 

^:^^^:^r,i,ixafion of ideas and to faciii,ate emphasis»*^ ^-^ 
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