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ABSTRACT 

The "Brittle Materials Design, High Temperature Gas Turbine" program 
objective is to demonstrate successful use of brittle materials in de- 
manding high temperature structural applications. A small vehicular gas 
turbine engine and a static test rig, each using uncooled ceramic components, 
will be utilized in this iterative design and materials development program. 
Both the contractor. Ford Motor Company, and the subcontractor, Westinghouse 
Electric Corporation, have had in-house research programs in this area prior 

to this contract. 

In the vehicular turbine project, design work was completed and tooling 
ordered for a revised Design D silicon nitride duo-density turbine rotor 
using radially stacked airfoil sections which reduced blade stresses by 16%. 
Press bonding of duo-density rotors continues to show excellent bonding 
between the hot pressed hub and the reaction sintered blade ring when hub- 
forming and bonding are accomplished in the same operation. Two hot pressed 
silicon nitride hubs were successfully tested through ten cycles to 1950 F 
and 35,000 rpm in the turbine rotor test rig with no observable deterioration 
in the curvic coupling rotor-to-shaft attachment. Stators of 2.55 gm/cm^ 
density silicon nitride were injection molded which were free from flaws as 
determined visually and by x-ray radiography. Further development of 2.7 
gm/cm3 density (84.5% T.D.) injection molded silicon nitride resulted in^ 
improved raoldability; test samples nitrided in an atmosphere of 4% H2/96% N2 
had an average modulus of rupture of 43.2 ksi. This material will be used for 

molding of engine components. 

In the stationary turbine project, a decision was made to de-emphasize 
the 30 Mw size turbine demonstration of ceramic stator vanes and to focus 
available efforts on static rig testing. The static rig was rebuilt 
following catastrophic failure, and incorporates a new metal combustor 
with additional air cooling as well as other improvements. Tensile testing 
of Si-^n  continues, with the development of a method of powder support for 
the specimens which considerably improved alignment. Long terra static 
oxidation testing of hot pressed Si3^ resulted in strength degradation, due 
to the formation of MgSiOa which chemically attacks the SisNi*. Hot pressed 
Si3Ni+ made with yttria additives was found to have poor oxidation resistance 
at 1800C'F, although oxidation resistance was good when measured at higher 

temperatures. 
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FOREWORD 

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

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

techniques being developed for brittle materials. 

The principal investigator of this program is Mr. A. F. McLean, 
Ford Motor Company, and the technical monitor is Dr. A. E. Gorum, 
AMMRC. The authors would like to acknowledge the valuable contri- 

butions in the performance of this work by the following people: 

Ford Motor Company 

N. Amon, R. R. Baker, P. Beardmore, D. J. Cassidy, J. C. Caverly 
D. A. Davis, G. C. DeBell, E. F. Dore, A. Ezis, W. A. Fate, M. U. Goodyear, 
J. W. Grant, E. T. Grostick, D. L. Hartsock, P. H. Havstad, D. W. Huser, 
R. A. Jeryan, C. F. Johnson, K. H. Kinsman, C. A. Knapp, J. G. LaFond, 
J. A. Mangels, W. E. Meyer, M. E. Milberg, W. M. Miller, J. J. Mittman, 
T. G. Mohr, P. F. Nicholls, A. Paluszny, G. Peitsch, J. J. Schuldies, 
J. R. Secord, K. H. Styhr, L. R. Swank, W. Trela, J. Uy, N. F. Waugh, 
T. J. Whalen, W. Wu 

Westinghouse Electric Corporation 

C. A. Andersson, C. R. Booher, Jr., C. B. Brenneman, E. S. Diaz, F. F. Lange, 
W. Malchman, S. Mumford, S. C. Sanday, A. Scalzo, S. C. Singhai, J. White 

Army  Material and Mechanics Research Center 

E. M. Lenoe, R. N. Katz, D. R. Messier, H. Priest m 
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Silicon nitride and silicon carbide had been selected as  the primary material 
candidates.    Preliminary design concepts were in existence and,  in the case 
of the vehicular engine, hardware had been built and testing had been initiated. 

At the out-set,  the program was considered to be both highly innovative 
and risky.    However,  it showed promise of large scale financial and techno- 
logical payoff as well as stimulation of ths pertinent technical communities. 
This reporting period is in the fourth year of the program and major accomplish- 
ments have been achieved. 

This is the 8th semi-annual report of progress.    The format is the same 
as the last report,  in that  it is  organized into two major sections.    This 
was done because the technology is rather specifically related to the objectives 
of each project.     In addition,  the widespread interest from the turbine 
technology community centers on either the vehicular turbine project or the 
stationary turbine project.     Each section will be complete in itself and will 
include its own introduction,  to be of more help to the reader.    The two sections 
are titled: 

- Vehicular Turbine Project 
- Stationary Turbine Project 
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Ceramic Nose Cones 

•Early Design A nose cones had been designed, made from injection molded reaction 
sintered SiaNit, and tested C1). 

•The nose cone was modified to Design B to accommodate Design B first stage stators, 
Several Design B nose cones were made and tested in rigs and engines (2). 

•Voids in molding nose cones were minimized by preferentially heating the tooling 
during molding I5). 

•Circumferential cracking and axial cracking problems led to preslotted, scalloped 
nose cones designated Design C C3»4»5!6). 

•Completed 50 hour duty-cycle engine test of the hot flow path components to 
1930 F, after which the Design C nose cones was in excellent condition C63. 

•Completed 100 hour duty-cycle engine test of the hot flow path components to 
1930 F after which the Design C nose cone was in excellent condition C?,). 

•Further such testing of the nose cone to 221 hours showed it to remain crack 
free and in excellent condition C7)# 

•Improvements in materials and processing resulted in the fabrication of flaw 
free nose cones of 2.55 gm/cm3 density T8) . 

Ceramic Corabustor 

•Combustor tubes made of slip cast SisNi» and various grades of recrystallized SiC 
(Crystar) cracked during light off tests in the combustor rig CO. 

•A combustor tube made of reaction sintered SiC (Refel) successfully survived 
171 hours of rig testing simulating the engine duty cycle with 20 hours at 
2500 F combustor outlet temperature C7). This combustor was also successfully 
tested in an engine C8). 
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Figure 3.2 Computer Drawn D'  Rotor Blade Cross-Sections 
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HOT GAS FLOW    \ 

REACTION SINTERED 
Si3N4 BLADES 
DENSITY = 2.70 GM/CMJ 

HOT PRESSED Si3N4 DISK 
DENSITY = 3.18   GM / CM3 

Figure 3.3    Isotherms (0F) in First Stage Rotor at 100% Steady 
State Speed Temperature Boundary Corditions 
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HOT GAS  FLOW 

REACTION  SINTERED 
Si3N4 BLADES 
DENSITY GM/CM 

HOT PRESSED Si3N4 DISK 
DENSITY = 3.18 GM/CM3 

Figure 3.4    Maximum Principal Stresses (psi) in First Stage Rotor, 
Combining Thermal Stresses at 100% Speed and Centrifugal 
Stresses at 110% Speed 
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REACTION  SINTERED 
Si3N4 BLADES 
DENSITY = GM/CM 

HOT PRESSED Si3N4 
DENSITY = 3.18 GM / 

I   - , 

Figure 3.5    Isotherms ( F) in Second Stage Rotor at 100% Steady- 
State Speed Temperature Boundary Conditions 
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HOT GAS  FLOW    \ 

REACTION  SINTERED 
Si3N4 BLADES 
DENSITY = 2.70 GM / CM 

HOT PRESSED S 
DENSITY = 3.18 

25000 

Figure 3,6    Maximum Principal stresses (psi) in Second Stage Rotor, 
Combining Thermal Stresses at 100% Speed and Centrifugal 
Stresses at 110% Speed 
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TABLE 3.3 CENTRIFUGAL STRESSES AT 70,680 RPM (110% SPEED) 
FOR ROTOR CONFIGURATION 1 

Axial Location 

T.E, 

1 

1.660 Radius 
Centroidal 
Pressure 
Suction 

1.750 Radius 
Centroidal 
Pressure 
Suction 

1.850 -uiius 
Centro; aal 
Pressure 
Suction 

14,650 
14,320 
15,050 

14,070 
13,610 
14,520 

13,330 
12,860 
13,820 

TABLE 3.4 

14,050 
14,210 
14,200 

13,950 
13,250 
14,660 

13,340 
12,670 
14,040 

13,580 
13,650 
13,690 

13,390 
12,640 
14,160 

12,900 
12,000 
13,690 

13,040 
12,940 
13,170 

12,780 
12,060 
13,380 

12,320 
11,200 
13,210 

12,280 
11,790 
12,360 

12,040 
11,210 
12,470 

11,590 
10,560 
12,410 

11,360 
10,440 
11,520 

11,060 
10,250 
11,480 

10,550 
9,800 

11,050 

CENTRIFUGAL STRESSES AT 70,680 RPM (110% SPEED) 
FOR ROTOR CONFIGURATION 2 

TTET. 

10,310      8,880 
9,340      8,210 

10;650      9,310 

9,960      8,570 
9,400      8,320 

10,260      8,710 

9,370 7,870 
9,020 7,840 
9,530      7,820 

T.E. L.E. 

Axial Location 1 2 3 4 5 6 7 8 

1.660 Radius 
Centroidal 17,070 15,720 14,790 13,970 12,930 11,820 10,700 9,310 

Pressure 16,360 15,910 14,850 13,680 12,470 11,050 9,890 8,830 

Suction 17,880 15,840 14,770 14,180 13,130 11,960 10,940 9,550 

1.750 Radius 
Centroidal 15,570 15,190 14,510 13,610 12,640 11,490 10,280 8,820 

Pressure 14,960 14,470 13,800 12,860 11,790 10,700 9,800 8,630 

Suction 16,210 16,010 15,320 14,230 13,150 11,920 10,550 8,930 

1.850 Radius 
Centroidal 13,880 14,030 13,590 12,980 12,140 11,000 9,700 8,110 

Pressure 13,280 13,210 12,770 12,100 11,290 11% 290 9,250 8,010 

Suction 14,480 14,850 14,330 13,660 12,800 11,470 9,920 8,120 
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TABLE 3.5 CENTRIFUGAL STRESSES AT 70,680 RPM  (110% SPEED) 
FOR ROTOR CONFIGURATION 3 

l Axial 
T.E, 

1 

1.660 Radius 
Centroidal 
Pressure 

13,080 
13,180 

12,050 
12,310 

12,010 
12,210 

12,040 
12,030 

12,190 
12,050 

Suction 12,880 11,840 11,830 11,990 12,440 

1.750 Radius 
Centroidal 11,980 12,110 12,040 12,010 11,850 

Pressure 12,060 12,170 ll,8b0 11,550 11,240 

Suction 11,860 11,900 11,920 12,150 12,180 

1.850 Radius 
Centroidal 11,700 11,800 11,800 11,650 11,450 

Pressure 11,710 11,700 11,460 11,150 10,860 

Suction 11,700 11,860 11,990 11,910 11,790 

L.E. 
8 

12,300 12,110 12,310 
11,980 11,860 12,300 
12,780    12,350     12,340 

11,660 11,500 11,400 
10,970 10,770 10,770 
12,120    12,080     11,980 

11,120 10,720 10,050 
10,540 10,250 9,750 
11,530    11,120    10,320 

b: 

• 

I   f 

Figure 3.7 Isometric View of the Three Dimensional Model of the 
Second Stage Turbine Rotor Blade and Repetitive Disk 

Segment Extending Down to the Throat 
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BLADE 

REPETITIVE  SURFACES. 
NODES  ON THESE  SURFACES 
ASSUMED TO MOVE ONLY 
IN  A  RADIAL DIRECTION 

DISK THROAT. 
AXIAL AND  RADIAL  DEFLECTIONS 
USED TO  SIMULATE THE  RESTRAINT 
AT THE THROAT 

DISK HUB 

Figure 3.8    Sketch of the Three Dimensional Rotor Mclel Parallel 
to the Rotor Centerline Showing the SAP III Input 
Criteria 

Figure 3.9 shows the correlation of the maximum principal stresses from the 
2-D and 3-D analyses for several locations in the disk due to centrifugal loading. 
As shown, there is good agreement between the stress figures for all regions 
except the disk rim where the discrete blade loadings induce localized stress 
concentrations not apparent in the axisymmetric analysis which averages the 
circumferential responses of the structure (stresses, temperature and deformations) 
Figures 3.10 and 3.11 show respectively the centrifugal stress contours on the 
camber line plane and on the pressure and suction surfaces of the second stage 
airfoil at 70,680 rpm (110% speed). 

Strength Requirements 

The necessary relationships have been derived between the working stress 
and the material strength as required to meet a specified reliability level. 
To account for the variability in material strength, Weibull's statistical model 
described in an earlier report C5) was used. 

; 

i 

l 
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LOCATION 

SAP III; 3D, (KSI)      21.79 
AXISYMMETRIC; 2D, (KSI) 20.41 

15.99 22.98 15.59 15.10 15.87 8.77- 10.01 14.40 10.38 8.61 
17.32 22.12 14.91 14.71 15.56 7.81 7.84 7.75 7.71 8.10 

Figure 3.9    Comparison of Maximum Stresses as a Result of Centrifugal 
Loading at 110% Speed From Both SAP III and Axisymmetric 
Analyses at Various Rotor Disk Locations 

CAMBER  LINE PLANE 

Figure 3.10   Centrifugal Stresses (ksi) at 110% Speed in Design D' 
Second Stage Rotor Blade 
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PRESSURE 
SURFACE 

-.■■, 

Figure 3.11   Centrifugal Stresses (ksi) at 110% Speed in Design D' 
Second Stage Rotor Blade 

The reliability or the probability of survival of the blade can be expressed 
in a normalized form in terms of a reference stress, usually the maximum stress 
am in the blade, and the effective volume. 

R = exp 
m 

where f5?) 

'a -a \    ., 
m ul V eff (1) 

is the Weibull function with Weibull parameters 

'^u' '^o' and m corresPonding to material properties at operating conditions 

(temperature, etc.) at a . 
Vefl" is the effective volume of the blade, i.e. the equivalent volume 
sS&jected to a uniform tensile stress a and which exhibits the same 
statistics as the blade. m 

failure 
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Since the strength properties of the material are normally obtained from 
the MOR or similar tests, the strength of the blade can be related to the 
strength of the test (MOR) specimens at equal probabilities of failure. 

V 

Om - O 
eff t, 

1 
m 

m  'U' Blade = ^'^  Test \ Veff 

Test (2) 

Blade. 

For an uniaxial tensile test specimen V 
eff 

volume of the test section. Rearranging equation6^): 

is equal to the actual 

m Vf-  ^^ 
a -a 
m u 

If the probability of survival, R , corrasponds to a reference stress 
level of ö , (1) can be rewritten in ?erms of R and o  : 

"P P     "V 

R = exp - In 
-, \ /a    a 
— \   / m- u 

m -i 

(3) 

Furthermore, if a is the mean value of the reference st 
fracture, it is given according to Weibull by 

ress a  at 

"V 

a = a 
m -i: exp In ('.) (trt) da m 

Integrating: 

a m = a    ■ u 
F f. 

-) 

/ 
In 

\ a 
Rearranging: 

1 

In 
/I \' 

VV 

m 
= a) rfe) = r(' 

-n   1 

In 

-.m 

R1 * *) 
34 
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i + m 

C4) 

(5) 
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• 

1 

i 

where '(> * i) ^ is the gamma function of   ( 1 + 

Introducing for the blade: 

h) 

g = Allowable level of reference stress all, at required reliability, R __ 1_ 
Mean value of reference stress at fracture 

_(w%] 
Blade 

a - a 
m   u 

C6) 

Blade 

where F.S. is the factor of safety 

From equation (2) : 

a - a 
m   u 

Blade 
a - cr 
m   u 

'eff 

1^ 
m 

Test 

Test  \ eff 
Blade, 

Substituting into equation (6) 

aall. - au 
Blade 

CTall. - au 
Blade 

a -a 
m   u 

Blade m 
°") Test 

Substituting equations (5) and (7) into (3) 

R = exp 

,m -i 

"-^i« 
(8) 

Solving equation  (8)   for ß and substituting into equation  (7): 

_ i 
m i_ 

m V aal1-   "'^ Blade     reff Test 
(a    - a I   m        u eff 

Test Blade 

In (0 

F.S, 

(7) 

rH) 

. 
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Thus, the allowable level of the reference (maximum) stress in the blade 
at a required reliability level R to the mean strength of test specimens can 
be expressed as: 

'all. 
T + (ä    - a \ 
u  1 m   ul 

V eff 
Test 

In (I) 
Test 

V eff 
Blade/ 

And, in the special case when a = 0 
t1 + *) (9) 

V eff 

1 
m 

all.   m 
Test 

Test 
V eff 

(10) 

Blade 

Solving for the mean strength of the test specimens; 

mTest 

Where V 

all. rM 
V eff Test 
V 
eff ■■© 

1_ 
m 

eff 

Blade 

is related to the size of the MOR bars tested. 
Test 

Figure 3.12 shows equation (11) plotted for several values of m for the 
Design D' second stage turbine blade when centrifugally loaded. This figure 
gives the materials engineer two options to achieve the same reliability level. 
When the process yields a large material variability (low value of m) he must 
strive for a high mean failure strength. On the other hand, a low variability 
(high m) permits a lower mean strength requirement. 

Stress and strength studies of both rotor stages are in progress for 
the 100% and the 55% steady-state and the cold-start transient conditions. 
Temperature distributions are being calculated using TAP, a 3-D heat transfer 
computer code described in earlier reports (6>7). Currently, TAP is being 
modified to allow for variables of material properties with temperature and 
to permit repetitive structures. 

I 
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Modulus o£ Rupture Strength Requirements vs Reliability 
for the Design D' Second Stage Rotor Blade, Centrifugal 

Loading Only 
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Si3Nit powder could be obtained by dissolving magnesium nitrate in anhydrous 
methyl  alcohol   (the liquid milling media)   rather than using MgO powder.    This 
would hopefully allow the hot-pressing pressure for forming the hub to be 
reduced from the normally used pressure of 5,000 psi.    Magnesium nitrate was 
added to produce a MgO concentration equivalent to 2 w/o.    The Si3Ni+ powder 
with the magnesium nitrate additive was wet ball milled with alumina balls 
for seven days to reduce the powder particle size below 2y and to homogeneously 
mix in the magnesium nitrate. 

The milled mixture was dried and loaded into the hub cavity of the 
graphite restraining sleeve  (Figure 3.13.)    Normal procedures  involve hot- 
pressing the Si3N4 powder at 1750oC and 2,500 psi for 2 hours to densify the 
hub region while simultaneously effecting bonding to the blade ring.     The 
graphite wedge system enables the encased blade ring to be restrained at the 
O.D.  by applying pressure independently to this  area through the compression 
rig  (5J.     As reported previously  (7),   complete bonding over the entire height 
of the blade rim was achieved without bowing the rim.    However,   subsequent spin 
test results  showed the hubs to be of low strength as  failure occurred at approxi- 
mately 80,000 rpm.    As a basis  for comparison,  this is a significant decrease 
from the  characteristic burst speed of approximately 116,000 rpm for hot pressed 
Si3Nit -  5 w/o MgO contoured hubs reported previously  C7). 

Microstructural analysis showed the hubs to be theoretically dense as 
evidenced by the absence of porosity.     However,  chemical analysis  indicated an 
excessive increase in the aluminum contamination,  due to reaction with the alumina 
grinding media.    The silicon nitride powder processed with the magnesium nitrate 
additive also exhibited unusual pressing characteristics in that densification 
proceeded at both a faster rate and at  a 100Or lower temperature.    Theoretically 
dense Si^N^ hubs were also produced at pressures as  low as  1,500 psi  from this 
powder.     Although characterization of this hub material  is incomplete,  the 
preparation of Si3Nit powder with magnesium nitrate has been discontinued because 
of the poor performance in spin testing.     Magnesium oxide is again being used as 
the densification aid. 

Further work was done to improve the graphite wedge hot press bonding 
system shown in Figure 3.13.    This technique utilizes an encapsulated Si^U blade 
ring   ("A",  Figure 3.13)  in which the graphite wedges   ("B" and "C")   restrain the 
outside of the blade ring.    Silicon nitride powder with 5 w/o MgO as the additive 
is simultaneously hot-pressed to theoretical density and bonded to the blade ring. 
However,   several problems have been encountered with this technique.     Due to piston 
drag and some bonding of the Si^H^ powder to the lower edge of the restraining 
sleeve   ("D")   a bending moment resulted causing severe fracture of the graphite 
restraining sleeve and subsequent fracture of the blade ring  ("A"). 

To eliminate this problem,  the inside diameter of the restraining sleeve 
was enlarged to allow the insertion of a thin graphite sleeve  (wall  thickness 
of 0.080  inches).    Although fracture of the graphite restraining sleeve was 
greatly reduced,  drag of the contoured piston on the thin inner sleeve resulted 
in sufficient pressure exerted on the rim of the blade ring to cause deformation 
and crushing of the rim.     In addition,   at the fabrication temperature of 1750oC, 
sufficient magnesium silicate glass migrated from the Si^k hub into the reaction- 
sintered blade rim which enhanced the deformation of the blade rim under pressure. 
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Figure 3.13   Hot Press Bonding Assembly for Simultaneous Forming and 
Bonding a Silicon Nitride Rotor Hub to a Blade Ring 

Figure 3.14 illustrates densification of the rim as indicated by the dark areas 
between the blades.  In addition, small deformation ridges between the blades 
and at the leading edge blade root are observed. 

Although the inner sleeve greatly improved the rotor quality, modifications 
of the assembly were required to eliminate applied pressure to the rim by the 
thin inner sleeve. Two modifications are being evaluated which are shown in 
Figures 3.15 and 3.16. 

Figure 3.15 shows a modified version of the hot-press bonding assembly which 
utilized a short inner graphite ("E") sleeve at the lower inner diameter of the 
graphite restraining sleeve ("F"). The inner diameter of the reaction sintered 
blade ring ("G") was machined to 3.070 inches while the inner diameter of the short 
inner sleeve and outer diameter of the top contoured piston ("H") was 3.000 inches. 
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Figure 3.15        Modified Hot Press  Bonding Assembly with a Small  Inner 
Graphite Sleeve 

One Piece Turbine Rotors 

Precision Cast Ceramic Rotors 

Progress on a program at the Georgia Institute of Technology Experiment 
Station,  directed at the development of investment casting techniques  for forming 
precision cast ceramic shapes, has been previously reported (-5,6,7) _    Rfcent 
emphasis had shifted towards slip casting a complete blade ring from silicon 
slip in a fused silica shell mold and subsequently removing the shell mold after 
the shape has been nitrided.    Such a blade ring could have a density significantly 
higher than the injection molded blade rings  available earlier and would constitute 
a major improvement in blade ring strength.     A problem had been encountered in the 
transition from single blades to full blade rings  in that the silica shell molds 
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Figure 3.16        Modified Hot Press Bonding Asse. My with No Inner 
Sleeve 

exhibited too high a fired strength for romplete removal of the 
blade damage after nitriding. 

nold without some 

Several approaches were investigated aimed at decreasing the strength of the 
mold.    These included,   1)   additives to cause devitrification of the silica on 
cooldown from the nitriding temperature,  2)  a refractory second phase to decrease 
sintering and cause expansion mismatch microcracking to reduce strength and 
3}  a switch from the silica system to an organic bonded carbon system.     In 
addition,  a chemical method of removing a silica mold by treatment with hot 
concentrated sodium hydroxide solutions was evaluated. 
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Based on these results, high pressure nitriding runs were made at 1450oC 
and 10,000 psi nitrogen pressure for 5 and 15 hours respectively. Several 
slip cast silicon specimens at equivalent density levels of 90, 95, and 100% 
were prepared.  The silicon metal specimens were 0.75 inches in diameter by 
0.75 inches long, and were placed on 513X1+  powder in unsealed molybdenum cans. 
Several specimens contained Fe203 as a nitriding aid. The nitrogen gas was 
passed through a getter prior to specimen contact to remove traces of oxygen. 
The silicon samples were pre-nitrided at 1 atm. nitrogen pressure prior to 
processing in the autoclave. 

The results showed that the 90% equivalent density compacts (both with 
and without the Fe203 additive) were essentially completely converted to Si3!^. 
This results in only a slight density improvement, over typical results obtained 
under ambient conditions and therefore does not justify the expense and compli- 
cation of high pressure nitriding. The 95 and 100% equivalent density compacts, 
although completely nitrided at the surface, exhibited a gradual decrease in 
nitridation toward the center region of the specimen. Both of these higher 
density specimens exhibited silicon metal cores at the center with only slight 
nitridation in this region. These results indicate an exothermic reaction to 
some degree and that optimization of the parameters for controlling the reaction 
kinetics is difficult and would involve an extensive program.  In parallel with 
the high pressure nitriding experiments, a theoretical study of nitriding was 
undertaken and showed that it was not possible to store enough nitrogen in the 
pores of a silicon powder compact to permit complete nitridation using available 
equipment, as explained in more detail in Section 4.2 of this report. As a 
consequence of this study and the disappointing experimental results, it was 
apparent that high pressure nitriding of green compacts sufficiently dense 
to yield near-theoretical density Si3N^  was not close at hand. Accordingly 
further effort on this approach was terminated. 
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3.1.3 ROTOR TESTING 

Introduction 

Primary emphasis during this reporting period has been on cold spin testing 
of reaction sintered Si3N1| rotor blade segments.     Additional efforts in the cold 
spin pit have been directed toward developing techniques for testing complete 
blade rings.    A high speed motion picture was taken of a ceramic rotor at the 
instant of failure.    The spin pit was also used to measure the strength of the 
revised hot pressed Si3!^ rotor hubs. 

■ 

The turbine rotor test rig was rebuilt with hot pressed Si3!^ rotor hubs 
(duo-density rotor without blades) and a series of tests conducted to evaluate 
the rotor attachment mechanism. The major efforts were directed toward evaluation 
of the curvic couplings and the experimental determination of the rotor bolt 
cooling air requirements. 

Cold Spin Testing 

The equipment and the technique used in cold spin testing of ceramic turbine 
rotors have been discussed in a previous report C6). Ceramic blade rings and 
turbine rotor hubs are spin tested at room temperature in a partial vacuum at 
speeds gradually increased at the rate of 400 rpm/sec. until destruction. 

During this reporting period most of the testing has been concentrated 
on reaction sintered Si3Nih blades. In order to determine the blade strength, 
some tests were conducted with blade rings which were sectioned into several 
segments. Each blade ring segment consisted of 3-4 blades. Figure 3.19 shows 
a metal test hub and two segments, at the instant of failure, at the highest 
failure speed attained during this report period of 58,100 rpm or 91% of maximum 
speed. 

Perhaps the most important conclusion derived from the 50 tests of over 
350 blades was the good uniformity of blade strength, since the scatter in 
breaking strength was only 8%. It was necessary to develop an improved 
epoxy bonding material for fastening the blade segments to the test hub, 
since some spin tests resulted in failure of the epoxy. For example. Figure 
3.20 was taken at the instant of failure which occurred at 55,650 rpm (87% 
of maximum speed) and was directly attributable to a poor epoxy bond. Improve- 
ments resulted when a one part-heat cured epoxy was used to bond the SisNit 
blade ring segment to a hot pressed Si3!^ test hub, rather than a metal test hub, 

Rotor Blade Failure Statistical Analysis 

The results of cold spin testing of reaction sintered Si 3!^ rotor blades 
were statistically analyzed in order to determine the distribution of failure 
speeds, characteristic speed, and Weibull modulus, m. The characteristic speed 
is the speed at which 63.3% of the blades will have failed. The method of 
analysis was the use of order statistics with the Weibull distribution which 
utilizes the suspended test items to adjust the obsetvfttl failure distribution 
to obtain the population failure distribution, as ijscupsed in an earlier 

report t6). 
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3.2 CERAMIC STATOR, NOSE CONE AND COMB'JSTOR DEVELOPMENT 

i 

SUMMARY 

Stators of 2.55 gm/cm3 density silicon nitride were injection molded which 
were free of detectable defects as a result of modifications to the tooling. 
Evacuation of the stator cavity, prior to injection, appears to have eliminated 
outer shroud voids produced by entrapped gases. The organic burnout process 
has been changed to a charcoal-wicking system which eliminated adverse 
distortion of the components and resulted in excellent removal of the orgamcs 
prior to nitriding. A modification of this new burn-out process was also used 
in fabricating nose cones. Changes made to the nose cone tooling resulted 
in the fabrication of flaw free ccmponents of 2.55 gm/cm3 density. Fabrication 
of slip cast SiaNit rotor shrouds continued with no additional development 

work. 

Continued thermal shock rig testing of 2.55 gm/cm3 vane segments Produced 
2 vane cracks out of 8 vanes tested after an additional 1000 cycles to 2500 F 
(all segments had previously survived 3000 cycles to 2300 F)  Stator vanes of 
higher density (2.7 gm/cm3l survived 9000 cycles with no cracks-4000 cycles to 
2300oF, 1000 cycles to 2500oF, and 4000 cycles to 2600-2700 F. 

The 171 hour, 56 cold light, "Refel" reaction sintered silicon carbide 
combustor (6) was successfully tested for a short time in an engine under condi- 
tions of cold light-offs and transient accelerations to idle. 

Recently introduced stator vane proof testing promises to be a valuable 
tool to monitor the quality of stator vanes. Statistical test results indicate 
recently fabricated stator vanes are of superior strength and quality than some 
previously fabricated, and are similar to engine tested stators which completed 

60-100 hours of ARPA durability without vane failures ( J. 

A 2500OF Flowpath Test Rig has been built and installed to evaluate the 
stationary flowpath components at temperatures up to 2500 F. Initial checkout 

of the rig is progressing on schedule. » 

Engine testing has been directed towards qualification of the stationary 
ceramic flowpath components. Seven Sia^ nose cones and seven Si^ one piece 
stators have been subjected to the qualification test. Two reaction sintered 
silicon carbide one piece stators also successfully passed the qualitication 

test cycle. 
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to allow material flow into the vacuum system.  By eliminating the air from 
the cavity prior to material injection, there are no pockets of compressed 
air to be expelled or entrapped during injection molding. 

Components molded using the vacuum system appear flaw free using visual 
sectioning techniques. X-ray evaluation will be used to further verify the 
absence of voids. The vacuum has also been effective in lowering the resistance 
to material flow into the die cavity.  Previous molding of stators war done at 
170OF with the cavity at atmospheric pressure. With the cavity at 30 inches of 
Hg vacuum, molding temperature was reduced to 150 F with no loss in fluidity. 

Several modifications have also been made to the tooling during this 
reporting period to improve the mechanical operation. Cracking of the stator 
at the fillet radius between the inner shroud and vane during molding was 

caused by slight misalignment (0.005 inches) during die opening. To correct this 
misalignment, new linear ball bearings were installed on die guide pins. This 
change alone did not entirely eliminate the problem. A stripper plate and an 
extractor plate were added to push and pull the stator frcm the die prior to the 
point where misalignment damage occurred. This decreased the sensitivity of the 
die to misalignment, and crack free components have been molded since these 
modifications were made. 

In conjunction with the use of the 2.55 gm/cm3 material for stators, ? new 
binder burnout method was developed.  Stators were previously packed in AI2O3 
granules and heated at the rate of 50C/hr to 300oC in order to remove organics 
prior to nitriding. With the 2.55 gm/cm3 material, this cycle resulted in some 
distortion and cracking of the stator. Coconut charcoal of 80-200 mesh was 
substituted for the AI2O3 granules. Using AI2O3 granules, the component had to 
reach the volatization temperature of the organics before burnout began. However, 
charcoal absorbed the organics as soon as a liquid phase was present, which 
occurred below the decomposition temperaLure. A burnout cycle which heats the 
part to 450OF in charcoal at furnace rate, holds for 16 hours, and cools at 
furnace rate to room temperature was established for stator burnouts. This 
procedure has successfully eliminated the distortion noted in previous AI2O3 
burnouts. The charcoal burnout is also advantageous in that organics are wicked 
from the component rather than carbonized in situ. Residual carbon tests of 
charcoal air cycled components show levels equivalent to the starting silicon 

powder. 

Silicon Nitride Nose Cone Fabrication 

During this reporting period, advances have been made in several areas of 
nose cone fabrication. Material density has been upgraded to the 2.55 gm/cm3 

level, tooling rework has been completed, and NDE techniques utilized to yield 
nose cones of higher quality. 

The nose cone tooling was realigned to ensure tight insert fit. This was 
required to avoid low density regions associated with areas of material leakage. 

The 2.55 gm/cm3 density Si^H^  material was used to fabricate nose cones 
and demonstrated the necessary molding shrinkage and required high green strength. 
These nose cones were subjected to more stringent visual and x-ray NDE than were 
previously the case. Many components manufactured were found to be free of 
detectable flaws. These components are currently being processed and tested. 
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The charcoal burnout procedure discussed under ceramic stater fabrication 
was adapted to the nose cone bum ut.    The cycle consists of heating at a rate 
o±  7 F/hr with a six hour hold -t a temperature of 620OF.     This procedure removes 
approximately 95% of the organic  from the nose cone, with none of the distortion 
and cracking which occurred with previous AI2O3 granule burnout procedures. 
Additional heating to 700 F with the nose cone free-standing in air removes the 
remainder of the organics. 

Silicon Nitride Rotor Shroud Fabrication 

No further development work was  carried out on rotor shroud fabrication 
during this reporting period.     Engine test results of rotor shrouds are given 
in Section 3.2.2 of this report. 
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Figure 3,29   Weibull Distribution of Vane Failure Loads of One Piece 
Stators Which Were Engine Tested 









Figure 3.32        Schematic View of Static Flow Path Qualification Test Rig 

Table 3.8 shows the results of engine testing on silicon nitride ceramic 
stationary components performed to date, with the top line indicating the target 
values  established for each component.     Testing during this reporting period 
has concentrated on the light-off qualification test. 

Seven new nose cones have been subjected to a total of 338 lights  and 
over 60 hours of hot running with four of the seven remaining serviceable. 
Two of the other three failed through molding flaws, while the other was  damaged 
in handling. 

even one pi-ace stators have also been tested.    However,  only two remain 
serviceable,  with four of the remaining five having failed through molding flaws. 
It should be noted that the two serviceable stators,  serial numbers  841  and 848, 
(2.55 gm/cm3 density SisNi^ stators),   are  representative of recent  fabrication 
as described in Section 3.2.1. 

• 

Four second stage rotor tip shrouds have been subjected to a total of 128 
lights and over 27 hours of hot running, with three of the four remaining 
serviceable. 

In the last report, (7) the processing of one piece reaction sintered silicon 
carbide stators was discussed. Three of these stators, not shown in Table 3.8 
were also tested during this reporting period. Two survived for 12 and 14 



TABLE 3.8 ENGINE TEST RESULTS FOR S:3N4 COMPONENTS 

Conponent i Saris 1 No.  «, 

Engine Static Testing 'Cyclic Tostin.  (AAW) 
' Tost 

Hours 
COB »onent 

S;atus 
Misc. 

Lights 
^ests 

Hours 

Total 
Part 

TUoOtrs ) 
Total 

Part 
Lights 

Lights 
Cold 

Shut* 
Cold 

jwns 
Hot 

Tost 
Hours 

Lig 
Cold 

hts 
Hot 

Shutd 
Cold 

Mns 
Hot 

Target 10 9 1 .2 14 26 40 200 

Nose Cones 

73» f 142 16.75 16.75 142 

102 10 9 1 .20 44 36 21 59 231.5 S 221.70 90 

103 19 17 2 .40 1 2 0 3 50.5 p|o 50.90 22 

130 _ _ . 5 3 2 6 24.S F,H 24.50 8 

202» 10 9 1 .20 9 2 9 2 6.50 S 7.00 26 

207* ■v 1 SO s X / -i' 5.00 8 

1 
304-. 34 31 3 1.00 s 1.00 34 

320» F,X 10 1.15 1.15 10 

321. 30 27 3 .50 F,X 29 27.50 28.00 59 

807. 59 53 6 1.20 s 1.20 59 

Stators 

372 10 9 1 .Ä1 1 2 0 3 50.5 s,c 50.7 13 

421. 10 9 1 .20 c.x 3 2.80 3.00 13 

424. 10 9 1 /as c,x 9 2.75 3.00 19 

428 10 9 1 .20 17 14 6 25 103 F,C 103.20 41 

430 10 9 1 .20 14 13 6 21 61.5 F,C 61.70 37 

715. 10 9 1 .20 i  E,y'0 6 .1 .30 16 

751. 11 10 1 .20 C,V,0,X 2 .20 13 

820. 14 13 I .30 C.X .30 14 
S41. 12 11 

10 

1 

1 

.20 

.20 
- s .20 )2 

11 848. 11 „          s     _   __ .20   ! 

Pirat Shrouds 

24 19 17 2 .40 1 2 0 3 50.5 ? 50.90 22 

111 13 12 1 .20 61 41 34 68 24f .        s 245.20 115 

Second Shrouds 

6. p 3 1.75 1.75 3 

38 19 17 2 .40 1 2 0 3 50.5 s 50.90 22 

100. 1 9 0 10 11.0 s 30 1.60 12.60 40 

102. 1 9 0 10 7.8 f 7.80 10 

104. s 75 5.10 5.10 75 

106 10  . 9 I .20 61 41 34 68 245 s 245.20 112 

Key 

S • Serviceable 

P - Palled 
0 - Failure occurred in other than ARPA duty cycle 

H - Part failed durins handUn« 

! NEW ENTRY Tl IIS REPOR nNG PERI OD C • Cracked shroud 

V - Vane(s) failed 
X ■ Internal naterial flaw invol> ed in failure 

i 
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3.3    GAS BEARINGS 

SUMMARY 

Several second generation three leaf foil bearing configurations have 
been designed,  fabricated and tested.    These incorporate ease of fabrication 
and assembly,  and provide for development of improved damping capabilities. 
One arrangement was tested over the speed range up to 64,240 rpm,  although 
further development is needed to improve the damping characteristics 
before this bearing system qualifies for engine operation.    However,  it has 
been decided not to include further work on gas bearings in the ARPA program, 
so that all available effort can be focussed on development of high 
temperature ceramic components. 
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ROTOR-COMPLIANT FOIL BEARING 
DYNAMIC SIMULATOR RIG 

OIL JOURNAL 
BEARING 

1 

CAPACITANCE 
DISPLACEMENT 

PROBE 

Figure 3.35   Dynamic Simulator Test Rig 

The three leaf foil gas bearings tested to date were designed with three 
entry regxons  TT.e entry regions are formed from layers of shim stock and thus 
are very stiff as compared to the compliant characteristics of the other areas 
of the bearing. These stiff regions tend to excite r^e rc^or system causing a 
triangular shaped orbit and therefore are deemed undesirable. Fir future 
development, the entry area would need to be redesigned to provide a smooth 
transition from one leaf to the next without any change in stiffness or com- 
pliance. In addition, various foil bearing geometry modifications need to be 
made to determine their effect on the rotor bearing system dynamics. 

Improved Drive Line 

Prior testing indicates that the foil gas bearings evaluated in the 
dynamic simulator rig have low damping capacity. With the intent of reducing 
external sources of vibration which may excite the high speed rotor bearing 
system of the dynamic simulator rig, ü. signature analysis was performed on the 
rig with the high speed rotor assembly removed. 

72 

i.^^w^iA. 





I  -          '—-'-.i: ._:'.:-.^■■:,' ■ ■ ■ 'v^^'■ ■ | •.- v - ' 

Velocity pickups were installed on the rig and a high speed visicorder 
was used to provide a record of the rig signature over its operating range. 
The original signature contained large amplitude low frequency beats. It was 
determined that these beats were generated by the electric drive motor and 
transmitted to the rig through the drive line and support structure. 

Various drive shaft-flex coupling drive line combinations were installed 
and the corresponding rig signature compared with the original signature. A 
final drive line configuration was selected with a corresponding rig signature 
vastly improved over the original signature. The final configuration consists 
ot  a closely toleranced splined drive shaft supported between two precision 
universal joints. The drive shaft, universal joints and attachment flanges 
were balanced as an assembly to within 0.100 oz-in ir. two planes. In order to 
further reduce vibrations, the rig mounting system wf.s changed from a three to 
a four stanchion mounting, which provided additional improvements to the rig 
signature. 6 

While progress has been made on gas bearing development, it has been 
decided not to include further work in the ARPA program so that all available 
effort can be focussed on development of high temperature ceramic components 
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4.  PROGRESS ON MATERIALS TECHNOLOGY - VEHICULAR TURBINE PROJECT 

SUMMARY 

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

Reaction sintered Si3Nu components, made by the injection molding process, 
are inlet nose cones, stators, and rotor blade rings for use in the duo-density 
process. Work on developing of a 2.7 gm/cm3 density moldable Si3^ has continued. 
The viscosity and moldability of compositions of this density were measured and 
found to be equal to the lower density (2.55 gm/cm3) presently being used for 
nose cones and stators. A composition was selected for fabrication of one 
piece stators. A problem of lower-than-predicted strength of 2.7 gm/cm3 density 
molded Si3^ was overcome by development of improved nitriding. The use of 
a relatively slow cycle, reaching a maximum temperature of 2550oF and using an 
atmosphere composed of 4% H2/96% N2, produced 4 point bend strengths averaging 
43.2 ksi, which compare well with the predicted strength for this density. 

A study of the nitriding of silicon was initiated, with the objective of 
identifying the rate limiting mechanisms. Particular emphasis was given to the 
high pressure nitriding concept, since experimental results C7) had been incon- 
clusive. Calculations were made to determine What pressure would be needed to 
store enough nitrogen in the remaining pores at the point in the process where 
prior nitridation resulted in close-off of open porosity. These calculations 
show that a pressure of ID5 psi or greater would be required for enough nitrogen 
to be contained within the closed pores. Since equipment limitations preclude 
nitriding at these high pressures, it is apparent that high pressure nitriding will 
not be feasible and further experimental work along this path was stopped. 

—v 
The development of Sialon materials was continued, with emphasis on obtaining 

good high temperature properties using the sintering process. Some compositions 
containing yttrium additives were prepared and resulted in 4 point bend strengths 
as high as 80-86 ksi at room temperature, with some loss of strength at higher 
temperatures. However, upon reheating these materials in an oxidizing atmosphere, 
considerable glass was formed. Further work indicated this problem might be 
resolved by either using very low yttria contents or by vising a heat treating 
process to crystallize the glassy material. 

Work on non-destructive evaluation of ceramic components continues to rely 
primarily on x-ray radiography to locate internal flaws and voids in as-molded 
nose cones and stators. Ultrasonics may be useful to supplement radiography 

for detecting flaws in stater outer shrouds which are too small to be resolved 
by radiography. Dye penetrants have also proven useful on the higher density 
molded Si3^ components. Sonic velocity measurements are being made routinely 
as a quality control teyt. 
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4.1 DEVELOPMENT OF HIGHER DENSITY MOLDED SILICON NITRIDE 

Introduction 

In the previous report (7), woric was presented on the theory of developing 
a highly loaded silicon-polymer injection molding composition. The maior 
innovation involved the use of a silicon metal powder with a very broad particle 
size distribution. Data was presented for both a 69.5 and a 73.5 volume percent 
loaded system (2.55 and 2.72 gm/cm3 SigN^ density respectively). Durine this 
reporting period, further work was done to qualitatively-compare molding 
compositions. Also, the effect of silicon particle size and nitriding cycles 
on the modulus of rupture was investigated. 

Molding Properties 

Table 4.1 compares the properties of the 74R, 2.55 gm/cm3 molding composition 
currently being used to mold stators and nose cones with two experimental 
2.72 gm/cmd compositions, 75P1 and 75Q. The 74R material shown in Figure 4 1 
as distribution R, is a variation of the 74F material described in the last' 
report (. J, using a somewhat coarser silicon metal powder particle size distri- 
bution than 74F. The 75P1 composition is the same as described in the last ' 
report ^ J  with the exception of minor changes in organics. The 75Q composition 
utilized a coarse silicon particle size distribution as shown in Figure 4 1 
As expected, the green strength of the 2.72 gm/cm3 systems is less than the 
2.55 gm/cm3 system (due to higher silicon loading and therefore lower organics! 
For the same reason, the molding shrinkage is also less. The viscosity and 
moldability, as expressed by a capillary rheometer and spiral flow mold test 
respectively, are identical for the 74R and 75P1 composition. The viscosity of 
the 75Q material was not measurable and the spiral flow was lower because of the 
thixotropic nature of this material. This points out the importance of particle 
size distribution. 

cma system. 

These results indicate that the moldability of the R distribution 2.55 
gm/cm3 density system is equivalent to the P distribution (7) 2.72 gm/cm3 

This was the conclusion qualitatively made in the previous report C'). The 
74R and 75P1 compositions also were found to behave in a similar fashion when 
molded in the one piece stator tooling. Both compositions are capable of producing 
components which are free of molding flaws when examined using x-ray radiography 
Initially, problems with tooling alignment.during the 75P1 molding trial caused 
severe blade cracking. This problem has since been corrected (see Section 3 2 1 
of this report for details) and the 75P1 composition will be used as the initial 
composition for fabrication of 2.7 gm/cm3 density SigN^ one piece stators during 
the next reporting period. 

Nitriding Parameters and Physical Properties 

In the previous report C73, the strength 
reported to be lower than the predicted value 
Various nitriding cycles were evaluated in an 
values of the 2.7 gm/cm3 SigNi». Test bars of 
nitrided according to the schedules in Table 4 
two general classifications; those with only s 
those with constant rate temperature increases 
temperatures. 

of the 2.7 gm/cm3 density SigN^ was 
(35 ksi as opposed to 40 - 48 ksi), 
attempt to improve the strength 
75P1 composition were fabricated and 
.2. The cycles can be grouped into 
tep-wise temperature increases, and 
both having holds at various 
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TABLE 4.1 COMPARISON OF PROPERTIES OF MOLDING COMPOUNDS 

Property Test Method 74R 75P1 

Si3Nu Density ASTM C373-56 

Green Strength       3 Point MOR 
L =  1-1/8" 

Mold Shrinkage       Direct Measurement 

Viscosity ASTM D1238-73 

Spiral Flow ASTM D3123-72 
Test conditions 
Material temperature = 
200 F Die temperature = 
90 F Injection Pressure 
1750 psi 

One Piece Stator See Section 3.3.1 
Molding Results  for details 

2500 psi to 
3400 psi 

Estimate 
1800 psi to 
2800 psi 

0.6 to 0.75%  0.2 to 0.4% 

10 poises 
@ shear rate 
> 1.8 x 10"5/ 
second 

18 inches 

40 poises 
§ shear rate 
>  1.8 x 10'5/ 
second 

19 inches 

75Q 

2.55 gm/cm3   2.72 gm/cm3      2.72 gm/cm3 

Produces parts Problems en- 
that are flaw countered with 
free by x-ray die on first 

molding attempt. 
Will try this 
composition again 
in next reporting 
period. 

2230 psi to 
2600 psi 

0.4 to 0.5% 

Thixotropic 

4 inches 

Material too 
thixotropic to 
attempt molding. 

100 

80 

CUMULATIVE 
WEIGHT, 

PERCENT   60 

FINER 
THAN 

40 

20 

SILICON  METAL 

DISTRIBUTION R 

DISTRIBUTION Q 

100 80     60 50   40 20 10    8       6   5     4       3 2 

EQUIVALENT SPHERICAL DIAMETER, MICRONS 
I    0.8   0.6 0.5 0.4   0.3 

Particle Size Distribution of Silicon Metal Powders 
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TABLE 4.2 NITRIDING SCHEDULES 

Designation 

/„MMRC* 

JM-1 

JM-3A 

JM-3B 

JM-4 

Descriptive 
CTime at Temperature) 

20 hrs at'l300oF, 3 hrs at 2282°F 
20 hrs at 24160F, 7 hrs at 2510 F 
20  hrs at 25520F 

20 hrs at 2300OF 7 hrs at 24150F 
20 hrs at 2510oF 7 hrs at 25520F 

RT-2100OF - furnace rate (500 F/hr) 
2100-2550 0F at 70F/hr 

RT-2100OF - furnace rate (500OF/hr) 
2100-2550OF at 140F/hrs 

RT-2150OF - furnace rate (500OF/hr) 
hold 2150OF for approximately 72 hrs 
2150-2550OF at 7 F/hr 

HJ-2 24 hrs at 2000 F 
24 hrs at 2300 F 
24 hrs at 2660OF 

*per Messier and Wong from AMMRC 

Table 4.3 shows the effect of these various nitriding cycles on the modulus 
of rupture of the 75P1 SisNi*. The strength of SisNit with nitriding cycles employing 
step-wise increases in temperature are low, ranging from 26.7 to 33.4 ksi. 
Improvements resulted when cycles using constant rate temperature increases were 
evaluated. The best cycle on a maximum strength basis was JM-4, with a 3 dayohold 
at 2150OF followed by a gradual temperature increase from 2150 to 2550 F at 7 F/hr, 
using a 4% H2/96% N2 atmosphere. This cycle yielded strengths averaging 43.2 ksi, 
with individual high data points at 52.0 ksi and 58.0 ksi. These average strength 
figures fall within the predicted band of 40-48 ksi for 2.72 gm/cm3 Si3^. 

Earlier work showed that the strength of 2.55 gm/cm3 SisNit depended upon 
the silicon metal powder particle size. Experiments were conducted using 17 hr, 
29 hr, 48 hr, and 140 hour grind silicon metal in a 2.72 gm/cra3 SigN^ composition. 
The results, shown in Figure 4.2, indicate the effect of milling time on the strength 

of the 2.55 gm/cm3 Si3^ for one nitriding cycle, and on the 2.72 gm/cm3 Si3^ 
number of nitriding cycles. An increase in milling time resulted in decreased 
strength for the 2.55 gm/cm3 material. However, with the exception of the results 
obtained when using the AMMRC nitriding cycle, there is no apparent effect of 
milling time on the strength of the 2.72 gm/cm3 Si3^. This is fortunate in that 
the optimum particle size distribution for injection molding. Distribution P, 
can be used without any apparent loss in room temperature strength. 
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TABLE 4.3    EFFECT OF NITRIDING CYCLE ON THE STRENGTH OF 
75PI 2.72 gm/cm3 DENSITY INJECTION MOLDED SI3N4 

i  ig 
triding Cycle 

Nitriding 
Atmosphere 

Average* 
MOR MOR Range, ksi Averag e Wt. Gain 

AMMRC N2 26.7 ksi 21-33 59.5% 

AMMRC 1% H2/99% N2 29.3 ksi 20-39 58.51 

HJ-2 N2 33.4 ksi 30-36 60.0% 

JM-1 N2 32.6 ksi 31-35 59.5% 

JM-3A N2 40.2 ksi 37-43 59.5% 

JM-3A 4% H2/96% N2 38,8 ksi 36-42 58.5% 

JM-3B M, 35.2 ksi 32-38 57.0%** 

JM-4 N2 35.1 ksi 32-39.5 58.5% 

JM-4 4% H2/96% N2 43.2 ksi 33-58 59.0% 

1/8 x 1/4 x 1-1/2" specimen, 3/8 x 1-1/8" fixture, .02 in/min load rate 

**   Exuded silicon metal, center core of unreacted silicon 

AVERAGE 
MOR  35 
(KSI) 

20 40 60 80 100 
MILLING TIME (HOURS) 

120 

A AMMRC-N2 

0 JM3A-N2 

• JM3A-4H2/96N2 
P JIVI4-N2 
■ JM4-4H2/96N2 

 2.55 GM/CM3   SI3N4 
2.72 GM/CM3  Si3N4 

140 160 

Figure 4.2    Strength vs Silicon Milling Time for Various Nitriding 
Cycles 
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has been ^e^ed tha    ^ "SeTs    e^.^'" ^ ^    inJeCti0n m0ldi^ -.position 
to the 2.55 gm/cmS materia    ^urrentlv h^n'  ^"j1*^ ™* fl0W P^perties similar 
TMs materialis  capable ^ be^rn Lid S^n'to S.N    wS^6 0ne ^^ Stat0rS- 
temperature strength of 43 ksi  comnared tn S! J v3 ^ an aVerage room 

in the 2.55 gm/cJ system. ComPared t0 ths 32 ksi  currently being achieved 
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4.2 STUDY OF THE NITRIDING OF SILICON 

Introduction 

A program to study the nitriding of silicon has been initiated, with the 
objective of identifying the rate limiting mechanisms in the nitriding process. 
The initial effort was a study of the reaction sintering of high density Si3!^ 
shapes by high pressure nitriding. 

Parallel theoretical calculations and experiments have been carried out 
to determine how nitridation is affected by high nitrogen pressures. Mechanisms 
offering possible improvement considered to date are: 

1. Improved nitrogen diffusion into small silicon particles. 

2. Pore storage of nitrogen in the pore structure of the silicon compact. 

3. Improved flow of nitrogen through the pore structure of a partially 
nitrided body. 

Diffusion of Nitrogen and Silicon in Small Particles 

During the initial stages of nitridation, fine particles of silicon within 
the porous silicon compact form a surface skin of Si3Ni+. Further nitridation 
must continue either by outward diffusion of silicon or inward diffusion of 
nitrogen through the skin. Assuming both spherical geometry and that the diffusion 
coefficients of nitrogen and silicon in SijN^ are equal, it was found that: 

(a) For nitrogen pressures experimentally possible, the outward rate of 
silicon diffusion is 102 to I0k  times the inward rate of nitrogen 
diffusion. 

(b) If the nitridation rate is controlled by diffusion, the calculated 
time for complete nitridation of a lOy diameter particle is a few 
minutes. This prediction compares favorably with observed nitridation 
times for small isolated silicon particles. 

The diffusion rate into small nitriding particles thus is controlled 
mostly by silicon diffusion; nitrogen pressures in the 10 psi range will 
not speed up this process. 

Pore Storage of Nitrogen in Porous Silicon Compacts 

With high pressure nitridation, increased amounts of nitrogen will be 
stored in the pore structure of the green material after pores leading to the 
part exterior are closed off. Calculations of the nitrogen pressure required 
to complete nitridation with gas contained in the pore structure were made. 

Considering a porous silicon compact of volume V and volume fraction f 
of silicon, it can be assumed that the pores are closed off after a volume 
fraction F of the silicon has been nitrided (note F<f).  If T is absolute 
temperature, V the pore volume remaining at pore close off, and N the number 
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of moles of nitrogen required to nitride the remaining elemental silicon the 
nitrogen pressure required to complete nitridation is, assuming ideal gas 
behavior, '* 

P = NRT 
V (1) 

The initial volume of silicon is fV. At pore close off FV is nitrided and 
(f-F) V is un-nitrided. The volume of the un-nitrided portion is unchanged, 
while the volume of the nitrided portion grows according to V (nitrided) = 
fo- V (un-nitrided) where f = 0.8197 is the value of f leading to fully dense 
nitrided material. Thus the volume of the nitrided material is f -1 FV and the 
pore volume at pore close off is 0 

V = 
P fV1 1)  F > V (2) 

N moles of nitrogen must nitride the remaining un-nitrided Si.  If v is the 
atomic volume of silicon, the number of un-nitrided silicon atoms is (f-F) - 
and the required number of moles of nitrogen to nitride these silicon atomsvis 

N = 3 (f-F) 
N v o 

(3) 

(No is Avogadro's number). Substituting (2) and (3) into (1) results in: 

1 - f (f "I ^ o 1) F 
(4) 

where P 2 kT 
o  3 ~ and k = R/No is Boltzmann's constant. Using numerical values 

T = 1400OC = 16730K and v = 2.00 x 10-23 cm3>  po = i.i2xl05 psi was calculated. 

Figure 4.3 shows the pressure given by equation (4) as a function of 
F/f (the fraction of silicon nitrided at pore close off). Unless most of the 
silicon is nitrided by the time pores are closed off, extremely high pressures 
(10 psi or greater) will be required to complete nitridation using a pore 
storage mechanism. 

If f = fo (so that fully de.ise nitrided material results) equation (4) 
reduces to 

fo 
P = Po   1-fo   *  5-10 x 105 Psi CS) 

For samples approaching theoretical density the pressure required to complete 
nitridation is independent of the point when the pore structure is closed off. 

Pore Flow 

Incompletely nitrided, high density Si3Nk  samples often show a fully nitrided 
skm with an un-nitrided interior. It is commonly supposed incomplete nitridation 
of the interior results from an insufficient nitrogen supply in the bulk of the 
sample  It was assumed that nitrogen cannot penetrate the fine pore structure 
ot the fully nitrided skin. 
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f = 0.8197 
(100%) 

10.0 

1.00 

0.10 

1.0 

Nitrogen Pressure Required for Pore Storage to Complete 
Nitridation vs Fraction of Silicon Reacted at Pore 
Close-off 

Experiments are in progress to measure flow rates through fully and 
partially nitrided compacts. Results on fully ritrided slabs 1/8 inch thick 
(density 2,7 gm/cm3) give flow rates (corrected to 1400oC) sufficient to nitride 
the 1/8 inch thick material in 3 to 4 hours. These times are somewhat shorter 
than typical nitriding times of 25 hours or more for bulk samples. 

Preliminary work on higher density, incompletely nitrided, samples with 
high density skin (density 2.85 to 3.0 gm/cm3) reveals much reduced flow through 
pores.  From flow data we estimate nitrogen pressures of lO1* psi should signifi- 
cantly speed nitridation for samples in the (full nitrided) density range 2.9 
to 3.1 gm/cm3. Higher Si3Nit densities would demand greatly increased nitrogen 
pressure for much effect. 
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Materials containing a large proportion of Y20 3 were generally not as strong 
as those containing 3% or 6%. However, a material prepared from 64.4% AME 
SigN^ and 35,6% AI2O3 with 16.1% Y2O3 added and sintered for 4 hours at 1600^ 
contained a single crystalline phase and had an average MOR of 45,000 psi, with 
a range of 32-61,000 psi on 7 specimens. Materials prepared from 66.7% AME 
SisNjj and 33.3% AI2O3 with 25% Y2O3 added and sintered for from 3 to .12 hours at 
1600 C and for 4 hours at 1650 and 1700 C had strengths ranging from 24,00 to 46,000 
psi ana often showed evidence of a glassy phase in their x-ray diffraction 
patterns. 

Materials containing but 1% Y2O3 additive were also generally weaker than 
those containing 3 to 6%, but there was evidence that prolonging the sintering 
time or raising the sintering temperature improved matters. Thus, a material 
containing 84% AME Si^^ with 1% Y2O3, sintered for 12 hours at 1600oC, contained 
no crystalline extraneous phase and had an average strength of 46,000 psi. 
Another, sintered for 4 hours at 17000C, had an average strength of 50,000 
psi and was similarly free of extraneous phase and alumina. 

Because the room temperature strengths and phase compositions appeared 
promising, the strengths of a few materials were measured at elevated temperature. 
Some of the results are summarized in Figure 4.4.  It can be seen that there is 
a substantial decrease in strength at temperatures above 1000oC. This, taken 
with the observation of a glassy phase in the x-ray patterns of the very high 
yttria materials, suggests, in general, the presence of a glassy phase in yttria 
containing sialons. 
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Figure 4.4 Effect of Temperature on Modulus of Rupture for 
Several Sialon Materials 
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Many of the materials prepared have been examined by optical and scanning 
electron microscopy on polished, etched, and fracture surfaces. The materials 
are extremely fine grained and give the appearance of having more than one phase 
present, even when x-ray patterns indicate a single phase material. This may 
be further evidence for the presence of a glassy phase. 

When materials containing 3% or more Y2O3 were heated to 1260 C in a gas- 
oxygen flame through 10 one-minute-on, one-minute-off cycles, substantial 
quantities of glass were formed; it appeared that the materials had melted. 
Those with little or no yttria formed no glass. However, many, though not all 
samples which did not melt in the flameodid form a glassy surface on prolonged 
(70 hours) heating in a furnace at 1260 C under either air or argon. Similar 
treatment under argon at 1600 C for 4 hours produced no glassy surface at all. 
The significance of these observations is not yet completely clear, but a study 
aimed at improving the strengths of low Y203 and additive-free materials has 
been initiated. Sintering times have been extended to 24 hours at 1600 C with 
promising results.  Figure 4.5 shows the effect of sintering time on the room 
temperature MOR of a material with 84% AME SigN^ 16% Al203 and 1% Y2O3 

additive sintered at 1600oC. 
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Figure 4.5 Effect of Sintering Time vs Modulus of Rupture of a 
Sialon Consisting of 84% Si3^, 16% M2O3,  and 1% 
Y203 
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Most of the results reported here appear to be reasonably consistent with 
either of the two most frequently cited Sialon models. The original cation- 
vacancy model put forth by Oyama (12) and by Jack (13), with the general formula 
(6-3/4x)Si (2/3x)Al xO (8-x)N, does not account directly for the formation of 
extraneous or glassy phases, except as possibly arising from impurities, but 
no such accounting is really required. The currently popular vacancy-free 
model, with the general formula (6-x)Si xAl xO (8-x)N, represents a material 
which might be prepared in pure form by a reaction such as: 

H) Si3N4 (!) 
u2o3 (!) 

A1N -> (6-x) Si xAl xO (8-x) N 

However, a reaction such as; 

(23) Si3N4  + f |j A1203 -v   (6-x) Si xAl xO  (B-x) N  + (|) Siü2 

could produce it along with a glass. When additives and impurities are included, 
the possibilities of the pressure of fluxing extraneous crystalline products 

become considerable. 
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5. INTRODUCTION AND SUMMARY-STATIONARY TURBINE PROJECT 

The principal objective o£ the Stationary Gas Turbine Project is to 
demonstrate the use of uncooled ceramic first stage stator vanes operating 
at a peak inlet temperature of 2500oF in a 30 MW size test turbine. 
Successful completion of this program objective will demonstrate that 
ceramic materials are viable engineering materials that can be used 
in demanding high temperature structural applications. While working 
toward the turbine demonstration, very significant developments have 
been made in the areas of brittle material design technology, materials 
science and technology, materials fabrication, and component testing. 
The baseline technology developed on the ARPA program thus becomes 
the keystone to further component and engine developments that will 
provide high performance gas turbines and, potentially, huge benefits 
to both the military and domestic sectors of the nation. 

Gas turbine power generation is an existing, proven technology in 
this country, which today has the lowest capital cost per KW of 
installed capacity of any fossil fuel system. Currently, a major use 
of the stationary gas turbine is in electrical power generation to meet 
peaking power requirements. Available in sizes ranging from 19 to 70 
megawatts, these units are applicable to DOD installations that require 
on-site power generation or they may be mounted on barges to supply 
remote locations that are accessible by way of natural water ways. 
As a prime mover in ship propulsion, the heavy duty gas turbine is gaining 
considerable attention because of its potential for lower cost and 
improved ship performance and reliability. 

There is renewed interest today in the use of the combined cycle 
for electrical power generation as a result of the present "fuel crisis". 
Combined cycle is a gas tuibine-steam turbine system capable of using 
a wide variety of fuels including coal derivatives. The major thrust 
of gas turbine technology in support of combined cycle development is 
directed toward an overall improvement of efficiency in the conversion 
of fuel to electrical energy where efficiency is directly related to 
the maximum operating temperature of the tuibine. 

Currently, stationary gas turbine inlet temperatures range from 
1900o-2000oF, using convectively cooled superalloy components. When the 
present day turbo-generating machinery is operated in series with steam 
turbines via waste heat boilers in combined cycle operation, a thermal 
efficiency of 38-42% is attained making combined cycle plants competitive 
for intermediate load power generation. At 2500oF turbine inlet temperature 
uncooled, however, 50% efficiency can be achieved making combined cycle 
installations competitive for base load service. Herein lies the important 
role of ceramics because they provide the only direct materials approach 
to reaching 2500oF turbine inlet temperatures where this high thermal 
efficiency can be realized. In addition, the excellent hot corrosion- 
erosion resistance of ceramics such as silicon nitride and silicon carbide 
is expected to provide extended long-term reliability even when low grade, 
dirty fuels are used. 
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5.1 STATIONARY TURBINE PROJECT PLAN 

The Stationary Turbine Project is directed toward the design and 
evaluation of first stage stator vanes as a first step in the development 
of ceramic components for a gas turbine one stage at a time. 

Figure 5.1 illustrates the Westinghouse 30 MW turbine to be used 
in the ceramic stator vane demonstration. In this simple cycle 
machine, air is induced through a large intake silencer and filtered 
into an 18-stage axial compressor before entering the combustor 
housing. The combustor housing directs air at 650oF to combustion 
cans assembled in a circumferential array. Air is mixed with fuel and 
ignited in the primary zone of the combustor. The gas passes downstream 
through the combustion section mixing with secondary air. Flow continues 
from the combustor, through the transition zone, and enters the power 
turbine at the first stage stator vane location after which the hot gases 
expand through the three-stage turbine section and are either exhausted 
through a stack or ducted into a reheat boiler as part of a combined 
cycle power generating unit. 

The first stage stator vane was selected for development and 
demonstration in the ARPA program because it represents the hottest 
material application ultimately affecting power and efficiency. 
Solving the design problems with the inlet stator vane and developing 
needed analytical tools are most important in establishing feasibility 
for the design of other turbine components, for example, first stage 
turbine blades. 

Currently, the ceramic tuibine concepts are designed and developed 
for the 30 MW frame size machine. Once feasibility and a performance 
base are achieved, adaptability to larger production machinery becomes 
a matter of modification and scale up. Material selection and optimum 
design depend upon several interrelated factors including the physical 
properties of materials, mass flow characteristics, heat transfer rates 
under steady state as well as transient conditions as well as the complex 
development of mechanical and thermal stress patterns in all components 

Combustor 1st Stage 
2nd Stage 
Stator Vane 

1st Stage 
Rotor Blade 
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5.2 PROGRESS AND CUMULATIVE STATUS SUMMARY - STATIONARY TURBINE PROJECT 

The objective of the ARPA Stationary Turbine Project is the 
design, development, evaluation and demonstration of ceramic stator 
vanes for 100 cycles simulating peaking service conditions at a 
peak temperature of 25G0oF. While the original intention was to 
conduct this evaluation and demonstration in an actual 30 MW turbine 
engine after designs were verified in static rig tests, more recently 
a decision was made to focus efforts on demonstrating the objective 
exclusively in the static test rig. To achieve this, all activity is 
broken down into two major task areas subdivided as follows: 

I. Component Development 

(a"J Design 
(b) Fabrication 
(c) Testing 

II. Material Technology 

(a) Material Engineering Data 
(b) Material Science 
(c) Non-Destructive Evaluation 

The present status is summarized according to Task in Sections 5.2.1 

and 5.2.2 of this report. 
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5.2.1 CERAMIC COMPONENT DEVELOPMENT 

Component Development is concerned with the design and analysis of 
the first stage stator vane, fabrication of the first stage stator vane 
design iterations, and the testing of first stage stator vanes in the 
static rig at 2200° and 2500oF. 

Design 

A novel, power-generation size ceramic stator vane has evolved 
from a unique sandwich type multiple component concept.    The concept 
utilizes a three-piece vane that is insulated,  cushioned,  and supported 
in such a manner as to minimize critical steady state and transient 
thermal stresses which would otheiwise preclude the use of brittle 
materials in an industrial turbine.    The configuration to be tested in 
the static rig at 2500°F represents the third design iteration featuring 
a tapered-twisted airfoil with modified end cap construction. 

The problem of stress concentration is foremost in the design and 
use of brittle materials for engineering applications.    To avoid stress 
concentration,  the stress doveiopment in critical elements' of a component 
must be defined.    Two-dimensional finite element arrays such as 
triangles are adequate for the analysis of most of the stresses in the 
three-piece stator vane assembly but interfacial contact stresses 
and the stress developed in rotor blades require a more sophisticated 
volume element  (S-.dimensional) program for resolution.    WISEC, the 
Westinghouse Isoparametric Element Code was partially developed on the 
Stationary Gas Turbine Project to meet this requirement. 

Status 

• A novel 3-piece, uncooled, simply-supported, ceramic stator vane 
assembly was selected and designed.(1.2,3,4) 

• To minimize stresses,  the cross-sectional size of the ceramic 
vane selected is only half that of the metal vane counterpart.(2) 

• Critical stresses of the 3-piece ceramic vane assembly have been 
evaluated for both transient and steady state conditions expected during 
turbine operation at 2500oF.C2,3,4,5) 

• A full scale kinematic model was built to show that the stator 
vane assembly was functional when subjected to thermally derived 
differential motion well in excess of design limits.C3) 

• The detailed design of stator vane assembly,  including compressive 
spring loading and the ceramic/metal insulation and support system was 
completed.(2,3) 

• 3-D finite element code  (W^SEC) has been completed except for 
creep and contact stress analysis.(2>3»4,5,6) 

• Preliminary analysis of a ceramic rotor blade using the 3-D 
finite element code has been completed.(4,5,6) 
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• A first stage air-cooled metal blade has been designed for the 
advanced test turbine.    Design modifications for the air-cooled, metal 
second stage vanes and rotor blades are also complete.(7)    However, 
turbine design and modification has been de-emphasized so that efforts 
can be focused in the static rig testing of the stator vane assemblies, 

Fabrication 

After design,  fabrication is perhaps the most important aspect 
in the successful application of ceramics in gas turbines.    Only fully 
dense, high-strength Si3N4 and SiC were selected for component development. 
Currently,  these materials are made commercially by a process of 
hot-pressing, whereby powder is consolidated by the simultaneous application 
of pressure and temperature.    The ARPA program has provided the first 
full-scale, power generation size,  ceramic stator vanes fabricated from 
hot-pressed Si3N4 and SiC.    These were made to Westinghouse specifications 
by the Norton Company of Worcester, Massachusetts and their subcontractors 
from hot-pressed billets.    Diamond tools and tracer grinding machines 
were used to produce the stator vane geometry.    This particular 
fabrication route was followed in order to assure the availability of 
components for testing. 

Status 

• Over 40 prototype vane sets for testing have been successfully 
fabricated by hot-pressing and machining.(3,4,5,6) 

• 100 Si3N4 vane sets were ordered for completion of 2500oF static 
rig tests and for the test turbine demonstration.(6) 

• 14 tapered-twisted airfoils and 24 end caps machined to the 3 in. 
radius and 3/8 nominal cavity depth specified for the 3rd generation 
(advanced turbine) design were received for the 2500oF static rig test. 

• Experimental silicon nitride billets hot-pressed with yttria have 
been received for evaluation as an improved stator vane material. 

Testing 

A very important step in the ARPA program to develop ceramic vanes 
is the verification of design and materials by test of full scale parts 
under realistic conditions.    The plan is to test in a highly instrumented 
static rig first at 2200"F and then 2500UF under conditions that nearly 
duplicate actual gas turbine conditions. 

Status 

• Design and construction of the instrumented static rig was 
completed after considerable delays due to procurement and start-up 
problems.C3>4) 

• 2200oF static rig testing was successfully completed using 
Si3N4 vane assemblies  (Fig.  5.2).(5J 
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Figure 5.2 Stator Vane Assembly at the Completion of 2200OF Static 
Rig Tests 

• Silicon nitride stator vane assemblies were shown to be tougher, 
more thermal shock resistant and generally more compatible with a 
transient turbine environment than silicon carbide stator vanes of the 
same design after 5 cycles of static rig testing at 2500oF.   (Fig.  5.3)(7) 

• The static rig has been rebuilt a second time to permit the 
testing of silicon nitride stator vane assemblies with tapered-twisted 
airfoils at 2500°F.    A more extensively air-cooled Haynes  188 combustor, 
a water-cooled exhaust duct and a water-cooled mixer were used to replace 
components which failed during the fifth cycle of previous testing.(7) 
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5.2.2    MATERIALS TECHNOLOGY 

Materials technology is considered a basic building block for design, 
fabrication and testing.    The sub-tasks consist of Materials Engineering 
Data, Materials Science, and Non-Destructive Evaluation of Materials. 
The plan has been to continue this phase throughout the program in order 
to properly evaluate material improvements and design changes that 
evolve naturally in a focused engineering program. 

Material Engineering Data 

Design technology is highly dependent upon the themal, physical 
and mechanical properties of the materials being used.    A substantial 
effort has been expended to collect engineering property data for 
commercial hot-pressed Si3N4 and SiC to make the design code more 
comprehensive.    The interaction between properties and design is shown 
in Fig.  5.4.    Since the present design code uses an el as tic-to-fracture 
criterion for stator vane ceramics and since the transient stresses are 
much larger than those of the steady state,  thermal properties have 
been measured extensively in order to assure reliability.    Both 
established and new testing procedures have been utilized to evaluate 
the physical and mechanical properties of gas turbine ceramics at 
temperatures up to 2500°F. 

- 

: 

Thermal Properties Tensile     Shear     Flexural   Friction      Creep    Fatigue 

Conductivity 

Status 

Computer Codes for 
Stress Calculation 

Figure 5.4 Flow Diagram Showing Design-Properties Interaction 
I 

• Thermal properties  (expansion, conductivity and specific heat) 
have been characterized from RT to 2500CF for hot-pressed Si3N4  (Norton 
HS-130) and hot-pressed SiC  (Norton NC-203).(3,4) 
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• Correlations between properties, microstructure,  and fabrication 
processing for HS-130 Si3N4 and NC-203 SiC are complete.(3,4,5,6) 

• Chemical analyses of Norton HS-130 Sis^ and NC-203 SiC are 
complete.(6) 

• Analyses of theimodynamic data for Si3N4 and SiC are complete. (1»^) 

• Static oxidation kinetics of HS-130 Si3N4 and NC-203 SiC are 
complete.(3,4,5) 

• The loss of strength in hot-pressed silicon nitride after 
prolonged oxidation at 2500oF is attributed to a surface reaction 
between the oxide film developed (Mg0-Si02'  x CaO-etc.)  and the 
substrate which appears soluble in it.(8) 

• The poor low temperature oxidation resistance of yttria hot-pressed 
silicon nitride appears to be associated with a Si3N4.Y203 phase in the 
microstructure.(8) 

Non-Destructive Evaluation 

Uniformity of microstructure is necessary for reliable structural 
ceramics in gas turbine engine applications.    The objectives of NDE 
are to identify and classify micro- and macro-structural defects and 
relate these to the component fabrication process.    The ultimate goal is 
to define meaningful inspection methods that can be used to accept/ 
reject components prior to installation in the engine.    Procedures 
utilizing ultrasonics.  X-ray radiography, dye penetrants, and acoustic 
emission are currently being applied to ceramic systems for evaluation 
purposes. 

Status 

• Suitability of dye penetrants for detecting surface connected 
porosity and surface cracks has been established for ceramic gas turbine 
components.(5) 

• Sensitivity of commercial techniques in ultrasonic A§C scanning 
to low density inclusions and segregated voids in hot-pressed Si3N4 and 
SiC has been established.(5»6) 

y 

• Detection limits and sensitivity by ultrasonic inspection has 
been established for hot-pressed ceramic turbine components.(5*6) 

• Feasibility of applying acoustic emission to proof testing of 
ceramic components has been established.(4) 

• Detection limits and sensitivity by X-ray radiographic inspection 
has been established for hot-pressed ceramic turbine components.(5,6) 

• NDE of ceramic turbine components is continuing.    The 14 Si3N4 
vane sets for static rig testing at 2500oF have been qualified.(8) 
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5.3 FUTURE PLANS 

In June 1975, a decision was made to de-emphasize the full stationary- 
turbine demonstration of ceramic stator vanes and focus available effort 

on static rig testing to meet the demonstration objective. Work 
required to complete this plan is discussed briefly below. 

Component Development 

The static rig testing of the tapered-twisted stator vane design 
with boron nitride insulator components at 2500oF will be resumed later 
in the fall. Approximately six weeks will be required to complete 
100 cycles of testing under conditions of controlled shutdown. Following 
this the rig will be assembled with instrumented metal vane components 
to establish heat transfer coefficients under actual static rig conditions 
up to 1800oF. The two parallel sided metal vanes will be tested with 
six ceramic components of similar geometry to permit the direct comparison 
of 3-dimensional stress analyses. The results will permit an accurate 
stress analysis of the tapered-twisted airfoil design. 

Material Technology 

Considering the long term effect of oxidation on the strength of 
hot-pressed silicon nitride, the Material Technology portion of the 
program will emphasize material improvement. This activity may be 

summarized as follows: 

A) Accelerate development efforts to improve creep resistance 
and reduce or eliminate strength degradation in Sis^ resulting from 
prolonged oxidation or corrosion/erosion at 2500oF. 

B) Conduct a development program for coating both hot-pressed 
and reaction-sintered Si3N4 via chemical vapor deposition (CVD) to 
prevent long term strength degradation due to oxidation, corrosion and/or 

erosion. 

C) Accelerate process development of the high purity Sis^ powder 
required for material improvement and billet fabrication activities. 

D) Conduct oxidation and hot corrosion experiments on improved 
candidate materials to determine environmental effects on mechanical 

properties. 

E) Evaluate tensile engineering properties (strength, modulus, 
and stress rupture) of improved candidate materials. 

F) Determine the pertinent thermal and mechanical properties 
of boron nitride insulator materials to confirm vendor data. 

G) Complete microstructure, NDE, and failure analysis of stator 
vane assemblies and associated hardware from 2500oF static rig tests. 

.1 
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Material Fabrication 

Since stator vane hardware will not be required for an advanced 
turbine demonstration, the order for 100 silicon nitride stator vane 
assemblies will be cancelled after 10 additional sets are fabricated 
to ensure the availability of replacement parts during static rig 
tests.    Additional effort is required to develop hot-pressing schedules 
and produce fully dense billets of improved materials for evaluation. 
The Norton Company is expected to participate in this activity. 

Since the stator vane demonstration in the advanced turbine has 
been de-emphasized in favor of static rig testing,  the semi-production 
order for silicon nitride vane assemblies has been reduced from 100 to 
28.    This will satisfy the static rig assembly requirements and provide 
sufficient replacement parts to ensure the completion of static rig 
testing.    Additional effort will be required to develop hot-pressing 
schedules and to produce fully dense billets of improved materials 
for evaluation. 

, 
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6.  PROGRESS ON CERAMIC COMPONENT DEVELOPMENT - STATIONARY TURBINE PROJECT 

6.1 STATOR VANE DEVELOPMENT' 
■■■  ,; 

■ 

SUMMARY 

The static rig was completely rebuilt as a result of the catastrophic 
failure after the first 5 cycles of testing at 2500oF.    A new combustor 
was designed and constructed to provide additional air-cooling in the 
secondary.    A double-walled, baffeled metal duct with water cooling 
and a water spray cooled mixer section were also installed in the static 
rig.    Instrumentation has been    added to detect hot spots in hot gas path 
components to prevent future failures. 

Some difficulties were encountered in the fabrication and delivery 
of the tapered-twisted airfoils and end caps which constitute the 
assemblies to be tested in the static rig.    Airfoil tenons had to be 
remachined to correct an end cap alignment problem.    Although the resumption 
of static rig testing at 2500oF was delayed beyond the report period 
as a result,  the effort finally produced component parts of extremely 
high quality,  the best received to date. 

Accurate heat transfer data are a pre-requisite to reliable stress 
analysis.    Two metal stator vane assemblies with parallel sided airfoils 
of first generation design have been instrumented with theimocouples 
and strain gauges,  to provide heat transfer coefficients and collaborate 
stress measurements up to 1800oF and 8S0oF, respectively.    The 
thermocouples and strain gauges have been calibrated.    The instrumented 
components will be assembled at positions 3 and 5 in the eight vane 
test cascade to run in the static rig at the conclusion of the cyclic 
testing (October 1975). 

;.■;    i 
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6.1.1 DESIGN AND ANALYSIS 

Introduction 

The large size of the Westinghouse stationary power turbine permits 
a ceramic stator vane design which is particularly well suited to brittle 
materials. A three-piece vane assembly has been selected to minimize 
stress and simplify fabrication. This replaces the more conventional 
geometry in which the airfoil is integral with the shrouds. The use of 
silicon nitride or silicon carbide stator vanes is intended to increase 
the service temperature of the resultant machine to a peak temperature 
of 2500oF without a need to cool the first stage stator row. 

With the decision to focus available effort on static rig testing 
to meet the demonstration objective, further work on design modifications 
for an advanced test turbine have been deferred. The project design 
activity is considered to be essentially complete with the development of 
the tapered-twisted airfoil which replaces the parallel sided non-tapered 
airfoil of the original three piece design. 

Complete stress analysis of the third generation ceramic stator 
vane design with tapered-twisted airfoil remains to be accomplished. 
The boron nitride insulator design should also be examined with respect 
to stress and temperature distribution. These items will be considered 
to complete the design, analysis, performance loop at the end of static 
rig testing when ramp data and actual heat transfer coefficients are 
supplied. 
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6.1.2    STATIC RIG TESTING 

Introduction 

Last October,   the static rig testing of silicon nitride and 
silicon carbide stator vane assemblies at 2500oF was terminated 
prematurely by total rig failure precipitated by an implosion of the 
Hastelloy X combustor.Uj     The static rig has been rebuilt with a 
redesigned combustor section,  water-cooled exhaust duct  and spray 
water cooled mixer to pemit the resumption of testing by the last 
quarter of 1975. 

Static Rig Modification 

The latest version of a modified static rig for the cyclic 
testing of silicon nitride vane assemblies  and boron nitride insulators 
is presented in schematic plan view in Fig.  6.1.     The combustor section 
was redesigned and fabricated with a new secondary section which contains 
two extra circumferential  corrugations for additional wall cooling 
The modification also required that a conical portion be inserted between 
the corrugations in order to avoid changing the downstream diameter 
The size and location of the air scoops in the primary section of the 
combustor were altered to achieve more complete combustion in the 
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Figure 6.1    Plan View of 2500oF Static Rig - Water-Cooled Configuration 
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o  -in .n effort to eliminate flames which impinged upon the primary zone in ^n effort to elimi extra ^^.^ air was 

test vanes.L^J    The excnange ox uxi Additional thermocouples 

appropriate shell section of the static rig in Fig.   6.2. 

The cerate Xi-d exhaust duct ^^e-ep^d byjhe "ater-coole^ 

component  illustrated in Fig.  6.3.     ^^e i      i d b    a valve 

rÄI? SS.8«-^ - —u ~ t- the 
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the exhaust  duct. 

The »ixer section .as ^l^J^t^tm^^l^1 

ShT^LlifuiSoalo^^t S-ifer ^cti" outer c.linder. 

Figure 6.2 New Combustor wi 
th Additional Secondary Wall Cooling 
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water spr.,y intrLL^'l si^^ ^^ ^„r'^Serc^-"0^^' " 

when th   vaje. are epe.^rafls^p2000^ SHe^ ^e^s^" 

tach of these control  thermocouples  are of the aH-inc^      ^f151110"- 

transition    eka^t Hn^        / components,  i.e.,   the combustor, 

from ulyTes itsXetnoy       ^ ^^ elementS Were -nufactured 

Figure 6.3 Water-Cooled Exhaust Duct 
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Figure 6.4 Water Spray-Cooled Mixer Section 

Ceramic Vane Assembly Fixture 

Details of the static rig test fixture  (SRTF)  have been described,(3-5) 
A longitudinal section view of the assembly is shown in Fig.  6.5.    The 
vane support structure was changed to substitute a 0,125" Haynes  188 
air baffle for the 0.032 Hastelloy X baffle used previously.(5)    The 
insulators  to be tested are made of hot-pressed boron nitride Type M 
(Carborundum)  because this material survived the first phase of 2500oF 
testing.     Because the insulator has higher temperature capability the 
amount of cooling air across the shoe (Fig.  6.5)  has been decreased to 
reduce the steady state thermal gradients in the silicon nitride end caps. 

The 3-piece vane assembly to be tested at 2500oF represents the 
design modification with the tapered-twisted,  half-size   (chord and 
thickness)  airfoil described previously.(7)    The components are 
illustrated in Fig.  6.6.     For the scheduled test series,   all eight vanes 
will be of hot-pressed silicon nitride   (Norton NC-132)  material.    Since 
NC-132 material appears to degrade when oxidized for 150-400 hours at 
2500oF two of the eight airfoils in the eight vane cascade will be 
pre-oxidized at 2500oF for 103 hours prior to the transient thermal 
test.    These airfoils will be  located in vane positions 3 and 6   (looking 
with flow and reading from left to right)   in Fig.  6.1, 

i m 
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Figure 6.5    Three-Piece Ceramic Stator Vane with Insulator and 
Support Structure 

2500°F Test Plan 

Following 16 hours of mixer section insulation bake out at 1800oF, 
various steady state runs will be made with six aspirating thermocouple 
rakes to: (1) establish gas temperature profiles at 1200oF, 1800oF, 
2000oF, and 2200oF, and (2) correlate rake tanperature data with radiation 
pyrometer data and data from the three control thermocouples. Ramp rates 
will be established using the Veritrak Data Acquisition System. 
Critical metal parts, as monitored by thermocouples, will be observed 
for potential hot spot conditions. 
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The following operating conditions are specified: 

31.5 lb/sec 

600oF 

0.85 lb/sec 

70UF 

105 psig 

Airflow 

Air Preheat Temperature 

Fuel Flow 

Fuel Temperature 

Shell Pressure 

After steady state calibration is complete,   100 transient thermal 
cycles similar to that shown in Fig.  6.7 will be run.    The heat-up 
rate from 1200CF will be controlled at 10oF/sec.     The 3 to 5 minute 
hold at 2500oF will permit data acquisition,  vane viewing and/or 
photography through the horoscope.    Cool down is represented by a ramp 
to 2000CF  (from 2500oF),   a 45 second hold to allow for vane maxim'im 
transient thermal  stress decay,   and controlled cooling fron 2000oF to 
an idle temperature of 1200oF at 250F/sec.    The plan is to conduct the 
tests,  20 cycles at a time,  with rig disassembly and check out of major 
components following e xh test segment.    Prior to initial  testing, 
critical airfoil-to-end cap contact   (principally high spot)  areas will 
be established and photographed using blueing and white spray powder 
techniques.    At the end of the test program these contact  areas will 
again be photographed to record the actual areas of contact.     Based on 
prior experience with edge load type crack initiation this information 
will aid in post tes^ analysis. 

3000 

2500- 

CD 

13 

E 
CD 

50 100 150 200 
Time Sec. 

Figure 6.7 Proposed Cycle for Static Rig Tests at 2500 F 
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assembled for test.    Great care will be taken to see whether the 
indications influence test results. 

Ultrasonic scanning did not disclose anything tangible in the way 
of defects in any of the airfoils or end caps.    There were, however, 
areas of reduced back reflection at the large ends of airfoils #8,  9, 
and 10.    This phenomenon is not understood. 

Westinghouse personnel  first inspected the tapered-twisted 
airfoil blanks  for dimensional accuracy at Ex Cello in December 1975 
when guillotine gauge tooling and the airfoil machining procedure was 
reviewed,   examined,  and approved.C7)    The only problem discussed at that 
time was  a non-linear trailing edge deviation at section AE  (Fig.  6.8) 
which appeared to be exaggerated because of variations in the trailing 
edge blend radius. 

: 

Y 

Figure 6.8    Tapered-Twisted Airfoil Drawing Showing Section Line 

Positions 
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An airfoil blank was received at Westinghouse in January for more 
detailed examination.    A plastic cast was made from the airfoil as 
shown in Fig.   6.9.    The cast was machined on one end  (nearest airfoil 
section AA-AA)   for accurate location and alignment during inspection 
and actually sectioned by transverse slicing at each section location 
(AA-AA through AF-AF).     Each cross-section was  traced at  10X magnification 
for direct comparison with 10X Mylars.    The results  appear in composite 
Fig.  6.10 with the solid and dashed lines representing the Mylars  and 
the section traces,  respectively.    The profile  agreement is excellent 
attesting to the accuracy with which Ex Cello reproduced the airfoil. 
The center of the XX-YY  axes   (stacking axis of the airfoil)   are also 
very accurate.    The amount of taper and twist  can be seen best when 
outer section AF-AF is superimposed upon inner section AA-AA  (Fig.  6.11). 
Quality here is again excellent. 

The only deviation worthy of comment appears  to be variations in both 
the trailing and  leading edge blending radii.     For example,  the 
trailing edge radius at section AE-AE   f.Fig.   6.10)   is 0.030 or 0.020 inches 
too far inside the nominal whereas the trailing edge radius at 
section AC-AC is too small  and outside the nominal.    The non-linearity 
of the trailing edge discussed above is partially compensated for by 
the apparent error in section AE-AE which shortens the section.    The 
Mylar reflects a drawing error in the actual trailing edge point  location 
(too far out) which was originally identified on the airfoil drawings 
when second generation airfoils were machined.    This defect in airfoil 
configuration is not expected to influence the mechanical performance 
of the airfoil  in static rig testing at 2500oF.     Tts  aerodynamic effect 
has not been assessed.    Several radii appear as   flats rather than true 
radii. 

The first airfoil with the profiled,  torroidal  shaped tenon ends 
was received from Norton along with a prefinished inner and outer end 
cap set in early May.    The end cap torroidal  cavities were found to 
be within drawing tolerance with respect to radii,   depth,   location, 
and angularity. 

The airfoil tenon end radii and shape were also within drawing 
tolerance.    When end caps  and airfoils were assembled, however,  end cap 
misalignment approached 5° as shown in Fig.   6.12  indicating a serious 
error in airfoil tenon angularity.    The maximum allowable misalignment, 
assuming that all angular tolerance build-up were to occur in the same 
direction,  should not exceed 0°  50'.    A machine set-up error had 
apparently occurred. 

The specified angularities at the small and large ends of the 
airfoil are 36',  ± 30'  and 38° ±30',  respectively.    When the airfoil 
tenon is machined the blank is placed in a shuttle with a 37°  angle 
orientation built in.    The shuttle is placed on a sine plate inclined   1° 
so that in one direction the total included angle is  370-l0 or 36° while 
180° rotation of the shuttle produces 37°  +  1° or 38°.     In the original 
machine set up,  the sine plate was  inadvertently reversed to generate 
the 38° angle where the 36°  angle was specified and 36°  angle where the 
38°  angle was specified.    Since the end cap cavities were machined 
correctly,   2°  relative misalignment between an end cap and the airfoil 
occurred at each end when all elements of the stator vane assembly 
were put together. 
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Figure 6.10   Section By Section Airfoil Inspection Record 
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Figure 6.11        Airfoil Section Comparison Showing Typical Twist 
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Figure 6.14   Blueing-Powder Display of Machine Chatter on Airfoil 
Tenon Surface 
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6.1.4    HEAT TRANSFER TESTS 

Introduction. 

Heat transfer tests are required to establish reliable film heat 
transfer coefficients for accurate stress analysis.    Two metal vane 
assemblies have been instrumented with thermocouples and strain gauges 
(on one vane only)  to obtain temperature data during transients.     Strain 
measurements are made for comparison with calculated strains to  collaborate 
the results of stress analysis.    Calibration has been completed and a 
test plan has been developed to acquire the desired data in the static 
rig at the conclusion of 2500oF ceramic vane testing. 

Instrumentation 

Twenty-three   (23)   locations on the airfoil surface and seventeen   (17) 
locations on the outer end cap surfaces of the three-piece vane assembly 
were identified for the acquisition of temperature and strain information. 
One metal vane assembly has been instrumented with a high temperature 
thermocouple* at each location as illustrated in Fig.  6.15.    The thermocouple 
lead wires are strapped and potted in grooves designed to minimize 
disturbances to the gas flow and heat transfer process itself. 

A second metal vane assembly has been instrumented with thei-mocouples 
at twenty-one  (21)   locations only.    High temperature strain gauges were 
placed at the nineteen locations remaining.    Lead wires from the strain 
gauges are placed in grooves which terminate 0.250 inches  from the 
gauge itself so as not to affect the measurement.    The strain gauges 
are bonded in place with flame-sprayed aluminum oxide which is dressed 
to provide an aerodynamic shape which blends with the airfoil contour. 
The strain gauges used are of the wire type with dimensions approximately 
0.250 in.   long x 0.250 in. wide over a gauge length of 0.0625 in. 
These gauges were evaluated as the most reliable, most durable,   and most 
stable gauge installations for measuring thermally induced strains  up 
to 800oF over a distance   (1/16 in.)   that would make data comparisons 
with calculated strain values meaningful.     It should be noted that the 
grain size of the vane material,  Udimet 509, was measured to be 
approximately ASTM #5   (approximately 0.060 mm average characteristic 
length).     A gauge can yield meaningful data by averaging the measurement 
over more than 10 grains.    Strain measurements are converted to real 
strains by calibration.    Each strain gauge was oriented to coincide 
with the greatest principal strain direction as calculated in previous 
analyses of ceramic vane assemblies to minimize measurement errors. 

A small cantilevered beam specimen made of Udimet 500 was similarly 
instrumented with a single thermocouple and strain gauge to verify 
the supplier's application technique,  to carry out the mechanical  load- 
strain gauge calibration and to determine experimentally the maximum 
gauge excitation level at the maximum temperature in order to obtain 
the highest signal to noise ratio. 

The thermocouples are 0.040 in. diameter with mineral insulation. 
0.040 in.   Type "K" sheath wire with grounded measuring function provides 
long life  (>  100 hours)  up to 1850oF and may be used for short 
periods  to 2300^. 
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Figure 6.15 Thermocouple Instrumentation on Metal Airfoil for Heat 
Transfer Tests to 1800 F 

$ 

Calibration 

The vane assembly instrumented with both thermDcouples and 
strain gauges  and the gauge calibration beam were placed in an electric 
furnace with the assembly just resting on refractory bricks.    The 
cantilevered beam was fastened to a specially built rig which permits 
mechanical  loading from outside the furnace.     The experimental set up 
for calibration appears in Figs.  6.16 and 6.17 where the inside of the 
furnace with instrumented parts and loading apparatus and the furnace 
with data collection stations, respectively,  are shown. 

Steady state thermal strains were recorded at  100°F intervals 
between 500oF and 800oF while the thermocouples readings,  as checked 
by furnace thermocouples, were used to indicate steady state conditions 
in the furnace.     Thus data were obtained to plot a calibration curve 
for each strain gauge in the temperature range of interest.    The elastic 
strains caused by controlled loads on the cantilevered beam were recorded 
at several temperatures for comparison with calculated values.    All 
data were collected in a manner consistent with that to be used for 
static rig heat transfer tests. 

■■":ila 

122 

„L~ A—. 

. .-. '^^jiHsm'mi^^kä mmmm 



  ■ ■■     '"■ 

I^BISSI^^^- . ave been determined 

The optimu. range and ^if^TX^re and strain 
for all variables  affecting the ^^^    |    capability, the data 
SstSutLns. within limits ^^^l^s,  and vane assembly 
acquisition system, thermocouples, strain gag.^.^ static rlg 

material capability. ^^f^ZZ^rle '^ five in the eight vane 
tests indicate that vane locaf0n' ^erfenr-e similar temperature 
tests, ma ^ £rom upstretim)  exPe^ien:.   _  .-houid produce very test cascade   (as seen    r        P      ^ these locations should p oned 

history.    The naxawai    B instrumented metal vanes W-LX r odate 
similar flow conditions.    The ^    ^^^ have been ^fj^0^ 

signal conditioners,  is capable ot r thermocouples,  a rate 

Stoa to l8=o;F    the »ax.» use u^s^ ^^^ ulu „„ exceed 8S„ 

fe^/r/insr^ntationU^tation.. 

ri 

A 

Figure 6.16 
Instrumented Metal Vane 

Assembly Calibration Test 
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TABLE 6.1 

STRAIN G UJGE TEST 

Test Conditions: 

Air Flow 
Fuel Flow 

Pshell 
Tshell 
Texit 
Tpeak 

Test Configurations: 

17.68 #/sec. 
0.123 #/sec. 
45.7 psia 
230F 
730F 
850F 

Fuel 
Combustor Basket 
Exh. Temp. Con. 
Eliminate boroscope, pyrometers  from the assembly 

Test Procedure; 

Natural gas 
Phase I configuration  (2200F) 
@ transition piece 

record initial values, 1) Obtain steady state conditions 
2) Flame-out. 
3) Record the following data in the transient mode: 

Air Flow 
Shell Pressure 
Shell Temperature 
Strain Gauges 
Theimocouple Data 

4) Repeat steps  1-3 for various "data" configurations 
using 40 data points for each transient cycle. 

Exhaust valve modulation for flame-out condition. 
Flow area adjustments in transition piece, vane housing. 
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7.  PROGRESS ON MATERIALS TECHNOLOGY-STATIONARY TURBINE PROJECT 

7.1 MATERIALS ENGINEERING DATA 

SUMMARY 

In the stationary turbine project,  commercially produced hot-pressed 
silicon nitride and silicon carbide have been under intensive investigation 
so that physical, mechanical, and thermal property data would be available 
to the design engineers and stress analysists, as required.    This work 
is expected to continue throughout the program in order to up-date 
properties as material improvements evolve and to verify billet properties. 
The latter helps assure reliability of test components fabricated from 
the hot-pressed billets.    This section deals with this continuing 
acquisition of property infbimation. 

Tensile testing of hot-pressed silicon nitride continued with 
emphasis on test modification and improvement.    A new method of testing 
has evolved using powder support of the tensile specimen to obtain 
excellent alignment through the load train without using 3 to 9 strain 
gauges per specimen/test. 

Norton NC-132 silicon nitride and NC-203 silicon carbide have been 
oxidized at 2500oF up to 4000 hours in air in a muffle furnace. 
Significant strength degradation was observed even after the first 
100 hours of exposure.    The flexural strength of silicon nitride was 
reduced to 30% of room temperature values after ^ 100 hours.    Loss 
of strength in silicon carbide is significant but far less dramatic. 

Experimental billets of Si3N4 hot-pressed with yttria have been 
evaluated.    Flexural strength at 2550oF approach 90,000 psi.    Oxidation 
resistance at 2500oF also appears to be excellent.    The material exhibited 
outstanding creep properties at 2550oF as  compared to commercial NC-132 
Si3N4 material.    Non-uniform porosity was observed in the billet material. 
A low temperature phase instability apparantly associated with Sislty^Os 
in the microstrueture at 1800oF led to material degradation. 
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7.1.1 TENSILE TESTING 

Introduction 

. 

Load train alignment in uniaxial tensile testing has been 
accomplished by mechanical adjustment to reduce the differential strain    ^i 
indications within the gauge length of a specimen to 3% at room temperature. 
It is possible to reduce the non-uniform stress distribution through the use 
of a powder cushion between the heads of a tensile specimen and each 
respective grip in a method that is self-aligning. The powder effectively 
transfers the load between grip and specimen by permitting the specimen to 
seat itself thereby insuring full area and uniform contact with the grips. 

Experimental 

A button-head tensile specimen 5.50 inches in length, with a 2.00 inch 
long, 0.250 inch diameter reduced gauge section was machined from 304 
stainless steel. The gauge length of the steel specimen was instrumented 
with three EA-03-5000B-120 strain gauges at the center, 120° apart. Three 
EA-06-062AB-120 strain gauges were also attached at each end. The strain 
gauges were bonded to the specimen with an m-bond 20.0 adhesive. 

The gripping arrangement is shown in Fig. 7.1. The split-seat, the 
key to this gripping device, is a diametric, split cylinder with a well for 
powder at one end and a tapered hole at the other end. The purpose of the 
tapered hole is to center the specimen and to keep the powder contained 
within the well, while providing sufficient angular precision (^7°) of the 
button-head specimen around the axis of the split-seat. 

The powder-cushion grip is assembled by first slipping the lower- 
grip end over the button head and then placing the split-seat within the 
lower-grip end.  Keeping the button head above this arrangement, powder 
is loaded into the well of the split head with the aid of an eye-dropper. 
The button-hrad is frequently lowered to slightly tamp the powder. When 
the well cP'.itains a sufficient amount of powder, the specimen is seated 
and the uppsr-grip end is screwed into position.  A portion of the tensile 
loading train is then screwed into the upper-grip end to temporarily secure 
the specimen and powder. The specimen is turned upside down and this 
procedure is repeated to attach on the other end of the specimen. Contrary 
to expectations, the slightly tamped powder does not spill from either end 
of the split-seat while assembling the grips. 

The instrumented specimen-grip assemblage was placed in a tensile 
load train consisting of one stationary end and one knife-edge fixtured end. 
No unusual care was taken to align the two ends of the load train. The 
specimen was loaded in increments of 100 lbs to 500 lbs and then in 
increments of 500 lbs to 1500 lbs. to keep within the elastic range of the 
steel specimen. After zeroing the strain gauges initially at zero load, 
strain measurements were made at each load increment. After completing 
each experiment, the specimen was disassembled from the grips; reassembly 
with fresh powder constituted a new test. 

Testing was performed by two different operators using two different 
Satec universal testing machines. Table 7.1 describes eight different 
powders used in the demonstration. 
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Upper-Grip 
End 

Split-Seat 

Buttom-Head 
Tensile Specimen 

Lower-Grip- 
End 

Figure 7.1 

Tensile Load 

rn 

Powder-Cushion 

Powder Cushion Tensile Test 

TABLE 7.1 

DESCRIPTION OF POWDERS 

POWDER INTERNAL CODE DESCRIPTION (Particle Size, etc.) 

Nickel Ni Spherical particles, average 20 ym dia. 

Silicon Carbide SiC-280 Average 44 m 

Silicon Carbide SiC-1500 Average 9 m 

Silicon Carbide SiC-EK Average 5 m 

Silicon Carbide SiC-PPG submicron, 15 m /g 

Tungsten Diselenide WSe2 - 100 mesh 

Boron Nitride BN - 325 mesh 

Graphite G - 325 mesh 
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Data Analysis 

A vector analysis was used to define the resultant strain for eac1- 
set of three strain gauges. The amount of misalignment at each set of 
gauges was calculated by dividing the absolute value of the resultant strain 
by the average strain of the three gauges: 

'  2    2   2 

% misalignment = 
lOOx 

"+e3 -^l' 13    2 3 ) 

1/3 Ce1 ^2 ^ 

A measure of the stress non-uniformity within the specimen's gauge length 
was obtained at each load increment by dividing the difference between the 
highest and lowest values (e       
average value  CeAV):      

l 
- e.) of the nine strain gauges by their 

% non-uniformity 

Summary of Results 

'H 
x 100 

"AV 

Graphite and boron nitride formed the most effective powder cushions 
with graphite considered superior to boron nitride.  Fig. 7.2 a,b,and c 
and Fig. 7.3 a,b, and c, report the results of eight experiments with 
graphite and three experiments with boron nitride, respectively. Error 
bars are used to indicate the highest and lowest values obtained.  Closed 
circles represent mean values. Table 7.2 summarized typical results for 
the other six powders. 

In general, the percentage misalignment and the percentage stress 
non-uniformity decrease with increasing load.  For most cases, loads 
< 500 lbs (corresponding to < 10,000 psi) produced poor alignments. The 
shaded areas in Figs. 7.2 and 7.3 represent the suggested working range 

•e lo - 

rf1    5 

500 1000 
Load (lbs. I 

500 1000 

Load (lbs.) 
500 1000 

Load (lbs.) 
1500 

Figure 7.2 

130 
F.ffect of Graphite Powder in Powder Cushion Tensile Test 

: 



for graphite and boron nitride powders, respectively.  Because all nine 
strain gauges were considered in the analysis of stress uniformity, the 
stress non-uniformity was higher relative to misalignment values obtained at 
each gauge section.  Better alignments and less data scatter were obtained 
in the center of the gauge length than at the ends. 

A correlation between the resultant strain vectors at each of the 
three gauge sections showed that the axis of most specimens were parallel 
to but not perfectly concentric with the loading axis. 

7=   15 

s 
*•  10 

500 1000 
Load libs. I 

1500 500 1000 
Load I lbs. I 

500 1000 
Load libs. I 

Figure 7.3 Boron Nitride Powder Performance in Powder Cushion 
Tensile Test 

TABLE 7.2 

POWER PERFORMANCE IN UNIAXIAL TENSILE TESTS 

POWDER 

Ni  (3) 

SiC - 280 (1) 

SiC - 1500 (1) 

SiC - EK  (6) 

SiC - PPG  (5) 

WSe2  (4) 

LOAD (lb) 

500 

1000 

1000 

1000 

1000 

1000 

MISALIGNMENT AT CENTER  (%) 

( )  indicates number of tests 

34 to 75 

23 

9 

0 to 45 

9 to 55 

0.9 to 9 
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7 1 2 EFFECT OF LONG-TERM OXIDATION ON THE STRENGTHS OF HOT-PRESSED 
SILICON NITRIDE AND SILICON CARBIDE 

Introduction 

Norton's hot-pressed Si N and SiC materials were oxidized^ 
at 2500°F for different periods of time ranging up to 4,000 hrs in 
static air and 1 atm pressure, to determine the effect of long-term 
oxidation on mechanical properties. After oxidation, the flexural 
strengths were measured both at room temperature and at 2300 F, under 
conditions of 4-point loading using a strain rate of 0.002/min. 

Results of Long-Term Static Tests 

The flexural strengths of Si N after different periods of 
oxidation are plotted in Fig. 7.4. Me room temperature strength of 
unoxidized SiJT is in the range of 75 to 120 ksi. When tested at room 
temperature, It^ength of oxidized specimens falls off rapidly as a 
result of the first few hundred hours of oxidation. Minimum strength 
values of 35 ksi are reached after 1000 hours of oxidation. The dotted 
lines in Fig. 7.4 represent a statistical uncertainty of +_ 10 ksi m 
the strength data. Similar reductions in the room-temperature strength 
of reaction bonded Si,N. has been reported in the literature  The affect 
is attributed to the cricking of the oxide layer on cooling from oxida- 

L5on temperature to room temperature. 

■ 

o Tested at R. T. 

9 Tested at 2300 0F( 1260 0C) 

2000 3000 
Oxidation Time at 2500 "F. hr 

Figure 7.4    Effect of 4000 Hour Oxidation at 2500oF on The Flexural 
Properties of Norton NC-132 Silicon Nitride 

133 

■i 

\ 

 .-.  
-'jBiiiii . ._X-i^ .:■■..        . 











7.1.3 PROPERTIES OF YTTRIA HOT-PRESSED SILICON NITRIDE 

Introduction 

Recent developments indicate that silicon nitride hot-pressed with 
yttria exhibits high temperature properties which are superior to those 
of commercial hot-pressed material hot-pressed with magnesia; i.e., 
Norton NC 132 material, the standard of the industry. Norton hot-pressed 
billets containing 13.5% Y 0  were received for initial property 
evaluation. The results of preliminary property testing are reported here. 

Flexural Strength Properties 

Two 6 in. x 6 in. x 1/2 in. billets of silicon nitride hot-pressed 
uith 13.5 w/o Y 0  were received from Norton as part of a six billet 
order from which to determine an optimum composition for stator vane 
fabrication. The manufacturer reported an average room temperature 
strength for the material of 141000 psi at 98.2% of theoretical density. 
Flexural strength was determined within the range room temperature to 
2550oF using the standard method of four point loading v2J. on specimens 
0.250 in x 0.125 in. x 1.125 in.  Inner and outer span distances were 
0.375 in and 0.875 in., respectively. The strain rate was 0.001 in,/in./min. 
The results are plotted in Fig. 7.9. The strength at room temperature 
tends to confirm Norton data. The high temperature flexural strength is 
excellent although some low values were recorded at 180'JoF. 

The strength degradation at 1800oF was confirmed by subsequent 
tests which indicate poor oxidation resistance for the material at that 
temperature. When oxidized at 1800oF for 100 hours, the silicon nitride 
hot-pressed with yttria expanded 8% due to cracking.  Strength had 
degraded to the point where specimens failed upon loading. The problem 
is attributed to a Si N-.Y-O, phase within the material which appears 
to be very susceptible to oxidation. At higher temperature, the oxidation 
resistance of Si,N -Y 0 is superior to NC 132. This is apparently due 
to the development of an SiO. layer which protects the substrate. 
At 1800oF a sufficient Si02 forms as a layer to protect the material 
from internal oxidation of the Si N.-Y 0 phase. 

An incremental flexural creep experiment was run to assess the 
relative creep and stress rupture properties of the Si N.-13.5 ^„O, at 
25520F. The results appear in Fig. 7.10. The creep behavior as indicated 
here is vastly superior to NC 132 at similar test temperatures under 
similar conditions. These data are not intended to imply an equivalent creep 
strength in the tensile mode, however. The specimen tested is small, 
a 0.25 in x 0.125 in x 1.125 in rectangular bar loaded in the four point 
bending mode and the incremental aspect of the test may affect the test results, 
Norton reported an 80 hr stress rupture life at 45000 psi outer fiber stress, 
for a material of similar composition. The steady state creep rate was 
5 x 10"4 in./in./hrs. on a 1.5 in. x 0.125 in. x .125 in. specimen in the 
four point, quarter point bending mode. 
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