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FOREWARD

This report presents the work completed during the period of
October 1, 1979, through September 30, 1982, on the Hot Spin Disc Life
Program, which is part of the "Methodology for Ceramic Life Prediction
Program,” initiated by Mr. Robert Schulz of the Office of
Conservation, Division of Transportation Systems, Departrment of
Energy, and monitored by the Army Macerials and Mechanics Research
Center under Contract Number DAAG-46-77-C-0028. Funds for this phase
of the work were provided by AMMRC. This work was necessary in for-
mulating a methodology for ceramic life prediction so that ceramic
materials can be used in high temperature structural applications.
The principal investigator of this program was R, R. Baker, Ceramic
Materials Departmeat, Engineering and Research Staff, Ford Motor
Company. The technical monitor was Dr, E. M. Lenoe of AMMRC. The
authors wish to thank Drs. E. M. Lenoce, R. N. Katz, and Mr. G. D.
Quinn of AMMRC for suggestions in carrylng out the program, and Mr. A.
F. MclLean, Manager, Ceramic Materials Department, Ford Motor Company,
for careful reading and constructive criticism of the report.
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INTRODUCTION

Since the eariy sixties there has been considerable interest 19
silicon nitride as an engineering material, Sage and Histed
reviewed some of the applicarions for silicon nitride and suggested
the use of silicon nitride in gas turbines. A potential increase of
100°C in turbine stator blade service temperature was forecast.
Glenuy and Taylor reviewed the material properties of silicon nitri-
des and noted the high scrength_ at elevated tewperatures of silicon
nitride. Evans and Wiederhorn™ observed the phenomenon of static
fatigue {in hot pressed silicon nitride, and noted that this presented
a design problem in the application of the material in highly stressed
applications at elevated temperatures,

The phenomenon of static fatigue is well known in metals where it
may be caused by slow crack growtn. Siverns and Price observed that
the crack growth rate in steel at elevated temperatures was correlated
with the slow crack growth power equation

v=m§ (1)

Evans and Johnson5 suggested that this equation could be applied to
ceramics and that the cause of slow crack growth was grain boundary
sliding. This 1s due to the glassy phases in the grain boundary sof-
tening at elevated temperature and allowing the crystalline grains of
silicon nitride to slide relative to one another at the tip of the
crack where th: stresses are the highest. The sliding of the grains
causes the cract ¢o grow and continued a%Plication of stress and tem-
perature could cause catastrophic failure ,

Williams and Evans7 proposed the double torsion test to measure
the values of the crack velocity exponent, and the premuitiplier in
Eqn. 1. The double torsion test is a simple test in concept, that
loads a pre-cracked specimen in a manner that the stress intensity
factor remains constant as the crack grows. This simplifies the ana-
lysis and makes it possible to determine A and n from the load versus
time curve.

(1]

Charles" proposed stress rate testing to determine the crack
velocity exponent and demonstrated its use on glass. 1In stress rate
testing MOR bars are fractured at two different stress rates to obtain
two pairs of data - the fast fracture stress and its corresponding
stress rate, From these sets of data the slow crack growth parameters
are calculated.

Several experimenters haye conducted stress rupture tests on
ceramic materilals. Trantina conducted stress rupture tests on
Norton's NC-132 material, a hot pressed silicon nitride. His tests
were conducted in three-point bending on bars qf 0.9 inch span with a
cross sectlon of 0.1 inch x 0.1 inch. Quinn’ ~ conducted stress rup-
ture tests on several different structural ceramic materials. Hic
tests were conducted in four-point bending on a fixture with a 1.5
inch outer span, a 0.75 1inch inner span, and a bar with a 0.110 inch
base .: | a 0,085 inch height,




A Previous experimenters conducted their tests on small parts with -
very swall volumes compared to the volume of typical gas turbine :
. components., Previous tests were also conducted at uniform tem-
] peratures, but gas turbine components have large temperature gra- =
dients, This suggested the need for generating a tiume to failure .
data base on a component tha size of a typical gas turbine component
with temperature and stress distributions similar to gas turbine com-
ponents. This data base could then be used as a test cuise for eva-
luation of r.udels of fallure and computer programs used to predict -

l time to failure.
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Figure 1 - Hot-spin test rig

The hot spin rig shown in Fig. ! was selected for testing of a

gas turbine component because it had accumulated many hours of testing O
and had shown that it could test turbine digcs at speeds and tem- -4

Lo

Bl annt il S e
f P
. -

E peratures simulating actual engine conditions ~. The rig development

F: required to meet the test fgnditions and the initial calibration test .
R were previously described ~, This report reviews the most recent .fz
N results with emphasis on the determination of experimental tellability )

- versus time and the comparison to calculated reliability versus :time. -
uf = |
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II. DESIGN OF THE DILSC

A finite element model of the rotating components was set up for
calculating the temperatures of the disc. The model is shown in Fig.
2. The physical parts represented by the finite elements are shaded
and labeled for identification. The finite elements that compose the
model are rectangular or triangular in shape. The material thermal
properties used in the analysis are given in Table 1.
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Figure 2 - Rotating components heat transfer model

The temperatures within the rotating components were determined
by the boundary conditions and the thermal conductivities of parts in
the assembly. Heat was applied to the front face and rim of the spin
disc with propane gas burners. The temperature of the front face was
measured with a radiation pyrometer and the measured temperatures werae
used as input to the analysis. The tie bolt was cnoied with alr as
shown on Fig, 2. The cooling air mass flow rate and associated heat
transfer coefficients formed the boundry conditiens. A portion of the
tie bolt cooling air was directed to the metal curvic adaptor for
cooling and the mass flow rate and heat transfer coefficients formed
the boundary conditions for the exterior cf the tie bolt, nut, and
metal curvic adaptor, The downstream side of the spin disc and the
exterior of the ceramic curvic spacer were heated with hot gases and
air swirling 1in the rig, thus forming another boundary condition. The
labyrinth and bearing region on the shaft form the last boundary con-
dition., As part of the model, radiation heat transfer was included
between the spin disc bore, ceramlc curvic spacer bore and the tie
bolt,

*T™
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Calculated temperature distributions were compared to results X
from temperature sansi:ive paints and adjustments to the model were 4
made to obtain agreement. Temperature measurements of the air in the ‘
cooling streams were also used as input to the model and as a check on
the validity of the model; for example the temperature of the tie bolt
cooling alr was measured as 1t entered the labyrinth and as it left the
tie bolt., The temperature of the air in the labyrinth region was used
as 1input to the model and the air exit temperature was compared to
the calculated value as a check on the model,

Ay ¥V
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Figure 3 illustrates the finite element grid used to calculate
the stresses 1in the spin disc. The temperature distribution was
derived from the heat transfer model and transferred tov the stress
finite element grid. The temperature contour plot a: the test design

Poleld

e

o
conditions 1s illustrated in Fig. 4. The combined thermal and centri- j
fugal stresses, at the test conditlion, are 1illustrated in Figs. 5 {
through 9, These stress plots show the maximum principal tensile 4
stress, the tangentlal stress, the radial stress, the axlal stress, é
and the maximum shear stress. '
1
o e7" - i:i
| 1
3
i
!
\ 1/ i
3.8"DIA. ;
i mi a ]
!
/ L j
/ AN
a N, l
R
y
: 1
== :
0.5" M .932" —™ R
DIA. 11
]

Figure 3 - Disc finite element grid
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Figure 4 - Isotherms [°F] in disc at 50,000 rpm.
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2 Figure 5 - Maximum principal stresses [psi] in disc combining
thermal and centrifugal stresses at 50,000 rpm,




- |
P

@ . ot

PO T I . . -

RN

v
o

3

7,

——\

.S \

gt
—-&"""}

Figure 6 - Tangential stresses [psi] 1in disc combining
thermal and centrifugal stresses at 50,000 rpm.

Figure 7 - Radial stresses [psi] in disc combining ther-
mal and centrifugal stresses at 50,000 rpm.
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Figure 8 - Axial stresses [psi] in disc combining thermal
and cen:tvifugal stresses at 50,000 rpm.
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. Figure 9 - Maximum shear stresses [psi] in disc combining
8 tnermal and centrifugal stresses at 50,000 rpm.
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The previous figures 1llustrate the combined thermal and wmechani-
cal stress conditions at which the stress rupture tests were con-
ducted. The mechbanical stresses due to centrifugal loads at 50,000
rpm were calculated with the disk at a constant temperature of 78°F,
and the stresses are plotted in Figs. 10 through l4. These stress
plots show the maximum principal tensile stress, the tangential
stress, the radlial stress, the axial stress, and the maximum shear
stress, and may be compared to the combined stresses of Figs, 5
through 9. The engcic properties used in the stress calculations are
given in Table II,

10,000
14,000 14,000
10,000
¢ Y
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—

Figure 10 - Maximum prinecipal stresses ([psi] 1in disc,
centrifugal stresses at 50,0000 rpm,
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Figure 11 - Tangential stresses [psi] in disc, centri-
fugal stresses of 50,000 rpm.
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Figure 12 - Radial Stresses [psi] in disc, centrifu- ;
gal stresses at 50,000 rpm,
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Figure 14 - Maximum shear stresses [psi] in disc, centri-
fugal stresses at 50,000 rpm.

Three data bases: double torsion, stress rate, and stress rup-
ture, were available for the calculation of time dependent reliabili-
ties. e first two data bases are used with a formula derived by

Paluszny =~ and repeated here as Equation 2. Definition of the symbols
is given in Appendix C.

n-2 a m
R = exp - (1n -;—) e ith:ﬁ— n-2 (2)
ff %4 B

During this work, Eqn, 2 was reduced to a simpler form shown aﬁqun.
3. The detailed algebraic steps are given in the interim report ~.

m

02t n-2
(1+ —==) (3)

R = Rff B

Equation 3 1is much simpler for computation and was programmed for
digital computer use to calculate time-dependent reliabilities for
steady state temperature and loading conditions., The equation was
evaluated for each element of the finite element grid of Fig. 3 using
the maximum principal stress, the Weibull modulus, the crack velocity
exponent, the value of B, and the fast tracture reliability of the

-11-
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element. The Weibull modulus, crack velocity exponent, and the value
of B were linearly interpolated from a table of these parameters ver-
sus temperatures, based on the centroldal temperature of the element.

Equation 3 shows that when time equals zero the time dependent
reliability 1is simply the fast fracture reliability. The fast frac-
ture reliability was evaluated by integrating the normal stress around
the unit sphere 1in each finite eﬁfﬂﬁ?ﬁ7a"d evaluating the Weibull
volume integral for each element ", ", . The double torsion and
stress rate data bases yleld the parameters "B” and “n" essential for
the evaluation of Eqn. 3. Figure 15 shows the calculation flow path
utilizing double torsion data. Fast fracture testing produced a
collection of fast fractu 8 data whizh was analyzed with maximum like-
1ihood estimation methods to determine the characteristic modulus of
tupture and the Weibull modulus, The stregss and temperature distribu-
tions from finite element analysis along with the Weibull parameters
were input to a computer program which evaluated Weibull's formula for
fast fracture reliability, which in turn was input to another computer
program which calculated time dependent reliability. From double tor-
sion testing the crack velocity exponent, the premultiplier "A", and
the critical stress intensity factor were obtained. With these para-
meters and the value of the stregs intensity factor coefficient, "Y",
the value of "B" was calculated ', The value of “B" and crack velo-
city exponent "n" were input to a computer program that evaluated the
reliability versus time.

FAST FRACTURE DOUBLE TORSION
TESTING TESTING

’1 n,A

|

MAXIMUM
LIKELIHOOD
ESTIMATION

Kie

MOR,, m

l
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. -1 (Z\" —
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TT (x,9,2) R e x©

I
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s 2
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Figure 15 =~ Calculation flow path utilizing double torsion data
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Figure 16 shows the calculation flow path utlilizing stress rate
testing data to obtain reliability versus time. Stress rate testing
determined palrs of fast fracture strength and the corresponding value
of stress rate. The value of "B" and the crack velocity exponent “n”
were calculateg9§£9m the pairs of strength and stress rate with the
formulas shown ~,", The fast fracture calculation was the same as
that used with double torsion data.

FAST FRACTURE STRESS RATE
TESTING TESTING
o %1+ %192' %2
MAXIMUM
LIKELIHOOD
ESTIMATION
MORO. m
STRUCTURE WEIBULL'S EQUATION g-,?'l,
Tine
a\m &
T Ak Yz ) 'L(E?) “cﬁ) |

T
Ry¢ ]

R ||

n-2

TaT (x,9,2) R"-c n Ine—:%)
r
n

o2
RupRS+ B)

1
RELIABILITY VS TIME

Figure 16 - Calculation flow path utilizing stress rate data

The third data base available for predictf&g time de%endenc
reliabflity 18 stress rupture testing. Quinn® ", Trantina®, and
Govila have done extensive stress rupture testing on NC-132, An
empirical formula suitable for the caleulation of time dependent
rellability using stress rupture data 1is given in Appendix A. The
calculation flow path is shown In Fig. 17. The reliability versus
time formula was evaluated for each element in the finite element
mesh, The fast fracture reliability calculation i{s the same as that
used for the double torsion and stress rate data bases.

The procedures outlined here were used to design the disc, The
design was arrived at by checking trial designs with the reliability
versus time calculation procedures until a satisfactory design was
obtained. The reliability versus time for the final design and test
conditions 1is shown in Fig. 18. Note the widely different results for
the different data bases.

-13-
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IiI. DISC MACHINING

Life prediction discs were machined from six inch square, one and
three-eighths 1inch thick billets of hot pressed silicon nitride
(NC132).* The foir inch diameter discs were made in several steps
beginning with a slicing operation in which an octagonal block was cut
out of each billet. This plece was ground to the approximate
thickness of the finished disc and a center lisie or bore was then core
drilled through with a diamond core drill. The bore was then ground
to finish size allowing the disc to be centrally mounted for further
grinding operations. Most of the grinding was done on a Brown and
Sharp Universal grinder. 1Initial material removal was accomplished
using 120~150 grit diamond plate wheel and a commercial water soluble
coolant (¥50-2 Chem-trend). Final dimensions were produced with
200-250 zrit wheels. The disc face contours were produced by specially
shaped contour grinding wheels as shown in Fig. 19. These wheels were
rotated at 12-1300 rpm and were fed into the disc side in a three step
operation as shown in Fig. 20. The disc was rotated at 100 rpm in the
opposite direction to the grinding wheel which allowed control of the
grinding and stability of the setup. Finish grianding of the disk
face removed .0001 inch of material per revolution while advancing
radially at a rate of .0003 to .0005 per revolutiscn. Grinding wheel
speed was 7000 rpm.

All grinding tools, including contour wheels, were diamond coated
and final polishing of the disc contours was done with diamond pastes
on a brass lap. The lap was in the form of a ball on a 1/4" diameter
shank and the lap was driven by a hand held electric drill. The disc
was slowly rotated on an arbor and the contour was polished to a 1-2 u
inch finish by successively using dlamond pastes of 30~40, 6-12 and
1-5 micron grit.

Finally the curvic couplings used to mount the disc to the shaft
were ground by diamond coated grinding wheels on special purpose cur-
vic grinding equipment. The discs were then Zygloed for possible

cracks caused by grinding and then dimensionally inspected. Figure 21
shows the completed disc ready for testing,

* Certified Biliets from Norton Company
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Figure 19 - Contour Grinding Wheel

3 STEP PROCEDURE FOR DISC CONTOURING

SURFACE "a"

\ PRE CONTOURING

DISC FORM

SPECIFIED FINISHED
DIMENSION CONTOUR

DIRECTION OF
WHEEL ADVANCE

SPECIFIED

;?ENSION

-

—
/—\

SPECIFIED
AMGLE

OIRECTION OF

WHEEL ADVANCE
STEP | STEP 2 STEP 3
GRINDING WHEEL BROUGAT GRINDING WHEEL ADVANCED GRINDING WHEEL ADVANCED
AXIALLY INTO CONTACT WITH PARALLEL TO DISC AXIS. PERPENDICULAR TO GRINDING
SURFACE "A" AND RADIALLY WHEEL AXIS TO COMPLETE
INTO BASIC HUB DIAMETER. CONTOURING.

MATERIAL IN CROSS HATCHES
V'LUME REMOVED.

Figure 20 - Procedure for disc contouring

.
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Figure 21 - Disc ready for testing

. Figure 22 shows a 10X photograph of the disc throat region ready for
s testingo

A 3. lalalc 2. AMER o st stan SRR R .

Y W]

o a ey aEaa s

oy

Figure 22 - Disc throat region at 10X
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IV, TEST PROGRAM

All the Jata required to analyze the rig performance and the cou-
ditions affecting the rotor were recorded on a magnetic tape recorder.
The tape had a four hour running cycle after which it was changed and
the tape erased 1if the running period had been uneventful. If a
failure had occurred, the magnetic tape was played back into a Data
Trak recorder on to light sensitive recording paper. The resulting
traces gave continuous records of rig speed, disk surface temperature,
cooling alr flows etc. right thru a failure. The channels of the Data
Trak were carefully calibrated before testing began and scaled Mylar
overlays allowed the running parameters during a fallure to be very
accurately measured.

These records invariably showed smooth steady state running con-
ditions right to the very instant of disk failure at which time an
instantaneous change 1in disk temperature would occur followed by
slight changes in oil pressure, cooling air flows etc,

The disc face temperature, displayed on the tapes, was measured
by an Ircon radiation pyrometer which viewed the face of the spinning
heated rotor thru a hole in the face plate of the rig. There were no
iantervening glass windows or other obstructions. This unit had been
calibrated using an electric furnace contalning a small block of NC
132 thermocoupled with Platium 137 Rhodium couple readout on a Doric
meter, The block was heated to a temperature higher than the maximum
of the pyrometer range being calibrated, the furnace heating elements
were turned off and readings of the thermocouple and radiation pyro-
meter were taken as the block slowly cooled down chru the range being
calibrated., The thermocouple was placed inside the block within 1/8"
of the face whose temperature was being measured by the pyrometar.
The technique of calibrating during coocling was necessary because the
thin, white hot furnace heating elements affected the pyrometer
readings. However, when the power was shut off, the heating wires
quickly zooled while the block had hardly responded. The thermocouple
had a factory accuracy of * S°F and this allowed an emissivity setting

.of .88 to be selected which gave an error of only +10°F at the test
‘temperature of 2300°F, This 10° correction was taken into accouat
‘when setting the temperature of the disks during actual testing effec~

tively limiting the error of disk temperature measiurement to * 5°F,

-]18-




Actual testing of a disk was begun with a cold spin test to full
test speed (50000 rpm) to assure that no mechanical problem would
require a shut down after the disc had been brought to test
temperature, The disc was then spun at 2000 rpm and the gas burners
were lit and the disc rim allowed to heat up to 1800 - 2000°F range.
The speed would then be increased to 10,000 rpm and the rim stabilized
at 2100-2200°F. A second speed increase would then take the disc to
24000 rpm and a 15 minute warm up allowed during which bolt cooling
air would be carefully adjusted and disc rim would be brought to
2150-2200°F. Holding the rim below 2300°F before reaching 50,000 rpm
was necessary because increases in speed had the effect of slightly
raising rim temperature all other conditions remaining the same, thus
a possible over-tempera ‘e condition was avoided.

When all conditions were throughly stabilized at acceptable
levels, the speed was Increased to 50,000 rpm and any final rim tem-
perature adjustments necessary to get a 2300°F temperature ware made.
When the rim came to 2300°F at 50000 rpm the test time was officially
begun, This steady state condition was held uatil the disc either
failed or ran for 24 hours. A disk failure was a barely audible
“thump" after which the rig ran smoothly along.

Post fallure 1investigatlons usually showed the disc as well as
the spacer and burst ring to be completely shattered. The metal
attaching parts, bolt curvic adaptor and nut, were usually found bro-
ken off although after several failures the bolt was found in place,
straight and neither stretched or over-heated. This was not unex-
pected since the bolt had originally been designed for a stretch load
of 4700 1bs which took 1t to 80% of its tensile strength at running
temperatures. The installation load of only 2500 lbs thus left a very
comfortable safety margin and the critical cooling air temperature was
measured by a thermocouple at 1its exit from the bolt making precise
control very easy.

V. EXPERIMENTAL RESULTS

A total of twelve discs were tested in the program. The disecs
were identified by cthe four digit billet serial number assigned by the
Norton Company. Ford Motor added the prefix NC to distinguish these
diszs from others fabricated by Ford for other programs. Two discs
failed on start-up and were not 1Included as part of the database
because these failures were probably not due to time dependent pheno-
mena., Disc number NC~1321 was shut-down after thirteen hours of
steady state testing, but it failed on an attempted restart so 1t

was considered censored at 13 hourse. Nise numbers NC-1319, and
NC-1337 were censored at 24 hours and disc NC-1323 was censored at 25
hours. These discs were shut down after continuous steady state

testing without failure.

-19-
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The test results are summarized in Table VI. The survival proba-
b1115¥ of each disc was calculated with the following formula given by
Bury .

N-i
N=i+l1

R(X') = (4)

o=

The format of the table 1is also taken from Bury. The experimental
fatlures are plotted on Fig, 23 as circles. These polnts form a data
base against which analytical methods of predicting reliabllity versus
time for complex structures can be measured. Also shown on Fig. 23
are the calculated rellabilities versus time from the three data bases
used. These are the same as Fig. 18, The results calculated from
stress rupture data appear to glve the best correlation.

100
STRESS RATE DATA

Q
STRESS-RUPTURE
DATA

10

\ EXPERIMENTAL
RESULTS

rrienu

DOUBLE TORSION DATA

RELIABILITY ( PERCENT)

UL llll”l

1 | } | | 1
o 5 10 15 20 25

TIME (HOURS)

Figure 23 - Experimental and Calculated Reliabllity Comparison




As an estimate of error in the calculated reliabilities the
radiation pyrometer was assumed to have an error of ZX20°F and the
results were recalculated and plotted on Fig. 24. The stress rate
error was too small to appear on the graph but the calculated reliabi-
lity at 25 hours is 0.966, .961, and .956 for 2280°F, 2300°F and
2320°F maximum material temperatures respectively. The actual pyro-
meter temperature error was estimated to be *5°F because {t was
calibrated with a sample of hot pressed silicon nitride instrumented
with a thermocouple. The results in Fig. 24 serve as an upper limit on
the experimental and analytical determination of the temperatures and
their etfect on célculated reliabilities,

100

~20°F

rer—

STRESS RUPTURE
10 -20°F DATA
STRESS~RATE
DATA

T ¢111

DOUBLE TORSION DATA

RELIABILITY (PERCENT)

| | 1
0 5 10 15 20 25

TIME (HOURS)

Figure 24 - Lffect of estimated errors 1in temperature
upon calculated results,

VI. CONCLUSIONS

The comparison of calculated to experimental results using the
three different databases show that stress rupture data 1is the best
for predicting reliability versus time,
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VII. RECOMMENDATIONS

Future time dependent rellability investigations should con-
centrate on stress rupture experimental methods and analytical tech-
niques to predict time dependent reliabilities using stress rupture
data.

The discs from the test program were delivered to AMMRC for
study, and 1t 1is recommended the AMMRC conduct a fractographic
investigation of the disecs.,

SO SR

IR vy
O ORI > 5 SR SO

LB

e o
[l
SUOPRSINRL .

P

e
UL S S Y LS

[}
AL

R W

PR |
-22- =



e

................

1.

10.

i1.

12,

13.

REFERENCE S

Sage, A. M. and Histed, J, H., "Applications of Silicon Nitride,"
Powder Metallurgy, No. 8, (1961).

Glenny, E. and Taylor, T. A., "Mechanical Strength and Thermal
Fatigue Characteristics of Silicon Nitride,” Powder Metallurgy,
No. 8, (1961).

Evans, A. G. and Wiederhorn, S. M., "Crack Propagation and
Failure Prediction in Silicon Nitride at Elevated Temperatures,”
Journal of Materials Science, September, 1974,

Siverns, M., J., and Price, A. T., "Crack Growth Under Creep
Conditions,” Nature, November 21, 1970.

Evans, A. G., and .Johmnson, H., "The Fracture Stress and {its
Dependence on Slow Crack Growth,” Journal of Materials Science,
No. 10, (1975).

Evans, A, G,, "High Temperature Slow Crack Growth in Ceramic
Materials,” Ceramics for High Performance Applicationsg, Ed., John
J. Burke, Alvin E. Gorum, and R. Nathan Katz, Chesnut Hill,
Massachusetts, Brook Hill, 1974,

Williams, D. P., and Evans, A. G., "Simple Method for Studying

Slow Crack Growth,” Journal of Testing and Evaluation, July,
1973,

Charles, R. J., "Dynamic Fatigue of Glass,” Journal of Applied

Physics, December, 1978.

Trantina, G. G., "Strength and Life Prediction for Hot-Pressed
Siiicon Nitride," Journal of the American Ceramic Soclety,
August, 1979,

Quian, G. D., Characterization of Turbine Ceramics After

Long-Term Envicoumental Exposure, Tech. Rept. AMMRC TR 80-18,
April, 1980.

DeBell, G, C., and Swank, L. R., Testing of Ceramic Rotors Hot
Spin Test Rig and Rotor Preparation, ASME paper 80-GT-144, 1980.

Baker, R, R.,, Swank, L, R., and Caverly, J. C., “Ceramic Life

Prediction Methodology ~ Hot Spin Disc Life Program,” Tech. Rept.
AMMRC TR 82-26, April, 1982,

vy, J.C., Williams, R. M., and Swank, L. R., Design Properties of
Silicon Nitride for High Temperature Gas Turbine Application,
AME paper 77-BT-55, 1977.




v

14,

15.

16.

17,

18I

19.

20.

21.

22,

[
[&X]
.

24,

25,

26.

Paluszny, A. and Nicholls, P, F., "Predicting Time-Depeadent
Reliability of Ceramic Rotors,” Ceramics for High Performanr-
Application-I1, Ed. John J. Burke, Edward N. Lenoe, and R. Nathan
Katz, Chesnut Hill, Massachusetts, Brook Hill, 1978,

Weibull, W,, "A Statistical Theory of the Strength of Materials,"”
Proceedings of the Royal Swedish Institute for Engineering
Research, Stockholm, 1939,

Vardar, 0. and Finnie, 1., "4n Analysis of the Brazilian Disc
Fracture Test Using the Weibull Probabilisitc Treatment of
Brittle Strength,” International Journal of Fracture, June, 1979,

Svank, L, R.,, and Williams, R, M., “Correlation of Static
Strengths and Speeds of Rotational Failure of Structural
Ceramics,” American Ceramic Society Bulletin, August, 1981,

Jeryan, R. A., "Use of Statiscties in Ceramic Design and
Evaluation,” Ceramics for High Performance Applications-II, Ed,
John J. Burke, Edward M. Lenoe, and R. Nathan Katz, Chesut Hill,
Massachusetts, Brook Hill, 1977.

Charles, R, J., "Dynamic Fatigue of Glass,'
Physics, December, 1958.

Journal of Applied

Pletka, B, J.,, and Wiederhorn, S. M,, "A Comparison of Failure
Predictions by Strength and Fracture Mechanics Techniques,”
Journal of Materials Science, 17 (1982),

Govila, R. K., "“Material Parameters for Life Prediction .-
Ceramics,” Ceramics for High Performance Applications-III, e
Edward M. Lenoe, R. Nathan Katz, and John J. Burke, New Yorl:
Plenum Press, 1983.

Bury, K. V,, Statistical Models 1in Applied Science, New York:
John Wiley, 1975.

Paluszny, A., and Wu, W., "Probabilistic Aspects of Designing
with Ceramics,” AME paper 77-GT-41, 1977.

Quinn, G, D., and Quinn, J. B., "Slow Crack Growth in Hot-Pressed
Silicon Nitride,” Fracture Mechanics of Ceramics 6, New York:
Plenum Press, to be published.

Svank, L. R., “Ceramic Life Prediction Methodology-Analytical

Assessment of Selected Time Dependent Test Results,” Tech. Rept.
AMMRC to be published.

Govila, R. K., Methodology for Ceramic Life Prediction and
Related Proof Testing, U. S. Department of Energy, 1978.




AT AT R T T T RT3 AT CaENmmmm TR R B T RN tT T TS LT T a— T~
R Ct et

’ o0

. e

27'

28.

29.

30.

31.

32.

Annis, C. G. and Cargill, J. S., "Modified Double Torsion Method
for Measuring Crack Velocity in NC~-132," Fracture Mechanics of

Ceramics, Volume 4. Ed. R, C. Brandt, D. P. H. Hasselman, and F.
F. Lange, New York: Plenum Press, 1977.

Larsen, D. C., Property Screening and Evaluation of Ceramic

Turbine Engine Materials, Chicago, ITT Research Institute, 1979,

Smith, F. W., Emery, A. F,, and Kobayashi, A. S. "Stress
Intensity Factors for Penny Shaped Cracks,” Journal of Applied

Mechanics, December, 1967,

Tighe, N. J., "The Structure of Slow Crack Interfaces in Silicon
Nitride," Journal of Material Science, 13 (1978).

Evans, A. G., "High Temperature Slow Crack Growth in Ceramic
Materials,” Ceramics for High Performance Applications, Ed. John
J. Burke, Alvin E. Gorum, and R. Nathan Katz, Chesnut Hill,
Massachusetts, Brook Hill, 1974,

Chen, E. P. and Hasselman, D, P, H., “Comparison of the High
Temperature Thermal Fatigue Resistance of Hot-Pressed Silicon
Nitride and Silicon Carbide,” Journal of the American Ceramic

Society, November-December, 1976.

~25-

et e




APPENDIX A
Stress=Rupture Formula

Use of the power relation of crack velocity as a function of
stress intensity ,

V = AKI A-1
12 14
leads tc & reliability versus time equation of the form ,
m
2 —_
R-g, 5D " A2
ff

Examination of the experimental evidence from a number of stress rup-
ture tests indicate that the results fit an equation of the form

R = R.ff exp (~4¢(c)) A-3

where ¢(t) 1is some empirical relationship of the variables that
describe the time dependent behavior of the material. For a constant
temperature these variables are the stress, the volume, and the time.
The form of ¢(t) is assumed to be

g Veff t

= ¢ (" 2y 2 _
o(t) c (01) ( VEFF;) £ . A-4

The subscript 1 applies to the database from which the constants C, n,
Y, 01, and t; are determined. Subscript Z applies to the element for
which reliability is being calculated.

The crack velocity exponent was chosen because sisess rupture tests in
magnesia doped silicon nitrides are described by

ont = constant A-5

when plotted as stress versus time., The effective volume was used as
taken from Weibull theory to correct for size differences between the
elements, Equation A-4 may be modified to use the characteristic
strength of the st§gcture by substituting the following equation given
by Paluszny and Wu™",

v = (3—9 A-6
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Since at the same temperature J,] = 0y equation A-4 hecomes
b |
o ] t
ae) = " (T2 AT
1 8 1
2
For a MOR bar ¢, is the characteristic modulus of rupture, MOR, which
makes the application of Equation A-7 relatively simple. Substitution

of Equation A-7 into Equation A-3 yields the form of the stress rup-
ture equation used.

o
qg

2,0, liym °2
R = Rff exp (—C(—o—-) ('3—) . ) A-8
) 1
2
Equation A-8 is for one temperature. Data was avallable at three tem-
peratures 1100°C, 1200°C, and 1300°C. For intermediate temperatures
Ogy M and m were linearly interpolated.

To apply this equation to the disc, the characteristic strength,
Oggs of each element was calculated, as well as the fast fracture
refiability, Rege The reliability for the entire disc was calculated
from

R.RIORZRBOO aRqo A-g

The form of Equation A-8 makes it less sensitive to the calcula-
tion of fast fracture reliability than Equation A-2. In equation A-2
the fast fracture reliability 1s raised to a power; therefore, the
result is very sensitive to the fast fracture reliability, Equation
A-4 has a volume correction in 1its time dependent term which appears
to be necessary since ceramics are proven to be sensitive to volume in
fast fracture and this should be true in static fatigue. Temperature
dependence can be included in equation A-4 by the use of another term
so that ¢(t) become

Vets T

g t
20 = ¢ (B — (P = . A-10
1 eff1 1 2

This was not done in this study because of the lack of sufficient data
to determine z. In this study the temperature dependence was handled
by considering n, Vgrg , and y as functions of temperature.




To utilize the empirical stress rupture formula given here
requires a body of stress rupture data from which the emp%Eical
constantg can be determined. The data base was vaken from Quinn and
Trantina®™ and the results are given in Table VTI, The reference :
stress was taken directly from Quinn's curves of s.ress versus time -3
using time equals one hour, the reference time. he stress given by
Quinn was multiplied by .82 to account for creep ., The crack velo-
city exponents were taken from Quinn's graph., The reference charac- -
teristic MOR is the expected MOR scaled to the size bar used by Quinn. -~
The MOR exponent was determined by the amount required tn correct for
the difference in bar size and loading configuration between Quinn's
and Trantina's tests. They used different effective volumes.

The formula does not necessarily give good predictions in all -
cases as 1llustrated in Fig. A-1. This shows a prediction for stress "
rupture data of Govila taken on a different size bar than Quinn or
Trantina used. The result is poor. One possible explanation may be X
billet to billet variation of the material. The applicability of the o
proposed empirical formula requires further investigation; however, it e
was proposed in this report as the method that gave the best result. '

100
o -

0
o) EXPERIMENTAL RESULTS
o/

o

/ CALCULATED RESULTS

=

NC-132 1204°C N
MOR = 415MPa g

LUIREBRLL) |

RELIABILITY ( PERCENT)
N

A | | ] l |
5 10 15 20 25
TIME ( HOURS )

o

Figure A~1 - Experimental and Calculated Reliability 5
Comparison For 415 MPa Stress Rupture Tests,
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APPENDIX B
. Calculation of Counstant "B"

The calculation of time dependent reliabilities 1is based on the
power relation of crack velocity as a function of stress intensity
factor,

n

- vV = AKI B-1

- The values of A and n are determined experimentally, so a literature

gearch was conducted to find published values to utilize for design
" and analysis. Table III gives the experimental values that were
i found. The experimental values were published in granhical or numeri-
cal form and the manner of presentation is shown on the table, In the
cases of graphical publication the numerical values were found by
taking values of velocity, "V", and stress intensity factor, "K",
from the graph and substituting into Eqn. B-1. It should be noted :
that considerable error in the determination of A and n may result
from this procedure. Cargill and Annis published their results
graphically; however, they furnished the values of A and n determined
by least sgpares fittin 1of their data. The A and n values of Annis
o and Cargill” and Govila™ " were used in this prograu,

L0

The values of A and n available are published for 930°C, 1200°C,

and 1500°C. Reliability calculation requires values for A and n at

I! the centroidal temperature of each finite element of the finite ele-

: ment grid shown in Fig. 2. To obtain the required values, linear
interpolation was used.

X The critical stress 1intensity factor for the material 1is an

important parameter when double tqrsion data is used to calculate time
- dependent reliability. Larsen presented graphical data for hot
oo pressed silicon nitride and the numerical values used are shown in
' Table 1V, Algso required for the use of double torsion data is an
assumption about the shape of the flaw, so that the stress intensity
factor coefficient may be determined. For this program the flaws were
assumed to be pggny shaped internmal flaw with a stress inteasity fac-
tor coefficient”” of 2/vVm,

As shown in Fig. 15 the value of "B" must be computed before
reliablility versus time can be calculated and the following equations
show the evaluation of "B" at 1200°C with the required material and
geometric constants and their sources.




References

n = 27,4 27
A = Lsex107 L S 27 .
(MPavm)
KIC = 7,2 MPa’m 28
Y = 2/Vn 29
2
B =
-yl n-2
(n-=2)Y AKIC
B = 2 hr.

X
(27.4-2)(3)? 1.58 x 10723 x (7.2)%7+472 3600 sac

B = 0.000182 MPa’ - hr.

An alternate data base to use for predicting time dependent
failurezgs stress rate data. The NC-132 stress rate data is given in
Table V' . Reference 26 gives data for several stress rates, but the
lowest available stress rate and corresponding fracture streangth was
chosen on the assumption that slow stress rate result was most appli-
cable for predicting stress rupture results. As shown on Fig., 16 the
value of "B" must be evaluated before reliability versus time can be
calculated and the following equations show a typical calculation.
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Temperature = 1204°C

Reference
n = 19.9 N 26
of = 485 MPa 26
o = 0.8 MPa/min. 26 :
%
B = -
o(n+l)
(485)° hr
B L]

~ 0.8x(19.9+1) * 60 min.

= 113720 MPa2 - hr.

o
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APPENDIX C NOMENCLATURE 3
Premultiplier in crack velocity equation, meter/second
(MPa-meter)n,
Constant in reliability versus time equation, MPaz—hr.
Constant in stress rupture equation.
Order of a specimen.
Index on Operator 1IL.
Critical stress intensity, a material parameter, MPa/meter.
Stress intensity Mpavmeter.
Weibull modulus.
Characteristic modulus of rupture, MPa.
Crack velocity exponent.
Initial sample size.
Function in stress rupture equation.
Number of elements in the structure,
Reliability as a function of time.
Fast fracture reliability.

Maximum likelihood estimator of reliability,

Stress, MPa,. A
Characteristic strength of the structure, MPa.

Fracture stress, MPa.

Stress rate, MPa/min.

Weibull parameter, MPa/(meters) 1/m.

Temperature, °C.

Time, hours.

Volume, meter3.

Crack velocity, meter/sec.

Effective volume, meter3

Stress intensity factor coefficient, non-dimensional.
Exponent on effective volume,

Exponent on temperature,
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APPENDIX D

Data on Norton Billets

As part of the billet certification the Norton Company supplied
strength data on each billet. The data was taken on test bars of
¢129%.128x%1,375 inches 1in 4 point bending with the upper span of 0.5
inch and the lower span of 1.0 inch. Eight bars were tested from each
billet, The characterisitic MOR and Weibull modulus were calculated
using maximum 1likelihood estimator techniques and the result was
scaled to ,25 in. width by 125 in. height size bar with an upper span
of .375 in. and a lower span of .75 in. using the following formula ,

Bt ST " ( ——LA1MLA2> s D-1
MORA thB LB +mLB
1 2
Billet Characteristic Weibull Density History
Record MOR Modulus 3 of
psi ; gm/cm Disc
1313 135000 8.78 3.25 Failed on start up
1314 133000 17 .4 3.23 13.80 hours
1318 142000 17 .4 3.23 8.50 hours
1319 133000 7.57 3.24 Censored at 24 hours
1321 132000 9.40 3.26 Censored at 13 hours
1322 136000 10.2 3.26 7.17 hours
1323 128000 12.7 3.25 Censored at 25 hours
1324 133000 13.4 3.25 18.58 hours
1333 136000 16,4 3.25 0.20 hours
1335 138000 8.26 3.24 18,27 hours
1336 126000 7.10 3,24 Failed on start up
1337 138000 15.8 3.23 Censored at 24 hours
-33-
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TABLE I

Thermal Properties

Temperature Thermal Specific
Conductivity Heat
°F Btu Btu/lby~°F
hr ftoF
Spin Disc aand Ceramic 70, 17 .18
Curvic Spacer Material 500. 15. .23
Hot Pressed Silicon qitride 1000. 13, .26
Density = 3.18 gm/cm 1500. 1. .29
2000, 9.2 .33
2500, 8.0 32
Nut Material 0. 6.0 .10
Inconel X-750 3000, 20,5 .15
Density = 8.30 gm/cm
Tie Bolt Material 0. 6.0 .10
Inconel X-718 3000. 21.8 .10
Density = 8,19 gm/cm
Compression Member 0. 5.5 .11
Material 3000. 25,2 .11
A-286 3
Density = 7.91 gm/cm
Shaft Material 0. 21.7 .11
AMS 6265 3 3000. 21,7 o1l
Density = 7.83 gm/cm
Curvie Material 70. 3.99 .18
3 500. 3.87 .23
Density = 3,18 gm/cm 1000. 3.72 26
1500, 3.54 .29
2000. 3.33 33
2500. 3.16 .32
Temperature Thermal Specific Density
°F Conductivity Heat
Btu Btu 1bg
hr £t °F Tbm°F Ft
Alr 0 2013 .239 .0863
100 .015 .240 0680
500 .023 247 .0392
800 +028 .256 .0299
1000 .032 262 .0258
1500 .040 276 .0192
2000 047 «286 0153
2500 .051 .292 .0127
3000 .054 .297 .0108




[ )

TABLE II

Elastic Properties

NC-132 Temperature Young's Poisson's Shear Coefficient
Hot Pressed Modulus Ratio Modulus of Thermal
Silicon Expansion
in/in/°F
D ° 6 6 -6
engity = F x10 psi x10 psi x10
3.18 gm/cm
78 41.9 .219 17.! 74
500 41.9 «203 17.5 .97
1000 41.8 .190 17.5 1.32
1500 40.6 .189 17.1 1,53
2000 38.7 .194 16.1 1.68
2500 35.4 194 14.3 1.82

Reference 13




TABLE ITI

Crack Velocity Parameters Survey

Crack Form of
Temp. Velocity Data
°c Exponent Presentation
_Material _ A n Ref.
HPSN NC-132 930  6.18x1076 74.7 27 Graphical
HPSN NC-132 1200 1.58x10-23 27.4 27 Graphical
HPSN NC-132 1300 4.3%10"9 5.6 21 Numerical
HPSN NC-132 1350 7.9x10-9 5.6 21 Numerical
HPSN NC-132 1400 1x10~7 5.25 21 Numerical
HPSN NC-132 1200  1.21x10731 35.4 30 Graphical
HPSN NC-132 1400 9x10~8 5.8 30 Graphical
HPSN HS-130 1250 1.41x10"14 10.5 31 Graphical
HPSN HS-130 1300 9.31x10=14 11.5 31 Graphical
HPSN HS-130 1350  9.83x10-13 10.2 31 Graphical
HPSN HS-130 1400  3.05x10-12 10.6 31 Graphical
HPSN HS-130 1200  2.56x10-59 73.3 31 Graphical
HPSN HS-130 1400  8,22x10-8 4.93 31 Graphical
" HPSy 1000  Sxl0-14 6 32 Numerical




TABLE IV

n Critical Stress Intensity Factor
Temperature Stress Intensity
Factor
°C MPavm
[ 18 5.
o 930 5,
1200 7.2
1300 11.0
= Reference 28
TABLE V

Stress Rate Data of Norton NC-132 HPSN

v.- -
e
Characteristic Stress Crack Number
Temperature MOR Weibull Rate Velocity of
°C " MPa Modulus MPa/min. Exponent Samples
- 21 787. 6.5 1870.0 72.2 30
l 704 730. 6.0 1.8 72.2 5
) 871 818, 8.5 1.8 7242 5
1038 666. 9.9 1.5 72,7 5
1204 485, 8.0 . ] 19.9 5
1371 313, 1.2 91.0 17.2 15

» Reference 26




TABLE VI

Summary of Discs Tested {
Discs Order Failure Censoring N-1i
Number Number  Time Time N-i+1 Reliability

i Hours Hours R(Xi)

NC-1333 1 «20 9/10 <90 ™
NC-1322 2 7.17 8/9 .80 '
NC-1318 3 8,50 7/8 .70
NC-1321 4 13.00 -
NC-1314 5 13.83 5/6 <58
NC-1335 6 18,27 4/5 47
NC-1324 7 18.58 3/4 .35 L
NC-1319 8 24,00 .
NC-1337 9 24,00
NC-1323 10 25,00

-38-
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TABLE VII
Stress Rupture Data Base

- Temp. Constant Reference Crack Reference MOR Reference
o Stress Vel. Char. Exp. Time
- °C MPa Exp. Mpa Hours

1100 «69 402 19 634.8 8,15 1.
1200 69 295 12 517.0 4.80 1,
1300 .69 230 10 411.1 4.50 1.

Reference 24
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