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Results obtained in a project entitled, Studies of Mixed-Mode and Biaxial Fracture of 
Structural Ceramics for Advanced Vehicular Heat Engines", are discussed in this report. 

(A) Measurements of the combined mode I and mode I1 fracture toughness of a silicon 
nitride ceramic at room and elevated temperatures. 

(B) Measurements of the fracture stresses of the silicon nitride ceramic in biaxial flexure 

'The report covers the results of two research tasks : 

at room temperature. 

In Task A, chevron-notched-precracked silicon nitride disk specimens were tested in 
diametral compression with different orientatons of the notch line with respect to the 
loading diameter to produce different combinations of KI and Kn. Tests were performed at 
mom temperature and two elevated temperatures, 2200 9 and 2500 9. Mixed-mode 
fracture toughness data could be adequately described by a commonly used empirical 
equation with an empirical parameter C representing the shear sensitivity. Results indicated 
that the shear sensitivity increased with increasing temperature. Also, slow-crack growth 
was detected at high temperatures. 

In Task B, disk specimens were tested in biaxial flexure using uniform-pressure-ondisk 
tests. Fracture stresses were described by a two-parameter Weibull distribution function. 
The Weibull modulus (m) and characteristic strength (00) were estimated to be 10.41 and 
785.2 MPa, respectively. The analysis of the biaxial flexure data using a multiaxial 
reliability analysis was deferred to a future date when GAPD will supply the relevant 
uniaxial strength data. 

31-11591 
Appendix IX 

2 



TABLE OF CONTENTS 
Page 

I . INTRODUCI'ION ............................................................................ 4 

I1 . STATEMENT OFWO RK ................................................................... 4 

Task A . Combined Mode I and Mode 11 Fracture Toughness Measurements ........ 4 

Task A . 1 Machining of the Chevron-Notches in the Disk Specimens .............. 4 

Task A.2 Development of Precracking Techniques for Chevron-Notched 

Disk Specimens ................................................................ 5 

Task A.3 Mixed-Mode Loading of the Disk Specimens at Room Temperature ... 15 

Task A.4 Mixed-Mode Loading of the Disk Specimens at Elevated Temperatures 

.................................................................................. 21 

Task B . Biaxial Disk Flexure Testing and Analysis .................................... 23 

Task B . 1 Calibrations and Fracture Stress Measurements .......................... 27 

Task B.2 Fracture Stress Data and Statistics .......................................... 29 

I11 . SUMMARY ................................................................................... 34 

APPENDIX A 

APPENDIX B 

APPENDIX C 

APPENDIX D 

APPENDIX E 

Mixed-Mode Fracture Toughness Data at Room Temperature .......... 37 

Mixed-Mode Fracture Toughness Data at 2200 ('F and Crosshead 

Speed = 1.27 mm/min ....................................................... 38 

Mixed-Mode Fracture Toughness Data at 2200 9 and Crosshead 

Speed=0.0127 mmjmin .................................................... 39 

Mixed-Mode Fracture Toughness Data at 2500 ('F and Crosshead 

Speed = 1.27 d m i n  ....................................................... 40 

Fracture Stress Data Obtained from Biaxial Flexure (Uniform-Pressure- 

on-Disk) Tests ................................................................ 41 

31-11591 
Appendix 11 

3 



I. INTRODUCTION 

Martin Marietta Energy Systems, Inc., which operates Oak Ridge National 
Laboratory (ORNL) under contract with the Department of Energy (DOE), initiated a 
research project entitled, ” Life Prediction Methodology for Ceramic Components of 
Advanced Vehicular Heat Engines ‘0 with Garrett Auxiliary Power Division (GAPD) of 

- Allied Signal Aerospace Company as the prime contractor. University of Utah participated 
in this project as a subconqactor to GAPD. The objectives of the research at University of 
Utah were to (A) measure the combined mode I and mode I1 fracture toughness at room 
and elevated temperatures of a candidate structural ceramic, silicon nitride?, and (€3) to 
measure fracture stresses of the same ceraxnic in biaxial flexure and assess the applicability 
of the multiaxial reliability analysis procedure. This report describes the results of the two 
tasks. 

II. STATEMENT OF WORK 

Task A. Combined Mode I and Mode II Fracture Toughness Measurements 
Fracture toughness of silicon nitride under combined mode I and mode I1 

loading was assessed using chevron-notched disk specimens in diametral compression 
loading as described by Shetty et al.[1,2]. Eighty (80) disk specimens were supplied by 
GAPD for this task. The nominal dimensions of the as-received specimens were 3 1.85 
mm in diameter and 3.175 mm in thickness. Specimens were chevron-notched in the 
center and several techniques for precracking the chevron-notched disk specimens prior to 
testing were investigated. These are described in the following. 

Task A. 1 Machining of the Chevron Notches in the Disk Specimens 
A symmetrical chevron notch was machined in the center of the disk specimen 

using diamond-grit blades. The machining was done by an outside vendors. Specific 
machining instructions were supplied to the vendor by the University of Utah. Geometry 
of the chevron-notched disk specimens is shown in the schematic of Figure 1. In Fig. 1, R 
is the disk radius and al is half of the notch length measured on the surface. The 
normalized notch length, al/R (= q), was designed to be 0.4. 

~ ~~ 

? Grade NT-154, NortoII/”RW Ceramics, Northboro, MA. 
5 Quality Magnetic Corp., Compton, CA. 
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Figure 1. Geometry of the Chevron-Notched Disk Specimens Used in Combined Mode I 
and Mode 11 Fracture Toughness Tests. 

- 

Task A.2 Development of precracking Techniques for Chevron-Notched Disk Specimens 
A 2 - I .  Theoretical Considerariorts: 

The fracture mechanics analysis used to investigate precracking techniques 
starts with Irwin's relation between elastic strain energy release rate, G, and the rate of 
change of compliance of a cracked specimen: 

P2 dC 
2 dA G=-- 

where P is the load on the specimen, C is the compliance and dA is an incremental area 
caused by crack extension. Eq. 1 can be rewritten in terns of stress intensity factor, Ki, as 

where E is elastic modulus and v is Poisson's ratio. 
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Figure 2. Nomenclature of the Chevron Notch Cross-Section. 

Because of the curvature of the diamond-grit blade, the chevron notch has a 
curved boundary. Figure 2 shows an enlarged cross-section of the chevron notch. For the 
curved chevron notch , the following equation is applicable : 

( X 1 + 3  B - h ) 2 = R , - a  2 2  (3) 

where a is half the crack length and the other dimensions (B, XI, h) are indicated in Fig. 2. 
Equation 3 can be rearranged to write an expression for h, 

h = X , + T  B -(Rl-a2) 2 10 

and for a small incremental crack extension da, the incremental area, dA, is 

dA=4hda  

Substitution of Eqs. 4 and 5 into Eq. 2 gives the following equation, 
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In analyzing chevron-notched specimens, it is commonly assumed that the rate 
of change of compliance (dC/da) is equal to that of a straight-through crack of the same 

-crack length[5,6], i.e., 

This assumption, referred to as the straight-through-crack assumption (STCA), enables one 
to relate stress-intensity factor for a chevron-notched specimen to that of a straight-through- 
cracked specimen of otherwise similar geometry. 

Stress-intensity factor solutions for straight-through cracks in diametral 
compression specimens have been reported by Atkinson and co-workers[7]. For a central 
through-crack of length 2a in a disk specimen loaded in compression, the mode I stress 
intensity factor is given as: 

where NI is a nondimensional mode I stress-intensity factor that accounts for the effects of 
stress gradient. For the crack aligned in the plane of loading, i.e., pure mode I condition, 
NI is a function of only the normalized crack size, a = a/R. Atkinson et d.[7] reported 

numerical values for NI for a ranging from 0.1 to 0.6. Shetty et al.[l] developed the 
following cubic polynomial fit to the numerical results of Atkinson et al.: 

(9) NI = 0.991 + 0.141 a + 0.863 a* + 0.886 a3 

The differences between the polynomial fit of Eq. 9 and the values given by Atkinson et al. 
are less than 0.1%. 

From Eqs. 2 and 8, the rate of change of compliance for the straight-through- 
cracked specimen can be written as 
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By employing the straight-through-crack assumption, i.e., substituting Eq. 10 into Eq. 6, 
an expression of the smss-intensity factor for the chevron-notched diametral compression 
. specimen can be obtained : 

It should be noted that Eq. 11 is applicable only when the crack front is within the chevron 
notch section, Le., < a e al. When a > al the specimen has a straight-through crack and 
Eq. 8 should be applied. 

Figure 3 shows a plot of load (P) vs. the normalized crack length (a) calculated 
using Eq. 11 and Eq. 8 based on an assumed value of KIC ( = 4.9 M P a 6 ) .  Note that 
stable crack growth occurs within the chevron notch section, Le. the load increases with 
increasing crack length as described by Eq. 11. The crack becomes unstable when a 
reaches a1 (0.4 in this case); for crack lengths, a > al, the dependence of critical load on 
crack length is governed by Eq. 8. 

A.2-2. Precracking Experiments 
Four techniques for precracking the chevron-notched silicon nitride disk 

specimens were investigated: (1) subcritical crack growth under constant load, (2) fatigue 
crack growth under cyclic compression loading, (3) wedge loading and (4) static loading 
and grinding. The technical approaches and the results of the four techniques are described 
in the following paragraphs. 

SUbcmQt LOd 
. .  : In this technique, subcritical crack growth 

of ceramics was used to generate ptecracks. The fracture load (Pf) of a disk specimen was 
estimated prior to the test using Eq. 11 where the normalized crack length, a, took the 
specific value of a& The disk specimen was loaded in mode I condition to 80 - 90% of 
the estimated fracture load in deionized water at room temperature. The water environment 
was used to promote subcritical crack growth. The subcritical-crack-growth was 

. .  . _-  
31-1 1591 
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Theoretical calculation based on a fixed KIc ( = 4.9 M P a G  ) 

Fracture load, PI 

Equation (8) 
4500 

3500 j 
3Ooo- 

2500 - 
2ooo- 

1500 - 

0 ;  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . I . .  _ _ . _  . - 
0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0 .60  0.65 0 0 

GB11591-700 Normalized Crack Length, alR 

Figure 3. Theoretical Relation between Load (P) and ( lack Length (a) for a Chevron- 
Notched Diametral Compression Disk Specimen. 

monitored using electrical resistance grids deposited on the specimen surface at the notch 
tip[3,4]. As the crack cut the grid lines it changed the resistance of the grid and caused step 
changes in the voltage output. The experiment was conducted in such a way that as soon 
as the precrack was detected on the voltage output, the specimen was unloaded. 
hecracking using this technique was investigated on a commercial grade alumina ceramic§ 
and the silicon nimde (NT-154). The technique was successful with the alumina ceramic. 
Figure 4 shows the SEM micrograph of the precrack obtained in the alumina specimen. 
The technique was, however, not successful with the silicon nitride[8]. Three disk 
specimens of the silicon nimde we= tested assuming a fracture toughness of 5.0 M P a 6  
191 to estimate the fracture loads from Eq. 11. Possibly because of the small range of 
stress intensity over which subcritical crack growth occurred in the silicon nitride, it was 
difficult to unload the specimen in time as soon as a step change was observed on the 
voltage output. This resulted in rapid fracture of the specimens. 

8 Grade AD-94, Coon Ceramics, Norman, OK. 
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m e  Crack Growth u nder Cvclic Compressio n Load ing: Cyclic compression loading as 
a method of fatigue precracking chevron-notched disk specimens was investigated frrst on 
the alumina ceramic then the silicon nitride (NT-154). The disk specimen was initially 
loaded in pure mode I to a maximum load, P,,, = 0.98 - 0.99 Pf where Pf was the 
anticipated fracture load based on Eq. 11, in order to generate sharp cracks in the chevron 
notches. The specimen was then subjected to cyclic diametral compression (mode I) 

* loading using a servohydraulic machine and the following test conditions: sinusoidal load 
cycling at 20 Hz, R ratio (ratio of the minimum load to the maximum load in each cycle) = 
0.1. A peak load of P,, = 0.5 Pf was selected for the first 100,OOO cycles. After this, the 
peak load was increased by 5% of Pf after every 100,000 cycles. The precrack was 
monitored by a travelling microscope attached to the test machine. This technique was 
successful for the alumina ceramic[8]. A crack could be seen outside the notch tip when 
the peak load was 55% of Pf for 80,000 cycles. Figure 5 shows an optical micrograph of 
the notch and the precrack in an alumina specimen where the mow points to the crack tip. 
For the silicon nitride (NT-154), no stable precracks outside the notch region could be 
established even after increasing the peak load to P,, = 0.65 Pf for 100,OOO cycles. The 
specimen was further loaded to 67.5% of Pf where the specimen broke instantly after 
98,850 cycles. This technique was, therefore, considered not applicable to silicon nitride. 

In addition to this mode I fatigue precracking, two silicon nitride disk 
specimens with straight through notches were subjected to cyclic compression along a 
diameter normal to the notch. The objective of this experiment was to see if the cyclic 
compression loading technique for precracking edge-notched beam specimens developed 
by Suresh and Brockenbrough[ lo] could be applied to the disk specimens. Specimens 
were slightly ground at the two loading points initially in order to distribute the 
compression load. Results indicated that both specimens developed damage and cracks at 
the loading points without showing precracks outside the notch. 

Wedee Loading Wedge loading as a method of precracking chevron-notched disk 
specimen was investigated. The specimen was initially loaded in mode I condition to 95% 
of its fracture load. A tungsten carbide wedge was then inserted into the center of the notch 
perpendicular to the surface of the specimen. The wedge was lubricated with mineral oil 
and forced into the notch at a rate of 0.01 mm/min (O.OOO4 inch/min). This technique was 
abandoned because of its lack of control over both the extent of crack growth as well as the 

to the initial notch and the p-k orientation could not be controlled. 
I orientation of the cracks. Specifically, cracks were found to initiate and extend at an angle 
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Figure 5. Stable Crack Outside the Notch in a Diametral Compression Disk Specimen of 
Alumina (Coors, AD-94) Produced by the Cyclic Compression Loading Technique. 

-: . .  In this technique, the specimen was preloaded in two steps. 
In the first step, the specimen was loaded in mode I to about 4 kN (which is - 85% of the 
fracture load for the silicon nitride) using a crosshead speed of 0.05 d m i n .  The 
objective of this loading was to initiate a sharp crack in the notch. In the second step, the 
specimen was turned upside down and again loaded in mode I to a peak load close to the 
fracture load (> 95% of the fracture load). The crosshead speed used in this step was 

0.004 mm/min. The reason for turning the specimen upside down was to even the crack 
lengths in the two notch sections and extend the crack very close to the base of the notch. 
The specimen was then ground and polished on both faces to reveal the subsurface crack. 
This technique was applied to several silicon nitride disk specimens and the results 
indicated that in the majority of the specimens four cracks could be seen outside the notch 
region after grinding down 0.5 mm on both faces to reduce the thickness from its original 
3.19 mm to 2.19mm. Figure 6 shows a representative SEM micrograph of the precrack 
revealed by gxinding and polishing a silicon nitride specimen. 
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Figure 6. Stable Crack Outside the Chevron Notch in a Silicon Nitride NT- 154 Disk 
Specimen Prcloaded in Mode I and Surface Ground to Reduce the Thickness. 

127022-2 



The static loading and grinding technique was finally selected to precrack the 
disk specimens for mixed-mode fracture toughness measurements since the other 
techniques were not successful with silicon nitride. However, it was necessary to retain a 
minimum thickness of 2.5 mm for the ground specimen to ensure uniform loading through 
the thickness. Successful precracking, therefore, depended on the position of the precrack 
front, which, in turn, was dependent on the magnitude of the preload. To precisely 

- estimate the preload, fracture toughness dismbution of the silicon nitride was established 
by loading four specimens to fracture in mode I using the procedure described above. 
Fracture toughness values of 4.838,4.826,4.827,4.801 M P a 6  were obtained from the 
fracture loads using Eq. 11  and assuming the critical crack length to be ai. A normal 
distribution of the fracture toughness was determined based on these values (mean = 4.823 
M P a 6 ,  standard deviation = 0.016 MPaG). The fracture toughness corresponding to a 
cumulative probability of 0.17 was initially selected from the distribution. The magnitude 
of preload for a batch of 10 specimens was calculated based on this fracture toughness. In 
the process of preloading these 10 specimens, two specimens fractured and the 
corresponding fracture toughness values (4.794 and 4.793 M p a 6 )  were taken into 
account to establish a new fracture toughness distribution. Subsequently, the fracture 
toughness value used for preloading was changed to a value corresponding to a cumulative 
probability of 0.1 of the distribution. By the time the remaining specimens were preloaded, 
additional three specimens fractured and the fracture toughness values were calculated to be 
4.799,4.800 and 4,796 M P a 6 .  These values were taken into accout to establish a new 
fiacture toughness distribution right after they were obtained individually. 

The preloaded specimens were ground using a 600-grit diamond wheel and 
0.005 mm depth of cut per pass. 0.254 mm from each face was first ground on each of the 
specimens. The specimen was then polished down to 1 pm on both faces and examined 
under the  microscope^. If no precracks could be observed, the specimen was again ground 
to remove 0.13 mm from each face. After this, the specimen was again polished and 
examined under the microscope. 

Out of the total 68 specimens, 29 specimens were found to have four cracks 
outside the base of the notch, eight specimens were found to have one, two or three cracks 
outside the base of the notch and 31 specimens were found to have no cracks revealed 
outside the notches. The final thickness of each specimen was recorded. For those 

8 Nomarsky Microscope, Model BH-2, Olympus. 
- _  
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. .  

Figure 7. Inclined Crack in a Disk Specimen and the Associated Coordinate System 

specimens with precracks outside the notches, the crack lengths were measured under the 
microscope, the normalized crack length, a, was obtained by normalizing the measured 
crack length with respect to the diameter of the specimen. For those specimens without 
precracks outside the notches, the normalized crack length, 01, was calculated by 
normalizing the new notch length with respect to the diameter of the specimen. 

Task A.3 Mixed-Mode Loading of the Disk Specimens at Room Temperature 
Pure mode I, pure mode 11 and combined mode I and mode II loadings were 

obtained by orienting the notch line at various angles relative to the loading diameter (see 
Figure 7). Crack inclination angle, p, was varied between zero degree for pure mode I to 
close to 30 degrees for pure mode II. Crack inclination angle for pure mode II depends on 
the normalized crack length, a. Orientations between p = zero and 30 degrees produced 
different combinations of mode I and mode 11 loading. 
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The stress intensity factors for combined mode I (KI) and mode II (Kn) loading 
are given by the following relationships developed by Atkinson et al.[7]: 

where P is the fracture load, a is the crack length, R and B are the specimen dimensions 
given in Fig. 1, and NI and NII are the nondimensional coefficients that are functions of the 
normalized crack length, a, and the angle of inclination, J3. Atkinson et al.[7] have given 
numerical solutions for NI and Nn using a five-term approximation of series solution. 

Eight orientations corresponding to KI / (KI+K~) ranging from 1.0 to 0.0 were 
selected. The specific values of KI/ (KI+KII) were 1.0 (pure mode I), 0.85, 0.70, 0.56, 

0.42,0.28,0.14 and 0 (pure mode II). One orientation at KI / (Kl+Kn) equal to -0.05 was 
also selected. Two specimens were tested in each of the nine orientations, one specimen 
with precrack outside the notch and the other with the precrack inside the notch base. At 
one orientation, KI/ ( K I + K ~ )  = 0.42, four specimen were tested. The objective of this 
pairing was to compare the fracture toughness obtained from the two types of specimens. 
The crack inclination angle, p, for each specimen was calculated using Eqs. 12 and 13 
based on the normalized crack length, a, measured after grinding and the selected 
orientation. Disk specimens with appropriate orientations were loaded to fracture in 
diametral compression in a universal testing machine# with a crosshead speed of 1.27 
mmlmin. Special care was taken to recover all the fr;ictured pieces. 

Extension of the cracks in the disk specimens subjected to combined mode I and 
mode II loading or those subjected to pure mode 11 loading was always noncoplanar with 
the original cracks, Le. cracks always deviated from their original planes. Figure 8 shows 
a typical fracture pattern of a silicon nitride specimen subjected to combined mode I and 
mode II loading. It can be seen that the specimen has precrack outside the notch region and 
crack extension occurred by kinking indicating noncoplanar crack extension. Figure 9 
shows a typical fracture pattern of a silicon nitride disk specimen with the precrack inside 
the notch region and fractured in mixed-mode loading. It can be seen that even though 

# Model 4206, Instron Corp., MA. 
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Figure 8. Fracture Pattern of a Silicon Nimde NT-154 Disk Specimen with Precrack 
Outside the Notch Base and Fractured in Mixed-Mode Loading. 
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there was no precrack revealed outside the notch, stable crack growth occurred in the 
chevron notch during preloading and the crack front was, in fact, very close to the base of 
the notch. 

Fractured specimens were reassembled and examined under the microscope to 
measure the lengths between the two kinks on either side of the notch (except the 

* specimens tested in pure mode I). For those specimens with precracks outside the notch, 
these measurements were compared to the previous measurements prior to the test. Results 
indicated that the two measurements were only slightly different. The kink-to-kink crack 
length measurement was considered more accurate, and therefore, was used in Eqs. 12 and 
13 to calculate the mode I and mode 11 stress intensity factors. For those specimens with 
precracks inside the notch (as shown in Fig. 9), the kink-to-kink crack lengths were less 
than the initial notch length, and the stress-intensity factors were determined using the kink- 
to-kink crack length measurements. For the two pure mode I tests, the initial crack length 
measurement and the initial notch length were used to calculate the stress-intensity factors 
for the specimen with precrack outside the notch and the specimen with precrack inside the 
notch, respectively. 

Figure 10 shows a plot of mode I stress-intensity factor, KI, versus mode 11 
stress-intensity factor, KI1, for combined mode I - mode II fracture of the silicon nitride 
disks tested at room temperature (70' F). The average Value of the critical stress-intensity 
factor for mode I, KIC, Le. the mode I fracture toughness, was 4.96 M P a 6 .  With 
increasing mode 11 loading the mode I stress-intensity factor decreased monotonically and 
for pure mode 11 loading, the mode 11 stress-intensity factor at fracture was approximately 
KII = 9.98 M P a 6  It should be noted that there was no significant difference between the 
stress-intensity factors calculated form the two types of specimens (i.e. specimens with 
precracks inside or outside the notch). The KI and Kn values of all the data in Fig. 10 are 
listed in Appendix A. 

' 

Combined mode I and mode 11 fracture toughness envelopes for many 
polycrystalline ceramics are adequately described by the following empirical equation[ 1 13: 
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, Figure 10. Mode I and Mode II Stress-Intensity Factors for Mixed-Mode Fracture of 
Silicon Nitride Disks in Diametral-Compression Tests. 

In Eq. 14, C is an empirical constant which is the ratio of the fracture toughness in pure 
mode 11 loading and the mode I fracture toughness. Palaniswamy and Knauss[l2] have 
shown that Eq. 14 with C = 0.816 gives a very good fit to their rigorous calculations based 
on the maximum strain energy release rate criterion for crack extension under combined 
mode I and mode II loading. For polycrystalline ceramics, experimental data arc described 
by Eq. 14 with C value ranging from 1.0 to 2.0[13,14]. In the present study, Eq. 14 was 
used to fit the mixed-mode fracture toughness data obtained at room temperature. The 
result is shown in Fig. 10 as the solid line. The best fit C value was calculated to be 2.07. 
The mode I fracture toughness, KIC, estimated from the best fit envelope was 4.79 
m a & .  

As discussed in an earlier section, the length of the stably growing crack in the 
chevron-notch section can be theoretically calculated using a stress-intensity analysis 
developed for the disk specimen. The equilibrium growth of the crack in the chevron-notch 
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Figure 11. Theoretically Calculated (Solid and Dashed Lines) and Measured Crack 
Lengths (Circles) in the Chevron-Notch Section of Silicon Nitride Disk Specimens. 

section is governed by Eq. 11. Figure 11 shows a plot of P (load) versus a (normalized 
crack length) for the disk specimens used in static loading and grinding. The solid line and 
the two dashed lines represent the theoretical calculations using Eq.  11 based on the mean 
and standard deviation of the mode I fracture toughness (KIC = 4.914 f 0.141 M P a 6 ) .  
The mean and standard deviation of the fracture toughness were determined by taking into 
account all the valid KIC values obtained in the precracking experiments and the two mode I 
fracture toughness data in Fig. 10. The circles represent the actual crack-tip position in the 
notch as revealed by grinding and polishing. It is evident that in a significant number of the 
specimens the crack lengths in the chevron notches were shorter than what Eq. 11 predicts. 
It is not clear at this time what causes this disagreement. However, one possibility is the 
approximation involved in the calculation of Eq. 11. As discussed eaiier, Eq. 11 was 
derived based on the STCA, Le. the equivalent straight-through-crack assumption. The 
compliance of the chevron-notched disk specimen can be alternately modeled by Bluhm's 
slice synthesis method (SS)[15]. Investigation of the Bluhm's slice synthesis method was 
not perfomed during the course of this project. The results in Fig. 11, however, indicate 
the difficulty in precisely controlling the load to precrack the chevron-notched disk 
specimen. 
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Task A.4 Mixed-Mode Loading of the Disk Specimens at Elevated Temperatures. 
Precracked silicon nimde disk specimens were loaded to fracture in diametral 

compression at two elevated temperatures, 2200 ?F and 2500 OF. TWO crosshead speeds, 
1.27 mxn/min and 0.0127 d m i n ,  were used at 2200 ?F to examine the possible effect of 
crosshead speed on the fracture toughness envelope. Tests at 2500 "F used a crosshead 
speed of 1.27 mm/min. Mixed-mode fracture toughness values were measured at four 

'orientations corresponding to KI / (Kl+Kn) ranging from 1.0 to 0.0 and one angle at KI / 
(KI+K~) equal to -0.05. n e  four orientations selected were KI / (KI + KII) = 1.0 (pure 
mode I), 0.634 (i.e. KI / Ku = tan-1 60' ), 0.366 (i.e. KI / KII = tan-1 30') and 0.0 (pure 
mode 11). Two specimens were tested in each orientation, one specimen with precrack 
outside the chevron notch, the other specimen with precrack inside the chevron notch. 
Calculation of the stress-intensity factors followed the same procedure as described in the 
mom temperature tests. 

Task A.4-I 22000 F, Crosshead Speed = I27 mmlmin 
Figure 12 shows the results of combined mode I and mode XI fracture 

toughness tests at 2200 "F and crosshead speed = 1.27 d m i n .  Post-test microscopic 
examination showed, however, that the two specimens tested in pure mode II and the two 
specimens tested in the negative mode I orientations had fractures initiated close to the tips 
of the notch but not the crack tips. This phenomenon was not observed in the room 
temperature tests and was possibly due to excessive shielding effect of the asperity contact 
on the crack surfaces. This shielding effect apparently increases at elevated temperatures as 
well as when the crack is oriented close to pure mode II. Therefore, these four tests were 
considered not valid. To compensate for this, it was decided to test additional two 
specimens at the orientation of KI / Kn = tan-' 15'. These t60 data combined with the 
other data obtained from pure mode I, KI / KII = tar1 60' and KI / Kn = tan-1 30' are 
plotted in Fig. 12. These fracture toughness data are listed in Appendix €3. Eq. 14 was 
fitted to these mixed-mode fracture toughness data. The result is shown in Fig. 12 as the 
solid line. The best fit C value was calculated to be 1.97. The mode I fracture toughness, 
KIC, resulting from the best fit envelope was 4.43 M P a 6 .  

Task A.4-2 22000 F,  Crosshead Speed = 0.0127 mmlmin 
The mixed-mode fracture toughness results of the silicon nitride tested at 2200 

and a crosshead speed of 0.0127 mm/mi.n are summarized in Figure 13. Based on the 
experience in the test series at 2200 ?F and 1.27 mm/min crosshead speed, no specimens 
were tested in the pure mode II and the negative mode I orientations. The data shown in 
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Figure 12. Mode I and Mode II Stress-Intensity Factors for Mixed-Mode Fracture of 
Silicon Nitride Disks in Diametral-Compression Tests at 2200 ?I? 
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Figure 13. Mode I and Mode 11 Stress-Intensity Factors for Mixed-Mode Fracture of 
Silicon Nitride Disks in Diametral-Compression Tests at 2200 9 

(Crosshead Speed = 0.0127 mm/min). 
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Fig. 13 correspond to the specimens tested in the following orientations: pure mode I, I$ / 
KII = tan-1 60°, KI / KII = tan-1 30' and KI / KII = tan-1 15'. The fracture toughness data 
are listed in Appendix C. Eq. 14 was also fitted to the data (shown as the solid line in Fig. 
13); the best fit C value was 1.78. The mode I fracture toughness, K I ~ ,  estimated from the 
best fit envelope was 4.65 MPaG.  

Two disk specimens from the batch tested at 2200 OF and 0.0127 mm/min 
crosshead speed were selected for examination of fracture surfaces in the scanning electron 
microscope. The two specimens selected were the specimen tested in pure mode I with the 
precrack outside the chevron notch and the specimen tested in a mixed-mode orientation, 
KI / Ka = tan-l 60°, with its precrack also outside the chevron notch. Figure 14 shows a 
SEM micrograph of the fracture surface of the first specimen (pure mode I). The fust set 
of arrows points to the position of the crack front after stable crack growth during 
preloading, while the second set of arrows points to the position where fast fracture 
occurred. The fracture surface between the arrows (- 40 pm) is likely due to subcritical 
crack growth promoted by the slow crosshead speed (0.0127 d m i n ) .  Figure 15 shows 
the fracture surface of the second specimen (mixed-mode). The arrows point to the 
position of the precrack front. The subcritical crack growth region could not be clearly 
identified in this case because of the inclined surface of the kink. 

Task A.4-3 25000 F, Crosshead Speed = I27 d m i n  
Figure 16 shows the mode I - mode 11 fracture toughness envelope for the 

silicon nitride tested at 2500 OF and a crosshead speed of 1.27 mm/m.in. Similar to the 
previous tasks, the data represent the results obtained from tests in the orientations of pure 
mode I, KI / Ku = tan-1 60°, KI / KII = tan-1 30' and KI / Kn = tan-l 15'. The fracture 
toughness data are listed in Appendix D. Equation 14 with a C value of 1.68 gave a good 
fit to the data. The mode I fracture toughness, KIC, estimated from this fit was 4.33 
MPaG.  

Task B. Biaxial Disk Flexure Testing and A nalvsb 
Forty disk specimens were supplied by GAPD. The nominal dimensions of the 

specimens were 50.46 mm in diameter and 3.190 mm in thickness. Both surfaces of the as- 
received specimens were finished using 320-grit diamond wheel. All the disk specimens 
had undergone a heat treatment at GAPD. 

31-1 1591 
Appendix II 

23 



Figure 14. Fracrure Surface of Chevron-Notched Diametral-Compression Specimen of 
Silicon Nitride Tested at 2200 9 and 0.0127 mm/min Crosshead Speed in Pure Mode I. 

Figure 15. Fracture Surface of Chevron-Notched Diametral-Compression Specimen of 
Silicon Nimde Tested at 2200 ?f? and 0.0127 INll/min Crosshead Speed in Mixed-Mode. 
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Figure 16. Mode I and Mode II Stress-Intensity Factors for Mixed-Mode Fracture of 
Silicon Nitride Disks in Diametral-Compression Tests at 2500 ?F 
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A hydraulic test system featuring uniform pressure loading of disks was 
employed in this study to measure fracture stresses in biaxial flexure[ 161. Figure 17 shows 
the cross section of the biaxial test cell. The disk specimen was supported along its 
periphery on a ball-bearing support and transversely loaded by uniform pressure. The 
specimen support system consisted of 40 freely rotating ball bearings (3.175 mm in 
diameter) spaced uniformly along a circle , 48.26 mm in diameter. The ball-bearing 
support system was designed to minimize friction at the support points. The opposite 
surface of the disk was transversely loaded by uniform pressure from hydraulic oil. A 
brass foil diaphragm (0.0254 IIM thick) separated the specimen surface and the hydraulic 
oil. Pressure in the test cell was generated using a system consisting of a manual hydraulic 
pump and a hydraulic ram (see the schematic in Figure 18). The ram assembly with its 
piston and cylinder was mounted on the crosshead of a universal testing machine and was 
connected in series with the test cell. A set of high pressure valves were used to direct the 
oil flow in the desired direction. The pump was first used to fully extend the piston outside 
the cylinder with the test cell shut-off from the line. The manual pump was, then, shut-off 
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Figure 17. Cross Section of the Hydraulic Test Cell Used in Biaxial Flexure Tests. 
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Figure 18. Loading Arrangement Used in the Biaxial Flexure Tests. 
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from the line and the test cell was connected. The crosshead of the universal testing 
machine was then used to displace the piston at a uniform displacement rate, thus 
generating a linear pressure increase in the test cell. The pressure rise rates and, therefore, 
the stressing rates could be varied by varing the crosshead speed. The pressure in the test 
cell was measured using a pressure transducer. 

’Task B.l Calibrations and Fracture Stress Measurements 
A disk specimen of thickness, t, and radius, r2, freely supported along a radius, 

rl, and loaded transversely by uniform pressure, p, develops an axisymmemc stress 
distribution. The radial stress, or, and the tangential stress, ob are functions of radial 
position only and their variations as given by plate theory[17,18] are as follows: 

where o, is the maximun tensile stress at the center of the disk given as: 
- 

2 (1-v) + (1+3v) (- ‘2 ) 2 - 4 (l+v) (- r2 ) 2 In (- ‘2 ) ] + (3+v)p (17) 
‘1 ‘1 4 (1-v) 

a and p are parameters that determine the stress gradients and are given as : 

3 p (3 + v) { 
2 8 t  ob 

a =  

8 t‘ ob 

The applicability of Eq. (17) to the disk specimens tested in this study was 
examined by direct measurements of strains at the disk centers. Figure 19 shows the linear 
variation of thickness normalized strains as function of applied pressure measured on two 
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Figure 19. Variation of Thickness-Normalized Strain Measured at the Center of Two 
Silicon Nitride Disk Specimens with Applied Pressure. 

disk specimens of the silicon nitride. The two specimens showed excellent reproducibility. 
The dashed line in Fig. 19 represents the best fit relation to the measured strain values. The 
elastic modulus (E) reflected by this relation can be calculated using the following equation: 

where was calculated from Eq. (17) and v is the Poisson's ratio. The calculated elastic 
modulus was 330.5 GPa. This value is in good agreement with the value obtained at 
GAPD using an ultrasonic method 

Thirty seven (37) out.of the original 40 specimens were tested (Note: initially, 
three specimens were tested using a support system with a larger supporting diameter, 
24.765 mm. The larger supporting circle was too close to the diameter of the specimen and 
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Figure 20. Typical Fracture Pattern in a Disk Specimen of Silicon Nitride Tested in Biaxial 
Flexure. The Arrow Points to the Fracnm Origin. 

this caused edge failure of two specimens). Tests were carried out at room temperature and 
a stressing rate of 23 MPals. This stressing rate was selected because it is the stressing rate 
of a beam specimen (3 x 4 x 45 mm) when tested in four-point bending (40 mm support 

span, 20 mm loading span) at a crosshead speed of 0.5 mm/min. Figure 20 shows a 
representative disk specimen of silicon nimde after fracture in the biaxial flexure test. The 
arrow points to the fracture initiation site on a short length of the fracture plane referred to 
as a "jog." Beyond the jog the fracture plane bifurcated repeatedly, resulting in the fracture 
pattern seen in the figure. The initial jog was randomly located close to the center of the 
disk. 

. .  Task B.2 F racw Stress Data ud%UhS 
Fracture strain (E) for each specimen was calculated from the fracture pressure 

(p) using the strain calibration (Fig. 19). Fracture strains were converted to fracture 
stresses using Eq. 20 and E = 330.5 GPa The probability of fracture, F, for each test 

specimen was defined by the following rank statistics[ 191: 
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(i - 0.5) 
N 

F =  

where i is the rank of a specimen in increasing order of fracture stress and N is the sample 
size. The 'best fit' fracture stress distribution was determined using the maximum 

. likelihood method[20] and expressed in terms of the two-parameter Weibull distribution 
function : 

0 F = l - e ~ p [ - ( - ) ~ ]  
0 e  

In Equation (12), m is referred to as the Weibull modulus and ae is called the characteristic 
strength of the distribution. 

Figure 21 shows the linearized Weibull plot of the fracture stresses of the 
silicon nitride (NT-154) (fracture stress data are listed in Appendix E). The Weibull 
modulus and the characteristic strength were estimated to be 10.41 and 785.2 MPa, 
respectively. The statistical uncertainties of the two parameters were also determined using 
the 'Bootstrap' method[21]. The 90% confidence interval of m is (8.72 c) 13.19); the 
90% confidence interval of 0 0  is ( 762.4 MPa t) 805.6 MPa). 

Care was taken to recover fractured pieces of the disk specimens. Four 
specimens were selected for fractographic examination to identify the strength-controlling 
flaws. These four specimens were selected from different stress levels to represent the 
entire fracture stress distribution. Three specimens fractured from surface flaws. Fracture- 
initiating flaw in one specimen could not be clearly identified. Figures 22 and 23 show 
scanning electron micrographs of the fracture surfaces of two specimens. The two mows 
in Fig. 22 (A) indicate the "jog". Fig. 22 (B) shows a higher magnification of the fracture 
origin. A thin layer of amorphous phase can be observed at the surface; this thin layer was 
suspected to be the fracture origin. In Fig. 23 (A), the "jog" is identified by the arrows. A 
higher magnification of the fracture origin, shown in Fig. 23 (B), indicates that the fracture 
origin was a surface pit. 
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Silicon Nitr ide (NT-154) 
Uniform-Pressure-on-Disk Test 
Test Condition: 70°F, Support Circle r1 = 24.13 mm, 

Stressing Rate u = 23 M P d s  

m = 10.41 
Qg = 78S.2 M P a  

I I I 1 1 

500 550 600 650 700 750 800 850 900 950 

Fracture Stress, at ( M P a )  

Figure 21. Linearized Weibull Plots of the Fracture Stresses of Silicon Nitride Tested in 
Biaxial Flexure. 
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Figure 22. (A) Fracnue Surface in the Vicinity of the Fracture Origin; (B) A Thin Layer of 
Amorphous Phase Was Suspected to be the ~ c t u r e  w. (T = ,474. 5MPa ) 
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Figure 23. (A) Frame Surface in the Vicinity of the Fracture Origin; (B) A Surface Pit 
= 848. o dpLt ) Was Suspected to be the Fracture Origin. ( f 
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111. SUMMARY 

The University of Utah participated in the project entitled, " Life Prediction 
Methodology for Ceramic Components of Advanced Vehicular Heat Engines," as a 
subcontractor to Garrett Auxiliary Power Division (GAPD) of Allied Signal Aerospace 
Company. The University of Utah completed the following two tasks in the subcontract: 

- (A) Measurements of the combined mode I and mode II fracture toughness of a silicon 
nitride ceramic at room and elevated temperatures. 

(B) Measurements of the fracture stresses of the silicon nitride ceramic in biaxial flexure 
at mom temperature. 

In Task A, silicon nitride disk specimens were first chevron-notched in the 
center and then precracked using the static loading and grinding method Specimens were 
tested in diametral compression with different orientatons of the notch line with respect to 
the loading diameter to produce different combinations of KI and KI1. Tests were 
performed at room temperature and two elevated temperatures, 2200 "F and 2500 9. 
Mixed-mode fracture toughness data could be adequately described by a commonly used 
empirical equation with an empirical parameter C representing the shear sensitivity. Results 
indicated that the shear sensitivity increased with increasing temperature. Also, slow-crack 
growth was detected at high temperatures when the disks were tested at a low crosshead 
speed (0.0127 mm / minute). 

In Task B, disk specimens were tested in biaxial flexure using uniform- 
pressure-on-disk tests. Variation of the thickness normalized strain with applied pressure 
was calibrated prior to the test. The apparent elastic modulus determined from the 
calibration results was 330.5 GPa. Fracture stresses were described by a two-parameter 
Weibull distribution function. The Weibull modulus (m) and characteristic strength (00) 

were estimated to be 10.41 and 785.2 MPa, respectively. The analysis of the biaxial 
flexure data using a multiaxial reliability analysis was deferred to a future date when GAPD 
will supply the relevant uniaxial strength data. 
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Appendix A 

Silicon Nitride (NT-154) 
Test Conditions: Temperature = 70 OF, Crosshead Speed = O.OS"/min 

Precracks inside the notch 
(a/R aim) 

KI (MPadm) 
5.0977 
4.9788 
4.6079 
4.0998 
3.4642 
3.4889 
2.5257 
1 .. 3 7 7 0 
0.0412 
-0.4230 

KII (MPadm) 
0.0000 
0.8819 
1.9868 
3.2270 
4.8059 
4.7460 
6.5159 
8.0861 
9.9309 
10.5066 

Precracks outside the notch 
(a/R > aim) 

KI (MPadm) 
4.8 167 
4.9 182 
4.5253 
4.1326 
3.9292 
3.3261 
2.5538 
1.3973 
-0.0086 
-0.545 1 

KII (MPadm) 
0.0000 
0.8787 
1.9757 
3.2744 
5.4628 
4.6343 
6.6148 
8.6383 
10.0266 
11.0515 
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Appendix B 

Silicon Nitride (NT-154) 
Test Conditions: Temperature 2200 OF, Crosshead Speed = O.OS'/min 

Precracks inside the notch Precracks outside the notch 
(a/~ < a l / h  (am > q/R) 

KI (MPadm) KII (MPadm) KI (MPadm) KII (MPadm) 
4 .2602  0.0000 4.6895 0.0000 
4 .0385 2.3051 4.2894 2.485 1 
2 .7093 4 .5274 3.0977 5.3109 
1.8119 6.4768 1 .go52 6.8581 
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Appendix C 

Silicon Nitride (NT- 154) 
Test Conditions: Temperature = 2200 OF, Crosshead Speed = O.OOOS'/min 

Precracks inside the notch . Precracks outside the notch 
(a/R < a 1 M  (a/R > aim) 

KI (MPadm) Kn (MPadm) KI (MPadm) KII (MPadm) 
4.1780 0.0000 4.8483 0.0000 
4.0471 2.3417 4.5960 2.6529 
3.0439 5.2013 2.9882 5.2197 
1.9214 5.9989 1.7691 6.4357 
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Appendix D 

Silicon Nitride (NT- 154) 
Test Conditions: Temperature = 2500 9, Crosshead Speed = O.OS"/min 

Precracks inside the notch Precracks outside the notch 
(m < a l /w (a/R ' aim) 

KI (MPadm) Ku (MPadm) KI (MPadm) KII (MPadm) 
4.1556 0.0000 4.4058 0.0000 
3.9657 2.2924 3.9901 2.3124 
2.6019 4.4853 2.6424 4.5662 
1.6885 5.9289 1.4884 5.5862 
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Appendix E 

'Specimen # 

LPPB 5 
LPPB 6 
LPPB 7 
LPPB 8 
LPPB 12 
LPPB 13 
LPPB 14 
LPPB 15 
LPPB 16 
LPPB 17 
LPPB 18 
LPPB 19 
LPPB 20 
LPPB 21 
LPPB 22 
LPPB 23 
LPPB 24 
LPPB 25 
LPPB 26 
LPPB 27 
LPPB 28 
LPPB 29 
LPPB 30 

' LPPB 31 
LPPB 40 
LPPB 41 
LPPB 42 
LPPB 43 
LPPB 44 
LPPB 45 
LPPB 46 
LPPB 47 
LPPB 48 
LPPB 49 
LPPB 50 
LPPB 51 
LPPB 52 

Silicon Nitride ( NT-154, Heat Treated) 
Uniform-Pressure-on-Disk Test 
Support Circle, rl = 24.13 mm 
Stressing Rate, b = 23 MPds 

Fracture Pressure 
(psi) 
1998 
1514 
1432 
1746 
1662 
1464 
1729 
1775 
1549 
1765 
1882 
1498 
1338 
1788 
1752 
1510 
1578 
1159 
1514 
1402 
1736 
1429 
1423 
1800 
1687 
1426 
1751 
1489 
1774 
1368 
1602 
1655 
1668 
1583 
1668 
1559 
1794 . 

Fracture Strain 

0.002 169 
0.001641 
0.001553 
0.001 894 
0.001 809 
0.001584 
0.001 872 
0.001920 
0.001 674 
0.001908 
0.002033 
0.001618 
0.001444 
0.00 1937 
0.001 893 
0.00 1632 
0.001709 
0.001259 
0.001642 
0.00 1328 
0.00 1 8 89 
0.001550 
0.001545 
0.00 1955 
0.001 83 1 
0.001549 
0.001903 
0.001617 
0.001926 
0.00 1484 
0.001744 
0.001 802 
0.001 8 15 
0.001735 
0.001838 
0.001718 
0.001976 

Fracture Stress 
0 
930.9 
704.5 
666.8 
813.0 
776.3 
680.0 
803.6 
823.9 
718.6 
818.8 
872.5 
694.5 
620.0 
831.5 
812.7 
700.5 
733.4 
540.3 
705.0 
655.7 
810.9 
665.4 
663.0 
839.2 
786.0 
664.8 
816.8 
694.2 

. 826.5 
637.0 
748.7 
773.5 
779.1 
744.5 
789.0 
737.4 
848.0 
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INTRODUCTION 

The following preliminary report is a summary of the technical results 
of the Mode I/Mode I11 and tension/torsion testing program of NT154 SisN4 
received from Garrett Auxiliary Power Division (GAPD) under Contract Award 
Number 2331700/2331710. The testing program for both Mode VMode I11 and 

. tension/torsion testing of notched and unnotched specimens, respectively, has 
now been completed. 

The objective of this program is considered in two phases. The first 
phase involves determining the Mode I and Mode I11 fracture toughness of 
NT154Si3N4 as well as the full fracture toughness envelope between the two 
pure mode fracture conditions. The second phase of the program involves 
evaluating the pure torsional strength and combined tensile/torsional 
strength of the same material. The maximum tensile loads in this phase were 
limited by the capacity of the testing machine. The fracture envelope between 
the pure torsion and maximum tensiodtorsion tests is also obtained. 

The Mode I/Mode I11 tests were performed using notched, pre-cracked 
19 mm diameter cylindrical rods containing a sharp pre-crack induced under 
cyclic compression fatigue. For the tension/torsion tests, unnotched 19 mm 
cylindrical rods with a reduced mid-section approximately 30.5 mm long and 
6.35 mm in diameter were used. A total of 29 cylindrical rods and 40 reduced 
mid-section rods was received for Mode VMode I11 and tension/torsion testing, 
respectively. In addition, 3 reduced mid-section rods were received to be used 
for alignment verification of the testing machine. 

All tests were carried out on an Instron Model 1322 servo-hydraulic bi- 
axial testing machine. The Si3N4 specimens were held in cylindrical hardened 
steel sleeves which had an inner diameter of 19 mm and slots in the direction 
of the tube axes and extending halfway along the length of the sleeve on 
opposite sides. The specimens were inserted into the sleeves and gripped by 
placing two split collets around the sleeves at each end of the specimen. The 
testing configuration is shown in Figure 1. The tests were performed in 
laboratory air at room temperature 
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As reported earlier, alignment procedures were performed according to 
specifications prescribed by GAPD. Alignment verification results showed that 
the percent bending of the alignment train was less than the maximum 
allowed value of 5% as prescribed by both GAPD and ASTM Standard E1012-89. 
Strain gages were mounted on two different specimens at 90" intervals around 
the circumference of the specimens and the strains were recorded at various 

. loads and specimen orientations. Two specimens were used for the verification 
procedure. The first specimen had 4 strain gages at the mid-section of the 
reduced cross-sectiond area while the second specimen had 4 strain gages on 
each of two planes along the reduced cross-sectional area for a total of 8 strain 
gages on this specimen. The results of the alignment verification are 
summarized in Appendix A. 
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MODE VMODE III FRACTURE TOUGHNESS 

The 19 mm cylindrical specimens, were notched with a diamond wheel 
to an inner diameter of 8.9 mm and average notch root radius of 100 pm. They 
were then cycled on an MTS servo-hydraulic testing machine for 100,000 
cycles at 20  Hz in uniaxial cyclic compression. The load and R ratio 

. (PmaxIPmin) values used for pre-cracking, -5 kN to -85 kN, R = 17, were 
systematically determined prior to testing. Three cylindrical 19 mm rods were 
cut into thirds, notched with a diamond wheel, and then cycled in compression 
at various loads and R ratios to determine these conditions. 

Tests were performed on notched, pre-cracked specimens to determine 
the Mode I fracture toughness, the Mode I11 fracture toughness, and the 
combined Mode I/Mode I11 fracture envelope between these two pure mode 
fracture conditions. With the exception of two specimens (#LPPTT 30 and 
#LPPTT 38), the Mode VMode I11 tests were performed by first ramping the 
tension to the desired load, then ramping the torsion until failure. The loading 
path of the two specimens mentioned previously was reversed, i.e., they were 
first loaded in torsion, then ramped in tension until failure. Considering the 
different loading path used for these two specimens, their slight deviation 
(particularly for #LPFTT 30) from the general trend is not surprising. 

Of the 29 cylindrical rods received from GAPD, 17 were successfully 
tested to generate a complete Mode VMode 111 fracture envelope. Three rods 
were used to determine the cyclic compression load range needed to induce, 
before the actual Mode I/Mode I11 test, a sharp pre-crack at the tip of the 
notch, and eight specimens were broken during handling or mounting of the 
specimens or at sufficiently low loads that the test was considered to be invalid. 
The status of the eight specimens not included in the results is listed in 
Appendix B. The specimens which failed during mounting were mounted in a 
similar manner to those which were successfully mounted and tested. The 
high failure rate of the specimens during mounting indicates that the sharp 
pre-crack at the tip of the notch made the specimens much more sensitive to 
loads than the notched but unpre-cracked specimens. 

The results of this phase of the testing program are summarized in Table 
1 and Figure 2. The Mode I fracture toughness of the material was determined 
to be KIc = 4.35 MPadm (*3.8%). The apparent Mode I11 fracture toughness was 
found to be KIIIc = 8.98 MPaJm (+_4.42%), a factor of 2.1 times the Mode I 

r 

\ 
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TABLE 1 

S L W Y  OF MODE UMODE Ill FRACTURE TOUGIEiESS TESTING OF VI354 SUX4 

Mod. of Elas., E = 3.1E+05 MPa 
Poisson's ratio. v = 0.27 FILE. GVKULWQ1 

..*.*...*.....* t ..**...... **1....*..* *t..'*.8**.*8t*8.. *....*. t...... ..**..**. *...*...... *......*... ...*..... t.lt..**. 

Specimen # 

LPPlT 30 
L P r n  3 
LPPlT 23 
L P m  38 
LPPlT 29 
LPPlT 4 
L P r n 2 8  
LPPTTz7 
LPPTT 19 
LPm8 
LPPlT 22 
LPPTT20 
LPPlT 7 
L P r n  21 
L P r n  25 

' urn34 
L P m 6  

IU ( m a "  m) 

5.41 
4.61 
4.50 
4.43 
4.12 
3.95 
3.86 
3.30 
3.15 
ZT 
2.13 
1.13 
0.36 
0.31 
0.06 
0.05 
4.48 

Ktn w a A m )  

1.83 
0.46 
0.11 
0.18 
0.13 
0.27 
5.02 
6.21 
6.51 
7.48 
7.83 
8.71 
9.03 
9.14 
9.42 
8.34 
8.19 

m m  

296 
10.02 
40.91 
24.61 
31.69 
14.63 
0.77 
0.53 
0.48 
0.30 
0.27 
0.13 
0.04 
0.03 
0.01 
0.01 
-0.06 

K m C  

8.98 
8.98 
8.98 
8.98 
8.98 
8.98 
8.98 
8.98 
8.98 
8.98 
8.98 
8.98 
8.98 
8.98 
8.98 
8.98 
8.98 

G(N/m) KIWIUIIc 

101.25 0.204 
64.42 0.051 
60.61 0.012 
58.82 0.020 
50.83 0.014 
46.96 0.030 
147.80 0.559 
190.56 0.692 
203.30 0.725 
244.63 0.833 
264.74 0.872 
314.62 0.970 
334.44 1.006 
342.53 1.018 
363.54 1.049 
284.96 0.929 
275.48 0.912 

. Strain Energy Release Rate. G = (KI"2)(l-v"2)/E+(KmA)2(1+v)/E . .  

Average Mode I fracture toughness based on values obtained from specimens #23. #38. and #29: - 
Avg. KIc: 4.35 MPa"m 
rn( + /-) : 0.17 MPaAm 
Percent( +/-): 3.80 % 

~ 
Average Mode IKI fracture toughness based on values obtained from specimens #7. #21, #9J. and #W 

Avg. Kmc: 8.98 MPaAm 
rn( +/-): 0.40 MPaAm 
Percent( +/-): 4.42 % 
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fracture toughness. The higher value of the Mode 111 fracture toughness 
suggests that the effect of micro mechanisms such as crack face abrasion and 
locking of crack face asperities may have a significant effect on the Mode I11 
fracture toughness values obtained. 
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TENSION/TORSION FRACTURE m N G T H  

The objective of the second phase of the testing program was to 
determine the tension and torsion loads required for failure of reduced mid- 
section rods with a minimum diameter of 6.35 mm along the mid-section of the 
rod and maximum diameter of 19 mm at each end where the specimen was 

maximum possible tension (as dictated by the limits of the testing machine) 
followed by torsion, And two points in-between, for which the tensile loads 
were equally spaced between zero and the maximum possible tensile load. 

. gripped in the cylindrical sleeves. Tests were performed at pure torsion, r 

The distribution of tests may be summarized as follows: 

Pure torsion 
Applied tension 105 MPdtorsion 
Applied tension 2 11 MPdtorsion 
Applied tension 334.8 MPdtorsion 
Applied torsion -624.3 MWtension and, as needed, further torsion 

(applied torsion based on average results of the Applied tension 
334.8 MPdtorsion tests) 

For all but the last group of tests, the tensile load was applied first, 
followed by increasing torsion until failure. Results are reported for 36 of the 
40 specimens and are shown in Table 2 and Figs. 3 and 4. Included in this table 
are the maximum load and torque for each of the tests, the normal and shear 
stresses, the maximum and minimum principal stresses, and the calculated 

tests of the remaining 4 specimens were not included because the values 
obtained were considered invalid for the reasons described in Appendix B 

The results of this phase of the testing program indicate an average 
maximum shear stress (no applied normal stress) of -796.8 MPa (k 11.5%). 
Under an applied normal stress of 334.8 MPa, the average shear stress was 
-624.3 MPa (k 10.4%). For an applied normal stress of 210.8 MPa, the average 
shear stress was -742.5 MPa (+4.4%). Finally, for an applied normal stress of 
105.4 MPa (750 lb), the average normal stress was -800.4 MPa (k 9.2%). For the 
tests performed with an initial applied shear stress of -624.3 MPa and then 
tension with further torsion as needed to induce failure, the average normal 
stress was 290.7 MPa (k 21.6%) with an average shear stress of -700.7 MPa (2  

9.4%) . 

angle which the maximum normal stress makes with the loading axis. The 
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TABLE 
Garrett Hourglass Specimens FILE: “ A L . W Q 1  
Tension-Torsion Test 
February 13,1992 

Spec.# Load Torque sigmaz tauz th 
ob) 0t-h) (psi) (Psi) 

2 

............ *.* ’..... .......*. ... ‘..... .*............ .*....... ........** ‘.*.....* .. ‘....... .I*...... 
LPUITI? 
LPUITlS 
u r n 4  
LPUIT17 
LPUll-18 

Average 
rn( +/-) 
%(+/-) 

L P m - 0  
L P u m l  
L P L m  
L P b P - 4  
L P L r n 3  

Average 
sID( +/-I 
%(t/-) 

L P m 5  
L P m  
LPUll-29 
LPuTI32 
L P u m 4  
L P r n . 5  
urn  
Average 
rn( +/-) 
a(+/-) 

L P u m  
L P m 4  
L P m 5  
L P m 6  
L P u m  
LPuTT8 
L P r n  
LPUITlO 
L P m 4 5  
LPuTT47 
LPuIT48 
LPuI-r49 
LPUlT50 

Average 
sTD( + /-) 
%(+/-) 

L P m  
L P u m 9  
LPIn-I-40 
L P m 4 2  
L p m 4 3  
LpuIT44 

Average 
rn(+/-) 
%(+/-) 

2391.0 
Z85.0 
23820 
2381.0 
2380.0 

2383.8 
4.0 
0.2 

1501.0 
1501.0 
1500.0 
1500.0 
1500.0 

1500.4 
0.5 
0.0 

752.0 
750.0 
750.0 
750.0 
751.0 
749.0 
751.0 

750.4 
0.9 
0.1 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

1.2207 
-1.2207 

0.0 
0.0 
0.0 

0.0 
0.5 ...*..... 

2379.2 
1807.0 
2376.7 
2290.0 
23865 
1180.0 

2069.9 
447.1 
21.6 

-315.0 
-274.0 
-273.0 

-298.0 

-277.8 
29.0 

-10.4 

-229.0 

-347.0 
-346.0 
-329.0 
-320.0 
-310.0 

-330.4 
14.5 
-4.4 

-317.0 
-363.0 
-387.0 
4 7 . 0  
-307.0 
-351.0 
-361.0 

-356.1 
329 
-9.2 

-420.0 
-380.0 
-340.0 
-380.0 
-320.0 
-400.0 
-360.0 
-360.0 
-371.6 
-2l8.3 
-301.8 
-390.1 
-307.1 

-354.5 
40.7 

48.7 
48.6 
48.5 
48.5 
48.5 

48.6 
0.1 
0.2 

30.6 
30.6 
30.6 
30.6 
30.6 

30.6 
0.0 
0.0 

15.3 
15.3 
15.3 
15.3 
15.3 
15.3 
15.3 

15.3 
0.0 
0.1 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

-0.0 
0.0 
0.0 
0.0 

0.0 
0.0 

-11.5 ......... 
-360.4 48.5 
-285.0 36.8 
-319.8 48.4 
-285.0 46.7 
-335.4 48.6 
-285.0 24.0 

-311.8 42.2 
29.3 9.1 
-9.4 21.6 

-102.7 
-89.3 
-89.0 

-97.1 

-90.5 
9.5 

-10.4 

-74.6 

-113.1 
-1128 
-107.2 
-104.3 
-101.0 

-107.7 
4.7 

-4.4 

-103.3 
-118.3 
-126.1 
-1327 
-100.1 
-114.4 
-117.7 

-116.1 
10.7 
-9.2 

-136.9 
-133.9 
-110.8 
-123.9 
-104.3 
-130.4 
-117.3 
-117.3 
-121.1 
-90.7 
-98.4 

-127.2 
-100.1 

-115.6 
13.3 

335.8 
335.0 
334.6 
334.4 
334.3 

334.8 
0.6 
0.2 

210.8 
210.8 
210.7 
210.7 
210.7 

210.8 
0.1 
0.0 

105.6 
105.3 
105.3 
105.3 
105.5 
105.2 
105.5 

105.4 
0.1 
0.1 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.2 

-0.2 
0.0 
0.0 
0.0 

0.0 
0.1 

-11.5 I*....... 

-117.5 334.2 
-929 253.8 

-104.2 333.8 
-92.9 321.7 

-929 165.7 
-109.3 335.2 

-101.6 290.7 
9.5 62.8 

-9.4 21.6 
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-707.9 

-613.5 
-514.7 
-669.7 

-621.3 
65.2 

-615.8 

-10.4 

-779.9 
-777.6 
-739.4 
-719.2 
-696.7 

-742.5 
325 
4.4 

-712.4 
-815.8 
-869.8 
-914.7 
-690.0 
-788.8 
-811.3 

-800.4 
74.0 
-9.2 

-943.9 
-854.0 
-764.1 
-854.0 
-719.2 
-899.0 
-809.1 
-809.1 
-835.1 
425.5 
-678.3 
-876.7 
490.2 

-796.8 
91.4 

-11.5 

-810.0 
-640.5 
-718.7 
-640.5 
-753.8 
-640.5 

-700.7 
65.8 
-9.4 

895.5 
805.7 
803.2 
708.4 
857.4 

814.0 
63.0 

7.7 

8924 
890.1 
852.2 
8312 
810.0 

855.4 
322 
3.8 

161.2 
870.2 
924.0 
968.9 
744.7 
843.2 
865.8 

854.9 
73.8 
8.6 

943.9 
854.0 
764.1 
854.0 
719.2 
899.0 
809.1 
809.1 
835.2 
6254 
678.3 
816.7 
690.2 

796.8 
91.4 
11.5 

994.1 
779.9 
904.8 
821.2 
939.8 
728.7 

861.4 
92.7 
10.8 

-559.7 
-470.7 
-468.7 
-373.9 
-523.1 

179.2 
62.7 
-13.1 

-681.5 
-679.3 
-641.5 
-621.5 
-599.3 

-641.6 
321 
-5.0 

-661.6 
-764.8 
-818.7 
-863.5 
-639.2 
-738.0 
-760.3 

-749.4 
13.8 
-9.9 

-943.9 
-854.0 
-764.1 
-854.0 
-719.2 
-899.0 
-809.1 
-809.1 
-835.1 
-625.5 
-678.3 

. -816.7 
490.2 

- 

-796.8 
91.4 

-11.5 

-659.9 
-526.1 
-570.9 
-499.6 
4 4 . 6  
-563.0 

-570.7 
520 
-9.1 

-38.3 
-37.4 
-37.4 
-36.0 
-38.0 

-37.4 
0.8 

-21 

-41.2 
-41.1 
-40.9 
-40.8 
-40.7 

-41.0 
0.2 

-0.4 

-42.9 
-43.2 
-43.3 
43.4 
-42.8 
-43.1 
-43.1 

-43.1 
0.2 

-0.4 

-42.0 
-45.0 
-45.0 
45.0 
-45.0 
-45.0 
-45.0 
-45.0 
-45.0 
45.0 

-45.0 
-45.0 
-45.0 

-38.1 
24.0 

-63.0 

-39.2 
-39.4 
-38.5 
-38.0 
-38.7 
-41.3 

-39.2 
1.1 

-27 
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CONCLUSIONS 

A sharp pre-crack approximately 100 pm long was successfully 
induced in notched, 19 mm cylindrical NT154 Si3N4 rods subjected to 
cyclic compression. 

r 

Alignment of the Instron 1322 servo-hydraulic bi-axial testing 
machine used for this testing program was verified and found to be 
less than 5% bending as prescribed by both GAPD and ASTM Standard 
E1012-89. 

Pure Mode I and pure Mode I11 fracture toughness values, KIc and 
KIIIc, respectively were obtained for NT154 Si3N4. KIc was found to 
be 4.35 MPahi (k 3.8%) and KIIIc was found to be 8.98 MPadm (k 
4.42%). The full fracture envelope between these two values was also 
obtained. 

Pure torsion and tension/torsion strengths of NT154 Si3N4 were also 
determined. The shear strength of this material under pure torsion 
was found to be -796.8 MPa (k 11.5%). Under an applied tension of 
334.8 MPa, the shear strength was -624.3 MPa (+ 10.4%). The fracture 
conditions for two points between these two conditions was also 

obtained. 
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APPENDIX A 

Specimen U 5 l  
30 k s  (1500 Ibs.) .~.*.......-......*~~....~*~. .u..*..**...*.*-. .**........**e “.~.....~..~......t..........“.Ct..”ttt. *. f............. 

1st cycle 2nd cycle 3rd cycle 4th cycle 5th cycle 
.u........... t......tt........ .*...e....*...... t... u..r.........+..~.u.~..*.r.......*..r....*......u.**.~...r....*’+. 

0 Degrees Rotation (upper plane) 1.27 0.36 0.25 0.25 0.25 
(lower plane) 2.05 1.93 1.82 1 .82 1.7 

90 Degrees Rotation (upper plane) 1.96 2.15 2.37 2.16 2.17 
(lower plane) 2.82 2.19 2.51 2.33 2.33 

180 Degrees Rotation ’ (upper plane) 1.94 0.57 0.72 0.54 0.56 
(lower plane) 2.27 0.57 0.4 0.54 0.4 

270 Degrees Rotation (upper plane) 1.3 1.07 1.08 1.25 1.41 
(lower plane) 1.32 0.92 0.97 1.04 0.8 

360 Degrees Rotation (upper plane) 2.65 2.34 2.58 2.58 2.73 
(lower plane) 1.83 1.67 1.81 1.81 1.81 

Best Condition 

Worst Condition 

(upper plane) 2.4 1 .83 1 74 1.74 1.62 
(lower plane) 2.64 2.24 215 2.47 2.31 

(upper plane) 3.6 3.54 3.29 3.62 3.89 
(lower plane) 2.38 2.53 2.54 27 2.73 
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APPENDIX B 

SPECIMEN #: 

LPPTTS 
- LPm12 

LPFTT16 
LPFlT18 
LPFTT26 
LPFTT3 1 
LPFTT36 
L P m 3 7  

L p m 2  
LPm11 
L P ~ 1 3  
LPUTT41 

REASON FOR REJECTION 

Failed due to failure of pre-cracking block (no data) 
Failed while ramping tension (possibly defect) 
Failed during mounting (no data) 

' Failed during mounting (no data) 
Failed during mounting (no data) 
Failed during test preparation (no data) 
Failed at very low loads (possibly defect) 
Failed during mounting (no data ) 

Slipped during testing (may or may not be valid) 
Non-linear load-disp. curve (reason unknown) 
Failed at very low loads, localized area (possibly defect) 
Failed at very low loads 

3 1-1 1591 
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127022-5 

MODE I 
(Specimen LPFTT23) 

GB11591-712 
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127022-5 

MODE I11 
(Specimen LPPlT7) 
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APPENDIX IV 

SUMMARY OF STRENGTH TEST RESULTS 
AND FRACTOGRAPHY 

31-11591 
Appendix IV 

i 



&lieaSignal 
A E R O S P A C E  

TABLE 1. 4-POINT FLEXURE DATA OF MIL-A AND MIL-B SPECIMENS 

LONGITUDI~ MACHINED MIL-A FLEXURE BARS 

Specimen Stress Fracture Origin - 
Number (ksi) Location Type 
LPA-1 152.0 S u r f a c e  S u r f a c e  
LPA-2 
LPA-3 
LPA-4 
LPA-5 
LPA- 6 
LPA- 7 
LPA- 8 
LPA- 9 
LPA- 1 0 
LPA- 1 1 
LPA- 12 
LPA-13 
LPA- 14 
LPA- 15 
LPA- 1 6 
LPA- 1 7 
LPA-18 
LPA- 1 9 
LPA-2 0 
LPA- 2 1 
LPA-22 
LPA-2 3 
LPA-24 
LPA-2 5 
LPA-2 6 
LPA-27 
LPA-2 8 
LPA-2 9 
LPA-30 
LPA-31 
LPA- 3 2 
LPA-33 
LPA- 3 4 
LPA- 3 5 
LPA-36 
LPA-3 7 
LPA- 3 8 
LPA-3 9 
LPA-4 0 
LPA- 4 1 
LPA-42 
LPA-43 

142.5 
132.0 
136.8 
110.0, 
120.4 
142.5 
159.4 
105.8 
149.9 
130.5 
153.1 
140.4 
125.6 
144.6 
152.2 
90.8 
110.2 
132.6 
139.8 
119.3 
138.7 
110.9 
151.0 
137.2 
87.6 
145.3 
134.1 
137.7 
99.5 
149.5 
151.0 
116.6 
151.0 
98.8 
143.6 
130.9 
152.0 
133.4 
135.1 
110.2 
153.1 
111.5 

S u r f a c e  
Corner  
Corner  
I n t e r n a l  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
S u r f a c e  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
S u r f a c e  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner 
Corner  
S u r f a c e  
Corner  
Corner  
Corner  
Corner  
S u r f a c e  
Corner  
S u r f a c e  
Corner  
Corner  
Corner  
Corner  
Corner  

S u r f a c e  
S u r f a c e  
S u r f a c e  
I n c l u s i o n  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
Surf  ace 
S u r f a c e  
Surf  ace 
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
Surf  ace 
S u r f a c e  
S u r f a c e  
S u r f a c e  
Surf  ace 
Surf  ace 
S u r f a c e  
S u r f a c e  
S u r f a c e  
Surface 
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  

Comments 

Tested edgewise 
Dark i n c l u s i o n  

Possible c o r n e r  damage 

Possible c o r n e r  damage 

P o s s i b l e  c o r n e r  damage 

Possible corne r  damage 

Possible c o r n e r  damage 
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TABLE 1- 4-POINT FLEXURE DATA OF MIL-A AND MIL-B SPECIMENS ( C o n t d )  

LONGITUDINAL MACHINED MIL-A FLEXURE BARS ( C o n t d )  

Specimen Stress Fracture Origin 
Number  (ksi) Location 6 Comments 
LPA-44 1 4 4 . 6  Corner  S u r f a c e  
LPA-45 
LPA-46 
LPA-47 
LPA-4 8 
LPA-49 
LPA-50 
LPA-51 
LPA-52 
LPA-53 
LPA-54 
LPA-55 
LPA-5 6 
LPA-57 
LPA-58 
LPA-59 
LPA- 6 0 

135.1 
122.5 
148 .9  
1 4 8 . 2 ,  
1 4 4 . 6  
135.1 
1 1 4 . 2  
159.4 
130.5 
1 4 0 . 4  
136.2 
1 4 3 . 6  
157 .3  

80.4 
130 .5  
135.1 

Corner  
Corner  
Corner  
S u r f a c e  
Corner  
Surf  ace 
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
S u r f a c e  
Corner  
Corner  
Corner  

S u r f a c e  
S u r f a c e  r 
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  P o s s i b l e  c o r n e r  damage 
S u r f a c e  
S u r f a c e  

Nominal Specimen Dimensions: Mil-A,  1 . 5 ~ 2 ~ 2 5  mm 
Loading F i x t u r e  Geometry: 

Four p o i n t  l o a d i n g  w i t h  1 0  mm i n n e r  span and 20 mm o u t e r  span .  
Modif ied room t e m p .  ORNL/HTML I E A  Round-robin s tee l  f i x t u r e .  
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&l9kiMisignal 
A E R O S P A C E  

TABLE 1. 4-POINT FLEXURE DATA OF MIL-A AND MIL-B SPECIMENS ( C o n t d )  

LONGITUDINAL MACHINED MIL-B BARS 

Specimen 
Number 
LPBL-1 
LPBL-2 
LPBL-3 
LPBL-4 
LPBL-5 
LPBL-6 
LPBL-7 
LPBL-8 
LPBL-9 
LPBL-10 
LPBL-11 
LPBL- 12 
LPBL-13 
LPBL-14 
LPBL-15 
LPBL-16 
LPBL-17 
LPBL-18 
LPBL-19 
LPBL-20 
LPBL-21 
LPBL-22 
LPBL-23 
LPBL-24 
LPBL-25 
LPBL-26 
LPBL-27 
LPBL-28 
LPBL-29 
LPBL-30 
LPBL-31 
LPBL-32 
LPBL-33 
LPBL-34 
LPBL-35 
LPBL-36 
LPBL-37 
LPBL-38 
LPBL-39 
LPBL-40 
LPBL-41 
LPBL-42 
LPBL-43 

T e s t  Stress, Fracture Origin 
Comments Temp, F k s i  Location Type 

70 91.8 Corner Chip 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 

129.1 
71.9 
113.5 
98.3 
148.6 
149.7 
117.2 
110.8 
143.2 
88.6 
116.7 
85.9 
89.1 
147.0 
127.0 
131.8 
122 * 1 
102.1 
159.4 
130.2 
124.8 
130.2 
139.4 
132.9 
141.0 
161.5 
151.3 
130.7 
77.3 
144.3 
172.4 
151.3 
148.6 
167.5 
142.6 
159.4 
95.6 
136.2 
131.3 
157.8 
155.1 
152.4 

I n t e r n a l  
Corner 
Corner 
Corner 
Corner 
Corner 
Corner 
Corner 
Surface  
Corner 
Corner 
Corner 
Sur face  
Corner 
Corner 
Corner 
Corner 
I n t e r n a l  
Su r face  
Corner 
Corner 
Corner 
Sur face  
Corner 
Corner 
Corner 
Corner 
Surface 
Corner 
Corner 
Sur face  
Sur face  
Corner 
Sur face  
Sur face  
Sur face  
Corner 
Sur face  
Corner 
Sur face  
Corner 
Corner 

P i t -  
Chip 
Sur face  
Sur face  
Surf  ace 
Sur face  
Sur face  
Surf  ace 
Sur face  
Sur face  
Sur face  
Surf  ace 
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
I n c l u s i o n  
Sur face  
Sur face  
Surface  
Sur face  
Surf  ace 
Sur face  
Sur face  
Surf  ace 
Sur face  
Surface 
Sur face  
Sur face  
Sur face  
Sur face  
S u r f a c e  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Surf  ace 
Sur face  

Machining l i n e  

Chip w i t h  smear 
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&liedsignal 
A E R O S P A C E  

TABU3 1. 4-POINT FLEXURE DATA OF MIL-A AND MIL-B SPECIMENS ( C o n t d )  

LONGITUDINAL MACHINED MIL-B EARS ( C o n t d )  

LPBL-45 
LPBL-4 6 
LPBL-47 
LPBL-48 
LPBL-49 
LPBL-50 
LPBL-51 
LPBL-52 
LPBL-163 
LPBL-164 
LPBL-165 
LPBL-166 
LPBL-167 
LPBL-168 
LPBL-169 
LPBL- 1 7 0 
LPBL-53 
LPBL-54 
LPBL-55 
LPBL-56 
LPBL-57 
LPBL-58 
LPBL-59 
LPBL-60 
LPBL-61 
LPBL-62 
LPBL-63 
LPBL-64 
LPBL-65 
LPBL-66 
LPBL-67 
LPBL-68 
LPBL-69 
LPBL-70 
LPBL-71 
LPBL-72 
LPBL-73 
LPBL-74 
LPBL-75 
LPBL-7 6 
LPBL-77 
LPBL-78 

70 
70 

70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
1800 
1800 

70 I 

Specimen T e s t  Stress, Fracture Origin 
Number Temp, F k s i  Location Type C o m m e n t s  
LPBL-44 70 144.3 Surface  Sur face  

70 134.0 Corner  Sur face  
c 

1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 

157.2 
131.3 
157.8 
158.8 
127.0 
144.3 
115.6 
135.7 
137.3 
156.2 
156.2 
112.6 
158.3 
156.2 
107.7 
104.2 
105.8 
133.4 
146.2 
107.9 
94.5 
100.1 
106.6 
109.6 
113.5 
136.2 
109.9 
106.4 
103.2 
107.1 
107.0 
102.7 
143.2 
126.4 
105.9 
108.6 
103.2 
96.7 
100.0 
114.5 
104.3 

Corner 
Corner 
Surface  
Corner  
Sur face  
Surf  ace 
Corner  
Corner  
Sur face  
I n t e r n a l  
Corner  
Corner  
I n t e r n a l  
Corner  
I n t e r n a l  
Su r face  
Surf  ace 
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Surface  
Corner  
Surf  ace 
Sur face  
Sur face  
Sur face  
Corner  
Surface  
Sur face  
Corner  
Sur face  
Sur face  
Sur face  
Corner  
Corner  
Surf  ace 
Sur face  
Surface  
Surf  ace 
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Sur face  
Sur face  
Sur face  
Surface  
Sur face  
Sur face  
Surface  
Sur face  
Surface  
Void 
Sur face  
Sur face  
I n c l u s i o n  
S u r f a c e  
I n c l u s i o n  
Sur face  
S u r f a c e  
Sur face  
S u r f a c e  
Sur face  
Sur face  
Sur face  
S u r f a c e  
Chip 
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
Sur face  
S u r f a c e  
Sur face  
S u r f a c e  
Sur face  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
Chip 
S u r f a c e  
Sur face  

Machining l i n e  
Good photo  

Bottom c o r n e r  



- A E R O S P A C E  

. TABLE 1. 4-POINT FLEX- DATA OF MIL-A AND MIL-B SPECIMENS ( C o n t d )  

LONGITUDINAL MACHINED MIL-B BARS ( C o n t d )  

Specimen Test Stress, Fracture Origin 
Number Temp, F k s i  L o c a t i o n  Type Comments 
LPBL-79 1800 101.0 Corner Sur face  
LPBL-81 
LPBL-82 
LPBL-83 
LPBL-84 
LPBL-85 
LPBL-86 
LPBL-88 
LPBL-89 
LPBL-90 
LPBL-91 
LPBL-92 
LPBL-93 
LPBL-94 
LPBL-95 
LPBL- 9 6 
LPBL-97 
LP BL- 9 8 
LPBL-99 
LPBL-10 0 
LPBL-101 
LPBL-102 
LPBL- 1 0 3 
LPBL-104 
LPBL-105 
LPBL-10 6 
LPBL-107 
LPBL-108 
LPBL-109 
LPBL- 11 0 
LPBL- 11 1 
LPBL-112 
LPBL- 11 3 
LPBL- 11 4 
LPBL-115 
LPBL-116 
LPBL- 1 1 7 
LPBL- 1 1 8 
LPBL-119 
LPBL-120 
LPBL- 1 2 1 
LPBL-122 
LPBL-12 3 

1800 
1800 
1800 
2100 
2100 
2100 
2100 
2100 
2100 
2100 
2100 
2100 
2100 
2100 
2100 
2100 
2100 
2100 
2100 
2100 
2100 
2100 
2100 
2100 
2100 
2100 
2100 
2100 
2100 
2100 
2100 
2100 
2100 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 

109.1 
109.1 
107.5 
90.2 
94.6 
96.7 
88.6 
92.9 
87.5 
90.2 
90.2 
91.8 
100.5 
92.4 
99.4 
91.8 
87.5 
80.0 
91.3 
90.2 
89.7 
105.6 
100.2 
102.9 
99.6 
99.6 
96.9 
107.7 
103.4 
105.6 
100.2 
98.0 
116.3 
94.2 
99.6 
96.9 
91.6 
92.1 
94.2 
93.2 
97.5 
101.8 

Surface  
Surface  
Corner 
Surface  
Surface  
Corner 
Corner 
Surface  
Surface  
Corner 
Surface  
Surface  
Surface  
Sur face  
Sur face  
Surface  
Surface  
Surface  
Surface  
Corner 
Surface  
I n t e r n a l  
Sur face  
Surface  
Surface  
Sur face  
Corner 
Surface 
Sur face  
Corner 
Surface  
Sur face  
Sur face  
Sur face  
Corner 
Corner 
Corner 
Surface  
Surface  
Surface  
Corner 
Surface  
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Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Crack 
Sur face  
Sur face  
Sur face  
Sur face  
Surf  ace 
Surf  ace 
Sur face  
Sur face  
Surf  ace 
Sur face  
Sur face  
Sur face  
Surf  ace 
Sur face  

c 

Fe 

I n c l u s i o n  Fe,  C r , N i  
Snrface 
Sur face  
Sur face  
Sur face  
Sur face  
Surface 
Sur face  
Surface 
Sur face  
S u r f a c e  
Chip 
Sur face  
S u r f a c e  
Surf  ace 
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  



TABLE 1. 4-POINT FLEXURE DATA OF MIL-A AND MIL-B SPECIMENS ( C o n t d )  

LONGITUDINAL MACHINED MIL-B BARS ( C o n t d )  

LPBL-125 
LPBL-126 
LPBL-12 7 
LPBL-128 
LPBL- 12 9 
LPBL-13 0 
LPBL-131 
LPBL-132 
LPBL- 1 3 3 
LPBL- 13 4 
LPBL-135 
LPBL- 13 6 
LPBL- 1 3 7 
LPBL-13 8 
LPBL-139 
LPBL-14 0 
LPBL- 14 1 
LPBL-14 2 
LPBL- 14 3 
LPBL- 14 4 
LPBL-145 
LPBL-146 
LPBL-14 7 
LPBL-148 
LPBL-149 
LPBL-15 0 
LPBL-151 
LPBL-152 
LPBL-153 
LPBL-154 
LPBL-155 
LPBL- 15 6 
LPBL-157 
LPBL-15 8 
LPBL-15 9 
LPBL-2 11 
LPBL-212 
LPBL-213 
LPBL-2 14 
LPBL-215 
LPBL-216 
LPBL-217 

Specimen T e s t  Stress, Fracture O r i g i n  
Number Temp, F k s i  Location 
LPBL-124 2200 99.6 S u r f a c e  S u r f a c e  

2200 94.2 S u r f a c e  Sur face  
2200 91.0 S u r f a c e  Sur face  

Comments  Type 

c 

2200 

2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 

2200 
94. a 
97.5 
99.6 
98.0 
95.3 
99.6 
95.9 
95.3 
93.7 
93.2 

S u r f a c e  
S u r f a c e  
Corner  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
I n t e r n a l  

S u r f a c e  
Surf  ace 
S u r f a c e  
Sur face  
S u r f a c e  
Sur face  C,Fe,Co 
S u r f a c e  
S u r f a c e  
S u r f a c e  
I n c l u s i o n  Fe 

2200 100.7 S u r f a c e  Sur face  
2200 93.2 Sur face  Sur face  
2200 
2200 
2200 
2200 
2200 
2200 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 

102.9 
102.3 
100.7 
104.5 
102.9 
100.2 
92.1 
94.8 
109.5 
99.6 
98.6 
87.2 
99.6 
97.5 
105.0 
95.3 
102.9 
103.4 
98.6 
100.2 
102.3 
102.9 
102.3 
94.2 
90.5 
92.6 
92.1 
91.6 

Surface 
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
Corner  
Corner  
S u r f a c e  
S u r f a c e  
S u r f a c e  
Corner  
Corner  
Corner  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
Sur face  
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Surf ace 
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
Sur face  
S u r f a c e  
S u r f a c e  
Sur face  
S u r f a c e  
S u r f a c e  
S u r f a c e  

N e a r  c o r n e r  

Fe 

Possible sub-sur face  



TABLE 1. 4-POINT FLEXURE DATA OF MIL-A AND MIL-B SPECIMENS ( C o n t d )  

LONGITUDINAL MACHINED MIL-B BARS ( C o n t d )  

Specimen Test Stress, Fracture O r i g i n  
Number Temp, F k s i  L o c a t i o n  Comments 
LPBL-218 2300 94.2 Sur face  Sur face  
LPBL-2 19 
LPBL-2 2 0 
LPBL-221 
LPBL-222 
LPBL-223 
LP BL- 2 2 4 
LPBL-2 25 
LPBL-226 
LPBL-227 
LPBL-22 8 
LPBL-229 
LPBL-2 3 0 
LPBL-232 
LPBL-233 
LPBL-235 
LPBL-236 
LPBL-237 
LPBL-2 3 9 
LPBL-240 
LPBL-241 
LPBL-2 4 2 
LPBL-2 43 
LPBL-244 
LPBL-245 
LPBL- 2 4 6 
LPBL-247 
LPBL-248 
LPBL-24 9 
LPBL-250 
LPBL-2 5 1 
LPBL- 2 5 3 
LPBL-254 
LPBL-255 
LPBL- 2 5 6 
LPBL- 2 5 7 
LPBL-258 
LPBL-260 
LPBL-261 
LPBL-262 
LPBL-263 
LPBL-264 
LPBL-265 

2300 
2300 
2300 
2300, 
2300 
2300 
2300 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2500 
2500 
2500 
2500 
2500 
2500 
2500 

72.7 
95.3 
94.8 
92.6 
88.9 
93.7 
92.1 
86.7 
87.2 
81.3 
88.3 
82.4 
81.9 
84.6 
96.4 
88.9 
91.6 
93.7 
94.2 
94.2 
86.7 
92.1 
92.6 
93.2 
93.2 
88.9 
98.6 
9 4 . 2  
91.0 
95.3 
95.9 
86.2 
92.1 
89.4 
90.5 
93.2 
93.2 
96.9 
92.1 
91.6 
88.9 
91.6 

Sur face  
Corner  
Sur face  
Corner  
Sur face  
Sur face  
Sur face  
Corner  
Surf  ace 
Sur face  
Sur face  
Surf  ace 
Sur face  
Sur face  
Corner  
Corner  
Sur face  
Sur face  
Surf  ace 
Surf  ace 
Corner 
Sur face  
Surf  ace 
I n t e r n a l  
Su r face  
Surf  ace 
Corner  
Corner 
Corner  
Corner  
S u r f a c e  
Sur face  
Sur face  
S u r f a c e  
Corner  
Sur face  
Sur face  
Corner  
Sur face  
Sur face  
Sur face  
Sur face  

Crack 
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
S u r f a c e  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Surf  ace 
Sur face  
Sur face  
Surf  ace 
Sur face  
Sur face  

On side. S t r a i g h t  

Machining l i n e  

Machining l i n e  

I n c l u s i o n  
S u r f a c e  
Sur face  
Sur face  
Surface 
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
Surf  ace 
S u r f a c e  
Sur face  
S u r f a c e  
S u r f a c e  
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TAB= 1. 4 - P O I m  FLEXURE DATA OF MIL-A AND MIL-B SPECIMENS ( C o n t d )  

LONGITUDINAL MACHINED MIL-B BARS ( C o n t d )  

Specimen T e s t  Stress, Fracture O r i a i n  
Number Temp, F ksi -Location Ty& Comments 
LPBL-266 2500 96.4 S u r f a c e  Sur face  
LPBL-267 
LPBL-2 68 
LPBL-2 70 
LPBL-271 
LPBL-272 
LPBL-273 
LPBL-274 
LPBL-275 
LPBL-276 
LPBL-2 77 
LPBL-278 
LPBL-279 
LPBL- 2 8 0 
LPBL-281 
LPBL-282 
LPBL-283 
LPBL-284 
LPBL-285 
LPBL-2 8 6 
LPBL-287 
LPBL-288 

2500 
2500 
2500 
2500. 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 

95.3 
89.4 
96.9 
94.2 
91.6 
93.7 
91.0 
91.0 
84.0 
92.1 
93.7 
81.9 
91.6 
94.8 
95.9 
84.6 
86.7 
87.8 
88.9 
89.9 
89.9 

S u r f a c e  
S u r f a c e  
Sur f  ace 
S u r f a c e  
Sur f  ace 
Sur f  ace 
S u r f a c e  
Corner  

Surface  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  Fe, C o  

S u r f a c e  Sur face  
I n t e r n a l  Volume 
S u r f a c e  Sur face  
I n t e r n a l  Void 
S u r f a c e  Sur face  
I n t e r n a l  Volume 
S u r f a c e  Sur face  
Corner  Sur face  
S u r f a c e  S u r f a c e  
S u r f a c e  Sur face  
S u r f a c e  S u r f a c e  
I n t e r n a l  I n c l u s i o n  -Fe 
Corner  S u r f a c e  
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& I i i g n a l  
A E R O S P A C E  

TABLE 1. 4 -POIm FLEXURE DATA OF MIL-A AND MIL-B SPECIMENS (Contd)  

45 DEGRgES MACHImD MIL B BARS 

Specimen T e s t  Stress, F r a c t u r e  O r i g i n  By or 
Number Temp, F ksi Location Comments Visual 

LPB451 70 1 1 6 . 7  S u r f a c e  S u r f a c e  
LPB452 
LPB453 
LPB454 
LPB455 
LPB456 
LPB457 
LPB458 
LPB459 
LPB4510 
LPB4 5 11 
LPB45 1 2  
LPB4 5 13 
LPB4514 
LPB4515 
LPB4516 
LPB4517 
LPB4518 
LPB4519 
LPB4520 
LPB4521 
LPB4522 
LPB4523 
LPB4524 
LPB4525 
LPB4526 
LPB4527 
LPB4528 
LPB4529 
LPB4 5 3 0 
LPB4531 
LPB4532 
LPB4533 
LPB4534 
LPB4535 
LPB4536 
LPB4537 
LPB4538 
LPB4539 
LPB4540 

70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70  
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 

8 0 . 0  
1 0 3 . 2  
1 0 1 . 6  
1 0 2 . 7  
1 3 6 . 2  
1 2 2 . 6  
1 2 4 . 8  

94 .0  
1 0 7 . 0  

9 8 . 3  
1 0 5 . 4  
1 2 2 . 1  

8 2 . 1  
1 0 5 . 9  

8 6 . 4  
1 2 7 . 0  
1 2 9 . 1  
1 1 0 . 8  
1 1 2 . 9  
1 1 4 . 0  
115.3 

9 1 . 6  
1 2 7 . 6  

9 9 . 6  
1 1 6 . 3  
1 0 3 . 9  
1 0 4 . 5  

80 .2  
1 2 3 . 9  
1 5 0 . 8  

9 5 . 3  
9 6 . 9  

1 2 0 . 6  
9 6 . 9  

1 4 1 . 1  
1 3 7 . 3  
1 1 6 . 3  

9 8 . 0  
1 1 4 . 2  

Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner 
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
S u r f a c e  
Corner  
Corner  
Corner  
Corner  

Chip 
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
Chip 
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
Chip 
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
Chip 
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
Surface 
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
Chip 
S u r f a c e  
S u r f a c e  
S u r f  ace 

c 
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A E R O S P A C E  

TAB= 1. 4-POINT FLEXURE DATA OF MIL-A AND MIL-B SPECIMENS ( C o n t d )  

TRANSVERSE MACHINED MIL-B BARS 

S p e c i m e n  Test Stress, Fracture Origin By or 
Number Temp, F k s i  L o c a t i o n  Type Comments Visual 
LPBT-183 70 80.1 Corner  S u r f a c e  
LPBT-184 
LPBT-185 
LPBT-186 
LPBT-187 
LPBT-188 
LPBT-18 9 
LPBT-190 
LPBT-191 
LPBT-192 
LPBT-193 
LPBT-194 
LPBT-195 
LPBT-196 
LPBT-197 
LPBT-198 
LPBT-199 
LPBT-200 
LPBT-201 
LPBT-202 
LPBT- 2 0 3 
LPBT-204 
LPBT-205 
LPBT-206 
LPBT-207 
LPBT-2 0 8 
LPBT-209 
LPBT-210 
LPBT-2 11 
LPBT-212 

70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
-7 0 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 

100.8 
88.3 
62.1 
65.4 
103.5 
117.2 
57.8 
103.5 
90.5 
91.0 
109.5 
92.6 
107.3 
100.8 
115.5 
125.3 
57.8 
108.4 
120.4 
99.2 
102.4 
112.8 
115.5 
102.4 
89.9 
111.7 
104.6 
104.6 
115.0 

Corner  
Corner  
Corner  
Corner  
S u r f a c e  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
S u r f a c e  
S u r f a c e  
Corner  
Corner  
Corner  
Corner  
Corner  

S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f  ace 
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f  ace 
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
Chip 
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f  ace 
S u r f a c e  

Nominal Specimen Dimensions: Mil-B, 3x4~50 mm 
Loading F i x t u r e  Geometry: 

Four  p o i n t  l o a d i n g  w i t h  20 mm i n n e r  span  and  40 rrh o u t e r  s p a n .  
Room temp - Mil-B ORNL/HTML IEA Round-robin s t ee l  f i x t u r e .  
High temp - GAPD Mil-B ceramic f i x t u r e  e v a l u a t e d  and  u s e d  i n  IEA 

Note: Only specimens LPBT144, 152 a n d  210 f a i l ed  o u t s i d e / u n d e r  i n n e r  
span  by 0.97, 0.30 and  0.23 mm r e s p e c t i v e l y .  

Rou 
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A E R O S P A C E  

TABLE 2. S I Z E  E ( 6  INCH) FLEXURE BARS 

Outer span = 5 inch, Inner span = 2-5 inch 
A l l  fai lures  inside outer span 

Specimen Depth Width Stress - - 
- ID  in in 

LPEL-1 0 .7205  0 .3500 
LPEL-4 0 .7201  0 .3500 
LPEL-5 0 .7205 0 .3500 
LPEL-7 0 .7205 0 .3500 

LPEL-8 0 .7205  0 .3500 
LPEL-9 0 .7209  0 .3500 
LPEL-11 0 .7205  0 .3500 
LPEL-12 0 .7205  0 .3504 

LPEL-13 0 .7205  0 .3500 
LPEL-14 0 .7205  0 .3500 
LPEL-15 0 .7205  0 .3500 
LPEL-16 0 .7209 0 .3252  
LPEL-17 0 .7205  0.3504 
LPEL-18 0 .7205  0.3504 
LPEL-19 0 .7205  0 .3500 
LPEL-20 0 .7205  0 .3500  
LPEL-21 0 . 7 2 0 5  0 .3500 
LPEL-22 0 .7205  0 .3500 
LPEL-23 0 .7205  0 .3500  
LPEL-24 0 .7205  0 .3500 

LPEL-25 0 .7205  0 .3500 
LPEL-26 0 .7205  0 .3500 
LPEL-29 0 . 7 2 3 2  0.3500 

LPEL-35 0 .7205  0 .3500 
LPEL-36 0 .7209 0 .3496 
LPEL-37 0 .7205  0 .3500 
LPEL2-2 0 .7205  0 .3500 
LPEL2-3 0 .7205 0 .3504 
LPEL2-5 0 .7205 0 .3504 
LPEL2-6 0 .7205 0.3504 
LPEL2-7 0 .7244 0 .3504 
LPEL2-8 0 .7209 0 .3500 
LPEL2-9 0 .7205 0 .3500 
LPEL2-10 0 .7205  0.3504 
LPEL2-11 0 .7209 0 .3504 

Ksi 
1 0 0 . 6  

9 7 . 3  
8 2 . 0  

1 0 3 . 0  

1 0 7 . 3  
1 0 9 . 3  
1 1 8 . 9  
1 0 1 . 4  

8 0 . 1  
9 1 . 9  

1 1 6 . 4  
1 1 6 . 1  

9 8 . 8  
1 0 5 . 2  

7 6 . 9  
8 2 . 8  

1 1 7 . 9  
8 7 . 2  

1 2 5 . 4  
9 9 . 3  

1 1 9 . 5  
1 1 7 . 4  

7 7 . 8  

8 1 . 0  
92 .7  

1 0 7 . 5  
9 6 . 2  

115.5 
1 0 9 . 3  

8 9 . 3  
1 1 2 . 0  

9 1 . 5  
1 0 0 . 9  
1 1 8 . 0  
1 2 7 . 9  

Location Type Comment r 

Sur face  Sur face  
Sur face  
Sur face  
Sur face  

Sur face  
Sur face  
Corner 
Surface  

I n t e r n a l  
Surf  ace 
Sur face  
Surf  ace 
Sur face  
Corner 
Corner  
Corner 
Corner 
Sur face  
Sur face  
I n t e r n a l  

I n t e r n a l  
Corner 
C o r n e r  

Corner  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Corner  
Corner  
I n t e r n a l  
Su r face  
Sur face  
Sur face  

Sur face  
Sur face  Near back chamfer 
Sur face  Machining l i n e ,  n e a r  

chamfer 
Sur face  Near back 
Sur face  On Side 
Chip F r o n t  bot tom 
Sur face  Coincide w i t h  deep 

l i n e  
I n c l u s i o n  Dark I n c l u s i o n  
Sur face  
Sur face  Near back 
Sur face  
Sur face  On Side 
Sur face  
Sur face  
Sur face  F r o n t  face 
Sur face  N o t  p o l i s h e d  
Sur face  N e a r  f r o n t  c o r n e r  
Sur face  N e a r  chamfer 
I n c l u s i o n  Second o r i g i n  

I n c l u s i o n  Carbon, s m a l l  
Su r face  Chamfer face 
C h i p  C h i p  and scratch on 

both sides 
S u r f a c e  
S u r f a c e  
S u r f a c e  N e a r  back chamfer 
S u r f a c e  Near ' f r o n t  
S u r f a c e  
Sur face  N e a r  Back Face 
S u r f a c e  
S u r f a c e  Gaged. N o t  p o l i s h e d  
I n c l u s i o n  
S u r f a c e  
Crack On Side.  .l" up 
Sur face  Machining l i n e  

s u r f a c e  
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A E R O S P A C E  

TABLE 2, S I Z E  E (6  INCH) FLEXURE BARS (Contd) 

Outer span = 5 inch, Inner span = 2.5 inch 
A l l  failures inside outer span 

Specimen Depth Width Stress 
-1 D i n  in 

LPEL2-12 0.7205 0.3504 

LPEL2-13 0.7205 0.3508 
LPEL2-15 0.7205 0.3504 
LPEL2-16 0.7205 0.3504 
LPEL2-19 0.7205 0.3504 
LPEL2-20 0.7209 0.3500 

LPEL2-21 0.7209 0.3504 
LPEL2-22 0.7205 0.3504 
LPEL2-23 0.7205 0.3504 
LPEL2-24 0.7209 0.3504 
LPEL2-25 0.7205 0.3504 
LPEL2-27 0.7213 0.3504 
LPEL2-28 0.7205 0.3504 
LPEL2-29 0.7205 0.3504 
LPEL2-30 0.7205 0.3500 

K s i  Location Type Comment 
71.3 Corner  Chip F ron t  Metal Chip 

c 

63.4 Corner  
131.1 S u r f a c e  
97.9 Corner  
131.4 S u r f a c e  
109.8 S u r f a c e  

100.9 I n t e r n a l  
113.0 S u r f a c e  
122.2 S u r f a c e  
57.9 Corner  

1 2 8 . 9  Corner 
102.5 Corner  
134.5 Corner  
86.6 Corner  
50.6 Corner  

- 
Crack 

Sur face  
Sur face  Near Back 
Sur face  
Sur face  S ide?  Bad SEM 
Chip  On S i d e .  Chip on both 

I n c l u s i o n  Dark I n c l u s i o n  
S u r f a c e  
Crack  E x i s t i n g  c rack?  
Chip O t h e r  p i e c e  chipped 
S u r f a c e  
S u r f a c e  
C h i p  L e f t  over chips 
C h i p  
Crack Chip crack. SEM b o t h  

pieces 

pieces 
LPEL2-31 0.7205 0.3500 105.1 Sur face  S u r f a c e  Near c o r n e r  
LPEL2-36 0.7205 0.3504 64.2 Corner  C h i p  Large c h i p / c l o s e d  

LPEL2-37 0.7205 0.3504 
LPEL2-38 0.7205 0.3504 
LPEL2-39 0.7205 0.3504 
LPEL2-40 0.7205 0.3500 
LPEL2-41 0.7205 0.3500 
LPEL2-42 0.7209 0.3504 
LPEL2-43 0.7205 0.3508 
LPEL2-46 0.7209 0.3508 
LPEL2-48 0.7205 0.3500 
LPEL2-49 0.7205 0.3500 
LPEL2-50 0.7205 0.3504 

LPEL2-51 0.7205 0.3500 
LPEL2-52 0.7205 0.3504 

LPEL2-54 0.7205 0.3500 

LPEL2-55 0.7209 0.3500 

crack 
110.5 S u r f a c e  S u r f a c e  N e a r  chamfer 
113.9 S u r f a c e  S u r f a c e  
101.2 I n t e r n a l  I n c l u s i o n  S t r a i n  Gaged 
122.2 S u r f a c e  S u r f a c e  Near f r o n t  

103.3 Corner  S u r f a c e  
142.1 S u r f a c e  S u r f a c e  

117.7 Corner  Crack Not polished 
112.5 S u r f a c e  S u r f a c e  

80.5 S u r f a c e  S u r f a c e  On Side 

99.8 Sur face  Surface  On Side 

66.0 Corner  Chip B a d  chamfer. SEM b o t h  

92.9 I n t e r n a l  I n c l u s i o n  Large dark  i n c l u s i o n  
pieces. 

115.0 I n t e r n a l  I n c l u s i o n  Dark s t r i n g e r  

133.1 S u r f a c e  S u r f a c e  Near bottom c o r n e r .  
i n c l u s i o n ,  C 

Two o r i g i n s  
125.6 I n t e r n a l  I n c l u s i o n  
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A E R O S P A C E  

TABU3 2, SIZE E (6  INCH) FLEXURE BARS (Contd) 

Outer span = 5 inch, Inner span = 2.5 inch 
All fai lures  inside outer span 

Specimen Depth Width Stress 
i n  i n  K s i  Location Type Comment 

LPEL2-57 0 . 7 2 0 5  0 . 3 5 0 0  7 5 . 1  Corner Chip Po l i shed  c h i p  
< 'ID 

LPEL2-58 0 . 7 2 0 5  0 . 3 5 0 0  
LPEL2-59 0 . 7 2 0 5  0 . 3 5 0 0  
LPEL2-63 0 . 7 2 0 9  0 .3500  
LPEL2-64 0 . 7 2 0 5  0 .3500  
LPEL2-65 0 . 7 2 0 9  0 . 3 5 0 0  
LPEL3- 1 0 . 7 1 9 7  0 . 3 5 0 0  

LPEL3- 2 0 . 7 1 9 7  0 . 3 5 0 0  
LPEL3- 3 0 . 7 2 0 1  0 . 3 5 0 0  
LPEL3- 4 0 . 7 2 0 5  0 . 3 5 0 8  
LPEL3- 5 0 . 7 2 0 5  0 .3500  
LPEL3- 8 0 . 7 2 0 1  0 . 3 5 0 0  
LPEL3- 9 0 . 7 2 0 5  0 . 3 4 9 6  
LPEL3-10 0 . 7 2 0 5  0 . 3 5 0 0  
LPEL3-11 0 . 7 1 9 7  0 . 3 5 0 0  
LPEL3-12 0 . 7 2 0 5  0 .3500  
LPEL3-14 0 :7201 0 . 3 5 0 0  
LPEL3-15 0 . 7 2 0 5  0 . 3 5 0 4  
LPEL3-16 0 . 7 2 0 5  0 . 3 5 0 0  
LPEL3-17 0 . 7 2 0 1  0 . 3 5 0 0  
LPEL3-18 0 . 7 2 0 1  0 .3500  
LPEL3-20 0 . 7 2 0 5  0 . 3 5 0 0  
LPEL3-21 0 . 7 2 0 5  0 . 3 4 9 6  
LPEL3-23 0 . 7 2 0 5  0 . 3 5 0 4  

LPEL3-24 0 . 7 2 0 5  0 . 3 5 0 0  
LPEL3-25 0 . 7 2 0 5  0 . 3 4 9 6  
LPEL3-26 0 . 7 2 0 5  0 .3504  

LPEL3-31 0 . 7 2 0 5  0 .3500  

LPEL3-33 0 . 7 2 0 5  0 .3500  
LPEL3-34 0 . 7 2 0 5  0 . 3 5 0 0  

LPEL3-36 0 . 7 2 0 5  0 .3504  
LPEL3-37 0 . 7 2 0 5  0 .3504 
LPEL3-38 0 . 7 2 0 5  0 . 3 5 0 0  

1 2 6 . 5  Corner Surface  
1 1 7 . 7  Surface Surface  
1 0 7 . 2  Surface Surface  

9 5 . 3  Corner Surface  
1 1 3 . 4  Corner Surface  Gaged. N o t  p o l i s h e d  
1 1 5 . 4  I n t e r n a l  I n c l u s i o n  Dark i n c l u s i o n  n e a r  

back f a c e  
5 8 . 2  Surface Surface  

1 1 6 . 7  Surface Surface  On Side 
95 .4  Surface Surface  Gaged 

1 1 0 . 2  I n t e r n a l  I n c l u s i o n  Dark i n c l u s i o n ,  C 
8 0 . 4  Corner Surface  

1 0 3 . 3  Sur face  Surface  
1 1 8 . 7  I n t e r n a l  I n c l u s i o n  Dark i n c l u s i o n  
1 2 7 . 4  Corner Surface  Bottom co rne r  
1 3 2 . 1  Corner Surface  Back bottom 
1 0 6 . 9  Surface Surface  Front  

8 6 . 2  Corner Surface  Not p o l i s h e d  
9 8 . 3  Corner Surface  

1 1 7  - 3  Corner Surface  
115.3 Surface Surface  
1 2 8 . 0  I n t e r n a l  I n c l u s i o n  Dark i n c l u s i o n ,  C, Fe 

7 0 . 1  Corner Surface  
1 4 3 . 8  Sur face  Surface  E s t i m a t e d .  Or ig in  

1 0 9 . 6  Sur face  Surface  
1 1 7 . 0  Sur face  Sur face  
1 0 4 . 7  I n t e r n a l  I n c l u s i o n  Dark i n c l u s i o n ,  C,  

piece missing 

Fe .  Marked 3-26 (NDE 
& Chipped 

SEM 
7 2 . 6  Corner Chip Confirmed, bo th  pcs  

1 2 6 . 1  I n t e r n a l  I n c l u s i o n  
85.5 Surface I n c l u s i o n  On Side.  Su r face  

i n c l u s i o n .  
1 0 9 . 3  Surface Surface  On Side 
1 3 3 . 0  Surface Sur face  On Side 
109 .4  Surface Surface  Po l i shed  chamfer 
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A E R O S P A C E  

TABLE 3.  FRACTOGRAPHY AND STRENGTH DATA OF FLEXURE BARS c[pT FROM SPIN DISKS 

Mil B bars machined from surface of special f l a t  spin d i s k  b i l l e t s  
LPD specimens were M i l  B, 3x4~50  mm f lexure  bars  tested f l a t w i s e  
Outer span 40 mm, i nne r  span 2 0  rmn 
* Radius of t h e  concen t r i c  c i r c l e  i n t e rcep t ing  cen te r  of t h e  f l e x u r e  b a r .  

specimen 
Number 

LPD- 1 
LPD- 2 
LPD- 3 
LPD- 4 
LPD- 5 
LPD- 6 
LPD- 7 
LPD- 8 
LPD- 9 
LPD- 10 
LPD- 11 
LPD- 12 
LPD- 13 
LPD- 1 4  
LPD- 15 
LPD- 1 6  
LPD- 1 7  
LPD- 18 
LPD- 1 9  
LPD- 20 
LPD- 2 1  
LPD- 22 
LPD- 23 
LPD- 24  
LPD- 25 
LPD- 2 6  
LPD- 27 
LPD- 28 
LPD- 29 
LPD- 30 
LPD- 31 
LPD- 32 
LPD- 33 
LPD- 34 
LPD- 35 
LPD- 36 
LPD- 37 
LPD- 38 

Stress Disk 
(ksi)  No. 
137.3 G2-1 
1 2 4 . 9  G 2 - 1  
121 .2  G2-1  
133.0 G 2 - 1  
130.3 G2-1  
1 1 9 . 6  G2-1  
128.7 G 2 - 1  
123.3 G 2 - 1  
134.6 G2-1  
136.8 G 2 - 1  
129 .8  G2-1  
128.2 G2-1  
1 2 4 . 4  G2-1  
114 .2  G 2 - 1  
1 1 9 . 6  G2-1  
136.8 G2-1  
113.6 G 2 - 1  
109.3 G2-1  
1 1 9 . 0  G2-1  
1 1 0 . 9  G2-1  
129 .8  G2-1  
129 .8  G2-1  
1 0 8 . 8  G 2 - 1  
128 .2  G2-1  
1 2 7 . 6  G2-1  
126 .0  G 2 - 1  
1 4 6 . 0  G2-1  
128 .7  G2-1  
125.5 G2-1  
1 2 4 . 4  G2-1  
122.3 G2-1  
130.9 G 2 - 1  
128 .7  G 2 - 1  
128 .7  G 2 - 1  
1 2 7 . 6  G2-1  
131.9 G 2 - 1  
122.3 G2-7 
1 2 6 . 0  G2-7 

S i d e  
Stem 
Stem 
Stem 
Stem 
Stem 
Stem 
Stem 
Stem 
Stem 
Stem 
Stem 
Stem 
Stem 
Stem 
Stem 
Stem 
Stem 
Stem 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Stem 
S t e m  

- 
Machining Direction Fracture Origin c 

Designed- Observed 
L (2 .207R")  Long. 
L (1.985R) 
L ( 1.753R) 
L (1.534R) 
L (1.303R) 
L ( 1 . 0 7 2 R )  
L(0.850R) 
L ( 0 . 6 2 6 R )  
Trans. 
Trans. 
Trans. 
Trans. 
Trans. 
45 Deg. 
45 Deg. 
45 Deg. 
45 Deg. 
45 Deg. 
L (2.207R) 
L (1.985R) 
L(1.753R) 
L ( 1.53 4R) 
L (1.303R) 
L (1 .072R)  
L(0.850R) 
L ( 0 . 6 2  6R) 
Trans. 
Trans. 
Trans. 
Trans. 
Trans. 
45 Deg. 
45 Deg. 
45 Deg. 
45 Deg. 
45 Deg. 
L (2.207R) 
L (1.98513) 

Long. 
Long. 
Long. 
Long- 4 5 
Long-45 
Long-45 
Long-45 
45-Trans 
Trans-45 
Trans. 
Trans- 4 5 
Trans-45 
45 Deg. 
45 Deg. 
45 Deg. 
45 Deg. 
45 Deg. 
Long. 
Long. 
Long. 
Long. 
Long. 
Long. 
Long-45 
45 Deg. 
45 Deg. 
Trans. 
Trans. 
Trans. 
Trans. 
45 Deg. 
45 Deg. 
45 Deg. 
45 Deg. 
45 Deg. 
Long- 4 5 
Long-45 

Location 
Surf  ace 
Surf ace 
Surf ace 
Corner 
Surface 
Corner 
Surf ace 
Surf ace 
Surf  ace 
Surf ace 
Surf ace 
Surf ace 
Surf ace 
Surf  ace 
Corner 
Corner 
Corner 
Surf ace 
Corner 

- Corner 
Surf ace 
Surf ace 
I n t e r n a l  
Surf  ace 
S u r f  ace 
Surface 
Surf ace 
Surface 
Surf ace 
Surface 
Surf  ace 
Corner 
Surf  ace 
Surf ace 
Surf ace 
Surf  ace 
Surf ace 
Surf  ace 

Type Colmnents 
S u r f  ace 
S u r f  ace 
S u r f  ace 
Surf ace 
Sur f  ace 
S u r f  ace 
Sur f  ace 
Sur f  ace 
S u r f  ace 
Surf ace 
Surf ace 
Surf ace 
Surf ace 
S u r f  ace 
Surf ace 
Surf  ace 
Surf ace 
S u r f  ace 
S u r f  ace 
Chip 
S u r f  ace 
Surf ace 
Inc lus ion  
S u r f  ace 
S u r f  ace 
Surf ace 
Surf ace 
Surf ace 
S u r f  ace 
Surf ace 
S u r f  ace 
Surf ace 
Surf ace 
Surf ace 
Surf  ace 
S u r f  ace 
Surf ace 
Surf ace 

Near chamfer 

Large dark Inc 
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A E R O S P A C E  

TABLE 3. FRACTOGRAPHY AND STRENGTH DATA OF FLEXlTRE BARS CUT FROM SPIN DISKS (Contd) 

Mil  B bars machined from surface of special f l a t  spin d i s k  b i l l e t s  
LPD specimens were M i l  B, 3x4~50 mm f lexure bars  t e s t e d  f l a twi se  
Outer span 40 mm, inner  span 20 mm 
* Radius of t h e  concentr ic  c i r c l e  in te rcept ing  center  of t h e  f lexure  bar.  

Specimen 
Number 

LPD- 39 
LPD- 40 
LPD- 41 
LPD- 42 
LPD- 43 
LPD- 44 
LPD- 45 
LPD- 46 
LPD- 47 
LPD- 48 
LPD- 49  
LPD- 50 
LPD- 51 
LPD- 52 
LPD- 53 
LPD- 54 
LPD- 55 
LPD- 56 
LPD- 57 
LPD- 58 
LPD- 59 
LPD- 60 
LPD- 61 
LPD- 62 
LPD- 63 
LPD- 64 
LPD- 65 
LPD- 66 
LPD- 67 

. LPD- 68 
LPD- 69 
LPD- 70 
LPD- 71 
LPD- 72 
LPD- 73 
LPD- 74 
LPD- 75 
LPD- 76 

Stress Disk Machining Direction 
(ks i )  
136.8 
135.2 
112.0 
127.6 
110.4 
121.2 
122.8 
130.3 
133.0 
133.6 
130.9 
110.4 
115.3 
113.1 
124.4 
122.3 
116.3 
105.0 
130.9 
130.9 
124.9 
106.1 
125.5 
117.9 
121.2 
129.8 
124.4 
110.9 
126.0 
137.9 
120.1 
129.3 
112.0 
131.9 
156.2 
154.0 
141.1 
142.7 

No. - 
G2 -7 
G2 -7 
G2 -7 
G2 -7 
G2-7 
G2-7 
G2 -7 
G2 -7 
G2-7 
G2 -7 
G2 -7 
G2-7 
G2-7 
G2 -7 
G2 -7 
G2 -7 
G2 -7 
G2 -7 
G2 -7 
G2 -7 
G2 -7 
G2 -7 
G2 -7 
G2-7 
G2 -7 
G2-7 
G2-7 
G2 -7 
G2-7 
G2-7 
62-7 
G2-7 
G2 -7 
G2-7 
G2-10 
G2-10 
G2-10 
G2-10 

Side 
Stem 
Stem 
S t e m  
Stem 
Stem 
Stem 
Stem 
S t e m  
Stem 
Stem 
Stem 
Stem 
Stem 
S t e m  
S t e m  
Stem 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Stem 
Stem 
Stem 
S t e m  

- Designed- 
L (1.753R) 
L (1.534R) 
L (1.303R) 
L (1.072R) 
L (0.850R) 
L (0.626R) 
Trans. 
Trans. 
Trans. 
Trans. 
Trans. 
45 Deg. 
45 Deg. 
45 Deg. 
45 Deg. 
45 Deg. 
L(2.207R) 
L (1.985R) 
L ( 1 .7 53R) 
L ( 1.534R) 
L (1.303R) 
L (1.072R) 
L (0.850R) 
L (0.626R) 
Trans. 
Trans. 
Trans. 
Trans. 
Trans. 
45 Deg. 
45 Deg. 
45 Deg. 
45 Deg. 
45 Deg. 
L (2 -2 07R) 
L(1.985R) 
L (1.753R) 
L (1.534R) 

Observed 
Long. 
Long. 
Long. 
Long-45 
Long. 
Long. 
Trans-45 
Trans-45 
Trans-45 
45 Deg. 
Trans. 
Trans. 
45 Deg. 
45 Deg. 
45 Deg. 
45 Deg. 
Long. 
Long. 
Long-45 
Long. 
Long. 
Long. 
Long- 45 
Long. 
Trans. 
Trans. 
Trans-45 
45-Long 
Trans. 
45 Deg. 
45 Deg. 
45 Deg. 
45 Deg. 
45 Deg. 
Long. 
Long. 
Long. 
Long. 

Fracture 
Locat ion 
Surface 
Corner 
Corner 
Surf ace 
S u r f  ace 
Corner 
Corner 
Surf ace 
Surf  ace 
Surface 
Surf ace 
Corner 
Corner 
Corner 
Corner 
Corner 
Corner 
Surf ace 
Surf ace 
Surf ace 
Corner 
Corner 
Surf  ace 
Surf ace 
Surface 
Surf ace 
Sur f  ace 
Surf ace 
Sur f  ace 
Surf ace 
Corner 
Surf  ace 
Surf ace 
Surf ace 
Surf ace 
Surf  ace 
Surf ace 
S u r f  ace 

Origin c 

Type Comments 
S u r f  ace 
Surf ace 
Sur f  ace 
Surf  ace 
Sur f  ace 
Surf ace 
S u r f  ace 
Surf ace 
Surf ace 
Surf  ace 
Surf ace 
Surf ace 
Surf ace 
Sur f  ace 
Surf ace 
Surf ace 
Surf ace 
Surf  ace 
Surf  ace 
Surf ace 
S u r f  ace 
Surf ace 
Surf ace 
Surf ace 
Surf ace 
Sur f  ace 
S u r f  ace 
Surf  ace 
Surf ace 
Surface 
Surf ace 
Surf ace 
S u r f  ace 
Surf ace 
Surf ace 
S u r f  ace 
Surf  ace 
Surf ace 
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A E R O S P A C E  

TABLE 3. FRACTOGRAPHY AND STRENGTH DATA OF FLeXURE BARS CUT FROM SPIN DISKS (Contd) 

Mil  B bars machined from surface of special f lat  spin d i s k  b i l l e t s  
LPD specimens were M i l  B, 3 x 4 ~ 5 0  mm f l e x u r e  bars  tested f l a twi se  
Ou te r  span 40  mm, inner  span 20  mm 
* Radius of t h e  concent r ic  c i r c l e  i n t e r c e p t i n g  cen te r  of the  f l e x u r e  bar .  

Specimen 
Number 

LPD- 77 
LPD- 78 
LPD- 7 9  
LPD- 80 
LPD- 8 1  
LPD- 82 
LPD- 83 
LPD- 84 
LPD- 85 
LPD- 86  
LPD- 87 
LPD- 88 
LPD- 89  
LPD- 90 
LPD- 9 1  
LPD- 92 
LPD- 93 
LPD- 94 
LPD- 95 
LPD- 96 
LPD- 97 
LPD- 98 
LPD- 99 
LPD- 100 
LPD- 101 
LPD- 1 0 2  
LPD- 103 
LPD- 1 0 4  
LPD- 105 
LPD- 1 0 6  
LPD- 107 
LPD- 1 0 8  

Stress 
( k s i )  
136.3 
137.9 
1 4 2 . 7  
135.7 
153.5 
132.5 
128.2  
123.3 
115.3 
131.4 
145.4 
1 2 7 . 6  
127 .6  
144.3 
123.9 

8 9 . 9  
126..0 
138.4 
132.5 
121 .7  
139.0 
127.6 
133.0 
130.3 
1 2 6 . 6  
130.9 
135.2 
125.5 
143.8 
126 .0  
127.6 
121 .2  

Disk 
No. 
G2-10 
G2-10 
G2-10 
G2-10 
G2-10 
G2 -1 0 
G2-10 
G2 -1 0 
G2 -1 0 
G2-10 
G2  -1 0 
G2  -1 0 
G2-10 
G2-10 
G2-10 
G 2  -1 0 
G2-10 
G2-10 
G2-10 
G2 -1 0 
G2-10 
G2-10 
G2-10 
G2-10 
GZ-10 
G2-10 
G2-10 
G2-10 
G2  -1 0 
G2-10 
G2 -1 0 
G2-10 

- Side 
Stem 
stem 
Stem 
Stem 
Stem 
S t e m  
Stem 
S tem 
Stem 
Stem 
Stem 
Stem 
Stem 
Stem 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Back 
Back 

- 
Machining Direction 
Designed Observed 
L(1.303R) Long. 
L ( 1 . 0 7 2 R )  Long. 
L (0.850R) Long-45 
L ( 0 . 6 2  6 R )  Long-45 
Trans. 45 Deg. 
Trans. Trans. 
Trans. Trans. 
Trans 45 Deg. 
Trans. Trans-45 
45 Deg. 45 Deg. 
45 Deg. 45 Deg. 
45 Deg. 45 Deg. 
45 Deg. 
45 Deg. 45 Deg. 
L (2.207R) Long. 
L (1.985R) Long. 
L (1.753R) Long. 
L (1.534R) Long-45 
L (1.303R) Long-45 
L ( 1 . 0 7 2 R )  45 Deg. - 
L (0.850R) Trans-45 
L (0 .626R)  Trans. 
Trans. 45-Trans 
Trans.  45 Deg. 
Trans. Trans-45 
Trans. 45 Deg. 
Trans. Trans-45 
45 Deg. Trans-45 
45 Deg. 45 Deg. 
45 Deg. 45 Deg. 
45 Deg. Trans. 
45 Deg. 45 Deg. 

Trans - 4 5 

Fracture Origin r 

Location Type Comments 
Sur f  ace Surf ace  
Surf ace 
Surf ace 
Surf ace 
Corner 
Corner 
Corner 
Surf ace 
Corner 
Surf ace 
Surf ace 
Surf ace 
Corner 
S u r f  ace 
Surf ace 
Corner 
Corner 
Corner 
Surf ace 
Corner 
Surf ace 
Surf ace 
Corner 
Surf ace 
Corner 
Corner 
Corner 
Corner 
Corner 
Corner 
Corner 
Corner 

Surf ace  
Surface 
Surf ace  
Surface 
Sur f  ace  
Surface 
Surface 
Sur f  ace  
Surf ace  
Surf  ace  
Surface 
Surf ace  
Sur f  ace  
Surf ace  
Chip 
Surf  ace  
Surf ace  
Surface 
S u r f  ace  
Surf  ace  
Surf ace  
Surface 
Surf ace  
Surface 
Surf ace  
Surf ace  
Surface 
Surf ace  
Surf ace  
Surf ace  
Sur f  ace  
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A E R O S P A C E  

T A B U  3 -  FRACTOGRAPHY AND STRENGTH DATA OF FLEMIRE BARS COT FROM SPIN DISKS (Contd) 

Large 4 inch bars cut from ins ide  of spin disks  
Large 4 i n c h  ba r  nominal dimensions were 0 . 5 2 5 ~ 0 . 4 0 0 ~ 4 . 0  i nch .  tested edgewise. 
Outer  span  3 . 5  inch ,  i n n e r  span 1 . 7 5  inch .  

Specimen 
Number 

G51-  1 
G51- 2 
G51- 3 
G51- 4 
G51-  5 
G51- 6 
G47- 1 
G47-  2 
G47- 3 
G47- 4 
G47- 5 
G47- 6 
G34- 1 
G34- 2 
G34-  3 
G34- 4 
G34- 5 
G34- 6 
G22-  1 
G22- 2 
G22- 3 
G22- 4 
G22-  5 
G22-  6 

Stress  
( k s i )  
1 1 6 . 8  
1 0 7 . 5  
1 1 3 . 8  

83 .7  
8 2 . 1  

1 1 4 . 8  
1 0 6 . 9  
121.1 
1 0 0 . 5  

92.9 
5 8 . 3  

1 1 4 . 5  
1 2 4 . 3  

86 .0  
1 0 8 . 3  
1 1 4 . 6  
1 2 0 . 2  
109 .8  
1 2 4 . 5  
1 2 1 . 7  
1 1 4 . 5  
1 1 1 . 9  
1 0 1  0 

65 .5  

Disk 
No. 

G5-1 
G5-1 
G5-1  
G5-1  
G5-1  
G5-1  
G4-7 
G4-7 
G4-7 
G4-7 
G4-7 
G4-7 
G3-4 
G3-4 
G3-4 
G3-4 
G3-4 
G3-4 
G2 -2 
G2-2 
G2 -2 
G2 -2 
G2 -2 
G2-2 

- 
Machining 
Direction 
Long. 
Long. 
Long. 
Long. 
Long. 
Long. 
Long. 
Long. 
Long. 
Long. 
Long. 
Long. 
Long. 
Long. 
Long. 
Long. 
Long. 
Long. 
Long. 
Long. 
Long. 
Long. 
Long. 
Long. 

Fracture 
Location 
Surface 
Corner 
Surface 
I n t e r n a l  
Corner 
Surf ace  
I n t e r n a l  
Corner 
I n t e r n a l  
I n t e r n a l  
Corner 
Surf ace  
Surface 
Surface 
I n t e r n a l  
I n t e r n a l  
Corner 
Surf ace  
Surface 
Corner 
Surface 
Surf ace  
Corner 
Corner 

Origin 

Surf ace  
Surf ace  
Surface 
Inc lus ion  
Surf ace  
Surf ace  
Inc lus ion  
Surf ace  
Inc lus ion  
Inc lus ion  
Surface 
Surface 
Surf ace 
Surf ace  
Inc lus ion  
Inc lus ion  
Surf ace 
Surf ace 
Surface 
Surf ace  
Surf ace  
Surf ace  
Surf ace  
Surface 

rype Conanents 

React ion  bead 

Dark i n c l u s i o n .  
Bottom corner  

Top co rne r  

Dark I n c l u s i o n  

Surface  r e a c t i o n  

Dark I n c l u s i o n  
Dark I n c l u s i o n  
Top c o r n e r  

Top co rne r  

Reac t ion  bead 

c 
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TABLE 4 .  RE-HEAT -TED MIL-B FLEXURE BAR FRACTOGRAPHY AND STRENGTH 
DATA 

T e n s i l e  s u r f a c e  machining d i r e c t i o n :  LPBL = Longi tudina l ,  
LPB45 = 45 degrees, LPBT = Transve r se .  

p o l i s h e d  
Nominal Specimen Dimensions: Mil-B, 3x4~50 mm (.1180x.1575 i n c h )  
Loading F i x t u r e  Geometry: 

C h a m f e r s  were l o n g i t u d i n a l l y  

Four  p o i n t  l o a d i n g  w i t h  20 mm i n n e r  span and 40 mm o u t e r  span .  
Room temp - MIL-B ORNL/HTML IEA Round-robin s teel  f i x t u r e .  

Specimen 
Number 
LPBL-160 
LPBL-161 
LPBL-17 1 
LPBL-172 
LPBL-173 
LPBL-17 4 
LPBL-175 
LPBL-176 
LPBL- 17 7 
LPBL-178 
LPBL-17 9 
LPBL-180 
LPBL-181 
LPBL-182 
LPBL-183 
LPBL-184 
LPBL-185 
LPBL- 18 6 
LPBL-187 
LPBL-188 
LPBL- 18 9 
LPBL-190 
LPBL-191 
LPBL- 192 
LPBL-193 
LPBL-194 
LPBL- 195 
LPBL-19 6 
LPBL-197 
LPBL-198 
LPBL-199 
LPBL-2 00 

LONGITUDINALLY MACHINED 

Stress 
(ks i )  
136.8 
137.9 
135.2 
131.4 
137.3 
142.7 
135.7 
143.3 
141.6 
13-7 .3 
123.9 
134.6 
115.3 
141.6 
140.0 
140.0 
133.0 
133.6 
126.6 
134.6 
124.4 
137.3 
123.9 
131.9 
132.5 
135.2 
147.0 
133.0 
131.9 
134.6 
137.3 
143.8 

Fracture 
Location 
S u r f a c e  
S u r f a c e  
Corner  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f  ace 
Sur face  
S u r f a c e  
Sur face  
S u r f a c e  
Corner  
Corner  
S u r f a c e  
S u r f a c e  
Sur face  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
Corner  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
Corner  

Origin 
Type c o m m e n t s  

Surface  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f  ace 
S u r f a c e  
S u r f a c e  
Sur f  ace 
S u r f a c e  
Sur f  ace 
Sur f  ace 
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
Sur f  ace 
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f  ace 
Sur f  ace 
S u r f a c e  
S u r f a c e  
Sur f  ace 
S u r f a c e  
S u r f a c e  
S u r f a c e  
Sur f  ace 
Surf  ace 

Top c o r n e r  
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A E R O S P A C E  

TABLE 4. RE-HEAT TREATED MIL-B FLEXURE BAR FRACTOGRAPHY A"J.) STRENGTH 
DATA ( C o n t d )  

T e n s i l e  s u r f a c e  machining d i r e c t i o n :  LPBL = Longi tudina l ,  
LPB45 = 4 5  degrees, LPBT = Transverse .  Chamfers were l o n g i t u d i n a l l y  

p o l i s h e d  
Nominal Specimen Dimensions: Mi l -B ,  3 x 4 ~ 5 0  mm (.1180x.1575 i n c h )  
Loading F i x t u r e  Geometry: 

Four  p o i n t  l o a d i n g  w i t h  20  mm i n n e r  span and 4 0  mm o u t e r  span .  
Room t e m p  - MIL-B ORNL/HTML I E A  Round-robin s teel  f i x t u r e .  

LONGITUDINALLY MACHINED ( C o n t d )  

Specimen 
Number 

LPBL-201 
LPBL-202 
LPBL-203 
LPBL-204 
LPBL-2 05 
LPBL-206 
LPBL-207 
LPBL-208 
LPBL-2 0 9 
LPBL-210 

Stress 
( k s i )  
1 4 1 . 1  
122.3 
131.9 
144.9 
140.0 
113.1 
129.3 
150.8 
132.5 
139.0 

Fracture 
Location 
Sur face  
Surface  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Surf  ace 
Sur face  
Sur face  

O r i g i n  
Type C o m m e n t s  

Surface  
Surface  
Surface  
Surface  
Surface  
Surface  
Surface  
Surface  
Surface  
Surface  
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TABLE 4.  RE-HEAT TREATED MIL-B FLEXURE BAR FRACTOGRAPHY AND STRENGTH 
DATA (Contd) 

T e n s i l e  s u r f a c e  machining d i r e c t i o n :  LPBL = Longi tudina l ,  
LPB45 = 4 5  deg rees ,  LPBT = Transve r se .  Chamfers w e r e  l o n g i t u d i n a l l y  

p o l i s h e d  
Nominal Specimen Dimensions: Mil-B, 3 x 4 ~ 5 0  mm ( .1180x .1575  i n c h )  
Loading F i x t u r e  Geometry : 

Four p o i n t  l o a d i n g  w i t h  20  mm i n n e r  span and 40  mm o u t e r  span.  
Room temp - MIL-B ORNL/HTML IEA Round-robin s teel  f i x t u r e .  

Specimen 
Number 

LPB45-41 
LPB45-42 
LPB4 5-4 3 
LPB4 5 -4 4 
LPB45-45 
LPB45-46 
LPB45-47 
LPB4 5 -4 8 
LPB45-49 
LPB45-50 
LPB4 5-5 1 
LPB4 5 -5 2 
LPB45-53 
LPB45-54 
LPB4 5 -5 5 
LPB45-56 
LPB4 5 -5 7 
LPB45-58 
LPB45-59 
LPB45-60 
LPB4 5 - 6 1  
LPB4 5 - 6 2 
LPB45-63 
LPB4 5 - 64 
LPB45-65 
LPB4 5- 6 6 
LPB45-67 
LPB4 5 - 68 
LPB4 5- 6 9 
LPB45-70 

45 DEGREES MACHINED 

Stress Fracture Origin 
(ksi) Location Type C o m m e n t s  
1 3 3 . 0  S u r f a c e  Sur face  
1 2 3 . 9  
1 2 8 . 2  
1 2 8 . 7  
130.3 
1 1 4 . 7  
1 3 8 . 4  
1 3 1 . 9  
1 3 2 . 5  
1 2 9 . 8  
1 3 0 . 3  
1 2 2 . 3  

8 6 . 7  
1 3 5 . 7  
1 1 9 . 0  
1 4 5 . 4  
1 3 4 . 6  
1 2 6 . 6  
1 3 3 . 6  
1 2 7 . 1  
1 2 9 . 3  
1 4 3 . 8  
1 3 2 . 5  
1 3 0 . 3  
1 2 9 . 8  
1 3 2 . 5  
1 3 7 . 9  
1 0 7 . 7  
1 3 1 . 9  
1 2 0 . 6  

S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
Corner  
S u r f a c e  
S u r f a c e  
Corner  
S u r f a c e  
S u r f a c e  
S u r f a c e  

I n t e r n a l  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
Corner  
S u r f a c e  
S u r f a c e  

Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Surf  ace 
Sur face  
Sur face  
Sur face  
Sur face  

I n c l u s i o n  
S u r f a c e  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  

Near chamfer  

c 

31-1 1591 
Appendix IV 

20 



&liedsignal 
A E R O S P A C E  

TABLE 4 .  RE-HEAT TREATED MIL-B FLEXURE BAR FRACTOGRAPHY AND STRENGTH 
DATA (Contd) 

T e n s i l e  s u r f a c e  m a c h i n i n g  d i rec t ion :  LPBL = L o n g i t u d i n a l ,  
LPB45 = 45 degrees, LPBT = T r a n s v e r s e .  C h a m f e r s  w e r e  l o n g i t u d i n a l l y  

pol ished 
Nominal  Specimen Dimens ions :  Mi l -B,  3 x 4 ~ 5 0  mm ( .1180x .1575  inch )  c 

Loading F i x t u r e  Geometry: 
Four  p o i n t  l o a d i n g  w i t h  20 mm i n n e r  span and 40 rnm o u t e r  s p a n .  
Room temp - MIL-B ORNL/HTML IEA Round-robin  s teel  f i x t u r e .  

TRANSVERSE MACHINED 

Specimen 
Number 

LPBT-213 
LPBT-214 
LPBT-2 1 5 
LPBT-216 
LPBT-217 
LPBT-218 
LP BT- 2 1 9 
LPBT-220 
LPBT-221 
LPBT-222 
LPBT-223 
LPBT-224 
LP BT - 2 2 5 
LPBT-226 
LPBT-227 
LPBT-228 
LPBT-229 
LPBT-230 

Stress  
(ksi) 
1 1 8 . 5  
1 2 1 . 2  
1 2 1 . 2  
1 2 4 . 4  
1 2 2 . 3  
1 1 4 . 2  
1 1 9 . 6  
1 1 7 . 4  
1 1 8 . 5  
1 1 4 . 2  
1 1 7 . 9  
1 1 9 . 0  
1 2 1 . 7  
1 2 8 . 2  
118.5 
1 2 3 . 3  
1 2 6 . 6  
119.0 

Fracture 
Location 
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f  ace 
S u r f a c e  
S u r f  ace 
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f  ace 
Surface 

Origin 
Type Comments 

Surface 
S u r f a c e  
S u r f a c e  
Surface 
Surface 
Surface 
S u r f a c e  
S u r f a c e  
S u r f a c e  
Surface 
S u r f a c e  
S u r f a c e  
Surf ace 
Surface 
S u r f a c e  
S u r f a c e  
S u r f a c e  
Surface 
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TABLE 5A. FRACTOGRAPHY AND STRENGTH DATA OF TENSILE SPECIMENS 

"Collet  materials w e r e  mos t ly  f u l l y  annea led  oxygen free copper w i t h  
f e w  Inconel  718. 

Specimen Stress Origin Origin PositioTest Coll* 
Number (ksi) Location (mm) -- T ( F )  Mat. Comment c 

LPTEN1-1 107.2 Buttonhead Surface Radius 70 718 
LPTEN1-5 119.4 Buttonhead S u r f a c e  Radius 70 
LPTEN1-25 78.6 I n t e r n a l  I n c l u s i o n  22.0 70 
LPTEN1-29 72.3 Buttonhead S u r f a c e  Radius 70 
LPTEN1-33 86.1 Sur face  Line -15.4 70 

LPTEN1-35 102.1 Sur face  Surf  ace -21.1 70 
LPTEN1-37 107.4 Buttonhead S u r f a c e  Radius 70 
LPTEN2-5 
LPTEN2 - 6 
LPTEN2 -8 
LPTEN2-9 
LPTEN2 -1 1 
LPTENZ -12 
LPTEN2 - 13 
LP TEN2 - 14 
LPTEN2-15 
LPTEN2-16 
LPTEN2-18 
LPTEN2-21 

128.3 
111.4 
135.0 
131.1 
125.4 
137.9 
108.5 
119.8 
102.3 
103.7 
92.4 
48.7 

LPTEN2-22 88.4 
LPTEN2-25 91.6 

LPTEN2-26 90.5 
LPTEN2-40 128.9 
LPTEN2-76 91.7 
LPTEN2-85 97.1 
LPTEN2-86 101.6 
LPTEN2-87 100.6 
LPTEN2-88 113.5 
LPTEN2-97 100.9 
LPTEN2-98 108.2 
LPTEN2-99 117.8 
LPTEN2-103 100.2 
LPTEN2-106 107.4 
LPTEN2-110 88.7 
LPTEN2-115 106.7 
LPTEN2-122 115.0 

I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
Su r face  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
Su r face  

I n t e r n a l  
I n t e r n a l  

I n t e r n a l  
I n t e r n a l  
Su r face  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
Su r face  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  

I n c l u s i o n  
I n c l u s i o n  
Volume 
Volume 
Volume 
I n c l u s i o n  
S u r f  ace 
Volume 
Volume 
I n c l u s i o n  
I n c l u s i o n  
I n c l u s i o n  

I n c l u s i o n  
Void 

I n c l u s i o n  
Volume 
Surface  
Volume 
Volume 
Volume 
I n c l u s i o n  
Volume 
I n c l u s i o n  
Volume 
Surface  
Volume 
I n c l u s i o n  
I n c l u s i o n  
I n c l u s i o n  

13.9 70 
9.7 70 
11.6 70 
19.6 70 
12.7 70 
9.7 70 
-4.9 70 
4.6 70 
20.7 70 
-0.6 70 
-8.9 70 
-19.1 70 

21.6 70 
-5.9 70 

-0.8 70 
17.1 70 
-6.0 70 
18.0 70 
19.0 70 
6.3 70 
-7.9 70 
12.2 70 
-17.3 70 
16.5 70 
22.0 70 
9.4 70 

-18.6 70 
-9.4 70 
-19.1 70 

718 
718 
718 
718 

cu 
718 

cu  
c u  
cu 
cu 
cu 
cu 
cu 
cu  
cu 
cu 
cu 
cu  

cu 
c u  
cu  
c u  
cu 
cu  
c u  
cu 
CU' 
cu  
cu 
cu  
cu 
c u  
cu  
cu  
cu 

C , F e , C r , N i  

-45 deg 
scratch 

C,Fe, -Ni 

Fe, No C 

Al, -500x40 
micron 
-Fe,Al, No C,O 
Fe, C, 0, C o .  
Near s u r f a c  
-Fe 

C,Fe ,  N o  Ni,Y 

C,Fe .  

Fe, C 
C, Fe 
Fe, C 
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TABLE 5A- FRACTOGRAPHY AND STRENGTH DATA OF TENSILE SPECIMENS ( C o n t d )  

* C o l l e t  materials w e r e  m o s t l y  f u l l y  a n n e a l e d  oxygen f ree  copper  w i t h  
f e w  I n c o n e l  718 

Specimen Stress O r i q i n  O r i s i n  P o s i t i o T e s t  C o l l *  
( k s i )  Location !l!y& (mm) T ( F )  M a t ,  Comment  -- Number 

LPTEN2-135 85.6 I n t e r n a l  Volume 4.0 70 Cu 
LPTEN2-144 119.0 I n t e r n a l  

LPTEN2-151 102.3 
LPTEN2-154 110.4 
LPTEN2-160 99.1 
LPTEN2-163 100.6 
LPTEN3-28 101.9 
LPTEN3-62 88.8 
LPTEN3-67 97.2 
LPTEN3-68 120.7 
LPTEN3-80 79.5 ' 
LPTEN3-84 133.5 
LPTEN3-86 120.3 
LPTEN3-91 117.0 
LPTEN3-98 146.8 
LPTEN3-99 96.2 
LPTEN3-100 110.4 
LPTEN3-101 104.7 
LPTEN3-102 110.6 
LPTEN3-104 133.0 
LPTEN3-105 146.9 
LPTEN3-106 133.3 

LPTEN3-107 129.7 
LPTEN3-108 116.5 
LPTEN3-117 101.4 
LPTEN3-126 83.2 
LPTEN3-127 96.9 
LPTEN3-130 88.9 
LPTEN4-1 109.2 
LPTEN4-2 116.9 

Sur f  ace 
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
Su r f  ace 
Sur f  ace 
S u r f a c e  
I n t e r n a l  
S u r f a c e  
S u r f a c e  
I n t e r n a l  
I n t e r n a l  
S u r f a c e  
S u r f a c e  
S u r f a c e  
Sur f  ace 
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  

S u r f a c e  
S u r f a c e  
Sur f  ace 
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  

LPTEN4-3 90.8 S u r f a c e  
LPTEN4-5 144.8 S u r f a c e  
LPTEN4-7 127.9 S u r f a c e  
LPTEN4-8 121.7 S u r f a c e  
LPTEN4-9 143.2 S u r f a c e  
LPTEN4-11 125.4 I n t e r n a l  

Volume 

S u r f a c e  
Volume 
I n c l u s i o n  
Volume 
S u r f a c e  
S u r f a c e  
S u r f a c e  
I n c l u s i o n  
S u r f a c e  
S u r f a c e  
I n c l u s i o n  
I n c l u s i o n  
S u r f a c e  
S u r f a c e  
S u r f  ace 
S u r f a c e  
I n c l u s i o n  
I n c l u s i o n  
I n c l u s i o n  
I n c l u s i o n  

S u r f a c e  
S u r f a c e  
S u r f a c e  
I n c l u s i o n  
Volume 
Volume 
I n c l u s i o n  
I n c l u s i o n  

S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
I n c l u s i o n  

18.2 70 

-1.1 70 
-10.0 70 
-12.2 70 
21.5 70 
-14.3 70 
10.4 70 
-10.5 70 
24.6 70 
20.8 70 
12.7 70 
-9.4 70 
14.4 70 
0.5 70 
7.3 70 

-21.1 70 
14.1 70 

N/A 70 
14.4 70 
-6.3 70 
21.3 70 

20.1 70 
-0.9 70 
-8.2 70 
16.5 70 
3.3 70 

-16.9 70 
-11.7 70 
7.6 70 

12.7 70 
-1.6 70 
-5.3 70 
-13.3 70 
18.0 70 
-23.2 70 

c u  

c u  
c u  
c u  
c u  
c u  
c u  
c u  
c u  
c u  
c u  
c u  
c u  
c u  
c u  
c u  
c u  
c u  
c u  
c u  
c u  

c u  
c u  
c u  
c u  
c u  
c u  
CU 
c u  

c u  
c u  
c u  
c u  
c u  
c u  

15 micron  
large g r a i n  

Fe 

Fe 
Fe,No C 

Fe,Co, No C 
F e , A l , N o  C 
Fe,  m u l t i p l e  
i n c l u s i o n  

C , Y ,  s t r i n g e r  

C, Fe 
T i ,  Fe,  No. 
C, S i ,  0 

C, Fe 
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A E R O S P A C E  

TABU3 5A. FRACTOGRAPHY AND STRENGTH DATA OF TENSILE SPECIMENS (Contd)  

* C o l l e t  materials w e r e  mostly f u l l y  annea led  oxygen f ree  copper w i t h  
f e w  Incone l  7 1 8  

Specimen Stress Origin Origin P o s i t i o T e s t  C o l l *  

LPTEN4-12 1 0 7 . 1  I n t e r n a l  I n c l u s i o n  2 2 . 3  70  Cu C 
Number ( k s i )  Location Type (=) -- T ( F )  Mat .  Comment 

LP TEN4 - 1 4  
LPTEN4 -1 5 
LPTEN4 -1 7 
LPTEN4 -1 8 
LPTEN4-19 
LPTEN4-20 
LPTEN4 -2 1 
LPTEN4 -2 2 
LPTEN4-26 
LPTEN4-27 
LPTEN4-28 
LPTEN4 -2 9 
LPTEN4 -3 0 
LPTEN4 -32 
LPTEN4 -34 
LPTEN4 -3 5 
LPTEN4-3 6 
LPTEN4-39 
LPTEN4-40 
LPTEN4-42 
LPTEN4 -4  3 
LPTEN4 -4 4 
LPTEN4-45 
LPTEN4-46 
LP TEN4 - 4 7 
LPTEN4 -4 8 
LPTEN4-49 
LPTEN2-49 
LPTEN2 - 6 5  
LPTEN3-2 4 
LPTEN3-53 
LPTEN3- 60 
LPTEN1-3 9 
LPTEN1-45 
LPTEN2-29 
LPTEN2-59 

LPTEN2- 9 6 

1 0 1 . 6  
1 1 4 . 0  
1 1 4 . 7  
1 2 4 . 0  
1 2 3 . 9  

9 1 . 6  
1 2 8 . 9  
118.3 
1 0 8 . 2  
1 0 3 . 4  
1 0 9 . 2  
109.3 
1 0 8 . 3  
1 2 0 . 8  
111.1 
1 2 7 . 8  
1 2 3 . 7  
1 2 4 . 6  
1 2 4 . 0  
1 1 7 . 4  
1 0 9 . 8  
1 0 5 . 4  
1 1 6 . 1  
1 0 2 . 7  
1 1 0 . 4  
1 1 7 . 0  
1 0 9 . 3  

7 2 . 6  
8 2 . 1  
8 0 . 4  
8 0 . 3  
8 9 . 6  
7 8 . 3  
6 0 . 3  
6 6 . 3  
6 1 . 4  

6 5 . 3  

Su r face  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
Su r face  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
Internal 
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
Su r face  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  

I n t e r n a l  

S u r f  ace 
I n c l u s i o n  
I n c l u s i o n  
I n c l u s i o n  
I n c l u s i o n  
I n c l u s i o n  
S u r f a c e  
I n c l u s i o n  
I n c l u s i o n  
I n c l u s i o n  
I n c l u s i o n  
Inclusion 
Volume 
Volume 
I n c l u s i o n  
Volume 
I n c l u s i o n  
I n c l u s i o n  
I n c l u s i o n  
I n c l u s i o n  
S u r f  ace 
I n c l u s i o n  
I n c l u s i o n  
Volume 
I n c l u s i o n  
I n c l u s i o n  
I n c l u s i o n  
Volume 
I n c l u  s iom 
V o i d  
V o i d  
Volume 
Volume 
I n c l u s i o n  
V o i d  
V o i d  

Volume 

- 4 . 2  70  
1 4 . 7  70 
-1.3 70  

- 1 2 . 3  70 
2 2 . 0  70  

4 . 4  70 
-3.1 70  
3 .8  70  

1 9 . 5  70  
3 .8  7 0  

-15 .0  70  
-3.2 7 0  
- 8 . 9  70  

2 . 0  7 0  
- 0 . 8  70  
13.1 70  

-18 .7  7 0  
- 3 . 4  70  
-3 .4  7 0  

- 1 6 . 1  7 0  
- 7 . 2  70  

8 . 2  7 0  
2 3 . 6  70  

- 1 9 . 1  70  
- 4 . 6  7 0  
1 1 . 0  7 0  
13 .1  70  
2 2 . 3  2100  
1 8 . 2  2100  

-12 .7  2100  
1 8 . 7  2100  

- 1 0 . 2  2100  
2 3 . 1  2200  
1 1 . 4  2200  
1.1 2200  
7 . 3  2200 

-11.5 2200  

cu 
cu 
cu 
cu 
cu  
cu 
cu 
cu 
cu 
cu 
cu 
cu 
cu 
cu 
cu 
cu 
cu 
cu 
cu  
cu 
cu 
cu 
cu 
cu 
cu 
cu 
cu 
cu 
cu 
CU 
cu 
cu 
cu 
cu 
cu 
cu 

cu 

c, y 
-C, F e  
C, Fe 
Fe, Co, N i  
Fe, C, s t r i n g e r  

Fe, -C 
C,  Fe 
C, Fe 
C, Fe, C o  
C,Fe 

C, Fe, C o  

C, Fe, C o  
C 
F e , N i ,  -C 
C,Fe  

C, T i  S t r i n g e r  
C ,  Fe 
-Fe 

C, Fe 
C, Fe, C o  

Fe 

Crack l i k e  
f e a t u r e s  

31-11591 
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& I i i g d  
A E R O S P A C E  

TAB- SA. FRACTOGRAPHY AND STRENGTH DATA OF TENSILE SPECIMENS ( C o n t d )  

* C o l l e t  materials were mos t ly  f u l l y  a n n e a l e d  oxygen free copper  w i t h  
f e w  I n c o n e l  718 

S p e c i m e n  Stress O r i g i n  O r i g i n  P o s i t i o T e s t  Coll* 

LPTEN2-141 71 .2  I n t e r n a l  I n c l u s l o n  1 9 . 0  2200 Cu Fe,-C 
Number ( k s i )  L o c a t i o n  Type. (mm) T(F)  M a t .  Comment 

LP TEN2 - 1 4  3 
LPTEN2 -1 5 8 

LPTEN3-36 
LPTEN3-4 6 
LPTEN3-49 

LPTEN3-56 
LPTEN3-7 2 
LPTEN3- 7 8 
LPTEN3- 8 1 
LPTEN3- 8 5 
LPTEN3- 92  
LPTEN3- 11 0 
LPTEN3 -1 3 1 
LPTEN3- 13 4 

7 9 . 3  
7 2 . 0  

5 2 . 8  
7 4 . 3  
73 .4  

8 0 . 1  
7 6 . 2  
8 6 . 9  
96 .4  
7 1 . 8  
6 7 . 5  
8 5 . 0  
6 9 . 5  
6 1 . 8  

I n t e r n a l  
S u r f a c e  

I n t e r n a l  
I n t e r n a l  
I n t e r n a l  

I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
S u r f a c e  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  
I n t e r n a l  

I n c l u s i o n  
S u r f a c e  

I n c l u s i o n  
Volume 
V o i d  

~ n c l u s  i o n  
I n c l u s i o n  
Volume 
Volume 
P i t  
V o i d  
Volume 
Volume 
I n c l u s i o n  

-15.5 
-17.0 

7 . 8  
- 7 . 9  

2 . 3  

2 0 . 3  
- 2 1 . 3  

6 . 6  
-0 .3  
-7 .2  
- 6 . 7  

5 . 0  
6 . 6  

-10 .1  

2200 
2200 

2200 
2200 
2200 

2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 

cu 
cu 

cu  
cu 
cu 

cu 
cu 
cu 
cu 
cu 
cu  
cu 
cu 
cu 

Fe 
Void v e r y  n e a r  
s u r f  ace 
F e  

Crack l i k e  
f e a t u r e s  
Fe 
Fe 

G r a i n s  
R e a c t i o n  p i t  
Fe 

C,  F e  

Nominal Specimen Dimensions: 165mm long ,  6 . 3 5  mm ( - 2 5 0  i n c h )  diameter 

Loading F i x t u r e  Geometry: 

Note:  0 .00  mm i n  " P o s i t i o n "  column i n d i c a t e  c e n t e r  of gage s e c t i o n .  

gage se 
I n s t r o n  S u p e r g r i p s  and mach4ne 

B l u e p r i n t  gage l e n g t h  w i t h i n  -+/-20 mm. ORNL-HTML d e f i n e d  +/ -17 .5 .  

31-11591 
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A E R O S P A C E  

TABLE 5B. TENSILE STRESS RUPTURE AND FRACTOGRAPHY DATA 

S p e i e n  Stress Time Temp Temp Fracture Origin - 

(hr) C F Location Type SCG Test Connnent 
LPTEN3- 40  4 5 0  6 3 1 . 0  982 1 8 0 0  I n t e r n a l  I n c l u s i o n  HTML FF 6 8 5  C i n c l u s i o n  

No - ma-- -  -- 
LPTEN3- 1 8  
LPTEN3- 2 7  
LPTEN2--44 
LPTEN2- 5 4  
LPTEN2- 51 
LPTEN2- 7 3  

. LPTEN2- 38 
LPTEN2- 7 0  
LPTEN1- 2 6  
LPTEN1- 4 1  
LPTEN2- 3 9  
LPTEN2- 9 4  
LPTEN2-139 
LPTEN2-147 
LPTEN2-150 
LPTEN2 - 15 3 
LPTEN3- 2 0  
LPTEN3- 5 9  
LPTEN3- 6 1  
LPTEN3- 6 4  
LPTEN3- 7 7  
LPTEN3- 7 9  
LPTEN3- 8 7  
LPTEN3- 88 
LPTEN3- 90  
LPTEN3-115 
LPTEN3-12 9 
LPTEN3-132 
LPTEN2- 6 1  
LPTEN2- 6 2  

LPTEN3-109 
LPTEN3- 31 
LPTEN2- 3 2  
LPTEN2- 7 5  
LPTEN2- 4 7  
LPTEN3- 4 1  
LPTEN1- 3 
LPTEN2- 31 
LPTEN2- 7 4  
LPTEN3- 1 9  
LPTEN2- 3 6  

4 5 5  8 0 8 . 0  982 1 8 0 0  Button Surface  HTML FF 8 8 4  
4 5 5  3 3 6 . 0  982 1 8 0 0  Surface  Surface  HTML 
4 6 0  0 . 0  982 1 8 0 0  I n t e r n a l  Crack HTML FOL -460 MPa c 

4 6 0  6 0 2 . 0  982 1 8 0 0  I n t e r n a l  Volume HTML FF 8 0 5  
4 6 5  0 . 0  982 1 8 0 0  I n t e r n a l  Crack HTML FOL - 4 0 5  MPa 
4 6 5  0 . 0  982 1 8 0 0  I n t e r n a l  I n c l u s i o n  HTML Fe. FOL -465  MPa 
4 7 0  5 1 2 . 0  982 1 8 0 0  I n t e r n a l  I n c l u s i o n  HTML FF 7 4 7  C i n c l u s i o n  
4 7 5  2 1 . 0  982 1 8 0 0  I n t e r n a l  Void HTML 
4 5 0  0 . 0  1 1 4 9  2 1 0 0  I n t e r n a l  I n c l u s i o n  MPTL Fe, Ti, Co. 
4 5 0  1 . 0  1 1 4 9  2 1 0 0  I n t e r n a l  Void MPTL Fe i n c l u s i o n  
4 5 0  5 0 3 . 0  1 1 4 9  2 1 0 0  MPTL FF TBD FF 
4 5 0  6 4 9 . 0  1 1 4 9  2 1 0 0  MPTL FF TBD FF 
450  2 7 7 . 6  1 1 4 9  2 1 0 0  I n t e r n a l  Volume SCG MPTL 
4 5 0  5 0 3 . 0  1 1 4 9  2 1 0 0  MPTL FF TBD FF 
4 5 0  5 1 3 . 0  1 1 4 9  2 1 0 0  MPTL FF TBD FF 
4 5 0  3.2 1 1 4 9  2100 Surface Surface SCG MPTL 
4 5 0  501.0 1 1 4 9  2 1 0 0  MF'TL FF TBD FF 
4 5 0  3 9 . 6  1 1 4 9  2100 I n t e r n a l  Volume SCG MPTL 
4 5 0  1 7 . 6  1 1 4 9  2 1 0 0  I n t e r n a l  Volume SCG MPTL 
4 5 0  6 . 4  1 1 4 9  2 1 0 0  I n t e r n a l  I n c l u s i o n  SCG MPTL Fe  i n c l u s i o n  
4 5 0  1 2 5 . 4  1 1 4 9  2 1 0 0  I n t e r n a l  Volume SCG MPTL 
4 5 0  500.0 1 1 4 9  2 1 0 0  MPTL FF TBD FF 
4 5 0  2 . 3  1 1 4 9  2 1 0 0  I n t e r n a l  I n c l u s i o n  MPTL Fe 
4 5 0  0 . 4  1 1 4 9  2 1 0 0  I n t e r n a l  Void MPTL Fe, Co 
4 5 0  0 . 0  1 1 4 9  2 1 0 0  I n t e r n a l  I n c l u s i o n  MPTL Fe 
4 5 0  2 0 . 4  1 1 4 9  2100 I n t e r n a l  I n c l u s i o n  MP TL Fe 
450 0 . 1  1 1 4 9  2 1 0 0  I n t e r n a l  Volume SCG MPTL 
4 5 0  0 . 0  1 1 4 9  2 1 0 0  I n t e r n a l  Volume SCG MPTL F a i l  on loading  
4 2 5  0 . 0  1 1 4 9  2 1 0 0  I n t e r n a l  I n c l u s i o n  HTML Fe, C .  FOL -330 MPa 
4 2 5  3 2 . 1  1 1 4 9  2 1 0 0  I n t e r n a l  Void HTML -Fe. F a i l e d  on 

4 2 5  5 0 9 . 0  1 1 4 9  2 1 0 0  I n t e r n a l  I n c l u s i o n  HTML FF 8 0 6  Fe .  
4 3 5  5 9 4 . 0  1 1 4 9  2 1 0 0  Surface  P i t  HTML FF 7 8 7  Reac t ion  p i t .  
4 4 0  3 7 6 . 0  1 1 4 9  2 1 0 0  Surface  Surface  HTML 
4 4 5  0 . 0  1 1 4 9  2 1 0 0  I n t e r n a l  Void HTML 
4 5 0  0 . 1  1 1 4 9  2 1 0 0  I n t e r n a l  Void HTML 
4 5 0  7 . 0  1 1 4 9  2 1 0 0  I n t e r n a l  Volume HTML 
3 0 0  5 1 7 . 0  1 2 0 4  2 1 9 9  Missing Missing HTML Specimen l o s t  
315 5 9 4 . 0  1 2 0 4  2 1 9 9  I n t e r n a l  I n c l u s i o n  HTML FF 5 8 9  C i n c l u s i o n  
3 2 5  6 8 . 0  1 2 0 4  2 1 9 9  I n t e r n a l  Volume SCG HTML Good SCG photo 
335 4 6 9 . 0  1 2 0 4  2 1 9 9  Surface  Surface  HTML 
3 3 7  5 9 3 . 0  1 2 0 4  2 1 9 9  Surface  Oxide HTML FF 6 1 1  Spalled oxide l a y e r .  

gagel shank t r n s  it i o n  

3 1-1 1591 
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TABLE 5B. TENSILE STRESS RUPTURE AND E'RACTOGEWHY DATA ( C o n t d )  

Speicmen Stress T h e  Temp Temp Fracture Origin 
No. 

ZTEN2- 30 
iPTEN3- 37 
iPTEN3- 39 
iPTEN2-- 28 
,PTEN2- 7 1  
iPTEN3- 75  
iP TEN3-12 1 
iPTEN3- 7 3  
iPTEN2- 56 
lPTEN1- 38 
tPTEN1- 43 
iPTEN2- 72 

,PTEN2- 93 
,P TEN2 - 1 4 6 

iPTEN2-149 

,PTEN2 -1 64 

PTEN3-  48 

lPTEN3- 66 
,PTEN3- 7 1  

,PTEN3- 8 3  
lPTEN3- 93 
,PTEN3- 95 

iPTEN3- 34 

iPTEN3- 54 

iPTEN3- 76 

iPTEN3-116 
iPTEN3-118 
iPTEN3-124 
,PTEN3 -12 0 
iPTEN1- 46 
iPTEN3- 89 
iPTEN3-112 
,PTEN2 - 1 4 5  

ZTEN3- 44 

2TEN2 - 142 

,PTEN2- 66 

2TEN1- 23  

iPTEN1- 36 

iPTEN2-102 

m a - - -  (hr) C F Location Type SCG T e s t  Comment 
340 5 6 6 . 0  1 2 0 4  2 1 9 9  Surface P i t  HTML FF 774 P i t  i n  oxide l a y e r .  
340 1 7 7 . 0  1 2 0 4  2 1 9 9  Surface Surface HTML 
345 636.0 1 2 0 4  2 1 9 9  Surface P i t  HTML FF 757 
350 612.0  1 2 0 4  2 1 9 9  I n t e r n a l  Volume HTML FF 639 
350 2 . 3  1 2 0 4  2 1 9 9  I n t e r n a l  Volume HTML Too vague t o  measure 
375 2 5 2 . 0  1 2 0 4  2199 Surface Surface HTML 
385 5 0 1 . 0  1 2 0 4  2 1 9 9  I n t e r n a l  Inc lus ion  HTML FF 686 C i n c l u s i o n  
400 1.1 1 2 0 4  2 1 9 9  I n t e r n a l  Inc lus ion  HTML Fe ,  Cr, N i  
415 1.3 1 2 0 4  2 1 9 9  I n t e r n a l  Volume HTML 
375 528.0  1 2 0 4  2 1 9 9  Button Surface  HTML FF 799 
375 0 . 4  1 2 0 4  2 1 9 9  I n t e r n a l  Volume HTML 
375 0 . 5  1 2 0 4  2 1 9 9  I n t e r n a l  Volume HTML Listed as # l 8 ,  1149C i n  

375 40.0 1 2 0 4  2 1 9 9  I n t e r n a l  Inc lus ion  HTML Fe i n c l u s i o n .  
375 1 2 . 0  1 2 0 4  2 1 9 9  I n t e r n a l  Inc lus ion  HTML Fe.  .24D spo t s ,  

. 4 3  ( lomicron)  
375 66.0 1 2 0 4  2 1 9 9  I n t e r n a l  Inc lus ion  HTML Fe.  .21D s p o t s f  

. 4 3  ( lomicron)  
375 0 . 8  1 2 0 4  2 1 9 9  I n t e r n a l  Volume SCG HTML 
375 1 9 . 0  1 2 0 4  2 1 9 9  I n t e r n a l  Inc lus ion  HTML A1 i n c l u s i o n  
375 5 2 5 . 0  1 2 0 4  2 1 9 9  I n t e r n a l  Volume HTML FF 662 
375 43 .0  1 2 0 4  2 1 9 9  Surface  Surface  HTML 
375 2 4 . 0  1 2 0 4  2 1 9 9  Surface  Surface  HTML 
375 1 5 3 . 0  1 2 0 4  2 1 9 9  I n t e r n a l  Volume SCG HTML 
375 2 5 3 . 0  1 2 0 4  2 1 9 9  Surface  Surface  HTML 
375 2 6 6 . 0  1 2 0 4  2 1 9 9  I n t e r n a l  Volume HTML 
375 8 0 . 0  1 2 0 4  2 1 9 9  Surface  Surface  HTML 
375 6 .0  1 2 0 4  2 1 9 9  Surface Surface  HTML 
375 1 4 1 . 0  1 2 0 4  2 1 9 9  I n t e r n a l  Volume HTML 
375 1 2 0 . 0  1 2 0 4  2199 Surface Surface HTML 
375 7 . 0  1 2 0 4  2 1 9 9  Surface Surface  HTML 
250 8 3 8 . 0  1 2 6 0  2300 Surface  P i t  HTML FF 5 7 1  
275 6 . 1  1 2 6 0  2300 Surface  Surface  HTML 
275 31.0 1 2 6 0  2300 Surface  Surface  HTML 
275 474.0  1 2 6 0  2300 Surface  P i t  HTML FF 607 Reac t ion  p i t .  2cXa 
285 379.0 1 2 6 0  2300 I n t e r n a l  Inc lus ion  HTML Fe i n c l u s i o n  w i t h  a 

295 5 6 0 . 0  1 2 6 0  2300 I n t e r n a l  Volume SCG HTML 
300 0 . 4  1260 2300 Surface Surface  HTML 
305 46.0 1 2 6 0  2300 I n t e r n a l  Volume SCG HTML 
325 1 . 2  1 2 6 0  2300 Surface  Surface  HTML 
200 530.0  1 2 9 5  2 3 6 3  Surface Surface  HTML RO Run o u t .  Broken du r ing  

300 0 . 4  1 2 9 5  2 3 6 3  Surface Surface  HTML React ion  pa tch .  

c 

Nanu' 

- 

small v o i d  i n s i d e  

removal 
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A E R O S P A C E  

TABLE 5B. TENSILe STRESS RUPTURE AND E'RACTOGRAPEIY DATA (Contd) 

Speicmen Stress Time  Temp Temp F r a c t u r e  Origin - 

Cement SCG T e s t  
LPTEN1- 11 3 7 5  0 . 4  1 2 9 5  2 3 6 3  Surface  Surface  H TML 

-- No. m a - - -  (hr) C F Location Type 

LPTEN1- 15 2 2 5  
LPTEN2-128 2 2 7 . 5  
LPTEN2- -37 230 
LPTEN2-112 230 
LPTEN2-111 2 3 2 . 5  
LPTEN2- 64  2 3 5  
LPTEN1- 2 4  240 
LPTEN1- 2 250 
LPTEN2-121 125 
LPTEN2-119 1 3 0  
LPTEN2-117 135 
LPTEN2-130 135 
LPTEN2-124 1 4 0  
LPTEN1- 1 2  1 4 5  
LPTEN1- 13 1 4 5  
LPTENI- 1 7  1 4 5  
LPTEN2- 7 1 4 5  
LPTEN2- 45  1 4 5  
LPTEN2- 46  1 4 5  
LPTEN2- 50  1 4 5  
LPTEN2- 5 7  1 4 5  
LPTEN2- 6 3  1 4 5  
LPTEN2- 92 1 4 5  
LPTEN2-101 1 4 5  
LPTEN2-120 1 4 5  
LPTEN2-136 1 4 5  
LPTEN2-162 1 4 5  
LPTEN3- 35 1 4 5  
LPTEN3- 50  1 4 5  
LPTEN2-113 1 5 0  
LPTEN2-134 150 
LPTEN3- 33 1 5 0  
LPTEN1- 20  1 6 0  
LPTEN1- 6 180  
LPTEN1- 7 180  
LPTEN1- 8 180  
LPTEN1- 1 6  1 8 0  
LPTEN1- 1 9  180  
LPTEN2- 3 4  180  
LPTEN2- 60 1 8 0  
LPTEN2- 69  180  
LPTEN2- 77  180  

6 7 5 . 0  1315 2399 Surface  Surface  
2 0 . 0  1315 2399 Surface  Surface  

2 4 4 . 0  1315 2399 Surface  Surface  
1 6 8 . 0  1315 2399 Surface  Surface  
2 9 7 . 0  1315 2399 Surface  Surface  

5 2 . 0  1315 2399 Surface  Surface  
2 . 9  1315 2399 I n t e r n a l  Volume 

2 4 . 4  1315 2399 Surface  Surface  
7 2 8 . 0  1 3 7 1  2500 Surface  Surface  
5 8 8 . 0  1 3 7 1  2500 Surface  Surface  
5 8 7 . 0  1 3 7 1  2500 Surface  Surface  
2 8 0 . 0  1 3 7 1  2500 Surface  Surface  
5 8 6 . 0  1 3 7 1  2500 Surface  Surface  
3 6 8 . 0  1 3 7 1  2500 Surface  Surface  
2 6 6 . 0  1 3 7 1  2500 Surface  Surface  
1 1 1 . 0  1371 2500 Surface Surface 
3 7 3 . 0  1 3 7 1  2500 Surface  Surface  

5 7 . 0  1 3 7 1  2500 Surface  Surface  
7 3 . 0  1 3 7 1  2500 Surface  Surface  
9 0 . 0  1 3 7 1  2500 Surface  Surface  

3.64.0 1 3 7 1  2500 Surface  Surface  
2 9 3 . 0  1 3 7 1  2500 Surface  Surface  
3 6 8 . 0  1 3 7 1  2500 Surface  Surface  
112.0 1 3 7 1  2500 Surface  Surface  
3 8 5 . 0  1 3 7 1  2500 Surface  Surface  
1 2 2 . 0  1 3 7 1  2500 Surface  Surface  
1 1 7 . 0  1 3 7 1  2500 Surface  Surface  
2 3 6 . 0  1 3 7 1  2500 Surface  Surface  
4 4 3 . 0  1 3 7 1  2500 Surface  Surface  
2 0 8 . 0  1 3 7 1  2500 Surface  Surface  
1 7 1 . 0  1 3 7 1  2500 Surface  Surface  

7 5 . 0  1 3 7 1  2500 Surface  Surface  
2 0 9 . 0  1 3 7 1  2500 Surface  Surface  

6 2 . 0  1 3 7 1  2500 Surface  Surface  
6 . 8  1 3 7 1  2500 Surface  Surface  

1 4 . 0  1 3 7 1  2500 Surface  Surface  
0 . 8  1 3 7 1  2500 Surface  Surface  
1 . 6  1 3 7 1  2500 Surface  Surface  
5 . 6  1 3 7 1  2500 Surface  Surface  

0 . 2  1 3 7 1  2500 Surface  Surface  
0 . 2  1 3 7 1  2500 Surface  Surface  

1 9 . 0  1 3 7 1  2500 I n t e r n a l  Volume 

HTML FF 489 React ion patch. 
SCG HTML 
SCG HTML 

HTML 
HTML 

SCG HTML 
SCG HTML 
SCG HTML 
SCG HTML 
SCG HTML 
SCG HTML 
SCG HTML 
SCG HTML 

HTML 
SCG HTML 
SCG HTML 

HTML 
HTML 

SCG HTML 
HTML 
HTML 

SCG HTML 
SCG HTML 
SCG HTML 
SCG HTML 
SCG HTML 

HTML 
SCG HTML 
SCG HTML 
SCG HTML 
SCG HTML 
SCG HTML 
SCG HTML 
SCG HTML 

HTML 
SCG HTML 
SCG HTML 

HTML 
SCG HTML 
SCG HTML 

HTML 
HTML 

c 

Y i n c l u s i o n  
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A E R O S P A C E  

TABLE 5B. TENSILE STReSS RUPTURE AND E’RACTOGRAPHY DATA (Contd) 

Speicmen Stress Time Temp Temp Fracture Origin 

PTEN2- 91 180 8.6 1371 2500 Surface Surface SCG HTML 
MPa (hr) C F Location Type SCG T e s t  ConmEnt -- No. 

PTEN2 - 10 9 
PTEN2 -11 6 
PTEN2 -11 8 

PTEN2 - 14 0 
PTEN3- 32 
PTEN3- 69 
PTEN1- 9 
PTEN2- 55 
PTEN2- 35 
PTEN2 -12 3 

PTEN2- 68 
PTEN2 - 11 4 
PTEN1- 4 
PTEN1- 10 
PTEN2 - 12 5 
PTEN1- 21 
PTEN3- 29 

180 0.1 1371 2500 Surface Surface HTML 
180 6.8 1371 2500 Surface Surface SCG HTML 
180 28.0 1371 2500 I n t e r n a l  Inc lus ion  SCG HTML Y s p o t s .  Good photorof  

180 25.0 1371 2500 I n t e r n a l  Volume SCG HTML 
180 64.0 1371 2500 Surface Surface HTML 
180 1.8 1371 2500 I n t e r n a l  Volume HTML 
190 68.0 1371 2500 I n t e r n a l  Volume SCG HTML 
210 1.4 1371 2500 Surface Surface SCG HTML 

SCG and Y s p o t s .  

85 597.0 1400 2552 Surface Oxide HTML FF 385 Spa l l ed  oxide l a y e r .  
90 476.0 1400 2552 Surface P i t  HTML FF 323 Surface  c a v i t i e s  a t  

h igh  mag. 
100 462.0 1400 2552 Surface Surface SCG HTML 
1 1 0  411.0 1400 2552 Surface Surface SCG HTML 
125 341.0 1400 2552 Surface Surface SCG HTML 
130 192.0 1400 2552 Surface Surface SCG HTML 
130 139.0 1400 2552 I n t e r n a l  Volume SCG HTML 
140 96.0 1 4 0 0  2552 Surface Surface SCG HTML 
150 80.0 1 4 0 0  2552 I n t e r n a l  Volume SCG HTML 

orninal Specimen Dimensions: 165mm.long, 6.35 mm (.250 inch)  diameter gage s e c t i o n .  
oading F i x t u r e  Geometry: I n s t r o n  Supergrips  and Ins t ron  machine o r  ATS frame 
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A E R O S P A C E  

TABLE 6. PLATE BENDING E'RACTOGRAPHY AND STRENGTH RESULTS 

Fracture 
Specimen Pressure Stress* Anqle** 

Number (psi)  Strain (ma) (d&g.) - LPPB- 5 1998 0.002169 958.7 0 
LPPB- 6 
LPPB- 7 
LPPB- 8 
LPPB- 12 
LPPB- 1 3  
LPPB- 1 4  
LPPB- 15  
LPPB- 1 6  
LPPB- 17 
LPPB- 1 8  
LPPB- 1 9  
LPPB- 20 
LPPB- 2 1  
LPPB- 22 
LPPB- 23 
LPPB- 24 
LPPB- 25 
LPPB- 26 
LPPB- 27 
LPPB- 28 
LPPB- 29  
LPPB- 30 
LPPB- 3 1  
LPPB- 40 
LPPB- 4 1  
LPPB- 42 
LPPB- 43 
LPPB- 4 4  
LPPB- 45 
LPPB- 46 

1514 
1432 
1746 
1662 
1464 
1729 
1775 
1549 
1765 
1882 
1498 
1338 
1788 
1752 
1510 
1578 
1159 
1514 
1402 
1736 
1429 
1423 
1800 
1687 
142 6 
1 7 5 1  
1489 
1774 
1368 
1602 

0.001641 
0.00,1553 
0.001894 
0.001809 
0.001584 
0.001872 
0.001920 
0.001674 
0.001908 
0.002033 
0.001618 
0.001444 
0.001937 
0.001893 
0.001632 
0.001709 
0.001259 
0.001642 
0.001528 
0.001889 
0.001550 
0.001545 
0.001955 
0.001831 
0.001549 
0.001903 
0.001617 
0.001926 
0.001484 
0.001744 

725.3 
686.4 

799.6 
7 0 0 . 1  
827.4 
848.6 
739.9 
843.3 
898.6 
715.1  
638.2 
856.1  
836.7 
721.3 
755.4 
556.5 
725.7 
675.4 
834.9 
685.1 
682.9 
864.1 
809.3 
684.6 
841.1 
714.7 
851.3 
655.9 
770.8 

837.1  

35 
61  
35 
0 
22 
70 
1 8  
60 
68 
72 
2 
37 
11 
23 
29 
54 
75 
1 0  
0 
0 
5 
67 
7 1  
44 
48 
55 
68 
1 9  
3 
52 

Fracture Origin 
Support Circle 

Location rype Radius (m) 
Surface  Surface  24.130 c 

Surf ace  
Surface  
Surf ace  
Surface  
Surface  
Surf ace  
Surface 
Surface  
Surface  
Surf ace  
Surf ace  
Surf ace  
Surf ace  
Surf ace  
Surf ace  
Surface  
Surf ace  
Surf ace  
Surface  
Surface  
Surf ace  
Surf ace  
Surface  
Surface  
Surface  
Surface  
Surf ace  
Surf ace  
Surface  
Surf ace  

S u r f  ace 
I n c l u s i o n  
Surf ace 
Surf ace 
P i t  
Surf ace 
Surf ace 
Inc lus ion  
Surf ace 
S u r f  ace 
Surf ace 
Surf ace 
Surf a c e  
Surface  
I n c l u s i o n  
Surf ace 
Crack 
P i t  
S u r f  ace 
Surf ace 
Surf ace 
Surf ace 
Surf ace 
Inc lus ion  
Surf ace 
Surf ace 
Surf ace 
Surf ace  
P i t  
I n c l u s i o n  

24.130 
24.130 
24.130 
24.130 
24.130 
24.130 
24.130 
24 .130 
24.130 
24.130 
24.130 
24.130 
2 4 . 1 3 0  
24.130 
24.130 
24.130 
24.130 
24.130 
24.130 
24.130 
24.130 
24.130 
24.130 
24.130 
24.130 
24.130 
24.130 
24.130 
24.130 
24.130 

*Frac ture  stress c a l c u l a t e d  from f r a c t u r e  p r e s s u r e  and c a l i b r a t e d  s t r a i n .  
**The samller angle  between f r a c t u r e  p l ane  and t h e  machining d i r e c t i o n ,  
Note 0 degrees i s  equ iva len t  t o  90 degrees 
Elas t ic  modulus used = 330.5 GPa. 
Poisson ' s  R a t i o  = 0.27 (Al l i edS igna l  Engines Grindosonic d a t a )  
Note: D i s k s  1,2,3,33,34,36 tested w i t h  larger ( 24.765 mm) suppor t ing  r a d i u s  

Updated f r a c t u r e  stress x 1.029722 (same r a t i o  as o t h e r  disks) 
D i s k s  33,34,36 NTC AR heat t r e a t e d ,  no Al l i edS igna l  new t r ea tmen t  
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I 

TABLE 6 .  PLATE BENDING E'RACTOGRAPHY AND STRENGTH RESULTS (Contd) 

Fracture Fracture Origin 
SPecimen Pressure Stress* Anqle** Support Circle - -  
Number (psi) Strain (ma) (d&.) Location Type Radius (m) 

- LPPB- 47 1 6 5 5  0 .001802 7 9 6 . 5  6 Sur face  Surface  2 4 . 1 3 0  r 

LPPB- 48 1 6 6 8  0 .001815 
LPPB- 49 1 5 8 3  0 .001735 
LPPB- 50  1 6 6 8  0.00'1838 
LPPB- 51 1 5 5 9  0 .001718 
LPPB- 5 2  1 7 9 4  0 . 0 0 1 9 7 6  
LPPB- 1 1 6 1 4  0 .001872 
LPPB- 2 1 6 8 6  0 .001958 
LPPB- 3 1 6 0 2  0 . 0 0 1 8 6 4  
LPPB- 3 3  1155 0 . 0 0 1 3 4 3  
LPPB- 34  1 0 8 6  0 . 0 0 1 2 6 5  
LPPB- 36  1 7 5 2  0 . 0 0 2 0 4 1  

802.2  89 
766 .8  7 
812 .4  15 
7 5 9 . 3  46 
8 7 3 . 4  49 
804 .6  N / A  
841 .6  38 
801 .2  N / A  
5 7 7 . 3  0 
5 4 3 . 8  0 
8 7 7 . 3  25  

Surf ace  
Surf ace  
Surf ace  
Surface 
Surface 

Edge 
Surface 

Edge 
Surface 
Surf ace  

I n t e r n a l  11 

Surf ace 
Surf ace  
Surf ace  
Surf ace  
Surf ace  
Surface  
Surf ace  
Surf ace  
Surf ace  
Surface  

nclusion 

2 4 . 1 3 0  
2 4 . 1 3 0  
2 4 . 1 3 0  
2 4 . 1 3 0  
2 4 . 1 3 0  
2 4 . 7 6 5  
2 4 . 7 6 5  
2 4 . 7 6 5  
2 4 . 7 6 5  NTC HT 
2 4 . 7 6 5  NTC HT 

2 4 . 7 6 5  NTC HT 

*Frac ture  stress c a l c u l a t e d  from f r a c t u r e  p r e s s u r e  and c a l i b r a t e d  s t r a i n .  
**The saml le r  angle  between f r a c t u r e  p l ane  and t h e  machining d i r e c t i o n ,  
Note 0 degrees i s  e q u i v a l e n t  t o  90 degrees 
Elast ic  modulus used = 3 3 0 . 5  GPa. 
Poisson ' s  Ra t io  = 0 . 2 7  (Al l i edS igna l  Eng'ines Grindosonic d a t a )  
Note: Disks 1 , 2 , 3 , 3 3 , 3 4 , 3 6  tested with l a r g e r  ( 2 4 . 7 6 5  mm) suppor t ing  r a d i u s  

Updated f r a c t u r e  stregs x 1 . 0 2 9 7 2 2  (same r a t i o  as o t h e r  disks) 
Disks  3 3 , 3 4 , 3 6  NTC AR heat treated, no Al l i edS igna l  new t r ea tmen t  
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A E R O S P A C E  

I TABLE 7 .  FRACTOGRAPHY AND TEST RESULTS OF UNOTCHED TENSION TORSION SPECIMEN! 

Gage diameter = -250 i n c h ,  l e n g t h  = 1.378 i n c h  
Specimen l e n g t h  = 7.0/7.2 i n c h  

I 

LPUTT- 47 
LPUTT- 48 
LPUTT- 49 
LPUTT- 50 
LPUTT- 3 
LPUTT- 4 
LPUTT- 5 
LPUTT- 6 
LPUTT- 7 
LPUTT- 8 
LPUTT- 9 
LPUTT- 1 0  
LPUTT- 28 
LPUTT- 29 
LPUTT- 34 
LPUTT- 35 
LPUTT- 36 
LPUTT- 25 
LPUTT- 32 
LPUTT- 44 
LPUTT- 20 
LPUTT- 24 
LPUTT- 21 
LPUTT- 22 
LPUTT- 33 
LPUTT- 39 
LPUTT- 15 
LPUTT- 18 
LPUTT- 38 
LPUTT- 42 
LPUTT- 43 
LPUTT- 12 
LPUTT- 14 
LPUTT- 17 
LPUTT- 40 

I 

-1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

750 
750 
751 
749 
751 
752 
750 

1180 
1501 
1500 
1501 
1500 
1500 
1807 
2385 
2380 
2379 
2290 
2386 
2391 
2382 
2381 
2376 

-278 
-302 
-390 
-307 
-420 
-380 
-340 
-380 
-320 
-400 
-360 
-360 
-363 
-387 
-307 
-351 
-361 
-317 
-407 
-285 
-347 
-320 
-346 
-329 
-310 
-285 
-274 
-298 
-360 
-285 
-335 
-315 
-273 
-229 
-320 

TOP First I 
Side End Bottom Load 
From From or 

Specimen Tensile Torque Fracture Origin 
Number Load (1b.in) Location Type (in) (in) End Type 

LPUTT- 45 1 -372 I n t e r n a l  I n c l u s i o n  0.042 Gage 'T Tensioq 
, I n t e r n a l  I n c l u s i o n  0.008 Gage N/A Tensioq Internal  I n c l u s i o n  0.002 Gage N/A Tens io?  I 

I n t e r n a l  I n c l u s i o n  0.028 Gage N/A Tensioq 
I n t e r n a l  I n c l u s i o n  0.013 Gage N/A Tensioq 
M i s s i n g  ( E s t .  S u r f / S u r f )  N/A N/A Tens i or; 
S u r f a c e  S u r f a c e  0 . 0  Gage N/A Tens ioy  

0 . 0  Gage N/A Ten s i or1 S u r f a c e  S u r f a c e  
Tensior! S u r f a c e  S u r f a c e  0 . 0  Gage N/A 

S u r f a c e  S u r f a c e  0 . 0  Gage N/A Tens i or0 
Tens iod  S u r f a c e  S u r f a c e  0 . 0  Gage N/A 

S u r f a c e  S u r f a c e  0 . 0  Gage N/A Tensiorj 
S u r f a c e  S u r f a c e  0 . 0  G a g e  N/A Tens ion  I 
I n t e r n a l  I n c l u s i o n  0.007 Gage N/A Tensioq 

T e n s i o n  
I 

I n t e r n a l  I n c l u s i o n  0.001 Gage N/A 
0.003 Gage N/A Tensionl  I n t e r n a l  Inc lus ion  
0.013 Gage N/A Ten s i on, I n t e r n a l  I n c l u s i o n  

Miss ing  ( E s t .  S u r f / S u r f )  N/A N/A Tens ion  
S u r f a c e  S u r f a c e  0 .0  3.17 B o t t o m  Tens iod  
S u r f a c e  S u r f a c e  0 . 0  Gage N/A T e n s i o n  
S u r f a c e  S u r f a c e  0 . 0  Gage N/A Torsion' 

0.051 Gage N/A Tensiod I n t e r n a l  I n c l u s i o n  
Tension' 

I 
I n t e r n a l  I n c l u s i o n  0.040 2.82 Top 

0 . 0  Gage N/A T e n s i o n  S u r f a c e  S u r f a c e  
S u r f a c e  S u r f a c e  0.0 Gage N/A Tension' 
S u r f a c e  S u r f a c e  0 . 0  2.80 B o t t o m  Tension' 
I n t e r n a l  I n c l u s i o n  0.033 Gage N/A Torsion' 
Miss ing  ( E s t .  S u r f / S u r f )  Gage N/A Tensiod 
I n t e r n a l  I n c l u s i o n  0.013 Gage N/A Tensiod 
I n t e r n a l  I n c l u s i o n  0.002 Gage N/A T o r s  i on' 
I n t e r n a l  I n c l u s i o n  0.006 Gase N/A Torsion1 

I 

I 

I 

I n t e r n a l  Inc lus ion  0.011 Gage N/A Torsi01 
S u r f a c e  S u r f a c e  0 . 0  Gage N/A Tensioi 
S u r f a c e  S u r f a c e  0 . 0  2.81 B o t t o m  Tensiox 

0 . 0  Gage N/A TensioI S u r f a c e  S u r f a c e  
S u r f a c e  S u r f a c e  0 . 0  Gage N/A Torsi01 
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TABLE 8A. SPIN D I S K  TEST AWD FRACTOGRAPHY RESULTS 

D i s k  T e s t  T e s t  T e s t  Failure Failure T h e  - No, Temp, F Type Sequence Speed, krpm H o u r s ,  ( m h )  Loc. Type 
30" RT FF 1 102 .70  0 (FF) S u r  Surf  
38*  
27** 
16" 
2 1  
1 8  

4 
3 

3 1  
3 6  

9 
1 7  
34 
40 

6 
2 9  
25 
1 3  
42 
23  
32 
3 3  
37 
1 2  
3 9  
4 1  
22 

7 
5 
1 

1 9  
1 4  
1 5  
24 
2 6  

8 
28  

RT 
RT 
RT 
RT 
RT 
RT 
RT 
RT 
RT 
RT 
RT 
RT 
RT 

2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2500 
2500 
2500 
2500 
2500 
2500 

FF 
FF 
FF 
FF 
FF 
FF 
FF 
FF 
FF 
FF 
FF 
FF 
FF 
FF 
FF 
FF 
FF 
FF 
FF 
FF 
FF 

FF, S/R 
FF, S/R 
FF, S/R 
S/R 
S/R 
S/R 
S/R 
S/R 
S/R 
S/R 
S/R 
S/R 
S/R 
S/R 
S/R 

2 
3 
4 
5 

7 
8 
9 
1 0  
11 
1 2  
13  
1 4  
1 
2 
3 
4 
5 
6 
7 
8 
2 
5 
7 
1 
3 
4 
6 
8 
9 
1 
2 
3 
4 
5 
6 

6 

43.13 
89.20 
80.60 
82.80 
99.10 
92.80 
1 0 7 . 1 0  
90.20 
96.60 
105 .00  
102 .60  
88.50 
46.80 
93.00 
80.40 
60.80 
83.00 
85.80 
83.00 
76.00 
76.00 
74 
72.2 
47 
67/75 
7 1  
71 /75 /82  

S u r  Line 
Sur  Surf  
S u r  Surf  
S u r  Surf  
Sur  Surf  
Sur  Surf  
I n t  I n c l  
I n t  I n c l  
Sur  Surf  
S u r  Surf  
S u r  Surf  
I n t  I n c l  
S u r  Line 
I n t  I n c l  
I n t  I n c l  
Sur Line 
Sur Surf  
S u r  Surf  
S u r  Surf  
S u r  Surf  
S u r  Surf  
I n t  I n c l  
S u r  Surf  
S u r  Line 
S u r  Surf  
S u r  Surf  
S u r  Surf  

75/80/85/88.4 50/10/10/Burst Sur  Sur f  
75  3 .0  I n t  Volume 
7 5 / 8 4 . 5  50/FOL S u r  Line 
55 .000  .95 (57  min) S u r  Surf  
45/50 1 0 / 0 . 4  (600 /24  min) S u r  Surf  
50.000 - .0166 (1 min) S u r  Surf  
50.000 11 .08  ( 6 6 5  min) S u r  Surf  
41.800 6.966 ( 4 1 8  min) S u r  Surf  
N/A N/A Sur Surf  

*As received NTC p o s t  machining h e a t  t rea t .  
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TABLE 8B. SPIN DISK FRACTOGRAPHY RESULTS 

Test 
Disk Temp, Distance (in) Fron - -  No. F Loc. Type 1 Comments Center Top Surf. - 
30* RT Surf  Su r f  Trans .  Machinincr - 1 . 0  Prob. Top 
38*  RT 
27*. RT 
1 6 *  RT 
2 1  
1 8  

4 
3 

3 1  
3 6  

9 
1 7  
34 
40 

6 
29 
25 
1 3  
42 
23  
32  
3 3  
37 

1 2  
3 9  
4 1  
22 

7 
5 
1 

1 9  
1 4  
1 5  
24 
2 6  

8 
28 

*As 

RT 
RT 
RT 
RT 
RT 
RT 
RT 
RT 
RT 
RT 

2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 

2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2500 
2500 
2500 
2500 
2500 
2500 

Surf  Line Machining l i n e s 7 s c r a t c h e s  
Surf  Su r f  Trans.  Machining 
Sur f  Sur f  Transverse Machining d i rec t ion  
Surf  Su r f  Long. machining d i r e c t i o n  
Surf  Surf  2'0 Deg Trans.  Machining 
Surf  Su r f  Trans.  Machining 
I n t  I n c l  Dark i n c l u s i o n  
I n t  I n c l  Dark I n c l u s i o n  
Surf  Su r f  
Surf  Su r f  N e a r  deep machining groove 
Surf  Sur f  
I n t  I n c l  Dark i n c l u s i o n  
Surf  Line Machining l i n e s / s c r a t c h e s  
I n t  I n c l  Dark I n c l u s i o n  
I n t  I n c l  Dark Long I n c l u s i o n  
Surf  Line C i rcu la r  machining l i n e / s c r a t c h  
Surf  Su r f  Transverse  machining l i n e  
Surf  Su r f  A t  shaf t  t r a n s i t i o n  
Surf  Su r f  
Su r f  Su r f  
Sur f  Su r f  
I n t  I n c l  Dark i n c l u s i o n  

Sur f  Su r f  A t  s h a f t / d i s k  t r a n s i t i o n .  Disk 
Surf  Line Machining s c r a t c h  a t  d i s k / s h a f t  
Sur f  Surf  A t  s h a f t / d i s k  t r a n s i t i o n  
Sur f  Sur f  A t  s h a f t / d i s k  t r a n s i t i o n  
Sur f  Su r f  
Sur f  Su r f  A t  s h a f t / d i s k  t r a n s i t i o n  
I n t  V o l .  V o l u m e  
Sur f  Line Machining s c r a t c h  a t  d i s k / s h a f t  
Sur f  Su r f  
Sur f  Su r f  
Sur f  Su r f  A t  s h a f t / s h a f t  t r a n s i t i o n  
Surf  Su r f  Decided by e x p e r t  op in ion  
Sur f  Su r f  
Sur f  Sur f  On s h a f t  i n s i d e  j o i n t  

r e c e i v e d  NTC post machining h e a t  t r ea t .  

0.125 
0.731 
0.176 
1.365 
0.940 
0.349 
0.649 
0.450 

0.800 
N/A 
N/A 
0.125 
-.30 
0.320 
0.593 
0.590 
0.125 

0.498 
0.560 
N/A 

0.150 
0.140 

0.149 
1 .010  
0.125 
0.417 
0.229 
0.819 
0.907 

N/A 
0.402 

N/A 

N/A 

- 

On S h a f t -  
TOP r 

TOP 
B o t t o m  
B o t t o m  
TOP 
0.185 
0.630 

TOP 
N/A 
0.551 
On S h a f t  
-.20 
0 .210  
TOP 
TOP 
TOP 
N/A 
TOP 
TOP 
0.233 f r o m  
top 

N/A 
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TABLE 9- FRACTOGRAPHY AND STRENGTH DATA OF OXIDATION STUDY FLEXURE 
BARS 

Nominal Specimen Dimensions: Mil-B, 3x4~50 mm 
Loading F i x t u r e  Geometry: M i l - B  ORNL/HTML I E A  Roun 
Four p o i n t  l o a d i n g  w i t h  20 mm i n n e r  span and 40 mm 

Specimen Stress Origin  Origin Exposur T h e  
Number . ( k s i )  Location Type Temp(F) (hr) 

LPBT- 183 80.1 Corner  Sur face  70 0 
LPBT- 184 100.8 
LPBT- 185 88.3 
LPBT- 186 62.1 
LPBT- 187 65.4 
LPBT- 188 103.5 
LPBT- 189 117.2 
LPBT- 190 57.8 
LPBT- 191 103.5 
LPBT- 192 90.5 
LPBT- 193 91.0 
LPBT- 194 109.5 
LPBT- 195 92.6 
LPBT- 196 107.3 
LPBT- 197 100.8 
LPBT- 198 115.5 
LPBT- 199 125.3 
LPBT- 200 57.8 
LPBT- 201 108.4 
LPBT- 202 120.4 
LPBT- 203 99.2 
LPBT- 204 102.4 
LPBT- 205 112.8 
LPBT- 206 115.5 
LPBT- 207 102.4 
LPBT- 208 89.9 
LPBT- 209 111.7 
LPBT- 210 104.6 
LPBT- 211 104.6 
LPBT- 212 115.0 
LPBT- 48 127.1 
LPBT- 49 130.3 
LPBT- 50 148.1 
LPBT- 51 116.3 
LPBT- 52 132.5 
LPBT- 53 132.5 
LPBT- 54 142.7 
LPBT- 55 127.1 

Corner  
Corner  
Corner  
Corner  
Sur face  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Surface 
Sur face  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Corner  
Sur face  
Corner  
Sur face  
Corner  
Sur face  
Sur face  

Sur face  
Sur face  
S u r f a c e  
S u r f a c e  
Sur face  
Sur face  
Sur face  
Sur face  
S u r f a c e  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Chip 
Sur face  
Sur face  
S u r f a c e  
Sur face  
Sur face  
Surface 
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  

70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 

1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

100 
100 
100 
100 
100 
1 0 0  
100 
100 
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TABLE 9. FRACTOGRAPHY AND STRENGTH DATA OF OXIDATION STUDY FLEXURE 
BARS (Contd) 

Nominal Specimen Dimensions: Mil-B, 3x4~50 mm 
Loading F i x t u r e  Geometry: 
Four  p o i n t  l o a d i n g  w i t h  20 mm i n n e r  span and 40 mm 

Mil-B ORNL/HTML IEA Roun 

Specimen - 

Number 
LPBT- 56 
LPBT- 57 
LPBT- 43 
LPBT- 44 
LPBT- 45 
LPBT- 46 
LPBT- 47 
LPBT- 38 
LPBT- 39 
LPBT- 40 
LPBT- 41 
LPBT- 42 
LPBT- 33 
LPBT- 34 
LPBT- 35 
LPBT- 36 
LPBT- 37 
LPBT- 58 
LPBT- 59 
LPBT- 60 
LPBT- 61 
LPBT- 62 
LPBT- 63 
LPBT- 64 
LPBT- 105 
LPBT- 106 
LPBT- 107 
LPBT- 108 
LPBT- 109 
LPBT- 110 
LPBT- 111 
LPBT- 112 
LPBT- 113 
LPBT- 114 
LPBT- 115 
LPBT- 116 
LPBT- 117 
LPBT- 118 

Stress Origin 
, ( k s i )  Location 
121.2 S u r f a c e  
136.3 S u r f a c e  
148.8 S u r f a c e  
126.0 S u r f a c e  
116.8 S u r f a c e  
133.6 S u r f a c e  
139.1 S u r f a c e  
146.7 S u r f a c e  
141.8 S u r f a c e  
109.7 Corner  
148 .8  S u r f a c e  
151.5 S u r f a c e  
117.5 S u r f a c e  
72.6 Corner  

125.5 S u r f a c e  
129.8 S u r f a c e  
128.7 S u r f a c e  
136.3 S u r f a c e  
137.9 S u r f a c e  
141.6 S u r f a c e  
141.1 S u r f a c e  
120.6 S u r f a c e  
123.3 S u r f a c e  
136.3 S u r f a c e  
130.9 S u r f a c e  
134.0 Corner  
137.9 S u r f a c e  
131.8 S u r f a c e  
134.0 S u r f a c e  
128.6 S u r f a c e  
127.0 S u r f a c e  
132.9 S u r f a c e  
138.3 S u r f a c e  
134.0 S u r f a c e  
128.6 S u r f a c e  
132.9 S u r f a c e  
136.7 S u r f a c e  
142.1 Corner  

O r i g i n  

Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Surface  
Sur face  
Oxide 
Crack 
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Surf  ace 
Sur face  
Sur face  
Sur face  
Sur face  
Oxide 
Oxide 
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  

Tvpe 

r 

Exposur T h e  

1800 
1900 
1900 
1900 
1900 
1900 
2000 
2000 
2000 
2000 
2000 
2100 
2100 
2100 
2100 
2100 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
10 

- 10 
10 
10 
10 
36 
36 
36 
36 
36 
100 

' 100 
100 
100 
100 
100 
100 
100 
100 
100 
3 60 
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TABLE 9, FRACTOGRAPHY AND STRENGTH DATA OF OXIDATION STUDY FLEXURE 
BARs (Contd) 

Nominal Specimen Dimensions: Mil-B, 3x4~50 mm 
Loading F i x t u r e  Geometry: Mil-B ORNL/HTML IEA Roun 
Four p o i n t  l o a d i n g  w i t h  20 mm i n n e r  span and 40 mm 

Specimen Stress O r i g i n  O r i g i n  Exposur T h e  
Number (ksi) Location T&p(F) (hr) 

LPBT- 119 '143.2 Sur face  Sur face  2200 360 
LPBT- 
LPBT- 
LPBT- 
LPBT- 
LPBT- 
LPBT- 
LPBT- 
LPBT- 
LPBT- 
LPBT- 
LPBT- 
LPBT- 

120 122.6 
121 128.0 
122 150.2 
123 143.7 
124 135.6 
125 141.6 
126 138.3 
127 138.9 
128 142.6 
129 116.2 
130 124.8 
131 136.2 

LPBT- 132 137.2 
LPBT- 149 131.8 
LPBT- 150 130.7 
LPBT- 151 135.1 
LPBT- 152 111.8 
LPBT- 153 126.4 
LPBT- 154 121.6 
LPBT- 155 131.3 
LPBT- 156 95.1 
LPBT- 157 121.0 
LPBT- 158 121.0 
LPBT- 159 105.9 
LPBT- 160 133.5 
LPBT- 161 120.4 
LPBT- 162 95.6 
LPBT- 163 117.2 
LPBT- 164 118.3 
LPBT- 165 124.3 
LPBT- 166 116.7 
LPBT- 167 119.4 
LPBT- 168 127.0 
LPBT- 169 119.9 
LPBT- 170 130.7 
LPBT- 171 122.1 
LPBT- 172 129.1 

Corner  
Surface '  
Su r face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
I n t e r n a l  
Su r face  
Corner  
Sur f  ace 
Sur f  ace 
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Surface 
Corner  
Sur face  
Sur face  
Corner  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Corner  
Sur face  
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AppendixIV 

37 

Surf  ace 
Sur face  
Oxide 
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Oxide 
Sur face  
I n c l u s i o n  
Sur face  
Sur face  
S u r f a c e  
Sur face  
Oxide 
Sur face  
Sur face  
Sur face  
S u r f a c e  
S u r f a c e  
Surface 
S u r f a c e  
S u r f a c e  
S u r f a c e  
P i t  
Sur f  ace 
Surf  ace 
Sur face  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
Chip 
S u r f a c e  

2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2200 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 
2300 

360 
360 
360 

1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 

6 
6 
6 
6 
6 

59 
59 
59 
59 
59 
100 
100 
100 
100 
100 
585 
585 
585 
585 
585 
585 
585 
585 
585 



TAB= 9.  FRACTOGRAPHY ANT) STRENGTH DATA OF OXIDATION STUDY FLEXURE 
BARS ( C o n t d )  

Nominal Specimen Dimensions: Mil-B,  3x4~50 mm 
Loading F i x t u r e  Geometry: 
Four  p o i n t  l o a d i n g  w i t h  20 mm i n n e r  span and 40 mm 

M i l - B  ORNL/HTML IEA Roun 

Specimen 
Number 

LPBT- 173 
LPBT- 65 
LPBT- 66 
LPBT- 67 
LPBT- 68 
LPBT- 69 
LPBT- 70 
LPBT- 71 
LPBT- 72 
LPBT- 73 
LPBT- 7 4  
LPBT- 75 
LPBT- 76 
LPBT- 77 
LPBT- 78 
LPBT- 79 
LPBT- 80 
LPBT- 81 
LPBT- 82 
LPBT- 83 
LPBT- 84 
LPBT- 85 
LPBT- 86 
LPBT- 87 
LPBT- 88 
LPBT- 89 
LPBT- 90 
LPBT- 91 
LPBT- 92 
LPBT- 93 
LPBT- 94 
LPBT- 95 
LPBT- 96 
LPBT- 97 
LPBT- 98 
LPBT- 99 
LPBT- 100  
LPBT- 101 

Stress Origin Origin 
,(ksi) Location 6 
110.8 Surface  Surface  
127.6 
124.4 
130.3 
133.0 
120.6 
113.1 
124.9 
120.1 
126.6 
119.0 
118.5 
124.4 
121.7 
119.0 
123.9 
106.1 
122.8 
118.5 
124.9 
115.8 
122.8 
123.3 
120.1 
128.7 
120.6 
121.7 
126.6 
121.2 
127.1 
110.4 
122.3 
122.3 
127.1 
123.9 
119.6 
122.3 
86.7 

Corner  
Sur face  
Corner  
Corner  
Corner  
Corner  
Sur face  
Sur face  
Sur face  
Surface 
Sur face  
Sur face  
Sur face  
Sur face  
Corner  
Corner  
Sur face  
Sur face  
Corner  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Sur face  
Surface  
Sur face  
Sur face  
Sur face  
Surface  
Corner  
Sur face  
Surface  
Corner  

Surface  
Surface  
Surface  
Surface  
Surface  
Surface  
Surface  
Surface  
Surface  
Surface 
Surf  ace 
Sur face  
Surface  
Surface  
Surface  
Sur face  
Surface  
Sur face  
Sur face  
Surface  
Sur face  
Sur face  
Surface  
Sur face  
Sur face  
Sur face  
Surface  
Surface  
Sur face  
Surf  ace 
Surface  
Surface  
Surface  
Chip 
Surface  
Surface  
Oxide 

Exposur T h e  

2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 
2400 

1 
1 
1 
1 
1 
4 
4 
4 
4 
4 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
36 
36 
36 
36 
36 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
360 
360 
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TABLE 9. FRACTOGRAPHY AND STReNGTH DATA OF OXIDATION STUDY FLEXURE 
BARS (Contd) 

Nominal Specimen Dimensions : Mil -B ,  3x4~50 mm 
Loading F i x t u r e  Geometry: M i l - B  OFWL/HTML I E A  Roun 
Four p o i n t  l oad ing  w i t h  20 mm inne r  span and 40  mm 

Specimen 
Number  

LPBT- 102 
LPBT- 103 
LPBT- 104 
LPBT- 1 
LPBT- 2 
LPBT- 3 
LPBT- 4 
LPBT- 5 
LPBT- 6 
LPBT- 7 
LPBT- 8 
LPBT- 9 
LPBT- 10 
LPBT- 11 
LPBT- 12 
LPBT- 13 
LPBT- 14 
LPBT- 15 
LPBT- 17 
LPBT- 18 
LPBT- 19 
LPBT- 20 
LPBT- 21 
LPBT- 22 
LPBT- 23 
LPBT- 24 
LPBT- 25 
LPBT- 26 
LPBT- 27 
LPBT- 28 
LPBT- 29 
LPBT- 31 
LPBT- 32 
LPBT- 133 
LPBT- 134 
LPBT- 135 
LPBT- 136 
LPBT- 137 

Stress 
( k s i )  
127.6 
126.0 
102.3 
135.2 
122.3 
91.0 

117.4 
105.6 
91.6 

116.9 
109.3 
61.4 

116.3 
110.4 
116.9 
116.3 
113.1 
116.9 
108.9 
113.2 
112.1 
112.1 
120.3 
114.8 
119.2 
118.6 
110.2 
121.8 
108.8 
118.6 
106.5 
119.8 
110.2 
108.6 
110.8 
116.7 
114.5 
104.8 

O r i g i n  
Location 
Surface  
Corner 
Corner 
Surface  
Surface  
Corner 
Corner 
Surface 
Corner 
Surface  
Surface  
Corner 
Surface  
Surface  
Surface  
Surface  
Surface  
Surface  
Surface  
Surface  
Surface  
Missing 
Surface  
Surface 
Surface  
Surface  
Surface  
Surface  
Surface  
Surface  
Surface  
Surface  
Surf  ace 
Surface  
Surface  
Surface  
Surface  
Surface  

Origin 

Surface 
Surface 
P i t  
Surface 
Surface 
Surface 
Surface 
P i t  
Oxide 
Surface 
Surface 
Surf  ace 
Oxide 
P i t  
F ibe r  
Oxide 
Surface 
Surface 
Surface 
Surf  ace 
Fiber 

Surface 
Fiber 
Surface  
Surface 
F i b e r  
Surface  
Surface 
Fiber 
Oxide 
Oxide 
Oxide 
Surface 
Surface  
Surface 
Surface  
Surface 

Tvpe 
2400 
2400 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2550 
2550 
2550 
2550 
2550 

360 
360 
3 
3 
3 
3 
3 

36 
36 
36 
36 
36 
36 
36 
36 
36 
36 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
360 
360 
360 
360 
360 
3 
3 
3 
3 
3 
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TABLE 9. FRACTOGRAPHY AND STRENGTH DATA OF OXIDATION STUDY FLEXURE 
BARs (Contd) 

Nominal Specimen Dimensions: M i l - B ,  3x4~50 mm 
Loading F i x t u r e  Geometry: 
Four p o i n t  l o a d i n g  w i t h  20 mm i n n e r  span and 40 mm 

M i l - B  ORNL/HTML I E A  Roun 

Specimen - 
Number 

LPBT- 138 
LPBT- 139 
LPBT- 140 
LPBT- 141 
LPBT- 142 
LPBT- 143 
LPBT- 144 
LPBT- 145 
LPBT- 146 
LPBT- 147 
LPBT- 148 
LPBT- 174 
LPBT- 175 
LPBT- 176 
LPBT- 177 
LPBT- 178 
LPBT- 179 
LPBT- 180 
LPBT- 181 
LPBT- 182 

Stress O r i g i n  O r i g i n  - 
1 (ksi) Location Type 
109.7 Sur face  Sur face  
103.2 
104.8 
108.6 
107.0 
107.0 
108.6 
104.8 
110.8 
114.5 
115.1 
104.8 
106.4 
112.2 
104.3 
102.7 
98.3 

105.4 
105.9 
98.9 

S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
Surf  ace 
Corner  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
Surf  ace 
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  
S u r f a c e  

S u r f a c e  
Sur face  
S u r f a c e  
Sur face  
S u r f a c e  
Sur f  ace 
S u r f a c e  
S u r f a c e  
S u r f a c e  
Oxide 
Fiber 
Fiber 
S u r f a c e  
S u r f a c e  
S u r f a c e  
Fiber 
Fiber 
S u r f a c e  
S u r f a c e  

c 

Exposur Time 

2550 
2550 
2550 
2550 
2550 
2550 
2550 
2550 
2550 
2550 
2550 
2550 
2550 
2550 
2550 
2550 
2550 
2550 
2550 

10 
10 
10 
10 
10 
10 
10 
10 
10 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
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Tested in-house using t h e  same machine, Supergrips, and test procedure, as standard t e n s i l e  specimens 
Diameter and notch dimensions measured with op t i ca l  comparator for FF specimens. 
Specimens WNTN KT=1.6, specimens LPNTK KT=2.15 

SPECIMEN Fa i lu re  P/a T e s t  
I D  Load ksi Type 
LPNTN- 4 4239 85.7 RT FF 
WNTN- 5 5053 102.0 RT FF 
LPNTN- 14 4428 90.4 RT FF 
LPNTN- 18 4950 100.6 RT FF 
LPNTN- 19 3661 74.8 RT FF 
WNTN- 24 4641 93.9 RT FF 
LPNTN- 27 4117 83.7 RT FF 
WNTN- 33 4438 90.5 RT FF 
LPNTN- 39 5017 102.0 RT FF 
LPNTN- 47 4291 87.0 RT FF 
LPNTK- 3 2475 49.7 RT FF 
WNTK- 4 2287 45.9 RT FF 
LPNTK- 7 2112 42.8 RT FF 
WNTK- 13 2897 59.0 RT FF 
LPNTK- 14 2725 55.2 RT FF 
WNTK- 33 2582 52.3 RT FF 
WNTK- 40 2010 40.2 RT FF 
WNTK- 44 2298 46.0 RT FF 
LPNTK- 49 3194 64.1 RT FF 
LPNTK- 38 2212 44.4 RT FF 

Loc. Type C m n t  

Surf 
su r f  
Surf 
Surf 
I n t  
Surf 
Surf 
Surf 
Surf 
Surf 
Surf 
Surf 
Surf 
Surf 
Surf 
Surf 
Surf 
Surf 
Surf 
Surf 

Surf 
Surf 
Surf 
Surf 
V o i d  85x46 micron, 0.125" above notch 
Surf 
Surf 
Surf 
Surf 
Surf 
Surf 
Surf 
Surf 
Surf 
Surf 
Surf 
Surf 
Surf 
Surf 
Surf 

Outer Inner Notch Notch Notch 
D i a .  D i a .  Depth Width Radius 
0.262 0.251 0.006 0.040 0.041 
0.262 0.251 0.006 0.042 0.041 
0.262 0.250 0.006 0.043 0.041 
0.262 0.250 0.006 0.040 0.041 
0.262 0.250 0.006 0.041 0.041 
0.262 0.251 0.006 0.041 0.041 
0.262 0.250 0.006 0.043 0.041 
0.263 0.250 0.006 0.042 0.041 
0.263 0.250 0.006 0.042 0.041 
0.262 0.251 0.006 0.044 0.041 
0.473 0.252 0.111 0.084 0.041 
0.473 0.252 0.111 0.084 0.041 
0.473 0.251 0.111 0.084 0.041 
0.473 0.250 0.111 0.083 0.041 
0.473 0.251 0.111 0.084 0.041 
0.473 0.251 0.111 0.084 0.041 
0.472 0.252 0.110 0.084 0.041 
0.473 0.252 0.110 0.084 0.041 
0.472 0.252 0.110 0.084 0.041 
0.473 0.252 0.111 0.084 0.041 



Tested a t  
Diameters 
Specimens 

SPECIMEN 
I D  

&l-kdsigd TAaTE 10. "ED "SILE SPECI3EN.S "I! AND -HY RESULTS (Cantd) 
A E R O S P A C E  

ORNL IP HI- -EXATORE STRESS ROPTOEIE/CREEP MYXIiED "SILE SPEC- 

H~ML us ing  same machine, Supergrips,  and test procedure as standard t e n s i l e  specimens 
measured with micrometer and notch dimensions es t imated  frcm RT f a s t  f r a c t u r e  specimens. 
LPNTN KT=1.6, specimens LPNTK KP2.1 

Outer Inner N o t c h  Notch N o t c h  F a i l u r e  P /a  Tes t  Loc. Type C m n t  
Time 

LPNTK- 5 547 
LPNTK- 6 0 
LPNTK- 8 7 
LPNTK- 9 546 
LPNTK- 10 1 
LPNTK- 11 28 
LPNTK- 12 1.6 
LPNTK- 15 0 
LPNTK- 24 160 
LPNTK- 25 0.03 
LPNTK- 27 0.75 
LPNTK- 28 505 
LPNTK- 29 593 
LPNTK- 30 210 
LPNTK- 37 0.33 
LPNTK- 39 500 
LPNTK- 41 372 
LPNTK- 47 500 
LPNTK- 51 0.8 
LPNTK- 52 0.1 
LPNTK- 252 0.25 
LPNTN- 3 502 
LPNTN- 6 13.6 
LPNTN- 7 0 
LPNTN- 8 0.1 
LPNTN- 
LPNTN- 
LPNTN- 
LPNTN- 
LPNTN- 
LPNTN- 
LPNTN- 
LPNTN- 
LPNTN- 
LPNTN- 
LPNTN- 
LPNTN- 
LPNTN- 
LPNTN- 
LPNTN- 
LPNTN- 

MPa Type 
190 1204 S/R 
200 1204 S/R 
125 1371 S/R 
117 1371 S/R 
120 1371 S/R 
117 1371 S/R 
117 1371 S/R 
260 1204 S/R 
117 1371 S/R 
260 1204 S/R 
200 1204 S/R 
117 1371 S/R 
175 1204 S/R 
120 1371 S/R 
210 1204 S/R 
200 1204 S/R 
115 1371 S/R 
190 1204 S/R 
115 1371 S/R 
135 1371 S/R 
220 1204 S/R 
255 1204 S/R  
145 1371 S/R 
130 1371 S/R 
275 1204 S/R 
130 1371 S/R 9 144 

10 To be tested 
12 408 130 
17 5 260 
21 1.4 300 
22 In  test 260 
26 0.4 135 
30 103, 133 
32 To be tested 
35 211 130 
37 To be tested 
38 504 125 
40 500 115 
42 503 240 
45 521 250 
49 5 135 

S/R 
1371 S/R 
1204 S/R 
1204 S/R 
1204 S/R 
1371 S/R 
1371 S/R 

S/R 
1371 S/R 

S/R 
1371 S/R 
1371 S/R 
1204 S/R 
1204 S/R 
1371 S/R 

_ _  
Buttonhead 
Surf Surf 
Surf Surf 
Surf Surf 
I n t .  V o l .  
Surf Surf 
Surf Surf 
Surf Surf 
Surf Surf 
Surf Surf 
Surf Surf 
Surf Surf 
Surf Surf 
Surf Surf 
Surf Surf 

Surf Surf 
Surf Surf 

Surf Surf 
Surf Surf 
Surf Surf 
Surf Surf 
Surf Surf 
Surf Surf 
Surf Surf 

Surf 
Surf 
Surf 

Surf 
Surf 

Surf 

Surf 
Surf 

Surf 

Surf 
P i t  
Surf 

I n c l  
Surf 

su r€  

Surf 
Surf 

Surf 

Buttonhead sur face  f a i l u r e .  FF338 
N o  SCG zone. FOL 
Typical progress ive  su r face  SCG zone. 
Very s m a l l  
SCG zone. Very close to  sur face .  
SCG. Crack wi th  f i b e r  i n s ide .  
Typical progress ive  surface SCG zone. 
N o  SCG zone 

X - Test  i n t e r r u p t e d  at 160 h (TEM) 
Few Fe spots in mirror. N o  SCG. 
N o  SCG zone 
N o  SCG. Spalled su r face  l aye r .  
No SCG. Spa l led  su r face  l aye r .  
SCG zone. Oxidized crack sur face .  
Very small SCG zone. 
Specimen t o  be send back from H?ML. 
SCG zone a t  t w o  levels. 
SCG zone. 
Specimen t o  be send back from H W L .  
Very large SCG zone. 
N o  SCG zone. 

SCG zone. 
Bad test, Load l o s s  f a i l u r e .  
No SCG zone. Spa l led  lpyer .  
SCG zone. 

S t r a i n  t o  failure=4050 micro s t r a i n  
FF203 

S t r a i n  t o  failure=16280 micro s t ra in  

Severe machining damage evident  
Test  i n t e r r u p t e d  at 160 h (TEM} 

FF214 
FF427 
S t r a i n  t o  failure=20010 micro s t r a i n  

ET367 (TEM) 
S t r a i n  t o  failure=23700 micro s t r a i n  
FF413 

D i a .  D i a .  Depth Width 'Radius 
0.473 0.251 0.111 0.084 0.041 
0.473 0.250 0.111 0.084 0.041 

FF603 

Fractured, load loss 

Zr and trace A l  i n s i d e  p i t .  
Spalled l aye r .  Zr & A l  nea r  o r ig in .  
To be tested. 43 hr 9:00 23 Ju ly  93. 

SCG zone. Some A 1  signal. 
SCG zone. 

X - Test i n t e r rup ted  a t  211 h (TFM). Test i n t e r rup ted  a t  211 h (TEM) 

Spa l l ed  l aye r .  FF167 MPa 
Spalled l aye r .  FF262 MPa 
Specimen t o  be send back from H1ML. 
Specimen to  be send back from KML. 
SCG zone. 

FF474 
FF442 

0.470 
0.472 
0.471 
0.472 
0.472 
0.472 
0.471 
0.471 
0.471 
0.471 
0.472 
0.471 
0.473 
0.473 
0.471 
0.473 
0.473 
0.471 
0.473 
0.256 
0.262 
0.262 
0.262 
0.262 
0.000 
0.261 
0.263 
0.263 
0.263 
0.262 
0.262 
0.000 
0.262 
0.000 
0.262 
0.262 
0.263 
0.263 
0.263 

0.249 
0.249 
0.250 
0.250 
0.250 
0.250 
0.250 
0.251 
0.249 
0.249 
0.251 
0.250 
0.251 
0.251 
0.248 
0.251 
0.252 
0.251 
0.252 
0.242 
0.250 
0.250 
0.249 
0.250 
0.000 
0.249 
0.248 
0.250 
0.249 
0.250 
0.250 
0.000 
0.249 
0.000 
0.249 
0.248 
0.248 
0.249 
0.249 

0.111 
0.111 
0.111 
0.111 
0.111 
0.111 
0.111 
0.111 
0.111 
0.111 
0.111 
0.111 
0.111 
0.111 
0.111 
0.111 
0.111 
0.111 
0.111 
0.006 
0.006 
0.006 
0.006 
0.006 
0.006 
0.006 
0.006 
0.006 
0.006 
0.006 
0.006 
0.006 
0.006 
0.006 
0.006 
0.006 
0.006 
0.006 
0.006 

. ~ ~ .  

0.084 
0.084 
0.084 
0.084 
0.084 
0.084 
0.084 
0.084 
0.084 
0.084 
0.084 
0.084 
0.084 
0.084 
0.084 
0 .OB4 
0.084 
0.084 
0.084 
0.042 
0.042 
0.042 
0.042 
0.042 
0.042 
0.042 
0.042 
0.042 
0.042 
0.042 
0.042 
0.042 
0.042 
0.042 
0.042 
0.042 
0.042 
0.042 
0.042 

0.041 
0.041 
0.041 
0.041 
0.041 
0.041 
0.041 
0.041 
0.041 
0.041 
0.041 
0.041 
0.041 
0.041 
0.041 
0.041 
0.041 
0.041 
0.041 
0.041 
0.041 
0.041 
0.041 
0.041 
0.041 
0.041 
0.041 
0.041 
0.041 
0.041 
0.041 
0.041 
0.041 
0.041 
0.041 
0.041 
0.041 
0.041 
0.041 
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I GB11591-714 

Figure V-l(a). Photomicrographs Of Failure Originating From An Internal Inclusion Containing C 
But No Si In An E-Size Flexure Bar. MOR = 110.2 ksi. 
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GB11591-715 
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Figure V-l(b). WDX Element Maps Of Failure Originating From An Internal Inclusion Containing C 
But No Si In An E-Size Flexure Bar. MOR = 110.2 ksi. 



1 

biiedsignal 
A E R O S P A C E  

c 

Figure V-2(a). Photomicrographs Of Failure Originating From An Internal Inclusion Containing Fe 
And Ni In An E-Size Flexure Bar. MOR = 101.2 ksi. 
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Figure V-2(b). WDX Element Maps Of Failure Originating From An Internal InclusionContaining Fe 
And Ni In An E-Size Flexure Bar. MOR = 1013 ksi. 
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GBl1591-718 

Figure V-3(a). Photomicrographs Of Failure Originating From An Internal Inclusion Containing C 
And Traces of Fe In An E-Size Flexure Bar. MOR = 100.9 ksi. 
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GB11591-719 

Figure V-3(b). WDX Element Maps Of Failure Originating From An Internal Inclusion Containing C 
And Traces of Fe In An E-Size Flexure Bar. MOR = 100.9 ksi, 
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GB11591-720 

Figure V-4(a). Internal Volume F’racture Origin With No Distinctive Microstructure Features. EDX 
And WDX Analyses Did Not Detect Any Additional Elements. Specimen Failed at 117.8 
ksi at Room Temperature. 

31-11591 
Appendix V 

7 



&Tredsignal 
A E R O S P A C E  

GB11591-721 

Figure V-4(b). Internal Volume Fracture Origin With No Distinctive Microstructure Features. EDX 
And WDX Analyses Did Not Detect Any Additional Elements. Specimen Failed At 
1178 ksi At Room Temperature. (Contd) 
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GB11591-722 

Figure V-5(a). Failure Originated From Internal Volume, Possibly A Large Grain, Inside A Tensile 
Specimen Tested at Room Temperature And 119.0 ksi. 
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GB11591-723 

Figure V-S(b). Failure Originated From Internal Volume, Possibly A Large Grain, Inside A Tensile 
Specimen Tested at Room Temperature And 119.0 ksi. (Contd) 
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GB11591-724 

Figure V-6(a). Photomicrographs Of Inclusion At Fracture Origin Of A Tensile Specimen That Failed 
At 103.4 ksi At Room Temperature. Inclusion Contains A Core Of C And Cluster Of 
Small Fe Particles. 
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GB11591-725 

Figure V-6(b). WDX Element Maps Of Inclusion At Fracture Origin Of A Tensile Specimen That 
Failed At 103.4 ksi At Room Temperature. Inclusion Contains A Core Of C And 
Cluster Of Small Fe Particles. 
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GB11591-726 

Figure V-7(a). Photomicrographs Of Inclusion Zone Containing A Cluster Of Small Fe Particles And A 
Few Large C Particles. Tensile Specimen Failed At 88.7 ksi At Room Temperature. 
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GB11591-727 

Figure V-7(b). WDX element Maps Of Inclusion Zone Containing A Cluster Of Small Fe Particles And 
A Few Large C Particles. Tensile Specimen Failed At 88.7 ksi At Room Temperature. 
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Figure V-8(a). Photomicrographs Of An Elongated Inclusion Containing C And Y. Tensile Specimen 
Failed At Room Temperature And 83.2 ksi. 
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GB11591-729 

Figure V-S(b). WDX Element Maps Of An Elongated Inclusion Containing C And Y. Tensile 
Specimen Failed At Room Temperature And 83.2 ksi. 
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Figure V-9(a). 

GB11591-730 

Photomicrographs Of Typical Inclusion At Fracture Origin Of Tensile Specimen That 
Failed At 1093 ksi. WDX Element Maps (Following Pages) Show Inclusion Contains 
Clusters of C, Fe, And Co; No Si Was Present. 
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Figure V-9(b). WDX Element Maps Of Typical Inclusion At Fracture Origin of Tensile Specimen That 
Failed at 109.3 ksi, Showing Inclusion Contains Clusters of C, Fe, And Co; No Si Was 
Present. 
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GB11591-732 

Figure V-~(C). WDX Element Maps Of Typical Inclusion At Fracture Origin Of Tensile Specimen That 
Failed at 109.3 ksi, Showing Inclusion Contains Clusters of C, Fe, And Co; No Si Was 
Present. (Contd) 
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GB11591-734 

Figure V-lO(b). WDX Element Maps Of Typical Example of Inclusion Containing Only C At Fracture 
Origin Of Tensile Specimen That Failed at 107.1 ksi. 
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Figure V-ll(a). Photomicrographs Of Internal Elongated Inclusion Containing C And Ti. Tensile 
Specimen Failed At 105.4 ksi At Room Temperature. 
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GB11591-736 

Figure V-ll(b). WDX Element Maps Of Internal Elongated Inclusion Containing C And Ti. Tensile 
Specimen Failed At 105.4 ksi At Room Temperature. 
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GB11591-738 

Figure V-l2(b). WDX Element Maps Of Failure Originating From Internal Inclusion Containing AI 
And Possible Si. N And 0 WDX Element Maps (Following Page) Indicate That 
Inclusion Was Not Nitride Or Silicate. Disk Burst Occurred At 88,500 rpm At Room 
Temperature. 
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GB1159 1-739 

Figure V-l2(c). WDX Element Maps Of Failure Originating From Internal Inclusion Containing AI 
And Possible Si. N And 0 WDX Element Maps Indicate Inclusion Was Not Nitride or 
Silicate. Disk Burst Occurred At 88,500 rpm At Room Temperature. 
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GB11591-740 

Figure V-l3(a). Photomicrographs Of Failure Originating From Internal Inclusion Containing Fe, Cr, 
Ni, And C. WDX Element Maps (Following Pages) Show Inclusion Does Not Contain 0 
or N. Disk Burst Occurred At 90,200 rpm And Room Temperature. 
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GB11591-741 

Figure V-l3(b). WDX Element Maps Of Failure Originating From Internal Inclusion Containing Fe, Cr, 
Ni, And C. Element Maps Show Inclusion Does Not Contain 0 Or N. Disk Burst 
Occurred At 90,200 rpm And Room Temperature. 
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GB11591-742 

Figure V-l3(c). WDX Element Maps Of Failure Originating From Internal Inclusion Containing Fe, Cr, 
Ni, And C. Element Maps Show Inclusion Does Not Contain 0 Or N. Disk Burst 
Occurred At 90,200 rpm And Room Temperature. (Contd) 
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Figure V-l3(d). WDX Element Maps Of Failure Originating From Internal Inclusion Containing Fe, Cr, 
Ni, And C. Element Maps Show Inclusion Does Not Contain 0 Or N. Disk Burst 
Occurred At 90,200 rpm And Room Temperature. (Contd) 

3 1-1 1591 
Appendix V 

30 





&liedsignal 
A E R O S P A C E  

Figure V-l4(b). WDX Element Maps Of Failure Originating From Internal Inclusion In 2200F, Fast 
Fracture Test Spin Disk. Element Maps Show Inclusion Contained Fe, Cr, Ni, And Al. 
Possible C Would Have Been Oxidized. Burst Occurred At 93,000 rpm. 
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GB11591-746 

Figure V-l4(c). WDX Element Maps Of Failure Originating From Internal Inclusion In 2200F, Fast 
Fracture Test Spin Disk. Element Maps Show Inclusion Contained Fe, Cr, Ni, And Al. 
Possible C Would Have Been Oxidized. Burst Occurred At 93,000 rpm. (Contd) 
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GB11591-747 

Figure V-lS(a). Failure Originating From Deep Surface Machining Line And Associated Damage On 
2200F Fast Fracture Test Spin Disk. Burst Speed = 60,800 rpm. 
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GB11591-748 

Figure V-lS(b). Tilting The Specimen Revealed Initial Fracture Plane Aligned With A Deep 
Circumferential Machining Line. 
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Figure V-l6(a). Failure Originating From Surface Machining Damage On 2200F Fast Fracture Test 
Spin Disk. Burst Speed = 83,000 rpm. 
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GB11591-750 

Figure V-l6(b). Tilting The Specimen Revealed Machining Lines Aligned With The Fracture Plane And 
A Series of Oxidized Microchips. 
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GB11591-751 

Figure V-l7(a). Failure Originated From Surface Pit Possibly Formed During Heat Treatment. Disk 
Burst Occurred At 82,800 rpm At Room Temperature. 
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GB11591-752 

Figure V-l7(b). Arrows Indicate Surface Pit At Fracture Origin And Other Similar Pits. 
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GB11591-753 

Figure V-lqa). Failure Initiated From Surface Pits Possibly Formed During Heat Treatment. 
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Figure V-l8(b). Tilting The Specimen Reveals Surface Condition Of The Spin Disk. 
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APPENDIX V I  

DERIVATION OF STATISTICAL MODELS 

(AlliedSignal Auxiliary Power and General Electric Corporate Research Center) 

(70 pages) 

This Appendix presents detailed derivations of the equations developed in 
this program for statistical analysis. The work was performed in 
collaboration with Dr. Curtis Johnson and Dr. William Tucker of the 
General Electric Corporate Research Center. Section 1 is a report written 
at  AlliedSignal, and Sections 2 through 4 are sections written by 
Dr. Johnson and Dr. Tucker. 
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NOMENCLATURE 

Subscripts specifying the ith, kth specimens, respectively 
Multiaxial stress and stress gradient factor for the specimen -- a function of m , as defined by 
EvansLamon or Batdorf/Heinisch 
Multiaxial stress and stress gradient factor for the component -- a function of rn 
Weibull modulus 
Reliability 
Specimen fracture strength 
Component required design stress level for a probability of failure p 
Material strength constant, also known as the second Weibull parameter or the characteristic strength 
Volume of the specimen 
Volume of the component 
Surface area of the specimen 
Component surface area 
Component maximum stress level 
Desired probability of failure for the component 
Total number of specimens tested 
Number of specimens failed for the given failwe mode -- smaller than n 
Likelihood Ratio statistics 
Chi squared distribution with 1 degree of freedom and alpha pmbability, the level of confidence 
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SECTION 1 - MID-PROGRAM SUMMARY REPORT 

This section of Appendix VI is an excerpt from AUiedSignal Auxiliary Power Report Number 32-3722. 

This report was written August, 22 1991 at the midpoint of this contract, as such it only included the 
development to that date and it outlined the goals that were then set. At some point those goals changed and 
some of them were not pursued, mainly the bias correction items outlined in section 5 of this appendix. 

r 
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1.0 INTRODUCTION 

An objective of the Oak Ridge Life Prediction Methodology for Ceramic Components of Advanced Heat 
Engines Project is to develop data analysis techniques for ceramic materials. Developed here are methods for 
the calculation of the Weibull parameters, their bias correction and confidence limits. This work also extends to 
the pdiction of component reliability and the associated confidence level. 

t 

Maximum Likelihood methods are used over least squares methods to obtain the Weibull parameters 
because of their superior efficiency. Johnson and Tucker (ref 1) have shown that compared to Maximum 
Likelihood methods, least squares methods waste as much as 40 percent of the data available, hence the 
preference of maximum likelihood methods. Bootstrap and Likelihood Ratio methods are used to obtain 
confidence limits. Bias comtions are performed using Bootstrap methods. 

An important contribution of this work is the development of techniques to combine multiple specimen data 
in the prediction of the Weibull parameters. The rationale behind pooling specimens of the same material, but 
of different shape, size and loading condition is that they are the same material and they must have common sets 
of Weibull parameters. 

A computer code was written to implement these methods. Results from this code wil l  be shown as 
examples as the material is presented. This code can generate, from a material data base, the set of Weibull 
parameters to be used in risk integration codes such as WESTAC and CARES. 

This work was performed with the technical assistance of Dr. William Tucker and Dr. Curtis Johnson of the 
General Electric Company. 
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2.0 BACKGROUND 
2.1 Weib- . .  . 

The Weibull distribution is an extreme value distribution of minima. It is commonly used to describe 

material strength. This distribution has found wide acceptability in reliability analysis as a model for time to 

failure of electronic and mechanical components and systems. The Weibull probability density function (PDF) 

as most commonly used in statistics is given by Equation [VI-I] and the cumulative density function (CDF) is 

given by equation [VI-21. The cumulative density function is equivalent to the the probability of failure; 

hence,the probability of success is given by equation [VI-31. 

' 

[VI-11 

IVI-31 

In calculating the reliability of a system one must define the type of reliability system that is represented. A 

system can be a reliability-wise series system, a parallel system, or a combination of the two. A series system is 

one in which the failure of a system is obtained when any one of the components in the system fails, a parallel 

system is one in which a l l  of the components must fail in order for the system to fail. In a series system, the 

reliability is calculated by computing the product of the reliability of each one of the components. In a parallel 

system, the reliability is computing by first calculating the meliability which is the product of the probability 

of failure of the components in the system and then subtracting it from one. The statistical theory of brittle 

materials is based on the reliability-wise series system. 

2.2 Weibyll's Br-h T h m  

The statistical theory of brittle materials dates back to 1939, when W. Weibull (ref 2) published his first 

works on the subject. The approach used in the development is to assume that a ceramic part is made of many 

3 1-1 1591 
Appendix VI 

2 



1 

I 

A E B O S P A C E  

small elements and that they behave as a reliability-wise series system. Weibull developed Equation [VI41 for 

a uniaxial state of stress, this equation shows that the probability of failure of a component is a function of the 
size and of the stress of the component. Weibull also proposed equation [VI-5] in which the function n( 0) is 
replaced by a power law. Batdorf and Crose (ref 3) and Evans (ref 4) later developed approaches for the 

statistical analysis under the multiaxial state of stress. Chao and Shelty (ref 5 )  proved by computation that the 

Batdorf and Crose and Evans theories gave identical predictions. Johnson and Tucker (ref l), on the other hand, ' 

proved analytically that these two approaches were identical. 

I 
1 

[VI-5] 

After carrying out the integration in Equation [VI-51, it will yield an equation of the form of [VI-6] which 
shows the probability of failure to be a function of the component size, in this case volume, and of a factor Zi 
which is a function of the state of stress as derived by Batdorf and Crose or Evans. Zi is a function of the 

Weibull modulus rn. Given that Equation [VI-6] represents the cumulative density function, Equation [VI-7] 

represents the probability density function and Equation [VI-81 the probability of survival or reliability. - 
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3.0 PARAMETER ESTIMATION 

This section describes the basic approach for parameter estimation for censored and uncensored data. 

. .  3.1 -Method Of Maxim- 
t 

The likelihood function of a sample is defined as the product of the probability density function of the 

distribution that represents the data, as shown by Equation [VI-91. The likelihood function of the sample is a 

function of the unknown parameters of the governing distribution. 

[VI-9] 

The maximum likelihood estimators of mand 0, are values of m and 0, that maximize the likelihood 

function; Le., mand 0, are the values that maximize the probability of occurrence of the sample results. If r% 
and 5, maximize L(6 ,  6,). then f i  and 5, also maximize the logarithm of the likelihood, In[ L(+, &,)I. In 

the case of the Weibull distribution, this transformation makes the derivation of r% and 6, much easier. The log 

likelihood for the Weibull distribution for a sample of size n would be: 

I = ln[L(rn, o,)] [VI-lo] 

[VI-1 11 

[VI-121 

The maximum likelihood estimates can be obtained by taking the partial derivatives of the log likelihood 
with respect to m and 0, and setting them equal to zero: 
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The solution of these equations are the maximum likelihood estimates and they must usually be solved by 
iterative methods. 

. .  3.2  of l l ~ l ~  

Johnson and Tucker (ref 1) categorize problems for the study of combined ceramic data into four different ' 
classes. 

(1) Class I problems encompass specimens with uniform tensile stress and single specimen size. 

I 

(2) Class 11 problems encompass specimens with uniform tensile stress, but multiple specimen sizes. 

(3) Class I11 problems encompass specimens with similar loading, but different specimen sizes. Similar 
loading refers to all the specimens being three-point bending, or four-point bending, or all tensile, etc. 

(4) Class IV problems encompass specimens with different loading and different specimen sizes. 
Specimens can include an assortment of three-point bending, four-point bending, tensile, and any other 
arbitrary loading. 

3.2.1 h e  MQ&) 

Since Class N problems embrace Classes I through 111, the derivation of Weibull parameters for Class IV 

problems will therefore encompass Classes I through 111. Equations [VI-61 through [VI-81 are the Weibull 
functions for the Class IV problems; these will be used in the subsequent derivations. Equation [VI-71 is 

repeated here for convenience. 

To compute the parameters of the distribution, we use the maximum likelihood procedure; for this we must 
formulate the problem using Equation [VI-lo] where the log likelihood I is presented. 
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[VI-lo] 

Now the maximum likelihoods are obtained by maximizing [VI-151. Taking the partials of 1 with respect to 
m and a, yields: 

and: 

[VI-171 

and since: 

[VI-18] yields 
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and Substituting [VI-191 into VI- 161 yields: 

[ VI-201 
c 

Simplifying [VI-20]: 

and rearranging: 

which finally yields: 

and: 

[VI-2 11 

[VI-22] 

[ VI-231 

[ VI-241 

Hence the maximum likelihoocl estimates of m and 0, are given by equations [VI-24] and [VI-191. Equation 

. [VI-24] has to be solved iteratively. 
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3.23 ~ O r ~ e M ~  

During a given testing program it is common to find that specimens, or components, fail in more than one 

failure mode. Whether this be for problems with the test itself or from inherent multiple failure modes of the 

specimens, it is essential to utilize a l l  the data in order to extract all the information available from these tests to 

predict the behavior of the failure mode that is under investigation. In the case of ceramic materials, it is 

common to find strength failure locations at either the surface or internal to the specimen. It has also been 

observed that the strength distribution of these two failure locations exhibit two distinct strength levels, although 

both can be described by a Weibull distribution. In order to determine the best estimates of the Weibull 

parameters for these failure modes it is necessary to perform a censored data analysis. The approach taken in 

this analysis is the maximum likelihood method. 

The likelihood function for censoIed data differs from the noncensored data in that the likelihood of the 
censored data contains the product of the PDFs of the noncensored data times the product of the CDFs of the 

censored data, as shown in Equation [VI-25]. For the log likelihood function this becomes the sum of the logs 
as shown in Equation [VI-26]. 

where: 

i=l j=r+l 

[VI-25] 

[VI-26] 

is the number of failed units and n is the number of total units, and the number of censored units is the 

difference between n and r . 
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Equation [VI-27] yields: 

[VI-281 

r 

[VI-29] 

The maximum likelihood estimates are obtained by maximizing Equation [VI-291. Ta-.lg the partial 
derivatives of I with respect to a, and m yields: 

and since: 

[VI-301 

[VI311 

[VI-31] yields: 

which is the solution for 0,. The summation of k in [VI-9] is over all units. For the maximum likelihood 

estimate of rn we must differentiate with respect to m as shown in Equation [VI-331: 
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Substituting [VI-321 into [VI-33] yields: 

Rearranging and simplifymg: 

and: 

[ c 'L ' k c ]  
Ii m m 'kVk c 

[ I k  'k In( O k  ) ]  + m In( + c Ikvk $ ) r - 
X 'kVk 

which finally yields: 

[VI-34] 

[VI-35] 

[VI-36] 

[ VI-371 

k=l 

Equations [VI-321 and [VI-371 are used to estimate the Weibull parameters for censored and multifailure 

data. In the above equations the summation indices have the following ranges: i=l, t-,j%+l, n, k=l, n. 
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3.3 

Design evaluation is performed by computing the reliability of the component in question the higher the 
reliability the better the design. The reliability, or probability of success, of a component is computed using 

Equation [VI-8], as shown below: 
r 

I 

[VI41 

The Weibull parameters, m and O,,, are obtained from the statistical analysis of the specimen data. In the 

case of uncensored data, Equations [VI-19] and [VI-241 are used; in the case of censored or multifailure data, 

Equations [VI-32] and [VI-37] are used. 

3.4 D e s i g n s  Level Es- 

Preliminary component design dictates the knowledge of a target maximum stress level that will satisfy a 

required level of reliability with an acceptable confidence level. Such a stress level is referred to as the design 

stress level. The design stress level can be computed using equation [VI-6]; the derivation follows. Starting 

with Equation [VI-6] and setting the probability of failure equal top yields equation [VI-38]. 

p=l -exp  -Icy - { (:J 
where: 

p is the desired probability of failure. 
oP is the stress level for the above probability of failure. 

IC is the component multiaxial stress factor. 

V,  is the component size, surface, volume or length. 

[VI-38] 
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Solving for ap in [VI-381 yields Equations [VI-39] and [VI-40]: 

[ VI-391 .( &) = I c v ,  (2T 

The Weibull parameters, m ando,, are obtained from the statistical analysis of the specimen data. In the 

case of uncensored data, Equations [VI-191 and [VI-241 are used; in the case of censored or multifailure data, 

Equations [VI-321 and [VI-371 are used. 
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In section 3 a method was outlined to predict the estimates of the Weibull parameters. It is observed that 

these are only best estimates of the parameters. It is also observed that reliability predictions, Equation [VI-81, 

use these estimates. Minor changes in the predictions of these estimates may produce significant errors in high 

reliability or low probability of failure predictions. The limited number of specimens that are usually available 

for testing preclude the prediction of the true parameters of the distribution, making it necessary to estimate 

confidence intervals that will contain the true parameter. Two approaches have been implemented to determine 

these confidence level intervals, the Bootstrap method and the Likelihood Ratio method. A description of these 

methods follows. 

c 

I 

4.0 CONFIDENCE LIMIT CALCULATION 

The Bootstrap method consists on gathering information about estimates of variability and uncertainty by 

evaluating the observed data set. Uncertainties on the estimates can arise from testing a finite number of 

specimens and from inefficiencies of the estimators. Bootstrap techniques can be parametric and non- 

parametric. The parametric technique uses the estimates for the assumed distribution to generate a new data set. 

This data set then produces new estimates for the distribution parameters of the experimental data. The non- 

parametric technique generates a new data set from the original data set, allowing for replacements. In both 

methods, a number of specimens similar to the original data set is used. This document describes only the 

parametric bootstrap approach. Bootstrap techniques are described by Efron and Tibshrani (ref 6). 

The confidence limits are calculated by generating new data sets and their respective Weibull parameters a 

number of times that will accurately define the requixed confidence limits. For example, if the two-sided 95% 

confidence limit is required, the upper limit will be given by the 97.5 percentile of the generated Weibull 

parameters and the lower limit will be given by the 2.5 percentile. To define the 97.5 and the 2.5 percentiles 

lo00 data sets would be needed; when ordering the parameters in ascending order, the 25th value would yield 

the 2.5 percentile and the 975th value would yield the 97.5 percentile. Note that odd percentiles could be 

predicted with 100 data sets; i.e., the 96% confidence limit would be given by the 2nd and the 98th values of the 

parameters of the 100 data sets. The accuracy of these predictions would also depend on the number of data 

sets: the larger the set, the better the accuracy. The Bootstrap analysis for the characteristic value or first 

Weibull parameter is performed in a similar fashion. 
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. .  4.2 

The Likelihood Ratio method involves the statistics of the log of the ratio of the likelihood function of two 

distributions. Cox and Oakes, Chapter 3.3, (ref 7), describe a method for the two-parameter Weibull 
distribution. The Likelihood Ratio method is based on the likelihood ratio statistic, Equation [VI-41]. 

r 

3 W(m)  = 2[Z(h, &J - z(rn, [VI411 

Where: 

Z(h, &o) is the likelihood function given the maximum likelihood estimates of m and o, . 
I(  m, c?~ m) is the likelihood function given the maximum likelihood estimate of oo given rn . 

2 
W(m) has an approximate Chi-squared distribution with one degree of freedom, &I. To determine the 

1 - a confidence limits one must compute the values of m for which Equation [VI421 holds. Two solutions 

can be found to this equation: the upper confidence bound and the lower confidence bound. 

. .  4.3 -For S i n g l e e  

. .  4.3.1 Confidence Li-aD M e w  

. .  4.3.1.1 Confidence Lirmts For The F i r s t e c o n d  Weibralhga r a w  

Given that the Bootstrap method relies heavily on evaluation, the process to calculate confidence intervals, 

the approach is better described in a step-by-step basis. The confidence limits of the Weibull parameters can be 

calculated simultaneously; both are presented in this section. 

(a) The first step consists of estimating the Weibull parameters using the Maximum Likelihood method. 

The estimates are computed from Equations [VI-191 and [VI-241 (shown next for convenience; the 

equations were derived in Section 3.2.1). 
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[VI-19] 

[ VI-241 

c 

(b) Second, choose a random number between zero and one, and pick this number to be a reliability value, 

R. 

(c) Third, select a specimen type from the original data set, with its corresponding and Ii . Using the 
above th and &ocompute the fiacture strength of this pseudo specimen, using Equation [VI-43], given 

that it has the reliability equivalent to the value of the random number chosen in (b). 

[VI431 

(d) Repeat steps (b) and (c) for each specimen type and size a number of times equal to the number of 

specimens in the individual data set. 

(e) Calcdate the Weibull parameters for this newly generated data set using Equations [ V I 4 1  and [VI451 
and save these values. 

- 1 1  = -q li' + In( nIi~a'm - 1) 
rii n Ii IiY0;" 

( f )  Repeat steps (b) through (e) a number of lo00 times. 

(g) Sort the f i  and 3o pair in ascending order for 6 without losing the pair and also for eo without losing 

the pair. 
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(h) To calculate the x confidence interval, pick the (100-x) (1O00/2)(1/100) points from the upper and lower 

ends of the sorted values in (g); these define the limits. For example, if the 95 percent confidence 

interval is required, substitute the 95 for x to obtain 5, then multiply by the adjoining factor to get 25. 

Hence the 95 percent confidence interval is given by 25th point from the lowest and the 25th point from 
the top of the sorted values f i  and eo in (g). 

' 

igg Stress Le Vd . .  4.3.1.2 Conf idence t s  For The Des 

(a) The design stress level can be obtained from the Weibull parameters calculated in Equations [VI441 

and [VI451 by using Equation [VI46], where "p" is the desired probability of failure, V is the 

component volume, and I' is the component's multiaxial and stress gradient factor: 

(b) Given that we have a set of f i  and eo from Section 4.3.1.1, compute op from [VI461 for each one of 

these values and save them. 

(c) Sort the op and obtain the x confidence interval by picking the (100-x) 10/2 pints from the upper and 

lower ends, using the same approach as in 4.3.1.1 Q. 

- . .  . .. . .  4.3.13 For T-ilitv Prediction 

(a) Similarly to opt the reliability, R, has a functional relationship to 0, and it is given by Equation [VI- 

471, where 2 is the maximum stress level of the component, and I' and V are the component's 

multiaxial and stress gradient factor and volume, respectively. 

(b) Given that we have f i  and 6,, fmm Section 4.3.1.1, we can substitute these values into [VI471 to find a 

list of Rs. 
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(c) Sort the Rs and obtain the x confidence interval by picking the (100-x) 1012 points from the upper and 

I lower ends, using the same approach as in 4.3.1.1 Q. 

. .  . .  4.33 C o n f i d e n c e s  Bv 7 

. .  432.1 For The First AndSecond Weibull Parameters 

As shown by Equation [VI411 one must calculate a variety of log likelihoods to calculate the confidence 
limits on the Weibull parameters. For the case of the coinfidence limits on o,, it is necessary to compute the 
likelihood with a maximum likelihood of m given Go, and for the case of the confidence limit on m, it is 

necessary to compute the likelihood with a maximum likelihood of 0, given m. Hence the equations needed 

are derived from Equation [VI-161 for mand from Equation [VI-19] for o,, yielding Equations [VI481 and 

[VI49]. 

- 
To compute the confidence limits of the parameters we must proceed to solve Equations [VI-50] and 

[ VI-521 : 

where: W ( m ) =  2[z(fi ,&0)-z(m,~0,)]  

I 00 :w( 0 0 )  x:a 

where: w( 0,) = 2[Z(h, 6,) - z(+, 9 o,)] 

* .  4.33.2 Conf'ldence Lirmts Fo r Stress Leva 

[VI-SO] 

[V1-51] 

[VI-52] 

[VI-53] 

In order to calculate the design stress level for a given reliability and confidence level and for a given 

specimen size and stress state, we use the transformation in Equation [VI-541 with Equation [VI-191 to obtain 
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[VI-%], and by using the procedure described in Section 3.2.1, we derive equation [VI-561 by substituting 

[VI-54] into [VI-15] and differentiating: 

[VI-54] 

c 

[V1-55] 

[VI-561 

The confidence limits are obtained by solving Equation [VI-571. 

2 [ VI-571 o p : W ( o p )  <Xl., 

where: [ VI-5 81 

R 4323 For The w v  . . .  . .. 

To calculate the confidence interval on the reliability, we use the change of variables in Equation [VI-591. 
And given that the reliability of a component with a stress level 2, a volume V,  and a multiaxial and stress 

gradient factor I ,  is given by [VI-601: 

y =  -ln[R(Z)] [VI-59] 
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Equation [VI-60] becomes [VI-61], which after substituting in [VI-7] becomes [VI-621, and by applying the 

same process as in Section 3.2.1, we obtain Equations [VI-631 to [VI-721. 

ICv,Zrn e=- 
Y 

I 

Now for the case of the Weibull slope: 

[VI-61] 

c 

[VI-62] 

[VI-631 

[VI-641 

[VI-65] 

[VI-661 

[VI-671 

[VI-68] 
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[VI-701 

c 

[VI-711 

The confidence limits are obtained by solving Equation [VI-721: 

2 Y : w ( Y )  5 L a  
[ VI-721 

where: 

. .  4.4.1 i a c h  

This section describes the Bootstrap method to define the confidence interval for censored data given that 

the censored data belongs to additional failure modes. The approach is described for two failure modes, but 

from this description it can easily be extended to any number of concurrent failure modes. This approach does 

not apply for a single failure mode with censored data, because one does not know what specimen to assign the 

censoring to. Approaches will be investigated later on in the program to determine if the Bootstrap method is 

possible for a single failure mode. 

4.4.1.1 Confidence L imits For T he First W e c o n d  We ibull Paramete rS 

As in Section 4.3.1, a reevaluation of the data is performed to determine the confidence intervals of the 

Weibull parameters for as many failure modes as there axe present. The methods are again better described in a 

step-by-step basis. 
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(a) The first step consists of estimating the Weibull parameters using the Maximum Likelihood method. 

The estimates are computed from Equations [VI-32] and [VI-371, derived in Section 3.2.1. Equations 

[VI-32] and [VI-371 are presented here for convenience: 

k=l 

[ VI-321 
c 

From these equations, calculate the Weibull parameters for all of the failure modes found in the data. 

(b) Second, choose a random number between zero and one, and pick this number to be a reliability value, 

R, and assign this reliability to failure mode 1. 

(c) Third, select a specimen type from the original data set, with its corresponding and Zi . Using the 

above h and 60, compute the fracture strength of this pseudo specimen, using Equation [VI-741, given 

that it has the reliability equivalent to the value of the random number obtained-above. 

[ VI-741 

(d) Repeat steps (b) and (c), this time for failure mode 2. Keep the specimen type and size used for failure 
mode 1 and calculate ai for fail= mode 2. 

(e) Compare the value of oi for failure modes 1 and 2. If ai for failure mode 1 is smaller than oi for 

failure mode 2, then this wil l  represent a failure for this failure mode; if not, the oi for failm mode 2 

wil l  represent a censored specimen for failure mode 1. 

(0 Repeat steps (a) through (e) for each specimen type and size a number of times equal to the number of 

specimens in the individual data set. 
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(g) Calculate the Weibull parameters for this newly generated data set using Equations [VI-75] and [VI-761 
and save these values. Calculate 5 and Go for the second failure mode at the same time. 

[VI-751 

c 

k=l 

(h) Repeat steps (b) through (g)  a number of lo00 times. 

(i) Sort the 5 and so pair in ascending order for f z  without losing the pair and also for 6o without losing 

the pair, for both failure modes. 

(i) To calculate the x confidence interval, pick the (100-x) (1O00/2)(1/100) points from the upper and lower 

ends; these define the limits. For example, if the 95 percent confidence interval is desired, substitute the 

95 for x to obtain 5, then multiply by the adjoining factor to get 25. Hence the 95 percent confidence 
interval is given by the 25th point from the lowest and the 25th point from the top. 

. .  4.4.1.2 For The Des@ Stress Level 

(a) The design stress level can be obtained from the Weibull parameters calculated in Equations [VI-751 

and [VI-761 by using Equation [VI-78], where p is the desired probability of failure, V is the component 

volume and belongs to the component. 

[VI-771 

(b) Equation [VI-77] has to be solved iteratively for Op for the given reliability and two sets of Weibull 

parameters. 
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(c) Given that we have the sets of f i  and 6, from Section 4.4.1.1, compute Op from [VI-75] for each one 

of these values and save them. 

(d) Sort the Op and obtain the x confidence interval by picking the (100-x) 10/2 points from the upper and 

lower ends, using the same approach as in 4.4.1.1 (j). 
r 

. .. 4.4.1.3 

(a) Similarly to Op, the reliability, R, has a functional relationship to a,, given by Equation [VI-781, where 

Z is the maximum stress level of the component, and f and V are the component multiaxial and stress 

gradient factor and volume, respectively. 

[VI-781 

(b) Given that we have 6 and 6, from Section 4.4.1.1 and for both failure modes, we can substitute these 

values into [VI-78] to frnd a list of R's. 

(c) Sort the Rs and obtain the x confidence interval by picking the (100-x) 10/2 points from the upper and 
lower ends, using the same approach as in 4.4.1.1 a). 

. .  . .  1 4.4.2 : 

. .  4.4.2.1 For The Fir-- 

As shown by Equation [VI411 one must calculate a variety of log likelihoods to calculate the confidence 
intervals on the Weibull parameters. For the case of the confidence limits on a,, it is necessary to compute the 
likelihood with a maximum likelihood of rn given a, and for the case of the confidence limit on rn, it is 

necessary to compute the likelihood with a maximum likelihood of a, given rn. Hence the equations needed 

are derived from Equation [VI-291 for m and from Equation [VI-321 for o,, yielding equations [VI-791 and 

[VI-80] 
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[VI-79] 

To compute the confidence limits of the parameters we must proceed to solve Equations [VI-811 and 

[VI-83]: 

where: 

where: 

[VI-811 

[VI-82] 

[VI-831 

[VI-84] 

. .  4.4.2.2 For The D- Level 

In order to calculate the design stress level for a given reliability and confidence level and for a given 
specimen size and stress state, we use the transformation in Equation [VI-85] with Equation [VI-32] to obtain 

[VI-861, and by using the procedure described in Section 3.2.1, we derive Equation [VI-gO] by substituting [VI- 
851 into [VI-29] and differentiating as shown by Equations [VI-87] through [VI-89]. 

i=l j=r+l ~ 
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Equation [VI-941 becomes [VI-941, which after substituting into [VI-31 becomes [VI-961 and into [VI-71 

becomes [VI-97]. After substituting Equations [VI-96] and [VI-971 into the log likelihood function, Equation 

[VI-98], and applying the same process described in Section 3.2.1, yields Equations [VI-99] to [VI-1071. 

Icv,Z" e=- 
Y 

i=l i=l k=l 

The maximization of [VI-991 with respect to Y and m yields: 
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[VI-961 

[VI-971 

[VI-981 

[VI-99] 

[VI- loo] 

[VI- 10 13 



m 

I 

Now for the case of the Weibull slope: 

[VI-lrn] 

[VI- 1031 

c 

[VI-lW] 

[VI-1061 

[VI-107] 

The above yields the needed equations for the calculation of the confidence limits on Y .  The confidence 

limits are obtained by solving Equation [VI-108] . 

I 
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5.0 BIAS CORRECTION FOR PARAMETER ESTIMATES 

Bias is the systematic error or deviation of the expected value of a statistical estimate from the quantity it 

estimates. The amount of the bias depends on the efficiency of the estimators. The estimator used in this work 
is the maximum likelihood estimate procedure. These estimators have been proven (ref 6) to have less bias 

when compared to estimators such as the least squares method. The following section presents bias correction 

procedures using bootstrap methods for the Weibull parameters, reliability and design stress levels. A 

likelihood approach is under development, but such approach is not ready yet, and depending on the success of 

the formulation, it will be reported in the future. 

c 

The Bootstrap method consists of gathering information about estimates of variability and uncertainty by 

evaluating the observed data set. Uncertainties on the estimates can arise from testing a finite number of 

specimens and from inefficiencies of the estimators. Bootstrap techniques can be parametric and non- 
parametric. The parametric technique uses the estimates for the assumed distribution to generate a new data set; 

this data set then produces new estimates for the distribution parameters of the experimental data. The non- 

parametric technique generates a new data set from the original data set, allowing for replacements. In both 

methods, the number of specimens used is equal to the number of specimens in the original data set. The 

parametric approach is the only approach used in this document. 

The bootstrap evaluations used to compute confidence limits of rn and a, contain information about the 
amount of bias present in 6z and 6, . The information stems from the fact that the bootstrapped values rfz and 

6, were generated with the known f i  and 6,. And if the median values of rfz and 6, do not coincide with the 

6i and e,, these values provide a measure of the bias produced by the estimator. This bias can be measured by 

using invariants of the distribution. For the case of the Weibull modulus, the ratio of the estimated rn to the 

true rn is an invariant, as shown in Equation [VI-1 lo]. This implies that Equation [?%I 111 is also me.  

2 c, =- 
%.P 

[VI-1101 

[VI-1 111 
4 l . P  c, =- 
i i  

Equation [VI-1 121 shows the invariant of the Weibull characteristic strength, 
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Dp = r%h[ :) 

I 

From Equation [VI-1 121 it follows that Equation [VI-1 131 must also hold. 

[VI-1 121 

[VI-1 131 
r 

I 

5.1 W C o r r m -  

5.1.1 Bv 

(a) One must start by performing the bootstrap reevaluations of the data. 

(b) Perfom the bootstrap simulation loo0 times, or as many as required to produce accurate estimates of 
the values corresponding to the desired probability. We are currently using 99 for savings in 
computation time. 

(c) To perform the bias correction on the Weibull slope select the median, fiB,m value of the estimated 

values from the bootstrap simulation and use it in Equation [VI-1 141, derived from equating Equations 
9 

[VI-1 101 and [VI-1 111. 

[VI-1 141 

where: 

6z = the estimated rnfrom the original data set 
mvSw, = the true medianrn 
fiLf,50 = the median bootstrapped rn 

(d) To perfom the bias correction on the second Weibull parameter, a,, select the median f i B  y) value and 
the median 6oB,p value from the bootstrap simulation and use them in Equation [VI-1151 that was 

derived from equating Equations [VI-112] and [VI-1 133. 
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A 

~ou.50 = 0 0  

. .  5.1.2. C o r r e m  Bv -od M&Q$ 

This work is in progress and will be published when completed. 

5.2 Bias C o r r w  For T U  ’_ Strw J m g l  

5.2.1 Bias CorreCtipn Bv 

Calculate dpLI using the unbiased Weibull parameters calculated above into the following equation: 

[VI-115] 

c 

[VI-1 161 

where 1, is calculated using the unbiased estimates. This, apu , islhe unbiased prediction for the design stress 

level. 

. .  53.2 

This work is in progress and will be published when completed. 

. .. 5 3  Bips C o r e  For 

53.1 &ias Correc-roa& 

Calculate the unbiased reliability by using the unbiased estimators in Equation [VI-117]: 

~ ( 2 )  = exp- IuV - [ (0:,50T] 
31-11591 
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. .  5 3 3  J).ias Come- Bv 1 

This work is in progress and will be published when completed. 

. .  5.4 Bias C o m a  For 

5.4.1 Bv ple Boo- 

Confidence limit bias corrections can be performed using Equations [VI-1 141 and [VI-1 151 in which the 

value of the probability is changed from 50 to the desired confidence level, for example: 

[VI-1 181 

m.99 

[VI-1 191 

Equations [VI-1 181 and [VI-1 191 provide the unbiased confidence limits for the Weibull parameters. 

The unbiased confidence limits for the design stress level and the reliability are in the development process, 

they will be reported on when completed. 

. .  5.43 Come- Bv 

This method is under development and will be reported on later. 
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6.0 PROGRAMMING LOGIC 

The following is a description of the steps and the equations to use in the calculation of the variables and 

confidence limits described in the previous sections. The equations will be referred to by their equation number 
in the previous sections, but with the appropriate change of variables. Described are the Maximum Likelihood ~ 

method, the Likelihood Ratio method and the Bootstrap method. 

6.1 Max imum Likelihood Method Est imates o f the Weibull Paramete rS 

(a) Calculate the MLE (maximum likelihood estimate) of rn by using Equation [VI-24] and solving for rn 
using an iterative scheme. 

[ VI-24 J 

@) Calculate the MLE of a, by using [VI-19] and the MLE of rn obtained from the solution of [VI-241: 

[VI-19] 

6.2 Likelihood Rat io Met hod 

The logic is presented for uncensored data analysis; for censored data analysis or multimodal failure, 
interchange the equations with the equations for the multimodal analysis presented in section 4.4. 

62.1 Con fidence L imits for the First w u l l  Paramew 

(a) Compute the log likelihood of the Weibull probability density function (PDF) with the MLE of rn and 
a, using [VI-7] and [VI-lo]: 
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1 = C '[ f(oi)] 

(b) Compute the h4LE of a, given rn using [VI-191: 

a, = -~Iiyo,m [: 'I" 

[VI-lo] 

[VI- 191 

(c) Compute the log likelihood of the Weibull PDF with the chosen rn and respective MLE of 0, with 

[VI-71 and [VI-101 above. 

(d) Iteratively solve for the solution of [VI-501 subject to [VI-511; this equation has two solutions: the 
upper and lower confidence limits. The solution gives the limits of rn : 

W(m)  = 2[z(h,&0)-1(rn,i?0m)] 

(a) Repeat step 6.2.l(a) 
(b) Compute the MLE of rn given 0, using [VI48]: 

[VI-501 

[VI-511 

(c) Compute the log likelihood of the Weibull PDF with the chosen 0, and respective MLE of rn using 

[VI-71 and [VI-101 from 6.2.l(a) 

(d) Iteratively solve for the solution of [VI-521 subject to [VI-53]; this equation has two solutions: the 
upper and lower confidence limits. The solution gives the limits of 0, 
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It is often the case that there is a need to design a component to a desired reliability and confidence level. 

This section addresses this case, and computes the maximum stress level which will satisfy the requirements. 

(a) Use Equation [VI-541 and substitute it for 0, in [VI-71 and obtain [VI-411: 

[ VI-541 

(b) Using [VI-120], compute the log likelihood, Equation [VI-lo], of the Weibull PDF using rn and Gp 

where rn is the MLE from [VI-241 and up is obtained from [VI-541 or [VI-55] where 0, is obtained 

from [VI-19]. - 

[VI-lo] 

(c) Calculate the MLE of rn given Op using Equation [VI-56]: 
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I 

(d) Calculate the log likelihood of the Weibull PDF with MLE of m given Op 

(e) Iteratively solve for the solution of [VI-57] subject to [VI-581. Solve for the lower limit and this value 
will give the design smss level, Op ,for the desired reliability and confidence level. 

[VI-58] 

. .. 6.2.4 -On- 

It is often the case to design a component to satisfy a variety of design constraints; in turn, the design 

configuration yields a stress level and stress distribution and multiaxial state of stress that cannot be changed. 

For this case, a reliability estimate of the design has to be computed. It is also the case that confidence limits 

on this reliability may be desired. This section addresses the calculation of the reliability and the confidence 
limits on the reliability. The reliability, R , of the component is given by Equation [VI-601 and this will usually 

be computed with a program such as WESTAC or CARES. The confidence limits of the reliability are 
computed as follows: 

(a) Compute the MLE of m given g by using equation [VI-71]: 

[ VI-601 
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(b) Compute the MLE of g using Equation [VI-681: 
c 

[VI-681 

(c) Compute the log likelihood of the Weibull PDF , equation [VI-lo], using the MLE of m and g in 

Equation [VI-621. The MLE of m is given by [VI-241 and the MLE of g is given by [VI-681: 

tVI-623 

(d) Compute the log likelihood of the Weibull PDF, using equation [VI-lo], with the MLE of m given g , 

Equation [VI-41]. 

(e) Iteratively solve for the solution of [VI-721 subject to [VI-731; this equation has two solutions: the 

upper and lower confidence limits. The solution gives the limits of g, hence the reliability, Equation 

[VI- 1211. 

w( Y) = 2[Z(h, ?) - Z(h7, Y)] [VI-731 

R(Z)  = e-y [VI- 12 13 
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The following description is a repetition of the description of Section 4.3.1, Confidence Limits for Single 

Failure Mode, and is given as an example of how to approach the logic for the Bootstrap method. For a 
description of censored data, refer to Section 4.4.1. 

c 

. .  6.3.1 For The Fir- SecQad Weib- 

Given that the Bootstrap method relies heavily on evaluation, the process to calculate confidence intervals, 

the approach is better described in a step-by-step basis. The confidence limits of the Weibull parameters can be 
calculated simultaneously; both are presented in this section. 

(a) The first step consists of estimating the Weibull parameters using the Maximum Likelihood method. 

The estimates are computed from Equations [VI-19] and [VI-24] (shown next for convenience; they 

were derived in Section 3.2.1). 

1 1  

[VI-19] 

[ VI-241 

(b) Second, choose a random number between zero and one, and pick this number to be a reliability value, 

R. 

(c) Third, select a specimen type from the original data set, with its correspondkg and Ii . Using the 

above h and h0, compute the fracture strength of this pseudo specimen, using Equation [VI43], given 

that it has the reliability equivalent to the value of the random number chosen in step (b). 

[VI431 

(d) Repeat steps (b) and (c) for each specimen type and size a number of times equal to the number of 

specimens in the individual data set. 
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(e) Calculate the Weibull parameters for this newly generated data set using Equations [ V I 4 1  and [VI-45] 

and save these values. 

(f) Repeat steps (b) through (e) a number of loo0 times. 

(g) Sort the f i  and c0 pair in ascending order for f i  without losing the pair and also for eo without losing 

the pair. 

(h) To calculate the x confidence interval, pick the (100-x) (1OOO/2)( 1/10) points from the upper and lower 

ends of the sorted values in (g); these define the limits. For example, if the 95 percent confidence 

interval is required, substitute the 95 for x to obtain 5, then multiply by the adjoining factor to get 25. 

Hence the 95 percent confidence interval is given by the 25th point from the lowest and the 25th point 
from the top of the sorted values f i  and e,, in step (g). 

. .  63.2 -For 

(a) The design stress level can be obtained from the Weibull parameters calculated in Equations [VI441 

and [VI-451 by using Equation [VI-46], where "p" is the desired probability of failure, V is the 

component volume and I' is the component's multiaxial and stress gradient factor: 

[VI461 

(b) Given that we have a set of f i  and e,, from section 6.3.1, compute op from [VI461 for each one of 

these values and save them. 
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(c) Sort the op and obtain the x confidence interval by picking the (100-x) 10/2 points from the upper and 

lower ends, using the same approach as in 6.3.l(h). 

. .  . .. 1 633-- 
(a) Similarly to up, the reliability, R, has a functional relationship to 0, given by Equation [VI-471, where ' 

2 is the maximum stress level of the component, and 1 and V are the component's multiaxial and stress 

gradient factor and volume, respectively: 

(b) Given that we have f i  and 5, from section 6.3.1, we can substitute these values into [VI-471 to find a 

list of Rs. 

(c) Sort the Rs and obtain the x confidence interval by picking the (100-x) 10/2 points from the upper and 

lower ends, using the same approach as in 6.3.l(h). 
I 

I 
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BOOTSTRAP TECHNIQUES FOR CONFIDENCE AND TOLERANCE BOUNDS 

c-k J o b o n  
General Electric Corporate Research and Development 

Schenectady, NY 12301 
As the term implies, bootstrap methods for de- confidence and tolerance bounds "pull 

themsetves up by their own bootstraps." That is, they gather information about Variabiiity and uncer- 
tahty in estimates by evaluating only the data available in the obsemed dara set. A good review of 
boomap techniques and their basis can be found in a paper by Efion (1). The techniques are readily 
applied to a variety of distributims, but to our knowIedge, have not been applied to the Wehull distri- 
bution with size-scaling prior to the work d e s c r i i  herein. The work has been carried out at GE 
Corporate Research and Development under a DOE/ORNL subcontract entitled "Advanced Statisti- 
cal Concepts of Fracture in Brittle Materials", contract number 86X-OOZ23C; as part of 0 R " s  
ceramics Technology for Advand Heat Engines project. 

Bootstrap techniques characterize a combination of the uncertainty in estimates that arises from 
random sampling error (enor due to testing less than an infinite number of test specimens) as well as 
any additional uncertainty from ineEuencies of the estimator in utilizing all the information con- 
tained in the data set (some estimators are known to be more efficient than others). The technique 
can be used with any type of estimator including maximum likelihood, linear regression, moments 
methods, etc. Bootstrap methods are able to characterize the confidence bounds for any "quanw 
that an estimator is capable of estimating. For estimators in the WeibuU size-scaling probIem, these 
estimated quantities typically indude the two Weibull parameters, the fracture strength of a com- 
ponent of interest at any quarttile of mterw and/or the probability of failure of that component at a 
stress level of interest. 

Bootstrap approaches are based on "resampling techniques" where the experimental data set is 
resampled and reevaluated numerous times. The resampling process is therefore a type of numerical 
simulation. Parametric and non-pararnetrk bootstrap techniques dBer only in the method in which 
the original data is resampled to generate the many simulated data sets. In both cases, the simulated 
specimens are generally chosen such that each simulated data set has the same number of observa- 
tions within each specimen geometry as the original experimental data set 

c 

In non-parametric bootstrapping no assumption of the form of the sfreagth distribution is made 
pxior to generation of the simulated data sets, The simulated data is created by randomiy choosing 
streqxhs from the original data %ith replacements." That is, after a strength is chosen from the list 
of experimental strengths, it will still be avaijable to be chosen again within that Same data set There- 
fore, each simulated data set is - guaranteed to have some repeat obsezvations. 

In parametric bootstrapping, an estimator for an assumed distribution is used to estimate the dis- 
tribution parameters that best describe the experimental data. Simulated strength data is then gen- 
erated by randomly choosing simulated specimens fim the infinite populatian of specimens that are 
consistent with those distriiution parameters. This random sampling of simulated specimens ais0 
involves the use of a random number generator. For each specimen to be simulated, a random 
number is chosen within the interval from zero to one The Weibull distribution function is solved for 
the 6racture strength and the random number is substituted as the probabiiity of failure for that speci- 
men. AU other parameters such as Weibdl modulus, sigma zero and specimen size/geometxy are 
either known or assumed, therefore the strength of that simulated specimen is fully defined. 

In both parametric and non-parametric bootstrapping, each of the simulated data sets is analyzed 
using a suitable estimator. (In parametric bootstrapping, it is most rational to use the same estimator 
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that was used to analyze the experimental data.) The variability in estimates from the numerous 
simulated data sets reflects the intrinsic variability of the estimator in analyLing data simiiar to the ori- 
~ e x p r i m e n t a l  data set The r d b  can then be used with the experimental data set to state 
confidence bounds on estimates of distribution parameters and tolerance born& on estimates of 
S t r e n g t h s .  

The parametric bootstrap will be further described and demonstrated by example using hcture 
data &om 137 specimens of sintered beta silicon carbide. The data set collsists of three diiferent speci- 
m& sizes (Mil Std 1942 MR specimens A, B and C) tested in two merent testing geometries (three 
and four-point bending) for a total of six merent combinations of specjsnen size and testing 
configuration. Each group contains approximate& 18 specimens with the exception of the four-point 
B group that contains 48 specimens. Further details of specimen preparation and testing procedures 
can be found m the semi-annual reports of the ORNL Ceramic Technology Program. 

The estimator that will be used in this discussion is a maximum Iikelihood estimator with the capa- 
bility of combining data from multiple specimen sizes and geometries. This estimator was developed 
within GE's Advanced Statistics contract and is described in detail in semi-annual reports of that con- 
tra& When used with data such as the silicon carbide, the estimator uses three types of information 
contained iu the data set strength variability within each of the six subgroups; the dependence of the 
average strength on the physical size of the specimens (specimen size A versus B versus C); and the 

.dependence of the average strength on the loading geometry (>point versus &point bending). The 
estimator allows size-scaling to be carried out using volume, surface area or edge length. Fractogra- 
phy of the s h n  carbide revealed that surface-related flaws accounted for most of the failures. 
Therefore, all size-sding of this data will be canid out using surface area. 

Figures 1-4 wiIl be used to demonstrate the parametric bootstrap using maximum likelihood for 
analysis of the silicon carbide data The four figures are similar in format; log of heme stress is 
plotted versus log of stressed area (effective area). In each figure the observed h m r e  strengths are 
displayed with iden- symbols for the six subgroups. Although the parametric bootmap can be 
used to calculate confidence bounds on many Herent estimates, this discllssion will primariiy 
describe confidence bounds on the 0.05 quantile of strength. 

The analysis begins by using the maximurn l ikelihood estimator to determine the two Weibd 
parameters that best descriie the overall sei of 137 observed fracture streqths. In this case, max- 
i m ~  likelihood yields a Weibull modujus of 1422 and sigma zero of 433.1 MPa (The 
strange units of sigma zero are necessary to account for the area term m the exponential of the 
Weibull dismiution function.) The Weibull parameters can be used to position lines of constant pro- 
babw of failure on plots such as F i e  1. IncIuded on Figure 1 are the predicted strength versus 
component size for two quantiles (two probabilities of Mure). The upper line is for the median 
strength ( 0 5  quantile), whiIe the lower line is the prediaed strength at which five percent of the com- 
ponents would be expected to faiI (0.05 quantile). Although only two quantiles are drawn m F i e  1, 
there are, of course, a whole family of parallel lines that represent ail possible quantile behaviors. 

Figure 1 can be used to derive the "best estimate" of the stress at which five percent of a given 
component should fa3, but there is no information to indicate the degree of uncertainty in that esti- 
mate The bootstrap simulation is one means of providing a quantitative indication of the degree of 
uncertainty. As described earlier, the parametric bootstrap uses the estimated m and sigma zero to 
simulate many new data sets. For a moment, we will concentrak on one of these simulated data sets, 
say the very first set to be generated. This simulated data set contains 137 strengths from six Merent 
subgroups corresponding to the six actual specimen sizes and geomemes. If the original data set is 
compared with this first simulated set, it would be obvious that they are not identical in a one-for-one 
relationship. On the other hand, it would be easy to recognize close similarities h the two groups. If 

c 
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the Weibull model that was used in generating the simulated data is a valid assumption, then many 
characteristics of the two groups will be similar. For instance, the average strength of the simulated 
4-point B strengths should "tend" to be the same as the average of 4point B's in the real data. There 
is no requirement that the two averages be identical, but they should differ only by statistical sampling 
error. Similar statements can be made about much more complex summarie of the data such as the 
Weibull modulus and the estimated strength of a component at a quantile of interest 

If the maximum likelihood estimator used on the orifjnal data is also used to analyze the first set 
of &dated data, the resulting m and sigma zero would be similar to (but not exactly equal to) the 
values of 14.22 and 433.1 that were used in generating the simulated data The new parameters define 
the position of a new 0.05 quaniile line on Figure 1. Bemuse of the slightly different parameters, one 
would expect this new line to be slightly different in dope and position reJative to the original line 
F i e  2 is such a plot and includes the resulting 0.05 quantile lines for 10 simulated data sets. The 
original 05  and 0.05 quantile lines are drawn as bold lines, whiie the ten examples of 0.05 quantiles 
from the parametric simulation are drawn as lighter weight lines. (Occasional coincidences of multi- 
ple simulated hes appear to make additional bold lines.) The degree of scatter in these ten simu- 
lated lines is a coarse measure of the uncertainty in the position of the 0.05 quantk The closer the 
agreement of the ten lines, the less the uncertainty. 

Rather than ten simulated data sets, the full parametric bootstrap typically involves analysis of 
1000 simulated data sets. Display of 1000 quantile lines would be very confusing and difficult to use; 
therefore the results are summarized and displayed Werently. For a given stressed area, say 100 
square mm, the predicted strength of the 0.05 quantile is calculated for each of the loo0 combinations 
of m and sigma zero. These strengths are then ordered from smallest to largest. The resulting list 
reflects the frequency that statistical sampling error wiU indicate any given strength. The 95 percent 
confidence interval on the estimate of this 0.05 quantile behavior is then defined as the intend of 
strengths from the 2.5 percentile to the 975 percentile positions on the list of lo00 strengths "here- 
fore the confidence interval on the 0.05 quantile strength of a component with LOO square mm of 
effective area would be roughly the intenral from the strength of the 25th to the strength of the 975th 
position on the list of ordered strengths. This evaluation has been carried out for the silicon carbide- 
data and the results are mcluded on Figure 3. The two hyperbolic shaped lines that bound the 0.05 
quantile straight line are the 95 percent confidence intenrals on the 0.05 quaatile. The earlier exam- 
ple of 100 square mm defined the positions of the upper and lower a w e s  at that stressed area A 
similar evaluation (using the same list of m's and sigma zero's) was performed for several other 
stressed areas to define smooth, continuous curves for the upper and lowex bounds. (50 s t r d  
areas are typically evaluated on plots of this type) 

It is interesting to note that the confidence interval on the 0.05 quantile of Figure 3 is Smallest in 
the region of 300-350 MPa and expands at both higher and lower stresses. The position of this "pinch 

ty due to statistical point" is the region of stresses and effective areas where there is the least uncesta~n 
sampling error. The pinch pomt is always positioned at the stress level corresponding to the "middle" 
of the experimentally measured strengths (log average of the strengths, I beiieve). Therefore, it can 
be seen on Figure 3 that the pmch point will move to progressively smaller stressed areas as one con- 
siders progressively smaller cpantile behaviors. Since the shape of the hyperbolic curves is largely 
independent of the quantile being considered, it can also be stated that the confidence m t d  for a 
given sized component will progressively increase as one considers progressively d e r  quantile 
behaviOrS. 

The above discussion concentrated on confidence bounds for strength estimates. With that back- 
gromd, confidence bounds on parameters such as the Wehull modulus can be easiiy described. 
After the 1000 simuiations are completed, the m's are simply ordered from s d e s t  to largest and 
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treated very much as the ordered strengths desmibed above. The 95 percent bounds on m are then 
defined as the m t d  between the 25 percentile and the 975 percentile positions of this ordered list 
The 95 percent confidence interval on the WeibuIl modulus for the silicon carbide data is included on 
Figuie 3 in parentheses nat  to the Weibull modulus. This interval is 13.05 to 15-79. 

When bootstrap simulation techniques are used to determine bounds, the endpoints of intervals 
are subject to some fandom fluctuations related to the number of iterations in the simulation. There- 
fore if the same group of silicon carbide specimens were analyzed again but with a difTerent "seed" for 
the bootstrap's random number generator, the resulting confidence intend on m will be slightly 
merent 

Confidence and tolerance intervals are often quoted at the 95 percent level, but it should be men- 
tioned that other intervals, of course, can be usefuL Determination of other intervals is carried out in 
a manner parallel to earlier descriptions. If the 80 percent interval is of interesc then the ordered list 
of 1000 m's (or strengths, etc.) is quoted at the 10 percentile and 90 percentile positions. 

The bootstrapping technique is computationally intensive, but it offers the potential of estimating 
confidence and tolerance on a variety of very complex problems, even beyond Class N problems of 
combined data (such as those involving multiple flaw populations, multiaxial stresses, strength degra- 
dation due to slow crack growth, etc). Unlike likelihood ratio and likelihood integration techniques, 
the bootstrap technique does not require the existence of a likelihood estimator. If any estimator can 
'be designed to estimate a l l  the adjustable parameters of a given model, then the bootstrapping tech- 
nique will be capable of estimating confidence bounds on all the parameters and tolerance bounds on 
estimated strengths. (It should be pointed out that the better the quality and a e n c y  of the estima- 
tor, the d e r  the width of the bounds.) In addition, bootstrap techniques offer opportunities to 
correct for "bias" (the tendency of an estimator to give consistently high or consistently low estimates 
relative to the me value), and to estimate the "goodness-of-fit." of the data relative to the assumed 
model of size-scaled, two-parameter WeibulL 

As with most estimators, the linear regression and maximu& lWihood estimators for the WeibuIl 
modei have the property of yielding ofiet or "biased" estimates. Strength estimates are particularly 
prone to large bias errors, especially if the strength is being estimated for a specimen or component 
with a much larger (or smaller) effective size than the test specimens. This large bias after size extra- 
polation can generally be traced to bias in the estimate of m. Of course, a small error m m will lead 
to progressively larga arors in predicted strength as one artrapolates farther and Mer &om the 
effective she of the test Specimen data Although not normally utilized, bootstrap sixnulalions contain 
information about the magnitude of bias introduced by the estimator. The degree of bias in the siii- 
con carbide fracture data can be judged by comparing Figure 4 where all estimates (parameters, 
strengths and bounds) have been corrected for bias, with Figure 3 where no correcrions have been 
made. This comparison reveals very little bias present in any of the estimates. It has been found in 
most data sets that have been analyzed to date that the maximurn Iikelhood estimator for combined 
data yields only small to moderate bias. This is in contrast to kear regression estimators that can 
have much larger biases. Nevertheless, smaller data sets are more prone to large bias errors, and the 
degree of bias in a new combination of specimen sizes and geometries cannot be predicted in 
adrance; therefore, it is recommended that bias correction be a standard part of a bootstrap analysis. 
Details of how bias is corrected within a bootstrap sknulation have been described within the reports . 
of our ORNL statistics contract Further details can be provided when desired. 

Finally, it should be emphasized that bootstrap techniques are only capable of estimating uncer- 
tainty in estimates due to random sampling error and me€ficiency of the estimator in utjiization of 
information. Neither bootstrap nor likelihood methods are capable of estimating the uncertainty that 
arises &om failure of the "model". Therefore, for instance, if the model assumes a single distn'bution 
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of strength controlling voiume fIaws, but the material actdly contains a second distribution of sraface 
flaws that are also active, then estimates are subject to errors that are not represented in the quoted 
'bounds. In addition, it can be shown that the errors h m  such model hilures can be virtually 
unbounded (arbitrary large errors). The unbounded nature of such model errors increases the 
hportance of goodnes-of-fit tests that can provide a more quantitative measure of the validity of the 
assumedmodeL 

1, B. =on, "Bootstrap Methods: Another Look at the Jackknif~' rite Anna& of StmWcr, 7, No. 
1,1-26,1979. 
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LIKELIHOOD RATIO METHODS FOR CERAMIC LIFE PREDICTTON 

W. T. Tucker 
General Electric Corporate Research and Development 

Schenectady, NY 12301 

1, Introduction 

The objective of this brid report is to review the use of likelihood ratio methods for obtaining 
confidence/tolerance bounds. These bounds are part of the the statistical and probabilistic methods 
needed to fulfill the ORNL Ceiramic Life Prediction Program requirements for the devehpment of a 
methodology for use in design and application of brittle materials. 

The report will give an introduction to the likelihood ratio method in Section 2 and a full develop- 
ment of the procedure as applied to Wei%ull strengths in Section 3. Summary comments, covering 
bias issues, will be given in Section 4. Recent developments, by the author, on the effects of multiaxial 
stress states to the statistical h c m e  problem carried out under Subcontract No. 86X-OO223C (GE 
ORNL contract, with Dr. Curtis Johnson, on the Ceramic Technology for Advanced Heat Engines 
Program) are important in the development of the statistical procedures outfined in GAPD memoran- 
dum Re€ 1. These will also be reviewed in Section 3. 

c 

2. The Likelihood Ratio Procedure 

We follow closely the development given by Cox and Oakes (Re€ 2) in Qlapter 33 as applied to 
the two parameter, (m, uo), Weibdl clisrrilbution. Denote the log likelhood by I(m, uo) (a general for- 
mulation will be given in the next Won) .  The likelihood ratio method is based on the direct use of 
the likelihood ratio statistic 

where (&,Go) is the joint maximum likelihood estimate of (m,u~) and 2 is the maximum likelihood 
of uo is sometimes 

called the profile log likelihood for uo. Under the null hypothesis that uo is the true or actual value of 
the inherent strength, W(u0) has, approximately, a chi-squared distxiiution withp, = dim (go) ( = 1) 
degrees of fieedom. Inverting the test, yields a corresponding l-a confidence region as 

estimate of m conditional on uo (ie., taking uo fixed). The function Z(mab,uo) *A 

where $me is the upper a point of the chi-squared distriktion withp degrees offieedom. The pro- 
cedure of inverting a statistical test to obtain a confidence region is common practice: The set of all 
uo values that satisfy the acceptance criterion, ie, would not result in a decision of rejection if that 
particular value had been the null valuq are associated with a test statistic value that has probability of 
1-a under the prescribed null hypothesis. But this just defines a 1-a confidence region. Thus in 
order to obtain a l-a! confidence region on uo we must find those uo values that satisfy (2). 

If the asymptotic distribution were exact, then 

ErW(uO);gOi = p o p .  
Sometimes it is possible to find an expansion such that 
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E [ w ( u ~ ) ; u ~ ]  = p m  [ :  I+-+o(-) :] . (3) 

Then (1 + c /n) is d e d  a Bartlett correction fhctor and improved properties are obtained by replac- 
ing W by V = W/(1+ c / n )  in (1) and (2). Frequently c must be estimated to carry out this bias 
cOrrection procedure. But, as pointed out by Cox and Oakes, it is rareJy feasiile to carry out such cal- 
culations in the presence of censoring. Also increased complexity of a problem diminishes the ability 
to determine c so as make bias corrections via (3). r 

3. The Likelihood Ratio Proceduq Applied To Weibd Strengths 

We suppose that the cumulative strength distriiution for a test specimen observation is given by 

f'i(xi) = 1 - ~ { - k Y ; , ( ~ i / ~ o ~ }  (4) 

where Fj(q) is the probabiliv that the tested strength is less than or equal q; = k&) is the size 
factor, a known function of rn only Y;: is the size of the ith Specimen; rn is the Weibull modulus (shape 
factor); and uo is the inherent strength (scale factor). The equivalent size usually accounts for only 
loading geometry in standard Weibull deveiopments. However, it can be shown that multiaxial failure 
criteria also produce an equivalent size factor that is only a function of rn. This result follows from 
the equivalence of the two principle methods for treating multiaxial stress states, Batdorf and Hem- 
isch (Re€ 3) and Lamon and Evans (Re€ 4), as shown under the ORNL contract referenced m the 
Introduction. This equivalence has broad reaching implications. For eample, as Curt points out, one 
can use CARES to generate k as a function of rn. (This, of course, assumes that CARES has been 
properiy implementea) Finally, we assume that measurement error m the strength obsenations is 
negligible. Then (4) gives the complete distribution of interest 

Of some importance are quantiles for a component, ie., the strength for the component, of a size 
and loading geometry generally differing firom that of a test specimen(s), for which the probability of 
failure has a predetermined value, say, p .  We denote this strength by up (0 < p < i j .  In practkp is 
g e n d y  chosen to be "small" for example, 0.05 or 0.01. It is well known that with mild amditiom 
the maximum likelihood estimator ( M E )  of a function of a parameter(s) is the function of the 
MLE('s). For example, if8 is the MLE of 8, then the MLE off(@) isf(P). This Eacc is CMnmOniy 
used to estimate up; see for example Nelson (Re€ 5). Hawever, since we also want to determine vari- 
ous kinds of confidence limits via the likeiihoad ratio method, we shall follow the somewhat different 
course of redefining uo mto up. Thus let cp be such that 

where k and Vare associated with the component of interest Then solving for uo yields 
P = 1 - Bq){-kJqQp/uo)m) , 

co = u -ln(l/l$g kV , (6) 

Q 

I '  I+ 
and substituting (6) into (4) yields 

where = k/k and Ri = Y;:/T? Now (7) has the two unknown parametem rn and up and relates the 
component situation to the test situation. For example, the parameter up is thepth quantile at size Y 
associated with the component, appearing in the strength distxiiution of xi for the ith specimen. We 
note in (7) that Q is a (known) function of rn and ais0 Rj is known; rn and up must be estimated by tak- 
ing data, xi. TO this end, we employ (7) in the remaining developments. 

Fi(xi) = 1 - erp{-riRiln(l/lp)(xi/.p)m} 9 (7) 
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- W / l P  )&(m yz, W Q p  y" , (9) 
where the summation, E, is over all observations, ie., 1 to n. (We are not considering censoring in 
(9).) Now the MLE's are obtained by finding (&&) such that (9) is maximized. Necessary condi- 
tions are that the partial derivatives of (9) with respect to rn and uo are zero. If+) is a constant 
function of m, then it can be shown that these conditions are suEicient and the resulting solution 
unique. This is not true in a general context and may not be generally true for (9). However, in our 
imrestigations to date, we have not experienced trouble in finding the MLE's by this method; we 
return to this issue shortly. Taking the partial of (9) with respect tom yields 

az/am = ~ r ;  (m>/ri(m> + n / m  + ~ h .  - n b p  - ~ ( I / I ~ ) E P  ( m ) ~ i ( x i / u ~ ~  

+ s ( m ~ - c . i / ~ p ~ l n c ~ i / c p ) ]  , (10) 

and with respect to up yieids 

Equation (a) can be used directly to determine Gp7 if 2 can be obtained. This can be done by substi- 
tuting (E) into (10) and then solving for The result is 

where the% on the r's indicates that m has been repiaced by &. Equation (13) m a  be solved itera- 
tivedy for k, starting from an initial Value of$. 

In (13) divide by n and rearrange to obtain 

as the solution for &. Now the left hand side of (14) is unbounded at h = 0 and is monotonicauy 
decreasing as 6 increases. Thus, if the right hand side acts r d l y ,  then there wiU be a unique 
solution for 2. Suppose that r is a coLlSbnt; this occurs when the Specimeas and component all have 
the same loading geometry in the standard Weiiull setting. (I cmjecture that this is also true for 
shear sensitive failure criteria.) Then the last texm on the right hand side of (14) vanishes a d  the 
first becomes 
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As h approaches infinity, (l.5) approaches l n r ~  wherexM is the maximm~ and the right hand side 
of (14) approaches l n r ~  -%.q/n (> 0). Also it is straightforward, but tedious, to show that the 
derivative of (15) with respect to h is nonnegative Thus the derivative of the right hand side of (14) 
is nonnegative when r is constant These results imply that in this situation (14) has a unique solution 

This same approach can be employed to show that in general the left hand side of (14) is eventu- 
& less than the right hand side as $ increases. Thus (14) has at least me solutiox~ In general we 
assume that the test Specimens are chosen SO that for a for a fixed & s i R 2 / n  approaches a limit 
with probability one. Then for a fixed 6 as n approaches infinity, the last term on the right hand side 
of (14) approaches zero with probability one and is thus statistidly negligible. Moreover the first 
term on the right hand side of (14) acts similarly to (lS) so that with increasing probabiliv a unique 
solution exists. In any event, as we have indicated we have not experienced problems in obtaining 
solutions for h via (13) for non-limiting n. In practice we employ a secant method with a check to 
avoid obtaining nonpositive 6. To allow for a fixed starting point for the secant method and to aid in 
round-off problems the data are relocated and r d e d  so as to appraximately have a uo and a rn of 
one After the estimation is complete, a transform back to the original uuits is made. 
32 Likelihood Ratio Confidence Limits for Q- 

In order to obtain confidence limits on up, (2) must be solved with UO replaced by up. This 
requires evaluating I (k $ ) and I (hnp,np). We have indicated how to obtain h and Sp. Now take up 
fixed so as to determhe'b,. rrlspection of (10) reveals that the solution is 

c 

A 

(16) 

where the% on the r's indicates that rnep has been replaced by 6%. Equation (16) is salved in the 
same manner as is (13). Having sobed (13) and (E) for h and 5, respedvdy, we repeatedly solve 
(16) in an iterative procedure to find the boundaryvalues of up such that 

W e  note that the only unknown in (17) is up and the boundary values for up from (2*) are given by 
A A  

I - lup - dVP/2 = 0. 
A 1 5  

Now I - I, is more or less parabolic in shape with a maximum at 5. Thus (18) has two solutions on 
either side of 5. A secant method is also employed (in the iterative procedure mdicated with (16)) to 
solve for ea& zero of (18). In the case of the root to the left of a check is made to avoid obtaining 
nonpositive up, while in the case of the root to the right of 2p a check is made to avoid a value of up 
less than or equal GP. Also the confidence limit boundaries are determined in the transformed state 
employed in the estimation of rn, up, and mbp and then transformed back to the original units. 
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We have given a description of how to appiy the likelihood ratio method to obtain confidence lim- 
its for Wehull strengths. The method is mtuitive in that confidence limits are obtained by inverting 
the likelihood ratio test procedure. Both the MLE's and the confidence limirs are obtained via pro- 
cedures thaf loosely speaking, maximize the probability of obtaining the observed sample It is obvi- 
ous how to alter the procedure @en in Section (32) in order to obtain confidence limits on m. How- 
evg, if one desires confidence limits via the likelihood ratio method for a reiiability, then a reparame- 
tuization similar to that of (5) to (7) must be carried out This resuits in a cumulative distriiution of 

&(xi) = 1 - ~ { - r i R ; r ( x i / z y " }  9 

where 7 = $2) is such that the reliabiliy at strengthr is 
R(z) = e-. 

Thus 7is defined such that 

7 = W / R ( r ) )  

R(2) = exp{-kV(L/C7I))~}. 

with 

Solving (22) for UO, as m (6), yields 

uo L (7/kv)'llm, 
which substimed mto (4) gives (19). The procedures of Sections (3.1) and (32) are then carried out 
with (19) as the distribution in order to obtain confidence iimitS on R(z)  by ultimately employing 
(21). Thus the likelihood ratio method is very flexible and can be employed to obtain various kinds of 
confidence limirs. The trick is to make a suitable change of variables for the pariimeter(s) of mteres 

Unformnatdy, the likelihood ratio method has one drawback The limits so obtained are, in gen- 
eral, biased. As we have indicated it is well known that the likelihood ratio method produces biased 
limits and much theoretical work has gone into determinin g corrections for bias (the Bartlett correc- 
tion mentioned earlier, cf Re€ 6). W e d  work on the ORNL contract indicates that the likelihood 
ratio and parametric bootssap methods give confidence limits that pmctidly agree. This is con- 
sistent with the general knowledge base for bootstrap methods, It is also possible to currect the 
bootstrap limits for bias. Indeed this is a central isSue m the study of bootstap methods for determin- 
ing confidence limits. At this p i n ~  a method has been developed on the ORNL amtract for correct- 
ing the bias in the parametric bootstrap confideace limits. However, a general study has not yet been 

g, ifpossibk, a carried out that compares all the methods of bias correct& with an aim of detamrnrn 
preferred way of obtaining "unbiased" d i d e n c e  limits. One could emrisage correcting bootstrap 
confidence limits via B d e t t  corrections, on the one hand, or, at another extreme, correcting likeli- 
hood ratio confidence limits via bootstrap means. At this time I do not how the best way to proceed. 

. .  
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LIKIELIHOOD RATIO METHODS FOR CERAMIC LIFE PREDICTION- 
MULTIMODE PROCEDURES 

W. T. Tucker 
General Electric Corporate Research and Development 

scheneaady, NY 12301 

5. introduction 

This report is a continuation of an earlier report submitted to Garrett titled TKJZUHWD 
RATIO METHODS FOR CERAMIC LTFE PREDICI'ION." The purpose of this report is to 
extend the single mode methods developed m the earlier report to cover as many as three Merent 
competing failure modes. The procedure will give ajustification and generaiize the methods put forth 
by Alonso P d t a  in the reporS "STATXSTXCAL METHODS DEVELOPh4ENT SUMMARY 
REPORT," Re€ 7. This report should be considered as an extension of the first report As such, the 
section, equation, and reference numbering will be continued from the first report Also see the fust 
report for general background information (Sections 1,2, and 3). Our updated setup and notation 
(also employed by P d t a )  will be used in *is report Thus the development will cover multiaxial 
stress states, as well. For example, (4) becomes 

where I' = I'(m) is the multiaxial size factor, a hown fimction of only m that takes mto account the 
failure criterion and stress state, thej subscript refers to thejth cwlpeting (concurrent) failure mode, 
the i subscript refers to the ith specimen observation, and the other terms are as m (4). For a 
definition and devdopment of I see Re€ 8. 

The main purpose of this report is to give a quick introduction and problem setup, and act as a 
forum to exchange ideas on the multimode problem. The remainder of this report is as follows, Sec- 
tion 6 will m e r  the development of a general likeiihood function for the situation in which the failure 
mode has been determined for each observation. Tbis likelihood can then be used to implement the 
lik&ood ratio procedure. Moreover, it may be possible to generalize this likelihood to covez the 
situation in which the failure mode has not been determined for all observations Section 7 will give 
the setup for determining confidence bounds on a quantile and a reliability. HopefuUy, much of the 
programmhg employed m the current implementation can also be used for the general multimode 
situation. The report doses with a brid summary in Seaion 8. 

Fj(*) = 1 - ~ ( - l j i v i i ( x i / ~ o j ) m ' ~  9 (23) 



with the assumption that the failure modes act hdependentiy of each other and the specimen is tested 
to failure. The derivative of (26) yields the strength density 

where the density for an individual failure mode strength comes &om (25) and an individual failure 
mode suryiyal probability is &em by (24). From (27) it follows that the joint probability density of a 
SpeGimen Eailing from the first mode and at strengthxi is 

Similar expressions hold for modes 2 and 3. S i  (27) must integrate to unity and the failure modes 
are independent of each other, the event of failure by any one of the thee is mutually exclusive of any 
of the others. And all three events are exhaustive Thus the &eIihood for an observed strength and 
observed faitue mode is given by eithergl, or g 2 ,  org3. 

f@i> = f1(%p2(xi>s3(xi)  -k s l (x i ) f i (&)S3(x i )  + s1(xi)s2(&)f3(xi)  (27) 

gl(Xi> = f 1 ( x i > s 2 ( x i ~ 3 ( % ) .  , 1%) 

Let 
1, iftheithspecimenfailsfkommodej 

0, otherwise, 
6ji = 

&d suppose that 

= 5 ~ ~ ~ ~ ( X i ) ~ s l ( ~ ) " ~ , ( x i ) " l +  I~[s,(X~)~~~(X~)"S,(~)~I + 1 n [ s 3 ( x i ) 6 " s , ( x i ) ~ ~ ~ ( x i ) ~ 1 )  (32) 
i =I 

as the log Iikelihood of the observed strengths and failure modes for the complete data set 

The maximum likelihood solution for the six parameters (mi, uoi, j = 153) is given by maximizing 
(32) as the six parameter values range ovet the positive half space of possible values. Smce the brack- 
eted terms of (32) only imrolve a single mode, the maximum of (32) is obtained by maXimtting indivi- 
dually each of the summed bracketed terms But, due to the nature of the 6~, Le., within a bracket 
one and only one of the 6ji is unity and the others are zero, the maximization of an mdividual sum of 
brackets is obtained from a censored data analysis. Thus (32) justifies the use of the method put forth 
in Rd 7and insures that that proceduregivesa MLE solution. 

7. Coalrdena Units in the Multimode Casc 
b o n g  other things, Re€ 7 develops the use of the l i k & d  ratio method to obtain confidence 

limits for a single failure mode, based on Sections 1,2, and 3 of this report This Section will develop 
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a general method to obtain confidence limits employing the likelihood ratio method using (32), mer-  
ing the multimode situation. W e  the ML point estimates can be obtained from (32) acting as if only 
a parblar Mure mode were present, this is not generally true when obtaining confidence limits. 
Clearly an exception is in obtaining confidence limits for any of the distribution parameters, (mi, uojy 
j = l,2,3), since the three sums of brackets in (32) act in an independent manner vis-a-vis the pairs of 
distribution parameters. In this case the methods of Ret 7 &edy apply. 
7.1 - ~ ~ d e s t c e  ~imits for sp 

The more general methodology is similar in setup to that mered by (I), (2), (2*), and (17). 
Beyond the distribution parameters, the other major parameters of interest are thepth -tile, up, 
and the reliability, R (z), at a given strength, z. The resulting procedure is very similar for obtaining 
confidence hits on both up and R (z). The development will thus be carried through for up and the 
results stated for R (2). To this end let 

c 

where the c subscript denotes a component anathe other terms are as defined previously. Then, in 
view of (26), setting 

. P = 1 - S l ( ~ p e > s 2 ( ~ p e > s 3 ( ~ p e )  (34) 
defines up. Rearranging and taking the naanal logarithm of (34), and employing (33) yields 

F o ~  given (mi, Qoj, j = l,2,3), (35) implicitly defines up. Since (35) is monotone increasing m up and 
in the limit unbounded, there is a unique up for each value ofp. Thus (35) can be employed to obtain 
the ML, point estimate of up given (&,, Gq, j = 1,2,3). 

Equation (35) could be solved for, say, urn, in terms of up, and urn and om, m order to determine 
confidence litnits for up. Substituting the result mto (32) and following the procedure of Section 3 2  
would give a method for determining confidence limits on up, and mdeed this was the method that 
was followed m the single Mure mode case (where there would be no am or om). However, m the 
multimode situation this procedure would loose the symmetry of (35). And it is not dear which 
parameter should be eliminated; the choke of urn was arbihary. Loss of symmetry and arbitrariness 
m the choice of which parameter to ehinate could lead to diffinllties m obtaining a solution if there 
is a large imbalance in the number of observations occurring for each of the failure modes-a situation 
very likely to happen in practice. It is well known kom practid appiicatiop of optimization theory 
that elimination by substitution can have cosvergence ditficuties in shations of imbalance, etc (see, 
for example, Ret 9). Moreover, m obtaining confidence limits by the likelihood ratio method, up 
would be fixed and the m ’ s  obtained for the remaining parameters. Thus the likelihood ratio 
method also requires that an optimization be carried out with up constrained to various values. The 
procedure put forth herein, hopehlly, avoids the dif€iculties associated with elimination and substitu- 

In developmg a procedure, first consider the elimination and substitution approach Following the 
tion, and its resulting optimization under d 6. 

method of (27, the confidence limits on trp would be determined by those 

where 
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(37) 
A h  a h  

W(Up> = 211 (k 1 ,h 2 6  3,Qpr402,%3) - I  (6 lup,fi&rp,k ~ p , ~ p , " m o , " 0 3 0 , )  3 , 
1 is given by (32) with the substitution of up for u01 solved kom (33, and the up subscript denotes that 
the appropriate h W s  are d e t e h e d  vjth the given value of up. Denote the first log likelihood 
term in (37) Z(q,). A+ denote (33) evaiuated at the MLE's, (AjAGOj, 
j = l,Z,3), by 1. It is straightforward to show that I(Gp) equals 1. Thus, only the evaluation of l(up) 
requires further computation; this is a constrained optimization problem, 

The constrained optimization problem, the faa that ?(GP) equals 2 and the fact that a MLE of a 
function of parameters is the h a i o n  of the MLE's are interconnected and strongIy related. This 
latter property of MLE's is called the in- property of MLE's. The invariance property clearly 
shows the relationship and we begin there Let 6 denote the &-dimensional parameter space of the 
distribution (k is six in the present situation). Suppose a MLE of .(e)= (rl(6), . . . ,r,(6)), where 
l < r l S  is desired. Let T denote the range of possible values of (.); Tis r-dimensional (Just consid- 
ering up makes r one; t would be six in the context of (37.) Define M = M ( r ) = M ( r ; x l , . ~ ) =  
sup{Br( ,qL(B,zl,. . . J,). (In the present situation L is the likelihood given by the product of the 
Li.) 4.) is called the likelihood function induced by the transformation, r(.). The imariance pro- 
perty states that a MU5 of 46) is @), where9 denotes a vector of MLE's of the (EM) k parameters. 
The proof follows from the ineqdity/quaiities: M(r;q,.-&) = . . J,)< 
S~~.&(B,X~, . . . ,xn) = L(p;q,. . . ,5r) = ~q{~~=~+(ttq,. . J,,) = M(r plr..*). The ine- 
quality follows fiom the fact that the supremum over a subset of evaIues must be less than or equal to 
the supremum over all 6 values. The first equality that follows the inequality comes from the 
-on of a MLE The second is important and comes about since the supremum is taka over 
those 8 values that r d t  m a I value of fi. Clearb this set of B values must md& 8, and since a 
supremum over a subset cannot be greater than the supremum over the complete set epaiity follows 
The finai equality comes from the definition of M (as does the equality before the inequality). The 
proof of the invarianCe follows that given by Mood, Graybill, andBoes (Rd 10). 

The invariance property of MLE's produces the fact that a MLE of a function of parameters $ the 
fundog of the MLE's, while the equalities that follow the inequality in the proof show that Z(Gp) 
equals 1. In this latter context the transfoxmation is ddimensid and maps (~t1mz,m3,~01,~m,~03) 
mto (ml,m~,m~,up,u~,u~), where up is impiicidy defined by (35). Actually in this case the mapping 
is one-to-one and onto, since (35) uniquely defines up and the other reIationships in the mapping are 
identities. This implies that for each d u e  of 6 there is a unique d u e  of r, and convezseiy. Thus if 
the MLE of (m1,m2,m3,~01,u~,a~) is unique, then so is the MLE of (ml,m~,rn3,ap,u~,u~). We 
make the assumption that the censored analyses produce a unique NLE for any particuiar Wure 
mode (see also the discussion in Section 32). This implies that there is a unique MLE for up. To 
investigate %e constrained optimization, consider the second log iikelihd'term in (37) and take U- 
fixed. Then Z(q,) gives an optimum d u e  for the log likelihood constrained so that (35) holds. Let 0 
denote the space of 8 values such that (35) holds for the given up, t? denote a MLE over 8*, 
{&r(O)=r)* denote the set of 6 values that result in a r(6) value of r for the Wormation of 
(mI,m2,m~,u~1,um,u~) into (m~,m2,m~,up,u~,u~) with given up, and M' denote the M E  in the 
constrained, transformed space For this setup the invariance property also holds (as a straightfor- 
ward CoroUary to the proof). This implies that the three equalities after the inequality hold. But 
SUPI.8' defines a constrained optimization problem and  SUP{^<+,$^ defines an optimization via 
elimination and substitution (which also has an optimum equal to M 3. Thus the co~trained MLE 
can be obtained firom a constrained 0ptimiZatiOn or by elimination and substitution as '(up); the two 
d u e s  of 1 are equal. Moreover, since the 6dheasionaI mapping is one-to-one and onto the resulting 
MLE's are unique to each other and equai. If the censored analyses produce unjque M E ' S  then the 
c o d e d  MLE's wiU also be uniquc Therefore the optimum associated with I(up) can be obtained 
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as foIlm. Let p be given. Since ?(up) must be obtained for various values of up m order to meet 
(36), up can be taken as fixed at the next step of the procedure Then carry out 

with fixed up. 
The fact that up is fixed in (39) allows a ftrrther change of variable to be made that simplifies the 

problem. Define 

and 

7* = ~ 3 c v 3 c ( ~ p / % 3 ) r n 3  (42) 
With up known and (mi, j = 1,2,3) taken as given, (a), (41), and (42) define a unique mapping of 
(Qoi, j = 1,2,3) to (qh, j = l,2,3). Then the &dimensid mapping of (m1,m~,m3,~~1,ugt,u~) into 
(mllm2,m3,7*,%,c) is also one-to-one and onto. The above arguments shaw that the Optimiza- 
tion problem 

MaAmuzeJ (43) 

'71p +72p +73p (44) 

. .  

witb fixed Q and working m (ml,mz,m3,7~,72p,~) is equivalent to the problem of (38) and (39) 
working in &,,m2,m3,@a,@a,@@). At this stage a transformation is made by solving (#), (41), and 
(42) for u01, urn, and urn and thereby substituting the 7's mco (a), (U), and ultimately (31) and (32). 
The log likelhood that results is 

c 5 (1nlfi(*i)~"~l(~i)~sl(xi>cy1+ 1n[s2(5-,"llrP(q)~~2(*)~1 + I~[s,(x,)"s~c.~)~~~(~)~I] 9 (45) 

Sj(.i) = . x ~ C - ~ j R j i 7 ~ ( ~ / u p ) ~ j I  9 (46) 

$(Xi )  = -( -r=RBTh (xi/~p)m' ) r j R j ~ ~ j ( x i ) " ' "  /(up)m' , 

f -1 

where 

and 

(47) 

I separates mto the maximkation of three texms. Thus the general methodology of Ret 7 is appiica- 
ble to the optimization of (45). Hawever, the procedure must be carried out with the constnth (44). 
Note in the setup of (49447) that up explicitly appears and the rmlrnowns over which the maximiza- 
tion takes place are ( m l , ~ ~ 2 ~ t ~ 3 , 7 ~ , ~ , ~ ) .  Thus the optimization given by (43) and (44) preserves 
the symmetry of (32) and the individual censored data analysis approach 

The maximizatiOn of (45) subject to (44) is central to solving (36). Thus an efficient solution 
method must be determined. Moreover, there are advantages to having the constraint in the linear 
form of (44). In the setup of (43) and (44) Fletcher (Re€ 11) discusses general methods of solution. 
However, the method we propose will employ as much of the methodology as developed in Re€ 7 as 
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possible, and be based on the use of T g e  multipfiers. The use of Lagrange multipliers has a well 
developed theory and established practice. And the methods of Re€ 7 are very eflicien~ The prcr 
cedure wiU be based on results m Chapters 10 and 13 of Luenberger (Ref. 12) and Whiaie (Re€ 9). 
Chapters 2 and 3. In order to apply the Lagrange method, the Lagrangian must be set up. For (43) 
and (44) this is 

(48) *L = I + x(7-74-71p-3) 

where L denotes the Lagrangian, A is the Lgrange multiplier (for an excellent derivation and 
interpretation see Re€ 9), and 7= in( 1/( 1-p)). The objective of Lagrangian methods is to replace the 
optimization problem of (43) with the c0nstra.int (44) by the optimization of (48) m an UIlcOLlstrained 
manner, but with the additional parameter X A number of procedures for doing this have been 
developed. Ref. 11 discusses some of these and a general methodology called sequential quadratic 
programming (SQR) has also evolved SQR methods are studied in Chapter 14 of Re€ 12 and by 
Stoer (Ref. U). Thus, iffor any reason the procedure proposed herein does not work, there are a 
number of well established, more general methods that can be employed to carry out either the 
optimization of (43) and (a), or (48). 

Re€ 9, Chapter 2, studies stationary points of L in the context of the weak Lagrangian principle 
and the strong Lagrangian principle in texms of a supporting hrperplane to the set of possible values 
of the constraint and 1. Also background information on constrained ma;lcimization and Lagrange 
methods is given in chapter 2 It is clear that stationarity is important in obtaining an optimum to 
(a), since the partial of (48) with respect to X set equal to zero forces the collstraint to hold How- 
ever, we will be primarily amcuned with the strong Lasrangian principle, since it leads to the dual 
programming problem that will be the basis of the proposed method. The strong primipie stated m 
terms of (a), when valid, asserts that Z-A(74 +% +%) is maximal ine at a solution to (43) and 
(44). Here 0 denotes the possible values of 8 = (m 1,m~,m3,79,7q, ,~) .  

Theorern (33) m chapter 3 of Re€ 9 states (in the present context) that mbA=Bee L is an 
upper bound to I evaluated at the solution of (43) and (44). The dual solution based 011 this would be 
carried out as follaws. Pick A, then maximize (48) over all a method to do this based on the pro- 
cedures of R& 7wiU be discussed shortly. Iterate o n X t 0  find the minimumvalue L The 
solution of this procedure will solve &paxlce L with equality to the solution of (43) and (44) if and 
only if the strong hgrangiau principle holds We assume that for a given value of ue the censored 
data analyses associated with (4s) have a (unique) solution. As will be shown, this hphes that a solu- 
tion to L exists. Now fix A at this solutiOn, designated by A', and denote the correspond- 
ing d u e  of B by B . nen L'= I(#)+ ~'(7-7;P -7; -7;) -. r(e') '~'(7; + 7; + $, since A' is 
fixed and 7 is constant This implies that a value of X,  A' has been found that maximkes 
I(e')-~*(7b + 7; + 7;) with 8' in 8. As shown by Theorem 3.1, if this f-value meets (44), then it 
solves (43) and (44). 

Consider now a means to solve maxoce L for a given A. Taking the partial of L with respect to 7b, 
aad employing (46) and (43, yields 

wherenj is the number of uncensored obsemtions on failure modej. Setting (49) to teto and solving 
for 7b yields 
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These soi&ons are SUbstitrJted into the partid of L with respect to " j  set to zero, as is done in Ref. 7 
m equations PO] to [33] for an individual failure mode This procedure can be foilowed since each 
bracketed term m (45) Contains only the parameters of one particular failure mode, (48) is being 
sohed m an unconstrained miinner, aud the constraint as it appears in the right hand side of (48) does 
not involve any mj. Thus individual censored analyses can be made m solving mice L The fitst 
s t q  is to obtain the partial of Lwithr- tomj, whkh employing (46) and (47) is 

I 

where the summation to nj is over the faiied (uncensored) observations for the ith failure mode and 
the Summation to n is over all observations. Substituting (50) into (51) and rearranging yields for the 
j th failure mode 

where the * indicates differentii&m with respect to mi. ?his shows how each Mure mode can cen- 
sor the others. 

If (52) is useful, a soiution must exist for AZO. To show this, consider the matrix of seoond par- 
tiais of Lwith respect to 7ip a n d q  Iaspection of (49) and (51) reveals, since all tams inXdrop o w  
that the result is just the Hessian (matrix of second pardals) of an UIlcOLlstram ed problem given by 
(43) with I defined by (45). Nowwe assume that the censared adyses result m a  unique MLE for 
(mi, cojs j  = 52,3). Since I defined by (4s) has derivatives of aIl orders, I is very well behaved and it is 
reasonable to further assume that a unique maximum value existS fa (45) for any value of up 
suEdently close to ?p. This impiies that the Hessian of I h m  (45) is negative definite. Thus for any 
given np, by apphtmn of the Implicit Function Theorem, (49) and (51) wfien set to zero have a soh 
ticm m a neighborhood of any X value such that the resulting values of (mi, 73, j = 153) keep the 
Hessian of I negative definite. Moreover, when X equals zero, aIl terms m (52) that involve up cancel 
and (52) reduces to 133] of Ref. 7withlh and Vj equal to one, which gives a solution to the original 
unamsmhd problem Tbus for X in a neighborhood of zero (50) and (52) have'a solution. It is 
clear that the partial of L with respect to X set to zero imposes the col~stram t of (44). Thus if the 
neassary conditions that L have an optimum are met (its first partids equaling zero), then 
minAmqSe L has a solution which meets the coI1sb.aints and heme gives a 8' that solves (43) and 
(44). In this situation, a line search on X starting at As0 can be made in order to solve minAmaxO,e L 
and obtain the dual solution. "hen a check that the r d t i n g  4' meets (44) can be made to verify the 

We have shown if unique M L E s  of (45) exist in a neighborhood of GP and (48) has an extremum 
that the solutim to the dual problem gives a solution to (43) and (44). If a solution to (45) is taken as 
given, one is still faced with the situation of when (48) has an extremum. If the strong Lagrangian 
principle holds then (48) would have an extremum. Strong, global sufficiency conditions that the 
strong principle hold are given by Whittle in Section 3.6. These conditions are equivalent to the con- 
vert duality conditions given by Lumberger m Chapter U. These convexity conditions ensure that a 
solution is unique and is the global solution, but are diflicult to vefify and very constraining. It would 
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be pleasing if sufkiency conditions could be related to the assumption that (43) and (44) have a solu- 
tion. Second-order necessary and suf€icient conditions that (43) and (44) have a 1 4  solution are 
given by Luenberger (Ref. 32) in chapter 10. Part of these conditions imply the existence of a X such 
that (50) and (52) are met Moreover, Lumberger also gives a local duality theory in Chapter U. 
Under the local theory, the aitical aSSumptioLz that henberger makes is that the Hessian of the 
Lagrangian d u a t e d  at the solution point is negative definite (Luenbeqer assumes positive definite, 
but-note that he sets up the optimization as a mkrimization problem). In the present problem, due to 
the nature of (a), this local assumption reduces to the assumption that the Hessian ofZ6rom (45) is 
negative definite This is just the assumption we have made Thus the asmm@ms that (43>,”d (44) 
have a solution, and the Hessian of I is negative definite (for fP values sufficientty close to q,) i q i y  
that Luenberger‘s local duality assumptions are met As an as&, these coIlcfitiops amtain the neces- 
sary and sufficient conditions that the problem have a maximum, ie, that (43) with I given by (45) 
hold under (44). But importantly when the local duality assumptions are met hmberger shows that 
minArnaxlee L has a solution that is equivalent through duality to that of (43) and (44). Thus 8’ will 
be a solution to (43) and (44). 
72 Confidence Limits for R (2) 

In obtaining confidence h i t s  for R (z), z is taken as given. Then by 

R @ )  = s~(z~>s2(z&)s3(z‘) (53) 

Sj(z&) ~ i - ~ ~ V / c ( ~ / ~ o j , ” ’ ~  9 (s4) 

{R (4 : W(R (2)) s &,,> Y 

W(R (2)) = 21 (G 1 & 2s 3 3  ?Z)?%21&3) - I  (6 1R (*),fi 2R (2)s 3R@)Jz ( ~ I . ~ r n ( . 2 + 3 R ( Z )  1 I Y 

where 

withi = l,2,3, and all terms, aceptz, are defined as in (33). 
Similar to (36), the conficknceiimits onR(z) would be determined by those - 

(5s) 

(56) 

What3 

I is given by (32) with the mbstitlltion of R (2) for urn sohred from (S), and the R (2) mbscript 
denotes that the appropriate MLE” are determined with the given d u e  of R (2). 

The substimion and elimination aptimitatian problem given by the right hand log lik%ihood m 
(56) is replaced by an equivalent coastrarn edoptimjzationproblexxx 

Maximize I (57) 

(58) = I ~ v & / u o l ) m ~  + I~v,(z/uQ2)m~ + I g & / u ~ ) m ’  

with fixed R (2). The constraint given by (58) follows from manipulation of (53). AIso at this stage I 
is given by (32). Now make the Chaoge of variables 

and 
= Ijcv*(z/u~)m? 31-11591 
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W&z known and (mi, j = 1,2,3) taken as &em, (59), (60), and (61) define a unique mapping of (uo., 
j = 1,23) to (q$, j = 123). Then the 6-dimensional mapping of (mI,m2,m3,uol,ua,t7a) into 
(ml,m2,m3,7h,yk,~) is also one-to-one and onto. As was the case for up, a transformation is made 
by s o h g  (59), (a), and (61 for the respective ug's and thereiby substitlrting the 7's into (57) and 
(58). Also set 7 = In[ 1/R (z)]. The resulting constrained optbhation problem is then 

&laxix&e I (62) 
(63) sat 7 = 712 + 72r + 73 

with fked 7. The resulting log Ikelihood is given by (45) in conjunction with (46) and (43, where 
now 7h is replaced by y& for j = $23, and up is replaced byz. Note that this results m only a simple 
change of notation so that The Lagrangian is still given by (48) and the method of solution based on 
(49)-(52) is applicable here 

a SummaH 
In summary amme that unique MLE's of (45) exist h a neighborhood of 5, and (43) and (44) 

have a solution. This implies that minAmaxgce L has a solution that is equivalent through duality to 
that of (43) and (44), and thus (SO) and (52) are met "hen (48) is optimized and the strong Lagran- 
gian principle holds. Conversely, assume that unique MLE's of (45) exist m a neighborhood of GP, 
and (48) is optimized. This implies that A' maximizes Z(8') -X'(7& + 7; + 7&) with 0' in 8 and such 
that 8' meets (44). Thus 8' solves (43) and (a), the strong Lagran@ principle holds, and 
minAmaxlre L bas a solution that meets (44). Moreaver, with only the assumption that unique 
MLE's of (45) exist in a neighborhood ofGp it follows that minAmaxlre L has a solaha If ((44) is not 
met then (48) is not optimized and there is no solution to (43) a d  (44). Thus the check to vefify that 
B meets (44) completes the procedure. 

The procedure for up in outline is: Givenp, 

censored anaEysps assocjated with (32), 

iii soIve (35) by iteration for 5, 

i Obtain the h4IE'S (Ajp Cojt j = 123) Via ohe procedures Of Ref. 7 by carrying out the mdividual 

ii Evaluate Z ( ~ I , ~ ~ , ~ ~ , U ~ , U ~ , ~ ~ ) =  A h  l(hl,&$&&&~), 

iv. For a given up, solve minpax,, L by a h e  search on A through solving -gee L for a given X 
via (50) and (52). 

v. Make a check to insure that 8' meets (44) and is the solution for the @en up, 

v i  Evaluate Z ( i ; i l ~ 9 , ~ = ~ , ~ ~ p , ~ p , ~ ~ 9 ~ ~ p )  from the value of (43) at the solution, 

6. F"mally, solve (36) on up via (37) to obtain the boundary points for the confidence bounds asso- 
ciated with Gp. 

The procedure for R (2) in outline is: Given z, 

censored analyses associated with (32), 
a. Obtain the MLE's (&j, Goj, j = 1,2,3) via the procedures Of Ref. 7 by Carrying out the individual 

b. Evaluate I ( ~ l , A Z , i ; i j ~ ~ ) , G ~ , ~ ~ ) =  Z(h1,&2&3,&&&3), 

c Solve (53) directly for RG) by employing the M E ' S :  ( ~ 1 , ~ ~ , ~ 3 , G O * , ~ ~ , ~ ~ ) ,  

I 63 
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d For a given 7, Le, given R (z), solve mhAmaX,,e L by a line search on A through solving 
L for a given via (50) and (52), where 6 = (ml,m2fl3,7b,%,7&), 

e. Make a check to insure that 6' (the solution from (d)) meets (63) and is the solution for the 

L  valuate z ( I ; ~ ~ R ~ P ~ R ( , ) ~ ~ ~ ~ ) , R ( z ) , ~ ~ ( = ) ~ ~ ( ~ ) )  &om the d u e  of(@) at the so~ution, 

g' F W ,  sobe (55x011 R(z) via (56) to obtain the boundary points for the confidence bounds 

Note that the two methods of solution are essentially the same The inner optimhation loops 
defined by (iv) and (v) for up and defined by (a) and (e) for R(z)  are the same The real difference 
m the two procedures is how the amsrram ' t is employed In solving for up, the value of the constraint 
is held c0-t at In( 1/( 1-p)), while the value of the constraint, In( 1/R (z)), varies in obtaining the 
soiution for R(z). Also the right hand side of the constraint is handled ditrerently in the two 
approaches. In solving for up, the iteration d u e  of up varies, while in iterating for R (z) the value of z 
is held constant This is a very symmetric exchange betweea the two methods4 should be studied 
further. Of course, if umfidence limits on more than one quantiie are desired, p would vary, but this 
allstitUtes a completely new problem. Similar comments apply m obtaininp confidence rtnits for reli- 
abiiities for more than one strength, z. 

given R (z), 

assocktedwithR(z). , 
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WElBULL STRENGTH PLOTS FOR FAST FRACTUlU3 SPECIMENS 

Weibull strength plots for all flexure and tensile fast fracture data are provided in this Appendix. The 
median estimates of the reliability lines were calculated with the maximum likelihood. Confidence intervals 
we& calculated with the bootstrap technique. Both methods are described in section 5.2. Interpretation of these 
data and parameters are provided ip section 5.3.2. 

Weibull plots are included for each data set listed in Table VII-1. Each failm mode is plotted separately. 
Failures not from the mode being plotted were censored. These plots have two estimates of the median 
reliability line; a solid line calculated from maximum likelihood, and a dashed line, which is the median 
reliability value at each stress calculated from 1000 bootstrap simulations. The bootstrap simulations were 
generated from the maximum likelihood parameter estimates used to plot the solid line. Therefore, the 
difference between the solid and dashed median lines indicates the bias associated with the bootstrap 
simulations. 

TABLE VII-1. WEIBULL STRENGTH PARAMETER ESTIMATES AND 95 PERCENT 
CONFIDENCE BOUNDS FOR INDIVIDUAL AND POOLED DATA SETS 
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The methods described in section 5.2 allowed plotting of the data and lines to any arbitrary size. Standard 
sizes were selected (length, area, and volume) that would put the data near the center of the plots for the diverse 
number of specimens sizes. The use of a standard size results in the center of the data not always being plotted 
near the 50-percent failure probability, which results in an unconventional appearance compared with more 
conventional, non-size-scaled Weibull plots. 

The 95-percent confidence bounds are plotted in each figure. These were generated from lo00 simulations, 
using the bootstrap technique described in section 5.2.4. The likelihood ratio technique was not used for 
calculating confidence intervals, because it is not sufficiently advanced to handle pooled strength data from 
multiple temperatures. 

The data were plotted using a re-ranking technique, described in section 5.2.3, to adjust the ranks for the 
censored data. This plotting technique provides some physical evidence of the quality of the maximum 
likelihood estimated line relative to the data. However, since these rank positions calculated in the plotting 
technique are not used in the maximum likelihood line estimates some discrepancy is expected between the 
plotted data and predicted lines. This can be more pronounced with small sample sizes. 

The objective of the pooled data analyses was to obtain a large combined set of data for confirmatory 
specimen predictions. Weibull plots for the pooled data set used for confirmatory specimen predictions are 
shown in Figures VII-1, and VII-2. The approach used to decide which groups of specimens should be pooled 
is described in section 5.3.2. 
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Figure MI-1. Surface Strength Estimated From Nine Pooled Sets Of Specimen Data. These Parameter 
Estimates Were Used For Predicting Confirmatory Specimen Failure Probabilities. 
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Figure VII-2. Volume Strength Estimated From Nine Pooled Sets Of Specimen Data. These Parameter 
Estimates Were Used For Predicting Confirmatory Specimen Failure Probabilities. 
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Figure VlI-3. Surface Strength Estimated From Four Pooled Sets Of Tensile Specimen Data Tested At 
Three Temperatures. 
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Figure VII-4. Volume Strength Estimated From Four Pooled Sets Of Tensile Specimen Data Tested At 
Three Temperatures. 
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Figure VII-5. Surface Strength Estimated From Room Temperature Strength Data. Data From Four 
Types Of Specimens Are Pooled. 
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Figure VII-6. Volume Strength Estimated From Room Temperature Strength Data. Data From Four 
Types Of Specimens Are Pooled. 
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Figure VII-7. Volume Strength Estimated From 2100F Tensile Data. 
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Figure VII-8. Volume Strength Estimated From 22OOF Tensile Data. 
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Figure VII-9. Surface Strength Estimated From Room Temperature Tensile Data. 
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Figure VII-10. Volume Strength Estimated From Room Temperature Tensile Data. 
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Figure VII-11. Surface Strength Estimated From Room Temperature Tensile Tests Run With Copper 
Collets. 
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Figure VII-12. Volume Strength Estimated From Room Temperature Tensile Tests Run With Copper 
Collets. 
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Figure VII-13. Surface Strength Estimated From Size-E Flexure Specimens Tested At Room 
Temperature. 
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Figure VII-14. Volume Strength Estimated From Size-E Flexure Specimens Tested At Room 
Temperature. 
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Figure VII-15. Chamfer Strength Estimated From Size-E Flexure Specimens Tested At Room 
Temperature. 
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Figure VII-16. Surface Strength Estimated From MIL-B Flexure Specimens Tested At 2500F. 
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Figure VII-17. Surface Strength Estimated From MIL-B Flexure Specimens Tested At 2400F. 
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Figure VII-18. Chamfer Strength Estimated From MIL-B Flexure Specimens Tested At 24OOF. 
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Figure VII-19. Surface Strength Estimated From MIL-B Flexurr! Specimens Tested At 2300F. 
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Figure VII-20. Chamfer Strength Estimated From MIL-B Flexure Specimens Tested At 2300F. 
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Figure VlI-21. Surface Strength Estimated From MIL-B Flexure Specimens Tested At 2200F. 
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Figure VII-22. Chamfer Strength Estimated From MIL-B Flexure Specimens Tested At 2200F. 
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Figure VII-23. Surface Strength Estimated From MIL-B Flexure Specimens Tested At 2100F. 
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Figure VII-24. Chamfer Strength Estimated From MIL-B Flexure Specimens Tested At 2100F. 
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Figure VII-25. Surface Strength Estimated From MIL-B Flexure Specimens Tested At 1800F. 
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Figure VII-26. Chamfer Strength Estimated From MIL-B Flexure Specimens Tested At 1800F. 
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Figure VII-27. Surface Strength Estimated From MIL-B Flexure Specimens Tested At Rsom 
Temperature. 
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Figure VII-28. Chamfer Strength Estimated From MIL-B Flexure Specimens Tested At Room 
Temperature. 
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Figure MI-29. Surface Strength Estimated From MIL-A Flexure Specimens Tested At Room 
Temperature. 
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Figure VII-30. Chamfer Strength Estimated morn MIL-A Flexure Specimens Tested At Room 
Temperature. 
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A E R O S P A C E  r'i-g- 
APPENDIX VIII 

SIZE FUNCTIONS 

vm-1 Introduction 

Jn section 5.2.2, the multiaxial and stress gradient factor (I) was introduced; I follows the definition by 
Tucker and Johnson (ref 1) after their proof of equivalence of the Lamoris and Evans (ref 2)and Batdorf and 
Heinisch (ref 3) multiaxial fractute theories. A generalization of the mdtiaxial and stress gradient factor is 
made to surface and edge failure modes. The I factor is a complicated integral whose solution depends on the 
state of stress of the component in question and on the failure theory under consideration; it is defined in such a 
way that it is a function of the first Weibull parameter, rn , only. Closed-form solutions to this integral are few. 
The opportunity is taken here to present some closed-form solutions, and to define the multiaxial and stress 
gradient factor for those specimens used in the CERAMIC code. Presented are also the I factors for the 
specimens that were used in this program and that had to be computed numerically using the integration code 
ERICA, developed in this program. ERICA is a probability integration code similar to CAFES (ref 4). The 
finite element meshes used to compute the specimen mess distributions and I factors are also presented. 

Three kinds of multiaxial and stress gradient factors were introduced earlier: volume (intemal), area 
(surface), and comer (edge). These embrace all possible types of I factors: one, two, and three dimensions, 
respectively. The definition and evaluation of the following integrals, Equations [VIII-I] and [VIII-2], at this 
point makes the following presentation clearer and more concise. Thew equations appear repeatedly in the 
evaluation of the multiaxial and stress gradient factor. Figure WI-1 presents the results graphically and Table 
VIII-1 presents them numerically. In the following equations, 6 = rn - Int(rn) , which means that 0 I 8 c 1. 

The equations that are to be integrated to calculate the multiaxial and stress gradient factor are as follows: 

Area failure mode: 
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Figure VTII-1. Graphical Representation For The Values Of 0 And a, Integration Values Used In 
Calculation Of The Multiaxial And Stress Gradient Factor. 
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1.470 0.97 1 
1.386 0.944 
1.315 0.919 
1.252 0.896 
1.198 0.874 

TABLE VIII-1. TABULAR REPRESENTATION FOR THE VALUES OF Q AND a,, INTEGRATION 
VALUES USED IN CALCULATION OF THE M U L ' m  AND STRESS 
GRADIENT FACTOR 

I 6 I 0 I a, 
I 0.00 I 1.571 I 1 .Ooo 

I 

0.30 1.149 
0.35 1.106 
0.40 1.067 0.818 
0.45 1.032 
0.50 1 .Ooo 
0.55 0.971 
0.60 0.944 
0.65 0.919 
0.70 0.896 
0.75 0.874 

0.818 0.686 
0.801 0.676 

I I 
I I 

0.7853982 I 0.66666667 1 .MI 1 

Comer failure mode: [VIIIJ] 

Based on the coordinate systems shown in Figure VIII-2, the spatial integration for the volume is the surface 
of a unit sphere and for the area is a unit circle. Notice that the comer failure mode has no spatial integration. 
The comer failw mode is a one-dimensional entity; hence, its spatial,integration is a point. Since a point has 
no dimension(s), the= is no spatial integration for the comer failwe mode. 
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Figure Vm-2. Coordinate Systems For Spatial Integration. (a) Volume Failure Mode; (b) Surface 
Failure Mode. 
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The following equations have been derived for the normal stress criterion. The effective stress is defined as 
shown in equations [VIII-a], [VIII-7] and [VIII-8]: 

0, = 0,e: + 02eq + 03t: For volume failure mode: 

I where: e, = cos(bcos y 

e2 = cos@sin y 
t3 =sin4 

~ 

O3 = the maximum principal stresses. 

I 

For surface failure mode: 0, = ole: + a,t; 

And for comer failure mode: 0, = 0, 

[VIII-6] 

[VIII-7] 

[VIII-8] 

Where: ON= the stress along the axis of the edge. 

It is important to notice the values for which the multiaxial and stress gradient factors are equal to unity. 
The volume I factor is unity under a uniform equitriaxial state of stress; the area I factor is unity under a 
uniform equibiaxial state of stress; and finally, the comer I factor is unity under a uniform uniaxial state of 
stress. The I factors are summarized in the following sections. 

VIII-2 W - F o -  For . .  

Volume failwe mode: 

(a) Uniform equitriaxial state of s m s :  

IJm) = 1 
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(b) Uniform equibiaxial state of stress: 

(c) Uniform uniaxial state of stress: 

(d) Beam in pure bending: 

Area failure mode: 

(a) Uniform biaxial state of stress: 

I,(rn) = 1 

(b) uniform uniaxial state of stress: 

(c) Beam in pure bending, sides of beam included: 
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[Vrn- 113 

[vm- 121 

[vm- 131 
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I 

BEND 
TCIRC 
TRECT 

Comer failure mode: 

(a) Uniform uniaxial state of stress: 

Three- or four-point bend bar 
Uniform cylindrical cross section tensile specimen 
Uniform rectangular cross section tensile specimen 

(b) Purebending: 

SPECIAL i 
ORNLTENS 

Ic(m) = 1 

Specimen with no closed-form solution for I 
Oak Ridge NL buttonhead tensile specimen 

[VIII-161 

[VIII- 171 

(c) Beam four-point bending, where a is the inner span and b the oute:r span: 

[VIII-181 

The list of specimens included in CERAMIC is shown in Table VIII-2; only a few of those have closed- 
form solutions for the I factor. A short description of the specimens and their multiaxial and stress gradient 
factor follows: 

TABLE VIII-2. LIST OF SPECIMENS INCLUDED IN CERAMIC AND THEIR DESCRIPTION 

Specimen Description I 

I B E N D  I Anisotropic BEND specimen I 

31-11591 
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SDe-: This is a beam with rectangular cross section; it may be loaded in three- or four- 
point bending. The stress solution is assumed to obey beam theory; hence, it neglects the stress 
concentrations resulting from the load points. The loads are assumed to be symmetric about the 
midspan. In the inner span, the specimen is in a pure bending state of stress; while in the outer span, it 
has a combination of bending and shear loading. The calculation of the effective s v e ~ s  for the normal 
stress criterion is trivial, but the spatial integration is not, and a closed-form solution is not readily 
available. Hence, an approximation is made here, in which the effective stress is assumed to be the 
same as the bending stress, neglecting the shear stresses in the calculation of the I factor. The 
multiaxial and stress gradient factors are as follows: 
(a) Volume failure mode: 

[VIE 193 

(b) Surface failure mode: 

- (c) Comer failure mode: the same as Equation [MII-18] 

-: This is a bar specimen with circular cross section. The specimen is in a uniform 
uniaxial state of stress; hence, its multiaxial and stress gradient factors are given by Equation [VIII-1 11 
for the volume and Equation [VIII-14] for the surface. Since this specimen has no comers, its corner I 
is zem. 

CT m: This is a bar specimen with rectangular cross section. This specimen is also in a 
uniaxial state of smss; hence, its multiaxial and srress gradient factors are the same as for the TCIRC 
specimen, except that its corner I is unity, Equation [VIII-16]. 

-: This is an anisotropic BEND specimen; an anisotmpic specimen is one that has its 
surface flaws aligned in a single orientation (e.g., surface machined specimens). The volume failure 
mode is assumed to be isotropic (i.e., random orientation of flaws). Its volume and the comer I factors 
are the same as for the BEND specimen, Equation [VIII-191. The surface failure mode for this 

31-11591 
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I 
specimen does not include the side surfaces; it only includes the surface that is in tension. The surface 
failure mode I factor is given by: 

[Vrn-21] 

0 -: This specimen type was included in CERAh4IC to allow the program to use 
the information provided in the full specimen or to analyze component data. The multiaxial and stress 

gradient factors for these specimens do not have closed-form solutions, and must be calculated using the 
integration code ERICA. 

0 QRNLTENS. This is the buttonhead tensile specimen design by O W .  This specimen 
does not have a closed-form solution for the Z factor, but it was deemed necessary to include it as an 
option in the CERAMIC code because it is a specimen commonly used in ceramic testing today. The 
specimen I factor was calculated using ERICA. 

. .  Vm-4. For v m  

The multiaxial and stress gradient factors for the specimens used in this program are shown in Tables WI-3 
through VIII-11, and Figures VIII-3 through VIII-13. With this information, the physical size of the specimens 
and components is presented. The product of the multiaxial and stress gradient factor and the physical size is 
called the equivalent size. The equivalent size of a specimen or component can be used to decide on the most 
effective method or specimen to be used for developing material property diita bases. 

vm-5. . .  

The finite element analysis was performed with the ANSYS finite element code. The results are presented 
in H W s  VIII- 14 through VIII-23. 
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TABLE VIII-3. TABULAR SUMMARY OF THE MULTIAXIAL AND STRESS GRADIENT 
FACTOR FOR THE BEND SPECIMENS USED IN THIS PROGRAM. 

Note that the "volume" and "edge" factors are the same for all of these specimens, and 
since the MIL-B and MIL-A specimens have the same cross sectional dimension ratio, 
the "surface" factors are the same. 
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4.00E-01 

U 
0 3.50E-01 I- 
i, 

I- 3.00E-01 

II! 
v)n 

r s  

s 
z 

$$ 2.50E-01 

ov) 
W v )  
nu 2.00E-01 
CnU 
$ 

5 1.50E-01 
a 

d 1.00E-01 
9 

-I 

c i 2 5.00E-02 

O.OOE+OO 

- VOL 

__o__ EDGE - SUR-E - SUR-B - SUR-A - SUR-ODEG 

1 - SUR-45DEG I 

0 5 10 15 20 
m, WEIBULL MODULUS 

GC11591-810A 

Figure VIII-3. Graphical Presentation Of The Data In Table Vm-3. 
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TABLE Vm-4. TABULAR SUMMARY FOR THE MULTIAXIAL AND STRESS GRADIENT 
FACTOR FOR THE SPIN DISK 

WEIBUU SLOPE 
0.1 
0.2 
0.3 
0.4 
0.5 
1 
2 
3 
4 
5 
6 
7 
0 
9 
1 0  
1 2  
14  
1 6  
18 
20 
2 2  
2 4  
26  
2 8  
3 0  
25 
4 0  
45  
5 0  

rlolume-15.29 

, 
Note the small effect the thermal gradient has on the spin disks that combine the speed 
and thermal gradient, relative to the speed-only disks; all of these for the low Weibull 
modulus cases. Based on this observation, the decision was made to use just the speed- 
only factor in the analyses. 

VOLUME FAILURE MODE SURFACE FAILURE MODE 
SPEED THERMALS THERMALS+ THERMALS SPEED THERMALS THERMALS t THERMALS + 
ONLY ONLY 67000 RPM 93000 RPM ONLY ONLY 67000 RPM 93000 RPM 

9.0038E-01 3.1353E-01 8.9909E-01 8.9934E-01 9.3956E-01 5.41 96E-01 9.3943E-01 9.401 5E-01 
8.2293E-01 8.8565E-01 
7.5842E-01 1.3800E-01 7.5350E-01 7.5488E-01 8.3671 E-01 2.1400E-01 8.3516E-01 8.3703E-01 
6.9870E-01 7.9208E-01 
6.4814E-01 6.4381 E-02 6.4401 E-01 6.4598E-01 7.51 22E-01 9.3846E-02 7.4805E-01 7.5082E-01 
4.6756E-01 1.1689E-02 4.61 69E-01 4.6448E-01 5.8953E-01 1.7402E-02 . 5.8285E-01 5.8709E-01 
2.8267E-01 7.6500E-04 2.7589E-01 2.791 1 E-01 3.9099E-01 2.3930E-03 3.8098E-01 3.8632E-01 
1.9043E-01 2.7450E-01 
1.3650E-01 ~~ 3.1000E-05 1.3046E-01 1.3330E-01 1.9935E-01 6.4700E-04 1.8943E-01 1.9443E-01 
1.01 91 E-01 1.2000E-05 9.6468E-02 9.9021 E-02 1.4807E-01 4.7200E-04 1.391 2E-01 1.4360E-01 
7.8339E-02 6.0000E-06 7.3481 E-02 7.5753E-02 1.1 176E-01 3.7200E-04 1.0388E-01 1.0780E-01 
6.1 566E-02 4.0000E-06 5.7244E-02 5.9259E-02 8.5372E-02 3.0700E-04 7.8526E-02 8.1 926E-02 
4.9235E-02 2.0000E-06 4.5396E-02 4.71 8OE-02 6.581 5E-02 2.6600E-04 5.9927E-02 6.284 1 E-02 
3.9937E-02 5.1 107E-02 
3.2780E-02 1.0000E-06 2.9749E-02 3.1 149E-02 3.991 9E-02 2.0400E-04 3.5648E-02 3.7749E-02 
2.2733E-02 2.4688E-02 
1.6260E-02 4.0000E-07 1.4344E-02 1.5219E-02 1.5481 E-02 1.4200E-04 1.3338E-02 1.4379E-02 
1.1920E-02 9.8081 E-03 
8.91 76E-03 6.2637E-03 
6.7868E-03 3.0000E-08 5.7800E-03 6.232OE-03 4.0257E-03 9.7000E-05 3.31OOE-03 3.6500E-03 
5.2420E-03 2.6009E-03 
4.1 0 1 4E-03 1.6878E-03 
3.2457E-03 1.0993E-03 
2.5947E-03 7.1832E-04 
2-0933E-03 1 .OOOOE-O7 1.7060E-03 1.876OE-03 4.707OE-04 6.4000E-05 3.6400E-04 4.1300E-04 
3.6436E-03 1.361 5E-03 
7.9853 E-04 5.8756E-05 
6.2067E-04 2.1086E-05 
3.4923E-04 7.6277E-06 

INA3 Surfacedin. 20-1 Nfi3 1 
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5.00E-01 
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4.00E-01 -- 
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2.00E-01 -- 

1.00E-02 -- 
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Figure Vm-4. Graphical Presentation Of The Volume Data In Table VIII-4. 
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1.00E+00 - 

SPEED ONLY AND THERMALS + SPEED 

THERMALS ONLY 

5.00E-01 -- 

4.00E-01 -- 

3.00E-01 -- 

2.00E-01 -- 
- 

\ 

- - J  
\ 

O.OOE+OO I I I I I I I I 
I 
I I I I I I I 

0 2 4 6 8 10 12 14 16 18 20 
m, WEIBULL MODULUS 

GC11591612A 

Figure MII-5. Graphical Presentation Of The Surface Data In Table VIII-4. 

31-11591 
Appendix VI11 

14 



TABLE VIII-5. TABULAR SUMMARY OF THE ISOTROPIC MULlTIAXIAL AND STRESS 
GRADIENT FACTOR FOR THE PLATE BENDING SPECIMENS 

IWEl5UUSLWEI VOLUME I SURFACE I 

0.0823 
0.03338 
1.35E-02 
5.49E-03 
9.04E-04 
1.49E-04 
2.45E-05 
6.63E-07 
7.28E-09 

25 7.60E-05 1.1 OE-02 
30 3.97E-05 8.21 E-03 
4 0  1.24E-05 4.99E-03 
100 6.1 1 E-08 8.08E-04 
200 6.26E-11 2.01 E-04 

I 

I 
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Figure VIII-6. Graphical Representation For The Data In Table Vm-5. 
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TABLE VIII-6. TABULAR SUMMARY OF THE MULTIAXIAL AND STRESS GRADIENT 
FACTOR FOR THE ORNL TENSILE SPECIMENS, THE ANISOTROPIC 
FORMULATION ASSUMES A SECONDARY FLAW NORMAL TO THE 
MACHINING DIRECTION 
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9.00E-01 

8.00E-01 

7.00E-01 1, 
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5.00E-01 , 
4.00E-01 

3.00E-01 

2.00E-01 

1.00E-02 
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m, WEIBULL MODULUS 
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Figure MII-7. Graphical Representation For The Data In Table VIU-6. 
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TABLE VIU-7. TABULAR SUMMARY OF THE ISOTROPIC MUIJTLQXIAL AND STRESS 
GRADIENT FACTOR FOR THE TENSION-TORSION SPECIMEN FOR A 
LOADING FACTOR OF 0.5 (TENSILE/MAX SHEAR STRESS) 

WEIBULL SLOPE 1 VOLUME FAILURE MODa SURFACE-l 
0.1 I 4.05E-01 I 
0.21 2.68E-01 I 
0.3 1.83E-01 
0 .J 1.27E-01 
0.5 9.1 2E-02 

1 2.40E-02 

1.29E-02 

2 5.79E-03 
3 2.85E-03 
4 1.73E-03 
6 8.41 E-04 
8 4.92E-04 

10 3.21 E-04 
15 1.44 E-04 
2 0  7.95E-05 
30 3.34 E-05 
9 91 1.86E-061 4.13E-031 
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Figure VIII-8. Graphical Representation For The Data In Table Vm-7. 
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A E R O S P A C E  

TABLE VIII-8. TABULAR SUMMARY OF THE ISOTROPIC MULTIAXIAL AND STRESS 
GRADIENT FACTOR FOR THE TENSION-TORSION SPECIMEN FOR A 
LOADING FACTOR OF 0.29 (TENSLE/MAX SHEAR STRESS) 
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7.00E-01 a 
P 

6.00E-01 2 
F z 
W 5.00E-01 
0 
U 

v) 
v) 
W 

a 
4.00E-01 

3.00E-01 a 
bi 
0 z 
4 2.00E-01 
J 

2 
2 5 1.00E-01 

O.OOE+OO 
s 

0 2 4 6 8 10 12 14 16 18 20 

m, WEIBULL MODULUS 
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Figure Vm-9. Graphical Representation For The Data In Table Vm-8. 
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I 

TABLE M I - 9 .  TABULAR SUMMARY OF THE ISOTROPIC MUlLTIAXIAL AND STRESS 
GRADIENT FACTOR FOR THE TENSION-TORSION SPECIMEN FOR A 
LOADING FACTOR OF 0.13 (TENSILE/MAX SHEAR STRESS) 

CE FAILURE MODE 
6.09E-01 
4.56 E-0 1 
3.54E-01 
2.83 E-0 1 
2.33E-0 1 
1.21 E-01 
7.00E-02 
5.38E-02 
4.50E-02 
3.51 E-02 
2.94 E-02 
2.57E-02 
1.99E-02 
1.65E-02 
1.26E-02 
4.59E-03, 

L 

I 

I 
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Figure VIII-10. Graphical Representation For The Data In Table M I - 9 .  
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MIBULL SLOPE 
0.1 
0.2 
0.3 
0.4 

&uedsignal 
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VOLUME FAILURE MODE 
2.88E-01 
1.76E-01 
1.12E-01 
7.41 E-02 

TABLE Vm-lo. 

~0.5  
1 
2 

TABULAR SUMMARY OF THE ISOTROPIC MtJLTIAXlAL AND STRESS 

TORSION 
GRADIENT FACTOR FOR THE TENSION-TORSION SPECIMEN IN PURE 

5.1 1 E-02 
1.32E-02 
3.74 E-03 

4 
6 
a 

1.1 8E-03 4.34 E-02 
5.77E-04 3.40E-02 
3.40E-04 2.86E-02 

1 31 1.92E-031 5.1 8E-021 

1 0  
15 
20  
30 
99  

2.23E-04 
1.01 E-04 
5.67E-05 
2.45E-05 
1.64E-06 
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6.00E-01 
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Figure VIII-11. Graphical Representation For The Data In Table VIII-10. 
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TABLE MII-11. TABULAR SUMMARY OF THE MULTIAXIAL AND STRESS GRADIENT 
FACTORS FOR THE NOTCHED SPECIMENS. THE SURFACE FACTOR IS' 
CALCULATED ASSUMING AN ANISOTROPIC FLAW POPULATION IN THE 
TRANSVERSE DIRECTION. THE AREA IS THAT IN THE NOTCH REGION 
ONLY 

MODULUS 

SURFACE FAILURE I I 
SHALLOW NOTCH DEEP NOTCH 

I 
SHALLOW NOTCH 

0.667 inA3 I 1 I 8.426 inA2 (SIZE) 3.736 inA2 

DEEP NOTCH 

0.966 inA3 
2.43E-01 
8.45E-02 

1.80E-01 
4.49E-02 

0.5 
1 

1.33E-01 1.10E-01 
5.63 E-02 4.06E-02 

3 
5 
7 

3.18E-03 1.99E-03 
1.34E-03 1.05E-03 
1.13E-03 8.80E-04 

8.20E-04 
1.78E-04 

VOLUME FAXLURE 

3.08E-05 
8.56E-06 

8 
, 9  

______ 

1.06E-03 8.24 E-04 
1.01 E-03 7.78E-04 

5-08 

4.39E-05 
2.27E-05 
1.21 E-05 
6.65E-06 

- - - JE-03 ! 4.94E-04- ~ 

3.98 E-06 
2.95E-06 
2.27E-06 
1.80E-06 

1 0  
11  
1 2  
1 3  

9.68 E-04 7.39E-04 
9.29 E-04 7.05E-04 
8.95E-04 6.7 6 E-04 
8.64 E-04 6.50E-04 3.a3~-06 

2.32E-06 
1.50E-06 
I .03E-06 I 8.54E-87 
5.88E-07 I 6.33E-07 

~~ 

1.46E-06 
1.20E-06 
1.01 E-06 

14 8.37E-04 6.26E-04 
i 15 8.13E-04 6.05E-04 

1 8  7.51 E-04 5.53E-04 
2 0  7.18E-04 5.25E-04 4.00E-07 

2.1 5E-07 

~~ 

4.85E-07 
2.77E-07 25 

3 0  
40 

5 0  

6.53E-04 4.7OE-04 
6.05E-04 4.29E-04 
5.37 E-04 3.71 E-04 

4 .B2E-04 3.32 E-04 

1.36E-07 
6.46E-08 

3.45E-08 

1.74 E-07 
8.13E-08 
4.30E-08 
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Figure Vm-12. Graphical Representation Of The Data In Table VIII-11. 
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Figure VIII-13. Graphical Representation Of The Daita In Table W-11. 
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Figure VXU-14. Finite Element Model For The Spin Disk. The Stress Distribution Is Given In Section 
5.43. 
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Figure VIII-15. Finite Element Model For The Plate Bending Specimen. The Boundary Conditions 
Used For This Specimen Are Also Presented. 
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A = 152.808 
B = 1080 
C = 2007 
D = 2934 
E = 3861 
F = 4788 
G - 5715 
H = 6643 

MX = 7106 

Figure Vm-16. Maximum Principal Stress Distribution For The Plate Bending Specimen. 
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Figure Vm-17. Finite Element dodr For The ORNL Tensile Specimen (Buttonhead Not Modeled) 
Load Applied Via Distributed Pressure At The Top 01' The Specimen. 
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GC11591425 

A = 28.801 
B = 37.308 
C - 45.815 
D = 54.322 
E = 62.829 
F = 71.337 
G = 79.844 
H = 88.351 
I - 96.858 

MX = 101.11 

Figure Vm-18. Maximum Principal Stress Distribution In The ORNL Tensile Specimen. Average 
Maximum Principal Stress In The Gage Section = 100. 
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Figure 

POINT 

'III-19. Finite Element Model For The Tension-Torsion Specimens. Tensile Load And Torque 
Applied Via Concentrated Loads At Locations Indicated. 
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A = 6.436 

c = 32.631 
D = 45.729 
E = 58.827 
F 71.924 
G = 85.022 

6 19.534 

H = 98.119 
I = 111.217 

MX = 117.98 

Figure VIII-20. Maximum Principal Stress Distribution In Specimen 9 At Failure. Specimen Was 
Loaded In Pure Torsion. 
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A = 6.624 
B = 19.701 

D = 45.854 
E = 58.93 
F = 7 2 0 0 7  
G = 85.084 
H = 98.16 

= 32.m 

I = 111.237 
= 117.78 

Figure VIII-21. Maximum Principal Stress Distribution In Specimen 15 At Failure. Specimen Was 
Loaded In Axial Tension And Torsion, Nominal Tensile Stress To Shear Stress Ratio = 
05 At Gage Section Surface. 
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Figure Vm-22. Finite Element Model For The Deep Notch Tensile Specimen (Stress Distributions Are 
Shown In Section 5.4.1.1). 
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Figure VIII-23. Finite Element Model For The Shallow Notch Tensile Specimen (Stress Distributions 
Are Shown In Section 5.4.1.1). 
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