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When Government drawings, specifications, qr other data are used for any purpose
other than in connection with a definitely related Government procurement operation,
the United States Government thereby incurs no responsibility nor any obligation
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:j; whatsoever; and the fact that the government may have formulated, furnished, or in
:f: any way supplied the said drawings, specifications, or other data, is not to be re-
-0 garded by implication or otherwise as in any manner licensing the holder or any

?:: * other person or ccrporatior, or conveying any rights or permission to manufacture

' use, oi sell any patented invention that may in any way be related thereto.
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This report has been reviewed by the Office of Public Affairs (ASD/PA) and is
rejeasable to the National Technical Information Service (NTIS). At NTIS, it will
be available to the gen.-al public, including foreign nations. '
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- FOREWORD

This report describes an effort conducted by the University

: of Dayton Dedartment of Mathematics as a subcontractor to
1 ,

Universal Technology Corporation under Air Force contract F33615-

82-C-5089. The task title is Statistical Treatment of

Aramid/Epuxy Stress-Rupture Data and it is task number 70. The

‘task was initiated by T.J. Reinhart through AFWAL/Materials Lab.

The work reported herein was performed during the per1od of

15 Feb 1984 to 30 Apr 1984 by the author Dr. Gerald Smughnessy

(University of Dayton). The report was released by the author in

August 1984.

The author would like to thank R.E. Glaser of Lawrence

Livermore Laboratory for 5r0viding the computer program and

output which made the caliculations in this report possible.
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1.0 . INTRODUCTION

In the report (4) by G. Shaughnessy and J. Snide, the experi-
mental stress-rupture data on S-g]ass/apéxy of T. T. Chiao (1) was
summarized into tabular.form which then was incorporated into the
appropriate AFSC design manuals. This repoft will do a simivcr
summary of the ﬁtress-rupture data on'Aramid/epoxy composite strand
data;co}]ecfed by T.T. Chiao and his aSsociates at the Lawrence
Livermore National Laboratories. As in (4), this report will pro-
vide tables of estimates of qqéntile levels of the stress-rupéure
life of strands subjected to sustained tensile loading. 'The form

of the data that was collected is given in Table 1.




TABLE 1

SUMMARY OF STRESS-RUPTUxc DATA
SOR ARAMID/EPOXY STRANDS

- D ML D W D e B YD W G e o e T D M AP e W G e D AR T Gn AL Wb R T N S p TR G SR AR WP D A L T A YD R e A T L D W G M e W m W e

PERCENTAGE STRESS,KSI #STRANDS #EXACT - #GROUPED  #CENSORED

OF FAILURE | TESTED FAILURE  FAILURE  TIMES
STRESS | TIMES TIMES
90.0 455.2 101 99 2 0
87.0 440.0 100 100 0 0
84.0 424.8 103 103 0 0
80.0 404.6 100 100 0 0
70.0 354.0 49 a7 2 0
60.0 303.5 50 a 9 0
50.0 252.9 50 4 0 46

D R D D G W W G AR D D U T W W A T e W W U W T W SR A SR D T A T AT R R YD D A N D D W e




2.0 "ANALYSIS

The resulting lifetimes of the stress-rupture tests at each given
stress level were modeled as ¢ Weibull distribution. The distribution’

function for a Weibull distribution is
F(t) =1 - exp[-(t/8)%] | )

where F(t) is the probability that the lifetime of a given strand
subject to 2 stress (g) will be less than or equal to t, and « and B are
the shape and scale parameters of the Weibull model to be estimated

from the experimental data. These parameters, a and 8 of the Weibull

model, vary with the given stress level (o).

The basic method of analysis used in this paper to estimate the
values of a and B of the Weibull model is known as the method of maximum

Iikelihood. In-this method, the joint distribution of the obsgrvéd

data (called the likelihood function) is regarded as a function of the

parameters g and 8. The values a and B that maximized the likelihood
fﬁnctidn are reférred to as maximum Iikélihood estimates of fhe
parameters aand B . These values canAthen he substitufed into the
reliability equations to create the tables. _l ..

As stafed earlier, the parameters a and B varj wffh each strecs
level. ‘The following two feiatidnship; were used to describé how a’

and 8 varied with the stress level for the data being analyzed.

' "1‘ ’ | i + A v 2, | - ( 2 )
;T;] . iex Gza 630 : ‘ . o )
o o 3 .
In(8(ag)) = 9~ + 959 + B‘ﬂ . e’o ' - | (3)




an are constant coesfficents that are to be determined. Other

representations of the relationship between 2 dand B and the stress
level (a) Qere.considered but the guadratic -odel forg and cubic model:
for B8 fit>Best wfth the experimentai data [2].

Using thes=2 represéntations of q (q) and 8 (o), Eqs. 2 and 4 were
then substituted into the likelihood equation which was then maximized
as a function éf the seven variables (6l , 0,8 ,95 ) 7 s ).

The maximum likelihood estimates (5 ,52,9 , 0 ,3 ,g ,5 ) anel
then obtained by setting seven partial derivatives of the likelihood.b
equations equal to zero and solving thé resulting seven equatian; and
seven unknowns,

Oncé the parameters a and B cf the Weibull model have been
estimated bv the above procedure, quantile points in the lifetime
distribution of the AEamid/Epoxy compssite car be estimated. A
quantile is a point ;n the cistribution that has a given percentage of
the distribution less than it. For ex3mple, the 0.1 quan;iie in a
"lifetime dis;ributioh is-a time such that the probability of a strand
failing before that time is 0.7. U,1ng the maximum Tikelihood

estimates (a andB ), the pth quant1le in the llfe*1me distribution s

obta:ned by setting

p =1 - exp(-()"] D o ~(s)
. and sqlving for t. " The Sdlution. yieldjng’:he bth,quantile fs:

p=exp Lphi-1n(1 - 0)) + n(@)] | (6)




3.0 Results

Table 2 was generated ffom EG. 7 and gives the maximum
likelihood estimated life (MLEL} for failure probabilities ranging from
0.0001 to 0.1 and for stress levels ranging from 26% to 45% of the
ultimate flow stress (UTS). .

For example, at a stress level of 30% (UTS) and a_qqantile‘
value of 0.001, the table value is 24.6 years. This means that the
maximum likelihood estimate of the point in the distfibution‘of
lifetimes urder which there is a probability cf failure of 0.001 is
24.6 yéars. ‘This estimate has uncertainty in it sirce it is basealon
estimates of a and B obtained from the experimental data.' Tables 3
and 4 give lower confidence bounds at 95% and 99% levels of
confidence, regpectively, for quantiles in the life.time distribution
, under which the probability of a strand failing isfeither 0.0001,
0.001, 0.C1, or 0.1. The second sat of tables aré more conservative
and reflact the size of pcssible errors in the estfmation procedures.
At the 95% leve! of confidence, the values in the table wefe
constructed Eo that there is a probabilify of 0.95 that the true
quantile points in the iifetime‘distributién are not lower than the
table values. TO«?11u;trate further the use of the tables, suppose
that an estimate of the 0.007 quantile poirt in fhe lifetime
diétribut}bn‘of a strand subject at a stress of 30% (UTs) is desired.
This s a point in the distribution below which fhe}evis a prabability
of-d.OOl that a strand wiii fail, Using Table 2 for *he MLEL, theb
estimate is found to be ?4.6 years. Using Table 3 for the lower 95%
confidence bound, it is found that there is only a 5% chance that this

0.001 quantile is below 3.5 years.
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4.0 CONCLUSIONS

In using the 5351es in this report for dgsign of pfessure'vesselé
for Air Force application,it should be remembered that the analvsis was
based solely 6n strand data. Alsc, that all the estimates are based on
extrapolation from .the experiménta] data. Ho failure data Qas'obseﬁved
below 50% UTS. Extrapolated estimates from the data have a large amoun-
of Variabi]ity in them. This large variability resulted in lowe: confi.
.dence bounds fcr qudnfi]es beiow G.0) that are of little va]ue'since the .
variability of the éstimates.are so large. , | | ’
| There is evidence that the strand data js conservative for desién
of pressure vesse:is [3]. The strands tested were weakened by the pre-
sence o° fluorescent-iights which could be éonﬁrqlled in application.
Also, stress-rupture jata on vessels have indicated that strand data

is conservative in redicting vessel strength [3].




ESTIHATED LIFETIME OF ARAMID/EPOXY COMPOSITE

TABLE 2

JNDER SUSTAINED TENSILE LOADING

MLEL CALCULATIONS ({YEARS)

(MAXIMUM LIKELIHOOD ESTIMATED LIFE)

VB W R R s TR WD YD AR dm e G M e M Y M e mp W M WS M Ar T en W et W M AR W G W en e YW S W N N S T ee s W R G B e e e e e em am

L I e e e e I I PP Y

STRESS

%ZFIBER
- STRESS

26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
4f

:42'
43
e
45

141

(KSI
131.
136.

146.

151,

156.
161.
166.
172.
177.
182.
187.
192.
197.
202.

- 207.

212.
2i7.
222.
227.

)

5
6

.6

20.
8.
16.
5.
13,
2.
.
0.

o MLEL (YRS)
9

5
6
0

0.001

MLEL

44,
37.
32.
28.
24.
21
19.
17,
15.
14.
13.
1.
0.
10.

(YRS)
5 .
8
4

0.01
MLEL (YRS)

95,1
77.1
63.4
52.8
44.5
138.0

. 32.8

28.5
25.0
22.2
19.8
7.7
16.0
14.5
13.2
121
1.0
10.1
9.3
8.5

1

- e  em e e e e e M S W oA W A M T N e AR W e e W e = e e e

0.

MLEL(YRS)

205.
159.
125.
~100.
81.
67.
55.
47.
40.
3aé.,
30.
286.
23.
21.
.
7.
15,
.14.
13,
12.0-

8
4
5
4
5
1
:
2
3
3
4
7
7
2
0
2
6
3
1




TABLE 3

ESTIMATED LIFETIME .OF ARAMID/EPOXY COMPOSITE
UNDE® SUSTAINED TENSILE LOADING

LOWER BOUND CALCULATIONS (YEARS)
95% CONFIDENCE INTERVAL

- An D En ep D M T T e D M W M W W e G o M e D G R M 4P S WD SR R G D e e W YN YE D AL W D AN A AP R A D WD W e W T WL WAL e A W W

D R G e T W T R N A T W P MR P T Yl U m R W Y Y e ek P SR YR M en B WD S MmN L WD AR AR YR A A WL WS W e D M S T W o e e @ e

%F IBER . STRESS 0.6001 0.001 0.01 0.1
STRESS (KSI) LB (YRS)  _LB .(YRS) LB (YRS) LB (YRS)
26 as1.s 1.e as T Th0.e T aae
27 . 136.6 1.9 3.5 . 9.9 22.6
28 141.6 1.9 3.5 . 9.4 20.7
29 146.7 1.9 3.5 8.9 19.1
30 151.7 1.9 3.5 .8.6 . 17.7
n 156.8 1.9 3.5 8.3 16.6
32 el 1.9 3.5 8.0 5.6
33 166.9 0.9 3.5 | 7.8 14.7
34 172.0 1.9 3.5 7.6 14.0
35 177.0 1.9 3.5 7.4 13.a
36 182.1 1.9 3.5 7.3 2.8
37 187.1 1.9 3.5 | 7. 2.3
38 o 192.2 1.9 s 1.0 11.8
39 197.3 1.9 3.5 6.8 1.3
a0 202.3 1.9 3.5 6.7 - 10.9
a1 207.4 1.9 3.5 6.5 - 10.5.
TR ©212.4 1.9 3.5 6.3 o 10.1
43 21725 1.9 3.5 6 9.7
s - 2226 . 1.9 3.5 . 5.9 9.3
5 227.6 1.9 3.5 8.7 8.8




TA3LE 4

" ESTIMATED LIFETIME OF ARAMID/EPOXY COMPOSITE
HNDER SUSTAINED TENSILE LOADING

LOWER BOUND CALCULATIONS (YEARS)
99% CONFIDENCE INTERVAL

- P N A M e W YR W M M s W D G D e U R T NN MR MR R L e M T W T e w T e RS A T w e .

D I I R N e I IR R A 3 I A e T T A T B Rl ol o St

%FIBER STRESS 0.6001 0.00: | 0.01 0.1 °
STRESS (KS1) LB (YRS)  'LB (YRS) LB (VRS) LB (YRS
26 131.5 1.4 2.6 5.0 10.4
27 136.6 1.4 2.6 5.0 10.1
28 141.6 1.4 2.6 5.0 9.8
29 146.7 1.4 2.6 5.0 9.6
30 151.7 1.4 6 5.0 9.4
3 156.3 1.4 2.6 5.0 9.3
32 161.9 1.4 2.6 5.0 9.2
33 166.9 1.4 2.6 5.0 9.1
34 172.0 1.4 2.6 5.0 9.0
35 177.0 1.4 2.6 5.0 9.0
36 182.1 1.4 2.6 5.0 8.9
37 187.1 | 1.4 2.6 5.0 8.9
38 192.2 1.4 2.6 5.0 8.8
39 197.3 1.4 2.6 5.0 8.7
40 202.3 1.4 2.6 5.0 8.7
a1 207.4 1.4 2.6 5.0 8.6
42 212.4 1.4 2.6 5.0 8..4
43 217.5 1.4 2.6 5.0 8.3
a4 222.%6 1.4 2.6 4.9 8.1
45 ' 227.6 1.4 2.6 4.8 7.8
E
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Constants.
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