
.4

IN

A 0AFWAL-TR-85-4001

STATISTICAL TREATMENT OF ARAMID/EPOXY
STRESS-RUPTURE DATA

GERALD SHAUGHNESSY
UNIVERSITY OF DA YTON
CEPARTMEaVT OF MA 7-EMA TICS
DAYTON, 0'4 45409

Reproduced From
April 1985 Best Available Copy

Filal Report for Period: February 1984. Aoril 71984

* I APPROVED FOR PUBLIC RELEASE.
DISTRIBUTION IJNZIM(TEO. -

,. d.,LA.E

MATERIALS LA8ORATORY
AIR FORCE WRIGHT AERONAUTICAL LABORATORIES
AIR- FORCE SYSTEMS COMMAND
WRIGHT-PATTERSON AIR FORCE BASE, OHIO 45433 0 3,



LI "'L•~ NTICE

, When Government drawings, specifications, or other data are used for any purpose
other than in connection with a definitely related Government procurement operation,
the Un':ted States Government thereby incurs no responsibility nor any obligation
"whatsoever; and the fact that the government may have formulated, furnished, or in
any way supplied the said drawings, specifications, or other data, is not to be re-
garded by implication or otherwise as in any manner licensing the ]older or anyother person or corporation, or conveying any rights or permission to manufacture
usth oz sell any patented invention that may in any way be related thereto.

This report lhas been reviewed by the Office of Public Affairs (ASD/PA) and is
releasable to the National Technical information Service (NTIS). At NTIS, it will
be available to the gent al public, including foreign nations.

This technical report has been reviewed and is approved for publication.

. THEODORE J. REI&RT, Chief ROBERT URZI Technical rB. UZ, Tehnclrr
Materials Engineering Branch Materials Engineering Branch
Systems Support Division Systems Support Division

P . FOR THE COMMdANDER

WARREN .JH ,Chief

Systems ort Division
Material-s Laboratory
"Air Force Wright Aeronautical Laboratories

'I.

"If your address has changed, If you wish to be removed frout our sailing list, orif the addressee is no longer employed by your organization please notifY jE B.L,
W-PAPB, OH 45433 to help us maintain a current swiling list".

Copies of this report should not be returned unless return is required by secaUri t
"considerations, contractual obligations, or notice an a specifie do.ument.

_ _ _ . .



IJNCI ASSIFTIfl
SECURITY CLASSIFICATION OF THIS PAGE

REPORT DOCUMENTATION PAGE

i& REPORT SECURITY CLASSIFICA1 IONJ lb. RESTRICTIVE MARKINGS

O'Nr[ASSTFTIEfl______________________

SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION/A VAI LABILITY OF REPORT

Approved for public release;
2b. OECLASSIFICATION/DOWNGRADING SCHEDOJLE distribution unlimited.

4. PERFORMING ORGANIZATION REPORT NUMBER(S) 5. MONITORING ORGANIZATION REPORT NUM8ER(S)

-PL-.E-; 93046-70 ______ AFWAL-TR-85-4001
Si. NAME OF PERFORMING ORGANIZATION 6b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION

(If appiacable)

-University of Davton j_ _____Uni'versal- technology Corporation
6c. ADDRESS (City. State and ZIP Co.d~e 7b. ADDRESS (City. State and ZIP Code)

Department of Mathematics 1616 Mardon Drive
Dayton, OH 45409 ýDayton, OH 45432

go. NAME OF FUNDING/SPONSORING 8 b, OFFICE SYMBO0L 9. PROCUREMENT INSTRUMENT IOEN.*IFICATION NUMBER
ORGANIZATION (if apiabe

_____________________ __________F3361 5-82-C-5089
Sc! ADDRESS ;Caty. State and ZIP code) 10. SOURCE OF FUNDING NOS.

PROGRAM PROJECT TASK WORK UNI1T
ELEMENT NO., NO. NO. NO.

11 Ti TLE 'Ince't~d. -Security Claaaificationu, S TAT I ST I CAL
ITREATMENT OF ARAMID/EPOXY STRESS-RUF'TURE DATA (U) _______________

12. PERSONAL AUTHOR(S)

,13&. TYPE OF REPORT 13b. TIME COVERED 115AEO EOT Y.M. a) l. PAGE COUNT

RIr FRO I ' Aar' APRIL 1985 i1
16. SUPPLEMENTARY NOTATION

17 COSATICCOES 1Bs. SUB.-EdT TERMS tConEIau on rayerg it pvecrnu,7 end identify by block numbiert

. 7LFELo GROUP SU& GR.

I.. composites, arami~d/epoxy, str'ess, tensile loading
6-A BSTRA ACT (Conlhtmue an rvveree If nweeeu-v and eden tify by blocir numbwro

The purpose of this repQrt is to prov'ide statistical~ly derived tabular design
data to predict the estimated stress-rupture life of unidirectional arainid!
epoxy composites subjecte-d to s-ustained tensile loading. The maximum li'keli-
hood estimated life (MLEL) is tabul~ate'd for various stress' levels of the
fiber-stress and quantile levels. The estimated lifetimes were calculated
from-accelerated stress-ruptu~re Itests of T.T. Chiao, who used uniaxial. str and
samples; therefore, the estimated lifeti~mes reported are considered to be
conservat~ive.

;iO OISTRI BUT IONIA VAJLA alLIT Y Of ABSTRACT 21 ABST01ACT SECURITY CLASSIfICATION

'.JNCL:ASSIFIEOUN#.IMITE0 SAME AS RPT X OtIC Usels UCASIFIE

2;& NAM4E OF RtSPONS16LE INDIVIDUAL. 22b TIELEPI4ONE 4UMSIER 2--c. Off ICI SYMBOL

00 FORM 1473. 83 APR E IT ION of I JAN* ?3 IS OBSOLEITE. INIASFF
SICURITY CLASSIFICATI" OF yovs PAGE



FOREWORD

This report describes an effort conducted by the University

of Dayton Department of Mathematics as a subcontractor to

Universal Technology Corporation under Air Force contract F33615-

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

Aramid/Epoxy 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 wa. performed during the period of

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

(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 'providing the computer program and

output which made the calculations 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-gliss/epoxy of T. T. Chiao (1) was

summarized into tabular.form which then was incorporated into the

appropriate AFSC design manuals. This report will do a simi':r

summary of the stress-rupture data on Aramid/epoxy composite strand

data collected 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 quantile levels of the stress-rupture

life of strands subjected to su!.tained tensile loading. The form

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



TABLE 1

SUMMARY OF STRESS-RUPTUKE DATA
FOR ARAMID/EPOXY STRANDS

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 47 2 0

60.0 303.5 50 41 9 0

50.0 252.9 50 4 0 46

-2- -



2.0 ANALYSIS

The resulting lifetines of the stress-rupture tests at each given

stress level were modeled as ý Weibull distribution. The distribution

function for a Weibull distribution is

F(t) = 1 - exp[-(t/B)d] (1)

where F(t) is the probability that the lifetime of a given strand

subject to a stress (a) will be less than or equal to t, and a and8 are

the shape and scale parameters of the Weibull model to be estimated

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

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

The basic method of analysis used in this paper to estimate tVe

values of a and B of the Weibull model is'known as the method of maximum-

likelihood. In this method, the joint distribution of the observed

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

parameters o and a. The values a and 8 that maximized the likelihood

function are referred to as maximum likelihood estimates of the

parameters aand 8 These values can then be substituted into the

reliability equations to create the tables,

As stated earlier, the parameters a and B vary with each stress

level. The following two 'relationships were used to describe how a

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

1' 2'

2 32
2'

+n(8(a)) e 8 a . 0 n e 8 a (3)
S 7
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6 are constant coefficents that are to be determined. Other

representations of the relationship between I dnd 8 and the stress

level (a) were~considered but the quadratic "odel fore and cubic model.

for $ fit best with the experimental data [2].

Using these representations of a (q) and B (a), Eqs. 3 and 4 were

then substituted into the likelihood equation which was then maximized

as a function of the seven variables ( 6, e , e , e , , , , ).

The maximum likelihood estimates (. ie , 31, e 4,9 ,es , a7) are

then obtained by setting seven partial derivatives of the likelihood,

equations equal to zero and solving the resulting seven equations and

seven unknowns.

Once the parame-ters a and B of the Weibull model have been

estimated by the above procedure, quantile points in the lifetime

distribution of the Aramid/Epoxy composite can be estimated. A'

quantile is a point in the 6istributioh that has a given percentage of

the distribution less than it. For example, the 0.1 quantile in a

lifetime distribution is-a time such tha't the probability of a strand

failing before that time is 0.1. Using the maximum likelihood

estimates (a and 8 ), the pth quantile in the lifetime distribution is

obtained by setting

p - 1 - expf-(.t)01 (5)

and solving for t. The solution, yielding the pth quantile is:

p exp L[_i,-ln(.l - p) + 1n(;) (6)

a4
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3.0 Results

Table 2 was generated from Eq. 7 and gives the maximum

likelihood estimated life (MLELI 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 quantile

value of 0.001, the table value is 24.6 years. This means that the

maximum likelihood estimate of the point in 'the distribution of

lifetimes urder which there is a probability cf failure of 0.001 is

24.6 years. This estimate has uncertainty in it since it is basea on

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, respectively, for quantiles in the life time distribution

under which the probability of a strand failing is'either 0.0001,

0.001, O.Cl, or 0.1. The second set of tables are more conservative

and reflect the size of pcssible errors in the estimation procedures.

At the 95% level of confidence, the values in the table were

constructed .o that there is a probability of 0.95 that the true

quantile points in the lifetime distribution are not lower than the
I

table values. To illustrate further the use of the tables, suppose

that an estimate of the 0.'001 quantile point in the lifetime

distribution of a strand subject at a stress of 30% (UTS) is desired.

This Is a point in the distribution below which there is a probability

of,0.001 that a strand wili fail. Using Table 2 for the MLEL, the

estimate is found to be 24.6 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.

5



4.0 CONCLUSIONS

In using the tý bles in this-report for design of pressure vessels

for Air Force application, it should be remembered that the analysis was

based solely on strand data. Also, that all the estimates are based on

extrapolation from the experimental data. No failure data was observed

below 50% UTS. Extrapolated estimates from the data have a large amoun-

of variability in them. This large variabili.ty resulted in lower confi-

dence bounds fcr quantiles below C.01. that are, of little value since the

v-ariability of the estimates are so large.

There is evidence that the strand data is conservative for desian

of pressure vessels [3]. The strands tested were weakened by the pre-

sence o: fluorescent-lights which could be controlled in application.

Also, stress.-rupture iata on vessels have indicated that strand data

is conservative in redicting vessel strength [3].

6



TABLE' 2

E TI;,A 'E'D L IIFETIME OF ;,RAMID/EPOXY COMPOSITE
iNDER SUSTAINED TENSILE LOADING

MLEL CALCULATIONS (YEARS)
(MAXIMUM LIKELIHOOD ESTIMATED LIFE)

QUANTILE LEVEL

%FIBER STRESS 0.0001 0.001 0.01 0.1
STRESS (KSI) MLE.L (YRS) MLEL (YRS) MLEL (YRS) MLEL(YRS)

26 131.5 20.9 44.5 95.1 205.8

27 136.6 18.5 37.8 77.1 159.4

28 141.6 16.6 32.4 63.4 125.5

29 146.7 15.0 28.1 52.8 100.4

30 151 .7 13.6 24.6 44.5 81.5

31 156.8 12.5 21.8 38.0 67.1

32 161.9 11.5 19.4 32.3 55.9

33 166.9 10.6 17.4 28.5 47.2

34 172.0 9.8 15.7 ?5.0 40.3

35 177.0 9. 1 14.2 22.2 34.3

36 182.1 8.5 13.0 19.8 30.4

37 187.1 7.9 11.9 17.7 26.7

38 192.2 7.4 10.9 16.0 23.7

39 197.3 6.9 10.0 14.5 21'.2

'40 202.3 6.5 9.2 13.2 19.0

41 207.4 6.0 8.5 12.1 17.2

42 212.4 5.6 7.8 11.0 ,15.6

43 217.5 5.1 7.2 10.1 14.3

44 222.6 4.7 6.6 9.3 13. 1

45 227.6 4.3 6.1 8.5 12.0

7



TABLE 3

ESTIMATLD LIFETIME OF ARAMID/EPOXY COMPOSITE
UNDEO SUSTAINED TENS7ILE LOADING

LOWER BOUND CALCULATIONS (YEARS)
95% CONFIDENCE INTERVAL

QUANTILE LEVEL

%FIBER STRESS 0.0001 0.001 0.01 0.1
STRESS (KSI) LB (YRS) _.LB .(YRS) LB (YRS) LB (YRS)

26 131.5 1.9 3.5 10.4 24.9

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

31 156.8 1 .9 3.5 8.3 16.6

32 161.9 1.9 3.5 8.0 15.6

33 166.9 ".9 3.5 7.8 14.7

34 172.0 1.9 3.5 7.6 14.0

35 17'7.0 1 .9 3.5 7.4 13.4

36 182.1 1.9 3.5 7.3 12.8

37 187,1 1.9 3.5 7.1 12.3

38 19.2.2 1.9 3.5 7.0 11.8

.39 197.3 1.9 3.5' 6.8 11.3

40 202.3 1.9 3.5 6.7 10.9

41 207.4 1.9 3.5 6.5 10.5

42 212,4 1.9 3.5 6.3 10.1

43 217.5 1.9 3.5 6.,1 9.7

44 222.6 1.9 3.5 5.9 9.3

45 227.6 1.9 3.51 5.7 8.8

8



"TA3LE 4

ESTIMATED LIFETIME OF ARAMID/EPOXY COIPOSITE
J'NDER SUSTAINED TENSILE LOADING

LOWER BOUND CALCULATION'S (YEARS)
99% CONFIDENCE INTERVAL

--------------- -------------------------------------------------
QUANTILE LEVEL

----- ----------------------------------------------------------------
%FIBER STRESS 0.0001 0.00; 0.01 0.1
STRESS (KS,) LB (YRS) LB (YRS) LB (VRS) LB (YRS'

0---------------------------------------------------------------

26 131.5 1.4 2.5 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 2.6 5.0 9.4

31 156.8 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

41 207.4 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

44 222.'6 1.4 2.6 4.9 8.1

45 227.6 1.4 2.6 4.8 7.8

9
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LIST OF SYMBOLS, ABBREVIATIONS, ACRONYMS

MLEL Maximum likeliheod estimated life.

F(t) Probability that the lifetime of a given strand subject

to a stress will be less than or equal to the time the

stress is applied.

t Time.

alpha Shape parameter from Weibull model.

beta Scale parameter from Weibull rodel.

sigma Stress.

thetal-theta7 Constants.

p A given probability F(t).

* UTS Ultimate flow stress.

ksi Kips per square inch.
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