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ABSTRACT

This report presents the results of the empirical program undertaken to increase the

basic understanding of the fatigue phenomena of advanced composites joints. Four

basic design concepts have been evaluated and inclvde both bonded and mechanically

Fastened joints. A broad spectrum of joint geometry variations and loading conditions

are included to identify the significant parameters affecting the fatigue endurance of

composite joints. Test data and analyses are included for constant amplitude testing

and program fatigue loading. Realistic spectrum and block spectrum data are evaluated

using Miners Cumulative Damage Theory.

In conjunction with other analyses and evaluations, failure mode studies were conducted

on the fracture surface of failed specimens. Scanning electron microscope (SEM) photo-

micrographs were used for this failure study. Specific failure modes related to specimen

configuration, loading conditions, and fatigue history were defined. Failure modes

that have been identified and related to loading conditions include; shear in the resin

versus load direction and stress ratio (R); peel in the laminate due to a cleavage load;

peel or tension fracture due to tension-tension fatigue. Some specimens subjected to

complex loading exhibited multiple failure modes.
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I. INTRODUCTION

This program was undertaken to develop an understanding of the fatigue phenomena of

structural joints in advanced filamentary composite materials and to develop analytical

and testing methods to support proper fatigue design of advanced composite structural

joints. The program included the evaluation of both bonded and bolted joints. Primary

emphasis was placed on joints in boron-epoxy; however, a limited evaluation of bonded

joints in graphite-epoxy and glass-epoxy were included. Although the sizes of the joints

for this investigation were small (one to ten inches in width), all configurations evaluated

are representative of typical structural joints currently utilized in advanced filamentary

composite structures.

The program consisted of three major areas of investigation:

"o Analysis Methods

"o Fabrication, Inspection and Testing

I. o Fatigue Analysis and Failure Mode Studies

Analytical methods for determining joint stresses were divided into two major tasks;

(1) analysis of bonded joints and (2) analysis of bolted joints. Primary emphasis was

placed on the development of a closed form elastic analysis procedure for bonded joints.

This analysis was used to evaluate a number of joint variables. A "plastic zone"

approach was used to extend the closed form analysis procedure to includ'. joints with

inelastic adhesive stress-strain behavior. The results of the elastic closed form solution

were verified with finite element analyses, photoelastic analysis, and strain gage data.

Finite element analyses were used to evaluate the step lap bonded joints and bolted

joints.

The experimental program consisted of fabrication, inspection, and testing of a large

quantity of joint specimens. Fabrication and inspection methods were established which

resulted in specimens being fabricated to close tolerances and of uniform high quality.

This provided specimens that would consistently develop stresses that were predicted



by the analytical methods. Developing testing techniques and actual specimen testing

was a major portion of the program. Establishing proper specimen support was essential
to obtaining repeatable joints strengths within a specimen configuration. Equal!y

important was determining the proper cyclic rate for the different stress ratios and

specimen configurations to preclude specimen heating and erratic and unreliable

fatigue lives.

Fvaluation of the experimental results was divided into two separate but related tasks.

These tasks were failure mode studies and fatigue analysis. The failure mode studies

mentioned were photomicrographic analyses of the failure surfaces. This failure mode

analysis does not replace but augments the gross failure modes generally defined within

the experimental phases of a program. The photomicrographic analysis conducted within

this program established failure modes related to specific joint designs, joint loading,

and fatigue history. The fatigue analysis established relationships between specimen

configurations, joint variables, material combinations, loading conditions, and stress

ratio effects for constant amplitude loading. The relationship between constant amplitude

fatigue and spectrum fatigue (block and realistic) was also evaluated for specific joint

configurations.

This report is divided into three separate volumes each containing the developments

accomplished within a major area of investigation. Each volume is a self-contained

document, complementing the other two volumes but not dependent upon them for co-

herence or continuity. The titles of the three volumes are:

Volume I - Analysis Methods

Volume II - Fabrication, Inspection and Testing

Volume III - Fatigue Analysis and Failure Mode Studies

Volume III contains two areas of investigation; Fatigue Studies and Failure Mode Studies.

The fatigue studies included the evaluation of a broad spectrum of joint geometry

variations and loading conditions. Constant amplitude S-N curves are presented for all

joint parameters included in the program and spectrum fatigue evaluation was conducted

2



on the basic joint configurations. A number of design parameters were defined for

improving fatigue capability of structural joints in advanced composites. The failure

mode studies consisted of photomicrographic evaluation of the fractured surfaces.

Included herein are photomicrographs depicting specific failure modes as they relate

to specimen configurations and loading conditions. Failure modes defined in this study

aie applicable to failure investigations on full size structural components.

3



II. FATIGUE STUDIES

2.1 GENERAL CONSIDERATIONS

In any air vehicle design and development program, structural fatigue is one of several

design criteria that must be considered both from an analytical and empirical standpoint.

Increasing demands for structural reliability have directed more and more attention to

advances in materials development as one step toward improving fatigue endurance.

Advanced composite structures, boron-epoxy and graphite-epoxy, hold great promise

in providing strength, stiffness, and weight savings and it is prudent that detailed

investigations be conducted to develop fatigue design criteria for realistic structural

applications of these composites. As a part of this objective, this program has been

conducted to develop an understanding of the fatigue phenomena of advanced composites

joints.

This has been accomplished, not by developing a large statistical fatigue data sample,

but through a systematic, parametric study of important factors which effect the fatigue

er Jurance of composite joints. The program includes realistic joint concepts common in

air vehicle structures and consists of both bonded and mechanically fastened joints.

Basically, the tests conducted are considered in two phases; (1) constant amplitude

fatigue data to investigate the parameters which effect fatigue of the joints and develop

design guidelines and (2) program fatigue tests (block and realistic spectrum tests) to

evaluate the effect of this type testing and to determine the applicability of existing

cumulative damage theories for advanced composite structures.

Program details, test data presentation, and analysis is included in the following sections.

4



2.2 PROGRAM APPROACH

In the past decude there have been numerous research and production oriented programs

to evaluate the fatigue phenomena of advanced composite materials, Reference 8. These

investigations have been primarily concerned with the basic composito laminate, boron-

epoxy and graphite-epoxy, and/or specific structural configurations for a particular

design application. This program is, however, directed toward the systematic study of

the overall understanding of the parameters involved in designing advanced composites

joints for adequate fatigue endurance.

To accomplish these program goals, both bonded and mechanically fastened joints have

been evaluated empirically. These tests have included a broad parametric study of joint

geometric concepts and have included both constant amplitude and spectrum loadings.

A survey of typical aircraft structural configurations has led to identification of four

basic joint types which are included in the program; i.e.,

Type I - Single splice butt joint - both bonded and mechanically fastened

Type 2 - Stepped .carf joint - bonded only

Type 3 - Surface to support structure attachment - both bonded and
mechanically fastened

Type 4 - Double splice butt joint - bonded only

Two joint concepts, Type I and Type 2 above, have received the most extensive

evaluation while joint concepts, Type 3 and Type 4, have been considered on a more

limited basis. The major emphasis, however, is on the single splice butt joint, both

bonded and with mechanical fasteners, which is most commonly used in aircraft structures

where a flush joint or attachment is specified for structural smoothness. By varying the

splice plate geometry, primarily the thickness, this basic joint concept may be made

representative of a skin, panel or plate splice joint over a part of the sub-structure.

In order to evaluate the mechanically fastened joint concept more extensively, two

variations are included, one containing metallic shims to improve fastener bearing

strength and the second containing additional plies of :-45° boron to accomplish the

same task.

5
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The bonded scarf joint concept, Type 2, is the second most extensively investigated

joint, but to a lesser extent than Type 1. The most significant difference in the two

concepts is that the scarf joint provides an in-line path for load transfer and thereby

reduces adherend bending and stress concentrations. Limited evaluation of Types 3 and

4 complements the basic program in depth and scope. The surface-to-support structure

attachment joint (Type 3) is a modification of the single splice butt joint, and by applying

E ~ load to the simulated support structure, normal to the sheet adherend, the condition of

joint bending is included in the investigation. The double splice joint, represented by

Type 4, provides an additional joint concept for investigation which differs from the

previous concepts in practical application and method of analysis.

,t The four bonded joint concepts have been evaluated in three phases which are defined
in terms of specimen geometry. These include one-inch wide specimens in Phase I and

3.0" and 10.0" wide specimens in Phases II and III respectively. The mechanically

fastened joints are included in one-inch and two-inch widths only, Phases I and II.

The major program effort has involved the Phase I specimens with the subsequent phases

included to investigate the two-dimensional effects in the joints, such as Poisson's Ratio

and variations in coefficients of thermal expansion.

The parameters that have been evaluated for the four basic joint configurations include

the following:

Bonded Joint Parametric Studies

Bonded Joint - Type I

a. Three adherend combinations

b. Two filament orientations and two stacking orders
c. Two adherend thicknesses

d. Three bondline lap lengths

e. Two adhesive materials

f. Three constant amplitude loading conditions with variations in loading
and cycling rates for three individual stress ratios

g. Strength and stiffness degradation

6



h. Cumulative damage

i. Preload and low cycle effects

Bonded Jint - Type 2

a. Two adherend combinations

b. Two filament orientations with one variation in stacking order

c. Two bondline lap lengths

d. Two constant amplitude loading conditions

e. Strength and stiffness degradation

f. Cumulative damage

Bonded Joint - Type 3

a. One adherend combination

b. One stress ratio with two stress levels

c.. Combined loading conditions, (axial and bending)

Bonded Joint - Type 4

a. Two adheiend combinations

b. One stress ratio for each configuration with two stress levels each

Mechanical Joint Paiametric Studies

Mechanical Joint - Type I

a. Two adherend combinations, composite-to-composite and composite-to-titanium

b. Torqued fasteners and retention of torque during fatigue loading

(NOTE: A limited number of pin bearing specimens have been tested for
comparative purposes.)

c. Two filament orientations, 00 and 0°/:-45 and two stacking orders

d. Two fastener edge distances, e/D 2 and e/D 1 1.5

e. Two reinforcements in joint areas, titanium shims (0.012") and build-up of
-450 boron plies

f. Uniaxial loading, tension-tension, tension-compression, and compression-
compression at constant amplitude

g. Cumulative damage effects - realist~c and block spectrum loading

7



h. Evaluation of width effects

i. Two composite thicknesses

j. Preload and low cycle fatigue evalualior

Mechanical Joint Type 2

a. One adherend combination with titaniuri shim build-up

b. Evaluation of thickness effects

c. Combined loading (axial and bending)

To establish a data base for both the bonded and mechanically fastened joints, it was

necessary to characterize one configuration of each to a relatively broad extent. The

one-inch wide, bonded single splice butt joint with 00/:L459 fiber orientation and

boron-titanium-boron adhercnd combination provides baseline data with which all
subsequent bonded joint evaluations have been compared. For the mechanical joints,

the narrow, single splice butt joint with titanium shims, 0°0:A450 fiber orientation, and

fastener edge distance of 2.0 is the baseline configuration for comparison of the various

parameters evaluated.

Constant amplitude fatigue tests have been completed and the resulting data were used

as the basis for evaluating the effect of the various parameters, included in this program,

on the fatigue endurance of composite joints. Also, the baseline data developed for

the bonded and mechanically fastened joints have been utilized to construct constant
life diagrams. These ccnstant life diagrams have been used for cumulative damage

analyses of the block and realistic spectrum loading test data.

To extend this fatigue evaluation from the constant amplitude testing to loadings more

representative of the actual aircraft environment, selected configurations were subjected

to block and "realistic" spectrum loading tests. These test spectra have been developed

us ng a reasonably realistic fighter nircraft wing loading spectrum and the "realistic"

spectrum includes frequency as well as amplitude variation. Test data have been

evaluated to determine the adequacy of cumulative damage theories as applicable to

advanced composite structures.

8



The test specimen details and parameters involved in this program are discussed in

2.4.1 and the constant amplitude test data is presented in 2.4.2. The test spectrum

development for the realirtic and block spectrum tests is discussed in 2.3 and test

results are presented in 2.4.3. The analysis of test data and recommendations for

fatigue of composite joints is included in 2.5.

9



2.3 TEST SPECT'UM DEVELOPMENT

2.3.1 Realistic Spectrum Development

Available unclassified report; containing data on the design loadings and actually

experienced loadings for fighter aircraft were collected and studied. It was apparent

that the mr:%ir portion of fatigue damage was caused by loadings due to aircraft

maneuvers. The maneuver load frequency spectrum of MIL-A-8866 (Ref. 1) was used

as the basis for spectrum development. The g loading requirements of MIL-A-8861

(Ref. 2) and the service-life requirements of ASD-TR-66-57 (Ref. 3) were also used in

establishing loadings. Limit load factors of +7.33 and -3.0 were selected for use in the

spectrum development. From MI L-A-8866, the spectrum loading curves would then

encompass from 35% to 125% of the +7.33g limit load (+2.56g to +9. 16g), and from

0% to 110% of the - 3 .Og limit load (Og to -3.3g). The MIL-A-8866 occurrence table

figures were summed to make the 4000 flight-hours cumulative curves shown in Figures

1 and 2. High-load cutoffs for testing were selected as -9-0g and -3 .6g; low-load

cutoffs :jsed were +2 .56g and 0g. Four fighter-type missions were selected from in-

formation sources to represent a realistic fighter aircraft usage. These are listed as:

(1) Close Air-Support Mission from ASD-TR-68-65 (Ref. 4);

(2) Interdiction Mission from ASD-TR-68-65;

(3) Training Mission from GD/FW Report FW69-257 (Ref. 5);

(4) Peacetime Mission from AFFDL-TR-67-107-2 (Ref. 6).

Cumulative occurrence +g curves for these missions as presented in the referenced

reports or as modified for 4000 flight hours, are shown in Figure 1 along with the

MIL-A-8866 curve. The summation of these four mission curves did not agree with the

MIL-A-8866 total curve, so the mission curves were modified slightly so that, at all

N values, the cumulative occurrence summation would equal the MIL-A-8866 curve.z

Figure 3 presents the resulting curves.

10



Each mission curve was divided into applicable flight segments in accordance with the

information in the referenced reports from which the missions were •.btained. These

mission curves and segments are presented in Figures 4, 5, 6, and 7 for 4000 flight hours.

Negative Nz data was apportioned to the missions and segments in the same proportion

as the positive N l loadings so that the distribution would be relatively even throughoutz

,he spectrum. For this apportionment, the relationship of positive N!' at+2.56g was used

as a basis for distribution. The resulting curves are presented in Figures 8 through 11.

This relationship at+2.56g was also used to establish the number of flights of each mission

to be considered. It was assumed that the MIL-A-8866 total curve for 4000 fHight hours

applied to a total of 4000 flights so that the specified 4000 landings would be obtoined.

From these curves then, by knowing the total number of occurrences in each mission type

for 4000 flight hours and the total number of flights for each mission type, the average

number of occurrences per flight per mission and per mission segment were obtained. To

account for ground-air-ground cycles, each flight was started and ended with -1 .0g.

The total flight breakdown per 4000 flight hours was calculated to be:

Close Support Mission - 1108 flights

Interdiction Mission - 284 flights

Training Mission - 844 flights

Peacetime Mission - 1764 flights

An attempt was made to utilize a realistic sequencing of the damage source segments in

a typical single flight loading chart. This approach was abandoned for the following

reasons. As shown in Figures 4 through 11, each mission is divided into specific flight

segments such as air-to-ground combat, ascent, descent, and others. Each of these

segments represents a specific damage source, but within each segment there are many

loadings which cannot be applied to a single flight. For example, in the Interdiction

Mission (Figure 5), a limit load factor of 7. 3 3g occurs only once in 4000 flight hours

during the "descent" segment. Attempts to account for this load in a typical single

flight become menningless, since this would require application of a fractional cycle

of this load level in each loading spectrum. This problem is obviously greatly magnified

by the large number of such less-than-full-cycle loadings in each segment of each flight.

The situation is further complicated by any attempt to derive normal orderly sequencing

of loading segments within a given flight.
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While it is not beyond the realm of possibility' to generate representative full cycles per

flight for testing purposes, there would necessarily be many differint flight spectra for

each mission type, with the result that testing load inputs would greatly exceed the

capability of existing test equipment. Under this plan it would have required 26 different

flight spectra to cover the Interdiction Missions. Simplification of the program was

therefore necessary, and it was decided to test in 400-flight spectrum blocks with the

blocks repeated 10 times to obtain the 4000 flight lifetime. This action resulted in

deletion of the identification of the damage source segment and the orderly ýequence

of flight events from the typical single-flight loading chart.

The change to a 400 flight spectrum block resulted in the following flight breakdown:

Close Support Mission - 11 flights

Interdiction Mission - 29 flights

Training Mission - 64 flights

Peacetime Mission - 176 flights

The single-flight loading charts for the 400 flight spectrum are presented in tables I

through IV. In order to account for the correct number of loadings required, per the

occurrence curves, the loadings which occur in numbers which could not be evenly

divided into the spectrum blocks are presented separately in Table V. These loadings

will be applied as noted during the testing program. In the single-flight tables, tome

loadings occur each time a flight is made; others occur only during certain flIights. The

non-regular loadings are indicated by adding a fraction after the load ievel number.

For example, the load 'LI5()", indicates that this particular loading (+Sg) oicurs once

per three flights of this mission.

The 400 flights of the realistic spectrum were assigned flight numbers: flights 1-111 for.

Close Support missions, flights 112-140 for Interdiction missions, flights 141-224 for

Training missions, and flights 225-400 for Peacetime missions. These 400 numbers were

randomized by means c! a random number table. The resulting list of numbers-at-random

was examined for instances where several flights of any orne missior type were in



succession. An arbitrary limit of three flights of any one mission type in succession was

applied and the list of random numbers was changed accordingly. This list of numbers

was then established as the testing sequence. Table VI presents the Flight Sequence vs.

Test Sequence with the flight numbers in numerical order; Table VII presents the same

information with the test sequence in numerical order.

2.3.2 Bl6ck Spectrum Development

MIL-A-8866 maneuver occurrence loadings for 4000 flights plus 4000 occurrences of

--1.0g were combined and divided into 10 approximately equal blocks. These blocks

were identical except for the occurrences which could not be evenly divided into 10

groups. The same g loadings used in the realistic spectrum were used in the block

spectrum.' The difference is that in the realistic spectrum, the loads are applied

ranylomly and flight-by-flight, and in the block spectrum the ioads are applied in

sequence of ascending or descending magnitude with all cycles of the sama magnitude

Sbeing applied In a grouo. In the odd-numbered blocks, ascending order of mognitud.e

is used; in even-numbered blocks, descending order of magnitude is used.

Due to the number of block loadings being too large for the capacity of the test equip-

ment storage register, the 10 blocks were changed to two blocks which could be repeated

five times to obtain the 4000 flight spectrum. The first block will be run in ascending

order of g loadings and the second block will be run in descending order of g loadings.

This loading scheme, when repeated five times will equate the 4000 flight spectrum.

The block *loadings for the bonded joint specimens are shown in Table VIII. Total test

loadinr in the two block spectrum sequence are essentially %he same as those in the

application of two 400-flight realistic spectrum blocks.

Some diffic-ilty was encountered with the cumulative damage testing of the mechan•ical

joint specime|s. Repeated attempts to obtain acceptable fatigue failures using the

briginal block loading spectrum were unsuccessful. It was decided therefore that the

loading spectrum would have to be modified and the 1.0g load level increased. Various

changes were made until satisfactory failures were obtained within on acceptable time

S' 13



span. The spectrum that was finally adopted for both the Ph.e I and Phase II mechanical

joint specimens is presented in Table IX. The value of the 1 .Og load was selected to

give a joint net section stress of approximately 39, 000 psi at the 8.0g load level. Since

most of the 1-inch wide specimens were used to establish the loading spectrum, it was

necessary to test a few additional contingency specimens in order to obtain sufficient

data points for spectrum evaluation. The Phases I and I1 realistic loading spectrum tests

were conducted without any difficulties. In both cases the selection of the 1.0g load

level was based on the results of the block spectrum testing.

14



+0 00

00 . $.+ 1

o LL %%11. %-

H 1  +

z N N () ~'I O N D

's.N ~ 4 OD 41%~~
ZLL ~ ~ ~

o- LL N* % % Y ) ý

V)C

(D - , -r- - 4 Y

_j U- 4. N C 1 0

H- I" I v.
o' +

-U Z U

N I +(- I

X F- \A



7 -

~- C~j (y T L

LL4 % 4- . .- 1- 4 -

i1 L/

+ 2: 41- 0 ) .Q4 N
-- E V - -

o LL4--

Cr~ ~~1 U. V%- Lo+4Y
iO m

UV LL 4.. +

z i

ZLL Sý Z4- o t ~ c

0) --% 4%-U- 4-1 - *1 -L

W1 43U- cy - --

Z- V 3UZNjC y
0 CV)I .)U L )

Z - a - --

1 +1+



OD + 0 
'' Go~.f 

Z 
C M

N C~j m -7

LL . . i - 4 %1

Q 4r-z) 1 V (C)'c 4- Ni ~. C)+ 0V 4
' C~j m(V) =,C%) N

-L v) - Lo1S4ý ) lv

I- F - r" 4-j *1- 74

4- LLiq0 - 0 q 4- i CC) 4i*t

LLl IU) -1C)KL

1- F- 0

F 9 - - -

i Ct l 4 4. -ODC~ 4 0= (1- -= -

o LL 4.

Z F- 1- 04 - 4

CU - ) -~

4-- I- H ) U

H~ (9 a - -- ~ - -

WH C3 CCCCa

(9 Lj-g

V) --

17



~ e~ 1 o IA j

--4 4-
LL r-, ~ I L (o -..%%( r-,j

1 4 1 4- 1 1 j I.

N Hr 4S (V -1.:

N rqc 4 C ~ + VO
0i

o 44
tr 4 (Y Z f

0 t. - ý ) -, 'I * LO (. D (D N--
04TU1 - 4. . 4- - 1 $ j

V)---*:- - -

u _j I .4

+- 0) (y4- C4- Lo

(9O 10 H-D

Q0-1 L 2 (C) 4. V +.~ 4M 0s +t O ( . 4-
V) z~ -2L- o

F n%-Z cm to 7.o (f).--. HZ
I-LL :~~ 4 4 4-

2- 0) CM 0)- r-1

CAL - - LO (0 - -

-w .4- 1- 1 4-1 u

(DU a U

u -

- - a. a. a - a .. 
- - -. ;a.-%..

C Ls v) 0 U vUý 0 ý - 0-0 ý 0 18-



-i

0 LL %N . -

H 4.

C L c$- A co -
CL F- I- No I

WE LL - ~~-

WW LL N N -

~3 N~N N N -N~

00 I

* Z H -
0 4N1. 4 N

8 3 0 :3 :
8c~ ~~ ~L

0 19

L01 2T 0 v L



m Nc c c % N F4I- - cm CQ H-O W% H Nm PC% UNr4 % 0N-4

cocowcoww ow hC h ON ChM(N ON \H ~ N M N 00000-

iii
CO H-. ONN ,- H~ N~ N H t^ CM cm ýi I f% H-. H e-4 e-4 NN N'C% H- r-4

LUj

L ) P4 -4 C) r- U C D UNP^ qt IX)% -t a O\ - -- D CMNO LCH OCD t- U~ VON N\ H-a C\ O
W) V HNC \C - Y r4C KCNH H tNHN % -4 WS PWN r- HNN Cj P riH

0.

o, El

z 0 a ON a\ a NI.4N m \ yNcy a, 0 0 000 0r-4 H H NN4HmH - NNN
LU r z-4rH - Ar4HHHHHHH-4HHHr -H -

'aa
Lu

E-1

ti.
#- \ t* C ý t-0 H W OD ' -OCjW IttH N0t-C ,0r- % ^I O l Dtl oa

r- a N Y Kt-- \O %D~ C \CMt0 H e N, n -q t- qt4C% c 1* H l N N 14* -U)\ 0 %En04 CjC HH HHH W YrIW YH HNN r4 HN r "NN

r- ~jP" *Ln\ t-c G r4CY "-v l k l-C a M YWNq U D20coc



coNK~ HNH% w-4 -4- %0UN 0

W% fc t-4N t^~L~' te o'eO W%4 t^ NK-t'0 \ NNNt%0

W\W\W\ r^~ W\ W\ N Ný I'm h%"W"N W\ K\ W N\ ~K\ tc\ \ t(

LU E-

a - j \- L Qr- OC\ 4I W\ N UN \0 t'- C -J '. (7 0 r4NJW 9 DI'0 e-4 C h0
z \"N \W ^W rAti 9 0 0 t ~ q f Lr KlN UUN ~ O N L'N CC 4 N NW 1

o f- \K~.0 O CD a'J tOr Il~ 0' qt-. Cy 0 N'j C\ co u\ wN o tN~w t- \oA c o\ c N (7%
C) N el NNN\ K C IN C (' ~ lW #-N4 4N CM ' .- r- l ~\f' 1N W\ IN ~

U r-4 C~jW itV Dtl D0 lC Rra O NK a ON t Oý Da -4C t i - ODa \ 0

z . 0Pe4 W\ H "N N H\ K\ ^ HN \ N N Ne NN N\ N N N Nl, " W\ W\ W\K\ WN'K% \ N KN MN
L N N N N N N N NN N N ' N N N N

:21

0.................



CW-7 F-~ V-z -

L4 m O%O tg,~%PC%J m Nh4 U t' c% f(l-* 0 t-- "t Qitt %D -t mE- 0q O 0 m' N fr% m t- t4N
o. 0 OH %.D Ch t-N-ho' m'c%8 N % N m r~-%. LM P( t'N t CMmO\ OLn CM O%D H tl C tt%

P4W N CM "N H H p\ N~ N~ N4 tc'N C H N PN\ CN H H- r~-4 N K% H

H , e wtu\\Dt DC 0 H N~ LL'%% *u~Lt6N'ý.O -OCO'Ch 0 r- I% Wqt U" %Q tN 0O '.7\ 0 ~'~
COCO COW#\H~' OD CDN HNO OD~ HO\ C%\%YOM)C\ HH 0 0N 0

H - - - 4 -4. - - rIrIr ~ MNC~ i k - ~

_- \% .tU r PCV H NlO -0%D0\0 OmH N' 1*hPC W H

04 W4 H NC N~ H K~e NH "~ fc\ N- f^ ct(' f^N CMH Nq r^H

Lz cn% CVN H % N I UN L-\ WNO%\ o% D% 1 \0H N- %'DLV. t-- C rO Hl N -Kv- uv t- r l-c

LU

O * CO CO C~uh N'N CM D 0 a Nf ta) CO0 M MN r- -- ~t1 HO H'. HN M' ID ~ 4 K-\A0

o0 0

a

E-4 UN O'0 r4 00 - \ -f4 t-O M t 0f^C% C Lt -4A CP(0 H O r-I 0%H H
*q CM H4 N HN tH \ ~ HO HNHC NHH H CHI " HHN H\N

Z 54 C NN NO '-D-t Z -N COa M -tL\\Dr Oa - \ \'tL-\C -C r
P4K N 0N~~ 0N 0 0 0N H H HN N 4HN r- KHHC

r- H NH r04A\ H- 0-4 H- Nq H- H N Htt H H OH"O H

&n 54 * NC 0C W\ N(Ur- 0 Kt C~ Vt *r , l -"0U %L\19 h O N jO
ui 4 8\ I i -Ot - D0t l Ut4a 19 NN\ NL~~-tUCA HUtE coU\ \0 * O'WOr4H R
1- 4 c YNK qK H NH K'm H Kl Ci HN t^NN ONC% NNN t H N

rnC 4W tLI Df o0 - 4P\ItW Dt-c N0 Hc \ltt\% * oc
\0 ~ %D\. \ D D ZQt-H- - -H-t-t-r-t t O 0 0 NN0 D DCOOD

E4 CM0 D8 - MCDt-O C 0N )N N Cl - - O' N -IC 0 C 22- c



54. ~t- 0 I410OON 0 41
a-tO CD NN C NODUN CMJtH

P4 W r-4reN W H- PN~ rr'

54P

10- N -1 0 A CM N t~--CD G % t-0- 0 tH t'- a ~*OD ~-Ot CA -- -%D -4 It M
W% CYN cm r F K\ %N t(' W K% N F^ -#J~ HN N~-KN N C~ N~z

0

%D% %JO \0JD 0O \D 00 N%D D -r t- t-L N- Ll 0* r- 0D N 0 0 0 N O CD% CD OD 0 CO OD OUCY
4/\ f^~ I^H p\P\ht"ON N.4 K\%H N K% WN W\ N s N f^ N \ \rr^"MN K"\ \ "N\%N

uj 0. \0 qIt OD 0 N\00W , N.4. nA( 0 1-4 t 2-. W\ Nt(%\0' \0%0 N A( r-" M O 0% N DUNU
V 0 PCH N OCMm %0( 0 Nf M \ l \ "Ck

::E

In 4 *2 N CY N-ItU %D r'- 0 \ ' 0H H CM W~I% qc UN\Dt- CD % 0 N - C%0 O%\. ND 0n %D t-%.0 ON 0

8UF-4 CYHH %.-4H N NNr4 c NNHK\Nm HNN NNH HN^NI'M%- C H W

LU

pq4 0 O qrfH 1-4% N H-L~ u% Ir4U H'.% H FIe- N N N 4( N 0( N N NN N

4A ) cy N qN% r- h -- \D0 %'-0 rI0-4 H\ "N qq t-u%^' Cy %'-0 a % \ H N :y N% Lr% \-0 O%0q~

> 4 0 - (Q4--'- - 't- t (-- N- ODCO 0 CONCOH Q) O C CD& \% O \ M% U'%H C\ \ ýN
21 N CV H C NN m v uCM M l N N~H N NY Nm CMC C %Nci ~ ClyC mN HK% N uCjW

C)Y H N\k - CYtI' ~-( ODa rf: t -O' H ND C'L% O t- 0 0 H-C N- r- "d %' O t'- v4 \R 0O
I WI M 4 H N H NrfW H H- H4 .-- 4 H^ N- N N^ (U N- N~ N- NM H Nq W\

H \ ^:4n\Ot- Z \ - % NN N N N N NNNNNNN\.NE- NNG\0 NN4CYW\lw nNDN NNN a

litlo r i - ~tA -1W O "ýL% r U\Ul N r l%\ % D Dko% 23D 0%



S3I

(.9 ---

zi - -- 22

W SD- -. 0 0 0
z1 1601 V3 8 0

-r (A V. 4,$ $ A (

.•~~~ 00 Eli 3I3 0II: JI iI

CL

U)

, , .

P 2-

24



[ I )IDO1S 1V3d3S

C, 7

3 z1 )0018 1V3d3SI

z

0 )0191codN

0 A

z -9

175U



10-
-*0 MIL-A-8866

QýNz2.56 Peacetime

no (D) Close Air Support

10~ ~ - (D GTraining

5 -°• , 
' I I

F!

"10 N Interdiction

44

120 N

0 

A

10

1.0

04LI I .

1 2 3 4 5 6 '7 8 9 10 11 12

Nzin g's

igure 1 Cigative Occurrences (Original Data)

26



F l

I'I

-I (iJ Total Curve

Peacetime

S©Close Support

: Training

- Interdiction10 'f I

-N 8' iicrx4

.:14 N
0

0

:* 0

I LI
0

10 - -

+1 0. -1 -2 -3 - 1 -5

Nz in g's

'igiure 2 MIL-A-8866 Cumulative Negative Nz Curve

27

MI



10II
S, -(DMIL-A-8866

0 N z "2.56 Peacetime

2 03) Close Air Suppt.
105_ ) Training

10 ~ Interdiction

* 4
'LIM

1A25% NT

UL

I 10

10

1. 2 3 9 1 1 1

Nz in g's

Figure 3 Cumulative Occurrenne, (Modified)

28



7 .

Total Curve

© Air-To-Ground

Descentf,.6 Loiter
10 4 Cruise

0 Ascent

414

S' I
103

0 IZ

o, 102- -

10

HI.

4-,

10 - - - \ -

10

I • I'

I 3 4 5 6 7 8 9 10 11 12

NZ in g's

Figure 4 Close Support Mission

29



Total Curve

Air-To-Ground

2.56g Descent

Ascent

4(_, Cruise + Loiter

10

XL

F I

I \

102 31
0

Si 125%N°Z
S® ~(D--"•,

1 2 3 4 5 6 7 8 9 10 11 12
N z in g's

Figure 5 Interdiction Mission

• ~30



-2.56g I I I
0 Total

®Air-To-Ground
()Terrain-Following Radar

_ - Loiter

104 _• Descent

©Air-To-Air
© Cruise

- - Ascent

4103

10 - \

2 _ _ -

* 10
Nz125% Ns

Figure 6 Training Mission

31
%- ............. • •• .... . ..... i... . . ±4.... ' •...' ... ....... . . ..1.....l• .... ,, .. . . .. ..... . .. .



105 , '
-2.56gI

(/ 2.g (D Total Curve
-7-5---. (•) Air-To-Air

02-(" Descent

Cruise

"Ns • Loiter

© Ascent

10 . "

- - - - -- I

125% NZL

0 

L

o \ I I

10 12 1i\,-

5 6 7' 8 9 10 11 1

NZ in g's

Figure 7 Peacetime Mission

32



1°•LI I

1 (@) Total Curve\ Loiter

-- Air-To-Ground
© ( Descent

Cruise

- @ Ascent

0

L

II

+1 0 °-2 -3 -

N Nz in g's

Figure 8 Close Support

33



0 Total CLrve

-_© Air-To-Ground

\ Ascent

( Descent

(\ Cruise + Loiter

102

I

W..ýIi1O% N zL

"44 " NZL

"10t

+1 0 -I -2 -3 .k -5

NZ in g's

Figure 9 Interdiction

34

hL



103~I
I 0 Total Curve

20 Terrain-Following Radar

- - - - Loiter

2 Descent

()Air-To-Ground
Cruise

SAscent

'44• Air-To-Air

2 --
P 10

1 NZ

o o L

0

10* :1I;, ,

1+1 0 1-2 -3 -.- 5
NZ in g's

Figure 10 Training

35

***~~~~~r -** *.-.-,-



!I I(DQ Total Curve

r\ Loiter
) Descent

40Air-To-Air
()Cruise

103 -
Ascent

4;

2- \

o 
N N

"1ZL

10

NZ

+1 0 -1 -2 -3 -5
Nz in g's

Figure 11 Peacetime

36



2.4 DATA PRESENTATION AND ANALYSIS

Constant amplitude and spectrum loading (both biock and realistic spectrum testing)

fatigue tests have been conducted on a wide variety of composite joint specimens to

obtain S-N data to develop a better understanding of the fatigue phenomena of built-up

composite structures. This program includes bonded and mechanically fastene I joints

with various parametric studies intended to cover a broad spectrum of possible joint

geometric variables. The individual phases of the program are defined in terms of

specimen geometry as foliows:

Phase I - Small scale specimens of one-inch width

Phase II - Medium scale specimens of 2 to 3-inch width

Phase III - Large scale specimens of ten-inch width

A detailed discussion and evaluation of the fatigue data developed in this program is

included in paragraphs 2.4.2 Constant Amplitude Tests and 2.4.3 Spectrum Loading
Tests. The test parameters and details of each test specimen configuration are included

in 2.4.1. In paragraph 2.4.2 all fatigue data are plotted as stress versus cycles to

failure and where sufficient test points exists, the logarithm mean value of N cycles

for each test group (at a constant stress value) was calculated and the S-N curve drawn

as nearly through these log-mean points as possible.

For those Phase I specimens considered as baseline, to which all other parametric tests

are compared, sufficient data has been developed to establish S-N curves. These

specimens are identified as Configuration IA 11 (bonded joints) and IEl 11 (mechanically

fastened joints), see Tables XII and XV, and S-N curves have been developed for

R= +0.10 and R= -1.0 for each configuration and also R=+10.0 for IA III specimens.

In subsequent program tasks for evaluation of the various parameters (ply stacking, edge

distance, etc.) data points for that task are plotted and the appropriate 'baseline"

curve is included on the plot for direct comparison. Also included on each data plot

is the range and average of the static test results. These static test data are plotted at

the l/4-cycle abscissa location in each case.
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In some instances in 2.4.2, the comparison between the baseline data and that developed

in other tasks is made on the basis of percent of static allowables. In this report, the

term allowables pertains to the average static strength deteirined from limited tests for

the specific configuration. These static test data are not to be considered design

allowables since there are not enough data available to statistically determine true

design allowables. The comparison as a percent F or Ftu is made for the different sets
su t

cf 4nta at the same number of cycles and value of R and provides a good evaluation of

the fatigue endurance or strength between two or more joint concepts. This can be used

then in the parametric or preliminary ..-. . aluation of various joint configurations

to evaluate fatigue endurance on the basis of joint static strength.

In order to monitor and preclude specimen heating with repeated application of load,

thermocouples were installed on each specimen and the maximum rate of cyclic load

application was 1800 cpm. The maximum allowable temperature rise during any test

was established at 10°F above ambient, and was maintained throughout the program.

One of the parameters for evaluation, in ?he Phase I bonded joint program, is fiber

orientation and test plans incl -ed 00/145 as the baseline and 00/900 for comparative

evaluation. Static control tests on single splice butt joint specimens with 8-ply 0°/90°

orientation yielded low laminate strengths. Investigation into the cause of the low

strength exhibite-' -y thuse specimens revealed that the low strength was induced by the

use of peel plies on the bonding surfaces. Smooth surface specimens tested for compar-

ative purposes developed F, dicted ultimate strength for the fiber orientation. The

thicker (16-ply) 00/90° specimens also exhibited low tensile strength; however, the

strengh of these laminates was sufficient to develop required load to evaluate the joint.

The test data developed from this comprehensive fatigue evaluation of bonded and

mechanically fastened composite joints are presented in the follow'ng sections.
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2.4.1 Test Specimen Definition

In this program four basic concepts of aircraft structural joints have been evaluated as

discussed in paragraph 2.2. For identification, the bonded joints are di'.ignated as

Configuration A thiough D and the mechanically fastened joints as Cinfigurations E and

F. Test specimen identification for all program phases is as shown tn Tables X through

XV. This includes a definition cf the type of specimen, test parameters, and numbor of

specimens required to accomplish the objectives of this program. Accompanying drawings

for the small scale, Phase I specimen configurations are presented in Figure3 12 through

17. The Phase II and III specimens are identical except for width.

2.4.2 Constant Amplitude Tests

To accomplish the overall goals of this program, two types of fatigue tests have beer,

conducted; (1) Constant amptitude tests to develop basic S-N data for composite joints

and (2) Spectrum loading tests - block and realistic spectrum testing, simulating fighter

aircraft wing maneuver loads. The objectives of the constant amplitude test program

are, to develop basic composite joints fatigue data in sufficient quantity for parametric

studies, cumulative dnrmage analyses, to aid in developing a better understanding of

the basic fatigue phenomena of joints, and to develop design guidelines. The parameters

that have been evaluated here for the four baoic joint configurations include the

following:

o Adherend combinations

o Filament orientation

o Ply stacking

o Lap-length - bonded joints

o Strength and stiffness degradation

o Adhesive systemr~s

o Low cyzJe fatigue

o Preload

o Rate of load application

o Edge distance - michan.'cally fastened joisits
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I i ,

0 Pinned joints

o Fastener Torque

o Joint Reinforcement

o Width of specimen

o Stress ratio, R

Baseline S-N data have been developed for both bonded and mechanically fastened

joints at three stress range ratios, R = +0.1.0, -1 .0, and +10. Using these data, tonstant

life diagrams have been constructed (Figures 18 and 19) and utilized as the basis for the

cumulative damage analyses discusied in 2.4.3. These data'also form the basis for

evaluating the various parametric studies listed above. In addition to the bonded joint

fatigue tests, both static and fatigue tests on the EPON EA 9601 adhesive have been

conductod. Test results are presented on the Materials Verification and Checkcut Data

Forms and an S-N curve is shown in Figure 20. These test data show the ultimate shear

strength to be high and a good fatigue life was obtained for the range~of stress levels

used.

The following sections present the test data for each of the four basic joint concepts

included on this program. These four conce.pts are identified as bonded joint

Configurations A through D and Configurations E and F for the mechanically fastened

joints. For reference, Tables XVI and XVII list the phase task, spec hien drawing

number, and figure number for all the constant amplitude S-N data.

4 I
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TABLE X

ALTERNATE ADHEREND MATERIALS EVALUATION
'GRAPHITE EPOXY AND GLASS EPOXY COMPOSITES

COMPOSITE JOINT FATIGUE TESTS STATIC
MATERIAL CONFIGURATION AT R - 0.1 CONTROLS

Graphite Epoxy "A" 10 3

Glass Epoxy "A" 11 3

TOTALS 21 6

TABLE XI

MATERIAL VERIFICATION AND CHECKOUT TESTS

II

MATERIAL FATIGUE TESTS STATIC CONTROLS

TYPE SPECIMEN R - 0.1 R - -1.0 TENSILE STRENGTH

0/'45" Coupol.. 5 10 3
N 5505

Coupon 5 3
N 5505

Program Single 5
Adhesives lap Joint 15

TOTALS' 25 10 11
4I1
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SPECIMW IDETIFICATION

EVALUATION - ALTERNTE ADHERD MILTEIILS

N I A XSPBCIHE NO.

1 Thru 99

STRESS RATIO
H A 0.1

B Static

MATERIAL

1 Graphite Epoxy
2 Glass Epoxy

EVALUATION - Bsic

(Tab le X)

Specimen ElO1 identifies the number one static test specimen for basic evaluation
of graphite epoxy.

SPECIMEN IDENTIFICATION

VERIFICATION OF MATERIALS
S

SPEoIInm NO.

1 thru. 99

STRESS RATIO

A 0.1
3 -1.0
C Static

MATERIAL TYPE

1 00/+45* koon
2 0/960 Boron
3Adhesive

VERIFICATION
(Table X0)

Specimen V1B04 identifies the number 4 fatigue specimen to be tested at a stress
ratio of R - -1.0 for verification of mterial strength for a 0°/iA50 boron
laminate,
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SPECIMEN IDENTIFICATION

BONDED JOINTS - PHASE I

SPECIME NO.

1 Thru 99

STRESS RATIO

A 0.1
B -1.0
C 10
D Static
E Test Setup
F Spectrum - Block
G Spectrum - Realistic
SPLICE 14ATERIAL
1 Boron/Ti
2 Boron/Al
3 Boron/Boron
4 Ti/Boron

ORIENTATION
1 0/+45
2 o19o

PHASE TASK

1 Baseline Data
2 Ply Stacking3 Iap Length - Short

4 Thickness
5 Degradation
6 Second Adhesive
7 Cumulative Damage
8 Preload/Load
9 Lap Length - Long

JOINT CONFIGURATION

A Single Splice Btt
B Single Scarf Butt
C Surface to Under Structure
D Double Splice Butt

PROGPAM PHASE

(Table X11)

Specimen number IB121A08 identifies a specimen for Phase I with a single scarf
butt configuration for generating base line data on 00/900 specimen joined to
titanium and tested at a atress ratio of R a +0.1. The specimen number within
this set is number 8.
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TAULE X111

BONDED JOINTS EVAU.ATION
PHASE II- MEDIUM SCALE SPEICDS

JOINT CONFIGURATION "A" "B"

ADHEREND COMBINATIONS Boron/Ti (Al*) Boron/Ti TOTALS

WADING STRESS RATIO 0.1 10 (ST) 0.1 10 (ST)

PROGRAM TASK NUMBER OF SPECIMENS FAT. (ST)

BASELINE DATA 15* 5 10** 10* 6 7** 36 (17)

DEGRADATION OF 10" 10
JOINT PROPERTIES

LAP LIGTH EFFECTS
1. Short Iap 5 (3) 5
2. Long Lp 5 5 (6) 10 6

CUMULATIVE DAMAGE
EVALUATION FOR BLOCK
SPECTRUM LOADING [5]

TOTALS 66 26

* Five (5) specimens from each of the indicated groups are to have

boron composite - aluminum adherends,

SThree (3) specimens aluminum.
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8P3MU II INICATION

Box= JOIU!S - PHASE II

SPECIMEN NO.

1 Thru 99

STRESS RATIO

A 0.1
0 10
D Static
E Test Setup
F Spectrum - Block

SPLICE MATEIAL

I Biron/Ti
2 Boron/AL

PHASE TASK

1 Baseline Da.ta
2 Degredation
3 lap Lengths - Shor~t
4 Cumulative Damage
9 Lap Length - Long

JOINT CONFIGURATION

A Single Splice Batt
3 Single Scarf hitt

PROGRAM PHASE

(Table Xlll)

Specimen number IIA32C02 identifies a specimen for Phase II with a single
splice butt configuration for evaluation of overlap length with aluminum
splice adherend tested as a stress ratio of R = +10. The specimen number
within this set is number 2.
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TABLE XIV

BONDED JOINTS EVAWATION
PHASE III - LARGE SCALE SPECIMENS

JOINT TYPE "A" "B"
TOTALS

ADHERENDS Boron/Ti (Al*) Boron/Ti

STRESS RATIO 0.1 -1.0 10 (ST) 0.1 -1.0 (ST) PAT. I(ST.)

PROGRAM TASK NUMBER OF SPEIMENS

AXIAL LOADING 2* 2* 1 (2*) 1 1 (3"i*) 7 13
FOR LARGE JOINTS 8**

COMPLEX LOAD
EVALUATION FOR 1]" 2
BLOCK SPECTRUM
CYC LING________________ ___

TOTALS 9 13

• One (1) specimen of each group indicated is to have boron composite

- aluminum adherends.

I"* 1" wide static specimens.
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SPECIDK IDWTIFICATION

BONDED JOINTS - PHASE III

SPIECIM NO.

1 Thrz 9

STRESS RATIO

A 0.1
B -1.0
C 10
D Static
E Test Setup
F Spectrum - Block

SPLICE MATEIAL

1 Boron/Ti
2 Boron/Al

PHASE TASK

1 Axial Loading
2 Complex Loading

JOINT COINIGUR -'ION
A Single Spl-:.r Aitt
B Single Sor'ý

PROGRAM PHASE

(Table XIV)

Specimen number IIIA1l2 identifies a specimen for Phase III with a single
titanium splice plate butt joint configuration for evaluation of axial
loading a stress ratio of R - -1.0. The specimen number within thi3 set
in number 2.
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SPECIME IDENTIFICATION

MECHANICAL JOINTS - PHASE I & II

SPECIMEN no.

1 Thru 99

STRFS RATIO
A 0.1.
B -1.0
C .0
D Static
E Test Setup
F Spectrum - Block
G Spectrum - Realistic

JOINT ELEMENTS

I Boron/AL
2 Boron/Boron

TEST VIRIABLE

1 Thru 3
(orient., e/D, & Ti inserts)

PHASE TASK

1 Baseline Data
2 Stacking Order
3 Edge Distance
4 Thickness Effects
5 Preload/Low CyciG
6 Cumulative Damage
7 Pinned Joints - e/D Eval.

JOINT CONFIGURATION

E Single Splice Batt
F Surface to Under Structure

PROGRAM PHASE

I Sz1ll Scale Spec.
II Medium Scale Spec.

(Table XV)

Specimen number IE311A03 identifies a specimen for Phase I with a single butt
configuration for evaluation of fastener edge distance in a composite containing
titanium skins joineod ;o an aluminum splice plate. The specimen will be tested
at a stress ratio of h - +0.1 and is specimen nuober 3 within the set of specimens.

50



TABLE XVI INDEX OF BONDED JOINT FATIGUE DATA

Specimen Adherend S-N Curve
Code Phase Task Combinations Drawing Number Figure No.

IAIJJA Baseline Data Boron: Ti: Boron 7226-13021A-IA 21
IA111B Baseline Data Boron: Ti: Boron 7226-13021A-1A 22
IAlI1C Baseline Data Boron: Ti: Boron 7226-13021A-1A 23
IA112A Baseline Data Boron: Al: Boron 7226-13021A-1C 25
IA113A Baseline Data Boron: Boron: Boron 7226-13G21A-1B 24
IA21 IA Ply-Stacking Boron: Ti: Boron 7226-13021A-5A 32
IA213A Ply-Stacking Boron: Boron: Boron 7226-13021A-5B 33
IA311A Short Lap Length Boron: Ti: Boron 7226-13021A-9A 35
IA312A Short Lap Length Boron: Al: Boron 7226-1302!A-9B 36
IA313A Short Lap Length Boron: Boron: Boron 7226-13021A-9C 37
IA411A Thickness Effects Boron: Ti: Boron 7226-13021A-13A 41
IA613A Second Adhesive Boron: Boron: Boron 7226-13021A-1BX 42
IA811A Preload/Low Cycle Boron: Ti: Boron 7226-13021A-IA 43
iA911A Long Lap Length Boron: Ti: Boron 7226-13021A-1IA 39
IA911C Long Lap Length Boron: Ti: Boron 7226-13021A-11A 40

IBIIA Baseline Data Boron: Titanium 7226-13021B-1A 26
IB111C Baseline Data Boron: Titanium 7226-13021B-1A 27
IBI 12A Baseline Data Boron: Aluminum 7226-13021B-IB 28
IB121A Baseline Data Boron: Titanium 7226-13021B-3A 29
IB21 1A Ply Stacking Boron: Titanium 7226-13021B-5A 34
IB311A Short Lap Length Boron: Titanium 7226-13021B-9A 38
ICIIA Baseline Data Boron: Titanium 7226-13021C-1A 46

IDIIA Baseline Data Boron: Titanium 7226-13021D-IA 30
1D114A Baseline Data Titanium: Boron 7226-13021D-1B 31

IIA1IA Baseline Data Boron: Ti: Boron 7226-13021A-1A 47
IA1 IC Baseline Data Boron: Ti: Boron 7226-13021A-1A 48

IIA12A Baseline Data Boron: Al: Boron 7226-13021A-1C 51
I[A91A Long Lap Length Boron: Ti: Boron 7226-13021A-1 A 53
II/ 91C Long Lap Length Boron: Ti: Boron 7226-1?1?1A-IIA 54

11811A Baseline Data Boron: Titanium 7226-13021B-1A 49
IIB1IC Baseline Data Boron: Titanium 7226-13021B-IA 50
IIB12A Baseline Data Boron: Aluminum 7226-13021B-IB 52
IIB3lA Short Lap Length Boron: Titanium 7226-13021B-9A 55

EIA Baseline Data Graphite: Ti: 7226-13021B-IA 44
Graphite

E2A Baseline Data S Glass: Ti: 7226-13021B-1A 45
S Glass

Ad~iesive Titanium 20
Evaluation
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TABLE XVII INDEX OF MECHANICAL JOINT FATIGUE DATA

Specimen S-N Curve
Code Phase Task Joint Elements Drawing Number Figure No.

IE111A Baseline Data Boron: Titanium 7226-1,)021E-1A 56
IE111B Baselins Data Boron: Titanium 7226-13021E-1A 57
IE112A Baseline Data Boron: Boron 7226-13021E-1B 58
IE122A Baseline Data Boron: Boron 7226-13021E-3B 59
IE21 IA Stacking Order Boron: Titanium 7226-13021E-5A 60
IE21 1B Stacking Order Boron: Titanium 7226-13021E-5A 61
IE31 1A Edge Distance Effects Boron: Titanium 7226-13021E-7A 62
IE321A Edge Distance Effects Boron: Titanium 7226-13021E-9A 63
IE41 1A Thickness Effects Boron: Titanium 7226-13021E-1 1A 64
!E421A Thickness Effects Boron: Titanium 7226-13021E-13A 64
IE511 A Preload/Low Cycle Boron: Titanium 7226-13021E-1A 65
IE71IA Pinned Joints Boron: Titanium 7226-13021E-15A 66
IE721A Pinned Joints Boron: Titanium 7226-13021E-17A 66
IE731A Pinned Joints Boron: Titanium 7226-13021E-19A 66

IIE I JA Baseline Data Boron: Titanium 7226-13021E-lA 69

IFN 13A Baseline Data Boron: Aluminum 7226-13021F-IA 67
IF413A Thickness Effects Boron: Aluminum 7226-13021F-3A 68
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2.4.2.1 Phase I Bonded Joint Analysis

This phase of the overall program, as defined in Table XII, includes tests of 1 .0" wide
specimens of the four basic joint configurations. Adherend combinations, stacking order,

thickness, lap length, etc. are evaluated and compared to the baseline data. Specific

details, test data, and analysis for the various program tasks are included in the

following sections.

2.4.2. 1.1 Baseline Data - Fatigue data have been developed for three adherend

combinations (Boron/Ti, Boron/Boron, and Boron/Al) for the four basic joint configurations

(A, B, C, and D). To establish a data base, Configurmtion A with 0°/..45° fiber orien-

tation and the Boron/Ti adherend combination has been evaluated in detail and is the

standard to which all Phase I bonded joint data is compared. These specimens are

identified as IA1I1A, B, or C, see Table XII. Fatigue curves for these specimens are

presented in Figures 21 I'lrough 23 and the constant life diagram developed from these

data is shown in Figure 18. These S-N curves are presented as average joint shear stress

versus cycles to failure. It should be noted that for R--I+10.0, the value of F max.s

plotted is the most negative stress or Fmin in calculation of R and not Fmax. Generally

the fatigue data are consistent in that scatter for any given set of data points rarely

exceeds one decade.

As a part of the IA baseline testing, three adherend combinations have been evaluated.

When compared to the Boron/Ti baseline, the Boron/Boron combination has approximately

the same average fatigue [ Ce, but somewhat larger scatter, see Figure 24. The

Boron/Al combination exhibits a shorter fatigue life than the baseline (Figure 25) due

to the increase in peak stress resulting from the residual thermal strmss, see Volume I

on this report for stress analysis procedures. The Boron/Ti joint appears .o have the

best fatigue endurance for the single splice bonded butt joint; however, the final choice

is dependent on specific design conditions as discussed in detail in 2.5, Fatigue Analysis.
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Additional baseline tests were run with Configuration IB, a stepped scarf joint. For

comparison with the baseline, tests have been run at R+-0. 10 and +10.0 and include

both Boron/Ti and Boron/Al adherend combinations. Figures 26 and 27 show the com-

parison between IA and IB at the two stress ratios considered. The IB data appear to

show a somewhat shorter fatigue life; however, comparison between the two joints is

good wher. based on the fatigue strength as a percentage of the static allowables. The

S-N data for IB with the Boron/Al adherend combination, Figure 28, developed longer

lives than anticipated as all specimens failed in the aluminum which is not unrealistic

since the boron and aluminum are the same thickness. This is not a good illustration of

the fatigue strength of the joint, however, but does allow increased confidence in this

joint as compared to an all aluminum joint.

Test data for Configuration IB with 00/90P orientation and boron adherends are shown

in Figure 29. This Fiber orientation results in improved fatigue strength as compared to

the 0°/1:450, IB data. Also, the 00/900 orientation in Conf;,uration IB specimens gives

approximately a 10% increase in falllue strength over the IA baseline data, when

compared on the basis of percent of static allowables.

The base!irne data for the two variations of Configuration 1D are shown in Figuires 30 and

31. By compar;son of these data with the baseline data for the Configuratior A specimens,

it can be seen that the otatic and fatigue strength of these two configurotions are approxi-

mately equal. This close comparison was anticipated based on the symmetry and similar-

ity of designs and the methcd of testing. Based on the analysis of this joint configuration,

these data may be combined with those developed for the Configuration A specimens to

better define the fatigue capability of the single overlap butt joint.

2.4.2.1.2 Ply Stacking - In order to evaluate ply stacking or sequence of fiber

o-ientation, several Configuration IA and IB spec;mens have been tested with ±45°/00

fiber orientation for comparison with the 0/0±4e5 baseline test data. Boron/Ti and

Boron/Boron adherend combinations have been evaluated. Comparison with the IA

baseline data shows that the -450/00 stacking has equivalent fatigue strength. Data

for this evaluation are presented in Figures 32 through 34.

S~71



Data in Reference 7 show the :450/0° fiber orientation with the Narmco 5505 boron-

epoxy to have improved strength compared to the same material with the 00/±45'

orientation. The static test results here do not support this trend, as evidenced by

comparing the range of static test results for the IA211 specimens and the data from thk

IAI 1 configuration. The range of average joint shear stress for the -45°/0° specimeas

is 5300 to 5500 psi whereas the range for the 0°/±45° specimens is 4200 to 6300 psi.

The higher static t-'• data for the 00/±45 0 orientation are from specimens identical to

the baseline specimen (average static strength of 4500 psi) which wf..a fabricated for

the degradation of joint fatigue evaluation. It is concluded, then, that the two fiber

orientations considered here have cjuivalent fatigue and static strength within the

scatter of the data included. This is true for both the Boron/Ti and Boron/Boron

adherend combinations considered.

2.4.2. 1 .Z Lap Length - For the bonded joint designs, the effect of lap length on

fatigue encurance is an important parameter to consider. In this program both short

and long Ilp length effects have been evaluated for comparison with the baseline data.

Specimen CoCes for these tests are IA3 and IB3 for short lap length and IA9 for the long

lap length. Three adherend combinations (Boron/Ti, Boron/Boron, and Boron/Al) are

considered and all fiber orientation is 0°/±45°.

The data presented in Figures 35 through 38 show the effect of the short overlap as

compared to the standard 0.75" overlap for each of the three IA baseline adherend

combinations. The fatigue endurance of the Boron/Ti and Boron/Boron specimens with

this short overlap is equivalent to the standard overlap, baseline data; however, the

Boron/Al combination shows a reduction in fatigue strength. This is in keeping with

the test results for the stanoard 0.75" overlap with the aluminum adherend where it

was concluded that the reduction in faligue strength is due to increased peak stress in

the joint Mesulting from induced thermal stresses.

The long lap length data (1 .0" overlap) are presented in Figure'. `9 and 40 along with

the baseline data for t+ie 0.75" overlap. As noted, the longer overlap results in a

reduced fatigue endurance either in a direct comparison or when compared on the basis

of percent of the static allowables.
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Based on these tests and subsequent Phase II and III data, the shorter lop lengths

(0.50"-0.75") appear to approach an optimum design for both the butt splice and the

stepped scarf joint. This of course is related to the joint L/t ratio and is further sub-

stantiated by test resu!ts from other program tasks. Specific conclusions and recommen-

dations are discussed in 2.5, Fatigue Analysis.

2.4.2.1.4 Thickness Effects - To determine what effect varying adherend thickness

has on the fatigue endurance of the bonded joints, ten (10) specimens identical to the

Boron/Ti baseline (IAl 11) except for adherend thickness, were fabricated arid tested.

These specimens are identified as IA411 and have a 16-ply, 0°/+459 Boron laminate in

lieu of the 8-ply, 0°/+450 baseline. Test data are presented in Figure 41. The increased

thickness has no degradation on the fatigue endurance of the basic joint concept (the

test data are within the scatter of the baseline data) and the results are comparable to

that for the short overlap evaluation. This is as expected since the increasdd thickness

with the standard lap length reduces the specimen /,/t ratio.

2.4.2.1.5 Degradation of Joints - To evaluate the degradation of the bonded joih.s

with cumulative fatigue cycles, Configuration IA and IB specimens have been tested at

specific load levels for a predetermined number of cycles and then subjected to static

failing loads. Joint stiffness (the slope of the load-deflection curve taken about the

splice, over a two inch gage length) and static failing loads are used tq measure any

degradation of the joints. Data are presented in Table XVIII for Configuration IA at

R=+0.10 and +10.0 and for Configuration IB at R=+.0.10. In~all instances, the

joint stiffness and failing load before'fatigue testing is the average of the static test

results.

Analysis of the data in Table XVIII does show loss of joint stiffness for some of the IA51 1 A

specimens but these reduced values are considered to be within the scatter in the data.

Overall, there is no apparent stiffness degradation In the joints evaluated. As expected,

the IA51 1A and C specimens show a loss of strength after application of repeated cycles,

with the R= +0.10 data showing the greatest loss. The lB stepped scarf joint shows

practically no loss of strength compared to the average static test results.
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Previous investigat--s have evaluated the residual strength of boron-epoxy laminates,

Reference 8, by cycling test specimens to a prescribed percentage of its lifetime and

then statically failing each specimen to evaluate residual strength. The specimens

involved include the Narmco 5505 boron-epoxy with 00/±45 0 fiber orientation. These

lamirnated specimens, Kt= 1.0: show the same trend as the joints evaluated in this

program as regards residual strength. For a stress ratio of +0.10 there is no significant

strength degradation, compared to the average static test results, at N 3 x 105 cycles.

There is only a 15% reduction at 3 x 106 cycles. For the tension-tension fatigue tests

of the bonded lap joints (IA51 IA), there is approximately a 15% reduction in strength

at 2 x I16 cycles, when comparing average strength values, The compressive tests show

approximately a 10% reduction in strength after the same number of cycles. The bonded

scarf joint results show no decrease at N= 2 x 1 5 cycles which is in keeping with the

basic boron-epoxy laminate test results.

Post fatigue test data for several Phase I specimens that did not fail (run-out at approxi-

mately 10 cycles) during fatigue testing are included in Table XIX. These data further

substantiate the trends discussed above.

2.4.24 1.6 Second Adhesive - The primary adhesive system for this program is EPON

EA 9601, as discussed in Volume II, Specimen Fabrication; however, a second adhesive

has been evaluated as one of the program tasks. This adhesive system is Metlbond 329,

and, tests were scheduled with Boron/Boron and Boron/Ti adherend combinations. Test

data for the Boron/Boron combination with the Metlbond 329 adhesive are presented in

Figure 42. Since static tests on Boron/Ti joints with this same adhesive yield low

strengths, and the fatigue test data in Figure 42 are low, testing on the remainder of

the specimens was suspended. For the IA joints evaluated in this program, the EPON

EA 9601 adhesive system is superior to the Metibond 329.

2.4.?. 1.7 Preload/Low Cycle - Basic Boron/Ti adherend combinations with 0°/L45°

fiber orientation have been tested to evaluate the effect of static preload on the joint

fatigue strength and to obtain low cycle S-N data. For the tests to evaluate effect of

preload, each specimen was statically loaded to predetermined tension stresses in the
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universal testing machines, then removed and reinstalled in the tuning-fork machines for

fatigue tests. The static preloads were determined by taking 75 percent, 85 percent,

and 90 percent of a predetermined static value representing 100 percent of design

ultimate shear stress. This stress was 4000 psi and was determined by deducting one

standard deviation from the mean value of all the tensile static ultimate values obtained

for the boron/titanium standard joint specimens. The R+=-0. 10 fatigue tests were per-

formed in the tuning-fork machines at a ma:.imum stress level of 1400 psi. Figure 43

shows the preload fatigue data compared with the baseline fatigue data for a stress ratio

of R=-+0.10. It appears that preloads of 3000 psi, 3400 psi, and 3600 psi do not

significantly affect the fatigue life of the joints (four of the six specimens fall within

the baseline scatter band).

Low cycle fatigue data are also shown in Figure 43. These specimens were tested in an

MTS electrohydraulic closed-loop servo controlled system at a cyclic rate of 5 cps.

Attempts were made to obtain fatigue lives between 2500 and 5000 cycles, however,

this proved difficult and the test data has a scatter band of approximately two decades.

These low cycle test data have been included with the baseline data to extrapolate the

S-N curves to the 1/4-cycle ultimate strength and as an aid in developing the constant

life diagram for the IA configuration.

Additional baseline data tests at a stress ratio or R = -1 .0 and at a cyclic rate of 1 cycle

per second were also conducted to determine the influence of cyclic rate on fatigue life.

These yielded the same results as tests conducted at 900 to 1800 cycles per minute,

indicating that cyclic rate is not a prime factor if a constant specimen temperature is

maintained during testing (no more than 10°F rise above room temperature). The

specimens were tested at an averoge joint shear stress of 1400 psi and the test data
3exhibit very narrow scatter (2.2 x I to '.4 x 10 cycles) and is coincident with the

baseline data at 1400 psi, R-= -1.0 in Figure 22.

2.4.2.1.8 Alternate Adherend Materials Evaluation - A quantity of graphite/epoxy

and glass/epoxy Configuration A, 1-inch wide bonded joint specimens have been

tested, Table X. Static tensile tests were conducted in a universal testing machine
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and fatigue tests were conducted in Lockheed designed resonant frequency machines.

Test methods were similar to those adopted for the Phase I Configuration A boron/epoxy

bonded joint specimens and comparable stress levels were selected for the fatigue tests.

Two stress levels were used for each material and a stress ratio of R= +0.1 was used for

all fatigue tests. Five specimens were tested at 1400 psi and the other five were tested

at cpproximately 2000 psi. The test results are presented as S-N curves in Figures 44

and 45. It can be seen that the static and fatigue capabilities of the two joints were

quite different. The stiffness of the graphite/epoxy joint was obviously greater than the

glass/epoxy joint but the static strength was considerably lower.

Both static and fatigue data for the glass/epoxy joint agrees well with the IA 11 baseline

specimen data. The graphite/epoxy data is in agreement with the baseline data at

higher stress levels when the two are compared on the basis of percent of static strength;
6however, at higher cycles (10 ), the graphite exhibits higher fatigue strength, again

compared as percent F . Where low load ampiiiude, high cumulative cycles are thesu

joint design criteria, the trend from this limited data is that the graphite/epoxy joint

is the more attractive for fatigue endurance.

2.4.2.1.9 Configuration IC Data - As one part of the Phase I bonded joint analyses,

tests have been run on specimens representative of a surface panel to support structure

attachment. The test specimen details are as shown in Figure 14. The applied loading

for this series of tests was a combined axial load and sideload which induced bending

in the basic laminate. Static sideloads were varied from 40 to 70 pounds. Test data

are presented in Figure 46 and as noted there is a decrease in fatigue strength with

increased side loads.

2.4.2.2 Phase II Bonded Joint Analysis

In Phase II, the bonded joint specimen geometry is extended from the 1-inch wide

Phase I specimen to a 3-inch width. This phase is restricted to the 0°/±,5 fiber

orientation with some of the principal parameters from Phase I held for comparison.

The three tasks included here to demonstrate the transition from the one-dimensional

to the two-dimensional condition are:
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"o Baseline data for direct comparison

"o Lop length effects

"o Degradation of bond strength

The Phase II program is directed primarily at the definition of difficulties which arise

in the tronsition from narrow coupon specimens to those with sufficient width to impose

Poisson and transverse thermal effects. The areas of investigation are therefore, in

term! of specimen geometry, those for which these effects are most apparent. Table XI1I

defines the number of specimens, joint configurations, and program tasks for Phase I1.

2.4.2.2.1 Baseline Data - The specimens utilized to develop baseline datca fr"

Phose il include the single splice butt joint and the stepFed scarf loint configurations

identicol to the Phase I specimens except for the 3.0" width. Both the Boron/Ti and

Boron/AI adherend combinations are included and tests have been conducted at stress

raot•o- ratios of +0.10 and +10.0.

Data for the Boron/Ti, three-inch, single splice butt joint are shown in Figures 47 and

48 fcr R=+0.10 and +10.0. Comparing these data with the one-inch baseline test

results shows that there is a loss of fatigue strength or endurance with the increased

specimen width. Although there are limited test data here. it is theorized that the

reduced fatigue strength is attributed to the Poisson effect and transverse, thermally

induced residual shear stresses at the specimen edges. With the wider specimen, the

transverse strains due to the Poisson effect may result in a plane strain state in the

adhesive toward the central region of the specimen. This results in a stress condition,

in this region, which approaches a hydrostatic stress state and causes the adhesive to

behave locally in a very brittle manner and will not allow plastic deformation. As the

adhesive approaches this plane strain state under load, brittle failures occur near the

center of the wider specimens after fewer cycles of load application, hence the reduction

in fatigue endurance compared to the one-inch baseline specimen. This theory is

further substantiated with the ten-inch wide joints where two of the IliA specimens

failed at the cen.er of the specimen, and ut the completion of the fatigue test, the

joint was still intact at one edge.
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Similar fatigue data for the 3.0-inch stepped lap joint (11B) is shown in Figure 49.

These results are somewhat surprising in that the data are equivalent to the IA baseline
which reverses the IIA data trend. When compared on the basis of percent of ultimate

strength, the IIB data is approximately 20% higher than the baseline. Indications are
that the 3 -step lap joint results in a softer interface between the .:dherends (approaching
a true scarf) and increases the fatigue endurance. This apparently offsets the Poisson

effect that is evident in the IIA results.

Test data for Configuration 1ib at R = +10.0 are presented in Figure 50. These specimens

failed at lower stress levels than the one-inch wide specimens tested at the same stress
range ratio, see Figure 23 for comparison. Static allowables for the IIB specimens are

approximately 7016 o.f the baseline allowables and this, comb 'ned with the Poisson effect
and possibly residual thermal stresses, apparently leads to the reduction in fatigue

strength.

Baseline data for the IIA and liB specimens with Boron/Al adherends are presented in

Figures 51 and 52. These 3-inch specimen tests resulted in data similar to the one-inch
wide Boron/Al adherend data in that the fatigue endurance is somewhut less than the

baseline data. This may be attributed to the residual thermal stress inherent with the
Boron/Al combinations. It should be noted that all IIB12 failures are in the aluminum

adherend which is not a true evaluation of the joint interface but does show that the
strength of the adherends can be developed through the bonded joint. This allows a
designer to use this joint design in a structural component with the same confidence

with which aluminum is used for other applications.

2.4.2.2.2 Lap Length Effects - Both long and short lap length effects have been

evaluated for the 3-inch wide specimens for comparison with baseline data. Figures

53 and 54 are long lap data for the single splice butt joint and Figure 55 presents the
stepped scarf joint, short lap data. The IIA data trends are the same as those developed

with the long lap one-inch specimens, that is, the increased L/t ratio results in a

decreased fatigue life.
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The 1iB, short lap data shows an increased fatigue endurance with the smaller ./t as

compared to the baseline data. These results substantiate the trends established with

the IIBI IA data, Figure 49,which shows the fatigue endurance is improved as the

stepped interface approaches a true scarf.

2.4.2.2.3 Degradation of Joints - Degradation of the 3-inch bonded joints

(Configurations IIA21 and IIA22) has been evaluated in the same manner as the 1 .0"

specimens. Typical specimens with Boron/Ti and Boron/Al adherends have been cycled
at prescribed loadings for a specific number of cycles (approaching the joint endurance)

without faiiure and then statically loaded to failure to measure joint degradation with

the cumulative cycles. The extent of degradation is measured by comparing joint

stiffness and failing load after cycling with average data from static tests. The data

for these tests are presented in Table XX.

Generally the joint stiffness is not reduced below the average static test results in the

cyclic range evaluated here. The residual strength or ultimate load capability after

fatigue cycling does show a significant reduction compared to the average static strength

for the single splice butt joint with the Boron/Ti adherend combination. The residual

strength of these particular 3-inch specimens is approximately 70% of the static strength

where the one-inch specimens had about a 15% strength reduction. The specimens

evaluated with the Boron/Al joint were cycled for only 5000 cycles and show no loss

of strength ,with cumulative cycles. This trend was discussed in 4.2.1.6 where pmvious

data indicates no loss of strength at lifetimes less than 105 cycles.

Two of the 3-inch stepped scarf joint specimens (1IB11 A) did not fail during the fatigue

tests and were subsequently static loaded to failure. These post fatigue data are

tabulated below.
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TABLE XXI POST FATIGUE DATA, IIBI]A SPECIMENS

Avg. Joint F N Post Fatigue Avg. Static Residual
Specimen Stiffness s max Stiffness Strength Strenoth

IIB11A01 1850 900 9x10 1980 17000 16500.

IIBI IA04 1850 900 9x10 6  2040 17000 17300

2.4.2.3 Phase Ill Bonded Joint Analysis

In addition to the one- and three-inch wide specimens discussed in 4.2.1 and 4.2.3,

selected tests have been run with seven, 10-inch wide specimens. These tests include

both Configuration A and B bonded joints, and the Phase IIl program details as defined

in Table XIV. The boron/titanium and boron/aluminum (IliA) specimens have been

tested at stress ratios of R-+-0.1 and R= -1.0. Where possible, the selected stress

levels were the same as those used for the equivalent 3-inch wide specimens, but the

fatigue lives were found to be generally lower. (See Table XXII.)

Since there were only seven specimens included in this program phase, the test data are

tabulated along with applicable Phase I test results, for comparison. All the 10-inch

wide single splice butt joint data exhibit substantially lower fatigue lives than com-

parable one-inch specimens. Again, this is attributed to the plane strain state in the

adhesive toward the central region of the specimen which is non existent in the 1 .0"

baseline specimens, as discussed in 4.2.2.1. The fatigue failures apparently occur in

this brittle, central region of the joint and propagate toward the specimen edges. Two

of the IIA specimens failed across the center section and then at one edge but had a

narrow band, approximately 2.0" wide along one edge, that did not fail. This tends

to substantiate the theory of failures originating at the central area where the adhesive

is in a state of plane strain; however, further work is needed to evaluate the fatigue

capabilities of the wider specimens.
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Another interesting phenomena associated witlhe failure mode studies of these 10.0"

wide specimens is the fracture surface condition at the specimen edges. Past experience

has shown that residual transverse shear stresses exist at the specimen edges after aosembly

and these stresses combined with the axial stresses due to fatigue loading result in a

combined stress state at the specimen edge of sufficient rnvqnitude to produce cohesive

failure in the adhesive. This is evidenced by a st z.'on type fracture surface at the

edges of tie IliA specimens. This combined stres! 4ate is apparently not as damaging

'3 Poisson effect in the center of the joint, however, since all failures appear to

originate at the center and propagate outward.

The 10-inch wide Configurat.-i B, R -1.0, specimen was tested at a stress level of

:800 psi. Since this stress • produced v FRilure in the 10-irrh wide Configuration A

specimen after 11,400 cycles, -vas keliew,,J Y:,a the life of the Configuration B

specimen would not exceed lC' :vcles. I-.",a•<r, failure had n-ý occurred after

5 x 105 cycles, at which point fatigue tesi.iig was discontinued since it was felt that

the fatigue capability of the joint had been proven. Testing of the R a +0.10

Configuration B, 10-inch wide specin:an was temporarily halted due to a failure in the

titanium adherend at the end fitting attacKhient holes. The specimen was repaired by

bonding titanium tabs onto the failed end and the test was successfully completed.

Failure occurred after 107,510 cycles at a stress level of 1400 psi. These data are

included in Table XXII, also.

The IIIB configuration data shows a continuance of the IIB data trend; that is, these

wider, stepped scarf joint specimens show improved fatigue endurance as compared to

the IA or IB baseline data. This trend is associated with the lap geometry and should

be pursued further.
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"TABLE XVIII DEGRADATION OF BONDED JOINTS, ONE-INCH WIDTH,

STIFFNESS AND ULTIMATE LOADS DATA

Average Stiffness Stiffness Average

Specimen Stiffness After After Static Ult Load After

No. Static Tests 5x103 Cycles 2xI0 6 Cycles Load P ned Cycles

Kips/in Kips/In Kp'In Pounds Pounds

IA511AO1 344 349 3410 2960

A02 337 2540

A03 272 2120

A04 323 2990

A05 299 2450

A07 320 2490

A14 339 2160

A15 344 351 3410 3210

IA5IICOI 325 381 -4385 -3600

C02 379 -4220

C03 373 -4260

C04 374 -3540

C05 354 -3580

C06 ,252 -4220

C07 356 -4280

CIO 368 -3400

C11 335 -4280

C12 325 347 -4385 -4440
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TABLE XVIII (Cont'd)

Average Stiffness Stiffness Average
Specimen Stiffness After After Static Ult Load After

No. Static Tests 5x103 Cycles 2xI0 6 C cles Ult. Load Alied Cyes
Kips/In Kips/in K ips/in Pounds Pounds

IB511AA01 557 527 5600 5570

A02 570 5500

A03 570 6100

A04 572 5700

A05 570 6070

A06 576 5300

A07 590 5920

A08 610 5740

A09 561 5540

A10 557 563 5600 5820

NOTE: Average joint shear stresses for each of the tabulated cyclic loading conditions are:

Configuration Fsmax N

IA511A 2000 psi 5x 103

1100 2x 10 6

IA511C -2700 5 x 103

-1600 2 x 106

IB511A 1400 5x 103

800 2 x 105
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TABLE XIX POST FATIGUE DATA4 ONE-INCH SPECIMENS,
STIFFNESS AND ULTIMATE LOADS DATA

Specimen Avg. Stiffness Cyclic N Stiffness After Static Ult. Uit. Load After
No. Static Tests Stress Cyclic Tests Load Cyclic Tests

Kips/in , -n psi Cycles Kips/in Pounds' Pounds

IA111A14 331 1100 107 286 3440 2640

B03 331 1800 107 366 3330 2400

C12 - -1400 107  352 -3150 -3120

C17 - -1400 107 351 -3150 -3620

IA613A02 341 1100 107  352 3430 1990

A04 341 1000 5.3x106  333 3430 2060

IB311A01 605 500 1O7  634 4460 4920

A02 605 900 4.5x10 576 4460 3800
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TABLE XX

DEGRADATION OF BONDED JOINTS, THREE-INCH WIDTH
STIFFNESS AND ULTIMATE LOADS DATA

Specimen Average Stiffness Stiffness After Average Static Itit. Load
No. Static Tests 2.0 x 105 Cycles Ult. Load After CycIing

KIPS IN Pounds Pounds

IIA2IA01 992 968 10100 7800

A02 980 6040

IIAI IA04 961 9060

A08 992 862 10100 5300

NOTE: FsMAX = 1100 psi for these tests

Stiffness After
5.0 x 103 Cycles

IIA22A01 914 915 6333 9420

A02 903 5420

A0. 976 7540

404 948 5920

A05 914 943 6333 7860

NOTE: FSMAX = 1300 psi for these tests
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TABLE XXII

CONFIGURATION lilA AND IIIB TEST DATA

Ave Static FMAX Cyclkc Fatigue Baseline Data
Spec. No. Fsu Rate Life Spec. No. N

PSI Ps CPM Cclesycles

IIIAIIAI 4930 1100 300 1.96 x 105 IA111A 3 x 106

B1 4930 800 300 1.14x 104 IA111B 1.3x 105

C1 -4650 -160 480 1.09 x 106  IA111C

IIIA12AI 5170 1300 300 9.2 x 103 1A112A 8.4 x 104

BI 5170 800 300 9.57 x 103 IA111B 1.3 x 105

IlIB11lA1(2) 3700 1400 300-420 1.84 x 105 IBIIIA 4.5 x 104
55BI 3700 800 180 5 x 10 (NF) IA111B 1.3 x 105

NOTE: (1) Fatigue life of one-inch specimen at same stress level as
ten-inch wide specimens

(2) Specimen failed at end fitting, repaired with bonded Ti tabs
and testing continued to N = 1.84 x 105
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[ 2.4.2.4 Phase I Mechanically Fastened Joint Analysis

L Two of the four basic joint configurations have been evaluated, in this phase of the

program, with mechanical fasteners used in lieu of adhesive in the joint assembly.

These two joint concepts are the single splice butt joint and the simulated surface-to-

under structure attachment. The joints are identified as Configuration E and F

respectively and test specimen details are depicted in Figures 16 and 17.

In order to evaluate the Configuration E joints extensively, two variations were con-

sidered, one containing metallic reinforcing shims to improve fastener bearing strength

and the second having additional plies of A?4 boron to accomplish the same task. Both

one-inch and three-inch wide specimens are includeý in this evaluation with the one-

inch specimen having received the most attention. Other parameters evaluated are

similar to the bonded joint studies and include: adherend combinations, splice materials,

fiber orientation, thickness, fastener edge distance, etc. Complete details of the

mechanical joint evaluation program are included in Table XV. Specific program

tasks are discussed in detail in the following sections.

2.4.2.4.1 Baseline Data - One specimen configuration was selected as the baseline

or standard for comparison of all parametric study results, in the same manner as the

bonded joint studies. For the mechanical joints, this baseline was the one-inch, single

splice butt joint, Configuration IEI 11, and sufficient data has been obtained at

R=+0.10 and -1.0, with limited data at R=-+10.0, to construct the constant life

diagram shown in Figure 19. This baseline specimen has boron at 0/E450 orientation,

titanium shims, and includes a titanium splice plate. Tnest data are presented in

Figures 56 and 57 for R-+0. 10 and -1.0.

There is considerable scatter in both sets of data for the baseline specimen, considerably

more than for the bonded joints test data. In each case the log-mean of the data has

been determined at various stress levels and the smooth curves faired as close as possible

to those mean data points. As noted in the low cycle region of each curve, there is no

deviation from the joint ultimate strength from 1/4 cycle to approximately I02 cycles.

Data is not available in this area but the curie has been positioned based on the

following rationale.
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The average static strength of this joint was determined to be 42.0 ksi which is based

on the failing load divided by the shimmed net section area. All static failures were

in the boron adherend, however, at the ends of the reinforcing shims. This could lead

to the use of the gross section stress (70.0 ksi in this case) at the 1/4 cycle except that

almost all fatigue failures occur in the net section area. Also, the low cycle data

(IE51 IA) tends to force the faired mean curve toward the 42.0 ksi net section stress,

rather than the 70.0 ksi gross section stress. Further, an interesting phenomena

associated with the fatigue of composites with a through hole was found in the C-5A

Boron Slat Program, and reported in Reference 8. In this program, 8-ply, 0°/±.60°

boron laminates with a Kt= 2.8 (a 1/16" diameter drilled hole) were tested at

R =+0.10 and -0.30. Plots of net section stress versus endurance show little difference

between the allowable stress at 1/4 cycle and 107 cycles; i.e., the curves have

practically zero slope. All failures were in the net section, however.

Combining these data, then, the low cycle portion of the baseline curves has zero slope

from the 1/4 cycle average net section stress to approximately 102 cycles and then the

curve is faired through the mean of the low cycle data and the IE 11I baseline data points.

The specimens here introduce bearing stresses in the adherend not present in the

Reference 8 specimens, resulting in a deviation from the zero slope curves established

for open holes.

Initial fatigue tests of the Configuration E specimens, composite-to-metal mechanical

joint, resulted in failure of the metal portion of the joint. A number of attempts were

made to correct this deficiency. The first attempt replaced the 7075-T6 aluminum

portion of the joints with 8AI-1Mo-1V titar.:um of equal thickness but these specimens

failed in the countersunk portion of the titanium. This led to the replacemont of the

HL19PB6 flush head fasteners by H L18PB6 button head fasteners for the metal-to-metal

portion of the joint but this only moved the failure to the titanium splice plate. This

second failure mode led to the final design which consihted of the boron portion joined

to 8AI-1Mo-IV titanium which was 50 percent thicker than the composite. These

specimens were assembled with flush head fasteners, HL19PB6 series, used on the

boron-to-titanium half and button head fasteners, HL18PB6 series, used on the
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titanium-to-titanium half. Fatigue tests on two specimens of this configuration resulted

in fatigue failures of the boron portion of the joint. Based on these results, all of the

Configuration E specimens were disassembled and new meal splice plates and metal

joint halves were machined from 8AI-1Mo-IV titanium; 0. 125" material was used with

the 8-ply boron specimen halves and 0.250" material was used with the 16-ply boron

specimen halves.

No further problems were encountered in testing the R =+0.10 specimens, but repeated

attempts to obtain fatigue failures in the joints of the R= +10 baseline specimens were

unsuccessful. The first specimen was tested at a maximum stress of -30.0 ksi with no

failure after 7.5 x 105 cycles. Two additional specimens were tested at Fm= -40.0max

ksi with a compressive failure in the lamirnate and at the end tabs after 2.65 x 105 and

1 .88 x 105, respectively. Therefore, all R = +10.0 fatigue tests were discontinued and

the remaining test specimens were used in other program tasks. For the specimens tested

at a stress ratio of R = -1 .0 the majority of failures occurred in the fasteners. Initially

these failures were attributed to excessive bending action at the joint during the reversed

cycling. It was believed that the 0.003-inch clearance between the joint and the support

plates was allowing excessive bending of the splice plate which resulted in repeated

tension loading of the fastener through the steel collar. However, subsequent testing

with no clearance around the joint still resulted in fastener fatigue failures.

Two additional series of tests were run with the baseline configuration, one involved a

boron splice plate with titanium shims rather than the titanium baseline and the other

with 0d fiber orientation in the adherend and splice plate. These data are presented

in Figures 58 and 59. The data in Figure 58 with the boron splice plate have approxi-

mately the same static strength as the baseline and the fatigue data is within the scatter

of the baseline results. The same is true for the 0d fiber orientation and boron splice

plate, Configuration IE122A.

2.4.2.4.2 Ply Stacking Order - For this parametric study, the 0.012" titanium

reinforcing shims in the baseline specimen are replaced with two plies of boron at +-45

orientation. Tests have been conducted at R= +0. 10 and R= -1 .0 and data are
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presented in Figures 60 and 61. In both instances only five specimens have been tested

and the scatter is largfi; however, the fatigue endurance compares well with the baseline

tests. The static ultimate stresses are lownr than the baseline results, with failures in

the net section, but the .Jtigue endurance is equivalent to the higher strength baseline.

Comparison between the two sets of data on the basis of percent Ftu shows the boron
reinforcing ihims to have approximately a 15% improvement in fatigue strength.

2.4.2.4.3 Edge Distance Effects - To evaluate the effect of fastener edge distance

on fatigue endurance, spec imens with 1.5 edge distance (e/D) (compared to 2.0 on the

baseline) have been tested. These specimens are identified as IE31 ]A and IE321A and

test results are presented in Figures 62 and 63. The IE31 IA configuratic. ,,. ical

to the baseline specimens except for fastener edge distance. Static test results are

approximately the same, but based on these limited fatigue tests, the shorter edge

"distance results in a 2 0% decrease in fatigue strength.

The IE32 1A specimens have the boron adherend, shims, and splice plate and even

though the average ultimate strength is low, the fatigue data does not show a significant

reduction, compared to the baseline, with the short edge distance. Again this is based

on limited data but the trend appears to be that when fatigue is the design crteria, the

all boron, mechanically fastened joint is more optimum than the D-1ron/Ti combination.

This is discussed further in 2.5, Fatfgue Analysis.

2.4.2.4.4 Thickness Effects - To evaluate the effect of thickness on fatigue endurance,

specimens IE41 IA and IE421A have been fabricated and tested. These specimens have a

16-ply, 0°/145 boron adherend as compared to the 8-ply baseline specimen. Five

specimens of each configuration were tested and the data is presented in Figure 64.

The data from the IE41 ]A specimens with titanium reinforcing shims, exhibits reasonable

scatter but shows a slight reduction in: fatigue strength compared with the baseline data.

The IE421A data (specimens with ±45a boron reinforcement) are widely scattered (two

decades) but also show the same trend toward reduced allowables. This reductir-n in

fatigue strength is associated with fastener clamp-up as discussed in 2.5.
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2.4.2.4.5 Preload/Low Cycle Data - Ter, IE41]A specimens have been tested to

evaluate the effect of preload on the specimen fatigue endurant.e and to obtai-i limited
low cycle fatigue data. For the preload evaluation, the test specimens were statically

loaded in tension then removed from the static test machines, reinstalled in the fatigue

test apparatus, and cycled to failure. Two specimens were preloaded to 2800 lbs.
tension and the remaining three were loaded to 2500 lb. Test results are presented in

Figure 65 and show good agreement with the baseline data. Based on this, the preload

for the mechanically fastened joints has little effect on fatigue endurance which is also

true for the bonded joints as discussed previously.

The low cycle data is also presented in Figure 65. These tests were run at higher stress

levels in order to induce failures in the lower cyclic range to aid in locbting the mean

fatigue curve. Also, the rate of cyclic loading was 10 cps compared with the higher

loading rate (approximately 60 cps) for the other program tests. These data have been

used along with the IE11I baseline data to establi.h the basic joint, mean fatigue curve.

These results also indicate that the range of cyclic loading rates evaluated have no

apparent effect on fatigue endurance.

2.4.2.4.6 Pinned Joints Evaluation - Pin bearing tests of the 00/1*450 boron-epoxy

laminate reinforced with titanium shims and +_450 pli(.5 of boron have been conducted.

These test specimens as shown in detail in Figure 16 and are identified as the 7226-

13021E-15A, -17A, and -19A assemblies. Bearing loads were introduced through a

3/16" diameter steel pin loaded in double shear. Pin edge distances (e/D) evaluated

were 1.5 and 2.0. Static test data developed from these toFts is comparable to the doat

published in Reference 8 for e/D = 1.5 and 2.0. Fatigue tests of five specimens of each

configuration were conducted at varying stress levels to establish trend curves as Rhown

in Figure 66. The IE711 specimens with titanium shfiv and e/D a 2.0 thows the highest

fatigue endurance of the three configurations tested. The decrease in edge distance to

1.5 has an accompanying reduction in fatigue endurance as expected. These results

are comparable to the fastener edge distance evaluation discussed in 2.4.2.4.3. The

specimens with the ±450 boron reinforcement and e/D " 2.0 show the same reduction

in fatigue endurance as those with titanium shints and e/D = 1.5. This is most likely
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associated with improved fatigue perform••ce due to fathener clamp-up in the data in

2.4.2.4.3 which is not evident in these tests. a

2.4.2.4.7 Configuration IF Datca - As a part of the mechanically fastened joint

constant amplitude testing, Configuration F joints repres-anting a surface panel to support

structure have been evaluated. Typical specimen details~are included in Figure 17.

These specimens were tested under combined axial loading and bending. The bending

was introduced through side !oads applied to the free leg of the support Tee.

All the tests were conducted in Lockheed designed resonarnt frequency fatigue machines.

The 8-ply laminate specimens were tested at a maximum axial stress of 40, 000 psi at

the net section of the shimmed boron and at a ttress 'atio of R =!+0. 1. A side load of

100 pounds was used on five specimens and a side load of 250 poundswas used on the:

other five. The increased thickness effect speFimens were tested in a similar manner

but the maximum axial stress level was 35, 000 psi and the side load'was 500 poundsi.

Fatigue failures occurred ,t either the net section or at the edge of the .himmqd boron

sectior.. As anticipated, the test data indicated that the fatigue strength of the joint

decreased with increased side load. Test'data are included in Figures 67 and 68.

2.4.2.5 Phase il Mechanically Fastened Joint Analysis I

Phase II of the mechanically fastened joint program is included to extend the Phase I

data from a one-dimensional to a two-dimensional evaluation of the basic single splice

butt joint configuration. Specimen width has been increased from 1 .0 to 2.0 inches

with the investigation aimed at evaluating the effects of induced stresses such as those

* resulting from Poisson's Ratio and combined modes of stress. These test specimens are

identified as 1iE] 1 and are identical to the IE baseline specimens (same fiber orientation,

shim material, splice plate, etc.) except for width. Test data are presented in

Figure 69.

The fatigue data is comparable to the one-inch wide baseline data; except. that the

scatter inherent in these nmechanically fastened joints data is areotly reduced. The
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trend of reduced fatigue strength with increased specimen width from the bonded single

splice butt joint tests is not evident here. Since these specimens are joined with

:fasteners instead of the adhesive in the wider, bonded joini study, it was expected that

the reduction in fatigue endurance associated with the roisson Ratio in the bonded joints

would not be reflected in these tests. Apparently this is the case and adds credence to

the theory of brittle, plane strain failure associated with the wide bonded joints.
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2.4.3 Cumulative Damage Analysis

In the systems development program for a typical air vehicle, the overall fatigue

evaluation is a systematic progression of analyses and substantiating test programs. The

analysis is, of course, dependent upon accurate S-N data developed from simple specimen

fatigue tests of the materials under consideration. This is then substantiated and/or

refined with component tests of structural assemblies identified as critical from a fatigue

standpoint and ultimately by full scale testing of a complete vehicle. The materials

S-N data are generally developed from constant amplitude fatigue.tests whereas the

component and full scale tests are program fatigue tests and may involve block loading,

flight-by-flight loading, or spectrum loading. The constant amplitude data are used

for analytical life predictions, component and full scale test program development, and

data analysis and correlation with predictions. The problem of predicting the fatigue

life of these structures subjected to program fatigue tests (varying loads and stress spectra)

is of course dependent upon cumulative damage theories.

Since this program has been directed toward the development of a better understanding

of the fatigue phenomena of advanced composites joints, it is prudent that the constant

amplitude fatigue tests be extended to include variable loads spectra testing and data

ana!ysis based on the theory of cumulative damage. This has been accomplished with

a two-part program:

o Realistic Loading Spectrum

o Block Loadirig Spectrum

The realistic loading test spectrum has been developed to represent a typical fighter

aircraft wing maneuver loading spectrum and includes both frequency and amplitude

variatin. A detailed description of the realistic spectrum development is presented

in 2.3. This spectrum is comprised of four basic missions or simulated flight loads

repeated in random order, 4000 times. A typical loads trace showing r1l the load

levels in each of the four different missions is shown in Figure 70.
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As can be seen, these loads spectra include both frequency and amplitude variation and,

for the purpose of discussion, these are considered to be narrow-band random spectra.

An equivalent block loading spectrum has been developed from the realistic spectrum

discussed above and is also discussed in 2.3. For the block loading spectrum, the

fighter maneuver occurrence loadings for 4000 flights plus 4000 occurrences of "-1 .0g"

have been combined into 10 approximately equal blcks.

The basic constant amplitude S-N data for the bonded and mechanically fastened joints,

as presented in the constant life diagrams in Figures 18 and 19, have been used to predict

the specimen end-'-ance under the block loading tasks. The predicted fatigue endurance

and test data analysis for all the variable loads spectra testing has been accomplished

by using the well-known Pa!rngren-Miner Theory for cumulative damage. Shockey,

Reference 9, has evaluated some of the more well-known cumulative damage theories

to determine applicability to advanced composite materials and has concluded that

Miner's Theory appears most applicable 'or design purposes.

The realistic and block spectrum test program included both bonded and mechanically

fastened joint specimens representing the baseline configurations evaluated in the

constant amplitude testing phase. A listing of the specimens involved is included in

Table XXIII. The specific details of each configuration are as defined in Figures 12

through 17.
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TABLE XXlIl CUMULATIVE DAMAGE TEST SPECIMENS

Block Spectrum Realst;c Spectrum

Specimen Number Specimen Number

IA7i IF 11 IA71IG 10

IIIA21F 1 IIA41G 5

1IIB2IF 1 IE611G 5

IE611F 2 IIE611G 5

iIE611F 5 25

20

The following paragraphs present a detailed discussion of these variable amplitude

loading tests and evaluation of the test data.

2.4.3.1 Block Loading Spectrum

Twenty specimens representative of typical bonded and mechanically fastened joints

have been subjected to the block loading spectra presented in Tables VIII and IX. All

testing was axial loading, with each block representing 400 flight hours or 10 percent

of the required fighter life of 4000 hours. For each test the first block loads are

applied in a low-to-high order and the second in a hit. a-low order. This procedure

is followed through the application of ten blocks, representing one lifetime.

The baseline constant life diagram developed for the single splice butt joint was used to

predict the damage and fatigue endurance for the IA bonded joints. This analysis shows

that the average strength specimen (4500 psi ultimate shear) should have a damnge of

approximately 0.25 per block or a fatigue endurance of 4.0 blocks of load application.

Miner's Theory was used for this prediction. There is not sufficient S-N data available

to analyt;cally predict the damage/block for the IliA and IIIB ten-inch wide specimens;

however, the IIIB specimen should accumulate somewhat less damage and longer endurance

than the IA specimen while the IliA specimen should have a shorter fatigue endurance.

These assumptions are based on the trends established for these two joint conceps from
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the constant amplitude tests of the ten-inch wide specimens. The fatigue predictions

for the IE and HIE average specimens are a damage/block of 0.140 and a fatigue

endurance of 7 blocks.

Cumulative damage has been calculated for all specimens tested using Miner's Theory

and the actual cycles at failure. Table XXIV is a summary of this cumulative damage

analysis. Miner's "l•cory predicts failure at a damage of 1 .0. For an average bonded

or mechanically fastened specimen, failure was predicted after 4.0 and 7.0 blocks of

applied load, respectively. As can be seen in Table XXIV, the majority of the one-

inch wide specimens (both configurations) fail in significantly less time than predicted

and in all but one case the calculated damage at failure is less than 1 .0. The average

damage for ten IA specimens is 0.293 and the average for the IE specimens is 0.204,

or approximately 25% of the predicted damage at failure. The data grouping or scatter

in the sample is considered good and the trend established is considered realistic.

The applied loads and resulting stresses in the 10-inch wide IliA and IIIB specimens were

low compared to the IA specimens and, as a result, the predicted damage per block and

fatigue endurance are not in keeping with the other specimens tested. The predicted

endurance for these specimens is 500 blocks, for EL = 1 .0. As rioted in Table XXIV,N
however, the actual damage at failure and fatigu.* endurance are significantly less than

the predictions. Even at these lower applied load levels, failures were encountered

long before the damage theory predicted, which follows the trends of the one-inch

baseline specimens.

The two-inch wide mechanically fastened joints (liE) specimens generally exhibited

longer fatigue endurances than predicted. These specimens were tested at stress levels

comparable to the one-inch wide, IE specimens; however, the trends for those specimens

is reversed with the increased width. The constant amplitude data for the two widths

compare well as discussed in 2.5.1.6 and offer no explanation for these block spectrum

test results.
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Another significant point from these data is that in all the mechanically fastened joint

specimens the failing load was t ,e highest load level in the spectrum (8 .Og is this case).

The majority of the bonded joints also failed at load levels greater than 8.0g. The

trend for these composite joints appears to be similar to that shown in constant amplitude

fatigue tests of basic composite laminates; that is, if the composite will sustain the first

application of a high load, the fatigue life could vary several decades. In other words,

the slope of the composite laminate curve is very small and the laminate may have a

fatigue endurance approaching its static strength.

These test results and trends are discussed further in 2.5.2.

2.4.3.2 Realistic Loading Spectrum

Twenty-five specimens including both bonded and mechanically fastened joints have

been subjected to a realistic spectrum loading. The test spectrum development is

discussed in 2.3 and consists of four basic missions and a 4000-flight lifetime. This

required life was divided into 400-flight spectrum blocks with each block repeated 10

times to obtain the desired life. Single flight loading charts for each of the four missions

are presented in Tables I through IV with additional "cdd-ball" loadings shown in

Table V. These 400 flights were then randomized with a random numbers table to

establish the testing sequence as shown in Table VII. Details of this realistic spectrum

testing are discussed in Volume II of this repurt. Figure 70 depicts the first occurrence

realistic spectrum for each of the four missions included in the program. As noted in

2.3.1 and Tables I through V, some loadings are non-regular; that is, they occur one

time in a given number of flights. All loads are applied during the first occurrence of

each mission (Figure 70) but subsequent mission occurrences contain fewer load levels

and cycles. Figure 71 depicts an average spectrum for Missions 1 and 4 where these

non-regular loadings do not appear. The first occurrence and "average" occurrence

nomenclature is pertinent to the data analysis of these realistic spectrum test results.
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Since these realistic spectrum tests are considered to have narrow band random test

spectra, the question of data analysis is quite important. There are various methods of

analysis to consider; however, the approach taken here is analogous to that used in

sonic fatigue analyses whare random loading and structural response are the framework

of the fatigue analysis.

To calculate the actual cumulative damage for each specimen tested with these narrow

band random spectwa applied, rms stress (a) and rms fatigue curves (a-N) have been

utilized rather than peak or sinusoidal stresses and S-N curves. The root-mean-square

(rms) of a narrow band or broad band random load or stress time history is the best

analytical tool for describing and/or utilizing these random data. The damrne cclc.,a;ons

again employ Miner's Theory and utilize rms stress (a) and (-N fatigue curves.

There are no Y-N curves available for composite structures, specifically the joints

evaluated here, so the constant amplitude fatigue curves developed for this program

were "randomized" via the procedures of Reference 10. These a-N curves for both

bonded and mechan;cally fastened joints are shown in Figures 72 and 73 and have been

used in the cumulative damage analyses here.

Since there was a difference in the first occurrence (in any 400-flight block) of a given

mission and subsequent occurrences of the same mission, the rms stress and number of

cycles for each mission are determined for the first occurrence and then an "average"

occurrence. There are then 8 rms stresses and 9 values of applied cycles per flight for

the four basic missions, for the damage calculations. The rms stress is simply the square

root of the average of the squared values of the time histories. Applied cicles were

counted as number of stress reversals within a given flight, first and average occurrence

of each mission. Table XXV lists the rms and mean voltage recorded from the test equip-

ment load call and the number of applied cycles per mission. Also, the load/volt

conversion factor for each specimen type is included.
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With the a-N curves, the mean and rms variable loads, stress to load ratio, and the

applied cycles (number of cycles per mission type times the number of occurrences of

that mission), damage calculations for the realistic spectrum were run. Table XXVI is

a summary of this data. In 2.3.2 it is noted that two blocks of applied loads for the

block spectrum tests are approximately the same as the application of two 400-flight

realistic spectrum blocký. This then says for an average IA or IIA specimen, the damage

per 400-flight block should be 0.25 (0.14 for the IE and lIE specimens) and an endurance

of four 400-flight blocks or 1600 flights. The IE and lIE specimens should have an en-

durance of seven, 400U-flight blocks or 2800 flights.

Based on this analysis, the cumulative damage theory grossly over-estimates the fatigue

endurance of composite joints. The realistic spectrum should be more damaging than a

block spectrum as is apparently the case here, due to shorter relative life and high

damage summations. Again the trends noted in the block spectrum results are apparent

here as regards failing load and the ability to sustain higher loads. These results are

discussed further in 2.5.2.
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TABLE XXIV BLOCK LOADING CUMULATIVE DAMAGE SUMMARY

Predictions
r Specimen Cycles to Failure Damage At Damage Endurance

Number Block/Cycles/Load(1) Total Cycles Failure - Tot. al Bn
E-/Block Tot Blocks

IA711F01 1/1.25/19 17,595.25 0.126 0.25 4.0

F02 1/0.25/20 17,601.25 0.183

F03 1/0.25/20 17,601.25 0.239

F04 1/156/17 17,469.0 0.092

F05 1/1743/15 16,446.0 0.017

F06 1/0.25/19 17,594.25 0.201

F07 4/71/17 52,935 0.851

F08 3/42/18 52,800 0.776

F09 1/0.25/20 17,601.25 0.291

FIO 1/0.25/18 17,550.25 0.151

FI1 5/0.25/19 88,010.25 3.720 0.25 4.0

IIIA2IF1 25/1.0/19 438,000 0.052 0.002 500

IIIB2IFI 61/200/17 1,074,000 0.135 0.002 500

IE611F06 1/7/10 6,479 0.092 0.140 7.0

IE61 IF07 3/45/10 19,567 0.316 0.140 7.0

lIE61 IF01 3/44/10 19,566 1.672 0.140 7.0

F02 12/25/10 78,172 3.931

F03 9/1/10 60,673 1.244

F04 9/25/10 60,697 1.341
jF05 13/1/10 84,673 3.443 0.140 7.0

(1) See Tables VIII and IX for block spectrum loadings and c,,cles.
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TABLE XXV RMS LOADS DATA

RMS Mean
Voltage Voltage Stress Reversals/

Mission Number (Variable Load) (Mean Load) Mission

1st Occ. No. I 2.18v" 1.76V 106

No. 2 2.03 1.71 104

No. 3 1.94 1.64 112

No. 4 2.24 1.79 120

Ave. No. 1 2.08 1.75 60

No. 2 1.74 1.49 80

No. 3 1.74 1.51 70

No. 4 1.97 1.63 70

Load/Volt
Spec imen Number (Ibs)

IA 360

IIA (G0-03) 930

I IA (G04 & 05) 835

IE 500

liE 1000
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TABLE XXVI DAMAGE SUMMARY - REALISTIC SPECTRUM TESTS

Failure Data Damage at
Specimen Mission End Point Failure Total Number Of Failure Zat
Number Occurrence No. Number Load (Ibs) Applied Cycles N JnI

IA71IGO] 134 19 1910 9.22 x 10 80.0

G02 401 20 2010 2.73 x 10 252.0

G03 5 21 2160 450 8.0

G04 127 18 1700 8.76 x 103  94.0

G05 36 19 1720 2.60 x 103  33.0

G06 142 20 2120 9.76 x 103  92.0

G07 178 18 1700 1.22 x 104 113.0

G08 124 19 1810 8. 45 x 103 81.0

G09 142 20 2180 9.76 x 10 92.0

GIO 69 19 1900 4.83 x 103  48.0

IIA41G01 196 18 4450 2.0 x 1 54.0

G02 5 21 5850 450 2.0

G03 184 19 5175 1.26 x 10435.0

G04 142 20 4950 9.76 x 103  11.0

G05 142 20 4950 9.76 x 103 11.0

IE61IGOI 1157 19 2650 7.88 x 104 250.0

G02 1815 19 2870 1.23 x 105 380.0

G03 5 20 2670 450 4.0

G04 710 19 2880 4.84 x 1 155.0

G05 1660 19 2750 1. 13 x 10 359.0

IIE611G01 1854 16 3600 1.23 x 105 219.0

G02 810 19 5800 5.52 x 1 267.0

G03 1703 19 5820 1.16 x 105 509.0

G04 810 19 5800 5.52 x 1 442.0

G05 1830 19 5620 1.24 x 105 730.0
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2.5 FATIGUE ANALYSIS

In this section of the report, the results of the constant amplitude and program fatigue

tests for the bonded and mechanically fastened advanced composites joints are evaluated

for applicability to design. These data analyses and general conclusions are based on

the trends observed from the data presented in 2.4 and are intended to provide a better

understanding of the fatigue phenomena of advanced composites joints. This discussion

is addressed to the specific parametric program tasks initiated to develop realistic

composites joints design criteria. The following sect;cns present recommendations for

joint design based on the constant amplitude testing and a discussion of cumulative

damage applicability from the program fatigue tests.

2.5.1 Constant Amplitude Design Data

The constant amplitude test data is considered applicable for developing the basic

understanding of the phenomena of fatigue of advanced composites joints. The basic

recommended design criteria from this program is discussed in 2.5.1 .1 and specific

variations of joint geometry and loading conditions are discussed in subsequent para-

graphs.

2.5.1. 1 Basic Design Criteria

Several significant conclusions with respect to the overall evaluation of the fatigue

behavior of composite joints have been formed from analysis of the constant amplitude

test data. These relate specifically to the following:

"o Joint static properties versus fatigue endurance

"o Adherend/splice combinations

"o Optimum bonded joint concept

"o Joint reinforcement for mechanical fasteners

"o Scatter in fatigue data

"o Residual strength
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In 2.4 the basic data developed from the fatigue tests are presented as S-N curves and

general comparisons between the baseline data and joint variables are discussed. Here,

attempts are made to expand on these comparative data and present criteria guidelines

for composite joints design.

In previous fatigue tests of basic composite laminates, Reference 8, the resultant S-N

curves have very little slope and for notched specimens, fatigue strengths at 107 cycles

have been found to be higher than the static strength of the laminate. Based or, these

results alone, this could lead to a detailed composites structures design where the fatigue

life is based solely on the allowable strength of the alt.-nnates under consideration. The

designer may elect to utilize the structural concept which has the highest static strength

assuming this will also be the optimum configuration for fatigue. Detailed analysis of

the various joint concepts evaluated in this program indicate that fatigue endurance

should not be based on static allowables only. There is a definite trade between

strength, fatigue, weight, cost, and joint complexity.

The trend d;scussed above is further substantiated by comparison of the test data from

the various joint concepts evaluated. In Table XXVII, for example, the average static

strength, allowable iatigue stresses at 106 cyc!es, and fatigue strength as a percentage

of ultimate strength are listed for four typical joint configurations. As can be seen,

joint fatigue endurance and subsequent detail design based strictly on static strength

ma,' result in a non-optimum structure. Configuration D, with the double splice butt

joint will develop the highest static strength but the single splice butt joint (Configu-

ration A) has comparable fatigue strength. If fatigu-. is the design criteria, the single

splice butt joint will result in weight and possibly cost savings for the same fatigue

endurance. The all boron bonded joint (single splice Configuration A) appears to offer

the optimum strength-to-vweight concept whe-. fatigue is the critical design criteria.

For the mechanically fastened joints, the same trend holds. The Boron-Boron, adherend/

splice combination, with titanium reinforcing shims does not exhibit the highest strength

but is the best strength-to-weight concept evaluated for fatigue. This is true if the

joint envelope is restricted such that titanium reinfor,.ing shims are required for load
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carrying capability. The joint may be further optimized if the structural envelope is

not a restriction, and :he titanium shims are replaced by alternating ±45o plies of boron.

Considering the net section area of each configuration on the basis of equivalent density,

the all boron joint (boron reinforcing shims) will have ahigher load carrying capability

than the boron with titanium shims. This together with the higher fatigue strength as a

percentage of joint static strength for the boron with boron reinforcing shims listed in

Table XXVII (64% Fut) indicate that this configuration is optimum for the mechanical

joints considered.

In the mechanically fastened joints, Configuration E, the basic composite laminate has

been reinforced locally with either titanium or boron shims, for added bearing strength.

Each configuration has been static tested as well as fatigue tested to develop data for

this program. The static tests of the specimens with titanium shims result in gross section

failures in the basic laminate at the ends of the titanium shims rather than in the net

section. The boron reinforced specimens, on the other hand, all experienced static

failures in the net section through fastener holes. When fatigue tested, both configu-

rations generally failed in the net section.

With titanium shims, the boron adherend has two geometric stress concentration factors

in the build-up area. One stress concentration factor is associated with the fastener

hole and the other at the shim ends where there is an abrupt change in stiffness in the

transition area between the build-up and basic laminate. This stress concentration at

the shim ends appare:itly :s the more significant at high loads (the static failures occur

here) whereas with the lower load, fatigue cycling, the stress concentration at the hole

is the governing parameter in specimen failhre. These same two stress concentration

factors occur in the adherends containing additional plies of boron as the reinforcement.

The stress concentration at the ends of these reinforcing plies, however, is apparently

small compared to the stress concentration occurring at the ends of the titanium shim

reinforcement. This is due to less abrupt chang..; in fiber lay-up, laminate thickness,

and a more uniform change in stiffness. This lends further credence to the conclusion

earlier that the all boron mechanically fastened joint is more optimum than the boron

laminate with titanium reinforcement.
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Although not a specific design criteria, it should be noted that the scatter in fatigue

data from these tests is much less than that generally found in the literature, Reference

8 for example, for notched and unnotched composites laminates. Definite trends have

been established from these tests, with limited numbers of specimens, that possibly could

not be attained with a basic laminate fatigue program. This information is significant

in that it results in increased confidence in fatigue results and can result in maximum

"utilization of a limited number of fatigue test specimens.

The tests to evaluate the residual strength and stiffness of the bonded joints have pro-

vided additional data to aid in the understanding of the fatigue of composite joints.

The basic S-N data for these composite joints differs significantly from those developed

with rhe basic composite but the residual strength after cycling and at fatigue run-out

is only slightly (ap'nroximately 15%) less than the average static strength of the parti-

cular joint. In Table XXVII the fatigue strength of typical bonded joints ranges from

24 to 30% Fult at 106 cycles, but from the degradation of joints testing after cycling
6

at approximately the same stress for 2 x 10 cycles without failure, the average residual
strength is approximately 85% Ful. There is no apparent stiffness loss for any of the

bonded specimens evaluated. Again this data adds confidence to vehicle structural

designs incorporating bonded composites joints.

2.5.1.2 Stacking Order and Thickness Effects

In general, the ply stacking and thickness variations evaluated here for the bonded

joints have no effect on the fatigue endurance of the joint. This is of course specifi-

cally related to the Narmco 5505 boron-epoxy and the 0°/±45° fiber orientation.

P.-evious data indicated that higher strength was developed with outer plies at -450

rather than 0°, but in this progiam no apparent differences were noted in the static or

fatigue properties of 0°0/1450 versus :045°/0°. Limited data for 0°/90° fiber orientation

was obtained for the bonded stepped lap joint and fatigue strength is slightly hig"

than comparable data with 00/±45 0 fiber orientation at higher siress levels, Lut no

definite trends have been established based on these tests.
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The thickness increase from the standard 8-ply to a 16-ply laminate for the bonded

joints does result in a decrease in joint L/t ratios. The increased thickness while main-

taining a standard lap length results in fatigue data comparable to that discussed in

2.5.1 .3 for the short lap specimens. Increased thickness (16-ply) with the Configuration

E, mechanically fastened joints shows some reduction in fatigue strengt1 compared to the
8 -ply baseline data. This reduction in strength can be attributed to the ratio of fastener

clamp-up to pin bearing strength for the two thicknesses, i.e., as specimen thickness is

doubled the pin bearing load is doubled; however, the fastener clamp-up remains constant

due to constant fastener torque. This leads to the conclusion that joint capability should

be based on pin bearing strength plus an added constant value for joint clam?-up.

Variations in the stacking order for the mechanicahy Fri, aned joints consisted of the

boron reinforcing shirs in lieu of the baseline titanium anims. The resulting effects on

the joint fitigue endurance have been discussed in detail in 2.5.1 .1.

2.5.1.3 Lap Length Effects

The effect of overlap length on the fatigue endurance of bonded Configuration A and B

joints has been extensively evaluated in this test program. The range of lap lengths

evaluated was 0.375" to 1 .0" with V/t ratios of 9.375 to 25.0. There is no poarent

degradation in fatigue endurance with lap lengths of 0.75" or less, in fact, the data

are equivalent for the two joint concepts tested where lap length is varied from 0.375"

to 0.75". There is a decrease in fatigue strength with the 1 .0" lap length. When

considering average joint shear stress versus specimen L/t, there is apparently a plateau

in the range of 0.375 < L/t < 0.75 and a reduction in fatigue strength at V/t greater

than 0.75.

2.5.1.4 Preload/Sideload Effects

As a part of the constant amplitude fatigue test program, typical Configuration A and E

specimens were pre.aaded in tension prior to fatigue testing to determine what effect,

if any, this type of loading has on the fatigue life of composite joints. Test data are
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presented in Figures 43 and 65. For the range of load levels considered, static preload

has no effect on the fatigue endurance of bonded or mechanically fastened joints.

An additional parameter evaluated in this program was the application of side loads to

specimens IC and IF during the axial load fatigue testing. Test data is presented in

Figures 46, 67, and 68. Side loads varied for each specimen (from low to high) and the
increase in side load is accomponied by a decrease in fatigue strength. The mechanically

fastened joints (IF) exhibit higher allowable fatigue strength than the baseline IE speci-

mens. This combined loading phenomena should be evaluated further to develop more

complete fatigue design data for composite joints.

2.5.1.5 Cyclic Rate and Low Cycle Fatigue

As a part of this program, the rate of cyclic loading during fatigue testing has been

evaluated for R ±-t0.10 and R = -1 .0. Cyclic rates from 1 Hz to approximately 30 Hz

have been evaluated. These test results show no effect of cyclic rate on the fatigue

endurance of either the bonded or mechanically fastened joirts. This conclusions is in

keeping with results from fatigue tests of basic composite laminates as reported in

Reference 8.

Limited low cycle data has been obtained as a part of this program and is included with

the baseline data for the bonded and mechanica!ly fastened joints to establish mean

fatigue curves and constant life diagrams. There is, however, a need to develop

additional low cycle fatigue data for both configurations to better define the fatigue

phenomena of this type of structure. There are still qLestions relative to the low cycle

portion of the S-N curve for mechanical joints that need answers such that the higher

cycle data points and mode of failure is tied to the static strength and static failure

mode. (See 2.4.2.4.1 for further discussion.)
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2.5.1.6 Specimen Width

The major portion of the constant amplitude fatigue tes, program has been directed

towards evaluating one-inch wide specimens; however, this has been extended to wider

specimens to evaluate the effect of Poissor's Ratio and transverse residual thermal

stresses. Two specimen widths were tested for the bonded joints and include 3-inch and

10-inch width. The bonded single splice butt joint and stepped scarf lap joint have

been tested. For the Configuration E mechanically fastened joints, the increased width

effect was evaluated with 2-inch wide specimens only.

There are specific trends in the wide bonded joint tests which are discussed in detail in

2.4.2.2. 1 and 2.4.2.3. The single splice, bonded butt joint data shows a decrease in

fatigue strength with increased width which has been associated with Poisson's Ratio and

subsf,.x, iated in part by the failure modes of the one-inch wide specimens. !t was

thao, ied that Poisson effects resuit in transverse strains which produce a plane strain

state in the adhesive toward the specimen center resulting in crack initiation in this

brittle adhesive area. Hence, the reduction in fatigue life.

The wide, bonded stepped lap joints show increasing fatigue end.'-ance with increasing

width for tension-tension fatigue loading (R - +0.10). This phenomena is contrary to

the trend for the wide single splice butt joint and needs further evaluation to develop

detailed design data. It is felt thut the 3-step laop joint results in a softer interface

between the adherends than with the other bonded joints evaluated and approaches a

true scarf with an attendent increase in fatigue etidurance.

The S-N data for the 2-inch wide mechanically fastened joints is comparable to the

results of the one-inch specimen tests. This is as expected since the Poisson effect

which apparently leads to a reduced fatigue endurance in the similar bonded single

splice lap joint is not significant here.
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2.5.1.7 Bearing Strength and Edge Distance

Pin bearing fatigue tests and fatigue tests with two different fastener edge distances

have beer . ducted for the Configuration E, mechanically fastened single splice butt

joint. In the fatigue evaluation of this type of joint, ;n advanced composites, it is

prudent that bearing fatigue strength be determined with and without the effect of

fastener clamp-up, since some primary modes of failures are associated with bearing

tear-out, The pin bearing tests, then, are intended to give an indication of the bearing

capabilities of the basic reinforced laminate without the benefit of joint clamp-up.

For this evaluation the 0°0/±45° boron laminate with titanium shims was tested with pin

edge distances of 2.OD and 1.5D. The same configuration but with :45° boron shims

was also included and had an e/D of 1.5. Test data are presc,.,ed in Figure 66 as

bearing strength versus cycles to failure. The data trend is very good considering the
limited numbei ol" specimens and shows decreasing fatigue endurance with decreasing

e/D, as expected.

Fastener edge distance effects have been evaluated in a similar manner. Configuration

E specimens with both titanium and boron reinforcing shims and fasitener edge distances

of 1.5 were tested for comparison with tFe baseline data with e/D = 2.0. Tests with

the titanium shims and short edge distance show a reduction in fatigue endurance which

is in keeping with the pin bearing results. The test results with boron shims, however,

are within the scatter of the baseline data and is an improvement over the p.:: bearing

results for the identical reinforced laminate. This is attributed to an improvement in

the fatigue endurance of this concept with fastener clamp-up and further substantiates

the conclusion that the all boron configuration is the more optimum of the mechanically

fastened joints evaluated,

2.5.2 Cumulative Damage Design Data

The results of .he block and realistic spectrum tests aiscussed in 2.4.3 and subsequent

data analyses have provided useful information for better understanding the fatigue

phenomena of bonded and bolted composite joints. Some of the more pertinent data

as regards fatigue design criteria are discussed in the following paragraphs.
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All cumulative damage analyses of the program fatigue tests conducted here were done

using Miner's Cumulative Damage Theory. Shockey, Reference 9, evaiuat..d several

damage theories for application to composite structures and concluded that Miner's

Therory is as applicable as any existing, more complex theory. The autl or agrees with

this conclusion; however, cumulative damage theories as they presently exist may not

be applicable to composite structures. This is bas. d on the data presented in Tables

XXIV and XXVI where, in general, the actual fatigue endurance (either in blocks or

flights) is significantly less than the predicted endurance.

For the IA and IE baseline, 1.0-inch wide specimens tested under block loading, the

cctual endurance averages approximately one-fourth that predicted by theory. The same

specimens tes:ed with the realistic spectrum applied have actual fatigue endurances of

one-tenth and one-half the predicted values, for the IA and IE specimens, respectively.

The same trend is true for the wider bonded and bolted specimens with the exception of,

the lIE block loading results where the actual endurance exceeds the predictions. When

evaluating cumulative damage of metallic structures using Miner's Theory,' the results

for any data sample (similar specimens, etc.) tend to scatter about 1 .0, but for the

composite joints tested here the data for a particular specimen type or group do not

follow this trend and tend to be less than or greater than 1 .0. In general, Miner's

Theory greatly overestimates the fatigue endurance of the composite joints evaluated

here. Table XXVIII is a comparison of the average test endurance versus predictions

for the block and realistic test spectra.

It is felt that the lack of correlation between the actual endurance and predictions is

attributed to the combination of shortcomings in an applicable damage theory and the

phenomena related to the durability of the specimen as regards sustain '-j higher applied

loads. In 2.5.1 .1, it was noted that a basic composite laminate often hai a fatigue

endurance at 107 cycles approaching the static strength of the laminate. That is, the
7

S-N curve has little slope from 1/4 cycle to 10 cycles. It has been shown that a load

approaching ultimate can fail a specimen early, say at 10 cycles, or after millions of

applied cycles; i.e., large scatter. Almost all the failing loads in both test series

were approaching the static strength envelope for that particular joint configuratiýn. It
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is apparent that, if the specimen would sustain the first application of these loads, theis nnn i~tt tet

fatigue endurance varies and there is considerable scatter, which follows the same trends

for the basic composite laminate. The constant amplitude tests did not show this trend,

but it is apparent i;n these cumulative damage results.

TABLE XXVIII ACTUAL VERSUS PREDICTED FATIGUE ENDURANCE

Block Spectrum Realistic Spectrum
Specimen

Actual Predicted Actual Predicted

iA 2() 4(1) 150(2) 1600(2)

IIA. - - 166 1600

IIIA & B 44 500 -

IE '2.5 7 1585 2800

lIE 9 7 1400 2800

Note:, (1) Number of blocks - see Tables VIII and IX
(2) N`lumber of flights see Table VII

With the preserit statet-of-the-art, care must be taken in fatigue analysis of composite

joints where variable amplitude environmental loads exist to preclude premature fatigue

dcamage. This of course assumes utilization of an existing cumulative damage theory.

On approach which apparenfly has been used successfully in composite structures is to

establish fatigue cutoff stresses such that the most damaging, higher loads are minimized.

The maximum stresses for this program as percent of average F for each specimen
tu

tested are listed below:

:Specimen % Ave. Ftu

IA 73%

IIA 73%

IliA 41%

IIIB 54%

IE 90%

liE 9000
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For all specimens except the block loading liE data, the existing methodology over-

estimates the fatigue endurance. The lilA and IIIB specimens follow this trend but at

the lower maximum stresses, 40 to 60% Ftu, these specimens did have an endurance

greater than two lifetimes.

These test results show a definite need for significant improvement in cumulative damage

analysis methodology as pertains to composite structures, and emphasis should be directed

to additional development in this area to achieve the true potential of advanced composites

in a broader spectrum of hardware applications.

167



TABLE XXVII

JOINT STATIC STRENGTH VERSUS FATIGUE ENDURANCE

Joint Adherend/Splice Statik, Strength Fatigue Strength Fatigue Strength

Concept Combination Fult. FMAX @106 Cycles FMAX/Fuit.

PSI PSI Percent

Bonded Joints

Configuration A Boron/Ti 4500 1200 27

Boron/Boron 4000 1200 30

Configuration B Boron/Ti 3800 900 24

Configuration D Boron/Ti 5450 1200 22

S,1

Mechanical Joints

Configuration E Boron/Ti 42000 21000 50

(Ti Shims)

Borun/Boron 39500 21000 53

(T; Shims)

Boron/Ti 33000 21000 64

(Boron Shims) 
3

NOTE: 1. All tests at R = +0.10
2. All specimens 1.0" wide

4
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2.6 CONCLUSIONS

The general conclusions stated here are based on the trends observed from the data

V, presented in 2.4 and 2.5.

Test data scatter for both the bonded and mechanically fastened joints is

small compared to that observed from basic laminate fatigue tests.

o In structural designs involving composite joints, there are definite trade studies

to be made in considering strength, fatigue, weight, and joint complexity.

o An all boron joint appears to be the most optimum of the configurations

evaluated. For the bonded jolints this includes adherend and splice plate;

and for mechanically fastened joints, the boron reinforcing shims appear

optimum.

o Low cycle fatigue for the mechanically fastened joints should be evaluated

further to better define the trends established here.

o There ava both positive and negative effects on fatigue endurance with

increased bonded specimen width as evidenced here from the IIA and IIB

test data.

o The optimum L/t ratio for bonded joints appears to range from 9.0 to 25.0.

o These composite joints compare favorably with basic laminates as regards

residual strength and stiffness after fatigue cycling.

0 Mechanically fastened joint capability should be based on pin bearing

strength plus an added constant for joint clamp-up.

o Miner's Theory gr.issly overestimates the fatigue endurance of composites

joints and o relevant and usable cumulative damage theory needs to be

developed.
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o These joints behave similar to a basic composite laminate as regards cbility to

sustain higher loads. There is considerable scatter in the results due to this

phenomena.

o The realistic spectra applied here are apparently four times more damaging

than the block spectra.

o Utilization of rms stress and a-N curves is a reasonable method for approaching

the evaluation of realistic spectrum test data.
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Ill. FAILURE MODE STUDIES

3.1 GENERAL

In conitnction with other analyses and evaluations, failec bonded joints were studied to

ascertain the mode of failure. The effects of? variations in stress ratios, loading conditions,

joint overlap and bond width were considered. Shear and peel failure modes were

established for boron-epoxy composites. Specimens of various joint configurations

having boron epoxy as une of the adherends were evaluated.

The initial step in the invastigation of these specimens was to obtain 5.6X magnification

photographs of the failure surfaces. By close examination of these photographs and by

macroscopic examination of the specimens, areas of general modes of failure were out-

lined for more extensive investigation by scanning electron microscope (SEM) photo-

micrographs. SEM photomicrographs with a magnification of approximately 20X were

tne flrct shots taken. These photographs provided a map of a selected sample (from the

specimen) and covered an area which may be as large as 3/16 inch in width. The 20X

SEM photographs were then enlarged (approximately 200 percent) by conventional

methods and were used for selecting smaller areas for more Setailed study at 100X or

200X magnification. These final SEM photomicrographs were used in conjunction with

the lower magnification shots to define the various failure modes present. The failure
surface on the splice plate is identified as Surface A and the failure surface on the

loaded adherend is identified as Surface B.
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3.2 DETERMINATION OF SHEAR AND PEEL FAILURE MODES

The shear and peel failure modes were defined utilizing a failed 1 5-ply flexure specimen.

The specimen was subjected to a beam bending load and initial failure was a shear

failure along the midplane of the laminate. This initial failure plane is evident in

Figure 74. The specimen was then physically pulled apart by hand, resulting in a true

peel or cleavage mode of failure over the remainder of the specimen. In Figure 75 the

facing fractured surfaces are shown and the two failure mode zones are defined. Electron

scan photomicrographs of these two surfaces in the transition zone, Figure 76, illustrate

the difference between the shear and peel modes of failure. The difference is still more

pronounced in the 560X magnification of the shear surfaces, Figure 77, and in the 570X

magnification of the peel surfaces, Figure 78. The shear failure of the resin between

the fibers has the appearance of being stressed in biaxial compression and tension (shear)

with failure occurring normal to the tensile load.

4
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3.3 INITIAL JOINT FAILURE STUDIES

The first joint specimens to be subjected to failure mode studies were two specimens used

in establishing test set-up procedures, cyclic rate limits, specimen support methods, and

specimen heating due to fatigue loading. These specimens were IAI I 1E02 and IAI I 1E06.

One specimen, -E06, was fatigue cycled at a stress ratio R 2 -1.0, while the other

specimen, -E02, was fatigued cycled at a stress ratio R = +10.0. Since these specimens

were used to evaluate cyclic rates for various maximum loads, the only comparison that

can be made is the effects of stress ratios, R = -1 .0 vs. R a +10.0.

The 52X magnification, Figure 79, of specimen -E06 shows the general appearance of

the failed surface whereas the 575X magnification of the same failure surface shows

finer details of the fracture mode. The saw tooth effect so prominent in these photc.:

indicates that the reversal in specimen loading resulted also in the reversal of principal

tension stress within tne resin causing the tensile failures. This fracture mode differs

from the basic shear mode as evidenced on the flexure specimen. On the flexure speci-

men the tensile fractures were in one direction and were not as sharply defined whereas

on this R -1 .0 fatigue failure the fractures are sharp, well defined, and the tensile

fractures are nearly normal to each other. The 50X magnification, Figure 80, of

specimen -E02 shows the general appearance of the failed surface whereas the 5UOX

magnification of the same failure surface shows details of the fracture mode. The

tensile fracture that was defined in the flexure specimen as a shear mode is also illus-

trated in this photograph. However, the fracture for this specimen has a rounded

appearance along the length of the tension fracture indicating the direction of the

principal tensile stress is varying through the thickness of the resin.
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S3.4 CONFIGURATION A STUDIES

Configuration A specimens are single splice butt joints of boron-epoxy adherends bonded

to titanium, cluminum or boron-epoxy splices. The specimens on which failure mode

studies were conducted are defined below:

Specimen Adherend Loading
Number Combination History

IA111A03 Boron/Titanium Fatigue, R =+0.1
0.75" Overlap F =2000 psi

S max
Fatigue Life = 8000 Cycles

IA 11D01 Boron/Titan;um Static Tension
F = 4600 psi
tu

IAI 11 D09 Boron/Titanium Static Compression
F u-6300psisu

IA113AO1 Boron/Boron Fatigue, R = +0.1
F max= 1300 psi

Fatigue Life = 10,660, 000 Cycles

IAI 13D03 Boron/Boron Static Tension
0.75" Overlap F = 3900 psisu

IIAI C03 Boron/Titanium Compression Fatigue, R +10.0
0.75" Overlap F 2100 psi

s max
Fatigue Life = 12,500 Cycles

IIIA12A01 Boron/Titanium Fatigue, R = +0.1
0.75" Overlap F m 1300 psis max

Fatigue Life 9210 Cycles

J
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A
3.4.1 Specimen IAI 1AO3

This is a Configuration A specimen having boron adherends and a titanium splice plate.

The failure bond joint area is 1 " wide with a 0.75" overlap. Failure Surface A (titanium

splice plate) is shown in Figure 81 and failure Surface B (boron adherend) is shown in

Figure 82.

In Figure 81, Section #1 is coh,.sive shear failure of the adhesive immed~ately adjacent

to the titanium splice plate. The fracture surface visible in Section 12 is the resin

matrix sheared from the outer surface of the boron and the whitish look of this section

is due to a secondary failure at the adhesive-titanium interface. The remainder of the
fracture was predominatly shear between the resin matrix and the boron filaments with

some tensile failure of the boron filaments. The two white streaks were areas of shear

between the resin matrix and the 104 glass scrim cloth. A 200X magnification of a

portion of this area is shown in Figure 83. This photograph shows where the fibers had

been imbedded in the resin but were sheared out under fatigue loading. The resin

ridges show the angled tension failures in the resin with some areas being rounded

similar to those exhibited in the R = +10.0 fatigue specimen (Figure 80). However,

the rounding is not as pronounced and the fracture along the top of these ridges has

sharper peaks similar to those exhibited by the shear mode in the flexure specimen.

In Figure 82, Section #1 isQi cohesive failure of the adhesive adjacent to the titanium

splice plate and coincides with Section #1 in Figure 81. The remainder of the fracture

was shear between the resin matrix and boron fiber leaving the upper surface of the

boron fibers exposed. A IOOX magnification of a portion of this aroa is shown in

Figure 84. This photograph is of the facing surface to that shown in Figure 83, and

the fractures in the resin between the fiber are mating fractures to those along the

ridges in Figure 83.
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Figure 81 IA111AO3 - Failure Surface "A"
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Figure 83 IA111AO3 -Failure Surface "All
20OX Magnification

Figure 84 IA111A03 -Failure Surface ""i
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3.4.2 Specimen IAllI DOI

This is a Configuration A specimen having boron adherends and a titanium splice plate.

The specimen was subjected to static loading in tension and failed at 4600 psi. Figures

85 and 86 show failure Surfaces A and B respectively. The major modes of failure for

this specimen were shear between the resin matrix and the boron fiber and tensile failure

of a large number of boron fibers. A small area across the end of the titanium splice

plate had an adhesive failure between the EA9601 adhesive and the titanium splice plate.

Only one high magnification, 100X, photograph was taken of this specimen, Figure 87.

This photograph shows the exposed fiber of Surface B and the broken resin between the

fibers. The appearance of this fracture mode is similar in nature to that shown in

Figure 84 for specimen No. IAIJI A03 (fotigue test, R "+0.l). Again by this similarity

it may be indicated that the direction of load is the major controlling factor in the type

of failure mode.
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3.4.3 Specimen IAIIID09

This is a Configuration A specimen having boron adherends and a titanium splice plate.

The specimen was subjected to a static compression load. Average ultimate shear stress

was 6300 psi and is representative of a high quality bond. Failure Surface A (titanium

splice plate) is shown in Figure 88 and Failure Surface B (boron adherend) is shown in

Figure 89.

In Figure 88, Section # , the major mc&, of failure was shear between the resin mcatrix

(adjacent to the splice plate adhesive) and the first or outer ply of boron filaments of

the specimen half. The longitudinal area outlined by dots is the location of an 0.05

inch wide gap between boron filaments in the first or outer ply.

The major mode of failure ;n Section #2 was cohesive shear of the adhesive along the

plane of the adhesive scrim cloth. This is a failure mode not often detected in composite

joints since the adhesive is usually much stronger than the resin. The failure mode in

Section #3 wo• an adhesive failure of 'he adhesive to the titanium surface.

The fracture surface of Figure 89 is a mirror image of the splice plate surfuce shown in

Figure 88. The small square area outlined in this figure is the area selected for investi-

gation by SEM photomicrographs. Figure 90 is the larger area outlined in Figure 89

and was used as a map for more extensive investigation. Three different failure modes

were studied with this specimen. One failure mode, Figure 91, was associated with

shear at the adhesive surface; the second, Figure 92, was associated with shear within

the adhesive along the adhesive scrim carrier (cohesive mode); and the third, Figure 93,

illustrated once again the resin/fiber interface shear mode associated with compression

loading.
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3.4.4 Specimen IAI13AO1

This is a Configuration A specimen having boron adherends and a boron splice plate.

The specimen was subjected to fatigue cycling at a stress ratio R a+0.1 and a maximum

stress of 1300 psi. Its fatigue life was 10, 660, 000 cycles. Failure Surface A (boron

splice plate) is shown in Figure 94, and Failure Surface B (loaded boron adherend) is

shown in Figure 95.

In ' .gure 94, Section 11, the mode of failure was shear between the resin matrix and

the first or outer layer of boron filaments of the loaded boron specimen half (Surface B).

The failure mode of Section #2 is just the reverse of Section #1, i.e., shear between

the resin matrix and outer or surface layer of boron filaments of the boron splice plate.

Section #3 exhibits a failure mode different from failure modes previously investigated.

The failure in this area occurred between the first set of z-450 plies. The failure mode

was shear of the resin matrix adjacent to the 2nd 450 ply of boron. The light area

indicated by the arrow is powdered resin matrix.

In Figure 95, the failure modes of Sections #1 and #2 are mirror images of those shown

in Figure 'I. The major portion of Section #2 shows the outer portion of the resin matrix

that was adjacent to the outer ply of boron filaments in the splice plate.

The major portion of Section #3 shows the resin matrix that was adjacent to the boron

filaments in the 2nd 465 ply of the boron splice plate. The dashed roughly circular area

denotes considerable fretting or rubbing.

The square areas outlined in Figures 94 and 95 are the areas investigated by SEM photo-

r -rographs. Figure 96 is the area outlined in Figure 94 and was used as a map for

further investigation. Two different failure modes were evaluated at higher magnifications.

Figure 97 illustrates two different failure modes. One failure mode is a shear failure

between the resin and the first layer of boron parallel to the load direction. This failure

mode is the same as that previously defined for tension-tension fatigue loading. However,
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the fracture surface in the resin adjacent to the 450 ply exhibits a different type of

failure mode. This difference is attributed to the difference in support provided to the

resin by the off angle ply. This failure mode is further investigated in the photomicro-

graphs shown in Figure 98. The surface exposed in these SEM photomicrographs is the

same as designated as Section #3 in Figure 94. The failure mode in these photomicro-

graphs is shear in the resin adjacent to the 450 ply resulting from a tension-tension

fatigue load app!ied aw 0 . The 117X and the 235X magnifications reveal a failure

associated with the boron fiber which has not been detected in previous failure mode

studies. The failure illustrated in this figure has the appearance of fiber surface spallingo

The square area outlined in Figure 95 is shown in Figure 99. The two different failure

modes illustrated in Figures 96 through 98 are also visible in Figure 99. Figure 100

illustrates the same failure mode as Figure 97 and Figure 101 illustrates the same failure

mode as Figure 98 since these represent the mirror images of those figures.
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3.4.5 Specimen IA113D03

This is a Configuration A specimen having boron adherends and a boron splice plate with

a standard 0.75" overlap. The specimen was subjected to a static tension load, and

failed at an ultimate average shear stress of 3900 psi. The failure bond area is 0.75" x

1 .0". Failure Surface A is shown in Figure 102 and has the standard resin-to-fiber

shear mode. Failure Surface B is shown in Figure 103, and although it is a mirror image

of Figure 102, close examination reveals this failure mode to be different than previously

investigated fracture surfaces. For this reason, two samples were removed for SEM in-

spection and these are shown in Figures 104 and 105.

Figure 104 was taken from near the center of the specimen and Figure 105 was taken

near the end of the specimen. Extensive shear fracture can be detected over the entire

photograph with the exception of a few areas that appear as a peel fracture mode. This

peel mode can be seen more clearly in Figure 106. This fracture compares closely with

the peel mode reported in the first fracture studies conducted under this program.

Figure 107 illustrates that the shear fracture is not confined to one interface at a given

location. This figure shows failure occurring between the resin and the 0° ply and the
450 ply in the some location. These same failures are shown in Figures 108 and M9.

Presence of some peel mode failure and multi-layer shear failure are believed to be

the reasons why this boron-to-boron specimen exhibited a lower strength, generally,

than the boron to metal specimens.
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Figure -104 IA113f23 Failure Surface "tA". 40X Magnification
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/ Figure 105 1A113D03 Failure Surface "B", 40X Magnification
(Reference Figure 103 Near Ed~ge)
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Figure 1U6 Eniargement of Figure 104
Lower Left Hand Corner 122X Magnification

AA%

Figure 107 Enlargement of Figure 104
Upper Center, 10OX Magnification
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3.4.6 Specimen IIAIIC03

This is a 3-inch wide Configuration A single splice lap joint compressive fatigue loaded

to a stress ratio of R 2 +10.0. Figure 110 is a 2X magnification overall view of the

fractured surface. No new failure modes are apparent in any of the 3-inch wide speci-

mens investigated. However, the increase in joint area allows for more fracture modes

within one specimen as illustrated in Figure 110. One factor noted in the wider joints

was the increased amount of crazed or granular resin over the entire fracture surface.
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.A'gure 110 Specimen 11A11C03 -overall View, 2X Magnification
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3.4.7 Specimen IIIA12AOI

This is a 10-inch wide Configuration A single splice lap joint loaded in tension-tension

fatigue to a stress ratio of R = +0. 1. As may be seen in Figure 111, three separate and

different fracture areas are apparent. It is assumed that the fracture initiated in one

area, propagated to the next, where the net section was reduced to a minimum, leading

to a catastrophic static failure on the next cycle of loading.

Examination of Failure Surface A indicated shear failure initiating in the adhesive at the

outer edges of the joint. Although difficult to demonstrate photographically, a definite

pattern appeared in the adhesive, under microscopic examination, indicative of combined

applied loads and transverse thermal stresses at the edge of the panel and resultant loads

peaking at the ends of the overlap.

In Figure 111, Surface B, Section /1, the failure mode was shear within the adhesive

along the plane in the scrim cloth. In Section #3 the failure mode was primarily shear

between the boron filaments and resin matrix with some shear between the resin matrix

and 104 carrier scrim.

In Section #2 the failure mode was shear between the boron filaments and resin matrix

and tensile failure of the boron filaments.

The square areas outlined in Figure 11, Surface B, were investigated by SEM photo-

micrographs. Figure 112 represents the -1 area and illustrates the failure modes

discussed under Section #1 above. Figure 113 represents the -2 area and illustrates

the failure modes discussed under Section #2 above.
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Figure 111 Specimen IIIA12A01 - Overall View, 1/3X Magnification
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I Figure 112 SEM Pbiotomicrograph of -1 Square in Figure 111 :

Surface B

Figure 113 SDI' photomicorgraph of -2 Square in Figure 111
Surface B
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3.5 CONFIGURATION B

Configuration B specimens are single scarf step joints having boron-epoxy adherends

bonded to titanium or aluminum. These are 3-step joints with each joint consisting of

1/2 or 3/8-inch steps. The specimens on which failure mode studies were conducted are

defined below:

Specimen Adherend Loading
Number Combinations H istory

IBII1Col Boron/Titanium Compression Fatigue, R = +10.0
1.50 Overlap Fs max 2500 psi

Fatigue Life = 315, 130 Cycles

1IB31A05 Boron/Titanium Fatigue, R = +0.1
1.125 Overlap F = 1400 psis max

Fatigue Life 939, 000 Cycles

2/
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3.5.1 Specimen IBLIJCO0

This is a one-inch wide Configuration B step-iap joint specimen, loaded in compression

to a stress ratio of R = +10.0. A 4X view of the failure surface is shown in Figure 114.

For step-lap joints, the failure modes are generally mixed; i.e., some bond failure,

some delamination, and some net section for the thinnest step in the boron. However,

when loaded in compression fatigue, the bondline is usually the weakest link, as

evidenced in the micrograph.
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3.5.2 Specimen !1B31A05

This is a three-inch wide Configuration B step'-lop joint specimen, loaded in tension-

tension fatigue at a stress ratio of R a +0.1. An overall view of the joint is shown in

FPgure 115. It will be seen in magnified view (6X) '.gure 116,that the joint failed in

the bond line on two steps and in net section tension in the third step.

As seen in Figure 115, when failure takes place in the bond line, much damage occurs

to the adhesive layer. Sections #1 and #2 noted on Figure 116 were examined further

on the SEM. As evidenced in Figure 117, the failure mode at the first step consists of

shear failure within the adhesive (along the plane of the scrim cloth) changing abruptly

to shear failure between the resin matrix and the outer ply of boron filaments. Figure

118, representing Section #2 of Figure 116, shows the shift in failure mode from shear

between the resin matrix and outer ply of boron filaments (in the first step) to shear

within the adhesive along the plane of the adhesive scrim cloth.
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Figure 115 Specimen IIB31A05 - Overall View - 2X Magnification
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Figure 117 SEM Photomiorograph of -1 Square in Figure 116
20X Magnification
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Figure 118 SEM Photomicrogm•'•" -2 Square in Figure 116

20X Magnification
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3.6 CONFIGURATION C STUDIES

Configuration C specimens are T-joint specimens consisting of a titanium "T" section

bonded to a boron-epoxy adherend. The T-section is bonded perpendiculai to the length

of the specimen in such a fashion that when the specimen is loaded axially, a transverse

load can be introduced to the bond area through tension applied to the upstanding leg

of the tee. The specimens on which failure mode studies were conducted are defined

below:

Specimen Adherend Loading
Number Combinations History

ICI 1 JA0 Boron/Titanium Fatigue, R z +0. 1
1.0 x 1.25 F 21,500 psi

t maxOverlap Side Load = 50 lbs

Fatigue Life - 86, 000 Cycles

ICI I |A02 Boron/Titanium Fatigue, R = +0. 1
1.0 x 1.25 Ft max " 30, 000 psi
Overlap Side Load = 60 lbs

Fatigue Life - 18, 000 Cycles

ICI 1 ID03 Boron/Titanium Static Tension, Axial Load = 47,500 psi
Side Load - 105 lbs at Failure
Deflection "0.190 in. at FailureJ4
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3.6.1 Specimen ICI 11A01

This is a Configuration C or T-joint specimen having a titanium tee bonded to a boron

adherend over a 1 .0 x 1.25 inch area. The specimen was subjected to an axial tension-

tension fatigue loading at a stress ratio of R = +0.1 and maximum tensile stress of

21,500 psi. In conjunction with this, a sustained side load of 50 lbs was introduced

through the bonded tee.

Figure 119 shows the general failure modes of this specimen which consist of a laminate-

to-tee disbond, and fracture of the laminate. Failure Surface B, Figure 120, magnification

4X, indicates that the bond failed primarily in shear at the glass carrier scrim/resin

interface in the surface ply of boron culminating in a static peel mode. It is apparent
that the effects of sick, loading and laminate ýjending have caused plies near the surface

to fail, thus propagating into total laminate failure.

A SEM specimen was removed from the area indicated on the specimen fracture surface

in Figure 120. Figure 121, a 20X SEM photomicrograph of a section of this area, shows

the change in surface topography where the fracture mode shifted from shear to peel.

A higher magnification (OOX) SEM photomicrograph of the fracture transition zone is
shown in Figure 122.
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Figure 119 Specimen ICillAO1 Overall View

Figure 120 Specimen IC111AO1 -Magnification 4XU Surface "D"
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Figure 121 SEM Photomicrograph of Area Outlined in Figure 120

-!A"1. 20X

Figure 122 SEM Photomicrograph of Area Outlined in Figure 121
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3.6.2 Specimen IC] I IA02

This specimen was loaded similar to ICI 1 IAO except that the maximum tensile stress

was 30, 000 psi with a side load of 60 lbs. An overall view of the joint, Figure 123,

shows that failure again initiated at the ends and propagated toward the center.

Microscopic inspection, Figure 124, revealed a tension shear fracture mode at the ends

but changing to a peel mods at final failure. A 20X SEM photomicrograph of a section

of this specimen is shown in Figure 125. A pronounced narrow band of peel, or flat-

wise tension fracture mode, is evident (arrow) with striations also being vis;U'le. The

striations initiated in the area where the failure mode changes from shear to peel.

Although apparent on only one side of the final fracture site, the striations were

observed microscopically on both sides of the final failure zone.

228

228



Figure 123 Specimen ICI11AO2 -overall View

Figure 124 Specimen IC111A02 -Magnification 
4X -Surface "B"
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Figure 125 SEM Photomicrograph of Section from Area
Designated by Square in 124
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3.6.3 Specimen ICI I ID03

This is a Configuration C specimen which was subjected to an axial load of 47,500 psi
and an increasing side load which reached 105 pounds, and incurred a deflactior. of
0.190 inches at failure. An overall view of the fracture surfaces is shown in Figure

126. Microscopic examination (Figure 127) indicates failure due to overload normal

to the bond line. Without the presence of cyclic axial loads, the initial failure at

the ends of the tee joint appear to be a tension or a tension/peel combination. This

fracture then rapidly changed into a shear plus tension mode.
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Figure 126 Specimen 10111D03 -Overall. View

1~~~~~ 
__________

Figure 127 Specimen IC111DU3 Surface "B" -Magnification 4X
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3.7 CONCLUSION OF FAILURE MODE STUDIES

Visual observation of specimens containing different design variables and subjected to

different loading conditions indicate that there are numerous failure modes associated

with boror -epoxy composite joints.

Based on failure mode studies conducted within the scope of this program, specific modes

of failure have been defined and related to load condition. These failure modes and

related loading conditions are as follows:

"o Shear fatigue failure in resin parallel to fiber regardless of stress level but

subjected to a stress ratio of R = -1 .0 as illustrated in Figure 128.

"o Shear failure in matrix parallel to fiber due to static tension on the joint or

tension-tension fatigue R -+0.1 as illustrated in Figure 129.

"o Shear failure in matrix parallel to fiber due to static compression or

compression-compression fatigue R v +10.0 as illustrated in Figures 130

and 131. Also, cohesive shear in the adhesive as illustrated in Section 2,

Figure 132.

" Spoiling of boron fibers in 450 plies resulting from a tension-tension fatigue

load applied at 00, as illustrated in Figure 133.

o Peel mode of failure in the matrix in static tension as illustrated in

Figure 134.

o Shear and flatwise tension or peel in a "T" joint as shown in Figure 135.

Striations appear in the transition zone between shear and the final fracture

mode.

233



'4AC 7 5 X

Figure 1?8 Shear Failure in Matrix Subjected to a
Stress Ratio of R =-1.0
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Figure 130 Shear Failure in Matrix Subject to
Compression-Coopression Fatigue,
R .+10.U
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Tc Static COmtpression
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Figure 13 Spalling of Boron Fibers in 45° Plies
Subjected to a Tension-Tension Fatigue
Load Applied at 00
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Figure 134 Peel Failure in Matrix Subjected to Static Tension
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1* Figure 135 Shear and Fiatwise Tension or Peel in a Tee Joint
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