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FOREWORD

This technical report describes the research conducted
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conducted the finite element calculations.

Acsession For

. inasmoun:ed

"NTIS  eRAAI
PTIC 148

Mt&t“‘!lﬂ_______{

1 by.
% '“, | Bistrivation/
munuuv Cotes

‘Avatl rod/er
Dist ] Special

i

—

iii




3

ot A

TR

Section

I

II

TABLE OF CONTENTS

INTRODUCTION

1.1
1.2
1.3

1.4

General Remarks
Report Structure
Program Objectives

Background

REVIEW OF STRUCTURAL ANALYSIS REQUIREMENTS

2.1
2.2
2.3

Introduction
Review of Philosophies in Bond Design

Adhesive Material Characterization

.3.1 Time-Dependent Response Properties of

FM-73M Adhesive

.3.2 Time-Dependent Fracture Characteristics

of FM-73M Adhesive

Definition of Loads/Environment

.4.1 Mechanical Loads
.4.2 Temperature Variations

.4.3 Moisture Variations

Stress Analysis Methods

.5.1 Introduction

.5.2 Stress Analysis

.5.3 Analytical (Closed Form) Methods
.5.4 Numerical Methods

.5.5 Environmental Effects

10

11

16

17
18
19
20
22
22
23
23
25

29




TABLE OF CONTENTS (Continued)

Section Page
2.5.6 Stress Intensity Factors 31

2.5.7 Selection of VISTA in Fracture Analysis 32

2.6 Fatigue Mechanisms and Damage Accumulation 35

2.7 Structural Iantegrity Evaluation (Strength) 40

ITI MODULE DEFINITION AND INTEGRATION 41
3.1 Module Logic Development 41

3.2 Module Evaluation and Selection 46

3.2.1 Loads and Environment (Module I) 46

3.2.2 Material Properties (Module II) 49

3.2.3 Stress Analysis (Module III) 52

3.2.4 Failure Mechanisms and Criteria (Module IV) 56

3.2.5 Structural Failure Analysis (Module V) 56
v DEMONSTRATION OF THE INTEGRATION METHOD 64
4.1 Introduction 64 |
4.2 Verification of the Integration Method 64
- 4.2.1 Introduction 64
: 4.2.2 CLS/SLJ Fatigue Testing 66
- 4.2.2.1 Test Results for SLJ Specimens 66
4.2.2.2 Test Results for SLJ Specimens 71
4.2.3 Stress Analysis 77
4.2.3.1 Validation of Finite Element Stress 77
Analysis

4,2.3.2 Stress Analysis of the Cracked Lap Shear 8o

vi




TABLE OF CONTENTS (Concluded)

Section

VI

4.2.3.3 Stress Analysis of the Structural
Lap Joint Specimen

4.2.3.4 Effect of Large Displacements
4.2.3.5 Effect of Adhesive Layer Thickness
4.2.4 Fracture Properties
4.2.5 Failure Criteria and Flaw Growth Modeling
4.2.5.1 Failure Criteria
4.2.5.2 Crack Growth Prediction

4.2.5.3 Verification of Crack Growth History
in SLJ Specimens

4.3 Demonstration of the Integration Method for the
PABST Test Article

4.4 Concluding Remarks
IDENTIFICATION OF EXPANDED REQUIREMENTS
CONCLUSIONS AND RECOMMENDATIONS
APPENDIXES

A. Stress Analysis Validation

B. Measurement of Crack Initiation and Crack
Growth in Cracked Lap Shear Specimens

C. Fatigue Testing of Bonded/Bolted Structural
Lap Joints

D. Locus of Failure in FM-73U Model Joint
E. Publications

REFERENCES

vii

87
87
88
91
91
97

99

104

105
108
112
117
118

133

138

144
149
151




Figure

10.
11.
12.

13.

14.
15.

16.

LIST OF ILLUSTRATIONS

Title
VG-11 Computer System
Modules and Flow Paths of Predictive Method
"Integrated Methodology for Adhesive Bonded

Joint Life Predictions"

W-P AFB AFWAL/MLBC Program on Service Life
Prediction for Adhesively Bonded Joints

Overall Integration of Methodology for Service
Life Prediction of Adhesively Bonded Joints

PABST Full-Scale Demonstration Component with
Bonded Circumferential Splice

Cracked Lap Shear (CLS) Test Geometry

Structural Single Lap Shear Joint (SLJ) Test
Geometry

Failed Thick Adherend SLJ Specimens with Measured
Crack Fronts

Failed Thick Adherend SLJ Specimens with Measured
Crack Fronts (Othexr Side)

SLJ Crack Gecmetry

Crack Growth History in SLJ, Specimen

1
Crack Growth History in SLJ, Specimen

Finite Element Model of Cracked Lap Shear Specimen
CLS
1

J,G Integral versus Crack Length for CLS1 Specimen

J,G Integral versus Crack Length for CLS, Specimen

2
Finite Element Model of Structural Lap Joint

viii

43

63

65

67

68

74

75

76
78
79
81

83
84
86




LIST OF ILLUSTRATIONS (Continued)

Figure Title Page
17. Variation of Stress Intensity Factors for Two 89

Adhesive Layer Thicknesses

18. J Integral versus Crack Length 90
for SLJ Specimen

19. da/dN versus AJ for CLS1 Specimen 92

20. da/dN versus AJ for CLS1 Specimen (Continued) 93

21. da/dN versus AJ for CLS2 Specimen 94

22. Crack Growth Prediction Scheme 98

23. Crack Length versus Number of Cycles for 100

Center Cracked FM-73M Adhesive

24, Actual and Predicted Crack Growth Histories 193
for SLJ Specimen

25. Influence of Load Level on the Lifetimes of 106
SLJ Specimens

26. Example of Effect of Temperature on Lifetime 107
of Bonded Joints

Al Two-Hologram (Single Illumination Beam) Holographic 120
Interferometry Configuration

A2 Double-Illumination (Single Hologram) Holographic 120
Interferometry Configuration

A3 Focused Image Holography/Speckle Interferometer 124
(Schematic)

A4 Focused Image Holography/Speckle Interferometer 125
j (Photograph)
y A5 Double-Strap Adhesively Bonded Joint with Glass 127
; Center Adherends
’ ix
o
] ‘




Figure

A6

A7

Bl

B2

Cl

c2

C3

D1

D2

LIST OF ILLUSTRATIONS (Concluded)

Title

Telecentric Lens System for Focused Image
Holography and Optical Filtering

Double Exposure Focused-Image Holograms of FM-73M
Adhesive of Bonded Joint with Glass Center Adherends

Monitoring Crack Growth in CLS Specimens Using
Ultrasonics

Acoustim Emission Measurement System
Fastener Hole Pattern #1 For Thick Adherend SLJ
Fastener Hole Pattern #2 For Thick Adherend SLJ

Failed Thick Adherend, Bonded/Bolted SLJ with
Measured Crack Fronts

Crack and Craze Loci in FM-73M Model Joint
Interlayer

Crack Growth Sequence in Model Joint with FM-73U
Adhesive

135

137
139
140

142

145

147




Table

10.

11.

12.

13.

14.

15.
le.
17.

18.

LIST OF TABLES

Title
Comparison of Selected Finite Element Programs
(IA) Loads/Environments, Contents

(IB) Loads/Environments, Inputs and OQutputs
(IIA) Materials Properties Contents (Response)
(IIA') Materials Properties Contents (Fracture)

(IIB) Material Properties and Interface, Inputs
and Outputs

(IITIA) Stress Analysis, Contents
(IIIB) Stress Analysis, Inputs and Outputs
(IVA) Failure Mechanisms and Criteria, Contents

(IVB) Failure Mechanisms and Criteria, Inputs
and Outputs

(TVC) Basic Problems for Defining the Fracture
Mechanics and Criteria Module

(VA) Structural Failure Analysis, Contents

(VB) Structural Failure Analysis, Inputs and
Outputs

Experimental Data Requirements of Integrated
Methodology

Test Conditions for CLS., and CLS2 Bonded Joints

1

Precracking Schedule for CLS., Bonded Joints

1

Precracking Schedule for CLS, Bonded Joints

2
Test Results for SLJ Bonded Joints

x1

50
51

53

54
55
57

58

59

60

61

62

69
69
70

70




—— T

.

Table
19,
20.
21.

22.

Cl

c2

LIST OF TABLES (Concluded)

Title .
Crack Growth Rates in CLSl Specimens
Crack Growth Rates in CLS2 Specimens
Crack Growth Laws for CLS Specimens

Comparison of Finite Element Analyses of SLJ
Specimen

Test Results for SLJ Bonded/Bolted Joints

Comparison of Cycles to Failure Data for
Bonded Only and Bonded/Bolted SLJ's

xii

95

102

141
143




I. INTRODUCTION

1.1 General Remarks

The use of polymeric adhesives to structurally join
metal and join or repair composite aircraft structural
components offers significant cost and weight savings.
Initial costs are reduced through design simplicity and
reduced part count as proven recently in at least two
advanced technology progranms (References 1 and 2).
Operational costs are potentially reduced through longer
service lives, and maintenance costs are reduced through
demonstrated damage tolerance and fatigque endurance far
superior to that of riveted Jjoints. Fuel savings result
from reduced weight. 1In an effort to properly evaluate the
cost savings through improved service 1life of the bonded
structures, and to be able to more accurately estimate the
total cost of ownership prior to commitment ¢to hardware,
several programs have been sequentially initiated. They are
highly productive of fundamental wunderstandings of bonded
joint fatigue endurance and damage tolerance. The backbone
program of one such series of closely coordinated progranms
conducted in concert is the "Integrated Methodology" progranm
described herein.

1.2 Report Structure

The program described in this report is rather wide
ranging and covers many different aspects. Its basic
interest is to summarize the methodology of failure
prediction of adhesively bonded joints for design as well as
repair purposes. Underlying these developments is the
strong belief that the integration of mechanics concepts
with those of surface chemistry or physics is a necessary
prerequisite to effective use of bonded joints in aircraft
construction,

The development of these methods draws on several
disciplines not normally addressed together in science
curricula and it is this interdisciplinary character of the
design effort that makes the presentation of this work
difficult and possibly appear disjointed. In order to
clarify the presentation, and €following some introductory
comments, We divide this report into severl parts, each one
being identified with a specific program task; these
(technical) tasks are:
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(II)  Review_ _of Structural Apalysis Reguirements, the
major five subtasks of which (viz., 2.3, 2.4, 2.5, 2.6
and 2.7 of the Table of Contents) developed into the
program modules of various disciplines discussed in the

task on

(I1I) Module  _Definition _and _Integration . Here we
discuss the analytical background in terms of methodical
application. The use of these test and computation
methods are then illustrated in the task outlined under

IV entitled

(Iv) Demonstration _of_ _the Integration_ Method.Here we
discuss the development of the necessary data for
evaluating the failure prediction for a test article as

a demonstration of the overall method. Finally,
we follow with a brief critical review of

(V) (Identification of) Expanded Reguirements.
We <conclude with a summary and recommendations for
further work.

1.3 Program Objectives

The intent of the "Integrated Methodology" program is to
identify the structural mechanics procedures necessary to
design durable adhesively bonded aircraft structural joints
and to integrate these procedures into a 1logical and
internally consistent method for predicting their service
life, The approach includes characterization of the
mechanical behavior of adhesives and calculation of
stress/strain distribution in bonded joints subjected to
loads/environaents typical of nmodern, high performance
aircraft in service; failure criteria are then determined
and compared to the duress levels. Changes of either the
duress or the failure criteria with service/load/
environment/time is quantitatively considered. The emphasis
is placed on developing analytical predictive capabilities.

One of the underlying features under consideration in
the Integrated Methodology program is the recognition of the
viscoelastic nature (time dependence) of the interlayer of
an adhesively bonded metal-to-metal joint. Epoxy resins are
polymers and as such exhibit viscoelasticity (time dependent
creep) vhich means that their mechanical properties can
change with ¢time, and also with temperature and amoisture
content. This viscoelasticity may or may not be a desirable
property in an engineering application depending on the

" situation, but nevertheless it must be addressed if only to




set a limit wunder which the adhesive can be employed as a
load transferring medium in a structural application. The
USAF's practice of restricting the use of an adhesive to
applications )elow its glass transition (temperature)
certainly lessens the structural problems associated with
the polymer's creep behavior, but it does not eliminate
them, especially in cases of long term applications (up to
20 years) and under moisture and high 1load conditions.
Moisture can lower the glass transition temperature of a
polymeric adhesive by as much as 40°F and high 1loads may
introduce nonlinearities in the w@aterial response and
fracture properties which also accelerate the creep
behavior.

In addition to this, noncrystallizable polymers, such as
epoxies, when cooled from the liquid state into the glassy
state become non-equilibrium materials. Changes in these
materials toward a more nearly equilibrium state is termed
physical aging and is manifested by spontaneous changes in
their thermodynamic properties (e.g., specific volume and
entropy) and hence, in their mechanical properties which can
be important considerations in technological applications.
Physical aging introduces changes in the free volume and
consequently corresponding response property changes below
Tq. The time-temperature shift procedures using the normal
Boltzmann superposition principle is strictly applicable
only to equilibrium material behavior (i.e., above Tg) and
to unaged material, and as such may not correctly describe
the behavior of the non-equilibrium state of the material
below Tg.

Other aging processes that can change polymer material
mechanical properties with time include chemical aging and
structural aging.

Chemical aging results from reactions as a function of
time of unreacted species in the material, including
continuation of cure reactions in the resin after the
autoclaving procedure during piece part formulation; fronm
new chemical reactions that can occur due ¢to thermal
oxidation and/or moisture interactions with the resin matrix
with time and temperature due to the introduction of oxygen
(from the air) and moisture from a variety of sources.

Structural aging or damage results from the growth of
cracks, microcracks, and/or crazes in the wmaterial with
mechanical fatigue cycling which will change the effective
stiffness and/or load carrying capacity of the structural
members under consideration.




; Again, exposition of the above phenomena occurring in
epoxy resins is not meant as an indictment of the use of
polymers in engineering applications. On the contrary, it
A is intended ¢to bring to the user's attention possible
g problem areas and to set the limits of use of viscoelastic
materials recognizing the aforementioned time, temperature,
moisture environmental effects which will change the
3 mechanical properties of interest in structural design

applications.

t 1.4 Background

Adhesive bonding offers msany advantages for aircraft
structural applications. These advantages are primarily
economic in nature, with initial fabrication costs being
reduced by design simplicity and reduced part count. Bonded
structures are also potentially more economical to maintain
than riveted structures since the continuous bond lines more
uniformly distrihute the skin stresses and are therefore
more fatigue resistant. Until only a few years ago, these
potential advantages wvere not fully realized due to
intermittent corrosion and delaaination probleas and
correspondingly 1low confidence 1levels on the part of the
desi-r~r.

In recent years, rapid and substantial improvements in
materials and processing and in bonded Jjoint structural
analysis have been made that contribute directly to improuved
reliability of bonded joints. Aluminum surface preparations
have been developed that - are durable in service
environments, and polymeric adhesive materials with improved
processability and durability have become available. These
improvements have facilitated the transition of adhesive
bonding into aircraft primary structural applications.
Advanced development efforts applying adhesives to primary
structures vere demonstrated in the PABST prograam (Air Force
Contract PF33615-75-C-3016). For the specific PABST
application, the static, fatigue and damage tolerance
(including effects of bondline defects) evaluation of the
bonded structure (i.e., the longeron to skin joints, the
circuaferential shear tee-to-skin joints, and the
longitudinal skin splices) vas accomplished through
extensive accelerated and 1long-term coupon and component
testing. In addition, from five to ten years of
sophisticated expensive testing is required in order to
fully gqualify the structure on a purely empirical basis.
And finally, while this approach addresses the adeguacy of
bonded Jjoints in an after-the-fact manner, the results do
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not provide for the prediction of joint life in either the
longer term or any significantly different service
condition. Thus, the empirical approach is presently, and
will continue to be, expensive. The time and expense cannot
be afforded in the course of an aircraft engineering
development progranm. The expanded use of adhesive bonding
in primary structure is therefore dependent on fully
developed analytical methods.

Translation of material-mechanical characteristics and
short-term, intensified fatigue endurance behavior to other
structural configurations, to other 1loads /environmental
conditions and to extended durations of service are
facilitated through the concepts of structural mechanics.
Recognizing this, the Air Force has funded programs
exploring adhesive bonded Jjoints as structural elements,
with their own internal stress distribution arising €from
component material properties, configuration, and applied
loadings. Instrumentation for measuring joint compliance
was developed under Contract F33615-76-C-5205 (Ref. 3).
Inquiries into the mechanisms of fatigue damage accumulation
were conducted in Contract P33615-75-C-5220 (Ref. 4).
Methods for dealing with the advancement of debonding and
fracture criteria for bonded joints were developed during
Contract P33615-75-C-5224 (Ref. 5) and are documented in
AFML-TR-77-163, Parts I and II.

These developments, in conjunction with the finite
element and closed-form stress analyses contributed by other
investigators, are rapidly advancing the state-of-the-art of
joint analysis. It nov appears feasible to integrate these
procedures into a logical and internally consistent method
for predicting the service 1life of bonded Jjoints. This
method would provide for improved capability for design, for
estimating appropriate inspection intervals, and for
estimating the maintenance portion of the bonded aircraft
structures in consideration of cost of ownership (life-cycle
costs) .




II. REVIEW OF STRUCTURAL ANALYSIS REQUIREMENTS

2.1 Introduction

A detailed review was conducted of existing analytical
and experimental structural mechanics procedures to
determine the type and accuracy of the methods required for
the rigorous structural analysis of bonded joints. This
review 1included consideration of the adhesive material
mechanical (response) properties in the environmental
conditions experienced in service needed to perform a stress
analysis, the numerical (finite element) or analytical
(closed form) stress analysis methods available, a study of
the adhesive material fatigue mechanisas and damage
accumulation and material failure (fracture) properties
required for a structural integrity evaluation or strength
analysis. Also included in the review was a definition of
the load/environment envelop experienced by modern high-
performance aircraft, in detail, on the sensitivity of the
adhesive material mechanical response and failure
characteristics to these environments.

Before discussing the results of this review, a survey
is made of the four main philosophies used in bond design.
This sets the stage for the approach used in subsequent
analyses used in this prograe.

2.2 Review of Philosophies in Bond Design

In this section we argue that a proper application of
Fracture Mechanics (not to be confused with the later
described Thickness-Averaged Fracture Mechanics) provides
the vehicle to organize and rationalize probleas of bond
performance; Fracture Mechanics provides thus also the
proper viewpoint for developing techniques that 1lead to a
better understanding and improved predictability of bond
performance.

Commercial development of bonding in the various
industries has developed essentially by trial and error.
That process is expensive if several different bonding
systems and applications are required. As a consequence, a
technologically - based wmethodology becomes desirable to
define and document the basic building blocks of such a
technology; in this fashion the understanding, interaction
and trade-offs betwveen contributing disciplines allow for a
more economical developsent process. The recognition of




this need has spavned several analytic concepts for bond
strength analysis. Here Wwe are concerned only with four of
these, which represent essentially different degrees of
sophistication in bond strength evaluation. We call these
analytic concepts,

1) P-over-A analysis

2) Sstrength of materials approach

3) Thickness-averaged fracture mechanics
4) Practure mechanics.

We acknowledge here that we start off the discussion of
bond strength analysis with the mechanics aspects of the
overall problems, rather than with the important problem of
the nature of the bond between adhesive and adherend. We do
this deliberately, for it is clear that most of the time a
bond serves the purpose of transmitting mechanical forces.
The safe design of a bond must, therefore, be concerned with
the details of how those forces are transmitted. In fact
the evaluation of the strength of an interfacial bond,
however carefully prepared or characterized in terms of
surface chemistry or physics, has ultimately meaning only in
terms of its ability to transeit loads. In fact, from a
viewpoint of applications, the quality of an interfacial
bond is defined in mechanical terms, and 1its numerical
evaluation and comparison with other bonds must be effected
through mechanical testing and the pertinent test analysis.

It is clear then that the degree of refinement in the
(test) analysis is a very fundamental consideration in the
characterization of the bond interface (interphase). To
expand on this point, it makes little sense to devote great
resources to a careful microscopic characterization of the
bond chemistry and not to match that care in the analysis of
hov mechanical forces are transmitted across it. ( The
proposition is similar to that for a hi-fi system in which
an excellent system woulad sound poor were it not
complemented by an excellent set of speakers.)

To be sure, a simplistic mechanics analysis is not
useless for evaluating the strength of different bond
forming systems. Such a simple approach allows the relative
comparison of bond forming systems and has thus been the
main vehicle for developments in surface chemistry and
surface preparation related to bond formation. The simplest
such approach is represented by the

P-over-A ___apalysis: this fora of bond strength
description derives from the joining of two pieces by an

adhesive (in lap or butt joint form) and froa subjecting




that arrangement to a transmitted 1load P: The 1load at
failure in relation to the bond area gives an average
(failure) stress as the measure of bond strength provided
the same geometry (adherend thickness in overlap in a lap
joint) and same adherend materials are alvays used.
Elementary examinations of this proposition as a valid bond
strength characterization show that the non-uniform aspects
of stress distribution play an important, or even dominant
role in joint strength. This observation prompted the more
detailed description of load transfer through a bonded joint
.which we wish to categorize for these present purposes as a

Strength _of _Materials _analysis: In this method one
treates the adhesive layer as experiencing strains averaged
over the bondline thickness, but allows for variations of
this average strain along the bond 1line, as well as for
elastic deformations of the (usually thin) adherends
parallel to the bond. Basically the analysis by Goland and
Reissner {Jef. 6) 1is of this type; a variant thereof,
allowing for "nonlinear" adhesive behavior, formed the basis
of the bonding design in the PABST program by Dr. L. John
Hart-Smith (Ref. 7).

This "“Primary Adhesively Bonded Structures Technology"
(PABST) program carried out at the McDonnell Douglas Company
(Long Beach, California) (Ref. 8) wvas devoted to examining
the manufacturing problems for 1large bonded structures
(fuselage) and to subject the latter to life-like fatigue
loading. On the whole, that program was successful in
demonstrating that a bonded structure could withstand life
simulating loads for a period in excess of four times the
anticipated 1life of the service hardware. Much has been
learned in terms of manufacturing bonds on a large structure
and our confidence in the capabilities of bonded structures
has increased significantly beyond the demonstrations by the
Fokker Aircraft Company's successful experience in this area
(Ref. 9). However, one cannot argue equivocally that our
understanding of how to design bonding systems has increased
to the point where bonding is a totally reliable Jjoining
method for future aircraft systeams.

After all, the strength-of-materials analysis underlying
most bond engineering assumes that the bond interface
remains intact and the polymer adhesive is the weak link in
the systems. The method is thus unable to inquire into the
stresses near or at the interfaces. An understanding of the
stress distributions then serves to better organize results
from interface studies. The study of the characteristics of
the interface playsan important role in our atteampt to
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advance the reliability of bond usage in <critical
applications.

We find the strength of materials method too limited a
tool on which to base a fundamental study of bond
performance. It also leads to conservative estimates.
Similarly, the approach which we call here

Thickness-Averaged __Fracture __Mechapics is beset by
similar kinds of shortcomings. Upon recognizing that
properly-made bonded structures fail (mostly) by propagation
of cracks through the bond line, one resorts in this method
to identifying the whole bond line as the weak link in the
bond systen. By arguing that the bond line is
("infinitesimally") thin compared to other dimensions of the
bond system, the strength determination is reduced to the
equivalent problem of a continuous body with a weak {bond
line) plane in which a crack propagates. The problem’ is
thus reduced to a standard fracture problem in which the
polymeric bond 1line 1is, hopefully, characterized by an
energy parameter. In fact, this energy parameter must be a
function of bond 1line thickness - which is often a

statistical variable - as well as a function of whether
fracture occurs near one adherend interface or through the
center of the bond. Neither is usually enforced

controllably. The neglect of the details of the fracture
process within the adhesive region is a major shortcoming of
Thickness—-Averaged Fracture Mechanics. fThere are a host of
phenomena that occur within the polymer layer at or near its
boundary with an adherend, which are important in the
process of bond failure. The question of why failure occurs
"at" or near the interface or through the middle of the bond
can never be answered by Thickness-Averaged Fracture
Mechanics.

We turn now to the analysis wmethod which has the
greatest (only) promise of complementing the developments
within surface chemistry and physics, viz.,

Practure_ _Mechanics: This discipline is concerned with
the growth or stability of cracks in solids or at
interfaces. In principle there 1is no restriction on the
shape and size of cracks, nor on the size of the structure
containing the crack, In principle this growth can be in
any direction with respect to an existing crack and is
determined by energy principles. Fracture Mechanics
presupposes that cracks exist and is concerned with their
growth. Under such a condition, the bond strength of an
interface can be characterized by an energy of adhesion,
measured in energy consumed per unit of disbond area. (For




the present we assume that rate effects or viscoelasticity
do not play a major role.) As vwe shall see in greater detail
later on, Practure Mechanics offers the unifying 1link
between mechanical 1loads on a bond, the geometry of the
bond, the material properties involved and the interface
conditions, and provides thus the tool for interrelating the
disciplines that contribute to the complexities of the
bonding problenms.

2.3 Adhesive Material Characterization

The 1local stress distribution developed in a bonded
joint will be greatly influenced by the material properties
which define the response and fracture deformation
characteristics of the joint. The physical and mechanical
properties of the adhesive interlayer of a bonded joint or
structure can be divided into two categories for the
convenience of the purposes of this program: these are the
"response" properties on the one hand, dealing with
deformational characteristics (up to material failure) and
the "fracture" or "failure properties® on the other hand,
dealing with fracture properties or crack growth.

Response properties, such as the creep compliance,
thermal coefficient of linear expansion and moisture
coefficient of absorption (and desorption), among others,
are measured over a wide temperature range, regardless of
vhat the end use environmental conditions may be. The
reason for this is the use of time-temperature egquivalence
(superposition) principles which are commonly employed in
viscoelastic stress analysis. For example, the creep
compliance at -65°F might be equivalent to the compliance
characteristics of the adhesive interlayer at room
temperature over a shorter time period. Similarly,
calculations of the effects occurring at room temperature
over a long period of time would employ the compliance
determined at an elevated temperature. Factors such as
temperature or moisture content, which affect the response
properties of a material, have also been found to affect the
fracture properties of the material (Refs. 10-16).,

The importance of obtaining the response and fracture
properties of FM-73M adhesive at periodic intervals and
various environmental conditions has been recognized and
acted upon throughout the course of the Integrated
Methodology and related prograas. The relevance and
applicability of this data base to this program is discussed
in Sections 2.3.1 and 2.3.2 which deal with the response and
fracture properties, respectively. The possibility of
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conducting additional time-dependent fracture properties is
discussed in Reference 17, although it is recognized that
this is not the main thrust of the current prograa.

2,3.1 Time-Dependent Response Properties of FPM-73M Adhesive

The two main material properties of the FM-73M adhesive
selected in the Fatigque Behavior program are the tensile
creep compliance, D(t), and Poisson's ratio, v(t). As
indicated by the "t" in parentheses after the appropriate
defining symbol, these are time (t)-derendent material
properties, in general. Measurements made in the Fatigue
Behavior program (Ref. 19) indicate that Poisson's ratio of
dry FM-73M adhesive displays no measureable time dependence,
at least over a period of 30 days (Ref. 18). However, the
tensile creep compliance, D(t), is a strong function of
time, especially around and above the glass trasition

tenmperature, gi, of the material (Ref. 19). The fact that Tg
n

is a consta over the stated time interval simplifies the
constitutive relation involving D(t) and v for the dry
(neat) material since this v-value can be treated as a
material constant and can be removed from under the
integration sign of the corresponding constitutive equation,
thus simplifying the material description, e.g., in the
stress analyses thereof.

Other important material properties for adhesives that
affect the stress state in a bonded joint include the
temperature coefficient of expansion, , for the dry and
vet adhesives, and the moisture coefficient of expansion
(for absorption) and contraction (for desorption), ap .,
thereof. These have also been measured under the Fatigue
Behavior program at General Dynamics (Ref. 19), of
particular significance is the fact that, not only are the
tvo curves different over the temperature range of
interest for the corresponding dry and wet adhesives, but
the dglass transition temperature, Ty, 1is 1lowered by
approximately 40°F for the wet material, and hence in the
resultant corresponding stress states (analysis) of the
bonded joint.

The commercially - available adhesive FM-73M is supplied
by the manufacturer in 8 to 10 mil thick tape containing a
matte carrier. Moreover, PN-73M is a rubber-modified epoxy
so that the material 1is, strictly speaking, neither
homogeneous nor isotropic. However because the carrier is a
random matte, it can be assumed specimens laminated from
these films to form adhesive test coupons are sufficiently
isotropic in the bondline specimen plane so that
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characterization techniques developed for isotropic solids
are sufficiently accurate. Results on the time dependence
(or independence) of the adhesive system are not markedly
violated by this assumption. Another consideration which
will affect the stress/strain distribution in the adhesive
interlayer is the scrim cloth per se, which in this case is
a matte Dacron. Its existence is recognized, and it may
participate in the failure process, but it will be ignored
as a separate phase, for the sake of simplicity.

The entire procedure for adhesively bonded joint design
analysis may be extended for purposes of service 1life
prediction if a valid means is made available for
accelerating the deterioration of the adhesive systen.
Since the adhesive 1is the most significant age-sensitive
component in the bonded structure and since catastrophic
failures occur due to cracks or debonds, it is particularly
appropriate that accelerated aging techniques be established
for each specific formulation, Relationships between
results of accelerated aging tests and results from actual
long-term tests are being established in the Basis for
Accelerated Testing program (Ref., 20).

Another important consideration with regard to the
response properties 1is their linearity. Two different
representations of nonlinear viscoelastic material behavior
are beinqg incorporated in the Viscoelastic Stress Analysis
(VISTA) finite element code which is being considered in Ref-
erence 21. The first representation is due to Knauss (Ref.
22) and is known as the intrinsically nonlinear viscoelastic
model of material behavior. The model, which has 1linear
viscoelastic behavior as a special case, accounts for the
effects of temperature, moisture and high stresses in a
unified, and therefore efficient manner. The nonlinear
behavior thus modeled arises from the molecular network
response (changes in free volume) in the absence of micro
damage and temporally precedes the appearance of damage-
induced nonlinear behavior. The second model of nonlinear
viscoelastic material behavior being considered by VISTA
has been proposed by Schapery (Ref. 23). The model is
derivable from thermodynamics principles and accounts for
nonlinear creep with a strong stress dependence. A single
integral, which is very similar to the Boltzmann form in
linear theory, arises as a result of assuming special foras
for Gibbs free energy and other thermodynamic concepts. The
applicability of the model to FM-73U was demonstrated in the
Residual Stress program (Ref, 24). Another study in this
area includes the work of Findley (Ref. 25).

12
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The time-dependent response properties that are required
& for input to VISTA are the shear and bulk relaxation moduli.
h These are expressed analytically in the form of a Prony
: Series representation as

' : u(t) =y + 2 uie-t/Ti (shear relaxation) @¢D)
: | i=1
. |
] | N -t/T, .
‘ and K(t) =K, + % Kie i (bulk relaxation) . (2)
J i=1
|

E For the 1intrinsically non-linear viscoelastic material
; description , the temperature~, moisture- and stress -time
; . shift factor, a, is expressed analytically as

. B [oAT + yc + 681
log a(T.C.8)=- 37303F, (£, + aaT+ 7C + 08] (3
and the reduced time t' governing the relaxation behavior is
given by
dt
' - ————————————
de a(T,C,9) ! (4)

where o is the theirmal coefficient of volume expansion,
Y is the moisture coefficient of volume expansion,

6 is the mechanical coefficient of volume expansion,

f is the free volume fraction,

f, is the free volume fraction at some reference,
condition, and

i
t
.’ ‘ B is a constant.

The stressestrain lav for viscoelastic, isotropic media

involves no more than two mechanical vproperty functions.

. The two mechanical property functions that vere measured in
- the Fatigue Behavior program were the tensile creep
compliance and Poisson's ratio. Shear creep compliance data
for FM-73U was obtained by Knauss (Ref. 26) and is Dbeing
obtained at the same laboratory for both FM-730 and FM-73M
under the auspices of the Viscoelastic Stress Analysis
program (Ref. 21}, As earlier indicated, the Poisson's
ratio vwas found to be constant over a period of 30 days at

13




room temperature but the creep compliances vere found to be
time dependent.

It will be necessary to convert the creep compliance and
Poisson ratio data to shear and bulk relaxation moduli
representations for input to VISTA. The constancy of
Poisson's ratio provides some simplification and means that
the shear and bulk relaxations have the same time dependence
as is shown in Equation (5) below :

563 - 38y consan.

Equation (5) also implies that, once the shear relaxation is
known, the bulk relaxation can be quickly calculated because
the Poisson's ratio is known. The shear relaxation can be
determined from either the tensile or shear compliance data.
However, the use of the shear compliance data is attractive
from two points of view. There are less steps involved in
the conversion to shear relaxation and the shear creep
corpliance data was obtained at very low stress levels,
whereas the tensile creep data could be complicated by the
fact that the tensile creep tests vwere conducted at
relatively high stress levels, The method of inverting the
shear relaxation from creep compliance data is now
discussed.

If the field equations and stress-strain laws of linear
viscoelasticity are subject to a Laplace transform in time,
then they have an identical form to those of 1linear
elasticity if the transform of the viscoelastic variables
are associated with the corresponding elastic variables and
if the quantities made up of the transform variable-
multiplied-transformed shear and bulk relaxation functions
are associated with the elastic shear and bulk moduli (i.e.,
su{s) and sK(s) replaces 1y and K). Thus any solution
governed by the elastic field equation is also a solution to
the Laplace-transformed viscgoelastic field equations with u
and1 K replaced by siji(s) and sK(s). The final solution to
the viscoelastic field eguations is then obtained by
inverting the transformed solution.

In linear elasticity the shear modulus u and the shear
compliance J are related by:

u=1/J. (6)
Thus in linear viscoelasticity we have
sfi(s) = ;3%;; ¢ N
14




where 1 (s) and J(s) are the Laplace transforms of the shear
relaxation,u(t), and shear creep compliance , J(t). Equation
(7) implies that, in the time domain, the shear relaxation
and creep compliance are related by

t

f u(t-1) J() dr = t. (8

-]

Equations (7) and (8) form the basis of schemes that are
used to determine relaxation moduli from creep compliances
and vice versa. Hopkins and Hammings (Ref. 27) proposed and
demonstrated a technique based on Equation (8) for the
inversion of relaxation data to creep compliance. Heymans
(Ref. 28) attempted to use the same technique to obtain the
relaxation modulus from creep compliance data and found the
method to be ill-conditioned. The problenms of ill-
conditioning were alleviated by taking very small time
steps.

In order to avoid the penalties involved in checking for
ill-conditioning and in refining the time steps, equation
{(7) has been chosen as the basis for inverting the creep
compliance data. The technique, which is curren*ly being
developed in the Viscoelastic Stress Analysis program (Ref.
21), consists of representing the creep compliance by a
Prony Series, substituting that representation in Equation
(7) and then using a standard numerical Laplace inversion
routine to obtain the shear relaxation,u (t).

That is, .f the creep compliance has the fornm

N
ey =3+ £ (-3, 9)
i=1
then equation (7) becomes
- 10
u(s) = (10
[/+£[1 (s+l/‘r)_J
and u(t) = L { 1)}, (11)
The bulk lodulus,K(tL is obtained using equation (5):
- 2 (1+v)
K(t) = 3 (1-2v) p(t) . (12)
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2.3.2 Time-Dependent Fracture Characteristics of FM-73M
Adhesive

The failure of adhesively bonded joints is generally due
to the growth of cracks. It is therefore appropriate to use
the concepts of Fracture Mechanics which can be used to
relate the rate of <crack growth in a material to the
geometry, load and environment to inherent gqualities of the
material. These qualities are referred to as the fracture
properties of the material. One such property is the
ability to resist final, catastrophic failure. It is
referred to as the fracture toughness of the material. It
is well recognized that, under conditions of fatigue
loading, <cracks can propagate in an uncatastrophic manner.
The property that is used to describe this crack growth rate
is da/dN, the crack growth occurring for a single cycle of
fatigque loading. The crack growth rate is not solely a
property of the material but is also dependent on the
loading, environment and geometry (which involves the «crack
length itself). The latter are accounted for through
fracture parameters such as, for the sake of discussion, the
stress intensity factor K. Crack growth rates are then
presented in the form of plots of da/dN vs. AK where AK is
the applied stress intensity factor range. Other fracture
parameters that are used in this representation are the
strain energy release rate and J-integral.

Fatigue crack growth occurring within the adhesive layer
is controlled by the fracture properties of the neat
material. In a bonded joint there must also be an
adhesives/adherend interface. Fatigue crack growth occurring
along the interface depends on the adherend, the surface
preparation and the properties of the adhesive itself. Thus
"interface" fracture properties may be thought to exist
which reflect the resistance to crack propagation along the
interface. Such interface cracks were shown to occur in the
Fatigue Behavior Program (Ref. 19). Thus interfacial
fracture properties may also be required.

In order to predict the life of a joint, comparison must
be made of the impact of the loading with the resistance to
crack growth or fracture properties. Since the response
properties of FM-73M were found to be time dependent, it is
to be expected that the fracture properties will also be
time dependent. For a life prediction to be made with any
generality, fracture properties must be determined for the
range of times, temperatures and moisture contents that are
consistent vith those conditions typical of the service life
of the joint (e.g., a Jjoint within a modern tranmsport
aircraft). 1In connection with time-dependence, it should be
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noted here that crack growth rates must also be measured at
different frequencies, including very low frequencies, to
allow for the occurrence of time-dependent crack growth at
peak load. Brinson et al. (Ref. 29) have also considered
the effects of environment and related these to changes in
moduli and strengths and creep rupture changes in
composites.

The selection of a fracture parameter that is
descriptive of the material properties must be linked to the
fracture paramet=2r that is calculated from a stress analysis

in order to assess the severity of a condition being

analyzed. For linear elasticity, this task is relatively
simple because of easily established relationships betwvween
the parameters. Such relationships are not as easily
determined in less specialized cases, such as nonlinear
viscoelasticity.

Calculations of fracture parameters, for use 1in
determining fracture properties or the impact of a
particular service condition, are routinely made using
finite element stress analysis codes. Stress 1intensity
factors are calculated from the crack flank displacements,
strain energy release rates from the change in energy due to
an extension of the «crack and J-inteqgrals from contour
integrations of the stress and displacement fields
surrounding the crack. The finite element code VISTA, to be
used in this program, will include a representation, due to
Schapery, for the J-integral which accounts for the
nonlinear viscoelastic conditions (Ref. 30).

Fracture Properties for FM-73M have already been
determined in a number of programs (Refs. 19, 31, and 32)
under various configurations of loading, temperature and
moisture. This data base is currently being confirmed and
extended under the Time-Dependent Fracture Properties
program (Ref. 33).

2.4 Definition of Loads/Environment

Loads/Environments contribute to stress in bonded joints
and are vital for determining the life of a structure. For
an adhesively bonded Jjoint, it is necessary to define
mechanical structural (loading) forces, thermal, hydral
(moisture), and cure shrinkage effects. The effects will
generally vary with time; that is, the 1loads may be
monotonic or «cyclic with ¢time, and in general will be
"statistical" in application as in an actual aircraft flight
mission. Any mwmeaningful definition of loads must consider

17
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the sensitivity of the adhesive material mechanical response
and failure characteristics to the varying environmental
conditions,

2.4.1 Mechanical Loads

The complete description of any load to be used in a
viscoelastic analysis requires information about the
magnitude, duration, and sequence of the load. The
importance of these parameters can be seen when one
considers that even under relatively small loads, a crack in
a viscoelastic material could grow to failure as a result of
the large strains created by creep of the adhesive.

Loads typical of aircraft have a very broad range of
frequencies. The low frequency would correspond to simple
maneuvers such as those required by navigation. The high
frequency would involve effects, such as windshear,
turbulence, or landings where the dynamic response of the
plane becomes important. The importance of frequency on the
response of a viscoelastic material is very dependent on the
temperature and moisture concentration of the adhesive. The
adhesive behaves nearly elastically under high frequency
loads when dry and cold. At the other extremes, when the
adhesive 1is hot and wet, low frequency loads could cause
large amounts of creep.

Frequency of 1loading is a very important factor in an
analysis since some tradeoff must be made between this and
the total time period of the analysis. If one wishes to
consider the effects of high frequency loads (turbulence, as
an example), on the response of the joint, then he must be
willing to reduce the total time period examined so that the
analysis 1is performed at a reasonable cost. On the other
hand, if one is satisfied with 1looking only at very 1low
frequency loads, 1i.e., on the order of hours, it is then
possible to consider response of the joint for several
years.

As an example, consider the mechanical loads ianvolved in
the flight of a modern transport aircraft (See, for example,
the PABST Full Scale Test report, Ref. 34). If one ignores
frequencies greater than about 1 hertz, the joint would see
fairly uniform 1loads for its whole 1life. The primary
changes would result from cargo loading and unloading,
refueling, takeoff, and simple navigational maneuvers that
might double the load. This type of analysis where the load
is considered to vary only occasionally could be analyzed
for time spans of a year or more. Admittedly, one cannot
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ignore the effects of high frequencies and suddenly applied
loads on joint life. However, even with an efficient finite
element program, the computational power is not currently
widely available to analyze the whole range of load
frequencies involved in aircraft for typical aircraft life
spans. Thus, one must accept, for the time being, the
tradeoffs required between load frequency and analysis time
span or develop a summary method for calculating damage
accumulation through crack growth.

Mechanical 1loads at frequencies of 0.1, 1.0, and 10.0
cycles per second, and constant loads should be considered.
These frequencies span the range of cyclic loads typical of
modern transport aircraft. Time spans to be analyzed will
correspond to roughly 10 to 20 cycles based on 10 to 15
increments per cycle. Thus, the largest time span will
occur for the 1lowest frequency. The time span considered
for the constant load is expected to be 10 to 20 years.
This can be accomplished due to the logarithmic nature of
creep. Por example, by taking 10 increments of 1 second,
then 10 incremgnts of 10 seconds, etc., until we reach
increments of 10° seconds, a time span of 20 years can be
covered in 1less than 100 increments. This, of course,
assumes that the material representation is accurate to 20
years at the given temperature,

Mechanical 1loads for a simplified mission would have to
remain fairly constant, perhaps two or three changes per
flight, in order to span a reasonable time period. This may
not be a severe penalty since a joint in a transport would
in fact spend a large portion of its life at a fairly
constant load level.

2,4.2 Temperature Variations

Temperature has a significant influence on the creep of
an adhesive. As temperature increases, the adhesive creeps
more rapidly. Temperature variations, 1like mechanical
loads, are cyclical in nature. Diurnal cycles, as well as
cycles associated with missions should be considered. The
temperature of the adhesive in a Jjoint depends on its
location. It will seldom equal the ambient temperature
particularly when on the ground in direct sunlight, This
radiation heating can be ainimized by using a light color,
preferably white, for exposed metallic or composite surfaces.
However, other effects such as hot air from a jet engine or
heat convection from a hot runway could cause the adhesive
to become unacceptably hot.
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In addition to the effect of temperature on creep of the
adhesive, one must also include the strains created by
expansion or contraction of the adhesive. This in itself
could be sufficient to cause bond failure. One simple
elastic finite element study (Ref. 19) indicates that the
stresses created in a joint by expansion could approach the
strength of the adhesive.

A third important factor to consider is shrinkage
created by cure and cool down from cure to room temperature.
Weitsman (Ref. 38) deals with the cool down problem by
determining the optional temperature path to minimize
residual stresses. Here too, bond failure 1is the
possibility to be designed against if the cooldown proceeds
too rapidly.

Temperature variations can be defined as an assembly of
typical daily variations and seasonal variations and then
combined into the desired time span similar to mechanical
loads. In constructing the daily variations, one would have
to consider the two extremes of service; hot/wet and
cold/dry. An airplane could face these extremes daily or
monthly or Yyearly. This would have to be accounted for
since the hesating/cooling can have a pronounced effect on
life of the joint.

Temperatures of -65°F, RT, and 140°F are the primary
temperatures for analysis in this prograns. The high
temperature represents a practical limit for dry FM-73 as it
is desirable to restrict the maximum temperature to below
the glass transition temperature which is 140°F for the dry
condition. PFor the wet condition, the practical liait is
1209F. The low temperature (-65°F) represents a reasonable
minimum that a transport would see during its lifetime.

The temperature profile for a typical aission will
consider the diurnal change in temperature plus the flight
temperature. Thus, one includes in the profile a step
increase in temperatue in the morning and a step decrease in
late afternoon, On flight days, a temperature increase or
decrease would have to be considered upon takeoff depending
on the 1location of the Jjoint. This temperature change
arises from cooling that could take place at cruising
altitude or heating that could occur due to heat generated
by a jet engine.
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2.4.3 Moisture Variations

Moisture affects the adhesive throuqgh plasticization
(i.e., lovering of the glass transition temperature, Tg) and
the swelling created by moisture ingression. A number of
papers in the literature discuss the stresses created by the
absorption/desorption of moisture by the adhesive layer.
Weitsman has investigated the effects of moisture diffusion
with both an elastic adhesive (Ref. 39) and a viscoelastic
adhesive (Ref. 40) using a variational formsulation. The
results show that for exposure to steady ambient humidity,
the viscoelastic stresses are smaller than their elastic
counterparts. However, under functuating ambient humidity,
the viscoelastic response caused stress reversals and thus
possible failure modes that were not predicted by elasticity
theory.

Jen (Ref. 41) wusing an approach similar to Weitsman
analyzed a symmetric double lap joint. His results indicate
that the most detrimental stresses arise during moisture
desorption.

These analyses indicate that the most severe effects of
moisture are created when distribution in the adhesive
fluctuates, The rate at which moisture diffuses into the
joint depends on the ambient humidity (and the adhesive
diffusivity). Although a thin portion of the adhesive layer
near an exposed surface reacts fairly rapidly to changes in
humidity, the inner portion of a joint could take years to
saturate. Thus, one is faced with a frequency problem
similar to that encountered with mechanical loads. One can
consider monthly or quarterly changes in the adhesive wvhere
a significant portion of the overlap experiences moisture
absorption/desorption and evaluate its effect over a 1long
period of time. Alternately, daily humidity changes could
be considered where only a thin portion of adhesive is
affected by moisture absorption/desorption. It is not
difficult to see how this could cause a detrimental effect
if the alternate swelling/shrinking caused sufficiently
large stresses.

Moisture levels in the adhesive layer to be analyzed are
dry, 50% saturated, and saturated. Transient moisture
conditions will also be examined based on Fickian diffusion.
These moisture levels cover the range of possibilities.

For a nission profile, the moisture concentration will
be determined by the changes in ambient humidity. This
would in turn depend on the location where the airplane is
stationed. It is expected that the nost severe effects
would result from a profile that stationed the plane in an
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area of very high humidity for several months and then
stationed the plane in an area of very lowv humidity. This
vould produce significant moisture absorption/desorption in
the adhesive layer if the time span is long enough.

2.5 Stress Analysis Methods

2.5.1 Introduction

Stress analysis is an important module of an integrated
methodology for bonded joint life predictions. It relates
the time-dependent response properties of the adhesive, such
as the creep compliance, D(t), to the corresponding time-
varying sStress-strain distribution at any point in the
adhesive interlayer, and shows how this distribution is
modified as a result of volume changes resulting from
temperature changes, from moisture absorption and desorption
effects and from cure shrinkage effects. The accuracy and
degree of "fineness" to which this time-varying stress-
strain distribution camn be calculated at any point in the
volume of the interlayer is only a function of the resources
at hand.

It has been established in the Fatigue Behavior progranm
that great resources need not be expended on computing the
distribution in bonded joints to arbitrary refinement. Some
experimentation with gridding has been performed and an
understanding has been achieved of how fine grids need to be
made for various purposes.

It vas clear from the beginning of that earlier work, as
wvell as it is now, that the greatest uncertainty exists in
connection with the singularities arising from corners. No
amount of refinement that is economically tractable will
provide sufficient detail to resolve the character of the
singularity. What needs to be established yet is how much
such singularities need to be resolved. This question is to
be answered in two possible ways: One way would simply use
more or less existing finite element codes and accept the
highest stresses computed by standard elements available in
the vicinity of the singularity points. The alternate vay
vould be to use computer codes which have built into thes
singularity elements which capture at 1least the proper
strength of the singularity. The only reason that this may
have to be done is that the singularity may be relatable to
the initiation of failure in a bonded joint. Such a failure
criterion might be constructed in parallel to a standard
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fracture mwmechanics principle which is concerned with
comparing enerqgy states of pre- and post-fracture
situvations. It appears clear to us now that vhen probleas
of this nature need to be dealt with, it becomes essential
to employ a finite element code which encompasses special
elements that can represent the corner singularities
adequately.

In the following sections, We review stress analysis
procedures that have been brought to bear on bonding
problems in the past. It will become clear in this
development that the earlier methods consisting essentially
of energy approximations and similar closed - foram exact
solutions are inadequate to deal with the present complex
design methodology. A necessary tool for the integrated
nethodology program is a suitably - designed finite element
code. The minimum requirements of such a code are: a)
Unlimited geometry adaptation. This capability is combined
in virtually every user-oriented code today. b) Arbitrary
material description. The list includes not only linearly
elastic behavior; and possibly nonlinear material behavior
of the elastic-plastic type. c) The code must contain or be
adaptable to incorporate special elements admitting crack
geometries and corner geometries that accurately reproduce
stress intensity factors and/or sinqularity behavior in
corners.

2.5.2 Stress Analysis

A detailed stress analysis of the adhesive interlayer is
essential to the understanding and prediction of the
response of an adhesively-bonded aircraft structural joint.
This analysis must account for the detailed changes in the
stress distribution in the adhesive interlayer arising from
the effective volume changes induced in the adhesive
material from various environmental effects which include
temperature, moisture absorption and desorption, cure
shrinkage and other phenomena, that will be seen in
practical applications. An important set of parameters for
the prediction of Jjoint failure are crack tip stress
intensity factor and energy release rates or J-integrals
wvhich must be supplied by the stress analysis.

2.5.3 Analytical (Closed Form) Methods

A review of the analytical or closed form stress
analysis methods wused to calculate the stress/strain
distributions in bonded joints should include the following:

23

g




e e e ¢ e e s - —— e e o

1) Exact expansions, 2) Approximations, and 3) Energy
methods. In these discussions is a listing of reference
papers dealing with the present subject matter amplified by
a listing of the abstracts usually provided by the author
{(Refs. 42 to 52). While this listing and synoptic treatment
of these references should give a fairly comprehensive
overview of the field of analytical methods of stress
analysis, ve choose to mention here a few salient treatments
that are crucial in any development of a stress analysis
that is geared to the failure of bonded joints.

In 1952, Williams (Ref. 42) established the singularity
treatment for discontinuous line defects in materials. He
subsequently also dealt with a line discontinuity between
tvo materials and pointed out the unnatural occurring state
of deformation and stress 1in the vicinity of that point.
This problem has been further studied by England. The
satisfactory nature of that stress field results in a
wrinkling of the supposedly stress-free flanks of the
discontinuity in the vicinity of the termination point. The
wrinkling is such that material would have to
interpenetrate, a situation which is physically iampossible.
This means of eliminating or explaining this oscillatory
singular behavior has been offered. It seems to have been
pointed out first by Sternberg and Knowles that this is a
direct consequence of the linearization of the problem and
that it does not occur when large deformations are admitted.
However, within the framework of linearly elastic analysis,
Comninou, Dundurs, Achenback, Keer, Khetan, and Chen have
developed failure models which allow for zones of bounded
cohesive and shear stresses near the termination point of
the discontinuity. Under those conditions, the oscillatory
abnormal behavior can also be eliminated.

Bond terminations form re-entrant corners. It is often
the case that cracks begin to propagate from such a re-
entrant corner, This is a probleam to which Westmann has
paid special attention. The important point to be made in
this context is that even when no crack is present in a re-
entrant corner, the stresses are high., If a small crack is
nov introduced, it Dbecomes embedded in an already high
tensile field. The conseguence of this superimposition or
combination of stress fields is that a surprisingly high
stress intensity factor occurs even though the crack itself
may be very small. This has severe significance in the
initiation of bond failure fronm improperly formed
terminations. In a wmore approximate vein, Goland and
Reissner analyzed the distribution of stress in a single 1lap
joint, they determined the stresses for both a relatively
stiff bond layer in which the adhesive layer is ignored per
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se, and for a soft layer that includes the nroperties of the
adhesive,. It was assumed that the Jjoint acted as a
cylindrically bent plate of variable cross section. Their
results gave good estimates of the peaking which occurs in
the adhesive shear and peel stresses,

Energy methods, such as the application of potential or
complementary energy theory, are applicable to the problenm
of bond fracture, since in many instances fracture criteria
are based on energy criteria. Although the detailed
distributions of stresses 1in the bonded Jjoint are not
reproduced with the energy only forced to a relative
minimum, it may be that the energy release rate or other
such quantities are quite accurate.

Sometimes the approximations are not made in a
mathematical sense but rather through geometric means. Thus
Knauss (Ref. 51) has, for example, dealt with a layer
structure in which a central crack is embedded, the length
of which is 1large compared to the thickness of the layer
which does simulate a flawed bond line. Erdogan (Ref. 89 )
has considered problems of a similar nature except that the
cracks of arbitrary length were located parallel to the
boundary of the interlayer except at different distances
from one of the two interfaces. Although these types of
analyses would also 1lend themselves readily to parallel
investigation for the elastic or other stress experimental
methods, such experimental methods have not been done.
These types of problems would seem natural condidates for
investigation by the more recently developed method of
caustics related to crack tip stresses.

2.5.4 Numerical Methods

In contrast to the analytical (closed form) approaches,
there are available nurmberical methods of analysis: Finite
difference codes such as PISCES solve the fundamental
partial differential equations of continuum mechanics
expressed in the explicit finite difference form. This
allows the analysis of static and dynamic problems to
calculate in great generality nonlinear, large-amplitude
responses of structures, £fluid bodies, and solid =media.
However, because of this generality, the cost of running
such models is often staggering. In recent times, the
finite difference approach has virtually been abandoned in
favor of finite element methods. Some computs - codes such
as STAGS use a combination of finite element and finite
difference methods for solutions.
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The finite element wmethod is an idealization which
represents a continuous physical structure by a mathematical
model made up of discrete elements whose element properties
are known from the theory of elasticity. There are a vast
number of computer codes in existence which use finite
element principles, Many of these are special purpose
programs with small element libraries and a limited problem-
solving capability. Although these types of programs can be
very useful and economical for solving certain problens,
much more sophisticated methods are available. It is
necessary then to concentrate on numerical codes which allow
diversification and detailing of the special probless
encountered in determining the stress distribution in a
bonded joint. There are several such codes available, among
which MARC, VISCEL, ANSYS, TEXGAP, and NONSAP are possible
choices. Table 1 contains a comparison of some of the
more important program features. All of the programs listed
have common capabilities in material properties, mechanical
loadings, and 1linear elastic analyses. In addition, each
has one or more areas of specialization.

TEXGAP is wuseful in evaluating the stress intensity
factor for Mode I and II, viz., K and’  Kjy, respectively,
for fracture analysis. It contains a two-dimensional crack
tip element for analyzing plane of axisymmetric bodies. The
most recent TEXGAP version, at least the one available at
the University of Texas at Austin, is also able to deal with
an interface crack which calls for both Mode I and Mode II
deformations.

VISCEL incorporates a linear viscoelastic anlaysis, and
as such allows a detailed time-dependent material
characterization to be specified. VISCEL does not, however,
provide any capability related to crack problems per se.

Nonlinear capabilities are found in MARC, ANSYS, and
NONSAP. All three programs allow geometric nonlinearities
(large deformations) and elastic-plastic material
definitions, but NONSAP is more restrictive in applied
loading and has no capability for heat transfer analysis.
MARC and ANSYS are very similar in capabilities, but differ
in at least two areas: crack tip elements and linear
viscoelastic analyses. ANSYS has no linear viscoelastic
potential. ANSYS has, however, a crack tip element, but it
is strictly a 3-D solid element. Although MARC has no
special crack element, it does have features that can be
extremely valuable in fracture analysis. By positioning the
mid-side nodes of the liqfar strain quadrilateral elements
at the quarter point, an r°3% strain variation, as found at
the tip of a crack, can be modeled. This can be very useful
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in properly analyzing the stress-strain state in the
vicinity of a crack. The MARC program also allows the
evaluation of the J-integral. For linear elastic analysis,
this 1is identically equal to the strain energy relase rate,
G. A Prony series version of MARC is also available (Ref. 53).

General Dynamics has successfully used the MARC finite
element program to analyze the model joint in the Fatique
Behavior Progranm. MARC was selected because it offers the
greatest overall flexibility in application to adhesively
bonded Jjoints. The linear viscoelastic capability for the
standard linear solid has been checked out and used in an
analysis of the joint subjected to one sinusoidal cycle of
loading and unloading.

The MARC program contains several other features that
can be applied to the analysis of a bonded joint. Because
bonded Jjoints can undergo relatively 1large dormations,
including rotations which can affect the stress distribution
significantly, the large-deflection analysis will be needed.
Since the program can solve the basic thermal expansion
problem, it <can also be used to calculate the stress
introduction due to moisture diffusion. In addition, the
stress ahalysis procedure 1is coupled with a diffusion
problem solver that can be used to evaluate the moisture
problen.

General Dynamics has obtained a wide range of experience
in applying the MARC finite element program to the analysis
of the model joint studies in the Fatigue Behavior progranm
over a period of three years. The results of a simple
elastic analysis were found to successfully predict the
displacement measured at the saw cut, as shown in Reference
19. A viscoelastic model has also been prevared and used to
calculate the stress distribution in the adhesive layer
through one sinusoidal c¢ycle of 1loading and unloading.
Because of our past experience with ¢the MIRC code and
because of its recent aaplification in the viscoelastic
domain, we shall choose to continue with that code until a
more efficient code becomes available.

One of the major problems involved in the use of finite
element procedures is the selection of a model which is both
economical and provides the necessary degree of solution
accuracy. In analyzing a bonded Jjoint that consists of
tkhick adherends and a very thin adhesive layer, it is very
difficult to obtain a well-constructed grid without creating
elements having very large aspect ratios. Depending on the
degree of refinement, we find it advantageous to perform the
analysis in two stages. With the first set of boundary
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conditions that can then be applied to a second model of the
particular region of interest, Since it is then not
necessary to model the entire structure, a high degree of
refinement can be made in a much smaller domain. This
technique coupled with the wuse of higher-order finite
elements provides very accurate stress distributions.

Applying the finite element method forces the user to
deal with the tedious task of preparing the necessary input
data for the analysis. If many models are to be created or
if the models are very large, this can require a substantial
amount of tinme. About 60% of the cost involved in
completing a finite element analysis 1is tied up in the
definition and verification of the model. Recently, General
Dynamics' Fort Worth Division improved the efficiency of the
modeling process by installing the GIFTS 4 model generation
and static solution procedure on the VG-11 system (Fig.1l ).

The GIFTS (Graphics-Oriented Interaction Finite Element
System for Time Sharing) System was developed by Dr. H. G.
Kamel at the University of Arizona. It is an integrated
system of programs that generates, solves, and interprets
finite element structural analyses. BEach individual
specialized program contributes to the model UDB (Unified
Data Base). The UDB contains nodal definitions, element
connectivities, material properties, and boundary conditions
for the pre-processing task of model verification, and
element stresses and nodal displacements for plotting stress
contours and deflected shapes 1in post-processing. By
generating and preparing models with GIFTS on the VG-11
system, input errors can be virtually eliminated. All model
generation, plotting, editing, and even the solution of
small problems is performmed off line from the host computer
with no charge for computer time, It is then a simple
matter to access the data base and write a magnetic tape
with the information extracted and formatted for the
appropriate program input. The tape is then loaded into the
host computer for analysis by the desired finite element
program.

2.5.5 Environmental Effects

Problems dealing with transient stresses induced by the
environment have been dealt with by several investigators.
Amongst these, Weitsman's work is to be mentioned. This
vork is of an approximate nature in a closed form solution
wvhich provides a wuseful background problem against which
numerical codes can be evaluated. A program recently
completed at Texas A & M University (Ref. 24) dealt with a
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continuation of several programs. In general applications
closed form solutions tend to be too time consuming and
cumbersome although they are certainly of greater parametric
value when they have been obtained. For this reason, we
deal with environmental problems also in terms of finite
element computer codes. A recent problem along this line
has been resolved in our laboratory in connection with the
Fatique Behavior program. The problem posed was simply that
of determining the stresses induced in a bonded joint after
the joint had been submergqed into an environment of
different humidity. A MARC elastic analysis was used and a
coarse grid finite model was developed for the bonded joint.
The bonded joint was held analytically at 60°C while it was
submerged in an atmosphere of 100% relative humidity.
Moisture distributions for times of 3 days, 7, 29, 100, and
350 days were determined using Fickean diffusion theory and
the stress distributions corresponding to those times were
then determined. The computer analysis showed clearly how
the maximum tensile stress in the bond area depends on the
time as a result of the water diffusion process. The
tensile stresses appear to achieve a maximum value somewhere
around 30 days. By attaining 350 days exposure, the
transient stresses had decayed again to nearly 0 value.

2.5.6 Stress Intensity Factors

To date, most of the information written on fracture
mechanics is associated with linearly -elastic materials,
although some work has also been done with plastic
deformations. 1In both rases, time independence is virtually
essential. Although adhesives possess time-dependent
properties,, under many circumstances they appear as if they
were relatively rigid. It takes special conditions, namely
long time, high temperature, or high moisture to bring out
the more strongly viscoelastic properties. Since these
conditions are involved in any practical structure, these
phenomena must be considered.

To evaluate the crack growth properties of a specimen or
joint subjected to a cyclic load, it will be necessary to
make use of a quasi-elastic or viscoelastic stress intensity
factor, or if the environmental conditions permit, an
elastic energy release rate or stress intensity factor. As
has been mentioned, the MARC program does not have a crack
tip element per se for evaluating stress intensity factors.
There are, hovever, other program capabilities that can be
brought to bear on this problem. The fundamental problem in
the analysis of the crack tip domain is the singularity in
the strain field at the crack tip. For an elastic analysis,
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the singularity is of the order of f* , Where r measures the
! distance outward from the crack tip. The second-order
Y linear strain isoparametric elements available in the MARC
: program can reproduce this type of singularity when the side
I nodes are placed at the 1/4-points instead of at the mid-
sides. However, these elements have bounded stiffness only
as triangles. A second feature of importance is the J-
integral. The MARC program is set up to evaluate this
quantity. It outputs a strain energy difference for a
particular differential crack advance. This must then be
normalized by the crack opening area to obtain the
appropriate value of J. For linear elastic analysis, the J-
integral is identical to the strain energy release rate, G.
This can be related to the Mode I stress intensity factor,
K1, by the elastic relation:

X
KI = [—IE%—;Z—] (Plane Strain) s (13)

where E is Young's modulus, and v is Poisson's ratio of the
adhesive.

The strain energy release rate is not a defined quantity
in wiscoelastic terms, although the K-integral 1is. The
viscoelastic stress intensities will, therefore, have to be
evaluated by use of an extrapolation technique to determine
the «crack tip stress/strain. Knowing this, the stress
intensity factors can then be obtained through use of
closed-form analytical methods.

2.5.7 sSelection of VISTA in Fracture Analysis

Compared, say, to elastic structural analysis or to
elastic-plastic analysis, the area of viscoelastic analysis
has received very 1little attention from the developers of
finite element programs. The reasons for this situation are
economic - the industrial need to analyze polymeric
materials is miniscule in comparison with the need to
analyze metal structures,

The large "general purpose" finite element codes, such
as MARC, ABAQUS, ANSYS, ADINA and NASTRAN treat true
viscoelasticity as an afterthought, if at all. These codes,
intended primarily for the market of metal structures in
elastic analysis, all contain capabilities for treating high
temperature creep in conjunction with plasticity, but the
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constitutive relations are not appropriate for the behavior
of polymeric materials.

The second implication of the nature of general purpose
codes is that they tend to be unwieldy both from the point
of view of modification and use. These codes handle much
larger amounts of data and numbers of operations than are
required by a special application. The time and cost of
modification and use of these codes rule thems out as
candidate vehicles for the present purpose of achieving an
accurate and cost effective analysis of adhesively bonded
joints.

To be truly useful as a research and/or design tool, a
finite element code must possess the following attributes:

1. It must be capable of utilizing sufficient modeling
detail, both geometric and with respect to material
properties, to achieve the accuracy required. More
importantly, it must be reliable - that is, thoroughly
debugged and tested.

2. It must be user oriented in the sense that the analyst
can easily define the problem at hand. Grid generation,
loading and material property description should be both
flexible and highly automated. The analyst should not have
to describe in detail the sequence of operations to be
performed by the code. For example, in the solution of
transient problems, time steps should be calculated
automatically by the code based on an appropriate accuracy
criterion. 0f course, the user must be able to over-ride
such automatic features wvhen he vants to.

3. The code must be efficient. The simplest way to judge
efficiency is by the computer cost incurred for an analysis.
Other factors, often of at least as great significance
include cost of learning to use the code, cost of data
preparation and cost of modification of the code.

4. The code nmust be well documented and supported.
Documentation includes concise statement of the theory and
algorithms on which the code is based, user's guide to input
and output ({(including modeling criteria) and programmer's
manual which describes the data w@management schenme,
identifies important variables and describes all
subroutines.

The general purpose codes are typically user oriented
and capable of guite general geometric modeling. They are
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also well documented. As noted above, they do not, in
general, possess the material modeling capability requisite
for this program nor are they readily modified by the user
(in many cases wmodifications can be made only by the
proprietary owner of the code). The major factor that rules
out the use of such codes for the present purpose is the
lack of comaputational efficiency that is a result of the
data management requirements associated vith general purpose
coding. Probless of adhesively bonded joints are special
enough in their character so that a code designed
specifically for them is far more efficient and easy to use
thap any general purpose code.

The viscoelastic codes VISCEL, THERMVISC and THERMVINC
are neither user oriented nor well documented. They are not
supported, nor are they endoved with the modeling
capabilities required.

In order to meet the criteria given above, the team of
eneral Dynamics and Dr. Bric B. Becker of University of
Texas {Austin) is currently developing a new code
specifically designed to be accurate, reliable and efficient
1n  the viscoelastic stress analysis of adhesively bonded
jo1nts (Ref. 21).

This new finite element code, termed VISTA (Vlsco-
elastic STress Analysis) and currently being developed under
AFWAL funding (C-5167), is being designed specifically for
*he analysis of adhesively bonded Joints. The code will
provide adequate modeling capabilities to produce accurate
solutions to two dimensional problems in adhesively bonded
joints of general geonetry and loading conditions.
Advantage will be taken of the special nature of such
probleas to reduce the size of time-dependent calculations
to a minimum, thus achieving a high degree of computational
efficiency. The following discusses the special provisions
that will be available to VISTA in this respect.

In time-dependent viscoelastic stress analysis, the
sti1ffness equations must be recalculated and resolved at
each time step. Sufficient history of the stress/strain
fields to evaluate the constitutive equation nmust be
available at each integration point in the viscoelastic
material. Por problems with many elements, the history must
be saved external to the central memory. Unless special
provisions are made, these factors imply that the cost of
computing sSolutions will be very expensive. In general
purpose codes, such as MARC, for examole, this data
sanagement task causes large overhead in the computation
cost. Bven in the case of codes vwritten specifically for
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viscoelastic analysis such as THERMVINC, the history is read
and rewritten to tape for each element at each time step.

By taking advantage of the special character of
adhesively bonded joint problems, VISTA will eliminate the
need to use 1low-speed storage for saving the history apnd
reduce to a small fraction the size of the stiffness matrix
that must be reformed and eliminated at each time step.
This scheme should reduce the total computational <cost of
viscoelastic analysis by an order of magnitude.

Since in the modeling of a bonded joint problem only a
small number of the elements in a problem (usually something
like one-fourth) are actually used to model the adhesive
layer, there is no need to provide history storage for the
total element capacity of the program. Using Prony series
representation of material properties of up to ten teras,
VISTA will store in core the history for up to 100 adhesive
elements. The storage will be dynamically allocated so that
problems demanding smaller history storage will run with
reduced core requirements. Fewer terms in the Prony series
will allow more elements with the trade-off made
automatically by the code.

Since the finite element model of the adherends are
considered time independent, the adherend model will be
automatically formed as substructures at the beginning of a
run and the substructure stiffness and loads saved for reuse
at each time step. This reduces the size of the matrix
problem to be solved at each time step to only that of the
adhesive layer itself.

By taking advantage of the special character of the
adhesively bonded joint problem, VISTA will provide an
efficient +tool capable of accurate modeling at modest
computational cost.

2.6 Failure Mechanisms and Damage Accumulation

The primary activity which quides the analytical and
experimental procedures and which leads to economy of effort
is establishment of fatigue degradation mechanises, failure
modes and failure criteria. A comprehensive study of
failure modes in environmentally conditioned neat FM-73U and
FM-73M adhesively bonded joints, and in particular in the
model joint, the thick-adherend single-lap shear model joint
design, was conducted in the Fatigue Behavior progranm.
Development of a model of the failure modes in the model
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joint is well documented in the final report to the Fatigue
Behavior program (Ref. 19)., The failure modes of the CLS
and SLJ geometries have been determined in the 1Integrated
Methodology program (Refs. 31 and 32).

Crack growth in the adhesive layer due to cyclic loading
must be considered in an assessment of the 1lifetime of
adhesively bonded joints. This required identification of
the fatigque mechanisms and phenomenological description,
baseline crack propagation data, and detailed fatique crack
growth models. Both interface (adhesive) crack growth and
cohesive crack gqrowth may have to be considered in the
general case, although adhesive crack growth may be absent
for certain geometries as noted in the Integrated
Methodology program. Specifically both the CLS and SLJ
geometries seem to display only cohesive init’ation and
failure modes.

A second element necessary for 1life predictions is
baseline fatigue data, For cohesive failure, neat adhesive
coupons may be used to obtain crack growth rate data. When
the dominant failure mode is interface fatigue crack growth,
baseline fatique data must be obtained from bonded joint
specimens., Data obtained is probably specific to each
particular combination of adherend, primer and adhesive.
For either case, telperature and moisture content are
important parameters.

The above description assumes that the analytical crack
growth model can be expressed in terms of crack growth per
cycle. That 1is, it is assumed that crack growth per cycle
and applied loads are related by the model. This relation
may be through a convenient intermediate parameter, such as
strain energy release. It is certain that the crack growth
for a given load excursion will be strain-rate, and
therefore frequency dependent. 1In addition, hold time at
the higher 1loads can cause crack growth. Crack growth is
the damage parameter in both cases and, of course, crack
extensions are additive. Whether or not analytical
predictions of the two types of crack growth can be
superposed accurately is not as certain.

As mentioned above, the limiting condition for fatigue
crack growth in the model joint is final fracture, which
occurs as a cohesive failure near the adhesive midplane.
The transition from fatigue crack growth at the interface to
fracture at the nidplane in the model joint necessitates
crack "branching",. The point at which this transition
occurs nust be defined in order to be able to predict model
joint life. There is, therefore, a dual failure criterion
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to consider within the failure analysis for the model joint.
In performing the stress analysis, it will be necessary to
periodically interrogate whether the interface fatigue crack
or the midplane fracture crack is the dominant mode of
failure. A condition will have to be found indicating when
a critical state is reached causing a transition from one to
the other. For example, an examination of energy may
indicate when the fracture energy of the adhesive is less
than the energy of debonding at the interface.

Fatigue <crack growth and transition to final failure
must both be understood for various relative proportions of
Mode I and Mode II. A successful bonded joint prediction
methodology must rely on baseline data from which this
information can be derived. Accordingly, the test program
includes testing for two different mixes of Mode I and Mode
II.

An in-da2pth review has been conducted of the fatigue and
fracture mechanisms of polymeric adhesives and bonded
joints. Factors considered included the damage mechanisas
possible over the range of the service environmental
condition, the rate of damage accumulations during exposure
to each environment, and possible synergistic effects. The
kinetic chemical and physical aging effects were also
considered.

In order to be able to predict the lifetimes of adhesive
joints, one must first determine the possible failure modes
so as to provide a basis for subseguent modeling. The
second quarterly progress report of the Integrated
Methodology program (Ref. 35) outlined failure through crack
growth and excessive deformation as possible failure modes
and provided the rationale for a more detailed consideration
of the former failure mode. Fatigue testing of model lap
shear Jjoints (MJ) under the Fatique Behavior program (Ref.
19) uncovered tWwo crack propagation modes; namely, slow
initial interfacial debonding branching to catastrophic
cohesive cracking. The extent of interfacial crack growth
prior to branching was found to depend on load level and
frequency as well as the environmental conditions and was
also summarized in Ref. 19. Since the cohesive crack growth
in the model joint is catastrophic, the 1lifetime of the
joint is essentially governed by the time for branching from
the interfacial debond to occur. Thus, life prediction is
"reduced® to determining when conditions are favorable for
branching to occur. The method of analysis and several
possible fracture criteria to be used to determine the onset
of branching are discussed in the following section. The
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results of the analysis to date are presented in Reference
37.

As already mentioned, the CLS and SLJ geometries display
only cohesive crack initiation, growth and failure modes.

The MARC finite element code has been used to provide
stress analysis of MJ, CLS and SLJ geometries having
different lengths of interfacial debonds and cohesive
cracks. In addition to computing the stress, strain and
displacement fields in the joint, MARC calculates the value
of the J-integral for a given crack length. Two fracture
criteria are therefore available for determining the
lcoation of the crack path; namely, the  vectorial crack
opening displacement (VCOD) and the J-integral.

Both «criteria have the advantage that they can be used
in cases where material nonlinearities occur. Although only
linear elastic analyses have been made to date, these
features will be useful in later analyses which do consider
non-linear effects. In an experimental investigation of
interfacial unbonding of adhesive joints (Ref. 54), it was
found that VCOD (obtained by the vectorial addition of the
crack flank displacements normal to and tangential to the
bondline) provides the most unified fracture criterion under
the different combinations of applied displacements normal
to and tangential to the bondline experienced by an adhesive
joint. It is of interest to compare the VCOD criterion with
a critical stress intensity factor criterion for a crack at
a bimaterial interface under the constraints of 1linear
elasticity. In Ref. 55, Smelser found that the complex
crack opening, u (or VCOD) was related to the complex stress

intensity factor,k , as follows:

bu = g () + 1) S eI (14)
_ . iB
where k = kI + i kII =k e '
A =)geil, L +cZ and § = tan-12e:,
€ = %; InY , is the bimaterial constant
and m1= ﬂS%FXul_ plane strain

a
= 4/yy (1 + vy) plane stress .

The magnitude of Au is thus

|ou] =8 = z=pr (A, + 1) .}r‘.: ey (15)
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Thus, at a given distance, say ro, from the crack tip, the
VCOD is equivalent to the square root of the sum of the
squares of the local Mode I and Mode II stress intensity
factors.

Furthermore, Smelser and Gurtin (Ref. 56) found that the
J integral for a bimaterial is equal to the energy release
rate of a crack extending along the interface and related J
to the stress intensity factors ky and kyy by

- 2 2
Corbining eguations (15) and (16) , we find
s = _2.'/_2 _J_ /" , (17)
m )\o

thus establishing the equivalence of the VCOD and J
integral.

However, in this inherently mixed-mode interfacial
fracture problem, it should be noted that the J integral
alone does not provide adequate information for determining
the individual values of kj and kig . In contrast, the
components of the VCOD givé a direct measure of the relative
mix of the local Mode I and Mode II deformations (or the
angle of the VCOD). The VCOD can be used to determine the
Mode I and Mode II stress intensity factors (Ref. 55).

In a cracked, uniform, isotropic material, loaded in
shear, a crack does not propagate as a Mode II crack.
Instead it naturally will branch at an angle to its original
direction, tending to become a Mode I crack. Since the MJ
is loaded in shear, there must be a tendency for an
interfacial crack to branch toward or away from the adhesive
midplane. This 1is apparently prevented for a time because
the interfaces provide an easier path for crack propagation
than either the adherend or adhesive. The length of the
debond, in addition to the bond design, affects the
proportion of Mode I to Mode II in the joint. 1In addition
to presenting results on the VCOD and J integral for various
lengths of interfacial debonds and cohesive cracks in
Reference 37 information on the ratio of Mode I to Mode 1II
is also given.
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2.7 Structural Integrity Evaluation (Strength Analysis)

The strength of a structural joint is usually defined in
terms of its load-carrying capability. It depends, in turn,
on the geometry of the joint and the local stresses induced
in the bondline as a result of the applied 1loads, whatever
their origins may be, be they mechanical, thermal, or
hygral.

For the purpose of discussing the importance of
structural geometry in the framework of 1life prediction
methodology, a large structure, say a PABST-like or F-16
fuselage is used in the discussion. Aircraft flight 1loads
applied thereto generate joint stresses over the entire
structure. A simplification in the analysis by breaking out
the various joint geometries into smaller “bondline"
geometries can be broken down for detailed bond analysis,
although this cannot, in general, be done quite
independently of the selected stress analysis method.

At this point, these smaller "bondline" geometries can
be further reduced into the proposed program test
geometries, or at least test geometries which can in some
way be related to the latter such as the cracked 1lap shear
(CLS), the structural single lap shear joint (SLJ), and the
thick-adherend single lap shear or model joint (MJ). These
were the geometries which were used in the various
phases of the experimental test program in the current
program, in either the baseline property measurement phase,
or in the verification test phase.

The classical structural integrity procedure of
comparing calculated stress/strain levels to the ultimate
material properties to determine a margin of safety has been
considered by General Dynamics (see, for example, Ref. 57).
The applicability of this procedure to both the design phase
and subsequently for in-service evaluations, was also
investigated. How well the classical strength analysis
method, usually used for metallic airframes, applies to
bonded joints and a definition of those areas where
improvements are necessary in the formulation of a 1life
prediction methodology for adhesive bonded Jjoints was
conducted and summarized in Reference 57.

The structural inteqgrity of adhesive bonded joints is
assumed to include both strength and 1life considerations.
This interpretation is based on the philosophy of U.S. Air
Force specification MIL-STD-1530A for metallic airframes.
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II1. MODULE DEFINITION AND INTEGRATION

3.1 Module Logic Development

Figure 2 shows the major elements or modules of the
predictive method as developed in this program and their
inter-relationships as applied to adhesively bonded
structures. It parallels the systems approach for solid
rocket service life prediction first proposed by Kelley and
Trout in 1972 (Ref. 58). Extension of Kelley's ideas from
solid rocket propellants to adhesively bonded structures is
possible in view of the time/temperature (and moisture)
dependence of the constituent material (polymer) properties
and similar failure modes (crack propagation) in both cases.

The Integrated Methodology (IM) program was viewed from
its inception as the backbone program , which when augmented
by a series of feeder sub-programs (see Figure 3) would
produce the desired results, namely, the best estimate of
life prediction on a structural bonded joint of arbitrary
geometry, obtained from a combination of available analysis
techniques based on proven fundamental scientific
principles, i.e., wusing the deterministic approach and
suitable experimental fatique tests. This would then be
followed later by a calculation reflecting the
probabilistics of the measurements used to give a
statistical result with "probable error bars."

The IM program was thus viewed as an organizing progranm,
or a demonstration program to highlight the (best) methods
to be used in making a structural bonded joint 1life
prediction based or the findings in the feeder sub-prograns,
labelled (2) through in Fiqures 2 and 3 and the
consequences of using them. The IM program was designed to
take a large step into the unknown, but hopefully would
reduce risks by observing well-established and understood
scientific principles. It would develop the analytical
tools and methods, with projections into the unknown
environments (e.g., temperature, humidity, mechanical loads)
with lowest element of risk possible based on the scientific
msethod. Progras @ would in the main develop equation (s)
for the stress-strain lav of the adhesive interlayer,
including effects of moisture diffusion and cure shrinkage;
prograa @ would develop the method(s) for assessing the
consequences of speeding up and/or slowing down the tests,
and by hov & «h with the different environments, including
temperature, moisture, mechanical load, cyclic frequency,
etc.; progran QD would design a practical, easy-to-use

41




——— s = e o s as

(). SUOTIDTPaId 33717 3JUTOf papuog dATS9aYPY 103 L30Topoysey palealdajug,,
"POUIBN dATIDOIPAId JO Yled MOTJ pPuB Sa[Npoj 7 @2an31g

aNV 38n13vy

SIVIY3ILVIN

HLMOHYD IVHI

4

40 HLIN3HILS

SISATYNY
ELTRNL ]

(0 = SW)

NOIL)I03Yd | === SISATYNY
34N HLON3YIS

('S'W)

!

et |

ALIY9ILNI
IvHNLINY LS

B |

T
!
I
1

>

SISATVNY
SS3HLS

OXCXC)

AYOIHL
38N1IVH4
L 33N9Uvd NOILINI43G
00w
x»uuwuww ] vy [
(9N1LS3)
S OILNINNULSNI)
T Al
@© M°n°Npfe
$31143d04d
(5) 3uniavua
e} a3 o
.......... 3IVaY3LN)
. E
61°0%H0'Lo LTS
. M)
® ,Ame
ISNOJSIY
IVIINVHIIW
$31L43d0Yd TVIVILYIW
1143044 1 n| e
AH1IWO39
NOILINI3Q

LNIWNOYIANI ONV SOVO1T




sjurof papuog AT8ATSaypy 103
UoTIOTPSId 33TT SOTAIIS U0 ued WerZoxd DETW/TVMIV €4V d-M ¢ 2anS1g

AULSNANI ONV 000 0L ASOTONHIZL «
NOISNILX3I HA Z NOILJO/M ONM YA £ - "Ld SNOISIIIO %
‘SOLN dNOHY ONINUOM AINIBVYILNI ©

N0ILIIO3Yd 3411 404
. — SOOHLIW 40 NOILVQITOSNOD
. - S (Z9)  3IVWVQ/M 138 JAILNLILSNDD
* — — @9 sV V1Va 3UN1IvVed
co— LI E— | 9 dA8 TNV 34N1IVH4
r { TET M— 9 3UN1IVH4 10430-INIL
s— STH (Z8)  “IVNV SS3HLS ILSVII0ISIA
; ro TR —t— | @9 NILSIL 1393V SiSvE
| e o (z9) “TVNV S$341S 1VNQISIY
N (Z9)  (VZ) »SOOH13W A3LVHIILNI
S N/ (/S / S/ S S/ 2 z9) (H/1) ‘0344 3411 31AY3S
I z9) (5/0) "03d 3411 3DIAY3S
.m. s3] (29) HOIAVH3E IN9ILV4
_ LNIOF G30NO8 A av
V101 S8A4 ¥BAS €8 A4 78 A4 I8A4 08A 3 oo eu.hﬂ"__wnm%..._m it

CEOOOEO®®

DAL 4 B LA - v

43




finite element program unique to bonded joints; prograna
would generate the fracture mechanics data base needed for
the 1life prediction, and program C) would develop advanced
fracture mechanics solutions to relevant bonded joint
geometries using the VISTA program developed in progranm ():
etc...

The overall plan of the IM program is to set up the
technical and management framework and organize constituent
tasks in modular format which would be used to make the life
prediction(s). The IM program deals with the individual
modules to some extent, with the specific details of the
modules to be developed by the related roadmap contracts.

The I M program had the objectivesto a) identify clearly
the interacting subdisciplinary modules, b) to evaluate and
to some degree further the state of the art of each one, and
c) identify the major shortcomings so that further
contractural efforts would improve the knowledge in each
module so that the overall IM could proceed more reliably.

The goal of the IM program was to develop the methodology
wvhich can be used in the design stage to facilitate durable,
reliable designs, and to improve cost of ownership,
projections, etc.

The related roadmap contracts are marked through (8)
in Figures 1 and 2. These must be accoaplished for full
implementation of the Inteqrated Methodology program. ¥We
outline and enumerate our five main modules by Roman
numerals I through V. Of special interest is the central
position of the Stress Analysis module (III) and the
dominance of the Failure Mechanisas and Criteria module (IV)
in focussing all related activities.

An outline nf the five main modules of a life prediction
methodology and their contents (viz., analytical methods
and/or questions that the module needs to address) is first
given., We then establish the inputs and outputs of each of
the five modules. Futhermore, in Table VI we outline the
experimental data required, and finally in Figure 4 ve
summarize the Overall Integration of the method, including
the Management Plan, for a structural bonded joint.

We have established:
a) priorities

b) problems that are solved in this program
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c) problems yet to be solved.

Material properties represent the only element sensitive
to aging time although there is naturally a time element
inherent in the environmental 1loading rate, duration and
frequency. Since storage time is a primary variable in the
service life prediction scheme, the overall rationale should
apply as well to the zero-time design point which considers
all material properties in the unaged condition. Another
important breakout of material properties, when considering
the impact of aging, 1is the separation of response
properties from the fracture properties; response properties
being a principal input to the stress analysis and fracture
properties applying primarily to the strength analysis.

The response and fracture characteristics of bonded
structures are known to be dependent on 1loading rate and
history in such a complicated fashion that analytical
procedures must be supplemented with adequate 1laboratory
testing to provide the necessary design confidence. The
guiding assumption in this integrated methodology scheme is
that the useful life of a bonded structure is determined by
the initiation and relatively slow propagation of cracks
emanating from corner sinqularities and reaching a critical
size at which time catastrophic failure occurs.

The emphasis in this integrated methodology scheme is on
the "deterministic" approach, with full recognition that a
“probabilistic" treatment will eventually have to be
incorporated in the methodology to realistically predict
mixes of aissions and mission profiles and to account for
experimental error in the data used. However, since a
deterministic approach provides the basis for a statistical
representation and in view of the time and budget resources
of this program, the deterministic approach was the first
priority.

We note that physical laws govern the contents of a
number of the modules, with only engineering approximations
possible in describing the phenomena involved. Also,
basically there are no modifications possible for these
except for economic trade-offs in these approximations.
Modules in this category coamanding ¢top priority include
"Stress Analysis" and "Failure Mechanisas and Criteria".

Modules which allow descriptions not directly governed
by physical laws allow system choices which affect the final
result. Tvo such modules include "Loads and Bnvironaents"
and "Material Properties" which are of top priority in our
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schene, Geometry, if it can be considered a module at all,
comrands secondary emphasis at this time.

We proceed with a description of the contents of each of
the five main modules. These are summarized in Tables IA
through VA, This is followed by a description of the input
and output information required for each, as summarized in
Tables IB through VB, These are folloved by a description
of the experimental data required to validate the concepts
in the mwmodules as presented in Table 14 . Pinally, an
overall integration of the method for the analysis of a test
joint or an "aircraft", with associated Management Plan is
presented in Figure 4.

order of priority of some items, insofar as being
accomplished in the 1Integrated Methodology program is
indicated by the designation P(n) after the item in question
in the Tables, with n=1, 2, 3,... in order of decreasing
priority. Of course, the aforementioned feeder sub-programs
will eventually develop the necessary inputs for full
implementation of the methodology for a general case.

3.2 Module Evaluation and Selection
3.2.1% loads/Bnvironments (Module I)

Often the types of loads are directly related to failure
modes (as far as the way engineers do 1it); one tends to
forget that often 1loads may produce different, possibly
longer term failures. It is important to delineate the
kinds of "loads™ at an early stage so that the types of
histories are accounted for in wmaterial characterization
(stress and failure response).

For this program, loads and environments are important
from the latter point of view. We believe priorities are as
listed in Table 2 (IA), which summarizes the contents of
this isportant module, emphasizing the time, temperature,
moisture, stress Jlevel and sequence of events in defining
the ispressed loads, whatever their origins may be.

The Magnitude and Prequency of the Periodic Mechanical
Load and Steady and Monotonic Non-Periodic Mechanical Loads
are of concern in the Integrated Methodology progranm.

Table 3 (IB) summarizes the input and output information
relating to this module. Traditionally, the Loads Group has
developed an expertise in these types of probleams for rate
independent structures. Some modification to this has been
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*
{ Table 2 (IA) Loads/Environments, Contents

A. MECHANICAL LOADS

LOAD HISTORJIES (DEDUCED MISSION PROFILES)
. MISSION PROFILE
MANEUVER SEQUENCE

FLIGHT ENVELOPE

(2} PERIODIC (FATIGUE) — MAGNITUDE
FREQUENCY

{b) NON-PERIODIC — STEADY
MONOTONIC

B. THERMAL ENVIRONMENT

{s) EFFECTON A (THROUGH STRESS ANALYSIS) UNDER
CONSIDERATION OF DIFFUSION TIMES

{(b) EFFECT ON MATERIAL BEHAVIOR
{c) TIME/TEMP HISTORY SYNCHRONGUS WITH LOAD HISTORY

C. MOISTURE ENVIRONMENT

{a) EFFECTONA (THROUGH STRESS ANALYSIS)
UNDER CONSIDERATION OF DIFFUSION

{b) EFFECT ON MATERIAL BEHAVIOR

- D. SEQUENCE OF MECHANICAL LOADS, THERMAL MOISTURE ENVIRONMENT

*
Details are recorded in Reference 35
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Table 3 (IB) Loads/Environments, Inputs and Outputs*

INPUT

ouTPUT

MECHANICAL

AIRPLANE RECORDS ON ACCELERATION
WITH EXPLICIT TIME

(A) GROUND REST

(8) TAKE-OFF

(C) LANDING

(D) IN-FLIGHT MANEUVERS
DETERMINISTIC

* TIME DEPENDENCE OF LOADS

(A) STEADY

(B) CYCLIC WITH WHAT
FREQUENCY

{C) “BLOCKS"
FOR STATISTICAL
ANALYSIS

: STATISTICAL (SPECTRA)

| THERMAL * (TIME DEPENDENT)

' GROUND STORAGE TIME SCALE TEMPERATURE DISTRIBUTION
FLIGHT: STAGNATIONNDUCED TIME SCALE TEMPERATURE GRADIENTS

| ENGINE — DUCT INDUCED  TIME SCALE (INCLUDING SKIN TEMPERATURE)|

' ATMOSPHERIC TIME SCALE RADIATION OF SUN

MOISTURE (AND OTHER SOLVENTS)
DIFFUSION AS A FUNCTION OF TEMPERATURE

GROUND STORAGE STRESS

DEPENDENCE
FLIGHT DRY-OUT

* TIME DEPENDENT
H20 (AND/OR SOLVENT)

CONCENTRATION AND
GRADIENTS

POWER SPECTRAL RESPONSE
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effected by ‘"composite' needs. PFor adhesives, we envisage
the following relation between information required for
failure analysis purposes (output from the module and raw
loads data input): The results of this digestion process
are delineated in Table 3 (IB). It must be noted that the
listing of input and output items is not necessarily
complete at this time, although we have tried to be as
inclusive as possible.

3.2.2 Material Properties (Module II)

The 1local stress distribution developed in a bonded
joint will be greatly influenced by the material properties
which define their deformation characteristics. The
"response" properties of the adhesive, such as the creep
compliance and Poisson's ratio will dictate, by and large,
these deformational characteristics of the bonded joint and
in general will exhibit time, temperature, moisture and
stress level dependence.

After cyclic loading of the environmentally-conditioned
(temperature and huymidity) bonded joints in environments
representative of an aircraft mission, the "fracture" or
"failure”" properties of the adhesive Wwill control the
residual strength capabilities of the structure. Typical
"fracture" properties of the adhesive (joint) include the
crack drowth rate with cyclic frequency, viz., das/dn = a‘,
or the equivalent dasdt = a representation. Failure or
fracture "properties" are dependent on the current knowledge
of failure analysis., (Properties are determined in tests
prescribed by failure analysis).

A comprehensive review wvas made of these time-dependent
“response" and "fracture" properties of adhesives required
for this program as summarized in Reference 59. The
physical and mechanical behaviors considered included
constitutive relations under monotonic and cyclic loading
conditions, dilatations during cure, cooling and wsmoisture
infusion, aging, mechanisms of damage accusulation, fracture
toughness and ultimate strength spectra, among others.

Table 4 (IIA) and Table 5 (IIA') summarize the response
and fracture properties contents of the Materials Property
module, and their sensitive dependence on time, temperature,
moisture, and stress 1level, asmong other paraseters (see
Reference 59).

Physical, cheamical and structural aging effects are
distinguished and these effects are being covered in the
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Table 4 (IIA) Materials Properties, Contents (Response)

RESPONSE

0{t,or E(t) or I
kit or U () (WHAT MINIMUM ACCURACY REQUIRED?)

TRANSITION TEMPERATURE (GLASS OR MELT TEMP FOR CRYSTALLINE COMPONENTS
IN AN ADHESIVE)

SHIFT FACTORS G DUETO TEMPERATURE ¢t

MOISTURE bp
STRESS LEVEL d»o.

COEFF OF EXPANSION DUE TO TEMPERATURE o'y
MOISTURE g (x.1)

STRESS LEVEL { =k(t)}

CONSTITUTIVE FORMULATION; NON-LINEAR VE < gg}'meinnu SHEAR

AGING: PHYSICAL (STRUIK)
CHEMICAL (DARK EDGE)
STRUCTURAL (MICROCRACKING)
NEAT vs NEAT-NEAT BEHAVIOR®

*NEAT TAPE IS WITH MATTE DACRON SCRIM.
NEAT-NEAT TAPE IS WITHOUT SCRIM.

*
Details are recorded in Reference 59
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Table 5 (IIA') Materials Properties, Contents (Fracture)

FRACTURE
COMESIVE
r=T@{ p1) ! -
NADHESIVE -
r=rw{ p(1) P m— v
ADHESIVE ‘

WHAT IS THE “PLASTIC ZONE"” SIZE @, AS RELATED TO
BONDLINE THICKNESS; AFFECTED BY MODE INTERACTION?  P(1)

EFFECT OF PLANE O vs PLANE €

| IS FATIGUE BEHAVIOR GOVERNED BY K OR AK? P(2) .
/ IS SCRIM CLOTH IMPORTANT T0 FIRST ORDER? \
i
j () SCRIMIN A BUTT JOINT UNDER NORMAL LOAD I
P(3)
f _t SHEAR LOAD
i
J T
(b) SCRIM ORIENTED IN TEST PLANE (LABORATORY
TYPE TEST & NEAT) P(2)

(c) NOSCRIM, NEAT-NEAT MATERIAL

IS TIME-TEMPERATURE-WATER (SOLVENT) “STIFF~ BEHAVIOR

: . SYNERGISTIC P(3) i

] EFFECT OF CURE LEVEL P(3) i
I EFFECT OF AGING (CHEMICAL, PHYSICAL) P(3) |
ULTIMATE TENSILE PROPERTIES (SMITH PLOTS) P(34) ’

*
Details are recorded in Reference 59
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program on "Basis for Accelerated Testing" currently in
progress at Texas Research Institute, Austin, Texas (Ref.
20).

The response and fracture properties of the adhesive
layer will depend on whether it is neat-neat (without
scrim), or neat (with scrim). A detailed inquiry into this
matter is recommended, but is beyond the scope of this
program, We have elected to approximate the out-of-plane
response and fracture properties of the adhesive layer by
the properties measured in-plane using neat (with scrinm)
specimens.

Table 6 (IIB) summarizes the input data required for the
Materials Properties Module. The output data for this table
is all that has been listed in Table 4 (IIA). Recorded also
in Table 6 (IIB) is a section on instrumentation and testing
considerations in generating the appropriate data. Also the
sub-title to this chart suggests the importance attached to
interface or interphase properties at the adhesive/adherend
junction where material properties are far from homogeneous
and isotropic. The fact that the initial failure mode in a
bonded structure is a crack at the interface, initiating at
the high (peel) stress corner singularity, highlights the
importance of this part of the adhesive joint.

3.2.3 Stress Analysis (Module III)

A thorough stress analysis is vital to the success of
the Integrated Methodology progran. It allows point-by-
point description of the displacements and stresses (both
peel and shear) on a "micro level" in attempting to account
for material displacements (creep) and damage mechanisams
occurring in the adhesive interlayer on a realistic basis.
Barlier studies which deal wvwith averaging of stresses
through the thickness of the adhesive are incorrect and lead
to erroneous results.

Table 7 (IIIA) summarizes the requisite content of the
Stress Analysis module, including the validation of the
stress analysis by holographic interferometry as described in
Appendix 1. This validation is an important part of the
methodology since it will allow first hand confirmation of
the finite element procedures adopted in this progran.

Table 8 (IIIB) details the input and output information

required for and expected from, respectively, the Stress
Analysis module.
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Table 6 (IIB) Material Properties and Interface
Inputs and Outputs

INPUT

ENVIRONMENT INSTRUMENTATION -
LOAD LEVELS A. CREEP APPARATUS OR RELAXOMETER

HISTORIES TEMPERATURE CONTROL EQUIPMENT Piﬂ
STATE OF CURE HUMIDITY CONTROL EQUIPMENT
TYPE OF MATERIAL TMA

B. TESTMACHINE
FRACTURE SPECIMEN
OUTPUT SAME AS ALL OF TABLE lIA
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Table 7 (IIIA) Stress Analysis, Contents

HIERARCHY OF REQUIREMENTS AND CAPASBILITIES:

WHICH PROGRAM:

A. MATERIAL REPRESENTATION

LINEARLY ELASTIC MARC  VISTA
ELASTIC — PLASTIC (WITH AND WITHOUT STRAIN HARDENING) M
LIN VE M v
NON-LINEAR VE v
'/GEOMETRIC NON-LINEARITY (GEOMETRY UPDATING) M v
DILATATIONAL BEHAVIOR OF MATERIAL DUE TO TEMPERATURE
AND OR WATER (SOLVENTS) M v
8. GEOMETRY REPRESENTATION: LiLiLiilll
L 4
e ———— e
CRACK TIP ELEMENT T " v
INTERFACE CRACK TIP ELEMENT ||  DEAL WITH INTERACTION v
' M v
END TERMINATION I ~Se—
(CORNER SINGULARITY)
VOIDS AND POROSITY
C. DISTRIBUTION OF v

a) TEMPERATURE
b) WATER

~VALIDATION-
(HOLOGRAPHIC INTERFEROMETHY)*

*
Details are described in Appendix 1
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In Table 8 (IIIB), between the input and output
requirements, is emphasized the use of the appropriate cost-
effective, finite element stress analysis program for the
calculation at hand. In some cases, the more extensive
VISTA program with generalized boundary conditions being
developed under C-5167 will be used. In other cases, the
original MARC program or its recent PRONY series
modification may be more cost-effective, and, of course, the
much more cost-effective MacNeal Schwendler Corp. NASTRAN
program will be used for gross analyses.

3.2.4 Failure Mechanisms and Criteria (Module IV)

Table 9 (IVA) outlines the contents of the Failure
Mechanisms & Criteria module. Criteria of «critical «crack
growth rate, instability and allowable crack length are
considered using energy and displacement approaches.

Table 10 (1IVB) delineates the input and output

information pertinent to the Failure Mechanisms & Criteria
module.

Table 11 (IVC) outlines the basic problems for defining
the Failure Mechanisms and Criteria module.

3.2.5 Structural Failure Analysis (Module V)

Table 12 (VA) summarizes the expected content of this
module,

Table 13 (VB) summarizes the applicable input and output
information pertinent to the Structural Failure Analysis
module.

Table 14 outlines the experimental data requirements of
the Integrated Methodology.

Figure 4 shows the overall integration/test plan with
the management plan indicated in heavy script.

56




3INV1d WIIS INOTY HO ERERS IS ‘NOIYILIYD INIWIIVTdSIO
‘3VIYILNI INOTY ALIETIEED
IYNLIVHL JNISTHOD
(€24 ONV JAISIHOY HOJ HLVd ADYINT TYWININ  (3)
¥IVHI ILINI4
N8 TIVINS 40 NOLLYHINIO HOJ VIHILIND
% ANIW3IV14SIA dIL XIVHD TYI0T INIGNTINI
ALISNILNI SSIHLS HO ISVITIY ADYINT VIO  (9)
L
35V3134 ASHINI 03DVHIAV SSINNTIHL (V) VIA
(€)d INTVA 318YMOTTV S033IX3 3ZISNIVHD  (3)
(3INIISTIVOI HIVHD
(2nd 40 31VY HLMOY SNONNILNOISIO) SI01IAI0 ALINIGVISNINY  (8)
(1)

JAISSIIXT ILVY HIMOHO NIVHY (V)

JLLSYTI0ISIA 5. ITLLING,, 'TTLLINE — FBANVS 40 ViHILIWD

s3Ua3U0) ‘BIISITI) puP SWSTUBYIBW 2aANTTed (VAI) 6 219'l

57




. e o

ALITIGVISNI 01 SNIGYIT HIVHD
1411 TAN 30 NOILINOOHLNI (D)

Jwil 40
NOTLINNG V SV IZISNIVHD (8)

(1509 Lv3H 9 LV
0347vNI1vI 39 AIN0I) HAVd 34NLIVHS

(o). ‘(e) I ‘S311H340YHd IUNLIVHI

yy Iy anv
Hy "ty SYOLIV ALISNILNI SSIHLS

H1MOHO
RIVYI 30 I1VH ANIBUND (V) 9 31vY 3SVYI13H ADYINT
1ndino 1ndNI

sandang pue sjynduyl ‘BTI9ITI) puB SWSTUBRYOI danITey (9AI) 0T 919el

58




e - o S——————

2)d

(d

(€2)d

(s1S31 INIOfr 340438 INGQ 38 0L SOIIN)

NF - = - -
-

ANVLHOdWI 38 AVIN SNIINIADIS SNIaY 0

(Ld

AZISNIVHI M
SIINVHI ONV 9NIGVO0T JO AHOLSIH
A8 0313333V 'H1Vd HLMOH 9 ¥IVHI

$5S3004d .NOILVILINL. 3HL
NO N34S S1 34171 Tv101 J0 HINW MOH

INIH1 3UN1IVYL NI 031D3793N
39 WIHIS NVD "SISATVNV SS3HLS
NI WIHIS 04VI34SIC 0L INIT TIROM IM

010H STVLIN Y04 SLINS3Y

LVH1 INNSSY LONNVYI 3IM LLNVIHOINI
N 20 INTVA NVIW 3H1 SI LNILX3
LYHM 01 ;N7 30 NOILINNS V up/ep SI

LUUS/ARIHN D1 DILWIANDD 38 OP/*P)% NVI)
$3HNLIVHL ONISNVD

SIIHOLSIH GvO01 JITIAD ANV JINOLONOW
N3I3MLIT JINIHIA410 JISVE ¥ IUIHL S

9

18 /]

(e

(2

1R}

((0)3 40 30V1d NI (¥ 0 )3 S3SN

31vH 3SYITIH ‘AINYNINOQ 3W0338 S123443 A J1°31vH ISYVIT1IH ADHINI NV
31VINITIVI NIHL NYI INO "SNOILYINITVI 3UNLIVHL HO4 JILSVT3 SV TVIHILVA
1v341 ‘SNOILYWH D430 3A 30 JL1dSNI o)) VIHILIHD JILSVII-ISVAD 3N TIVHS IM

9TNpPO} BIISITI)H ¥ SOTUBYISNR
aan3oeg sy3l Bururjeq 203 SWITGORd O1seg (DAI) TT 2149el

59

o —




e o e

Table 12 (VA) Structural Failure Analysis, Contents

IF A CRITERION EXISTS, IT CONTAINS THE ONSET
OF FAILURE

SO PROBLEMS OF STRUCTURAL FAILURE ANALYSIS
REALLY BECOME PROBLEMS OF REDUCING STRUC-
TURAL LOADS TO LOCAL STRESSES CAUSING BOND
FAILURE; ONCE FAILURE HAS OCCURRED, ASK
WHETHER THE OVERALL STRUCTURE WILL FAIL.

EXCEPT: EXTENT OF BOND CRACK GROWTH
DOES THE CRACK STOP?
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IV. DEMONSTRATION OF THE INTEGRATION METHOD

4.1 Introduction

The discussions in the preceding sectionhs concerning the
integration of the different modules will now be
demonstrated. The demonstration addresses the
circumferential bonded splice (CBS) (Fig. S) of the full-
scale demonstration component in the PABST program (Ref. 8).
In order to first verify the methodology, a comparison is
made between results from fatigue testing of Structural Lap
Joints (SLJ) and crack growth predictions that were made
using the methodology. The predictions were made on the
basis of fracture property measurements that vwere made
through fatigue testing of Cracked Lap Shear (CLS)
specimens. The verification of the methodology wusing the
SLJ specimen 1is described in Section 4.2, followed by the
demonstration of the methodology on the CBS full-scale
demonstration article in Section 4.3.

4,2 Verification of Integration Method

4,2.1 Introduction

Recall that the fracture properties of the adhesive
layer can be described by the relationship between a chosen
fracture parameter and the crack growth rate in the adhesive
layer. Thus, if the fracture properties of an adhesive and
the variation of fracture parameter with crack length for a
particular joint geometry are known, the history of the
crack growth in that joint can be predicted by an
integration of the crack growth rate/fracture parameter
equation, Final failure can then be defined by the
achievement of critical crack growch rate or crack length.

For the purposes of this investigation, the fracture
properties of FM-~73M were determined by fatigue testing of
Cracked Lap Shear (CLS) specimens. Testing of Structural
Lap Joints (SLJ) was conducted to provide a verification of
the integrated method . The testing of both these joints is
described in Section 4.2.2. The variation of fracture
parameter with crack length is determined by stress analysis
(module III). The stress analysis of the two joints is
discussed in Section 4.2.,3. The results of the testing and
stress analysis of the CLS are combined in Section 4.2.4 to
determine the fracture properties (module II). Section
4,2.5 discusses predictions of crack growth history in the
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SLJ and compares the predictions with the actual test
results that were reported in Section 4.2.2.

4.,2.2 CLS, SLJ Fatigue Testing

The geometries of the CLS and SLJ are shown in Figures 6
and 7, respectively. They were all fabricated at General
Dynamics, PFort Worth Division (GD/FWD) using the procedure
described in Reference 32,

Testing of the specimens was conducted at GD/FWD and
United Technologies, Chemical Systems Division (UT/CSD) (Ref.
61). At GD/FWD thespecimens vere fatigque tested using
servohydraulic testing machines under load control.
Environmental conditions of -65°F and 140°F were provided by
a Cincinnati Subzero environmental chamber Model HTT-4. The
location of the crack in the specimens was determined
ultrasonically as described in Appendix B.

4.2,2.1 Test Results for CLS Specimens

The conditions under which the CLS1 and CLS2 specimens
were tested are given in Table 15. Since the purpose of the
tests on the CLS specimens was to obtain fracture properties
without considering crack initiation effects, the specimens
vere precracked at 3 Hz according to the schedules given in
Table 16 (CLS1) and Table 17 (CLS2).

The da/dN data generation schedule consisted of starting
the test using the final precracking 1loads. The test
temperature and cycling rate for each specimen were taken
from the test plan and were held constant for the entire
test on that specimen. For the room temperature tests,
after the crack had grown 1.5 inches, the load amplitude was
increased in 1000-pound steps after each increase in crack
length "a" of at least 1.5 inches for the CLS1 specimens.
For the CLS2 specimens, this was usually a 500 pound change.
This stepping of the load provided for three magnitudes of
crack growth rate (da/dN) on each specimen covering the
range from a new microinches per cycle to over 1000
microinches per cycle.

When testing at temper-.tures other than room
tamperature, some variations in testing procedure vere
necessary: At -659P, if no crack growth vas noted after
300,000 to 500,000 cycles, the load was increased in 1000
pound increments until crack growth occurred. ThLe standard
1000-pound load increase after each 1.5 inches of crack
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Table 15 Test Conditions for CLS

1

2

Specimen Test Test
Number Frequency Temperature
CLSl-S 3 Hertz R.T.
CLSl-7 10 R.T.
CLSl-6 0.3 R.T.
CLS,-8 10 -65°F
CLS,-4 140°F
CLS, -9 -65°F
CLSZ-4 R.T.
CLSZ-G 10 R.T.
CLSZ-S 0.3 R.T.
CLS,-7 3 140°F

Tablel6 Precracking Schedule for CLS

1

and CLS, Bonded Joints

Bonded Joints

Load Amplitude Load Ratio "R" A"
Pounds Max/Min Inches
7000 0.1 0 to 1.5
6000 0.1 1.5 to 2.25
5000 0.1 2.2 to 2.5
400 0.1 2.5 to 3.0
69
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Table 17 Precracking Schedule for CLS

Bonded Joints

2
Load Amplitude Load Ratio "R" "A"
Pounds Max/Min Inches
3300 0.1 0 to 1.5
2800 0.1 1.5 to 2.25
2400 0.1 2.25 to 2.5
2000 0.1 2.5 to 3.0
Table 18 Test Results for SLJ Bonded Joints
Specimen Max. Test Adherend Cycles To
No. Stress KSI Thickness Failure
7 15 .125" 203,786 M-G
9 20 125" 36,479
6 25 .125" 7,957
8 15 .375" 377,579
10 20 .375" 14,258
13 25 .375" 1,744
Notes:

M = Failure Through Metal
G = Failure At Edge Of Gripping Fixture
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growth was then followed. For the 140°F specimens, the
crack growth rate for the first 1.5 inches was calculated
and the load was reduced to obtain a growth band in the
lower microinch range. Adequate crack length readings were
made during this growth band to identify any retardation.
The test was then continued using the 1000 pound increase
after each 1.5 1inches of <crack growth for the CLS1
specimens.

The crack growth rates at the various load levels are
summarized in Tables 19 and 20 for the CLS1 and CLS2
specimens, respectively. These data will be wused in
conjunction with the stress analysis to be discussed 1in
Section 4.2.3 to generate fracture properties (Section
4.2.4).

4.2.2.2 Test Results for SLJ Specimens

A total of six SLJ specimens vere tested at GD/FWD. The
tests were conducted at room temperature at a cyclic rate of
3 Hertz with a stress ratio, R = 0.1. Three of the
specimens had 1/8" thick adherends and are designated SLJ1.
The other three specimens (SLJ2) had 3/8%" thick adherends.
Table 18 records the loads at which the tests were conducted
and the corresponding 1lifetimes in terms of cycles to
failure.

Figures 8 and 9 show two opposite views, respectively,
of two different failed specimens. In each case, the
failure occurred between the splice and one end plate, with
the almost symmetrical 1lighter portions in Figure 8
representing the slow fatigue crack. The latter initiated
from the corresponding stress singularities at the overlap
ends and propagated towards the center of the overlap until
final fast, cohesive fracture occurred, as indicated by the
darker regions. The progress of the advancing crack front
with cycle number is indicated by the pencilled lines drawn
after 1locating the discontinuity (i.e., crack front) with
the ultrasonic detector.

The details of the crack growth histories of the six SLJ
specimens vere presented in Reference 32. The
ultrasonically determined crack fronts were averaged to
define effective crack lengths which were plotted against
the number of cycles at which the crack front determination
vas made. With reference to Figure 10, cracks always grew
from the center of the doubler plate, in either the positive
or negative y-direction and, in the case of the SLJ1
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Table 20 Crack Growth Rates in CLS, Specimens
Specimen _ _ _ _
Number CLS,-4 CLS2 6 CLS5-7 CL5,-8
Delta |

Load (KN) Crack Growth Rate ( m/cycle)
8.90 0.06 0.05 0.26 0.17
11.12 0.31 0.51 1.40 0.79
13.34 1.02 3.21 5.56 1.74
15.57 11.66 9.21 18.03 5.65
N 17.79 14.29 23.29 34,29 49.73




Figure 8 Failed Thick Adherend SLJ Specimens With
Measured Crack Fronts.
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Figure 9

Failed Thick Adherend SLJ Specimens With

Measured Crack Fronts. (other Side)

75

4a



e e = ———— i ten < &7 i 1 e A ———————"t A

Top

Top Edge Crack\gj ~ -7 L_&L_L_—-
' Y 3
Top Center Crack — 1 C
T

Bottom Center Crack jé/ L L7 /é/’] pa
c

by, 2
Bottom Edge Crack ——1—u_ C,

[ L L L L L

|

Figure 10 SLJ Crack Geometry.

76

]
o
1
o
0 o
o

Doubler Plate




e e e s o e e

specimen, from the top and bottom edges of the doubler
plate.

Syametric crack growth would be manifest as cj(N) =
co(N) and c3(N) = c4(N) where N is the number of cycles.
Within experimental error, this occurred only for the SLJ;-2
test. That test also indicated that the center cracks (cq,
c,) grew initially at a faster rate than the edge cracks
(33,c ). However, after about 1x104 cycles, the «crack
growth rates wvwere the same for the two sets of cracks.

In view of difficulties that were experienced in the
stress analysis of the SLJ, the crack growth histories of
the SLJ1 and SLJ2 specimens that were recorded in Reference
32 have been further averaged to reflect only symmetric
crack growth from the center of the doubler plate. Figures
11 and 12 summarize these simplified crack growth histories
for the SLJ1 and SLJ2 specimens. the effect of load level
on crack growth history is clearly seen.

4.2.3 Stress Analysis

4.2.3.1 vVvalidity of Finite Element Stress Analysis

The gquestion of the validity of a finite element stress
analysis always arises. Based on mesh refinement studies
that were conducted when the MARC finite element code was
first used in the Fatigque Behavior Program (Ref. 19), the
most ideal validation would come from an analytical, closed-
form solution which included the bondline. However, because
of the complexity of the joint geometry, such analytical
solutions are not, and are not likely to become, available.

In Reference 5, Brussat conducted a beam theory analysis
of the specimen which neglected the adhesive layer. The
beam theory result for each specimen geometry is compared
with the MARC results in Figures 14 and 15 in Section 4.2.3.3,
and predicts a constant value of G with crack length that is
on the order of S times greater than the MARC results, The
greater values of J integral are a consequence of neglecting
the adhesive layer in the beam theory analysis.

Another means of validating the MARC results is to
compare them with other finite element analyses. One such
analysis vas conducted using the GAMNABS finite element code
vhich has been developed by Dattaguru at NASA Langley (Ref. 66).
The relatively close agreement between the two analyses
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(Figures 14 and 15) provides greater confidence in the MARC
analysis.

The ultimate standard with which to evaluate the finite
element codes would be an experimental investigation. The
means of such a validation is described in Appendix 1 using
the technique of holographic interferometry with fictitious
fringe~-moire' in real time.

4.2.3.2 Stress Analysis of the Cracked Lap Shear Specimen

Finite element analyses of the cracked lap shear (CLS)
specimen were conducted for two GI/GII ratios. J-integral
calculations were performed for each ratio to determine the
variation of the J-integral with crack length. The finite
element models used for the analysis were generated by a
small program created specifically for generating finite
element models of the CLS. Input for the model generation
program allowed models with various crack 1lengths and
adherend thicknesses (also adhesive thickness) to be guickly
generated without the time-consuming debug phase typically
required when a finite element model is developed by hand.

All models were generated with the 8-node, plane strain,
isoparametric quadrilateral element as used in prior
analyses. Since the models were to be used for J-integral
analysis, the area around the crack tip had to be a
relatively fine mesh. This region, shown in Fiqure 13, is
basically the same for all models. The triangles shown
around the crack tip are 8-node quadrilateral elements that
have been compressed to triangles. The midside nodes that
fall on the sides radiating from the crack tip are placed at
the quarter points of the elements to create the r~ strain
singularity that is characteristic of elastic fracture
mechanics problens.

Figure 6 shows the actual test geometry and the cross
sections for the two GI/GII ratios. The models used inr the
analysis represented the distance between the mounting lugs
of 55.88 cm (22 inches). The ends of the specimens vwere
rigidly attached to the test frame so that fized boundary
conditions were assumed for the analysis. A 4448 N (1000
l1b) load wvwas considered in the analysis. The models that
vere generated for the analysis typically contained some 120
elements and 450 nodes. This allowed an ad::quate mesh
refinement around the crack tip but only a very coarse mesh
outside of this region. Even though some elements in this
coarse region approached an aspect ratio of 300:1 (in the
adhesive layer), 1ille~ conditioning of the stiffness matrix
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Figure 13 Finite Element Model of Cracked Lap Shear
Specimen, CLSl
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did not appesar to be a problem as the element force balance
obtained from the analysis was very good.

Plots of the J-integral versus crack length are shown in
Figures 14 and 15 for both GI/GII ratios. The J-integral
for the analysis 1in which the thicker adherend is loaded
(G1/G11 = 0.13) is fairly flat while the other case (Gyj/Gy1
= 0.35) has a significant peak.

For purposes of comparison, the results of beam theory
and GAMNABS analyses are also shown in Figures 14 and 15.
The beam theory analysis was used by Brussat et al. (Ref. 5)
and GAMNABS is a finite element code developed by Dattaguru at
NASA Langley (Ref. 66).

The reason for this sizable discrepancy between the MARC
(or GAMNABS) and beam theory results 1is, of course, the
relatively large compliance offered by the thin adhesive
layer. It provides poor load transfer from the 1loaded
member to the other one. This statement is best understocd
if one assumes that the adhesive has zero rigidity; then
growth of a crack in this very compliant layer brings about
absolutely no change in stored energy. Maximum change is
stored energy results if the adhesive is assumed infinitely
rigid (thickness~averaged fracture mechanics). The beam
theory analysis does not account for the presence of the
adhesive layer. It should be noted that the J integral does
vary with crack length when the adhesive layer is modeled.

4.2.3.3 Stress Analysis of the Structural Lap Joint
Specinmen

The MARC analysis of the structural lap joint designed
to model the effects of geometric nonlinearities is reported
herein. Problems designed to establish the significance of
other factors such as grip length, adhesive thickness, and
crack location (interface or cohesive) are recorded in Ref.
32. Those analyses also attempted to include examining the
interaction of cracks emanating from both the edge and
center of the doubler and observing the effect of cracks
that are no longer symmetrically positioned about the
centerline of the model.

The basic model analyzed and representing the
circumferential bonded splice (CBS) at station 703 of the
PABST Full Scale Demonstration (FSD) component is the
structural lap joint with 3.175am (1/8 inch) adherends (Fig.
7). The finite element models of the joint are typical of
those used in other analyses in this progran. Eight node,
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isoparametric gquadrilateral elements are used throughout.
Elements around the crack tip are collapsed 9quadrilaterals
with the midside nodes positioned at the quarter points to
create the 1/4T singularity common to fracture probleas
(Figure 16).

The properties of the adhesive material are typical for
FM-73 at room temperature; Young's Modulus = 2068 MPa,
Poisson's ratio = 0.32. The wmaterial properties of the
adherend are typical for aluminum; specifically, Young's
Modulus = 72400 MPa, Poisson's ratio = 0.33. A linear
stress-strain law was assumed for both the adhesive and
adherend.

For all of the analyses, cracks vere assumed to be
symmetrically located so that symmetric boundary conditions
could be applied. Various load levels were considered in
the initial series of analyses to observe the effects of
geometric nonlinearities. The 1load levels considered
created average stresses in the aluminum adherend of 84.9
MPa (12300 psi) to 254,7 MPa (36900 psi). However, all
subsequent analyses were performed at the lowest load level
corresponding to an average stress of &64.9 MPa.

It was initially assumed that a J-integral analysis
would be performed for the structural lap joint as was done
in the analysis of the model joint and the cracked lap shear
joints. However, the use of the large displacement option
in MARC to account for the effects of geometric
nonlinearities ruled out the use of the J-integral option.
Thus it was decided to calculate the stress intensity
factors ky and kyy from the numerical crack flank data. For
the case of a cohesive crack, the stress intensity factor
may be calculated by

EAu

ko o= —8 (18)
IT 4 v
and k, = —28Y (19)

L 477 (-9

kI and kII are the mode I and II stress intensity factors,
respectively,

Av and Au are the normaland tangential crack opening dis-
placements,respectively,

E is the Young's modulus of the adhesive layer,
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v is the Poisson's ratio of the adhesive layer,

and r is the distance from the crack tip at which Au and
Av are taken.

The strain energy release rate, G, is given by:

2 2 2
G = ﬂgé-v ) (kI + kII ) (20)

It was desirable to assess the effect of geometric
nonlinearities on the response of the structural 1lap joint
early in the analysis. Problems where the effect of large
displacements are significant are typically more complex and
more expensive to analyze. Hence, it was desirable to use
small deflection, linear elastic theory whenever possible.

4.2.3.4 Effect of Large Displacements

In order to determine the effect of geometric
nonlinearities, the first set of problems were analyzed
using the large displacement option available in MARC. The
structural lap joint model used in the analysis represented
a joint with a 2-mil adhesive layer. Both short and long
grip lengths were considered in combination with crack
lengths of 0.127, 2.54, and 25.4mm. Three load levels were
considered in each run so that the effect of 1load level
could also be observed. When the stress intensity factors
are calculated as described earlier, it 1is necessary t»>
determine the difference in displacement between two nodes.
Since the displacements are only printed out with six digits
maximum, problems arise when the difference in displacements
occurs in the last digit. Calculations of stress intensity
values for these cases could have errors of as much as 20%X.
This was often seen when the displacements varied
practically 1linearly wvith 1load but the difference between
displacements varied considerably. Since the 1load versus
displacement is nearly 1linear, it has been assumed that
geometric nonlinearities are not significant for this Jjoint
configuration and small deflection analyses have been used
on all subsequent problenms.
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4.2.3.5 Effect of Adhesive Layer Thickness

The effect of adhesive thickness variation is shown in
Figure 17 for the structural lap joint with long grips. The
two adhesive thicknesses considered in the analysis were
0.0508 mm (0.002 inches) and 0.254 mm (0.010 inches). The
plot shows a general increase in KI and KII for the thick
adhesive layer as compared to Ky and Kyy for the thin
adhesive layer at corresponding debond lengths. The Ky and
K curves appear to cross at around 28 mm for both adhesive
thicknesses. It is also probable that both curves cross at
smaller debond lengths although it cannot be confirmed for
the model with the thicker adhesive layer since the smallest
crack length is only 0.254 mm compared to .0508 mm for the
model with the thin adhesive layer.

The variation of J-integral with crack length is shown
in Figure 18 for the case in which the adhesive 1layer is
0.254 mm. thick.

4,2.4 Fracture Properties

The testing (Section #4.2.2) and stress analysis (Section
4.2.3) of the CLS specimen are now brought together to
generate fatigue fracture properties.

The fracture properties are presented in terms of the
crack growth rate (da/dN) vs. the change in J 1Integral per
cycle (AJ). The loads that gave rise to crack growth rates
were recorded in tables and must therefore be converted to
J-integrals wusing the finite element stress analysis of
Section 4.,2.3.

Thus, the change in J-integral per cycle, AJ, is given
by

A =J - Jmin . (21)

Since the MARC analysis was linear, the J-integral can be
scaled for different loads:

2
P
J=[P—] i, (22)

m

where Pp and Jp are the load and resulting J integral from
the finite element analysis.

Testing was conducted at a stress ratio, R = 0.1. Thus
Pmin * RPmax , (23)
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or AP = (1’R) Pﬂﬁx . (24)
Combining equations (21), (22), (23), and (24) yields

2
1+R | AP
Al = TR [5;] Jm . (25)

Since the J-integral, Jy, wvas a function of crack
length, the crack location at which da/dN measurements were
made must also be taken into account in calculating AJ.

Logarithmic plots of da/dN vs. AJ are shown in Figures
19-21. The effect of temperature on the CLS1 results is
shown quite clearly in Figqure 19 as the increased
temperature increases the crack growth rate for a given AJ.
A comparison of the results in Figures 19 and 20 for the
CLS1 specimens indicate that frequency effects are small.
The slope of the da/dN vs. AJ curves for the CLS2 specimens
(Pigure 21) is very large, indicating that, at the higher GI
/GII ratios , fracture is governed by static fracture
properties. Linear regressions of the data presented in
Fiqgures 19-21 were conducted.

Straight lines in the logarithmic plots imply a pover
law relationship between the crack growth rate and change in
J-integral per cycle. This is given by the relation

da/dN = B (aD)® (26)

The correlation coefficient of the least squares fit,
the power law exponent,n. and the power law coefficient,B, for
each test condition are shown in Table 21. For the CLS1
specimens, the crack growth law exponents are approximately
the same as those that were measured for neat FM-73 during
the Patigque Behavior program (Ref. 19) when a factor of two
is accounted for because the J-integral is proportional to
the square of the stress intensity factor.

4.2.5 Failure Criteria and Plaw Growth Modeling
4.2.5.1 Pailure Criteria

Fatigue crack growth leading to final fracture is a
commonly observed mode of failure in adhesively bonded
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Table 21 Crack Growth Laws for CLS Specimens

da/dN = B(an)"

specioe [repegand oy [comtariol g 1oy [,
CLS -4 140 3 .974 3.55 p.41x1078

cLS, -5 RT 3 .997 2.98 |8.4x107’

cLS, -7 RT 10 .988 3.24  |1.6x1077

CLS, -8 -65 10 .992 5.39  h.64x10"12
CLS, -9 -65 3 .985 3.05 [L.88x107’

CLS,-10 RT 0.3 .992 2.58 B.41x1078

CLS -4 RT 3 949 8.13 [.1l4x10”Y’
CLS,-6 RT 10 .963 9.28 b.37x10-20
CLS,-7 140 3 1937 7.48  .99x1078

cLS,-8 RT 0.3 .858 7.53  B.40x10716
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joints. Accordingly, the failure criteria developed in this
program are the results of a fracture mechanics approach.

Linear elastic fracture mechanics (LEFM) concepts have
found successful application in the modeling of crack growth
in metals. Parameters such as strain energy release rate,
G, and the stress intensity factor, K, have been widely used
to characterize both fatigue crack growth and final fracture
for Hookean materials. The question then arises as to the
extent of applicability of LEFM to the prediction of fatique
crack growth in adhesively bonded joints.

There are a number of reasons that crack growth in an
adhesive bond could differ from that in metals. First, we
recognize that adhesives are polymers and therefore
potentially viscoelastic and time-dependent. Secondly, the
adhesive layer is heavily constrained by the metal
adherends, giving rise to the possibility of geometric and
material non-linear behavior. Finally, fatique crack growth
must be understood under conditions of varying degrees of
mode interaction.

The fracture parameter chosen to characterize fatigue
failure in adhesively bonded joints in this program is the
J-integral, Not only can it be compared directly with the
LEPM approach, but it is also defined for cases of nonlinear
elastic, nonlinear elastoplastic and, more recently,
nonlinear viscoelastic behavior (Ref. 30). The J-integral
has also been found to be equivalent to the vectorial crack
opening displacement, a fracture criterion which was
successfully used to characterize interfacial crack
propagation in an adhesive joint subjected to loading normal
to or tangential to the bondine (Ref. 54).

Slow fatigue crack growth has been observed in the CLS
and SLJ specimens whose testing was reported in Section
4.2.2. In the Patigue Behavior program (Ref. 19), fatigue
testing of thick-adherend lap-shear model joints (MJ) also

revealed a slow crack growth portion of the crack growth
history. '

The slow crack growth portion of the crack growth
history has been characterized by a crack growth law which
relates the rate of crack growth per cycle (da/dN) to the
change in J Integral (AJ) during a cycle. Catastrophic
failure following slow fatigue crack growth has been
observed in the MJ and SLJ. The criterion for this mode of
failure is that the shear strength of the adhesive has
simply been exceeded due to the shorter overlap produced by
an increase in crack length. Prediction of the crack growth
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history is thus obtained by a cycle-by-cycle integration of
the crack growth 1law for the fatigue crack growth portion
subjected to the condition of a critical crack 1length for
catastrophic failure.

4.2.5.2 Crack Growth Prediction - Model Development

The scheme that has been used in the cycle-by-cycle
integration is shown in Figure 22, A finite element
analysis of the geometry of interest 1is conducted to
determine the variation of J integral with crack length.

If the finite element analysis was conducted at load
levels different from the actual loading, then the results
of the finite element analysis must be scaled as they were
in the case of the CLS specimen. That is:

2
pI(a) = 1R [%EJ Iy e | 27

Recall that the fatigue test results gave rise to a fatigue
crack growth law of the form

da/dN = B (aD)" . (28)

Cycle-by-cycle integration of (28) in conjunction with(27)
yields

n

2
sa = B{ LR [LP] , (29)

1'R. Pm

where Aa is the increase in crack length per cycle. The
crack length after N cycles is given by

N

a= 1 a . (30)
i=1

The cycle - by-cycle integration of the fatigue crack growth
law (Equation 29) requires values of J integral at crack
lengths not necessarily determined in the finite element
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analysis. Interpolated values of J integral were therefore
obtained using the Hermite interpolating polynomial.

The scheme outlined in Fiqure 22 and formulated in
Equations (27) through (30) has been computer programmed.
The code has been validated using results obtained from the
fatigue testing of center -cracked panels of neat FM-73M
adhesive in the Fatiqgue Behavior program (Ref. 19). Figure
23 shows the crack length vs. number of cycles for a center
cracked panel of neat FM-73M at room temperature subject to
constant amplitude cyclic loading at a frequency of 1.0 Hz
and R factor R = 0.1, The points are obtained from the
actual fatique testing and the full line is the result of
the cycle-by-cycle integration. If the «critical «crack
length is arbitrarily set at 17.75mm, we see that the
predicted and actual lifetimes differ by 6.5%. In view of
the large exponent in the crack growth law which was curve
fit to the original data, this variation in lifetimes is not
unreasonable and the code is therefore considered to be
validated,

4,2.5.3 Verification of Crack Growth History in SLJ
Specimens

The procedures outlined in the previous section were
attempted for the SLJ. However, it soon became clear that
the J-integrals obtained through the stress analysis using
the MARC finite element code resulted in predicted crack
growth rates based on CLS data that were orders of magnitude
greater than those that were measured during the testing of
the SLJ specimens.

To see this in more detail, consider Figure 18 which
depicts the variation of J-integral with «crack length.
Values of J-integral there are greater than 600J/m2 for a
load of 44.48 kN. The peak to peak loading during testing
of the SLJ1-1 specimen was 66.72 kN, resulting in a change
in J-integral per cycle on the order of 1500 J/m2, A 1look
at the da/dN vs. AJ curves (Figs. 19-21 ) indicates that the
specimens should have failed on the first cycle! Table 18
which records the lifetimes of the SLJ specimens that were
tested indicates that the lifetime of the SLJ1-1 specimen
was approximately 200,000 cycles.

The discrepancy could arise either from the
representation of the material properties or from the stress
analysis of the SLJ speciamen. The fracture property
measurements were consistent with measurements made on neat
FM-73, wmaking the stress analysis suspect. Unfortunately,
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time and funding constraints have not permitted a conclusive
evaluation of the MARC finite element analysis of the SLJ.
Stress analyses of the SLJ using NASTRAN and GAMNABS are
available but are of a tentative nature.

The results of these analyses are compared in Table 22.
The MARC and GAMNABS analyses were conducted for loads of
4u4.48 kN and have been scaled to the 73.39 kN level at which
the nonlinear NASTRAN analysis was conducted (corresponding
to the peak 1load applied during testing). No lateral
constraint was modeled in the MARC analysis. The MARC and
NASTRAN results are in closest agreement and if lateral
constraint had been modeled, the agreement would have been
better since the constraint acts to lower J-integral values.
However, the GAMNABS analysis predicts levels of J-integral
that would result in crack growth rates that are of the same
order as those that were experimentally observed.

Although the GAMNABS results are much lower than the
MARC and NASTRAN results, the GAMNABS results do predict
crack growth rates that are of the same order as those that
were experimentally observed. Because of the tentative
nature of these analyses, the source of the discrepancy is
not clear.

In fact a prediction of the crack growth history of the
i SLJ1 specimens was conducted using the GAMNABS analysis. It
f was assumed that the value of J-integral of 20 J/m2 that was
! obtained for the load of 44.48 kN and a crack length of
‘ 0.0254m was the same for all crack lengths. The value of J
{ vas scaled to reflect the loads of 66.72, 88.96 and 111.20
kN that were used in the testing of the SLJ1 specimens. The
assumption of a constant J-integral does not seem too severe
in view of the NASTRAN results. The critical crack length
marks the onset of catastrophic failure.

A comparison between the predicted and actual crack
growth histories is made in Pigure 24, The predicted growth
is shown by the full line with the experimental points shown
by the data points. The actual lifetimes are indicated by
the arrovw. It can be seen that the agreement in crack
grovwth history and lifetimes is fairly good. The straight
lines obtained by prediction are a consequence of choosing a
. constant value for J. The discrepancy in the initial crack
growth rates may be due to the fact that the J-integral
rises sharply to a maximum for very small crack lengths. A
detailed stress analysis of the overlap region should
resolve this possibility.
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A further source of the discrepancy could arise from the
fact that the mode I/mode II ratio decreases in the SLJ as
the crack grows, whereas it is approximately constant in the
CLS geometry (Ref. 31). #When the crack growth rates in the
two CLS configurations are compared, the rates in the CLS2
specimens (higher model/mode II ratio) are greater. The
initially higher mode I/mode 1II ratio at shorter crack
lengths would give rise to the initially higher crack growth
rates observed in Fiqures 11 and 12. The crack growth
prediction scheme does not account for these mode
interaction effects.

4,3 Demonstration of Integration Method for the PABST Test
Article

The bonded joint to be used for the Integrated
Methodology Demonstration Article is similar to the
structural 1lap Jjoint. The actual joint being modeled is
part of the PABST Full-Scale Demonstration Component (FSDC)
shown in Figure 5 (from Ref, 63). This particular joint is
located at Fuselage Station 703 between longerons 14 and 19.
The skins at this point are 1.27mm (50 mils) thick. Two
splice plates are used in the joint. The first plate is
0.81mm (32 mils) thick and the next plate is 1.80am (71
mils). To this is bonded a T-section which is part of the
frame at Section 703.

The finite element model that was to be created
represented a plane section perpendicular to a line that is
(1), tangent to the outside surface of the fuselage and (2),
normal to the fuselage centerline. Since ¢this was a 2-D
model and nmembrane elements were used, the effects of the
joint curvature ncrmal to the assumed section vere
considered. This would have required the use of solid
elements to accurately account for the curvature. The cost
incurred in a solid analysis would probably be large and wvas
not feasible at this time.

Due to the thin skin thickness used, it is possible that
geometric effects could be important for this particular
joint geometry. If so, the cost per analysis would increase
by a factor of 5 to 10 dependent on the finite element
progranm used to perform the geometrically nonlinear
solution. It is possible that these effects may not be
important if sufficient boundary conditions are applied to
simulate the support of surrounding structure. In this
specific case, there are 1longerons and frames at regular
locations which could prevent significant out-of-plane
deflection in the real airplane.
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Models of this joint were generated using a progranm
which runs on a VAX 11/780, utilizing a refresh graphics
tube and 1light pen to allow rapid development of models of
joints. All element definitions are immediately drawn on
the screen as the element 1is created. Thus errors are
easily seen and rapidly corrected. There 1is roughly a
factor of 10 savings in time required to create a model.
There are additional time savings since the model is usually
correct and 1little time (if any) is required to debug the
model,

Problems with the MARC program itself did not allow any
analysis of the models generated above.

One beneficial outcome of the predictive methodology is
that the effects of different 1loading and environmental
conditions can be assessed more cost effectively than
recourse to a substantial amount of proof testing.

As an example, we consider the effects of loading on
temperature on the lifetime of the SLJ1l specimens. The
influence of different 1load levels was determined in the
testing and prediction of the SLJ1 specimen (Figure 24). An
influence curve obtained from those results is shown in
Figure 25 where lifetime is plotted versus 1load 1levels.
Again for the SLJ1 specimen, it was thought that temperature
effects could be accounted for by substituting the
appropriate crack growth law (Table 21) in the crack
prediction scheme., However, the effect of temperature was
not accounted for in the stress analysis. At a temperature
of 140°F, the predicted lifetime of the SLJ1 specimen was
longer than that at room temperature; a fact which is not
intuitively reasonable and which has not been borne out by
recent tests conducted at UOT/CSD. The simplest way to
account for the higher temperatue in the stress analysis
would be to lower the modulus of the adhesive. Analyses of
the model joint indicated that lower moduli resulted in
higher values for J integral. The increase in J-integral
could raise the predicted crack growth rates at 140°F above
those at room temperature. A schematic of the possible
effect of temperature on crack growth history is shown in
Figure 26. The effect on lifetime would then be determined
by noting the critical crack lengths to produce an influence
curve similar to that for load effects.

4.4 Remarks

The details of the different aspects of the integrated
methodology that were discussed in previous sections have
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been developed. While further refinements will improve the
accuracy of the predictions { and use ), the methodology has
been demonstrated in vprinciple and has been shown to be

sound.

T3>Ty >T

T3 T2 T

Crack Growth

J
] |
3 2 Y

Number of cycles (or time)

Figure 26 Example of Effect of Temperature on
Lifetime for Bonded Joint '
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V. TIDENTIFICATION OF EXPANDED REQUIREMENTS

The present program has been developed and laia out with
consideration given to thorough coverage of the needs for a
reliable bonding technology. Accordingly, the modules with
which the whole field has been subdivided represent fairly
clearly and totally the needed subject disciplines.
Therefore, in this section we shall point out the most
pressing problems that need to be attacked within the
modules, plus some general remarks.

The areas that we have identified to require additional
effort are as follows:

a) loads/environments definition
b) adhesive constitutive behavior
c) stress analysis

d) fracture mode interaction.

We have come to believe during the course of this
investigation that apart from item a) above, these subjects
contain the major shortcomings in predictive bonding
technology at this time. Some general comments on these
items are given bhelow.

a) Since loads definition was not the central focus of
this program, and there was finite funding, only a ainor
effort was directed in the area. In order to establish more
definitely the time scale of loading that will affect the
time « dependent bond failure processes, a more thorough
study/survey should be conducted. We believe that enough
information is now available on the time scale of the
thermo-mechanical response of adhesives so that the
pertinent ranges of time dependent loads for aircraft can be
discussed, and which types of bonds are important in the
time-dependent failure process.

b) Under this program, the adhesive was considered
basically a linearly elastic solid for analysis purposes,
although viscoelastic efforts were continuously monitored,
measured and considered. In reality, the material is non-
linearly viscoelastic, especially due to the presence of the
scrim cloth, These nonlinear effects, largely due to time

"dependent microfracturing, are particularly of concern in

the failure process and will need to be considered in more
detail in the future,

c) There are sone serious questions regarding
application of currently-available computer codes to bond
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. type geomatries. Let us recognize that much of the
s interpretation as to whether a code ©provides realistically
computed answers depends primarily on our ability to
visualize or otherwise estimate the stress and/or
displacement field. With regard to stresses near cracks in
the bondline, we have relatively 1little information or
intuition as to what values are appropriate. The MARC
r _ computer code apoears to possess some serious shortcomings
| : in this regard, although the source of this shortcoming
could not be ascertained.

d) A limited amount of testing has been directed in this
program to elucidate the effect of Mode I, 1II, 1II
interaction on fracture of bonded joints. There is no basic
information on how much interaction occurs, and hence our
predictive capability 1in this regard is - and is likely to
continue to be - rather poor. Efforts directed at
eliminating this problem are necessary for a predictive
methodology with a still smaller range on the error bound.

There are other observations that should be made, and
that is that 4t has been presumed throughout that a certain
standard of quality is maintained between the characterizing
specimens and the design or evaluation geomatries. In order
to verify this, NDI methods are required which have not been
incorporated 1into the present Integrated Methodology
: program, but which should be considered a part of it in
! order to make bonding an acceptable way of manufacturing.

Nondestructive inspection (NDI), and possibly Quality
! Control on surface properties in general must be implemented
for reliable and fast "“on-line" inspection. Periodic NDI,
coupled with the Predictive Methodology, would facilitate
disposition (also such as MRB in PFactory) of parts
containing imperfections.

The reason that NDI was not made a part of the present

Integrated Methodology program was that a) efforts on this

2 subject are well underwvay in this institution of structural

. , research, and b) that in light of that fact the present

i program should not be burdened by additional concern.

‘ Future programs or efforts on bond technology should keep in
close touch with developments on NDI.

Our concern with the gquality control on surface
K preparation results from the observation that interface
. separation cannot be measured in a non-destructive way.
Achieving a required bond strength cannot, therefore, be
measured except through a proof test. While proof testing
is undoubtedly an important aspect of implementing bonding
in structural manufacturing, the assurance for the safety of
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the execution will undoubtedly rest strongly on a reliable
demonstration of optimal manufacturing care.

To summarize then, we believe that the present
investigation modules of

a) Loads/Environments Definition

b) Material Characterization

c) Stress Analysis

d) Failure Criteria

e) Structural Inteqgrity (Strength) Analysis

are mature and well manageable investigative entities that
require additional work in detail. Other tham such greater
detail definition, there appears to be a need for a more
careful loads definition and education'on the importance of
time dependence of 1loads and their effect on the bond
failure process.

In particular, there are certain areas in each one of
the modules that need more detailed attention: we would rate
these, listed below, as first opriorities in any serious
effort to further improve bond predictability.

A. Loads and Environment

1) The effect of mission profile and time history of
loading needs to be better <clarified (including maneuver
sequence and flight envelope).

2) The periodic content of the mission profile needs to
be determined with emphasis on the frequency content,
clearly separating out the steady or monotonic loads.

B. Material Properties

1) The effect of load level on accelerated time response
needs to be better <clarified. This phenomenon can be
combined with a 1lack of knowledge of the non-linearly
viscoelastic material behavior.

2) Physical aging, by which the material changes its
mechanical response with time, needs to be better understood
so that failure predictions with appropriate 1long time
properties can be accomplished.

3) Microfracture preceding bond failure is an iamportant
phase in the failure process, yet very little is known about
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it, 1its <causes (other than high stress), its growth and
dependence on stress state.

4) The 1intrinsic strength of a bond derives from the
adhesive per se (not including the scrim cloth) and more
knowledge regarding these intrinsic adhesive properties is
necessary.

C. Stress Analysis

While the currently-developing computational code VISTA
addresses many of the needs of bonded Jjoint analysis,
perhaps the greatest need exists 1in evaluating the code
capability for non-linear stress analysis; the material
representation now developed needs to be checked out and its
limitations at large strain (over 5%) needs to be estimated.

D. Failure Criteria

So far, possible criteria for incipient failure have
been identified; they are listed in Table IV A. Those that
are associated with cracks are well understood, if not
completely evaluated. However, criteria that address the
growth and/or initiation of cracks are virtually non-
existent. Work in this area is needed, particularly
addressing the generation of failure from bond terminations
(end of adherend region). A possible criterion for this
purpose might be crack generation over a finite area
{length) along a path requiring minimal energy expenditure.
Along with this requirement there are several questions of a
fundamental nature that must be resolved in order to develop
a satisfactory predictive framework; these are:

1) 1Is there a basic difference between failure in
monotonic and cyclic load histories or can fatigue fracture
be predicted from steady crack propagation tests?

2) Wwhat is the limitation in considering fatigue failure
to depend on AK?

3) what is the effect of disregarding the presence of
the scrim in the adhesive?
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SECTION VI

CONCLUSIONS AND RECOMMENDATIONS

A detailed review was conducted of existing analytical
and experimental structural mechanics procedures required to
perform accurate and rigorous structural analysis of
adhesively bonded joints. Four main analytic concepts were
encountered during the course of this review: P-over-A
analysis; strength of materials approach; thickness-averaged
fracture mechanics; and (true) fracture mechanics. It is
argued, and substantiated by finite element calculations,
that it is only with the (proper) application of the fourth
analytical procedure, viz., fracture mechanics, that a
suitable vehicle 1is obtained to organize and rationalize
problems of bonded joint performance.

Use of the thickness-average fracture mechanics approach
provides a non-conservative prediction of failure, and is
not recommended for wuse. In citing only one case, the J-
integral calculations versus crack length were considerably
higher than the two cases modeling a realistic modulus (Ref.
62). On the other hand, the strength of materials approach
leads to unnecessary conservative estimates and thus leads
to designs having longer-than-needed overlap lengths. This
is an acceptable approach although the associated weight
penalties may be troublesome for some systems (Ref. 7). The
fracture mechanics approach emphasizes the use of
information on the effects of interactions with mechanical
loads of time and environment (temperature, moisture)
reflecting the viscoelastic (polymer) nature of the adhesive
interlayer of bonded structures, in the formulation of the
stress analysis methods and crack growth modeling to
accomplish the goals of this progranm.

Based on the findings of the aforementioned review of
structural mechanics procedures, a comprehensive integrated
methodology for adhesive bonded joint life predictions is
developed. The guiding assumption is that the useful 1life
of bonded joints 1is determined by failure in the adhesive
interlayer, and this is the basis for a systematic analysis
of information and the techniques required to provide valid
predictions. Emphasis is placed on time-dependent fracture
mechanics procedures, including detailed through-the-
adhesive thickness viscoelastic finite element calculations
of the stress-strain distributions, and on analytical
methods involving the constitutive relations of the adhesive
interlayer. Use is made of instrumented bonded joint data
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obtained from structural overtest methods under a number of
U.sS. Air Force-sponsored program. A ' logical program
rationale is outlined which has sufficient generality to
apply to any adhesive bonded joint structure including metal
and composite adherends, and various 1loading/environmental
conditions, which apply to high-performance aircraft.

Five main modules of the integrated methodoclogy are
established: (Definition of) Loads/Environments; (Adhesive)
Material Properties; Stress Analysis; Fatigue Mechanisms and
Failure Criteria; Aging Structural Failure Analysis (Life
Predictions). The necessary contents of each module,
including input and output data, are specified and a systenms
approach is taken interconnecting the modules into a logical
sequence suitable for making service 1life predictions for
bonded structures.

The various feeder sub-prograns, which must be
accomplished for full implementation of the Integrated
Methodology program, are identified and it is recommended
that they all be carried to completion to generate the
contents identified in each of the interconnected modules
constituting the integrated method. Since the Stress
Analysis module(III) and Failure Criteria module (IV) occupy
dominant positions in this methodology, it is recommended
that the feeder sub-programs developing information for
these two central modules should command top priority.

This backbone program, the 1Integrated Methodology
program, is ending before completion of a number of feeder
sub-programs, some of which haven't even been initiated.
Under tlhese circumstances, the 1life prediction of the
verification test article, the circumferential bonded splice
of the PABST FSD component, is a first attempt and is done
for demonstration purposes. It is recommended that all the
feeder sub-programs be initiated and carried to completion
so that more reliable predictions of service life can be
achieved.

In particular, an accurate stress analysis of the
verification test article is required using a working
viscoelastic code. There are apparently errors in the MARC
program which need correcting. The VISTA program aust be
ready for use, before the stress analysis can be performed.

Also, additional fracture response properties are
required from a feeder sub-program before reliable da/dN
versus J data can be obtained over the broad range of
temperatures and moisture wmission profiles of advanced
aircraft.
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Important major payoffs resulting from the use of
adhesive bonding, already successfully demonstrated in the
PABST program, include: improved joint fatigue life (by
avoiding rivet holes); elimination of corrosion (by avoiding
fretting of faying surfaces); reduction of weight of the
joint, and reduced cost through smaller part count.

There 1is no doubt that adhesive bonding will eventually
play a significant role in the joining and/or repair of
primary structural members of high performance military
aircraft of the future.

of course, the parallel development of adequate
nondestructive inspection (NDI) techniques and repair
procedures for bonded structures will further expedite the
acceptance of this joining technique in military aircraft of
the future,

The structural and performance characteristics of the
advanced technology fighter (ATP), the so-called ‘“stealth"
aircraft, could be most efficiently realized using this
joining technique, since its design will probably feature
thin gage, lightweight, extremely aerodynamically smooth
surfaces (for non-visibility) and a 1low (load transfer)
density of primary joints, all ideally suited for adhesive
bonding. Being a subsonic aircraft, it could also take
advantage of well-developed, PABST-used BAC-5555 surface
treatment and the excellent and well-documented 250°F - cure,
FM-73M adhesive film. This would lead to a low cost, highly
reliable design.

Substantial improvements in the accuracy and the general
applicability of the methods of life prediction are expected
when the results of the related roadmap proqrams@through@
become available. It is recommended when these results are
available, that they be consolidated into a logical
engineering procedure and used as appropriate during design,
MRB actions, System Deployment/Maintainance Tradeoffs, and
in setting up Inspection and Maintenance schedules.

In addition, the following four programs are
recommended?

1) Bonded Joints_ under Tensjion - _Compression Cycling

It is recoamended that effects of tension-compression
(t-c) cyclic 1loading , vhich are experienced in normal
aircraft mission profiles,be included in the IM program. To
date, only tension-tension (t-t) structural loading has been
considered. While intuitively it is expected that fatigue
lives would be significantly 1lower during a t-c loading
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cycle, it is possible <craze healing in viscoelastic
materials may occur as has been recently reported by Wool
(Ref. 64), which could directly influence lifetime
prediction, especially over long term periods encountered in
actual mission profiles.

2) Bonded_Joints_With Resin_Matrix Composite_Adherends

In view of the increasing use of resin-matrix composite
materials in fabrication of aircraft components, it is
reconmmended that the scope of the IM program be extended to
include resin-matrix composite adherend(s). This would
expedite the development of the integrated method for
composite joints which would be timely in view of the USAF's
current commitment for building the composite aircraft in
the factory of the future. Accordingly, other specific
tasks outlined briefly below, as proposed for the IM follow-
on program, reflect the need for incorporating ideas
concerning composite adherends.

Such an integrated methodology for lifetime prediction
of bonded Jjoints utlizing composite structures must be
developed at this time if this technology is to be made
available for satisfactory use on predicting long-term (up
to twenty years) durability and fatigue life of primary
structures using these advanced non-metallic materials.

3) Repair_of Composite_Split_ Ends_and_Delaminations_Around

Fastener Holes

It is recommended that the extent of splitting of
exposed composite panel edges, delaminations around fastener
holes and the effect on 1lifetime of the bonded joint
structure be determined. The repair of such split ends by
subsequent sealing of the split components with adhesive
materials and the change in lifetime so affected should be
evaluated. Further spreading of damaged (i.e., split) ends
may possibly be avoided by application of an adhesive with
subsequent partial compression of the effected parts. In
order for this repair procedure to be effective, details
will have to be worked out on how to apply the adhesives to
get it into the damaged areas effectively before
compression. Also, the effect of cure temperature on
bonding of metals to composites and composites to
composites, addressing the question of possible pyrolization
of the composite component (initially at some intermediate
state of cure prior to bonding) when bringing the adherends
close to the cure temperature of the adhesive during the
bonding operation, should be considered.
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4) Bonded Joints with Bolt Assist (Ref.: Appendix C)

It is recommended that the gquestion of bolted/bonded
joints, and the resulting improvement of bonded joint 1life,
be investigated. Fatique testing of structural lap joints
indicates that the ultimate (fatigue) life of an adhesively
bonded joint can be increased by at least a factor of 2 by
"tying down" the peel stresses at the overlap edge along the
corner singularity with a few bolts strategically positioned
at only a small weight penalty to the structure. These
experiments were suggested as a result of an existing
AFWAL/FDL program at General Dynamics investigating advanced
joining techniques (Ref. 65) including adhesive bonding and
bolt fastening.

It is recommended that the impact of these findings on
joint 1life prediction as developed 1in the Integrated
Methodology program be evaluated. Considerations should
also include the minimum placement of bolts to carry the
load between a metal-composite joint and a composite-
composite joint.
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APPENDIX .
STRESS ANALYSIS VALIDATION

Introduction

It 1is absolutely essential that some kind of validation
of the finite element stress analysis codes be performed, to
ensure that the stress analysis model indeed predicts the
actual stresses encountered in a bonded Joint, This is
important particularly in view of the accuracy with which
certain fracture parameters need to be determined. Since
any stress analysis entails approximations either of a basic
nature or for convenience, it is necessary that this
validation be done. The basic assumptions need to be
checked or their effects need to be estimated. Sometimes
this can be accomplished with closed-form analytical
asymptotic solutions, but in general this is not possible
and it was deemed necessary, therefore, to conduct an
experimental program, concurrent with the stress analysis
program, to validate the stress analysis procedures used.

A number of different experimental approaches to stress
analysis validation were considered in some detail, as
described in Reference 67. The technique finally selected
is in the area of holographic interferometry, and not by
accident considering the success obtained in measuring the
time dependence (or lack of it) of FM-73M adhesive material
and reported in an archival paper (Ref. 18) during the
Patigue Behavior program (Ref. 4).

A specialized area of holographic interferometry was
selected as offering the highest chance of success in a
reasonable period of time in this series of life prediction
programs. It is that of focused image holography with
fictitious fringe-moire!, as pioneered and perfected over
the last few years by Prof. Sciammarella and his students
albeit on relatively simple, symametric "thesis environaments

(Refs. 68 through 74). A summary of the derivations of the
working equations of this technique is briefly given in the
following section,

Technical Discussion
Double - exposure holographic interferometry provides
surface displacement information along a sensitivity vector

given by the angular phase change equation

bog = (K} - Ky)) - d=g *d =nx (A1)
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where K1 and K2 are the propagation vectors in the
illumination and observation directions, respectively; d is
the displacement of the object point, Abg is the angular
phase change, g is the sensitivity vector with respect to
angular phase change, n is the fringe order, and X is the
laser wavelength.

Ennos (Ref, 75) described a technique to obtain the
inplane components of the displacement vector for a two-
dimensional surface. The method consists of making
simultaneous double exposures of two hologram plates before
and after loading the object. If a point of the object is
viewed obliquely through these two holograms at equal angles

to the surface normal (Fiqure A1), then the (angular) phase
change is

Boy = (51-52) " d =nx, for Plate 1 a2)

and

N ]
8oy = (EI-EQ ) * d =n') for Plate 2. (A3)

Subtraction of Eguation (A3) from Equation (A2) yields the
phase change difference

80y - 84y = (R'y=Ky) = d =(n-n'A | (A%)

where (5'2'52) is a vector 1lying on the surface of the
object. Ennos suggested a solution of Eguation (A4) by
computing the difference n-n' of the orders of the two
fringe patterns. Utilizing the fact that the point of
observation and point of illumination can be interchanged,
the double observation, DO, can be replaced by double
illumination, DI, as shown by Butters (Ref. 76) and Boone
(Ref. 77) and represented in Figure A2. Accordingly,
Equation (A4) can be written as

8 - Ay = (K,-Ky) - d = oyt (A5)

where ny is the order of the resultant moire' fringe
pattern.

In principle, the information can be retrieved in both
DO and DI cases by superimposing the two double exposure
patterns and observing the resulting moire' pattern. The
practical utilization of this idea has been hindered in the
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Hologram 1 Hologram 2

Diffuse Surface

Figure Al Two-Hologram (Single Illumination Beam) Holographic
Interferometry Configuration

Diffuse Surface

Figure A2 Doublé-Illmnination (Single Hologram) Holographic
Interferometry Configuration
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past by the poor quality of the resulting moire!' patterns
encountered in conventional (lensless) holography. There
are two improvements which have been found to lead to the
generation of good moire' patterns (Ref. 78).

The first improvement 1is obtained through the use of
focused image holography (FIH). Focused image holograms
have the unique property that their reconstructions can be
carried out using non-coherent 1light sources, either
monochromatic sources fe.g., Na 1lamp or Hg 1laap) or
polychromatic sources {e.g., a continuous spectrum or white
light source). Use of non-coherent or white 1light
reconstruction eliminates the speckle "noise" characteristic
of reconstructed images obtained in conventional holography
employing a coherent (laser) reference beam. This makes for
sharper fringe patterns with high quality fringe gradients
and leads to better visibility and recording of moire!
fringes when superimposing two double exposure patterns
during optical processing., The reconstructions are sharp
even when white light extended sources are used (Ref. 79).
In the latter case, as the angle of view changes in the
reconstruction, the color changes because of the dispersive
nature of the hologram, however, for all colors the image is
equally sharp.

Reconstruction of FIH holograms using the conjugate
reference beam, rather than the direct reference beam, is an
added advantage and convenience in image handling since it
permits a larger field of view to be interrogated, either
visually or photographically (Ref. 80). Also, use of a
telecentric imaging system in FIH with unit magnification
eliminates the problem of distortion considering that the
lateral magnification is equal to the square of the
transverse magnification. Also, the optimum recording
parameters for FIH are similar to those of conventional
holography, however, since the effect of recording
nonlinearities is less noticeable in focused holograms, a
1:1 beam intensity ratio can be utilized which provides for
naximum diffraction efficiency. This allows use of . ver
povwer lasers in generating the holograss.

The second improvement leading to the generation of good
moire' patterns during optical processing is achieved by
having a high initial fringe density in the individual
patterns due to each illumination beam. This is obtained by
rotating the hologram (plateholder) between exposures
simultaneously wvith the loading of the specimen. For the
case of PIH and a plane object (i.e., surface), it has been
shown that this rotation of the hologram through an angle
about the rotation axis) creates an initial fringe pattern
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precisely localized in the hologram plane and parallel to
the rotation axis; the fringe spacing, §, is given by

-1

§ = » [f(l-cos 82)] (A6)

where ' is the angle of rotation of the plateholder, and AR
is the angle between the reference beam and normal to the
holographic plate (Ref. 78) . Alternatively and
equivalently, rotation of the reference beam (i.e., the
mirror-M3 in Figure A3 by an amount AR, results in an angle
A9 between the two reconstructed wavefronts in double
exposure holography (or between the object wavefront and the
reconstructed wavefront in real time holography) given by A6
= 2 cos OR ABR, as shown in Reference 74,

The angular phase of the initial fringe pattern is f (u)
= nA, When the model is loaded and the plate is tilted,
each illumination beam adds a different contribution to the
initial phase and tvo patterns result which are
characterized by

f(u) + (51-52) +d = nll for object beam 1 , (A7)

and
f(u) + (K;-KZ) - d = mn, for object beam 2 , (A8)

where n) and n, are the fringe order numbers. The equations

display additional fringes (as compared with the
correspoading equations (A2) and (A3) which are now
sufficient to produce diffraction during optical

superposition, including spatial filtering. The moire!
pattern produced by the optical subtraction of the two

patterns given by Equations (A7) and (A8) can be expressed
by Equation

£+, Ky * d 1-1 E(+(EK K, -dl=(n;-n)) ,  (9)
or
b0,-88y = (&-K)+d = mpd = god = d' (A10)

and is effected using the optical processor described later.1
The corresponding linear phase is given by d'=n) (2sing)”
’

122

e - ——



e T T T

where 2o 1is the angle between the two jillumination beams.
The moire' pattern defined by above equations displays the
in plane component of the displacement. For collimated
illuminations, the sensitivity vector, g, remains constant
over the full field and the displacement is projected into a
single plane. Further, the displacement d' becomes dn which
is normal to the line of sight, or "“in-plane".

If achieved fringe densities are sufficiently high, it
may even be possible to extract contours of constant strains
directly by a moire' pattern on itself and filtering in the
optical processing system as described in Reference 78.

Experimental Configuration

A combination focused image holographic interferometer
and laser speckle pattern interferometer has been set up to
determine whole-field in-plane displacements (and hence
strains) of stressed surfaces from double-exposure image-
plane holograms and/or specklegrans.

The unique, combination focused-~image holographic and
speckle pattern interferometer is shown schematically and
photographically in Figqgures A3 and A4, respectively, in the
telecentric lens version and was successfully used in two
company-sponsored (IRAD) programs studying the general full-
field strains around a radial fatigue crack in a tensile
specimen of 7075-T6 Al with a notched central hole (Ref.
81), and the study of the crack closure phenomenon in the
same specimen after various stages of fatique (Ref. 82).

In Figure A3, the T[fI[H interferometer consists of the
object beams, 01 and 02, and the reference beam, R, which
are combined at the photographic plate, PH, after traversing
equal path lengths (within the coherence 1length of the
laser) from the first variable beam splitter BS1 to PH. The
object is a bonded joint inserted in a specially-designed
precision loading apparatus described in Appendix B of
Reference 83 and is identical to the one designed and built
for Maddux of AFFDL (Ref. 84) for speckle photography
studies.

Various adhesively bonded joints, including single lap
and double lap up to 18" in length, can be accommodated by
the gqrips of the loading device. Also, illumination and
viewing in the bondline thickness-loading plane (i.e., along
the edge of the joint) is easily accomplished.
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The bonded Jjoint geometry selected for the stress
analysis validation is the double strap Jjoint shown in
Figure A5, with Al inner adherends and pyrex glass outer
adherends for optical interrogation of the glass-adhesive
interface upon differential 1loading in the loading frame
mounted on the holographic table (Figure A4).

With this optical arrangement it is possible to record a
double-exposure image-plane hologram which |is also a
specklegram by suitable choice of reference to object beanm
intensity ratio utilizing beam splitters BS1 and BS2. Use
of a collimated reference bean ensures ease of
reconstruction with a (collimated) white light source in the
conjugate direction; and use of the telecentric lemrs systenm
permits in_situ white light reconstruction of the double
exposure hologram, with the reconstructed image displaying
the displacement interference fringes as a real image at the
eguivalent image plane position, I2, displayed in Figure A6.

A unit magnification telecentric imaging system (Refs.
85,86) is used consisting of two plano-convex lenses placed
twvo focal 1lengths apart. An aperture is centrally placed
between the two lenses, L1 and L2. This arrangenment
provides a number of favorable conditions during recording
of holograms. PFirst, the image I, of object 0 does not
change with small variations in éhe object distance and for
a given object size, the image size (I, = -0, ) remains
constant for all values of a; within the depth of field of
the telecentric systes. The aperture is also used to
control the depth of field for sharpest fringe recording.
Second, a; = -a;, so that the image I, is displaced by the
same amount as the displacement of the object from its
position at the front focal plane of 1lens L1 and is
displaced in the same direction, relative to the lens
system, provided the object 0; is inside the focal plane of
L. If the object 0; is outside the focal plane of L1 no
real image I, wvill be formed.

Finally, the same telecentric system can be used for
optical processing without disturbing optical coaponents.
This is done by placing the negative in the equivalent
object position of the FIH set up at 0%y, illuminating it
normally with a collimated laser beam, removing the zeroth
order beam with an aperture stop at the Fourier transform
plane (midway between L1 and L2) and finally allowing only
the +1 order to be passed by 1lens L2 onto the image
recording plate at HP.
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As pointed out in the previous section, rotation of the
hologram (plateholder) around an axis contained in its own
plane through an angle (ﬂ) or equivalently rotation of the
collimatéd reference beam through an angle (A6gr), generates
“carrier® fringes for each of the two illumination beanms
which greatly increase the visibility and detectivity of the
moire' fringes during optical filtering of the double
exposure hologranm.

Preliminary Results

A number of double exposure holograms of the double
strap tensile specimen have been obtained with differential
loading and plateholder rotation between exposures, as
shown, for example, in Figures A7(a) and A7(b). The latter
double exposure was effected with a loading differential of
100 lbs. and a plate (holder) rotation of 2/3° and registers
the displacement field superimposed on the "fictitious"
fringe system due to the plate rotation. The measured
carrier fringe spacing of 1 mm is in agreement with the
predicted fringe spacing, however, the fringe density is
still not high enough to give good diffraction during
optical filtering to display the moire' fringes.

According to Exner and Gilbert (Ref. 87) the desired
fringe density in the white light reconstructed real image
(plane) should be of the order of 100 lines per inch to
achieve good diffraction during optical filtering. This can
be achieved by the appropriate selection of both
differential loading, AL, and holographic plate rotation,
p'., values. However, achieving the correct AL and B' values
simultaneously, while trying to maintain fringe localization
in the image plane is extremely difficult using the double
exposure (dead fringe) technique.

Holographic-Moire®' in Real Time

Prof. Sciammarella et al. have very recently solved this
problem by using the holographic moire' technique in real
time combined with <closed circuit TV (Bef. 74). This
permits adjusting the aforementioned amutually dependent
parameters incrementally while viewing their effects
separately and in combination directly on a TV screen at
optimum fringe density.

Another important consideration in achieving good moire!

fringes is that of contrast, as discussed by Sciammarella et
al. The in-plane (x) displacements are given by a moire'
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pattern that modulates a high frequency signal which depends
on displacements perpendicular to the observed plane. The
moire! pattern is best observed if the two systems of
fringes have an acceptable contrast in the plane of
observation and have enough density or form an angle within
+309; this can be facilitated using the real time technique.

As pointed out by Sciammarella, the control of fringe
contrast and density is best achieved, i.e., is greatly
facilitated, by using the real time technigue, instead of
the dead fringe (double exposure) method. Recalling also
the fact that small 1leaks in the hydraulic system of our
loading device tend to cause fringe wandering, the use of
real time observation will greatly facilitate the control
of this undesirable feature when recording the desired
moire' fringes. Accordingly, a GE closed-circuit TV Model
4T H31 B1, in conjunction with a Panasonic TV camera Model
WV-1000 is being set wup in the supporting progranm @) on
Viscoelastic Stress Analysis to conduct holographic-moire!
in real time.

The basic arrangement to be used in the holographic
moire' in real time will include the experimental
arrangement of Fiqure A3 with the TV camera's axis collinear
with that of the telecentric lens system. The camera lens
is focussed on the holographic plate which is immersed in an
immersion tank mounted on a universal stage. The sequence
of events when 1loading, will be viewed directly on the TV
monitor and the evolution of the fringes will be
simultaneously recorded on a video tape.

A single exposure will be made of the object in state of
rest. The plate will then be either removed from the tank,
processed and returned to its original position, or it will
be developed in-situ. The controls of the universal stage
will make it feasible to eliminate any residual fringes.
The carrier fringes will be generated by either rotating the
plate holder around an axis contained in its own plane or by
rotating the collimated reference beam. The model will be
loaded and the rigid-body motions compensated by observing
the fringes in the monitor while keeping the visibility as
high as possible.

The fringes will be recorded on tape and/or photographed
directly from the monitor. For greater accuracy they can be
photographed by introducing a beam splitter at 45° to the
optic axis of the observation system. When the fringes are
photographed, contrast can be improved by optically
filtering the carrier as described earlier. The contrast of
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the fringes can be directly balanced on the monitor by
electronically filtering and by changing the contrast knob.

All that remains in the 1life prediction series of
programs in the area of stress analysis validation is to
extend the work of Sciammarella et al. (Ref. 74) in which
relatively simple, symmetric "thesis geometries" were used,
to apply to our more complex (joint) geometries. This is
currently being done in the companion progranm C) on
Viscoelastic Stress Analysis (Ref. 21) wherein the VISTA
finite element stress analyses code will be validated.

It appears also that an extension of this technique,
using nultiplication of holographic fringes (Ref. 78), will
allow smaller regions of surfaces to be interrogated,
including strain fields around crack <¢ips and regions of
dimensions of the order of the bondline thickness. This is
possible because the fringe multiplication technique, in
conjunction with the use of image magnifications >>»1, by
means of a suitable lens arrangement, will allow aoire'
displacement patterns to be multiplied at least 10-fold to
obtain high fringe density. When this multiplied moire'
pattern is shifted on itself, the moire' of moire' so
obtained can be filtered in the optical processing
(filtering) system to yield a filtered pattern directly
representing the 1loci of constant strain with high
sensitivity.
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APPENDIX B

Measurement of Crack Initiation and
Crack Growth in Cracked Lap Shear Specimens

Appropriate techniques for measuring crack size, a, with
time, t, and/or cycle, N, for each specimen geometry were
evaluated. These include X-radiography with opague
additive, ultrasonic spectroscopy, acoustic emission (for
onset of crack growth or initiation) s Optical
(visual) with 10X optics and graduated scale, and normal
compliance methods. The following summarizes the
experiences encountered in each of the above-stated
techniques and a rationale for the selection of the
technique finally chosen.

X-Radiography With Opaque Additive

Successful application of X-ray technique for monitoring
crack growth is contingent upon different X-ray absorption
coefficients of the materials of interest and the void. The
X-ray attenuation coefficient of FM-73 is not much higher
than voids. This small difference in attenuation makes it
difficult to identify voids on X-ray records.

A modified X-ray NDE technigue which enhances a void's
image on the X-ray record has been used at General Dynamics
for crack growth monitoring in composite specimens. The
opaque additive, diiodobutane (DIB), is introduced to the
crack openings. The DIB enters the «crack by capillary
action. On the X-ray records, the image of the crack is
greatly enhanced by the highly attenuating characteristics
of the opaque additive.

The radiographic energy source used in this study was a
110-kv Picker portable X-ray unit with a 2.25am beryllium
window and a focal spot of O0.5mm. The X-ray head wvas
located at a distance of 30 inches from the specimen.

X~-ray records of a model test joint specimen undergoing
cyclic test was made without dismounting the specimen from
the fatigue test machine. Visual (20X optics) observations
vere made of crack growth for comparison with the X-ray
negatives.

While the X-ray negatives provided a record of crack
growth, their use in crack initiation detection studies wvere
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unsatisfactory. In the vicinity of crack initiation the
geometry of the specimens introduced darkened and 1lightened
areas on the negatives which made evaluation difficult. The
X~ray technique is inferior to visual observations in the
area of crack initiation.

Another area of concern is that opaque additives might
contribute to the degradation of the material properties of
the bonding material. From visual observations (30X optics)
of the failed surfaces,changes in the failure mode were
noted when compared with failed specimens with no opaque
additive used., As a result of the poor comparison between
visual observations and X-ray neqatives, this probable
altering of material properties was not studied further,

Ultrasonic Spectroscopy

During initial <cyclic testing of a notched crack lap
shear specimen, ultrasonic spectroscopy was evaluated.
Parallel to this ultrasonic evaluation,visual (20X optics)
changes in crack length vere recorded.

A one-fourth inch Aerotech 25 megahertz transducer and a
Sonic Mark IV ultrasonic tester were used with the technique
shown in Figure B1. The 25 megahertz signal is introduced
normal to the bondline and the presence or absence of the
signal reflected from the back surface indicates a bonded or
debonded area. Again, visual observations (10X optics) were
made and the two methods were compared as to their
usefulness as a means of monitoring crack growth.

The comparison betveen visual and ultrasonic
neasurements of crack growth were in agreement to within an
accuracy of 2 .05 inch.

Acoustic Bmission Monitoring (AEM)

Acoustic emissions are pockets of stress waves generated
vhen the materials are undergoing transformations or
fracture. AEM technique is increasingly being recognized as
an NDE tool.

The prisary advantage of AEM is that it can be used to
continually monitor damage. The primary disadvantage is it
is a measurement of energy released by damage development
and cannot be directly associated to material damage state.

134

o -




Back Surface

N

e

L

% Transducer

Front Surface
l Bondline

Back Surface

— e ;

Good Bond-1line

Cross Section of Side-
Notched CLS Specimen

Bond-line

Front Surface

Front Surface
l Bondline

-

Bond-1line Crack

Figure Bl Monitoring Crack Growth in CLS Specimen
Using Ultrasonics

135

R P ET SR




A block diagram of AEM instrumentation 1is shown in
Figure B2. Frequencies of acoustic emissions range from
audible cracklings to the megahertz region., Signal levels
require amplification factors from 1 x 103 to 1 x 107
depending on the sensitivity desired. AEM differs from
other methods in that it is a passive monitoring method and
depends entirely on the generation of stress waves within
the specimen to provide the excitation function. It
provides a means to continuously track the flaw growth and
stress redistribution during tests to correlate the damage
growth observed by the X-ray technique,

while AEM shows promise for characterizing bonded joint
failure, technically, additional work is needed before it
becomes a laboratory tool.

Compliance Measurements

A Hewlett Packard X-Y recorder was used with an
induction gage to obtain specimen compliance measurements.
Results of test and comparison with visuwal and ultrasonic
measurement methods are discussed in Section 2.2.3.7 of Ref-

erence 62.

Procedures to Monitor Crack Growth

The results of the above evaluations indicate that a
combination of induction gage and ultrasonics technologies
can be used to define the crack length. The induction gage
can be automated as only readying at minimum and maxiamum
load are required to define the 1length of the crack.
Periodic checking of the crack 1length with ultrasonics
provides a verification of results from induction gage

measurements.
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APPENDIX C

Fatiqgue Testing of Bonded/Bolted Structural Lap Joints

Six SLJ specimens with bolt assist were fatigue tested
to determine the effects of the fasteners on crack
propagation and on fatique life. PFor these tests, only the
thick adherends (0.375 in.) were used. The two different
fastener geometries used are shown in Figures C1 and C2,
respectively. For fastener hole patterns #1 and #2, NAS-
1154-14 fasteners were used, consisting of 0.250" diameter,
100° countersink, flush head steel fasteners, heat treated
to the 160-180 Ksi strength level. A third type of specimen
with the fastener hole pattern $#2, but without the adhesive
interlayer, served as the "“controlw. In order to have
adequate shear strength in the fasteners for this bolted
only design, it was necessary to use NAS1581-4A6-16
fasteners. These are 0.375-inch diameter, 100° countersink,
flush head steel fasteners, heat treated to the 160-180 Ksi
strength level. All specimens containing fasteners vere
tested at maximum load levels of 20,000 and 25,000 pounds
only. For both fastener hole pattern specimens, the
ultrasonic technique of monitoring the crack front was used.
Table C1 summarizes the test results. Figure C3 shous
typical failure patterns in the SLJ bonded/bolted specimens
and the change in the crack growth in the adhesive bond
introduced by the bolts.

All normal SLJ bonded specimens tested without fasteners
failed by fatigue propagation in the adhesive interlayer, as
described earlier. All the bonded/bolted specimens finally
failed through the 1load transfer menmber, (i.e., at the
bolt). It appeared that once the fatigue crack in the
adhesive interlayer reached and/or passed the fastener,
fatique cracks initiated and propagated from the fastener
hole and failure occurred through the load transfer member.
On the two specimens tested without the adhesive interlavyer,
failure occurred shortly after a fatigue crack started
propagating from one of the holes in the fastener pattern.
As on Specimen number 16, the first failure occurred by
fatigque when a small section about one inch long broke out
at the lower fastener hole in the 1load transfer member.
Within 60 cycles, becth fasteners at the center of the

specimen failed by bearing in the aluminum load introduction
member,

Table C2 summarizes the fatique life of the bonded only
and bonded/bolted SLJ specimens. Note that with only a few
fasteners, the lifetime of the SLJ bonded joint is increased
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Figure C3 Failed Thick Adherend, Bonded/Bolted SLJ
With Measured Crack Fronts.
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by at least a factor of two. This increase in lifetime can

probably be

attributed

to containment of the high peel

stresses along the overlap end by the fasteners.

Table C2 Comparison Of Cycles-To~Failure Data
For Bonded Only And Bonded/Bolted SLJ's
1/8 IN.
ADHEREND 3/8 IN. ADHEREND
MAX IMUM BONDED ONLY BONDED/BOLTED
LOAD, LBS PATTERN #1 | P .
NO. OF CYCLES AT FAILURE
%
15K 203,786 377,579
20K 36,479 14,258 || 30,199 30,572
25K 7,957 1,744 || 10,752 14,831

* Failure In Metal Plate
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APPENDIX D

LOCUS OF FAILURE IN FM-730 MODEL JOINT

It was observed in the Fatigue Behavior program (Ref. 19
that failed surfaces of FM-73M (matte Dacron scrimmed) model
joints, both dry and those conditioned for approximately 9
months at 140°F and condensing humidity, showed two gquite
similar general features of failure, but with some important
differences.

One general feature consists of an apparent primarily
adhesive failure zone (interface debond) emanating from the
(calculated) high-stress region of the overlap, the so-
called load-transfer edge. This "adhesively failed" region
is variously referred to as the "slow-crack-growth" region
or the "fatigue-failed" zone and constitutes the fingernail
feature described by Marceau et al. (Ref. 88). These
symmetric slow-failed regions are 1labelled A and A,
respectively, in Figure Dl .

The second general feature of the failed joint surfaces
consists of the primarily cohesive failure zone between the
aforementioned two symmetric slow-failed regions. This
“cohesively failed" zone is also referred to as the "fast
crack" zone or the "statically failed" region and generally
occurs along the scrim plane parallel to and midway between
the tvo adherend adhesive interface planes, labelled C and
C' in PFigure D1,

These two distinct features of the failed surfaces are
much more pronounced in the dry joint. 1In the wvet joints,
the "slow growth" 2zone, although still recognizable, is
smaller in extent, and generally appears interspersed with
small cohesive failure nodules.

The second main feature of the wet failed joint surface,
viz., the fast growth cohesive 2zone, extends over a
correspondingly larger area of the overlap than for the dry
joint. Some small adhesive failure regions are found to dot
the primarily cohesive failure region. This same topography
is evident in the dry joints fatigued at low frequency (0-17
Hz) and at high temperature (140°F).

Optical study of the fracture surfaces reveals that, as

the stress is reduced, the size of the adhesive interface
delamination region increases. Correspondingly, the nuaber
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of cycles to failure increases with decreasing 1load, as
expected.

The above-described dependence on cyclic frequency of
the slow and fast crack growth regions in model joints with
scrimmed adhesives has also been observed by Marceau et al.
(Ref. 88). They observed both features in the fast cycle
(30 Hz) specimens, but saw no evidence of the zone of slow
crack propagation for the slow cycle (1 cycle per hour)
specimens and the sustained load specimens. This
observation indicates again that the time at load is an
important factor in the joint failure process.

In the current Integrated Methodology program, it was
desirable to determine the precise role of the scrim
material in the locus of failure of the model joint, and in
bonded joints of general geometry so as to be able to
prescribe failure criteria for the different cases.
Accordingly, model Jjoints with wunscrimmed adhesive were
fabricated as follows.

Failed model joints obtained from the Fatigue Behavior
program were prepared by removing the old adhesive from the
adherends using nitric acid. The bare adherends were then
anodized (BAC5555) and primed (BR127A). The two layers of
FM-738 were placed on the bonding area of one adherend and
then brought to 1219C and outgassed in a vacuum oven. The
second adherend was then placed in contact with the
adhesive, the assembled joint held in an alignment 3jig and
the whole assembly placed in a press at 121°C for one hour.

Three such Joints were tested at 1 Hz, and a maximum
load of 8.89 kN (2000 lbs) with an R factor R=0.1. Final
failure occurred in the aluminum adherends after an average
of 100,000 cycles. Pigure D2(a) shows a schematic of the
crack growth sequence in two of the joints which contained
considerable spew. In these joints, a crack initiated at
the 90° corner of the top adherend. It then grew down
towards the bottom adherend as well as up towards the free
surface of the spew. Once the spew crack growth reached the
bottom adherend, it grew as an interfacial debond for about
0.254am (0.010 in.) before branching into the bottonm
adherend for a period of slow fatigue crack growth which was
terminated by a fast ductile failure. PFigure D2(b) shows a
photograph of crack growth initiating at the free surface of
the spew which was not as extensive in the third joint.

The model ijoints which vere made of FM-73M and tested

under similar conditions in the Patigue Behavior program
(Ref. 19) had fatique lifetimes which never exceeded 30,000
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cycles. The scrim material clearly reduces the fatigue
strength of the adhesive by providing sources of
microcracking at the matrix/scrim interface. In proposing
the fatigue testing of joints made of FM-730, it was thought
that the extent of slow interfacial debonding prior to
catastrophic failure would be increased because the cohesive
fracture enerqgy of the adhesive would be increased. The
fact that the interfacial debond was much shorter in the
unscrimmed Jjoints and also that it branched into the
adherend indicates that, not only does the scrim decrease
the cohesive fracture energy but also that it decreases the
adhesive fracture energy.

In conclusion, an examination of the shear stresses in
the scrim plane has indicated that long interfacial debonds
will result in scrim plane shear stresses that are greater
than the shear strength of the adhesive. Furthermore, it
has been determined that the scrim fibers reduce the fatigue
strength of tlx adhesive. The predictive model for damage
growth in a model joint therefore consists of a period of
slow interfacial debond growth governed by the variation of
J-integral with debond 1length and the adhesive fracture
properties of the FM-73M until the shear strength of the
adhesive in the scrim plane is exceeded.

148

cm o o ey




APPENDIX E
PUBLICATIONS

The following presentations, technical reports, and
publications cover work carried out under this contract.
They were either prepared or appeared publicly during the
reporting period:

Romanko, John, "Surface Analysis of Aircraft Adhesive
Materials," 4th Southwest Electron Spectroscopy Users!
Conference, Rice University, Houston, TX, June 6, 1980.

Romanko, John and Jones, W. B., Jr., “"Fatique Mechanisms in
Adhesively bonded Joints," International Conference on
Adhesion and Adhesives, Durham, England, Sept. 3-5, 1980.

pps. 11.1-11.7, 1980.

Romanko, John, "XPS (ESCA) Studies of Surfaces of Adhesively
Bonded Joints," Physics Colloquium, University of Texas,
Arlington, TX, October 8, 1980.

Romanko, John, ™Applications of Lasers and Holographic and
Speckle Interferometry in the Aircraft Industry," Optical
Society of America, Texas Section, Dallas, TX, November 12,
1980.

Romanko, John, "Integration/Test Plan for Adhesive Bonded
Joint Life Predictions," and Liechti, K. M., "Viscoelastic
Stress Analysis," both at Coord. Mtg. on Service Life
Prediction on Adhesively Bonded Joints, Austin, TX, Dec. 18,
19, 1980.

Romanko, John, "surface Analysis of Adhesively Bonded
Joints," Sth Southwest Electron Spectroscopy Users'
Conference, Univ. of Texas, Austin, TX, 5 June 1981.

Romanko, John, "Stress Analysis Validation," and Liechti, K.
M., "Viscoelastic stress Analysis," both at Coord. Mtg. on
Service Predictions for Adhesively Bonded Joints, Fort
Worth, TX, July 22,23 1981,

Romanko, John and Knauss, W. G., "Fatique Mechanisms in

Adhesive Joints," Chapter 5, Developments_in_Adhesives - 2,
edited by A. J. Kinloch, Applied Science Publ., pps. 173-
205, 1981,
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Liechti, K. M., and Knauss, W. G., "The Use of Crack Profile
Measurements to Determine Mode Interactions of Propagating
Cracks at Material Interfaces," ASME Winter Annual Meeting,
Washington, D.C., Nov. 15-20, 1981; also in 1981 -__Advances
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01, pps. 51-60, 1981.

Jones, Jr., W. B., and Romanko, J., “"Fatigue Behavior of
Adhesively Bonded Joints," American Society of Mechanical
Engineers ASME Annual Fall Meeting, Washington, D.C., Nov.
15-20, 1981; Also in: 1981 Advances_in_Asrospace__Structures

Romanko, John, "Fatigue Behavior Program Results," and
"Integrated Methodology for Adhesive Bonded Joint Life
Predictions, " Liechti, K. M., "Viscoelastic Stress

Analysis," both at Coord. Mtg. on Service Life Predictions
for Adhesively Bonded Joints, United Technologies, Chemical
Systems Division, Dec. 21-22, 1981.

Romanko, John, "Fatigue Behavior and Life Predictions of
Bonded Joints," American Institute for Aeronautics and
Astronautics, North Texas Section, Univ. Texas (Arlington),
Feb. 20, 1982.

Romanko, John, "Methodology for Life Predictions of Bonded
Joints," ASTM E24.04.09 Task Group on Crack Growth in
Adhesive Joints, Meeting at ASTM Headquarters, Philadelphia,
PA, Apr. 27, 1982.

Jones, Jr., W. B., "A Systems Approach to Adhesively Bonded
Structural Joints;:" Romanko, dJohn, Liechti, K. M., and
Knauss, W. G., "Life Prediction Methodology for Adhesively
Bonded Joints:"® Knauss, W. G., and Liechti, K. M.,
"Interfacial Crack Growth and its Relation to Crack Front
Profiles;" All 3 papers at ACS/International Symposium on
Adhesive Joints: Their Pormation, Characteristics and
Testing, Kansas City, MO, Sept. 12-17, 1982.

Liechti, K. M., "viscoelastic Stress Analysis Including
Moisture Diffusion for Adhesively Bonded Joints;" Knauss, W.
G., "“Non-Linear Mechanics and the Practure of Adhesive
Joints;" Romanko, John, "Integrated Methodology for Adhesive
Bonded Joint Llife Predictions;" All three papers at Second
NASA/DOD Workshop on Adhesives and Adhesion, Hyannis, HA,
Oct. 20-21, 1982,
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