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FOREWORD

This report was prepared by McDonnell Aircraft Company
(MCAIR), St. Louis, Missouri, for the Composite and Fibrous Ma-
terials Branch, Non-Metallic Materials Division, Air Force
Materials Laboratory, Wright-Patterson Air Force Base, Ohio under
Contract F33615-75-C-5209, "Definition and Non-Destructive De-
tection of Critical Adhesive Bond-Line Flaws". The contract was
administered by Herbert S. Schwartz, Project Engineer, AFML/MBC.

The Structural Research Department of McDonnell Aircraft
Company had primary responsibility for the performance of this
program. The program manager for MCAIR was J. F. Schier. The
principal investigator was H. T. Clark. Dr. L. J. Hart-Smith
supported the analysis efforts and served as an interface with
the Primary Adhesive Bonded Structure Technology (PABST) Program
conducted at the Douglas Aircraft Company (DAC). R. J. Roehrs
and T. S. Jones of the Materials and Processes Department (MCAIR)
coordinated all NDE activities. J. H. Gruss, J. F. Harrell,
J. W. Parks, and J. E. Skorat, MCAIR Structural Laboratories,
performed the test program. J. L. Merkel, MCAIR Advanced J
Materials Fabrication Facility, was responsible for fabricating |
the Complex Specimens.

This report covers work accomplished during the period June
1975 through July 1978.

This report was released by the author in July 1978 for
publication.
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1. INTRODUCTION AND SUMMARY

Adhesive bonding has been used in secondary structural appli-
cations for many years on both fighter and transport type air-
craft. 1In order to exploit the potential of adhesive bonding to
achieve light-weight economical structure and improved performance,
the Primary Adhesive Bonded Structure Technology Program (PABST)
(References 1 and 2) was initiated by the Air Force to demon-
strate adhesive bonding in highly loaded, primary aircraft struc-
tures. A number of related technologies were explored independent
of the main fuselage structure development program. This is one
such investigation and is concerned with (a) the detection of
bondline flaws by NDE and (b) the distinction between bond flaws
which grow under cyclic loading and those which do not. This
work was coordinated with another technology program (Reference
3) to evaluate the use of fracture mechanics methodology to pre-
dict flaw growth and fracture of adhesive bonded structures with
pre-existing flaws.

The specific objectives of this program were to:

o determine the most commonly occurring flaws and their
most likely locations

o determine behavior of most commonly occurring flaws under
cyclic loading

o assess ability of NDE techniques to detect flaws and
flaw growth due to cyclic loading

o determine effect of temperature and moisture on flaw
growth rate

o assess effect of cycle rate on flaw growth
The program was conducted in three phases:
Phase 1 - Review of Experience with Flaws
Phase II - Simple Specimen Evaluation

Phase III - NDE Assessment (Complex Specimens)

(1) AFFDL-TR-76-141, "Primary Adhesively Bonded Structure Tech-
nology (PABST); Phase Ib: Preliminary Design", dated
December 1976.

(2) AFFDL-TR-77-135, “Primary Adhesively Bonded Structure
Technology (PABST); Phase II: Detail Design", dated
August 1977.

(3) AFML-TR-77-163, "Fracture Mechanics for Structural Adhe-
sive Bonds", dated August 1977.




Phase I consisted of a development of specimen design de-
tails, selection of materials, review of experience with bonded
structures to determine types of manufacturing defects likely
to occur and where they are likely to occur, and a study to
determine how to reproduce manufacturing defects of different
sizes, shapes, and location without artificial means.

Phase II consisted of fabricating flawed panels from which
test specimens were machined and fatigue tested to determine
critical flaw type and sensitivity of growth rate to specimen
configuration, flaw type, and environmental exposure. Both fast
cycle testing (30 Hz) and slow cycle testina (2 cycles per hour)
were employed.

Phase III consisted of fabricating complex specimens that
closely represented actual design detail configurations. These
specimens were fabricated with intentionally induced bondline
defects and were carefully inspected using state-of-the-art NDE
techniques. A set of these specimens were fabricated as standards
for the Air Force to be used in evaluating the capability of new
NDE equipment to detect bondline flaws.

- — e P o= - e et ——e. - r -
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2. PHASE I - REVIEW OF EXPERIENCE WITH FLAWS

In Phase I, three basic tasks were accomplished in prepara-
tion for conducting the Phase II test program. They are: - Pre-
liminary Preparation; - Review of Experience With Flaws and
Methods of Detection; - Evaluation of Methods of Flaw Introduc-
tion.

2.1 Preliminary Preparation

In this task, specimen design details, materials, and type
of surface preparation were selected which are representative
of bonded joints in the wide body fuselage design of the PABST
Program.

2.1.1 Specimen Design Details - Although the types of
bonded joints found in conceptual designs of large fuselage
structure appear to be of unlimited variety, there exists a com-
monality of design loadings, internal stress distributions, and
failure modes, such that tests of a few types of idealized test
specimens could provide information on effects of defects required
for this program.

Representative geometric configurations, typical of joints
utilized in the PABST fuselage structure, are illustrated in
Figure 1. The types of joints are categorized as circumferen-
tial skin splices, longitudinal skin splices, bonded doublers,
and skin-to-substructure joints.

Longitudinal skin splices as shown in Figure 1l(a), are
subjected to hoop tension loadings induced by internal pressuriza-
tion and, depending on location, to in-plane shear from fuse-
lage bending or torsion. Such splices are of the double-strap
variety, with the inner strap a simple strip of sheet material
or the base leg of the stringer to which the joint has been
anchored for stability. This kind of joint is accurately repre-
sented by the double-doubler or double-strap specimen shown in
Figure 2. It is also representative of symmetric doublers,
stiffener runouts, and single bond joints which are supported on
moment-resistant foundations to limit structural deflections.

Bonded doublers, as shown in Figure 1(b), (c), and (e), are
used as local reinforcements within a panel to add thickness for
a mechanical joint, and for reinforcements at stiffener runouts.
Bonded doublers can be employed in either a single or double bond
configuration and, depending on the thickness of the doubler,
can be stabilized by a local stiffener to minimize out-of-plane
deflections.

The single-doubler specimen configuration shown in Figure 3
was designed to produce representative shear and peel stresses
found in an unsupported bonded doubler. In this configuration,
without the parallel load path of double-bond joints, it experi-~

ences slightly higher peel stresses than the double-doubler specimen.




Longitudinal Bonded Splice : Circumferential Bonded Splice

D
Laminated Bonded Doublers
Around Cutout
Bonded Stringer at Runout Internal Bonded Finger
(View from Inside) Doubler Reinforcement
for Mechanical Splice
arre-0ar1-s
FIGURE 1

TYPICAL ADHESIVE BONDED JOINTS ON WIDE BODY FUSELAGE
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s Specimens cut
to Position
Defects at Edges

Double Strap Specimen
has a Discontinuous
Center Sheet

Aluminum Sheets
GP78-0471-51

FIGURE 2

DOUBLE-DOUBLER AND DOUBLE STRAP TEST SPECIMENS

Defects

Aluminum Sheets

Top sheet cut to position

defects at edges
QPT8-0471-69
FIGURE 3
SINGLE-DOUBLER TEST SPECIMEN
]
5 |
i
4
s T # ol Vs 4 A 1) ;’ﬁ';.m:,;‘. et

4 W : - e ———E AR




Circumferential skin splices (Figure 1l(b)) are flush with
the exterior surface to minimize aerodynamic drag and contain
a single splice-strap on the inner surface of the skin. The
joint is supported by a stiff member such as a frame or shear
clip capable of reacting the eccentricity in load path. An un-
supported splice specimen (Figure 4) was selected for testing in
Phase II in order to subject the adhesive to peel loading condi-
tions. In this unsupported form it is representative of a poorly
designed bonded joint, having high induced peel stresses at the
ends of the overlap and bending stresses in. the splice. Taken
as a set the three specimen configurations, double doubler, single
doubler, and single-strap, cover the range of severity of stresses
in bonded splice joints.

Specimens Cut to Position
Defects Along Edges

Location of Peel Stresses
Induced by Shear Load

GP78-0471-60

FIGURE 4
SINGLE-STRAP TEST SPECIMEN

Skin-to-substructure joints as shown in Figure 1l(a) and (b)
include circumferential frame stiffeners-to-skins, longerons-to-
skin and doublers, and frame shear tee-to-skin. These types of
joints are characteristically subjected to tensile forces in
the adhesive caused by fuselage pressurization or by shear buck-
ling in the skin which forces the outer skin away from the inter-
nal supporting structure. The skin-to-substructure tee specimen
shown in Figure 5 was designed to represent this type of bonded
structure. Tension forces are induced in the bondline by loads
applied to the upstanding leg of the tee and reacted by shear
and tension loads in the skin.

2.1.2 Materials Selection - Many of the materials used in
the PABST Program had not been selected at the initiation of
this program. The materials proposed for use in the PABST Pro-
gram, however, were reviewed and selections are as follows:




GP76-0471-84

FIGURE 5
SKIN-TO-SUBSTRUCTURE TEE SPECIMEN

Adherends - Unclad 2024-T3 was selected as the skin and
doubler material for all specimens. Although unclad, 7075-T6
and 7475 were also candidates at the time, unclad 2024-T3 was
more readily available from local suppliers and was equally ac-
ceptable. Extruded 7075-T6511 was selected for the substructure
tee material.

Adhesive - The AF-55 adhesive (0.045 lb/sq.ft.) with non-
woven mat carrier was selected initially because it exhibits good
strength and durability properties, and has a high X-ray absorp-
tion capability which allows radiography to be used to detect
and locate small defects in structural bonds. A non-woven mat
type support was selected because it exhibits better durability
characteristics than the knit type support and also because the
mat support does not trap as much air as the woven mat.

The adhesive cure cycle, as recommended by the adhesive
manufacturer, was as follows:

Heat-up Rate: 2-5° per minute
Pressure: 40 + 5 psi
Cure-Time: 60 minutes at 250 + 10°F




Later, after FM-73 was chosen for the primary adhesive system in
the PABST Program, several specimens of identical configuration
to those bonded with AF-55 adhesive, were fabricated in this
program using FM-73 adhesive and tested under identical condi-
tions. The cure cycle used was identical to that for the AF-55
adhesive.

Surface Preparation - All specimens fabricated in Phases II
and III utilized the phosphoric acid anodize surface treatment
according to the same Process Specifications used in the PABST
Program. The corrosion inhibiting primers selected were also
identical to those used in the PABST Program and were XA 3950
for use with AF-55 adhesive and BR 127 for use with FM-73 adhe-
sive. Both primers were fully cured at 255°F for 60 minutes prior
to adhesive application.

2.2 Review of Experience with Flaws and Methods of Detection

In this task a review was made of our experience with adhe-
sive bonded structures to determine what types of detectable
manufacturing defects are likely to occur and where they are
likely to occur in the bondline design details being considered
for primary structural applications. Defects not detectable by
state-of-the-art NDE, such as weak bonds resulting from adherend
surface contamination, were not included in the survey even though
they may occur during the manufacturing process.

As a result of these studies, four basic types of flaws were
chosen to be evaluated in the Phase II test program. They were:
large voids (either crack-like or circular in geometry), poro-
sity, mechanical damage, and variable adhesive thickness. Typi-
cal types of adhesive bondline flaws are listed in Table 1.

These were determined from a review and evaluation of MCAIR
discrepancy reports for production components. The components
were produced at four different subcontractor facilities and in
MCAIR facilities. All the flaws were cause for rejection based
on MCAIR acceptance/rejection criteria. To determine frequencies
of occurrence, discrepancy reports for 187 production assemblies,
chosen at random, were reviewed and the total number of each
type of flaw recorded. The results of this sampling are summar-
ized in Table 2. The relative frequency of occurrence is indi-
cated by the percentage of each type of flaw with respect to the
total number of rejectable flaws detected. Metal-to-metal voids
and disbonds were by far the most frequently occurring type of
rejectable flaw. Metal-to-metal type voids and disbonds can

occur for numerous reasons such as the difference between the 4
height of the closure web of a honeycomb structure and the core ;
height, misfit, slippage of tooling, improper pressure, voids in "

the uncured adhesive, failure to remove the adhesive protective f
release film and trapped foreign material. ?

Adhesive voids in metal-to-metal bonds can be caused by
lack of pressure in the tooling or by air trapped in the adhesive .
prior to curing. It can also be caused by the combination of ‘




TABLE 1
GENERIC FLAW TYPES AND FLAW PRODUCING MECHANISMS

Generic Flaw Type
Flaw Producing Mechanism

Metal-to-Metal | Metal-to-Core Core Surface Adhesive

. Disbonds, Internal

. Disbonds, Part Edge

. Disbonds, High Core

. Porosity

Unremoved Protective Release Film
from Adhesive

L WwN =
X X X X

x
x

6. Foam Adhesive in Film
Adhesive Bond Line

7. Cut Adhesive

8. Adhesive Gaps

9. Missing Adhesive

10. Weak Bonds

11. Extra Layers of Film Adhesive

12. Foreign Objects

13. Double Drilled or Irregular Holes
14. Disbonds, Low Core

15. Void or Gap, Chemical Milled Land

XX X | X XX XX
X X | X X X X X
x

16. Void or Gap, Doublers
17. Missing Fillets

18. Voids, Closure-to-Core
19. High Density Inclusions, (Chips, etc.) X
20. Voids, Foam Joint

21. Disbond, Shear Ties X
22. Lack of Sealant at Fasteners
23. Thick Foam Adhesive

24. Broken Fasteners X
25. Crushed Core

26. Wrinkled Core

27. Condensed Core

. Distorted Core

. Blown Core

. Node Bond Separation

. Missing Core (Short Core) X
Cut Core X
. Water in Core
Cracks
Scratches

. Blisters

. Protrusions

. Indentations (Dents/Dings)
. Wrinkles

Pits

XXX XX XXX X| XX
x

XX X|XXXXX| X

sgpug|aenge|ses

X X X X X{ XX

GPTI-04T1-20
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TABLE 2
FREQUENCY OF REJECTABLE FLAWS IN
ADHESIVELY BONDED ASSEMBLIES

Datet {7 =
Metal-to-Metal Voids and Disbonds 378 74
Skin-to-Core Voids and Disbonds 19 3
Gap in Core-to-Closure Bond 9 2
Lack of Foaming Adhesive or
Voids in Foaming Adhesive 22 4
Difference in Core Density 6 2
Lack of Fillets 1 1
Crushed or Missing Core 32 6
Short Core 40 8

Totals 507 100

GP78-0471-25

imperfect parts and a rigid bonding tool, which prevents pressure
sure from forcing the parts together. In a radiograph produced
by low kilovoltage X-ray techniques the voids appear as dark,
fairly well-defined images with a gray background. If the void
results from insufficient pressure, the adhesive will be porous as
indicated by dark spots or by a waffle pattern (freckles). The
waffle pattern shown in the positive print of a radiograph in
Figure 6, can occur with adhesives that have dn embossed release
film which transfers to the adhesive surface. Porosity can also
be caused by small metal particles being left in the bondline
following machining operations. Even with proper pressure,
large, well-defined metal-to-metal flaws can result from trapped
air. Because the air is trapped and pressure is applied along
with an increase in temperature, the air bubble can cover a large
area resulting in a void plus a thinning of the adhesive. Flaws
caused by trapped air in the form of long, narrow (crack-like),
circular, or porous areas were found to be the most frequently
occurring types of metal-to-metal flaws. Other flaws occurring
less frequently are variations in bondline thickness caused by
poor fit-up of skin to substructure details, and linear-shaped
unbonds resulting from gaps in the adhesive during layup or from
failure to remove strips of the plastic or paper protective re-
lease film from the adhesive prior to fit-up with the assembly
details.
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FIGURE 6
FLAWS FROM LACK OF PRESSURE
ARE VISIBLE IN RADIOGRAPH

Mechanically induced bondline damage is not created during
the adhesive bonding process and was not included in Table 1.
When skin-to-stringer subassemblies are handled without the
structural stiffness they later gain when assembled into a large
completed assembly, large peel stresses may result. Flaws which
initiate as a result of handling damage are more like sharp
cracks than the flaw formed during curing when the adhesive is
semi~liquid and can form a fillet at the flaw boundary. Mechani-
cally induced flaws are most likely to be formed at the edge of
a bond, where flexure induced peel forces are highest. Edges
of bonds generally experience the highest stresses in service.

2.3 Methods of Flaw Introduction

In this task, various methods of producing natural flaws in
adhesive bonds were evaluated. This effort was directed at pro-
ducing specific flaws in the type of specimens to be tested in
Phase II.

As a result of these studies, methods of producing flaws
were developed to produce the four naturally occurring flaws
discussed in Section 2.2. The methods are: adhesive cut-out,
wire insertion and a driven wedge. Although several other
methods were evaluated, these particular methods gave the best
results for the flaws selected to be reproduced in test speci-
mens.
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2.3.1 Adhesive Cut-Out - In order to make crack-like (elon-
gated).voids and circular voids representative of naturally
occurring adhesive bondline voids, cutouts were made in the adhe-
sive film prior to curing. Crack-like voids in the adhesive
were formed by cutting out long rectangular shapes. As the
adhesive cured under temperature, it partially filled the cut-out
creating a cracklike void such as shown in Figure 7.

Area of Missing
Adhesive

s oo -~ o - — o v—o—-— oy

|
il

=l
3/4 in.

GP78-0471-7

FIGURE 7
FLAW PRODUCING MECHANISM - 3/4 IN. ADHESIVE GAP

2.3.2 WVire Insertion - Porosity can result from mismatched
adherends, surface irregqularities, and distortion in framing
members. This type of flaw was reproduced by placing wires of
specific diameters in the bondline prior to the cure cycle. The
wires prevent proper bonding pressure between the adherends and
cause porosity in the vicinity of the wire as shown in Figure 8.
The wires are later removed during the machining process of the
test specimens which then contain only the adjacent porosity.
The wire insertion method is also used to produce thick-to-thin
adhesives. In this case, wires are arranged such that specimens
can be cut with the adhesive thickness variations in the desired

direction.

2.3.3 Mechanical Damage - lMechanically damaged bondlines
were created by driving a wooden or plastic wedge between two
adhesively bonded adherends. In most cases, tabs were machined
into one of the adherends where it was desired to separate the
adherends. The wedge was then driven against the bond edge at
the tab location, forcing a cleavage failure in the adhesive.

12
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; FIGURE 8
FLAW PRODUCING MECHANISM - 0.015 WIRE INSERTION

2.4 Methods of Flaw Detection

Radiographic and ultrasonic non-destructive inspection
methods were used to detect bondline flaws in Phase II test
specimens.

Low kilovoltage x-ray was very effective in locating adhe-
sive voids and porosity in specimens bonded with AF-55 adhesive
because it is radio-opaque. Voids in specimens bonded with
FM-73 adhesive, which is essentially a radio-transparent adhesive,
were also detectable but required more careful inspection of
the radiograph. X-ray parameters ranged from 30 to 35 kilovolts
and 23 to 25 milliamperes, depending on the thickness of the
bonded aluminum sheets. Exposure time was one minute on Kodak
AA Ready Pack film. The focal spot-to-film distance was 60
inches.

The thru-transmission reflector plate ultrasonic technique
was used to find initially induced unbonds in the specimens as
well as those occurring as a result of fatigue cycling. A de-
tailed description of this NDE method is in Section 4.2. Using
this method, a multi-tone printout, as shown in Figure 9, was
obtained for each specimen showing flaw locations. Flaws are
shown as solid white areas and bonded areas are printed out as
multi-tone lines. The multi-tone printout is achieved through
an electronic gating device which monitors the strength of the

13
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signal received from the ultrasonic search unit and triggers

the printer to produce certain types of lines, depending on pre-
selected signal levels. Light gray lines, progressing to darker
lines, correspond to an increasing signal strength. Dashed lines
correspond to very high signal strengths, above a preselected
level. In the figure, the dashed lines indicate a very thin
adhesive. The gray horizontal images are machined slots in the
adherends. Lead tabs attached to the specimen are used for
calibrating the printout instrument. Outlines of the flaws as
determined from radiographs are superimposed on the c-scans to
illustrate the accuracy of the method.
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3. PHASE II - SIMPLE SPECIMEN EVALUATION

The objective of this task was to determine whether or not
flaws grow under cyclic loadings, and, if flaws do grow, what
combinations of specimen type, flaw type, and environment are
the most critical for flaw growth. A two phase test program was
conducted to evaluate growth characteristics of the most commonly
occurring flaws. Test specimens were designed to represent sel-
ected adhesive bonded joints of the PABST fuselage structure.
Test environments were chcsen to cover the range of temperatures
and humidity conditions anticipated for the PABST fuselage.

In the first part of this test program, specimens with in-
tentionally induced bondline flaws were fatigue tested under
several combinations of loading and environment. In this manner,
it was possible to determine which combinations of test specimen
configuration and test condition were the most critical for flaw
growth. Except for a preliminary investigation on the effect of
cycle rate, all of this testing was done at the fast cycle rate
of 30 Hz.

In the second part of the test program flaw growth for those
critical combinations of flaw types, specimen configurations and
environments were evaluated by fatigue testing at a slow cycle
rate of two load cycles per hour.

3.1 Phase II Test Plan

In a preliminary evaluation of the effect of cycle rate on
flaw grow<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>