SECURITY CLASSIFICATION OF THIS PAGE (When Date‘Entered)‘

READ INSTRUCTIONS
REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
T. REPORT NUMBER 2. GOVT ACCESSION NO.| 3. RECIPIENT'S CATALOG NUMBER
AFWAL-TR-84-3066
4. TITLE (and Subtitle) 5. TYPE OF REPORT & PERIOD COVERED

Final Report

June 1980 - December 1983
6. PERFORMING OXG. REPORT NUMBER

INITIAL QUALITY OF ADVANCED JOINING CONCEPTS

7. AUTHOR(Ss) 8. CONTRACT OR GRANT NUMBER(Ss)

F33615-80C-3226
W.R. GARVER, D.Y. LEE, and K.M, KOEPSEL Sl ot

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT, PROJECT, TASK
General Dynamics/Fort Worth Division i e PNUICRE S S
P.O. Box 748 P.E. 62201F
Ft. Worth, TX 76101 24010145
11. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
Flight Dynamics Laboratory (FIBE) 12 December 1984
Air Force Wright Aeronautical Laboratories 13. NUMBER OF PAGES
Wright-Patterson AFB OH 45433 161
14, MONITORING AGENCY NAME & ADDRESS(if different from Controlling Office) 15. SECURITY CLASS. (of this report)
Unclassified
158, DECL ASSIFICATION/BOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Approval for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, if different from Report)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverse side if necessary and identify by block number)

Initial Quality, Adhesive Bonding, Casting, Joining, Fatigue, Fractography,
Spectrum Loading, Equivalent Initial Flaw Size, A357 Aluminum

20. ABSTRACT (Continue on reverse side if necessary and identify by block number)
The initial fatigue quality of three types of aircraft construction were stud-
ied. The three types included conventional mechanically-fastened joints,
adhesively-bonded joints, and monolithic aluminum castings. The objectives
are to obtain data for setting initial flaw assumptions for U.S. Air Force
damage tolerance specifications, and to develop a methodology for comparing
the relative merit of competing structural concepts. Two hundred test elements
representing these joining concepts were prepared and tested under realistic

DD | ar™s 1473 EDITION OF 1 NOV 65 1S OBSOLETE UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)




SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered) i

20. Abstract (cont)

spectrum load histories. Nondestructive inspections were performed on all
specimens, but no correlation to crack growth performance was found. Crack
growth data were obtained by fractographic examination and analyzed using
the equivalent initial flaw size (EIFS) concept. Statistical distributions,
representing the variation in EIFS and in crack growth rate, were obtained.
Adhesively-bonded structure was found to give the best overall combination
of benefits. The scatter in crack growth was highest in castings, which
limits reliability at high stresses. An improved methodology was developed
for comparing structural performance and efficiency. The methods include
consideration of initial material and manufacturing quality, and can be
used to quantify reliability at any confidence level and service time.

SECURITY CLASSIFICATION OF Tw!c PAGE(When Data Entered)



AFWAL-TR-84-3066

INITIAL QUALITY OF ADVANCED JOINING CONCEPTS

W. R.GARVER, D. Y. LEE, and K. M. KOEPSEL
GENERAL DYNAMICS/FORT WORTH DIVISION
P.0.B0OX 748

FORT WORTH, TEXAS 76101

12 DECEMBER 1984

FINAL REPORT FOR PERIOD JUNE 1980 — DECEMBER 1983

APPROVED FOR PUBLIC RELEASE,; DISTRIBUTION UNLIMITED.

FLIGHT DYNAMICS LABORATORY

,,AIR FORCE WRIGHT AERONAUTICAL LABORATORIES .
AIR FORCE SYSTEMS COMMAND
WRIGHT PATTERSON AIR FORCE BASE, OHIO 45433



NOTICE

When Government drawings, specifications, or other data are used for any
purpose other than in connection with a definitely related Government procure-
ment operation, the U § Government thereby incurs no responsibility nor any
obligation whatsoever; and the fact that the Government may have formulated,
furnished, or in any way supplied the said drawings, specifications, or other
data, is not to be regarded by implication or otherwise as in any manner
licensing the holder or any other person or corporation, or conveying any rights
or permission to manufacture use, or sell any patented invention that may in any
way be related thereto.

This report has been reviewed by the Office of Public Affairs (ASD/PA)
and is releasable to the National Techmical Information Service (NTIS). At

NTIS, it will be available to the general public, including foreign nations.

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

Dok D Cldonne

JOHN M. POTTER, Project Engineer FRANK D. ADAMS, Chief
Fatigue, Fracture & Reliab Group Structural Integrity Branch
Structural Integrity Branch Structures & Dynamics Division

FOR THE COMMANDER

/«/{7%33[%

ROGER J. MESTROM, Colonel, USAF
Chief, Structures and Dynamics Division

"If your address has changed, if you wish to be removed from our mailing list,
or if the addressee is no longer employed by your organization, please notify
AFWAL/FIBE, WPAFB OH 45433-6553 to help us maintain a current mailing list."

Copies of this report should not be returned unless return is required by
security considerations, contractual obligations, or notice on a specific
document .



SUMMARY

This report summarizes a research program aimed at
achieving two goals:

1. To collect data for use in specifying initial
flaw size assumptions for crack-growth-based
structural analyses for two types of advanced

structural (joining) concepts.

2. To provide a methodology to enable designers
to compare the relative merits of structural
concepts with respect to the fracture-based

philosophy of design.

An initial survey was conducted, using the F-16 fighter
airframe, to determine the most attractive alternate struc-
tural concepts to replace conventional mechanically-fastened
2024 aluminum structure. Adhesive bonding with FM-73 epoxy
and premium A357-T61 aluminum castings were chosen for
study. Specific applications in the F-16 were chosen for
modeling in the remainder of the program. These included a
fuselage skin splice for adhesively bonded structure and a
unitized version of the fin substructure for premium

aluminum castings.

To achieve the stated goals, a test program was carried
out wherein two hundred test specimens were tested using
tlight-by-flight loading spectra for the equivalent of two
service lifetimes or until failure. Crack growth data were
obtained directly from striations on the fracture surtace
following testing. Testing was preceded by two types of
nondestructive inspection for each of the structural con-

cepts, including conventionally-fastened baseline specimens.
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Adopting the equivalent initial flaw size concept, data
obtained from crack growth observations for each set of test
specimens were used to determine initial manufactured fati-
gue quality and structural performance. The initial flaw
sizes characteristic of each of the structural concepts were
found to be well below the initial flaw size assumptions
contained in USAF durability and damage tolerance specifica-
tions. The nondestructive test methods utilized, including
eddy current, x-radiography, and ultrasonic C-scans, could
not detect actual flaws correlating to equivalent initial

flaws.

Considering structural performance, weight, cost, ease
of inspection, and reliability, adhesive bonding was found
to be the most attractive structural joining concept of
those tested. Interestingly, we found that further improved
performance could be obtained using unscrimmed adhesive,
rather than conventional scrimmed adhesive. Unitized
construction via A357-61 aluminum castings gave slightly
better mean structural performance and much lower cost than
conventional construction. However, the scatter in crack
initiation and growth was much larger than in the other
types ot construction; so high reliability required lower
operating stress levels than conventional 2024 construction.
A correlation between defects in castings and crack initia-

tion was found.

A general design tradeoff methodology for crack-growth-
critical structure was developed, incorporating testing and
analysis as carried out in this program. It is statistic-
ally based, utilizing the equivalent initial flaw size
concept. Loading spectrum, spectrum stress level, and init-
ial manufactured quality, as well as joining concept type,

are included in the methodology.
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SECTION I

INTRODUCTION

The current Air Force Structural Integrity
(MIL-STD-1530A, Ref. [1]) design specifications require that
an aircraft be designed to meet both“damage tolerance
(MIL-A-83444, Ref. [2]) and durability (MIL-A-8866B, Ref.
{31) requirements. These specifications require that the
initial quality of aircraft primary structure must be such
that there is no catastrophic failure nor widespread damage
accumulation within one design service life. Design of
airframes to meet these specifications has proceeded using a
combination of fracture mechanics-based concepts for cyclic
crack growth, along with assumptions for initial crack-like

flaws which may exist undetected prior to service.

The selection of the initial flaw size and geometry to
be used for design is one of the more important tasks in
implementing the damage tolerance and durability require-
ments. The flaw sizes and geometries currently specified in
MIL-A-83444 have been developed primarily for conventional
built-up structure <consisting of mechanically-fastened
components. Little exists currently which could be used to
quantify, in fracture mechanics terms, either the failure
processes or the initial quality of advanced materials and
joining concepts. One of the goals of this program is to
provide data for two types of alternate joining concepts
that can be used to base assumptions of initial flaw size
and geometry for these joining concepts for direct use

within the current Air Force durability specifications.

A second goal of this program is to provide the
designer with a realistic way to assess design tradeoffs for

competing structural joining concepts, within the framework



of the fracture-based philosophy of design. The concept of
the equivalent initial flaw size (EIFS) has been used in
previous investigations [4,5] to compare the durability and
initial quality of conventionally-fastened joints. The
concept provides quantitative data which has been success-
fully used to reveal the effect on durability of changes in
tastener type or tit [4,6]. However, it 1is not clear
whether the EIFS concept, by itself, can provide a useful
criterion for comparing the relative merits of advanced and
conventional joining concepts at the design level, There-
tore, this program also seeks to provide information which
can be readily used by the designer to quantitatively assess
the benefits of competing structural concepts.



SECTION II

EXPERIMENTAL PROCEDURES

2.1 SELECTION OF ADVANCED JOINING CONCEPTS

Two applications of advanced joining concepts were
selected to serve as prototypes for this program. These
are: (a) adhesive bonding of the F-16 upper center fuselage
skins and bulkheads - fuselage station 341.8 (Figure 1), and
(b) monolithic casting to replace built-up structure in the
F-16 vertical tail understructure (Figure 2). The details
of the procedures and rationale for the above selection were

presented in the Phase I Report of this program [7].

In general, adhesive bonding provides a good
combination of <cost and weight benefits. Previous
investigations [8-12] have suggested that adhesive bonding
could have additional benefits of increased durability,
reduced corrosion, and improved fuel sealing 1in integral
fuel tanks compared to mechanically-fastened structure.
Monolithic casting is one type of unitized construction
which has significant advantages over conventional built-up
structure, especially in cost savings due to reduced mater-

ial, machining, and assembly costs [13-15].

2,2 SPECTRUM TEST ELEMENTS

In addition to the two advanced joining concepts
selected for this program (i.e., adhesive bonding and
monolithic casting), a third test element configuration
representing conventional construction was also chosen as a

baseline for the adhesively bonded test element.



FS 373.80

BL 41.50

AREA MODELED BY
TEST ELEMENT

FS 243.00

Figure 1. Location of F-16 Fuselage Skin/Bulkhead Splice Used on Prototype for Adhesive Bending



Figure 2.  F-16 Vertical Tail Understructure

2.2.1 Mechanically-Fastened Specimens

The design for a conventionally-constructed test
element models the F-16 upper fuselage skin/bulkhead splice
at fuselage station 348.1. The F-16 bulkhead at this
station is NC machined from 5.50-inch 2124-T851 aluminum

plate. Skins are chem-milled, machined, and formed £from



0.25-inch 2024-T81 aluminum sheet. The design for a test
element, shown in Figures 3 and 4, uses identical materials,
with the doubler (detail (A) of Figure 3) utilized in the
short transverse direction, as in the F-16 bulkhead. Also,
the specimen configuration 1is nearly identical to one

developed for this lbcation in the F-16 development program.

For spectrum fatigue testing, two variants of the
conventionally fastened baseline (Type B) specimen were
employed. The first type was assembled with faying surface
sealant, which is typical of all mechanically fastened

joints in the F-16, while the second type was assembled
without sealant.

2.2.2 Adhesively Bonded Specimens

The specimen geometry for an adhesively bonded test
element was selected as an analogy to the baseline specimen.
The specimen configuration is shown in Figure 5. It is a
single-strap joint geometry such as might be typical for
aerodynamic surfaces. The tee is included as a means of

providing lateral constraint during testing.

The adhesive chosen for this program was American
Cyanamid FM-73M, which is a 250°F cure adhesive containing
dacron scrim fibers and small rubber particles in a modified
epoxy matrix. One variant of the adhesively bonded (Type A)
specimen was manufactured using FM-73M (scrimmed) adhesive
film while a second variant was made using FM-73U (an

unscrimmed version of FM-73).

For the preparation of test specimens, 0.125 inch
thick 7075-T61 aluminum sheets (unclad) were phosphoric acid

anodized and primed at Vought Corporation in Grand Prairie,
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Texas, using BR 127-A primer, The adherends were then
transferred to GD/FWD, laid up, and bonded. Bonding was
performed in large bonding presses using a cure cycle recom-
mended by American Cyanamid. Sheets were heated from room
temperature to 250°F in sixty minutes (at approximately
3OF/min), held for one hour at a pressure of 40 + 5 psi,

then cooled to room temperature.
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2.2.3 Cast Specimens

The cast (Type C) test element was designed to model a
point near the root of the front spar flange in the F-16
vertical tail wunderstructure. The F-16 vertical tail
understructure supports graphite-epoxy composite skins,
attached with mechanical fasteners. Nominal bearing stress
in the critical spar flange fastener hole is about 4/3 the
nominal gross tensile stress in the flange. The test
specimens were designed to have an identical ratio of
bearing stress to gross stress. Bearing loads in the test
specimen were introduced through mechanical fasteners from a
contiguous graphite-epoxy composite strap. The cast portion
of the test elements, shown in Figure 6, was A357-T61 alum-
inum cast at Anacast Foundry in Fort Worth, Texas. The
graphite-epoxy composite straps, shown in Figure 7, were
fabricated at GD/FWD. Castings and straps were co-drillegd
and attached using blind fasteners (0.188~inch~-diameter NAS
6203), as shown in Figure 8.

2.3 LOAD HISTORY DEVELOPMENT

Each of the joining concepts proposed in Phase I was
tested during Phase II of the program. Load histories were
developed for the airframe location on which each joining
concept was modeled in order to provide realistic stress
histories during testing. The load histories also needed to
provide elements that facilitate fractographic tracking to
keep the testing costs reasonable and allow tracking of
crack growth for small cracks.

The vertical tail root of the F~16 was used as the

model for the integrally-cast joining concept in this pro-
gram. The upper-fuselage skin/bulkhead splice at F.s. 341.8

10
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Figure 7.  Strap for Cast Test Element

of the F-16 served as the model for an adhesive bonding
application, as well as for the mechanically fastened base-
line, The general procedures for development of cycle-by-
cycle load histories for the F-16 were described in detail
in the Phase I report [7].
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2.3.1 Adhesively Bonded and Mechanically Fastened Test
Elements

Preliminary testing was conducted in Phase I to see if
the adhesively bonded test elements could be marked with the
HAL 25 fuselage splice spectrum. The HAL 25 load history
contains 110,714 load points per 1000 equivalent flight
hours and produces clear markings on fatigue crack surfaces
in aluminum alloys. This load history, however, did not
mark the scrimmed adhesive, so a different load history was
tried. This spectrum, designated NOR 1 (Figure 9) is a
modified test spectrum, derived from a preliminary spectrum
developed by Rockwell International for the B-1 wing
carry-through box structure, The spectrum contains 11,455
cycles representing each 100 flights. 1280 flights
represent one lifetime, or 13,500 flight hours.

Careful searching of the fracture surface with an
optical microscope revealed isolated regions of the matrix
which were clearly marked by the applied spectrum load
(Figure 9). The regions were small and infrequent, 1lying
between scrim fibers., Since the scrim fibers dominated the
fracture surface, it was not possible to use fractography in
tracking crack growth in the scrimmed adhesive. Consequent-
ly, the crack or debond length was monitored during testing
using a 1/8-inch-diameter focused ultrasonic transducer.
Ultrasonic measurements of debond length were found to agree

with visual measurements to within about 0.020 in. [7].
2.3.2 Cast Test Elements
The HUD 23 load history, a two-block F-16 fin root

bending moment history, was originally selected as the test
spectrum for the cast test elements. HUD 23 contains 80,714

14
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load points per 1000 equivalent flight hours. However, this
spectrum does not contain widely varying blocks of loading
which might lead to clear marks on a fatigue fracture
surface. A series of modifications was made to the HUD 23
spectrum to enhance the marking ability (Figure 10). The
first modification, FLA 1, was formed by appending 1660
fully-reversed 60% amplitude cycles to the end of the HUD 23
1000-hour block. The second modification, FLA 2, was formed
by grouping together the loads which were greater than 50%
(maximum spectrum load) and which occur during the last 150
flight hours of each 1000-hour block. The loads were
arranged in ascending block sequence and added to the end of
the 1000-hour block. Limited spectrum testing with the
modified spectrum illustrated the difficulty in reading the
crack growth history of the casting surfaces. The
difficulty arises from the inherent roughness of the
A357-T61 fracture surface, and the preponderance of large
compressive 1loads in the fin root spectrum. Another
modification was then made to the FLA 2 spectrum which
consisted of truncating all the compressive loads and
replacing them with zero load.

The resulting GAR 1 spectrum improved the markings on
the fracture surface but the mark only occurred every
thousand hours. Fifteen test elements were run with the GAR
1 spectrum before we decided the fractographic surface was
providing too 1little data. The existing high loads were
then re-arranged within each 100 flight hours into stepped
blocks - forming the GAR 2 spectrum. This allowed reading
of the fractographic surface every 100 hours. Twenty-five
cast test elements were then run using the GAR 2 spectrum.
Average life of the GAR 1 and GAR 2 test elements were

similar. Fin root spectrum variants are shown in Figure 10.

16
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Since the other test element geometries were to be
tested using the NOR 1 spectrum, several A357 test elements
were run to see 1if the spectrum was suitable. The NOR 1
spectrum produces clear marks in A357 aluminum, The test
plan was then changed to test 15 specimens with the GAR 1
spectrum, 25 specimens with the GAR 2 spectrum, and 50

specimens with the NOR 1 spectrum.

Further details of the spectra and modifications are

given in the Phase I report [7] and Reference [16].

2.4 CRACK GROWTH ANALYSIS

Crack growth analyses were conducted using GD/FWD
production crack growth computer codes. Crack growth
calculations for the baseline and cast specimens were
carried out using the well-established code designated R5N
[17]. A completely revamped version denoted RXN [18] was
used for crack growth analyses in the adhesively bonded

specimens.

In this subsection the methods used to analyze crack
growth will be briefly discussed for each type of specimens.
The details of crack growth analyses, including stress
analyses, 1initial flaw types and locations, and material
properties used, can be found in the Phase I Report for this

program [7].
2.4.1 Baseline Specimens

A stress analysis performed for the baseline specimen
geometry [7] suggested that under axial loading, the largest

stresses would occur at the skin/doubler interface due to

induced bending. Bolt-hole cracking was predicted to be the

18



most prevalent failure mechanism. Therefore, four combina-
tions of initial flaw type and location shown in Figure 11
were considered most important. These included corner and

through flaws at bolt holes in the skin and doubler.

All crack growth analyses were conducted for the NOR 1
spectrum at nominal stress 1levels of 24 and 30 ksi.
Analyses were performed for single and double (symmetric)
cracks emanating from the critical fastener holes, All
analyses used appropriate stress intensity factor estimates
for loaded bolt holes. The starting crack size was taken as
0.001 inch. Analyses were terminated upon reaching the

estimated critical crack size or upon reaching two design

lifetimes.

Permuting the major parameters led to the set of crack
growth analyses shown in Table 1. Maximum stress values
shown in Table 1 correspond to just two levels of maximum
spectrum load. Further variations in stress level are due
to location within the test element.

Following a methodology developed previously at GD/FWD
[19, 20] and using a modified secant method {21], crack
growth rate (Aa/At) was predicted as a function of crack
length, a. Examples of these transformed predictions are
shown 1in Figure 12, Note from Figure 12 that Aa/At vs. a

pairs can be fit by a simple power law. Thus, an equation
of the form

da Qa
3 (1)
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Figure 11.  Initial Flaw Assumptions for Baseline Test Element



Table 1. Baseline Specimen Crack Growth Analysis Parameters

ANALYSIS FASTENER CRACK NUMBEROF MAXIMUM
NO. ROW TYPE FLAWS STRESS (KSI)
B1 INNER CORNER SINGLE 39.21
B2 INNER CORNER SINGLE 31.36
B3 INNER CORNER DOUBLE 39.21
B4 INNER CORNER DOUBLE 31.36
BS INNER THROUGH DOUBLE 12.64
B6 INNER THROUGH DOUBLE 10.11
B7 OUTER CORNER SINGLE 36.46
B8 OUTER CORNER SINGLE 29.16
B9 OUTER CORNER DOUBLE 36.46
B10 OUTER CORNER DOUBLE 29.16
B11 OUTER THROUGH SINGLE - 28.57
B12 OUTER THROUGH SINGLE 22.86
B13 OUTER THROUGH DOUBLE 28.57
B14 OUTER THROUGH DOUBLE 22.86

can be used to represent predicted crack growth. Best-fit Q
and b values for each of the baseline specimen crack growth
predictions are given in Table 2. Figures 13 and 14

summarize the crack growth analyses of the baseline
specimens.

2,4.2 Adhesively Bonded Specimens
No widely recognized method exists for analytically

predicting crack growth or progressive debonding in

adhesively bonded joints under cyclic 1loading. However,
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Table 2 Baseline Crack Growth Rate Parameters

ANQBYS'S FA:LTIER CRACK MAXIMUM . Q
. TYPE STRESS (KSI)

B1,3 INNER CORNER 39.21 1.52 3.2x1073
B2,4 INNER CORNER 31.36 3.72] 2.0x1073
BS INNER THROUGH 12.64 2.331 2.4x1073

B6 INNER THROUGH 10.11 4.2
B7,9 OUTER CORNER 36.46 1.28 1.1x1073
B8, 10 OUTER CORNER 29.16 1.52 2.0x 103
B11, 13 OUTER THROUGH 28.57 1.46 1.2x 102
B12, 14 OUTER THROUGH 22.86 1.51 7.6x 107

1 VerySlow Crack Growth
2 Roundoff Error Larger Than Crack Length Increments.

recent research efforts at GD/FWD (including the "Integrated
Methodology for Adhesive-Bonded-Joint Life Predictions" [22]
and "Viscoelastic Stress Analysis Including Moisture
Diffusion for Adhesively Bonded Joints" [23] programs have
provided an important guideline for crack growth analysis of

adhesively bonded specimens in this program.

Assuming that crack growth rate can generally be
expressed in terms of some linear elastic fracture mechanics
(LEFM) parameters, it is recognized that calculation of such
parameters requires very exacting analysis of the local
stress field near the crack tip within the thin adhesive
interlayer. Finite element analyses were first performed
for cracked-lap-shear (CLS) specimens (Figure 15) using the
MARC and GAMNAS (NASA/Langley) [24 25] computer programs

23



1000 F

OUTER ROW
NOR 1 SPECTRUM
'
v/
THROUGH CRACK 7 #
(28.6 Ksi) /
!f
@13 THROUGH CRACK

~L7Y / (22.9 Ksi)

¢y [ B2

100 ¥
C (B11) ~_/
CRACK [ }57

L —{B14)
GROWTH L l! i
RATE, ! ’
’f
Aa " "
At Y,
7

CORNER CRACK
36.5 Ksi
{B7, BY)

(10-7 In/Hr)

10

/
4 CORNER CRACK
g 29.2 Ksi
’-’ (B8, B10)
Y AT i
1 10 100

CRACK SIZE, a (103 In)

Figure 13. Summary of Baseline Crack Growth Predictions — Outer Fastener Row

24



1000

100

CRACK
GROWTH

(10-8 In/Hr)

10

1l

(B3)

INNER ROW
NOR 1 SPECTRUM

CORNER CRACK
39.2 Ksi

~—— (B1)

(4
J— THROUGH CRACK

12.6 Ksi
(B5)

’.,A/CORNER CRACK

31.4 Ksi
(B2, B4)

1 ] t

L1 1] |

1 | L1 1 111

-—

Figure 14.

10

100

CRACK SIZE, a (103 In)

25

Summary of Baseline Crack Growth Predictions — Inner Fastener Row




#9L/E

Anaswoag uswidads 1eays deq payoesg g anbiry

%513
N3IWII3I4S 51
TYNOILIOaY
(¥-¥ NO1LI3S)

is19
NIWID3dS
$19 2ISv4
h (¥-¥ NO1L23S)

I

#P/E

+9L/E

--—'-'E-\I—--

wvia .91kl

26



pased upon the finite element model shown in Figure 16. The
results are summarized in Figures 17-19, It can be seen
from Figures 17 and 18 that the predicted strain energy
release rates (G) from MARC and GAMNAS analyses are consis-
tent with each other, that there is a wide discrepancy
between beam theory [9] and MARC and GAMNAS analyses, and
that the dependence of G on crack length is not significant.
Also, Figure 19 shows that crack growth rate (da/dN) can be

related to G with a simple power law of the form:

da = cag"
2
N (2)

where C and n are constants.

Similarly, the finite element analyses were conducted
for the Type A adhesively bonded specimen configuration
using MARC, G