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then cycled to failure. Both constant amplitude and flight spectrum loading were used.
Patch material for most specimens was 5521/4 boron/epoxy. Results have shown thickness
of the metal being repaired to be the most significant factor in the“¥fépair process.

Y

There was also a significant difference in results between constant amplitude and
dt spectrum tests. Comparisons between unpatched specimens with a OyS-Inch crack and high-
E} temperature cured,”patched specimens with O\5-inch cracks showed 1/16-inch thick
" aluminum constant amplitude-loaded.(R=0.1, maximum stress=20 KS1) specimens to have
N

lifetime extensions of greater than 25 times. /8-inch thick aluminum constant
amplitude tests showed lifetime extensions of about 15 times, while 1/1€-inch thick

and 1/8-inch thick spectrum loaded-specimens showed extensions of about 15 and 7
times, respectively
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This work was performed as a joint etfort between the Fatigue, Fracture, and

&N Reliability Group, Structural Integrity Branch and the Structural Concepts

o Evaluation Group, Structural Concepts Branch of the Structures Division, Flight

n Dynamics Laboratory of the Air Force Wright Aeronautical Laboratories. The

A work was performed as a result of a cooperative effort proposed by The

., Technical Cooperation Program (TTCP) technical panel PTP4 on repair. The

- work was performed under Project 2401, "Flight Vehicle Structures and

AT Dynamics Technology," Work Unit 24010109, "Life Analysis Methods,” from

NS October 1981 through April 1984.

.' | Special thanks are given to Deborah Oliveira of Beta Industries for her help |
a in etching of specimens and constituent data analysis. Thanks is also given to 3
o Harold Stalnaker for his aid in the testing of the specimens.
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SECTION |
INTRODUCTION

- In general, conventional repair procedures are often time-consuming and

i structurally inefficient. An improved repair method will increase availaoility of
service equipment and reduce maintenance costs. A standard repair of cracked
aluminum utilizes a metal patch bolted to the structure. The repair method
studied in this program is ditterent from the standard repair in two ways. First,
the patch is made of composite material instead of aluminum. Second, the
patch is adhesively bonded rather than bolted to the cracked structure.

There are several possible advantages of an adhesively bonded, composite
patch over a bolted, metal patch. First of all, there are no severe stress
concentrations created with the bonded method since bolt holes are not drilled
in the cracked structure as they are with the bolted patch. Secondly, the
boron/epoxy patch itself is a stiffer, more tatigue-resistant patch than its
aluminum counterpart. The composite patch is also thinner than the aluminum

patch which can te especially valuable to the aerodynamics of the aircraft with
L exterior patches. The composite patch is also easier to mold to curved irregular
g surfaces. This is because the patch can be applied in its precured state, as
kY several layers of prepreg, and molded by hand to the shape of the component
y to be repaired. Another advantage is that a composite patch can be "seen
through” with current non-destructive inspection (NDI) methods, such as C-
\ scan to monitor the crack growth of the structure. Lastly, the bond which
adheres the two materials also creates a sealed interface to help prevent
( corrosion. (1] The Australians nave used this method on operational aircraft
y including repair of stress corrosion cracks initiating from rivet holes in Lockheed
C-130 aircraft wing-plank ribs and fatigue cracks in magnesium alloy landing
wheels. [1]

The project documented in this report was initiatad by a request from the
Australian Aeronautical Research Laboratory to conduct a TTCP (The Technical
Cooperation Program) round-robin technical interchange studying the
application of advanced fiber composite patches to fatigue-cracked aluminum
alloy specimens. The objective of this program was to determine the effect of
composite patches on stress intensity and crack growth characteristics of
cracked aluminum. This was accomplished by studying metal thickness and
patch parameter (area. thickness, and ply orientation) effects on stress
distribution and crack growth rate of the composite patch aluminum specimen.
Both room temperature and elevated temperature (250°F) curing adhesives
have been studied.
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SECTION i
ADHESIVE EVALUATION

The most critical part of the repair method is the adhesive It must transfer
part of the load to the composite patch and hold up under many load cycles.
The adhesive should also resist moisture and other environmental etfects.
Another desirable property of an adhesive is a iow or room temperature curing
cycle. Typical structural adhesives require curing temperatures of 250°F and
up. An advantage of the high temperature curing adhesive is the ease of
application as far as getting the right amount of adhesive for the repair. Getting
a thin, even distribution of the two part adhesives was ditficult. The high-
temperature curing adhesives come in a roll with the adhesive on a carner
cloth. Cutting off a piece the size of the bonded area is all that is required to get
the correct amount and distribution of adhesive. There are two reasons why a
room temperature curing adhesive would be more desirable for this apglication.
First, the patch will be easier to apply with a low-temperature curing adhesive. If
the adhesive needs to be heated up to 250°F, heating blankets or some other
heat source will be required to bring the material to temperature. This could be
troublesome, particularly for anything other than a depot-level repair. This type
of heating may also require a significant amount of power if the repair is being
made on the aircraft with the entire metal structure acting as a heat sink. The
second reason for favoring a lower temperature curing adhesive is the
ditferences in coetticients of thermai expansion between aiuminum and
composite matenais. Aluminum has a coefficient of thermal expansion much
higher than most composite materials. When the aluminum, adhesive, and
composite patch system are brought up to temperature, the aluminum will have
expanded much more than the composite patch. After the cure time, the system
is cooled to room temperature. Now the aluminum and composite are coupled
as one structure owing to the bond. This causes the specimen to warp,
inducing bending stresses into the structure.

Three adhesives were chosen for initial single-iap shear tests to determine
the relative merits ¢f each. AF163 was cnhosen as the high-temperature (250°F)
adhesive because it was being used in-house on other programs and was
readily available. The adhesive used contained a carrier cloth. Two room
temperature cure adhesives were also acquired from 3M to apply precured
patches at room temperature. The first, 2216, is an off-the-shelf adhesive, while
1XB-3525 is an experimental two-part adhesive. Table 1 shows some trends of
these adhesives. The 221716 gave reasonable results with both adherends made
of epoxy. However, 2216 bonded to aluminum had half or less than half of the
shear strength with epoxy/epoxy adherends. The 1XB-3525, however, shows a
much less significant drop between epoxy-banded and aluminum-bonded
specimens. Results for 1XB-3525 are close to that of AF163. Considering the
two specimens each for AF163 and 1XB-3525, each having one adherend of
aluminum and one adherend of epoxy, resuits show an average shear strength
of AF163 to be 37393 pounds and 1XB-3525 to he 3590 pounds, a 5.3%
decrease in shear strength. Although tnese appear to be very gocd results t¢ra

2




room tempo.awure cure adhesive, the performance of the repaired specimens
using 1XB-3525 was not acceptable in most cases. Precured patches bonded
on wilth these arihesives failed adhesively at less than test load. The reasons
for this were not established and shoula be studied in further work. Work with
these adhasives was then dropped from the program. As a part of the program
the Australians had good success using K138 room temperature cure
adhesives with simpie acid cleaning and an oven dry of the surfaces. This
adhesive and cleaning was adopted for the room temperature phase of this
program.
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SECTION il
SPECIMEN FABRICATION

The 1/16-inch and 1/8-inch specimens were constructed with 2024-73
aluminum and the 1/4-inch specimens were constructed with 2024-T351
aluminum. Specimens were cut to 3 7/8 inch by 18 inch. Width of the
specimens was limited to a maximum of 4 inches, owing to the width of the test
grips. Edge cracks in the specimens were grown frem 0.050-inch notches
made by a band saw biade. After notching, the specimen was cycled with the
same type of loading it would see after being repaired in order to initiate a
crack. The crack length was measured periodically, and cycling was stopped
when the crack grew to approximately 0.3 inch (a/w = 0.08, with ‘a’ being the
length of the crack and 'w' being the width of the specimen). Both
graphite/epoxy and boron/epoxy were considered for use in this program. For
this application graphite/epoxy offers three advantages. First, graphite/epoxy is
less expensive and more widely used in the aerospace industry than
boron/epoxy. Second, graphite fibers are easier to handle (less likely to cause
skin punctures) than boron fibers. Third, graphite fibers can be formed into
smaller radii of curvature than boren fibers. This allows a patch to be more
easily formed to odd shapes. There are also three advantages of boron/epoxy
over graphite/epoxy. First, boron is stiffer than graphite and should make a
more fatigue-resistant patch. Second, boron has a coefficient of thermal
expansion an order of magnitude higher than graphite. This helps keep the
problem of induced stresses due to warping at high cure temperatures to a
minimum. Third, boron in contact with aluminum does not cause the galvanic
response as graphite does. Graphite/epoxy patches would require a layer of
noncorrosive material at the aluminum surface which would require the depot to
store an additional repair material. Considering the trade-offs between these
two materials, the boron/epoxy was chosen. The additional cost of the boron

does not carry too much importance because of the small amount of material
~ being used. The personnel hazard of possible puncture wounds can be
minimized with proper care. The smaller radius of curvature would be important
in some cases, but the added stiffness, combined with the reduced problems of
induced stresses and corrosion, outweigh the benefits of graphite.

Figure 1 is a drawing of a typical patched specimen. The patches were
tapered across the thickness to reduce stress concentrations due to edge
effects. Table 2 lists the layup and dimension for the boron patches. Layups
one and four were obtained from work done for the Navy by Northrop. [3] The
other patches were designed to be more orthotropic and perform in more
general stress fields. Before the patches were bonded. the surface of the
aluminum was treated with a phosphoric acid non-tank anodize (PANTA) as
specified in Reference 4 and listed in Appendix I. AVCO 5521/4 boron epoxy
was used to help control the induced bending stress problem due to differences
in coefficients of thermal expansion. This system requires a 250°F cure as
shown in Appendix 1 instead of the 350°F cure which the more commonly used

5
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5505/4 system requires. When the lower (below 250°F) cure adhesives were
used, the patches had to be precured before being bonded to the aluminum.
This procedure is also listed in Appendix 1.

TABLE 2
Patch Layups and Dimensions
inner Outer
Patch Diameter Diameter
Number Patch Layup (in.) (in.)
1 (02,90)5 1.94 214
2 (¥x45,90,0)g 1.94 2.34
3 (£45,902,02)g 1.94 2.34
4 (£45,02,90,03) 1.94 2.24
5 (x45,02,902,0)¢ 1.94 2.54
6 (0)3 1.94 1.94
7 (0)4 1.94 1.94
8 (0)s 1.94 1.94
9 (0)7 1.94 2.34
10 0)12 1.94 2.34
1 0)16 1.94 2.54

Before bonding, the bottoms of the precured patches were sand-blasted and
cleaned with acetone and then distilled water. The surface to be patched was
treated with Micro-Measurement A1 Conditioner, a surface cleaner. This was
placed on the surtace for 10 minutes and then cleaned off with distilled water.
Then the specimens and patch were held at 100°F for 1 hour to remove
moisture. K138, a two-part adhesive, was first properly mixed, then applied in a
thin, even bondline to the patch. The patch was then placed flush to the edge
of the aluminum and centered over the crack. Weights were placed on the
specimen to provide about 2 psi pressure. The weights were separated from
the specimen with a layer of non-porous material to keep the adhesive off ot the
weights. The system was then heated to 100°F for 24 hours to cure the
adhesive. Two sets of precracked specimens were sent to the Australian
Aeronautical Research Laborateries, patched, and returned for testing. These
specimens were repaired by three different methods, using three different
adhesives chosen by ARL. Half of the first set were repaired by cocuring the
patches in place with FM73 adhesive. These were cured at 176°F for 8 hours.
The other half were repaired by bonding precured patches with the K138
adhesive. These were cured in place for 8 hours at 104°F. The final set was
repaired with cocured patcrkes using AF126 adhesive. These were cured at
150°F for 8 hours.
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SECTION IV
TESTING

Testing was done with several variables including room-temperature cure
adhesives, high-temperature cure achesives, metal thickness, single and
double-sided patches, patches varying in layup, shapes, material, constant
amplitude and flight spectrum loading, and some repairs done in Australia.
Appendix |l lists the specimens tested with their respective variables.

While most patches were single sided, a few were patched on both sides. In
most cases, a single-sided patch is all that would be practical, since typical
repairs do not allow easy access to both sides of the structure. However, with a
thicker specimen, particularly the 1/4-inch specimens, the repairs were not
extending the lifetime of the aluminum nearly as long as on the thinner
specimens, owing to the stress variation across the thickness of the aluminum.
Double-sided patches were then tried to see if this effect could be overcome.

Two different types of loading were used during the testing. The simpler
loading was constant amplitude with an R ratio (minimum stress divided by
maximum stress) of 0.1 and a maximum load of 20 KSI. The other loading is
called Falstaff Flight Spectrum, an abbreviated version of the Falstaff Spectrum
[2). Figure 2 shows the loads seen by the specimen during one flight of the
Falstaff Flight Spectrum. Maximum stress under this loading was 20 KSI and
minimum load was -2.7 KSIl. Guides were used on the specimens to prevent
buckling during compression loads.

Faistaff

100 1

80 4
%
FULL 60 1
SCALE
AL 4o ]

20

0 } + —t b T 4 I {
) 0 20 40 60 80 100 120 140
- 0‘

cycle number

Figure 2. Falstatf Short Spectrum




Two major modes of failure were found during the tests. Figure 3 shows the
patch failure mode. Here the patch fractures with the aluminum. The adhesive
does not fail, except locally over the crack itself. Figure 4 shows the adhesive-
type failure moce In most cases, the adhesive failed cohesively. The lower
temperature cure adhesives provided some exceptions with the adhesive failing
adhesively.

Figure 3. Patch Failure Mode

Figure 4. Adhesive Failure Mode
li | Testin

The material for baseline panel testing was not cured under the normal 100
psi in order to simulate the way a patch would be applied under field
conditions. Therefore we cured a small panel under the same conditions as
the patches used in the repair (250°F and full vacuum pressure) to check some
basic material properties. The patches on the aluminum carry loads through

9
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tension and shear; therefore, 0° tensile, short beam shear and 0° flexura! tests
were examined for the panel testing.

A typical ply of the boron prepreg is composed of a single layer of boron
fibers laid up on a scrim cloth and impregnated with epoxy. Some of the initial
patches were laid up with scrim-to-scrim in some layers and boron-to-boron in
other layers. There was a question wheiner this would have an effect on shear
and flexural properties. Therefore, a second panel was laid up and cured. This
panel started with an outer scrim layer, then two boron layers together, then two
scrim layers together, and so on for the eight plies. The first panel was laid up
with no adjacent boron or scrim layers. Both panels were bled the same and
followed the same cure cycle as the patches. The results of the material test
specimens are listed in Table 3. Only very smail differences were noted
between the two panels, indicating the placing of scrims together was not a
maijor problem in this application.

Table 3
Material Property Tests

Panel A Panel B

A. Tensiie Ultimate Load (KSI) 168 200
221 213

179 187

Avg. 189 200

B. Short Beam Shear (KSI) 11.3 12.0
12.1 10.8

12.9 12.2

10.1 10.9

11.5 11.6

10.4 9.7

Avg. 11.4 11.2

C. Flexural Strength (KSI) 267 226
287 272

288 266

303 261

289 308

279 287

Avg. 285 270

10
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0. Flexural Modulus (MSI1) 21.5 20.9
b 25.6 24 4
26.1 225
'_; 27.1 22.5

- 24.9 26.4
4 24.3 23.2
It

=

Avg. 249 23.3
Panel A. 8 Ply with Alternate Scrims

Panel B. 8 Ply with Scrims Together

ril s

In order to confirm the existerice of a difference between the crack length at
the bond surface and at the opposite surface, one specimen had marker bands
placed on the crack during the test. The marker bands were generated by
cycling the specimen with the same maximum load but R=0.85 for enough
cycles to add an additional 0.01 inch to the crack at 5-thousand-cycle intervals
during the test. This creates a mark on the fracture surface which is different
from the normal fracture and can easily be measured after the test is complete
and tha specimen is broken. X-ray and ultrasonic techniques were also tried in
order to measure the crack length difference during the test, but were not
accurate enough to measure the difference. Table 4 lists the measured data for
a 1/8-inch-thick specimen patched with a rectangular patch of 5 plies cf
unidirectional boron. This confirms that the crack length on the nonpatchad
side is longer than the patched side. This explains why the single-<iu2d
[ patches are more effective on the thinner (1/16-inch) materials. With the thicx~;
aluminum, particularly the 1/4-inch-thick specimens, the variation of the <lics

LG CdS

o across the thickness of the metal is high, which renders the patch relatively
= ineffective.
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Table 4
Crack Length Differences

Patched Side (in.) Unpatched Side (in.) Difterence (in.)
312 .407 .086
455 .552 .097
657 .753 .096
913 1.013 .100
1.342 1.403 .060
2.007 2.065 .058
failed failed
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SECTION V
RESULTS

An A versus N (crack length versus cycles) curve is shown in Figure 5. The
initial cracks grown from the 0.050-inch notch varied in length, as can be seen
in the figure. In order to compare the different patches, a common starting point
must be found. This was done by shifting the various curves horizontally (along
the X-axis) until the curves intercepted the Y-axis (crack length) at the desired
point. Due to the nonlinearity of the A versus N curve, it is also best to have this
reference point constant across specimens of aqual thickness. When these
curves were shifted along the X axis, the bzseline enters the highly curved
portion, while the repaired specimen A vs N curve was still in its flat, linear
portion. A much larger percentage of the baseline specimens’ life will be lost
than will the repaired specimen. The starting point used for both 1/8-inch and
1/16-inch specimens was 0.34 inch. Once this point was established, we then

compared the effectiveness of difterent patches by computing their lifetime
extension.

357 ((CRACKLENGTHFOR 1/16 IN
104 WITH A (0,, 90)¢ PATCH . o
AND UNP ATCHED o
g, °
crack 20T . : o
LENGTH(IN) , 5| ® IS
° . v
101 o a® ® UNPATCHED
| |
[ ] .\.
- P
05 L ¢m ® o PATCHED

_ ——t —t

0 20 40 60 80 100 120 140 160 180
CYCLES X 1000

Figure 5. Typical Cycles vs. Crack Length

Figures 6 through 10 are summary bar graphs of life extension for different
patches, aluminum thickness, and loading methods, as specified. The baseline
specimen life (1/16-inch constant amplitude) was 7,065 cycles from a 0.34-inch
crack to failure. Table § lists the baseline specimen lives for each thickness and
loading type. As can be seen in Figure 6, most of the patches here performed
weli. The (+45,90,0)s patch was the worst, but still showed a life extension of
16.4 times. All other repairs in this group yielded life extension averageo o
19 to 22 times the baseline life. The first four columns used AF163 adhesive
cured at 250°F. Column 6 in this tigure is of a single specimen repaired by the

12
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Australian Aeronautical Research Laboratory (ARL) with a (04)patch and a

104°F cure adhesive, K138. This single specimen had a life extension of 22.1
times, which is as good as the average extension of the (+45,90,,0,)g patch.

Two (O4) repairs done by ARL shown in column 7 using AF126 at 250°F also
performed well, with an averaqge life extension of 19.6 times.

Table 5
Baseline Values

Constant

Amplitude Cycles
1/16 in. 7065
1/8 in. 3804
1/4 in. 1154
Falsataft

Flights Flights
1/16 in. 1033
1/8 in. 549
1/4 in. 289

1/16 INCH PANELS

25 ¢
2071
15¢ w
LIFE 0 e
EXTENSION " o o
MNIFEEERR A
o)} 8 AV‘ < < <
54| & v o o o o o
- o = =
~ + +
~ ~
0 . . A - . -+

ADHESIVE AF163 AF163 AF163 AF163 FM73 K138 AF126

Figure 6. 1/16-Inch-Thick Constant Amplitude Tests

The differences in the patches were much more pronounced under the
Falstaff Flight spectrum lcading. As shown in Figure 7, the (+45.90,,05)5 patch
clearly performed better than the others, yielding a life extension of 21.8 times.
The life extension of unidirectional layups decreased significantly under the
spectrum loading. The last two columns show data (03) and (Os) patches,

respectively. Even the (0g) had a significantly lower life extension than the
(+45,90,,0,) patch, unlike the constant amplitude case where the (04) patches

13




had performed roughly equivalently to the (+45,905,05)s patch. The ARL
repaired specimens in column four used AF126 cured at 250°F.

o5 - 116 INCH PANELS
20t
15¢+
LIFE Z
EXTENSION R
ior [N
0 o
_— (]
< (o))
51 (e} ~
- Wy Y (e8] ’p]
~ < —_ — Py
S alle S S
0 + — + -+ + —~
ADHESIVE LF162 AF 163 AF1G3 AF126 AF163 AF163

Figure 7. 1/16-Inch-Thick Spectrum Tests

Overall, the 1/8-inch specimens tested at constant amplitude and piotted in
Figure 8 did not show quite as great a life extension as the 1/16-inch
specimens. Here the (07) specimens repaired by the ARL using AF126
adhesive with a 250°F cure performed the best with a life extension of 17.7
times, nearly as good as the 1/16-inch specimens. However, the single ARL
repaired (07) specimen using the K138 adhesive, 104°F cure showed a life
extension of only 8.3 times. Recall that the K138 with a (04) patch on the 1/16
inch specimen with constant ampiitude loading performed very well. The
(¥45,02,90.03) specimen did a little better than the (0y) K138 repaired
specimen, and the (x45,0,,90,,0)s specimen had an average life extension of

11.4 times.
1/8-INCH PANELS

18T

16 ¢+
y 14 4+
2\;.
J 12 T _ e N
: LFE 10t 7 o
. EXTENSON 81 [ o] &
3 N
“ 11 = ~
7 41 S <
2 v o ~
P e * -_— —
& 21 ¢ ¥ | & S
| ) 0 + 4 + -
o AF163 AF163 AF 126 K138
> Figure 8. 1/8-Inch-Thick Constant Amplitude Tests
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The Falstaft flight spectrum loading of the 1/8-inch specimens shown in
Figure 9 again showed a large relative drop in life extension with the
unidirectional patch repairs. The top-pertorming patch here was the
(£45,0,,90,,0)5 patch, with an average life extension of 7.3 times, while the ARL ;
repaired (07) using the AF126 adhesive and 250°F cure had an average life
extension of 6.3 times. Column 4 shows the results of a (05) patch repair using
K138 adhesive, 104°F cure, and an alternate aluminum preparation method.
Here the aluminum was sand-blasted, cleaned, and treated with Micro
Measurement Conditioner A-1 instead of being etched with the PANTA process.

SR\ ARRAARS RSP 4k ook

= The average life extension for these specimens was 4.8 times, very close to
o that of the single (07) specimen using AF163 and a 250°F cure (4.9 times). Still
o another (0;) specimen, this time repaired by the ARL with a 176°F cure and
i FM73 adhesive, showed a life extension of 6.8 times.
K-
- 1/8-INCH PANELS
e 8
~ 6 + (
2 J o]
R 5 4 -~
‘ ‘ —/-\M—W
. LIFE o <
iy 4 1 - ol | 1
Ta EXTENSION o 2 '
- 3t T\‘ N
:.' 2 - o O
.l Y 0 e~ ~ o~ ~
= "1 s il le sil2] |2
<~ 0 — -+ + + + -
b AF163 AF163 AF126 K138 FM73 AF163
Y Figure 9. 1/8-Inch-Thick Spectrum Tests
Fol
'\,.E; Since the baseline lifetime of the 1/4-inch specimens was much shorter than 3
&. the 1/8-inch or 1/16-inch specimens, direct comparisons between these
o different thickness specimens cannot be made. Using a 0.26-inch crack as the
!._ starting point for comparison, a (042) patch under constant amplitude loading
:?: had an average life extension of 15.8 times (see Figure 10). Under Falstaff
;;\ flight loading, a (042) specimen showed a life extension of 4.8 times, while a

E\"
‘)

®
.

?

(046) specimen showed an extension cf 6.3 times. All of the above specimens
used a PANTA aluminum preparation and AF163 adhesive with a 250°F cure.




16¢ 1/4-INCH PANELS
Y. 141
14
o 124 CA-CONSTANT AMPLITUDE
104 " SP-SPECTRUM FATIGUE
: LIFE | =) £ |
. EXTENSION  © "~ s
! 6+ g o, 1
: ~ § .
4 + ~ (@] O 1
— ~ o o~ (Ve H
— ¥a] — — ~
2] il lslls)|e
{ o) -+ + + +
N AF163 AF163 AF163 AF163 AF163
N CA CA CA SP SP
o Figure 10. 1/4-Inch-Thick Specimens
: The repairs done using patches on both sides of the cracked specimen were
: extremely effective. Although crack lengths could not be monitored while the
specimen was being tested without removing it from the test machine, the three
- double-sided 1/8-inch specimens and the one 1/4-inch specimen all cycled well
N past the best of the single side repaired specimens. For example, the 1/8-inch
R, specimens ranged from a low of 288,000 constant amplitude cycles to a high of
1,244,000 cycles, but all these specimens failed outside the patched area. The
1/4-inch double-sided specimen cycled for 178,000 cycles. Figure 11 shows
these results.
DOUBLE-SIDED PATCH
250 4
2 200
g LIFE -
b, 150 A C)m
t EXTENSION N
<
! 100 41 o))
T N
-4 o .
: 504 R o 7y
; o e 3
{ 0 4 m—— + -
S AF163 AF163 AF163
1,8 INCH 1/8 INCH 1/4 1N

Figure 11. Results of Double Sided Patches
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SECTION VI
CONCLUSIONS AND RECOMMENDATIONS

Overall, the patches were very effective in slowing down crack growth in the
repaired specimens, particularly the thinner material (1/16-inch aluminum). The
variations of the stresses across the metal seem to limit the effectiveness in the
thicker specimens. The patches having more balance between 0°, 45°, and 90°
plies performed better under the Falstatf flight spectrum ioading, including
compression, than did unidirectional patches. The (*+45,90,,0,5) was the best
performing patch for 1/16-inch-thick aluminum, as was the (+45,0,,90,,0)4 patch
for 1/8 inch aluminum. The low-temperature (104°F) curing adhesive, K138,
performed very well in some circumstances, but lacked the consistency of the
250° F curing adhesives. This may have been due to the fact that the K138 is
more difficult to apply correctly than the other adhesives because itis a two-
part adhesive, whereas the higher temperature adhesives are carrier cloth-type
adhesives which are easy to get the required even thickness distribution across
the adherends
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The results of this program have application at a depot level where controlled
surtace treatments can be completed, regulated heating is available, and
special techniques can be used to apply the requircd pressure for a proper
cure. In a remote field location or in a rapid battle-damage situation, equipment
for this type of bonding will probably not be available. The potential exists to do
this type of repair using room temperature cure systems in wet layups with
graphite or fiber-glass cloth. Further work needs to be done in this area.
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APPENDIX |
FABRICATION PROCEDURES

Before the patches were bonded, the surface of the aluminum was treated with
a phosphoric acid non-tank anodize (PANTA) as specified in Reference 4. The
following steps were used:

(1) Solvent-wipe with MEK

(2) Abrade with nylon abrasive pads

(3) Dry wipe with clean gauze

(4) Apply a unitorm coat of gelled 12% phosphoric acid

(5) Place three layers of gauze and apply enough gelled phosphoric
acid to completely saturate a piece of stainless steel screen over the coating.
Apply another coating of gelled phosphoric acid

(7) Connect the screen as a cathode (-) and the aluminum as an anode
(+) for a D.C. power source

(8) Supply a potential of 6 volts for 10 minutes
(38) Remove screen and gauze

(10) Moisten clean gauze with water and lightly wipe off the remaining
gelled acid. Rinse the surface with water within 5 minutes

(11) Force air oven dry for 30 minutes at 150°F

(12) Examine the surface with a polarized filter rotated 90° at a low angle
of incidence to the specimen. A properly anodized surface will show an
interference color

(13) Repeat 4 through 12 if no color

(14) Coat anodized area with American Cyarimid's BR127 primer

(15) Wrap in Kraft paper until need for patching

AVCO 5521/4 boron epoxy was used to help control the induced bending

stress problem due to differences in coefficients of thermal expansion. This

system requires a 250°F cure instead of the 350°F cure which the more
commonly used 5505/4 system requires.



The foliowing procedure was followed in patching the precracked
specimens:

(1) Add one layer of AF163 to the bottom of the patch
(2) Center the patch over the cracked area of the specimen
(3) Place a layer of non-porous material over the patch

(4) Place 2 layers of glass vent cloth over the non-porous and extend to
a vacuum port

(5) Place a vacuum bag over the patching area and draw a minimum of
28 in-Hg

(6) Heat the specimen to 250°F at 5°F per minute with a heat blanket or
heated platen

(7) Hold at 250°F for 2 hours
(8) Allow to coo!l to less than 140°F tefore removing vacuum
(9) Ultrasonically inspect specimens for disbonds
When the lower (below 250°F) cure adhesives were used, the patches had
to be precured before being bonded to the aluminum. The precured patches
were laid up individually and cured as follows:

(1) Place a layer of non-porous material over the patch.

(2) Place two layers of glass vent cloth over the non-porous and extend
to a vacuum port.

(3) Draw a minimum of 28 in-Hg vacuum.

(4) Heat to 250°F at 5°F per minute.

(5) Apply 85 psi pressure.

(6) Hold at 250°F for 2 hours.

(7) Allow to cool to less than 140°F before removing vacuum.

(8) Ultrasonically inspect specimens.

20
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SPECIMEN #

LAYUR BARASELINE
PATCH SHARE

CURE SYSTEM

TEST TYPE

INITIAL CRACH LENGTH
FAILURE CYCLES
FAILURE MODE

APPENDIX 11
TEST SPECIMEN LIST

1 THICHKNESS

NONE
NONE
SINE

. Q20
3712Q
ALUMINUIM FRTIGUE

TEST LEVEL

SPECIMEN # 2 THICHKNESS
LAYUP (Q/Q/—-45/45/Q/0)

PRTCH SHARPE SEMICIRCLE

CURE SYSTEM COCURE 220 F

TEST TYPE SINE TEST LEVEL
INITIAL CRACH LENGTH . 3RS

FAILURE CYCLES 158200

.FAILURE ™MODE

SPECIMEN #
LAYUP
PATCH SHAPE

CURE SYSTEM

TEST TYPE

INITIARL CRACHK LENGTH
FRILURE CYCLES
FRILURE MGDE

- -

LAY o (Q/e/32) 5
FGTCH SHRPE
CuRE SYSTZm

2T TYez

Se—_imoDN ow
'..!:"Y'Jp
AT CH SHRPE

CJRE ZYSTEM

TIZoT Tvyen

iNITIAL CrRACHh LEINST A
CFRILURE CYZILES
rezLURE MDD

SPECIMEN #
LAYUR

PATCH SHARE

(45/-45/90/ 8

(03 /=6Z/30/0) 8

ALUMINUM AND EORON FRTIGUE

3 THICKNESS

SEMICIRCLE
COCURE 2SeF
SINE

. 200

150600
COHESIVE EOND

TEST teVeL

4 THICKNESS

SEMICIRCLE

COCURE ¢5¢ F

SINE TEST LEvEL
148202

BAORON AND ALUMINJN FRYIGJe

w

SemICIRCLE
LCZURED S0 F
S1INE TEST LEVEL
. 228
11850
EOrON RND ALUMINUM FATIGUE

(= THICKNZSS

(4S/-45/32/2/¢/Q) 5

SeMICIRCLE

COCJRE ¢S F

SINL TEST LeVEL
0 ey
131000

BORON AND ALUMINUM FATIGUE

21 _

N TN TN TN ATV T

1716

egvalvad vy

1/16

c20R0

1716

cagoe

1/16

S

i/16

e

1/71¢

cQd



SPeCIMEN # 7 THICHNESS 1716
I_AYUP (4E/-45/20/30/0/28) 8

PATCH SHAPE RECTANGLE
CURE SYSTEM COCURE &50 F
TEST TYPE SINE TEST LEVEL ZQQZR
INITIAL CRACK LENGTH .Z298
FRILURE CYCLES 172200
FAILURE MODE EORON AND ALUMINUM FATIGUE
SFECIMEN # 8 THICHKNESS 1/16
LAYUP (3/@/32) i
PATCH SHAPE RECTANGUL.AR .
CURE SYSTEM COCURE &5@ F
TEST TYPE SINE TEST LEVEL 2002
INITIAL CRACK LENGTH ,303
FAILURE CYCLES Z2S5000
FAILURE MODE BORON AND ALUMINUM FATIGUE
SPECIMEN # 9 THICKNESS 1/16
LAYUR (2/2)
FATCH SHAPE RECTANGULAR
CURE SYSTEM COCURE &S0 F
- TEST TYPE SINE TEST LEVEL Zoo2
" INITIAL CRACH LENGTH  .Z04
g FAILURE CYCLES 97 20@
< FRILURE mODE BORON AMD ALUMINUM FATIGUE
{
b SSCECIMEN # 1@ THICKNESS 1/16
o LAYLR (45/-45/30/0) 5
. PATCH SHAPE RECTANGULAR
: CURE SYSTEZmM COCURE zS@ F
TEST TYPE SINE TEST LEVEL =bdrduly
h IRITIAL CRACK LENGTH . 201
" TRILURE CYCLES 123200
j FAILLURE IM3IDE EORON AND ALUMINUM FARTIGUE
« SPECIMEN & it THICANESS L/LE
Y LAYLP Q77788
¢ PETCH GrARE SEMICIRCLE
b CURE SYSTEM COCURE &S0 F .
[ TEST TYPE SINE TEST LCvCL RO il
-~ IVITIAL CRAZA LENGTH L 265
‘ FAILUREZ CvIlZs 1702220 :
L/ FAILURE MIDE BORON AND ALUMINUM FATIGUE
]
‘
v SPECIMEN & 1E THICHNISS L/1E
e LEYUP (L5/-45/90/50/8/@)S
‘ PATCH SHARE SEMICIRCLE
CURE SYSTEM COCURE &S F
TEST TvPE SINE TEST LIvCo ZCCQ0
INITifL CRACK LENGTH . Zi4
FAILURE CYCLZS 12000
FAILURE mMODE BORON AND ALUMINUM FATIGUE

! 22 ——
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g SPECIMEN #
R LAYUR ()5
: PATCH SHAPE
' CURE SYSTEM
TEST TYPE
v, INITIAL CRACK LENGTH

FRILURE CYCLES
FRILURE MODE

SPECIMEN #

LAYUPRP BASEL INE
PRTCH SHAPE

CURE SYSTEM

TEST TYPRE

INITIAL CRACK LENGTH
FRILURE CYCLES
FAILURE MODE

AIT I

.7
"

N e

SPECIMEN #

LAYUPR BASEL INE
PATCH SHAPE

CURE SYSTEM

TEST TYPRE

INITIAL CRACHK LENGTH
FRILURE CYCLES
FeilLUrz mODE

‘

i

B
PR R A

" T S

}.-

CURZ SYSTEM

TEST Tves

INITIAL CARGTK LENGTH
ARILURE CYCLES
FILURE PODE

- - — -

LEYLR (4S/-45/30Q/227
AT G SHAPE
CulZ ZvaTom

TEST TYPZ
INITIAL CRACK LENGBTH
‘ FAILURS CYCLES
Fi& i URE MODE

SPLCIMIN #
LR7JP
PATCH SHAPE

Cl~= 8YSTEM

TEST TYRE

INiTIAL CRACK LENGTH
rAR1UURE CYCLES
FRI_URE mMODE

FRATvEe TarvTraTTaTEE T w

(425/=45/30/2)S

i THICHNESS 1/16

g

RECTANGULRR (1/& WIDTH)
COCURE ¢3S0 F
SINE

. 260

140000
EORON AND ALUMINUM FATIGUE

TEST LEVEL Qe

14 THICKNESS 1/10
NONE
NONE
SPECTRUM
. 129
159
ALUMINUM FATIGUE

TEST LEVEL I5eze

15 THICKNESS 1716
NONE
NONE
SPECTRUM
. 137
274
ALUMINUM FATIBUE

TEST LEVEL Rl

16 THICHNESS 1/16
NONZ
NIONE
5PZCTRUM
. 120
1221

ALUMINUY FRT IGUE

i
13}
-4
r
m
<
[}
-
Fot
[
(2]
L
~

1716

TEST LEVEL

[ X
rJ
-
L
1

1E5546

BORON AMD ALUMINUM AT IGUE

16 TrilCKNESS i/18

SeMICIRCLE

COCUJRE cS@ F
SFECTRUM
. S0
E=N]-]
EORON AND ALUMINLKY FATIGUE
23

TEST Lkvel
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o SPECIMEN # 13 THICKNESS 1/8
LAYUP  BASELINE

PATCH SHAPE NONE

CURE SYSTEM NONE

TEST TYPE SINE TEST LEVEL 2202
INITIAL CRACK LENGTH  .@33

FAILURE CYCLES 39919

FAILURE MODE ALUMINUM FATIGUE

.,.
s

AR

L 55 % Y

L

<
P AN ,

SPECIMEN # c@ THICKNESS 1/8
LAYUP (45/-45/3/Q/3d/0/Q/@)

PATCH SHAPE SEMICIRCLE

CURE SYSTEM COCURE 2SoF

TEST TYPE SINE TEST LEVEL cQa@
INITIAL CRACK LENGTH .51¢

FAILURE CYCLES 3002Q

FRILURE MODE EORON AND ALUMINUM FATIGUE

]

% L

-
s e s
-

AR
Pd

L
7,
-
»

SPECIMEN # cl THICKNESS 1/8
LAYUP (45/-45/0/0/30/30/2)S
PATCH SHAPE SEMICIRCLE
CURE SYSTEM COCURE ¢S50 F
sl TEST TYPE SINE TEST LEVEL el
T INITIAL CRACK LENGTH .33
. FRILURE CYCLES 3200
rAlILURE MODE ALUMINUM FATIGUE AND COHESIVE BON

-
Py
7

ok

SPECIMEN # &2 THICKNESS 1/8
LAYUR (45/=45/2/@/93Q/8/Q/@)

PATCH SHARPE SEMICIRCLE

CURE S5Y57&EM COCURE cS@ F

TEST TYPCE SINE =5T LEVEL e
INTTIAL CRACHM LENGTH . e¢37

FRILURE CYC-ES R uly

FRI_URE MIDE COrES1IVE EBOND

“
o
--. .l
. .l.
K
v,.l
[y
i -

SPeCimzin # c3 THIICKNES 1/8
LEYUR (4S/-45/2/70/30/30/0,: 5

PrRTCH SHAPE ScMICIRCLE

CURE SYSTEM COCuURZ 2S@ F

TeST TYoe SINE TEST LEVEL a7
INIS TAL CRACK LENGTH . 326

FAILLRe CYCLES 4222

veiLJRE MO0E BORON AND ALUMINUM FARTIGUE

o
o
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el

.f,
48 2
e
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™
A

_a
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.
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.

hh)

e

2
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s
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I;A!-\.,a. LS

iMoiN # 4 THICKNESS 1/8
o (LE/=-45/0/¢8/30/0/Q0/&)
H SHA3PE SEMICIRCLE
SYSTEM COCJURE =8@ F
TVYPE SINE TEST LEVEL cQQ
JAL CRACHK LENSZTH . 207
FRILURE CYCLES Z5437
FRILURE ™M3DE BEORON AND ALUMINUM FATIGUE
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SPECIMEN # 25 THICKNESS
LRYUR ()5 REC 1/« WIDTH DOUERLE SIDED
SATCH SHAPE RECTRANGULRAR
CURE SYSTEM TOCURE &&@ F
TEST TYPE SINE TEST LEVEL
INITIAL CRACK LENGTH 317
FALILURE CYCLES =88R
FAILURE mIDE ALUMINUM FATIGUE OQUTSIDE
SPECIMEN *% =43 THICHKNESS
LARYUP (S DOUBLE SIDED :
DATCH SHAPE RECTANGULAR
CURE SYATEM COCURE Z5@ F
TEST TYPE SINE TEST LEVEL
INITIAL CRACK LENGTH . 308
FRILURE CYCLES So6Q0e
FAILURE MODE ALUMINUM FATIGUE OUTSIDE
SPECIMEN # 27 THICKNESS
LAYUR ()5 DOUBLE SIDED
PATCH SHAPRE RECTANGULAR
CURE SYSTEM COCURE 250 F
TEST TYPE SINE TEST LEVEL
INITIAL CRACK LENGTH . 3le
FRILURE CYCLES 1244000
FA.LURE mODE ALUMINYUM FATIGUE OUTSIDE
SALCIMEN & c8 THICHNESS
LAYURr (¢)3 DOUBRLE SIDED
SHTCA SHARPE RECTANGULAR
CuxeE SYsSTeEm COCURE &Sa F
TIOT TVRE SiNE TEST LEVE
InNIT 6L CRACK LENGTH . 5324
FAl_URZ CYZLES SQL33
FRILJIRE milDe ALIMINGM FRATIGUE CUT3iDE
THICIMIN ® &3 THICHNESS
Ly o SRASEL TN
D77 e 3RATE NONE
CUnDoaveTom NONE
TIUT TYPE SPECTRUM TEST LIVEL
IhITIAL CRACK _ENDTH . QR
FiSiodmE CyCLig 1415
relcidie JDi ALUMINUNY FARTIDIZD
STUECIMIN # etV THICKNESS
CRYUR BR3IELINE
2RTCH SHAPE NONE
Cl~z SYSTZt NONE
TLEYT O TYRE SPECTRUM TEST —egvEL
INITIAL CRACK LENGTH . Q2w
FAILURE CYCLES 1230
FRILURE mMODE ALUMINUM FATIGUE
25
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= AV ARV TR
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cQoRa

PRTCH

1/8

cRava

PRTCH

1/8

palvgdrdrdv|

RPATCH

1/8
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.A'_.", ...' '.' '.'_‘.'

.-s_-.._‘.. @ ’1;}-&,-¢1, .-.“.'_..'..,'... ;

SPECIMEN #

LAYUR BASELINE
PATCH SHAPRE

CURE SYSTEM

TEST TVYPRE

INITIAL CRACK LENGTH
FAILURE CYCLES
FRILURE MODE

SPECIMEN #
LAYUPR.
PATCH SHAPE

CURE SYSTEM

TEST TYPE

INITT™ CRACHK LENGTH
FOIL v “LES

31 THICHKNESS

NONE
NONE
SINE

. Q20
c@aR
ALUMINUM FARTIGUE

TEST LEVEL

e THICKNESS

(45/-45/0/0/30/9@/0)S

SeMICIRCLE
COCURE 2359 F
SINE

. 318

S

TEST LEVEL

FARIL. CE BORON AND ALUMINUM FQTIGUE
SPECIMEN # 33 THICKNESS
LAYUP (45/-45/0/C/9/03/0/20)COUBLE SIDED

PATCH SHRPE RECTANGULAR

CURE SYSTEM COCURE 25@ F

TEST TYPE SINE TEST LEVEL
INITIAL CRACK LENGTH . c80

FRILURE CYCLES 176202

rRILURE mMiCc

SPECIMEN &

LAYUR  (@/0/90)8
FATCH SHAPE

CURE SYSTEM

TEST TVPE

IMITIAL CRAZY LENGTA
FRILURE CYLLES
FRILURE moDE

[l Judii g -,
SVRS I ST

LrydR (
cr-1 0= 3HiA
CURE SvG&T
TEST Tres
INITIARL CRACK LIN3ITH
FRILUrFe CYZLES
FARICURE mMCLE

)

I"] Ty

L]

SPelimMen #

LRYUP (2)S GRAPHITE
“RTCH SHARE

CUE SYSTEM

TEST TYFRE

INITIARL CRAZHK LENGTH
FAILURE CYLCLES
FARILURE mODE

BEORON AND ALUMINUM FARTIGUE

4 THICHNESS

SEMICIRCLE
COCURE =20 F
SPECTRUM

- 253

3528 -
BEORAON AND ALUMINUM FATIGUE

A THICHKNISS
SEMICIRCLE
COCURE zS5@F
SPECTRUM TEST LEVEL
RACAS

=13

SCwCURESIVE/ S2%ADRESIVE

€ THICKNESS

SEMICIRCLE
COCURE 35@ F
SINE TEST LV

. 267

e vadvlv vy
BORON AND ALUMINUM FATIGUE

174

cQRoR

1/4

coA0R

174

=alral"el’y

1/16

gl alrel’s)

e

1/8
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SPECIMEN # 37 THICKNESS
LAYUP (45/-45/0/@/30@/30/2)S

FATCH SHRPE SEMICIRCLE

CURE SYSTEM CICURE ZS@ F

TEST TYPRE SPECTRUM TEST LEVEL
INITIAL CRACK LENGTH « 317

FRILURE CYCLES 4166

FAILURE MODE BORON AND ALUMINUM FATIGUE
SPECIMEN # 28 THICKNESS
LAYUP (@)1@ GRAPHITE .

PATCH SHARPE SEMICIRCLE -

CURE SYSTEM COCURE 350 F

TEST TYPE SINE TEST LEVEL
INITIAL CRACK LENGTH . 400

FRILURE CYCLES Soad

FARILURE MODE ~BORON AND ALUMINUM FATIGUE
SPECIMEN # 39 THICKNESS
LAYUP (45/-45/0/0/90/0/0/Q)

2_TCH SHAPE ‘ SEMICIRCLE

CURE SYSTEM COCURE 250 F

TEST TYPE SPECTRUM TEST LEVEL
INITIAL CRACK LENGTH . 319

FRILURE CYCLES 3ie

FRAILURE MIDE COHESIVE BOND

SPECIMEN # 4@ THICKNESS
LAYUR (374 AUSTRALIAN

PRTCH SHA?P= SEMICIRCLE

CURE SYS5TEM PRECURED i@4 F

TEST TYRE SINE TEST LEVEL
iNITIAL CRATH LEWGBTH . 314 _
FRILURE CYCLES =150@

FRILURE MODE BORON AND ALUMINUM FARTIGUE
SPZCIMEN = 41 THICKNESS
LAYUP ()7 AUZTRAELIAN

JRTEH SHAPE SEMICIRCLE

CJURE SYSTEM PRECURED id4 F

TEST TYPE SINE TEST LEVEL
INITIAL CRACK LENGTH . S04

FRILURE CYCLES S

FRILURE mMODE BORON AND RLUMINUM FRTIGUE
SSECIMEN 4 THICKNESS
“RYUR (@)7 AUSTRALIAN

PRTEH SHAPE SEMICIRCLE

CURE SYSTEM COCURE 176 F
"TEST TYPE SINE TEST LEVEL
INITIAL CRACK LENGTH . 493

rAILURE CYCLES Zloe

FAILURE MODE BORON AND ALUMINUM FATIGUE

_27

1/8

cQa2a

174

zo00

1/8

cooee

1/86

SIZQRD

1/8

20U



SPECIMEN #
LAYUR
fATCH SHAPE

CURE SYSTEM

TEST TYPRE

INITIAL CRACK LENGTH
FARILURE CYCLES
FARILURE MODE

4

18]

THICHKNESS

(2) 4 AUSTRALIAN

SEMICIRCLE
COCURED 176 F
SINE

. 688

99132

TEST LEVEL

BEORON AND ALUMINUM FATIGUE

SPECIMEN # 44 THICKNESS
LAYUPR (2) 4 AUSTRALIAN

PATCH SHAPE SEMICIRCLE

CURE SYSTEM COCURE 176 F

TEST TYPE SPECTRUM TEST LEVEL
INITIAL CRACK LENGTH . 389

FARILURE CYCLES 7702

FRILURE MODE

BORON AND ALUMINUM FATIGUE

SPECIMEN # 45 THICKNESS
LAYUP (@) 7 AUSTRALIAN :

PRTCH SHARE SEMICIRCLE

CURE SYSTEM COCURE 176 F

TEST TYRPE SPECTRUM TEST LEVEL
INITIAL CRACK LENGTH . 332

FRILURE CYCLES 3637

FAILURE MODE BORON AND ALUMINUM FATIGUE

SPECIMEN #
LAYLUR
PA7CH SHAPE
CURE SYSTEM
25T TYPE
INITIRL CRACK
FAILUJRE CYCLES
FRILURE MODE

LENGTH

o

SFEZCIMEN #
LAYUR (@) 4
PRTCH SHAPE
CURE SysSTEM
TEST TYPE
INITIARL CRACK
FRIL'JRE CYCLES
FRILURE MODE

LENGTH

SOECIMEN #
LAYUP (e)8

PARTCH SHAPE

. CURE SYSTEM

TEST TYPE

INITIAL CRACK LENGTH
FAILURE CYCLES

FAILURE ™MODE

46 THICKNESS

(2)7 AUSTRALIAN

SEMICIRCLE
PRECURED 104 F
S5PECTRUM

. 4a7

4711 -
BORON AND ALUMINUM FRTIGUE

TEST LEVEL

47 THICKNESS
SEMICIRCLE
COCURE 250 F
SINE TEST LEVEL
32
14000

BORON AND ALUMINUM FATIGUE

48 THICKNESS

SEMICIRCLE
COCURE &50 F
SINE

. 359

42208
COHESIVE BOND

——

TEST LEVEL

oR

1716

couae

1/716

20000

1/8

20222

1/8

SZDdD

1/1¢6

=uldvilul

i/8

caza



SPECIMEN # 49 THICKNESS 17:i6
LARYUP (45/-45/0/Q)
PATCH SHAPE SEMICIRCLE
CURE SYSTEM PRECURED
TEST TYPE SINE TEST LEVEL tetalridrag
INITIAL CRACK LENGTH . 327
FARILURE CYCLES 155020 e
FRILURE MODE COHESIVE BOND
SPECIMEN # =1 THICKNESS 1/8
LAYUP (a) 8 ’
PATCH SHAPE SEMICIRCLE
CURE SYSTEM PRECURED
TEST TYPE SPECTRUM TEST LEVEL ceoe
INITIAL CRACK LENGTH . 220
FAILURE CYCLES 21314
FRILURE MODE COHESIVE BOND (SPECIMEN NOTCHED AT 11435 FLIGH
SPECIMEN # o1 . THICKNESS 1/8
LAYUP (45/-45/0/0/3@/30/2) S
PATCH SHAPE ‘ SEMICIRCLE
CURE SYSTEM COCURE 25@ F
TEST TYPE SPECTRUM TEST LEVEL coa
INITIAL CRACK LENGTH . c80
FRAILURE CYCLES 41Qg
FAILURE MODE BEORON AND ALUMINUM FATIGUE
SP=ZCIMEN # o2 THICKNESS 1/8
LAYUPR (45/~45/@/0/92/2/0/2)
PATCH SHAPE SEMICIRCLE
CURE SYSTEM COCURE 25S@ F
TEST TYPE SPECTRUM TEST LEVEL c@E3A
INITIAL CRACHK LENGTH . 235
FSILURE CYCLES 3389 .
FARILURE mODE COHESIVE BOND
SIECIMEN # o3 THICKNZES i/8
LAYUR (@7 '
P3TCH SHAPE SEMICIRCLE
CURz 8YS57eEM COCURE &S@ F
T=ST TYPE SPECTRUM TEST LEVEL cRIBE
INITIAL CRRACK LENGTH  .323
FAILURE CYCLES e792
FARILURE ™MODE BEORON AND ALUMINUM FATIGUE
SPECIMEN # S4 THICKNESS 1/i6
LAYUPR (45/-45/3C/20/@/0)8
PATCH SHAPE SEMICIRCLE

. CURE SYSTEM COCURE g5@ F
7257 TYPE SPECTRUM TEST LEVEL 2222
INITIAL CRACK LENGTH . 248
FAILURE CYCLES 19764
FAILURE MODE BORON AND ALUMINUM FATIGUE

29
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SPECIMEN #

Leyur (45/—-45/32/0)8

PATCH SHAPE

CURE SYWBTEM

TesT TYPe

INITIAL CRACK LENGTH
FATLURE CYCLES
FAILURE MODE

SPECIMEN #

LAYUPR (2/@2/99)S
PATCH SHAPE

CURE SYSTEM

TZST TYPE

INITIAL CRACHK LENGTH
FAILURE CYCLES
FAILURE MODE

SPcCIMEN &

LAYUR (@7

PRTCH SHRPE

CLURE SYSTEM

TEST TYRE

INITIRL CRARCHK LENGTH
FATLURE CYCLES

AT LIRS mOT
TAILURE MODE

93 THICHKNESS 1/16

SEMICIRCELE
COCURE &S@ F
SPECTRUM

. 80

373
EORON AND ALUMINUM FATIGUE

TEST LEVEL cra

o6 THICKNESS - 1716

SEMICIRCLE
COCURE gS5@ F
SPECTRUM

. 280

9768
EORON AND ALUMINUM FARTIGUE

TEST LEVEL SRy

=7 THICKNESS 1/8
SEMICIRCLE
PRECURED 1@S F
SPECTRUM TEST LEVEL SQARQ
.c7@
3611

CORESIVE BOND

SOECINEN & S8 THICKNESS 1/1¢&
Layup () S
FPATCH SHAPE SeMICIRCLE
CURE SySTeM PRECURED 1@S F
TEST TAWPE SFECTRUM TEST LEVEL Q2
INITIAL CRACH LEGTH P Clh
FRILUREZ C+_LES 72L&
FRlilUrI Mol CORZISIVE ©OnND
SLIIZINEN = %3 T2 CANDZES 1/.6
LAyuP )3
TRV Ce 3hARE StmICIRCLE
CURE S r5TEM PRICURED 1@3 F
TEST TYPE SEECTRUM TEST LzVeL CCRQRD
INITIRL Caald LENGTH LE7 S
FSlliime DroLiEg Lli4
FQloo~T nD0E NOT FRILED
SOELIMEN = £ THIZICKNE5D 1/7:6
Layuder (@) 4 AJSTRALIAN
PSTCH ShAane Sem ICIKRCLE
CURE SYZTLM COZURED 12©@ F
TLST TVLZ SO0z CTRUM T=5T LEVEL U P
INITIAL CRACK LENGTH 223
I CYCLES GLia
FRILURE mIDE

BORON AND ALUMINUM FQTIGUE

- 30




SPECIMEN #

LAYUP (Q) 4 RAUSTRAL
RPATCH SHAPE

CURE SYSTEM

TEST TYrE

INITIAL CRACHK LENGTH
FAILURE CYCLES
AILURE MODE

SFECIMEN #

LAYUP (2)7 AUSTRAL
PATCH SHAFE
CURE SYSTEM
TeST TYPE
INITIRL CRACHK
FRILURE CYCLES
FARILURE MODE

LENGTH

SCECIMEN #

LAYUP ()7 RUSTRAL
PATCH SHRPE
CURE SYSTEM
TEST TYPE
CRACK
E CYCLES
Li-URE pMODE

LENGTH

o)

I v

Mo #®
(@) & AUSTRAL
SHRPE
SYSTeM
TYPE
TIAL CRALCM LENGTH
CYCLES
HAWNID

v, e

-imOC

T - T )

™ 2 el do -
[ R ETIN SA NS R BESU A ]

LLrUE (06 RUSTRAL
FLTCA 3 .85C

CUfE 5VvITEM
TLITOTVRE

TIAL CRACK
'€ CYCLES
~E ™MODE

LENGTH

€1 THICHNESS /ie

IAN

SEMICIRCLE
COCURE 15Q F
SPECTRUM

. 240

672Q

BORON AND ALUMINUM FATIGUE

TEST LEVEL coaea

&
1AN

SEMICIRCLE

COCURE 159 F

SPECTRUM

. 257

4418

KORON AND ALUMINUM FATIGUE

THICKNESS 178

T

TEST LEVEL Pvalrelv )

€3 THICHKNESS 1/8
IAN
SEMICIRCLE
COCURE 1S9 F
SPECTRUM
315
cRSe
rCRON AND ALUMINUM FRTIGUE

TEST LEVEL caoaa

&4 THICHKNESS
1AN
SeEMmICIRCLE
CCCURE 1iZ@ F
SiNE
. 238
£e%o

EOrON AMD ALUMINUM FATIGLE

1/16

ST LEV=L S22

m

RE~k

29 THICKNESS /16
IAN
SmiCIRcle
COZURE 190 F
5INE TZ5T LEVEL et
LB
173380

COHESIVE EChD

o
m
-1
T
-
)
X
Z
M
[97]
wn
)y
~
(3 4]

SEMICIRCLE
COCURE 15@ F
SINE

. 287

84111
COHESIVE BOND

31
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SPeCImEN #
LAYUP
PATCH SHARE

CURE SYSTEM

TEST TYPE

INITIAL CRACY NG
FARILURE CYCLTZ
FARIL!NT W3ZZ

spzCIdan ¢

LAYUP BRSEL INE
PRATCH SHAPRE

CURE SYSTEM

TEST TYPE

INITIAL CRACK LENGTH
FRAILURE CYCLES
FAILURE MODz

SPECIMEN #

LAYUP () 1z

PATCH SHAPE

CURE SYSTEM

TEST TYPE

INITIRL CRACK LENGTH
FAILURE CYCLES
FAILURE mMODE

SPECINMEN ¥

LAYUP () :i2

PATCH SHAPE

CURE SYSTEM

TEST TYPE

INITIAL CRACK LENSTH
FAILURE CYCLES
FATLURE MODE

SITLIMIN ¥

LB 189 #

PATEH 5i1A7T

CURE SVSTEM

TEST TYRE

INITIAL CRACK LENGTH
FAI_URZ TYCLES
FAILURE MODE

SAZCIMEN #

LAYUP ()16

PATCH SHAPE

CURE SYSTEM

T=8T TYP=z

INITiAL CRACK LENGTH
FRILURES CYCLES
FRILURE ™MaDE

&7 THICY (ZZ2

()7 AUSTRALIAN

SEMICIFRT..Z

cocurt IGO0 T

cmnl TEST LEVEL
. 282

91480

COHESIVE BOND

E8 A THICKNESS

NONE
NONE
SPECTRUM
. 195
455
ALUMINUM FARTIGUE

TEST LEVEL

€9 . THICKNESS

SEMICIRCLE
CCCURE 250 F
SINE

. 1393

18511
COHESIVE BOND

TEST LEVEL

7@ THICKNESS
SEMICIRCLE
COCURE 25@ F
SINE TES5T LEvEL
. 203
idzie

CORKESIVE BOND

73 TIANESS
SEMICIRELE

COCURE &5@ F

SPzCTRUNM TEST Level

o
4195
HESIVE ROND

4
4
£

ca

7c T-iICKNESS

SEMICIRCLE
COCURE 230 F
SPECTRUM

. 132

18€1
COHESIVE BOND

-

i/8

cQ00d

174

20000

1/4

caaea

174

c20Rd

ot s

174

2aae
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