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PREFACE

This final report was prepared by the Northrop Corporation, Aircraft Group,
Hawthorne, California covering work done under USAF Contract F33615-76-C-3017
between January 1976 and February 1979. The contract was administered by the Air
Force Flight Dynamics Laboratory, Wright-Patterson AFB, Ohio. Mr. Clark E. Beck,
was the Air Force Project Engineer. An accompanying document, AFFDL-TR-79-3039
was also prepared during the contract. It is a Repair Guide for Large Area Composite
Structure Repair.

The program was conducted under the technical supervision of Dr. R.M. Verette,
Manager of the Northrop Structural Mechanics Research Department. The following
Northrop persomnel made major contributions to the program.
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Figure 7. Sandwich Beam Test Arrangement

were 2.0 inches wide and 70 inches long with 2.0 inch core. In each case, the repair
joint configuration ran across the full width of the specimen at one location at mid-
span. Typical 16 ply specimens are shown in Figure 8.

The primary advantages of the sandwich beam configuration are the gradual load
introduction into the compression face which results from the four point loading, and
the stability provided to the compression face by the core. For convenience in fabri-
cation, some of the tension specimens were also tested as sandwich beams by inverting
the beam in the loading fixture.

For all tests described in this section, with the exception of Type 4 as discussed
later, the parent laminate was moisture conditiored to approximately 1 percent mois-
ture content prior to making the bonded repairs. For those specimens referred to as
"dry", no further conditioning was done. Specimens designated to be ‘wet" were re-
exposed to 95 percent relative humidity at 140°F for 30 days prior to testing.
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Figure 8. Sandwich Beam Specimens

Those specimens designated for elevated (265°F) or reduced (-65°F) temperature testing
were enclosed in a chamber into which heated or cooled air was blown.

Some specimens were exposed to fatigue loading prior to strength testing, using
the same test arrangement previously shown in Figure 7. The fatigue spectrum used
was developed for the lower wing skin near the root rib of the F-5E aircraft. The
exceedance curve, shown in Figure 9, represents 1000 hours of flight time with com-
pressive loads deleted. The flight-by-flight spectrum is randomized as to the ordering
of the loads and sequencing of the flights. Two lifetimes, or 8000 flight hours, of load-
ing were applied at room temperature to each fatigue specimen.

The maximum load in the spectrum was scaled to produce a peak strain of 4570
uin/in in the specimens. This value of strain is the B-basis matrix failure strain for
the parent laminate, and was considered to be an upper limit on actual spectrum load-
ing based on current design practice. A lower value of peak strain, 2510 win/in, was
applied to a separate group of most specimen types to help identify effects of spectrum
loading. Regardless of the direction of loading for residual strength tests, all fatigue
loading was applied to cause tension in the specimens.
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Figure 9, F-5E Load Spectrum For Wing Lower Skin at BP 29,5

3.1 FLUSH REPAIRS ON MONOLITHIC PANELS

The single scarf joint whose development was described in Paragraph 2.3 was
used with variations for Types 1 through 7 and Type 12, as listed in Table 5 and de-
scribed in the following paragraphs.

Type 1 — Single Scarf Joint

The development of the single scarf repair joint configuration was described in
Paragraph 2.3 with the resulting design shown in Figure 10, Splice Detail G1. Four-
teen of these specimens were tested as one inch wide tension coupons for the dry ten-
sion tests, series I, II, III and IV in Table 5. The results are shown in Table 6. The
predominate failure mode was a tension failure in the replacement plies. Recognizing
the lower strength of the vacuum-pressure-cured replacement plies, the six added
plies, three on each face, were extended to the left end of the specimen, or in effect,
across the entire repair as shown in Figure 10, Splice Detail G2. This raised the
load at failure and changed the failure mode to tension failure in the parent laminate,
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a) EXTERNAL SURFACE

b) INTERNAL SURFACE

Figure 25, Repaired Panel One

beam bending and shear produced by beam torsion loading. For each, loading was
terminated if either (1) the maximum measured strain reached 7333 uin. /in. (for com-
pression) or (2) the load reached 4/3 of the panel design ultimate allowable (as it did
for shear loading). The recorded load cell data later indicated the shear load to be
131 percent Ni;. The panel showed no indication of failure at the completipn of the

three preliminary test conditions.

Bending was again applied to the box beam in load condition four, until tension
lailure of the panel. Failure loading in the 8-ply outer face was 2390 pounds per inch.
‘The maximum axial strain at failure was 9670 #in, /in. The results of all load condi-
tions are shown in Figure 26 in terms of percent of allowable load and strain. The
nonuniform strain distribution, shown in Figure 27, became an advantage in this par-
ticular case since it reduced strain along the panel edge where the attachment holes
are located. The failure, shown in Figure 28, occurred remote from the patch.
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4.2 PANEL TWO: HONEYCOMB SANDWICH ACCESSIBLE ONE SIDE ONLY

Panel Two was identical to Panel One except for the repair of the inner face.
The penetration of the inner face was a longitudinal hole 1.0 x 6.4 inches. The outer
face and core were removed to a 6.6 x 12,0 oval hole (as on Panel One). The inner
face was scarfed with the drum sander guided by the hole in the outer face, as shown
in Figure 29. The outer face was scarfed with the drum sander guided by the oval tem
plate, completing the preparation of the panel for repair.

The patch for the inner face consists of two precured details and one cocured
detail. Making and assembling these details may seem complex but the results have
been rewarding. A five-ply precured laminate was made to fit against the blind side
of the inner face. A drill template was used to assembly drill the inner face and the
blind side patch with a series of small holes (0.070-inch diameter 49 places). With all
holes complete, FM-400 adhesive was applied to the patch and the patch was then
installed using a length of wire through matching holes as shown in Figure 30 (adhesive
omitted for clarity).

Figure 29, Scarfing the Inner Face of Panel Two
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Figure 30, Installation of Drilled Precured Blind Side Doubler

Once the patch was located the drill template was repositioned over the holes
using the wire to hold the patch. Clecos were then installed in all holes, as shown in
Figure 31, to provide pressure during the bonding of the blind side patch. The clecos
had been coated with Freecoat 33 and baked at 350°F for one hour. After curing of the
blind side patch adhesive, the clecos were removed and the small holes sealed with
adhesive.

With the damage hole now closed, the near side parts of the inner face were
installed and vacuum pressure cured. The cocured detail, the replacement material,
was installed over film adhesive against the blind side patch and the scarf. Then over
an additional film of adhesive another five-ply (+45/0/+45) precured detail was installed
and the replacement core was placed over the patch. The vacuum bag was laid over
the core and sealed to the outer surface. When the inner face repair was complete and
inspected the core plug was reinstalled with film adhesive against the inner face and
FM-404 forming adhesive in the core splice.

The final operation consisted of cocuring the outer face patch plies with film
adhesive over the core, the scarf and the outer surface. The completed repair is
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Figure 31, Installation of Clecos for Bonding of Blind Side Doubler

seen in Figure 32. The edges of the blind side patch detail were imperfectly bonded at
best. Inspection of this patch from the inside is a luxury not available to an airplane
repairman. The repair was therefore tested as-is with no attempt to improve it.

Panel Two was loaded to failure in tension resulting from positive bending on
the box beam. The panel design ultimate allowable was defined in the same way as
for Panel One, i.e. 1715 pounds per inch per face. Panel Two failed at 2095 pounds
per inch in the outer face or 122 percent of design ultimate allowable. Maximum strain
at failure was 8925 uin. /in. on the parent laminate just off the end of the patch. Noises
anc strain gage readings during loading indicate some deterioration of the bond of the
ktind side patch. However, the failure occurred outside this area and the bond deter-
ioration appears to have had no effect on the ultimate failure. Photos of the failure,
viewed from the outside and inside are shown in Figure 33. The test results and the
mode of failure demonstrate that even an imperfectly bonded repair, made simulating
on-aircraft conditions with access from one side only, can restore strength well be-
yond ultimate design load requirements. By using a repair method which is capable
of high strength restoration a considerable margin is available to allow for reduced
quality standards.
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a) OUTER SURFACE

b) INNER SURFACE

Figure 32, Panel Two Completed Blind Side Sandwich Repair
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a) EXTERNAL VIEW

78-03016-4
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b) INTERNAL VIEW 78-02977
Figure 33, Panel Two Failure at 122% of Design Ultimate Allowable
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78-00507-5
Figure 34, Scarfing the Damaged Cutout on Panel Three

TABLE 14, LIMIT LOADS FOR SIMULATED VERTICAL STABILIZER SKIN

N, N, N,y
LIMIT LOAD CONDITION LB/IN LB/IN LB/IN
(1) MAX. POS BENDING (FEM-1) 3503. 83. 546.
(2) MAX. NEG BENDING (FEM-1) -3503. 83. 546.
(3) MAX. TORSION (FEM-2) -2380. 49. 1027
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78-02221-9

Figure 35, Panel Three Completed Partial Thickness Repair

4.4 PANEL FOUR: 50-PLY LAMINATE ACCESSIBLE BOTH SIDES

Panel Four represents the repair of a complete penetration damage of a highly
loaded laminate. The laminate was identical to Panel Three except for the repair.
A four-inch diameter hole was bored through the panel and the hole scarfed from both
sides at a slope L/t = 36/1. The scarf was 27 plies deep from the outside, 23 plies
deep from the inside. A patch of 61 plies (32 outside, 29 inside) was cocured and
bonded with FM-400 adhesive under vacuum pressure at 350°F. Of the 11 extra plies,
seven were at zero-degree orientation and four were at :45 degrees, all interspersed
among the 50 replacement plies. In the oven cure the panel was mistakenly supported
on several steel bars rather than on a continuous plate. One bar crossed the center
of the repair so that the patch sagged over the bar and became cured in this form. The
patch inner surface had sagged approximately 0.080 inch in a length of 0.4 inch. The
depth of the fiber waviness was not known since the outer surface was smooth.

The testing of Panel Four proceeded in the same manner as for Panel Three.
No indication of failure was seen from the three limit load conditions of Table 14.
Positive bending to failure resulted in an average panel loading of Nx = 14,200 pounds
per inch, almost identical to the load required to fail Panel Three. The maximum
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78-04464-
Figure 36, Panel Three Failure at 155% of Design Ultimate Allowable »
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Figure 39, Panel Five After Material Removal

and cutting along the lines, starting with the largest piece first and working in toward
the smallest, each ply was cut to the desired size. The plies were laid up on a paper
print made from the mylar, starting with the smallest and working out to the largest,
so that the pattern of the print located each ply. The resulting book of patch plies was
then laid into the machined area of the parent laminate over a layer of RB-398 adhe-
sive. The procedure as described is recommended for use on actual repairs since it
is a reasonably fast method of obtaining patterns and results in patch plies which match
the actual geometry of the machined surface.

Strips were cut from a sheet of flame-sprayed aluminum approximately 0. 010
inch thick to replace the lightning protection system in the repair area. After 2l of
the patch plies had been placed, the replacement lightning protection strips were laid
over the patch plies. No adhesive was used under the aluminum strips where they
were in contact with uncured prepreg of the patch plies. At the ends of the strips, a
small length of RB-398 film adhesive was placed between the parent laminzte and the
aluminum strip. The entive assembly was bagged and cured.

The bond between the aluminum and the graphite was intact after curing for the
full length of both aluminum strips. However, some wrinkling of the aluminum strips
occurred at two locations on each strip. This wrinkling appears to be the result of
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differential thermal expansion during curing, and suggests that a secondary bond using
room temperature cure would be preferable. The wrinkles distorted the underlying
graphite plies slightly, but since the distorted plies near the surface are either 45° or
90° orientation, the distortion was not expected to seriously affect the strength in the
0° primary load direction. The completely repaired panel with end loading tabs and
strain gages installed is shown in Figure 40.

The Grumman Aerospace Corporation supplied information for the four limit
load cases shown in Table 15. Longitudinal loading was defined by strain while shear
flow is given in the usual units of pounds per inch.

Figure 40, Strain Gage Installation of Test Panel Number Five

TABLE 15. LIMIT LOADS FOR B-1 HORIZONTAL STABILIZER COVERs(14

€x ny

Limit Load Condition uIn, /In, Lb. /In.
(1) Max. Tension with Shear 2023 725
(2) Max. Compression with Shear -2023 =725
(3) Max. Shear with Compression -1469 841
(4) Max. Shear with Tension 1469 841

& ol = _owr 5 aee

i4. Herman Erbacher, Letter AD C PM 78 195, Grumman Aerospace Corp.,
Advanced Composites Group, Sept. 1978.
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Figure 44, Damaged F-15 Speed Brake

Attheedgeoftheopen;ngwhichhadbeenwtinthemrskin, the skin was
scarfed over a width of less than an inch using a hand held air-driven motor with a
30-inch sanding disk, and a small belt sander. The scarfed surface was shaped to
end at a scribed line on the surface. The hand held sander was controlled by the
operator without using any mechanical guides. The repair area with the core removed
and the scarf surface prepared is shown in Figure 45.

A heat blanket was used for curing the repair on the F-15 speedbrake in order
to demonstrate a technique which might be used for on-aircraft repairs. A prelimi-
nary verification of the technique was made by curing an 8-inch by 10-inch, 7 ply
panel using vacuum and a heating blanket. The heat was controlled by monitoring a
thermocouple on the laminate and manually adjusting the current flow to the blanket.
An 0. 020 inch thick aluminum pressure plate was used to improve the uniformity of
heating. The blanket was placed on top of the nylon bag and separated from it by
four layers of cloth. Four more layers were placed over the blanket. Four thermo-
couples were used to verify the temperature at four locations on the part. At three
points, the temperatures were satisfactory and uniform within 10°F. At one edge,
having only 3/4 inch of blanket extending beyond the edge of the part, the temperature
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Figure 45, Repair Area on F-15 Speed Brake

was consistently too low. At the opposite edge, the blanket extended 2-inches beyond
the part and temperatures were essentially the same as the control point which had
blanket extending 13-inches beyond the part. To simulate the heat sink characteristics
of the actual speedbrake, the 8 x 10 inch test panel was cured on a portion of one of
the large scale box be:i:a covers having a honeycomb core. The panel was cured for

2 hours at 350°F under vacuum bag pressure.

A similar panel cured in an oven with vacuum pressure was used as a basis of
comparison for strength coupons, physical property measurements and photomicro-
graphs. In each comparison the panel cured with the heat blanket was of equal or
better quality than the oven cured panel. Based on these results, the blanket cure
procedure was used for subsequent curing of the repair on the speedbrake. A core
patch was bonded in place using FM-404 foaming adhesive for the core splice, FM-400
adhesive for the inner skin-to-core bond, and Proseal 828 as the core edge potting
compound.

As a separate, second curing operation, the repair of the outer skin was made
using the typical configuration developed eariier in the program, i.e., a scarfed sur-
face of the parent laminate (at a slope L/t = 36/1 for this repair), a layer of FM 400
film adhesive, 5 plies of AS/3501-6 undirectional tape prepreg replacing parent
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Figure 17, F-15 Speed Brake Test Arrangement

Figure 48, Proof Test Limit Load Case
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