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FOREWORD

This summary technical report was prepared by Sikorsky Aircraft,
Division of United Aircraft Corporation, under NASA Contract NASI- 10459,
and covers the work performed during the period of February 1971 through
May 1971 on Phase I of a two-phase contract.

This report contains the account of the experimental hardware phase
of this study which incorporates the design, fabrication and tests of
boron/epoxy reinforced stringers. The detailed structural analysis of the
aircraft is contained in. a separate report entitled "CH- SMB Roron/Epoxy
Reinforced Tail Cone Detailed Structural Substantiation.” A copy of this
report is on file with NASA, U.S. Army Air Mobility Research and Development
Laboratory (Eustis Directorate) and the Federal Aviation Agency.

Technical monitor for this program was Richard A. Pride of the
Structural Materials Division, NASA Langley Research Center.

The individuals who made technical contributions to the program and
their areas of activity are as follows:

R. T. Welg€. « « & 4 « & &« + « « o « o « « « « o « Program Manager
De Wo LOWEY e v v v 6 o o o « o s o o s o o . Structures

8. W. Ciardullo. . . . e+ s+ « s+ + 4 & + + o Btructures

J. B. Salnsbury—Carter Ph D e« 4+ + « « « « o « Analysis

K. M. Adams. . . . e« o e o s+ e 4 s s« s « « « « . Fabrication

S, C. Svenssol + + « « + « « « + « & & s+ « « « + o Fabrication

C. Kowalkowski . +« « « « & ¢« « ¢ v o o« o« o o o « » Manufacturing
J. Barto + v « v « + 4 4« 4 4 + 4 4 4« s s o o + « . Manufacturing
H. Kearny. « « « ¢ v o o o o s o o« o + o« o o o« o+ o Test
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APPLICATION OF BORON/EPOXY REINFORCED
AIUMINUM STRINGERS FOR THE CH-54B
HELICOPTER TAIL CONE

PHASE I REPORT

DESIGN, ANATYSIS, FABRICATION AND TEST

by

R. T. Welge

SUMMARY

Phase I of this contract (NAS1-10459) was a preprototype study of the
CH-5LB tail cone in which component fabrication, testing, and analysis was
done, and the strength adequacy of boron/epoxy reinforced members was
verified.

The vertical stiffness of the CH-54B tail cone was maintained with
an approximate 70 per cent saving in stiffening weight by the application
of boron/epoxy reinforced stringers.

The boron/epoxy stringer reinforcement was configured such that the
stiffness of the current production aluminum tail cone was achieved with
minor changes. A boron/epoxy strip 0.750 x 0.250 inches was bonded to the
vertical legs of the standard aluminum stringers. A joint analysis detailed
the end taper of the boron/epoxy reinforcement necessary to reduce the
peak shear stresses.

Conventional and boron reinforced panels were fabricated and compara-
tive shear and compression panel tests conducted. Test results indicated
that the shear capability of the panels was unchanged by the presence cof
the boron, while the compression test results showed the reinforced panels
capable of withstanding higher loads. Of significance is the fact that an
adequate bond and tapered boron/epoxy joint was achieved.

Comparative fatigue tests were conducted for both boron/epoxy rein-
forced stringers and conventional gluminum members. The tests were con-
ducted at representative aircraft loads and cycles. Holes were drilled
in the boron and aluminum fatigue specimens to simulate frame clip
attachments. Both the boron reinforced and aluminum stringers satisfied
the aircraft fatigue life requirements.




Load deflection values were obtained for the boron/epoxy reinforced
stringers to determine the effective stiffness of the hybrid stringer.
Tests verified the predicted stiffness for the tail cone using boron/epoxy
reinforced stringers. Bolt holes in the boron/epoxy had no noticeable
effect on the results.

An analysis of the tail cone was made with and without boron/epoxy
reinforcements, and all positive margins of safety were achieved under all
conditions. Induced thermal effects were predicted and confirmed by test.
The thermal effects were accounted for in the analytical study.

Fabrication techniques, developed in this phase, were such that only
two (2) out of thirty-five (35) test specimens were found to have areas of
questionsble bond. The Fokker bond tester was used to inspect all test
specimens. Holes were drilled in the boron reinforcement with both diamond
impregnated and high speed steel drills.

Tail cone fabrication drawings of the CH-5L4B incorporating boron
reinforced stringers were made to facilitate construction in Phase II and
to assess the required modifications. The basic geometry of the stringers
and frames remain unchanged.

The Phase I study confirmed the fact that boron/epoxy reinforced
stringers can be fabricated and that their static and fatigue strength is
adegquate to meet the requirements of the CH-5LRB.



1.0 INTRODUCTION

The original CH-5LA helicopter airframe structure was designed for
the applied static loads due to flight and ground conditions. During the
flight development phase of the CH-54A, it became necessary to provide ad-
ditional structure to increase the vertical bending stiffness of the taill
cone and tail cone transition section in order to satisfy a dynamic fuse-
lage requirement. Skin gages 0.0L0 inches in thickness on the top and the
bottom of the tail cone and transition section were replaced with skins
0.080 - 0.140 inches in thickness. The weight increase due to stiffening
was approximately 160 pounds.

Preliminary analysis of boron/epoxy reinforced stringers indicated
that the required talil cone stiffness of the CH-54B could be achieved by
using the original thin skins, and reinforcing the top and bottom stringers
with approximately thirty (30) pounds of boron/epoxy and eighteen (18)
pounds of aluminum skin stiffeners.

This study is Phase I of a two-phase program and was conducted to
prove the feasibility of fabrication, analysis, structural strength and
field maintenance using boron/epoxy reinforced stringers. Phase II
includes fabrication of the tail cone and installation on an alrcraft,
flight testing, and in-service evaluation.




2.0 TATIL CONE ANALYSIS

Objective

The objective of this analysis was to substantiate the structural
integrity of the tail cone structure and to assure that the vertical
stiffness of the present CH-54B was not changed by the use of boron/
epoxy reinforced stringers.

Approach

As Phase IT of this contract is a flight test program and the use of
boron/epoxy reinforced stringers is relatively new, a decision was made to
retain the design static strength of the CHS5LB tail cone assuming no boron/
epoxy reinforcement was present.

The analysis matrix incorporated eight sections of the tail cone,
five critical flight conditions and three assumed tail cone reinforcement
conditions. The assumed reinforcement conditions were: no boron rein-
forcement, complete boron reinforcement and partial boron reinforecement.
The partial boron reinforcement condition assumed the boron completely
debonde”. on various stringers in a tall cone section. This was done to
assess the structural effect of a shift in the neutral axis on the section.
A Sikorsky automated fuselage shear and bending analysis was used which
utilizes the UNIVAC 1108 computer.

The analysis of the tall cone subjected to the loads of the above
matrix of conditions is documented in Reference 1, "CH-54B Boron/Epoxy
Reinforced Tail Cone Detailed Structural Substantiation".

Discussion

The tail cone of the CH-54B helicopter is of semi-monocoque construc-
tion with frames and stringers spaced at approximately 20 and 6 inches
respectively. The tail cone is considered a cantilever beam having a
required stiffness criteria to eliminate a tail resonance problem. The
overall stiffness of the structure includes what is referred to as the
tail cone, aft of Station 549, and the transition section, forward of
Station 549, An overall view of the tail cone with respect to the
aircraft is shown in Figure 2-1.

The addition of boron reinforced stringers permitted the removal of
heavy aluminum top and bottom skins in both the transition and tail cone



section. Twelve stringers were reinforced with boron/epoxy, seven on the
lower skin and five on the upper skin. The reinforcement permitted skin
gage reductions from .140 inches to .04O inches in some sections of the
tail cone.

The structural modifications made to the current structure due to the
addition of boron/epoxy reinforced stringers were minimal. Analysis of
the no boron condition necessitated the addition of short stringer sections
to reduce skin buckling. These short stringer sections are referred to in
this report as panel breakers. The partial boron condition had no effect on
the structure. Some panel breaker locations necessitated removal of current
frame lightening holes. The boron/epoxy stringer reinforcement was termi-
nated at the tail cone manufacturing joint in order to retalin the same
fittings. The stringer reinforcement did not extend into the transition
area. The present aircraft structural geometry and gages and the modifi-
cations required by the addition of the boron/epoxy reinforced stringers
are shown in Figures 2-2, 2-3.

The stiffness of the overall reinforced structure meets that of the
present tail cone, within computation accuracy, and is shown in Figure 2L,
Vertical bending stiffness, or deflection, of the boron reinforced and the
current production tail cone was obtained by a double integration of the
M/EI distribution where the moment of inertia was cbtained from the com-
puterized shear and bending analysis. The moment was based upon a unit
vertical load applied at Station T49. The effective area modulus product
for the reinforced stringer, which is an input into the computerized
analysis program of the boron/epoxy stringer, was confirmed by the load
strain tests as detailed in Section 5.0.

A Sikorsky automated fuselage shear and bending moment analysis
utilizing the UNIVAC 1108 computer was used in the various structural
analyses. The analysis of the no-boron case was further facilitated by
a company automated program which determines the margins of safety in
stiffened aluminum panels subjected to combined shear and compression
loads. The critical geometry, assuming partial boron reinforcement, was
found to be when the lower stringer reinforcements were assumed ineffective.

The analysis of the hybrid structure included the induced fabrication
and environmental thermal effects. The stress~free condition of the boron
reinforced stringer occurs at the curing temperature of 250° ¥, The
critical condition for the structure is at -65¢ F. This temperature
condition represents the maximum thermal gradient for the structure and is
the minimum environmental temperature for the CH-54LB. Thermal stress
equations and test results are detailed in Section 6.0. The thermal effects
of fabrication is to induce tension stresses in the aluminum stringers and

compression stresses in the boron reinforcement at any tempersture below
that of the stress-free condition.




The aluminum stringer, boron reinforcement and aluminum skin loads for
the externally applied loads and thermal induced loads were calculated by
the formulas in Section 6.0. It is to be noted that the delta temperatures
for the stringer and skin are different, as the skin is riveted to the
aluminum stringer at room temperature while the stringer is only in a
stress free condition at 250° F.

Individual component menber and combined hybrid stringer element
loads are presented in Figures 2-5 and 2-6. The critical flight design
loads for the stringers used in the tail cone structure are also presented
in the sbove figures. No tension flight design load is given in Figure
2-6, as this gage stringer does not experience this type of loading for
the critical conditions analyzed.

The aluminum stringer is critical for an applied tension load, and
the allowable load is based upon the allowable tensile stress minus the
induced thermal stress. The boron/epoxy reinforcement is critical for an
applied compression load. The allowable load was computed by a Sikorsky
orthotropic plate stability program and includes the reduction for the
induced thermal stresses.

The critical design conditions were as follows and are referenced in
Tables 2-1, 2-2, and 2-3:

a. Yaw Left - G. W. L7000 1bs. fwd. c. g. (CHIF5)

Yaw Left - G. W. L7000 1bs. aft c. g. (CH2F5)

Yaw Left - G. W. 4h4620 1bs. neutral c. g. (CHTF5)

Yaw Kick Left - G. W. 30000 lbs. most fwd. c. g. (CHLOF5)

. Tail Down Landing, Main Gear Impact - G. W. 47000 1lbs. fwd. c. g.
(cH1G13)

o o0 o

A summary of the critical margins of safety for the tail cone is pre-
sented in Tsbles 2-1, 2-2, 2-3 and the corresponding stringer locations
are shown in Figure 2-7. The margins of safety were obtained from the
detailed analysis documented in Reference 1. The skin to stringer rivets
were analized and found not to be critical.

Conclusion

The structural integrity of the tail cone is maintained for the
critical flight conditions with and without boron/epoxy reinforced
stringers. The modifications required to the alrcraft structures by the
addition of the reinforced stringers are small.



CH~54B HELICOPTER.

2-1.

FIGURE
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TABLE 2-1.

MINIMUM MARGINS OF SAFETY
TRANSTTION SECTION STATION L71 to 549

(NONREINFORCED)
STA. LT71
STRINGER CONDITION MARGIN OF SAFETY
NUMBER
11 c .0h
15 ¢ .05
16 e .05
STA. 490.5
16 c .03
STA. 510
12 c .03
16 c .01
STA, 529.5
10 c .05
12 c .02
16 c .03

1k




TABLE 2-2

MINIMUM MARGINS OF SAFETY
TATL CONE STATIONS 549 to TLO

(NONREINFORCED)
STA. 549
STRINGER CONDITION MARGIN OF SAFETY

NUMBER

9 a .01

9 c .01

11 a .01

19 e .01

23 STRINGER TO FITTING g .0k
STA. 589

7 a .05

7 b .0h

T c ._03

9 a .00

9 e .00
aTA. 649

5 b .03

5 e .03

6 d o

6 b .01

6 c .01

T o .05

7 e .0k

8 e .05

9 d .01

9 o .01

13 a .03
STA. 689

6 a .01

6 b .01

12 d .01

13 a .0k

16 a .05
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TABLE 2-3.

MINIMUM MARGINS OF SAFETY
TATL CONE STATION 549 to Th9
REINFORCED WITH BORON/EPOXY

STA. 549
STRINGER CONDITION MARGIN OF SAFETY
NUMBER (see Ref. 1)
5 (1) b .05
STA. 549
7 (1) c .05

Partial Bond Failure

(1) These are side stringers and are not reinforced with
boron/epoxy
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3.0 BORON/EPOXY REINFORCED TAPER GEOMEIRY

Objective

This investigation was made to determine the boron/epoxy taper geo-
metry such that the induced shear stress pesks in the adhesive were reduced
to an acceptable stress level.

Approach

In designing the boron/epoxy taper joint, various criteria had to be
met. The taper had to be short enough to maintain the required taill cone
stiffness yet be long enough to achieve low values of adhesive shear stress
and basic stringer stresses. A computerized Sikorsky-developed program for
the analysis and optimum design of bonded tapered joints was used to define
the joint geometry. The data input included the design allowable adhesive
shear stress and adherend direct stresses such that the geometry of the
taper would result in a satisfactory stress field.

Discussion

A Sikorsky joint analysis program was used to analyze the tapered
joints. The shear modulus of AF-126-2 adhesive in the linear range (up
to 2,500 psi) used in the analysis was 80,000 psi for an average bond
thickness of 0.005 inches.

The test specimens used in this study were fabricated with a L-inch
taper; however, a 12.5-inch taper was found necessary for acceptable tail
cone load redistribution. An analysis was made and resulting stresses com-
pared for both tapers. The analysis also included the effects of a fiber-
glass insert fabricated into the tapered ends.

To reduce the high peak shear stresses still remaining at the end of
the joint, two layers of 0° fiberglass/epoxy (1002-S) were introduced over
the first two inches of the joint bewteen the boron and aluminum as illus-
trated in Figure 3-1. This had the effect of introducing a "soft" insert
at the joint end, thereby reducing the sudden discontinuity in stiffness.
The taper designs include practical constraints such as the minimum taper
thickness and step size being integer multiples of ply thickness.
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The reinforced stringer test specimens were subjected to a concentra-
ted load, whereas in the actual aircraft loads are also induced into the
stringer by variable skin shear loads. An analysis was made of the h-inch
taper under the test specimen loading conditions with and without the fiber-
glass insert. An analysis was also made of the L-inch and 12.5-inch tapered
Joint under the aircraft loading conditions with the fiberglass insert.

In all Joint analyses the loads were applied uniformly to the aluminum
stringer skin combination. This uniform load distribution was redistribu~
ted by means of shear lag due to the presence of boron/epoxy reinforcement
bonded to the aluminum stringer. Figure 3-2 illustrates the expected
direct stress distribution at various stations along the reinforced
stringer. In order to compute the shear lag characteristics of load re-
distribution, the aluminum stringer was considered unwrapped and made in-
tegral with the skin. The boron/epoxy reinforcement was converted into
its egquivalent aluminum area and divided into a series of equivalent con-
centrated areas,

In figures (3-3) through (3-27), the plots of adhesive shear stress
versus distance from the joint end, are illustrated by a solid line repre-
senting the analytical output from the bonded joint design computer program
and a discontinuous line labled "expected practical distribution."

The analysis assumes a constant shear strain across the adherend
hickness. This is an approximation to simplify the analysis in order to
reduce computer time during optimization. In reality the shear strain
is a maximum at the inner surface of the adherend next to the adhesive
and zero on the free outer surface. The discontinuous line is an attempt
to estimate and correct the adherend shear lag error through the adherend
thickness produced by this analytical assumption.

As the adherend becomes thicker so the influence of any discontinuity
on the outer free surface is felt less abruptly by the adhesive layer
on the inner surface.

The results on the analysis for the 4-inch tapered joint under applied
test loads are shown in Figures 3-3 through 3-14. The fiberglass insert had
the effect of reducing the initial adhesive peak shear stress at the joint
end in the tension case from 2,130 psi to 980 psi. (See Figures 3-3 and
3-4). The initial adhesive peak stress was reduced from 5,930 psi to
2,850 psi for the compression case (See Figures 3-9 and 3-10). Analyti-
cally, the glass insert is shown to reduce the initial peak adhesive shear
stress by 53 per cent for the tension condition and 52 per cent for the
compression condition.

The computed shear stress distribution from analysis, indicates a
series of rapid stress gradient changes due to the geometry discontinuities
produced by the introduction of each additional layer of composite.
Although the glass insert significantly reduced the primary shear stress
peak, a second shear stress peak is produced, at a distance of 0.25 inches
from the joint end coincident with the first layer of boron/epoxy. If this

18



peak is realistic, the reduction in maximum adhesive shear stress is reduced
to 37 per cent for the tensile case and L0 per cent for the compressive
case.

In Figure 3-4, the expected practical distribution illustrates a regiocn
of near constant shear stress over approximately 2.5 inches. This is the
general region in which apparent bond deviations were found in the fatigue
tests.

The design of the bonded joint for the actual aircraft reinforced
stringer loads followed a similar procedure to that utilized for the test
specimens.

From the fuselage analysis (see Reference 1), significant loads are
introduced to the boron/epoxy reinforced stringers from the longerons in
the tail cone/transition or manufacturing joint area. This load transfer
is made through shear in the skins. The load redistribution in this region
is due to the termination of the boron/epoxy stringer reinforcement and the
resulting decrease in stringer loads and increase in longeron lcads. To
prevent overstressing the aluminum stringer, the taper length was increased
from 4 inches to 12.5 inches, thus spreading the length over which the load
is transferred from or to the boron/epoxy reinforcement. The respective
tapers are shown in Figure 3-15.

Figures 3-16 through 3-27 show the resulting shear and direct stress
distributions in the adhesive and adherends for the L- and 12.5-inch tapers.
The critical tension and compression flight loads were applied to both
tapered joints. The fiberglass insert was assumed in both tapers.

The computed shear stress distribution in the 12.5-inch joint shown
in Figure 3-16 indicates an initial shear stress of 1,000 psi at the joint
end. This value reduces rapidly to approximately 450 psi and peaks again
to 1,460 psi at the beginning of the first layer of boron/epoxy. A
secondary major peak of 1,100 psi occurs two inches from the joint end
where the glass insert ends and the reinforcement becomes all boron/epoxy.
This secondary peak compares to approximately 1,400 psi for the correspond-
ing L-inch taper. (See Figure 3-1T).

It is expected that the practical adhesive shear stress distribution
will not follow such rapid stress gradients as discussed previously but
will follow a smoothed distribution curve as illustrated in Figures 3-16,
3-17. Therefore, in the 12.5-inch taper, maximum shear stress of 1,120
psi and 2,900 psi in the tension and compression respectively are expected
as compared with 1,320 psi and 2,900 psi for the corresponding L-inch
tapered joint.

The correlation of the joint analysis with test data was beyond the

scope of this program; however, the joint design for the test specimens
did withstand the application of the design static and dynamic loadings.
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/ .
Conclusions and Recommendations

The insertion of two layers of unidirectional glass/epoxy, approXi-
mately two inches in length, between the boron/epoxy reinforcement and
the aluminum stringer at the ends of the tapered joints reduces the peak
adhegive shear stresses by approximately 53 per cent.

The resulting adhesive shear stress distribution for the L-inch tapered
boron/epoxy reinforcement test specimens shows that the maximum shear stress
is one-half inch away from the joint end. It is questionable whether the
raplid shear stress gradient changes in the adhesive, as analytically pre-
dicted, are practically possible. A smoothing procedure was attempted, re-
sulting in an adhesive shear stress distribution which indicates a general
region of high shear stress approximately 2.5 inches away from the joint
end.

The maximum adhesive shear stresses in the 12.5-inch taper are equal
to or less than those in the L-inch taper. It is therefore recommended
that the longer taper be installed on the flight test article in Phase II
of this contract.
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4.0 FABRICATION

Objective

The objective of the fabrication portion of this program was to develop
techniques suitable for the fabrication, assembling and inspecting of bonded
and riveted boron/epoxy reinforced aluminum stringers for the CH-5LB
helicopter.

Approach

The feasibility of fabricating and assembling boron/epoxy reinforced
stringers under normal factory conditions was determined by the fabrication
of thirty-five short test specimens and three twenty-foot, full-sized
specimens. WNormal manufacturing procedures such as drilling and fastening
were also perfected. Nondestructive inspection (NDI) was made on all the
test specimens before and after testing. Most of the fatigue specimens
were also inspected during the tests. Fabrication fixtures were made such
that they could be used in the production phase of this contract.

Tooling Fixture

To facilitate fabrication of the test specimens, two steel fixtures
were made, one six—channel,8l-inch-long laminating fixture and the other a
six—channel, 20-foot-long laminating fixture. The shorter tool was used
to fabricate the test specimens under 48 inches long, while the longer
fixture was used to fabricate full-sized aircraft stringers. These lamina-
ting fixtures were converted into bonding fixtures with slight modifications.
A simple trclley, as shown in Figure 4-1, was provided to apply the 0.75-
inch boron/epoxy tape to the channels in the laminating tool. A roller,
also shown in Figure L-1, was fabricated to compact the layup in the
channels during the layup process.

The Q.75-inch-wide boron/epoxy tape was not received in time for the
fabrication schedule; therefore, a simple stripping tool, Figure 5-2, con-
sisting of a series of knife blades accurately spaced to the reguired
widths was made. This tool performed extremely well with no severing of
filaments on the tape being slit. As the tape wasslit, it was rewound on
a segmented spool for application to the layup tool.
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No major problems were encountered during the laminating process of the
short specimens for +testing. After cure it was found that the tool had
to be disassembled before removing the cured reinforcements. When it was
attempted to remove the first cured reinforcement from the tool, the ply
adjacent to the tool surface became delaminated. Upon closer examination
it was revealed that a slight radius existed on the corner of the tool
channel bars and allowed the first ply to extrude into the void area pro-
vided by the radius, and when the cured part was lifted from the tool, the
undercut restrained the part and caused the delamination.

To allow for thermal expansion, the aluminum caul plate was cut
approximately 0.010-inch narrower than the tool channel. Under curing
pressure this gap produced a ridge of one or two filaments on the upper
edge of each cured reinforcement. When handled, the first test specimens
were extremely dangerous due to the ridges produced by the filaments. To
overcome this on all subsequent specimens and the full length stringer
reinforcements, one ply of Style 7781 preimpregnated glass fabric was ap-
plied to the surface of the reinforcement before cure. This step eliminated
any further handling problenms.

In the fabrication of the full-size demonstration stringer reinforce-
ments, two specific problems were encountered. Segmented aluminum caul
plates were used, and on two stringer reinforcements, where they butted,
the thermal expansion of the caul plates during the cure cycle caused them
to 1ift at their ends. A pressure void was created, and the laminate cross-
section was measurably thicker in these areas. On one of the reinforcements,
the caul plates were not properly seated prior to bagging, causing the cured
reinforcement to have a nonuniform thickness. Both problems are readily
remedied by using a continuous caul plate and allowing the laminated rein-
forcements to compact under vacuum for a minimum of eight hours and
reinspecting before cure.

Specimen Fabrication

All specimens fabricated for test and installation evaluation consisted
of boron/epoxy laminates fifty-ply thick or 0.25-inch thick and 0.75-inch
vide. Specimen lengths, as determined by test requirements, were 18.0
inches long for all compression and shear specimens, 23.5 inches long for
all static tension and fatigue specimens, and 17 feet 8 inches for the re-
presentative aircraft reinforcement members. All specimens were fabricated
with tapered ends, utilizing the lY-inch taper as analytically developed in
Section 3. The boron/epoxy reinforcement was cured in the autoclave at
85 psi plus vacuum for 210 minutes at temperatures of 350° F. Toam inserts
were used at the tapered ends to prevent bridging of the vacuum bagging
film between the tool channel bars and the boron/epoxy.

After completion of the laminating operations, the tool was converted
to a bonding fixture (see Figure 4-3). Channel bars 1, 3, 5, and 7 were
removed and placed upon the remaining bars 2, L4, and 6, providing support
for the vertical legs of the stringers to be bonded. The aluminum stringers
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znd the boron/epoxy reinforcement strips were prepared in accordance with
Sikorsky Aircraft applicable production process specifications. The boron/
epoxy reinforcement was bonded to the aluminum stringer in the autoclave at
50 psi, plus vacuum, and 250o F. for sixty-five minutes at temperature.

The three completed twenty-foot stringer/reinforcement assemblies were
visually inspected for bond continuity. At this time it was discovered
that the single-ply laminates at the tapered ends were disbonded on two of
the three stringers. Adhesive was placed under the unbonded areas, the
stringers mechanically clamped to provide pressure in the areas of disbond
and placed in an autoclave with production parts which were to be cured
at 320° F. This high cure temperature (70° F. above the original cure
cycle) and the lack of clamping pressure between parts caused a complete
disbond between the reinforcement and the aluminum stringer. BStringers
and reinforcements were stripped, prepared, and rebonded. Visual and non—
destructive inspection,utilizing a Fokker bond test instrument, showed two
or three areas of bond deviation on each specimen.

Bond Inspection Techniques

Nondestructive inspection techniques to determine bondline deviations
were used to verify adhesive bonding techniques utilized in the assembly
of the boron/epoxy reinforcements to the aluminum stringers.

Each demonstration stringer and/or test spec men was examined by
Quality Assurance personnel utilizing production nondestructive inspection
techniques developed for determining bond integrity on all bonded main and
tail rotor blade assemblies. An audible frequency deviation technique,
more commonly referred to as coin tapping, was used to determine whether
gross unbonded areas existed. Indications of bond line deviations were
marked on the aluminum stringer side of the bonded assembly. A Fokker bond
tester utilizing the principle of transducer resonance was then used to
verify the indicated bond line deviations. Bond line deviations were
discovered on three of the short test specimens and three of the demonstra-
tion stringers. Two new short test specimens were fabricated and tested.
The third test specimen which indicated a bond deviation was used in a
fatigue test and is reported in Section 8.0. The bond deviations in two
of thre three demonstration stringers is shown in Figure 4-4. The Fokker
bond tester was used to monitor possible bond deviations during the
fatigue tests.

Drilling and Riveting

Drilling of the reinforced stringer to provide holes for attachment of
the frame to stringer clips was accomplished on a delta floor model drill
press equipped with a Hyprez electrogrip coolant transfer jacket attachment
supplied with water coolant by a pressurized spray-mist unit. This machine
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is shown in Figure 4.5. A diamond grit 5/32-inch core drill was used to
drill the initial hole through the boron/epoxy reinforcement to the point
of contact with the aluminum stringer (see Figure L-6). Conventional high
speed steel (HSS) drills were used to drill through the aluminum stringer.

It was found that upon riveting assemblies, the laminate split or
cracked between the rivets parallel to the filament orientation of the re-
inforcement laminate as shown in Figure 4-T7. The splitting of the boron/
epoxy strip is due to the expansion and/or bending of the rivet in the
hole. As an alternate method for fastening, Hi-Lok fasteners were evalua-
ted. The diamond grit 3/32-inch core drill was used to drill the initial
hole through the boron/epoxy, and several high speed steel drills were
used as reamers. The hole diameter for the Hi-Lok fasteners was 0.163
inches. The Hi-Lok fasteners, although slightly heavier than corresponding
rivets, produced no splitting or cracking in the laminate (see Figure 4-8).

For field repair evaluation, fastener holes were drilled in several
samples of boron/epoxy reinforcements with conventional high speed steel
drills. Water was used as g lubricant, and a pilot hole was initially
made. The life of a drill in this application is extremely short. An
average of four drills were used to make one hole. The effect of boron/
epoxy on drills is shown in Figure 4-9.

Assembly of boron/epoxy reinforced stringers to aluminum skin panels
presented no problems. Squeeze riveting techniques similar to those used
for all aluminum structures were employed. The 20-foot reinforced stringers
are shown riveted to a representative skin panel in Figure L4-~10.

Conclusions and Recommendations

Fabrication and assembly techniques developed in this program have
provided the information necessary to produce, in limited production, hybrid
structures similar to those described and have reduced the fabrication of
those components to a state-of-the-art manufacturing process.

It is recommended that further studies be made on the meaning of
indicated bond deviations.
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LAMINATING AND BOND FIXTURE.

FIGURE L-1.



b1

STRIPPING TOOL.

FIGURE h-2,
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FIGURE L-5. BORON /EPOXY DRILLING FIXTURE.
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FIGURE L-6. DIAMOND CORE DRILL.
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HI-LOK FASTENERS IN BORON/EPOXY.

FIGURE L4-8.
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20~FOOT REINFORCED STRINGERS RIVETED TO SKINS.,

FIGURE 4-10.



5.0 TENSILE LOAD/STRAIN TEST

Objective

The objectives of these tests were: (1) to obtain comparative tensile
test data on production aluminum stringers and on stringers reinforced
with a boron/epoxy composite, and (2) to determine the load strain curves
and the effective area modulus (AE) product for each type stringer.

Approach

Test specimens were strain gaged and subjected to tensile loading to
failure. Three boron/epoxy specimens were tested: +two with representative
.frame to stringer clips and one without clips. Three aluminum specimens,
all with clips, were tested. Measured strains were used to develop load/
strain curves and the area-modulus (AE product). Verification of the
effective area modulus of the boron/epoxy stringer is necessary to assure
the required tall cone stiffness.

Test Specimens

The 2b-inch x 6-inch skin stringer test panels shown in Figures 5-1
and 5-2 consisted of both nonreinforced stringers with clips attached to
the stringer midpoint and boron/epoxy reinforced stringers both with and
without clips at the midpoints.

The boron reinforced specimens were fabricated with fiberglass inserts
on one tapered end and all boron on the other.

Tests and Results

Strain gaged production and boron/epoxy reinforced stringer specimens
were mounted in a specially designed test fixture shown in Figure 5-3 and
were tested to failure as shown in Figure 5-4. For the nonreinforced
stringers, the test fixture was aligned to remove all bending from the
specimen; however, for the boron/epoxy reinforced specimens it was not pos-
sible to eliminate all bending in the specimen due to a shift of the neutral
axis resulting from the bonding of the boron/epoxy reinforcement to the
stringer. For these gpecimens the fixture was aligned to eliminate bending
in the aluminum,and bending in the boron reinforcement was accepted.
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Tensile loads were applied in increments, to failure, and strain measure-
ments were recorded for each load increment. The test results are tabu-
lated in Table 5~1, and the strains are plotted in Figures 5-5 and 5-6. A
load strain curve is presented in Figure 5-7T.

Tests of tension loads resulted in the specimens failing at either
tapered end. Therefore, no conclusions could be made as to the relative
merits of the glass tapered end or of the all boron tapered end.

Discussion

Al]l the nonreinforced stringer specimens experienced tensile failure
initiating in the stringer at the clip rivet hole and progressing through
the stringer and skin.

The boron/epoxy stringer specimens experienced two types of failures:
failure of the bond, and tension failure of the agluminum stringer. The
reinforced stringer, without clips, experienced failure of the boron/epoxy
Composite-to-stringer bond without subsequent failure of the aluminum
stringer or skin. One reinforced stringer, with clips at the midpoint,
experienced tensile failure in the stringer at the clip rivet hole, fol-
lowed by a simultaneous failure of both the boron/epoxy bond and the
gluminum skin. The second reinforced stringer, with clips at the midpoint,
experienced a partial failure of the boron/epoxy-to-stringer bond. Increas-
ing load resulted in complete bond failure and fracture of the aliminum
skin and stringer at the c¢lip rivet hole.

The load/strain curve for the reinforced stringers shown in Figure 5-7
is presented in terms of load versus strain at the neutral axis of the re-
inforced section. ©Strain at the neutral axis was plotted to compensate for
the bending experienced in the boron/epoxy reinforcement discussed pre-
viously. Strain at the neutral axis was obtained from plots of the
measured bending strain distribution across the reinforced section for each
loading increment shown in Figures 5-5 and 5-6.

Analysis

The tension modulus of the aluminum/skin panel was substantiated by
tests and analysis:

Net area of aluminum skin/stringer is 0.310 in. 2

The calculated tension modulus in the test panel at a load of 5,000
pounds and a strain of 1,500 x 107® in./in. (see Figure 5-7) is:

o _ P _ 5,000

- L2
ATT =550 " 16,100 1b./in.
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IA 16,100 6 cn 2
Ep = = 1,500 x lo_g-— 10.75 x 10 lb./ln.

Net area of boron/epoxy reinforced panel is 0.L457 in.2.

The tension modulus and area modulus product (AE)R of the boron/epoxy
reinforced test panel at a load of 5,000 pounds and a strain of
500 x 107° in./in. (see Figure 5-7) is:

_ P _ 5,000 _ 3
OR = 3 = 0 L5T = 10,900 1b./in.
9R 10,900 .
Er = _E—= -560——;(_9_1'0_:6: 21.9 x 106 lb./ln.2
(AE)g = .457(21.9 x 10%) = 10.0 x 10°

The maximum skin/stringer area of the current aircraft is 0.931 in.2.

Therefore, the maximum area modulus produce (AE)A is equal to:
(AE)p = 0.931(10.5 x 10°) = 9.80 x 10°

An effective area,based on AE, is aninput into the computer shear and
bending analysis program (see Reference 1). The area moment of
inertia and consequently the stiffness 1s an output of this program.

The boron/epoxy was converted into an equivalent aluminum ares for the
computer program as follows:

Ep _33.1x 106(

equiv. = EK(AB) =30.5 x 10 0.187)

A

0.592 in.?

Area of boron/epoxy plus stringer and skin is 0.923 in.2.

The area modulus product for the hybrid stringer is therefore:
(AE)g = 0.923(10.5 x 10%) = 9.75 x 10°

From the above analysis and test results, it was determined that the

ares modulus product for the boron/epoxy reinforcement is essentially
equal Lo the maximum current aircraft area modulus product.

The conversion of the reinforcement into an equivalent aluminum area

yvields essentially the same area modulus product as that substantiated
by test.
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Test

Conclusions and Recommendations

Based on the results of the tests presented in this section, it is
concluded that:

(1)

(2)

Specimen  Boron/Epoxy  Clips at Failure

The tensile strength of the boron/epoxy reinforced stringers is
equivalent to that of the nonreinforced stringers.

The limiting factor in the load-carrying ability of the
reinforced stringer is the bond strength.

The experimentally determined area-modulus product for both the
reinforced and the nonreinforced stringers agreed with the
theoretical values.

The area modulus product of the reinforced stringer is equi-
valent to that of the current production aluminum skin-stringer.

No conclusion can be found from these tests concerning the
advantage or disadvantage of the glass insert in the tapered ends.

TABLE 5-1. TENSILE TEST RESULTS

No.  Number  Reinforced  Midpoint Load (1b.) Remarks
1 Al-T1 no yes 17,000 TFigure 5-8
2 Al-T2 no yes 16,800 Figure 5-8
3 A1-T3 no ves 16,700  Figure 5-8
Y B-T1 yes no 17,000 Figure 5-9
5 BC-T2 yes yes 17,800 Figure 5-10
6 BC-T3 yes yes 16,300% Partial bond failure,
17,500 stringer, skin and
bond failure -
Figure 5-11
T - tension
Al - aluminum specimen
B ~ boron reinforced specimen
C - clip
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TENSION AND FATIGUE TEST FIXTURE.

FIGURE 5-3.
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BOND FAILURE IN REINFORCED STRINGER TENSILE SPECIMEN.

FIGURE 5-9.
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6.0 RESIDUAL THERMAL STRESSES

Objective

Objectives of this test were: (1) to determine the thermal stresses
induced in the boron/epoxy reinforced stringer; (2) to establish the design
coefficients of thermal expansion for aluminum and boron/epoxy composite;
(3) to verify the analysis for the prediction of thermal stresses.

Approach

An gluminum stringer and a boron/epoxy strip were instrumented and
bonded together. The instrumentation was then monitored as the bonded
piece was cooled from the bonding temperature of +250° F. to ~65° F. An
additional "dummy" aluminum stringer and boron/epoxy block were instrumen-
ted and monitored over the same temperature range. The "dummy' instrumen-
tation was used to determine both the thermal coefficients of expansion for
the aluminum and the boron and the temperature-induced apparent strain
corrections for the strain gages used. The instrumentation on the bonded
piece was used to determine the thermal stresses induced in the bonded
piece.

Test Specimens

The test specimens shown in Figure 6-1 consisted of a L8-inch aluminum
stringer and a L8-inch by 0.25-inch by 0.75-inch boron/epoxy reinforcing
strip for measurement of residual strains. A "dummy" aluminum stringer and
boron/epoxy block for measurement of the coefficient of thermal expansion
are also shown in Figure 6-1.

Testing and Results

The aluminum stringer and the boron/epoxy reinforcing strip were
strain gaged prior to bonding and were placed in a curing oven and bonded
together. The strain-gaged "dummy" strips were placed in the oven at the
same time. After a one-hour curing period at +250° F., the specimens were
cooled to room temperature with oven temperature and specimen strain
measurements periodically recorded.
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The reinforced stringer was inspected by the Fokker bond test, and no
bond deviations were found. The reinforced and "dummy" strips were then
placed in an environmental chamber shown in Figure 6-2 and were cooled to
-659 F. The temperatures were held until the specimen and chamber were in
eguilibrium, and strain and temperature measurements were periodically
recorded.

The resulting thermal strains, corrected for temperature-induced
apparent strains, are shown in Figure 6-3. The analytically predicted
induced thermal strains are also shown in Figure 6-3. Test deviations
from predicted values in the region of cure to room temperature may be
attributed to the fact that the temperature read was that of the oven upon
cooling and not necessarily that of the specimen.

Discussion

The strain gages used in these tests were self-temperature-compensating
gages. These gages., when bonded to a material having the same coefficient
of thermal expansion as the gage, will compensate for strains resulting
from thermal expansion or contraction of the material. Limits are defined
by a temperature-induced apparent strain curve supplied with each type of
gage.

The strain gages bonded on the "dummy" aluminum stringer had a compen-
sating temperature coefficient of 13 x 10~ in./in./°F. The output from
these gages was examined over the entire temperature range of +25OO F. to
~657 F. and was found to be well within the limits defined by the tempera-
ture-induced apparent strain curve for this type gage. From these results
it was concluded that the thermal coefficient of thermal expansion for the
aluminum stringer was 13 x 107° in./in./°® F.

The strain gages bonded on the boronéepoxy "dummy" block had a compen-
sating temperature coefficient of 5 x 107 in./in./O F. This valug was

somewhat higher than the design value for boron of 2.0 - 3.0 x 107
in./in./© F. and resulted in the measured strain output being outside

the limits defined by the temperature-induced apparent strain curve.

The thermal coefficient of expansion for the boron was then determined in
the following manner. The theoretical temperature strain output for the
unbonded strain gage was calculated for the temperature range. The measured
strain output was then subtracted from the theoretical strain gage output.
The differential in strain was attributed to strain in the "dummy" boron
block. This difference in strain was divided by the change in temperature
to obtain a coefficient of thermal expansion of 2.14 x 10-% in./in./° F.

The "dummy'” aluminum and boron gages were also used to determine the
corrections for the temperature-induced apparent strain in the bonded
aluminum/boron composite stringer. Since the "dummy" gages were self-
temperature compensating, there should have been no measured output from
the "dummy" over the entire temperature range. Both the aluminum and the
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boron "dqummy" gage outputs were examined separately, and the corrections
required to null the gage output at each temperature were also applied to
the same type gage on the bonded specimen at that temperature.

The bonded specimen was inspected by the Fokker Bond Tester and no
bond deviations were found.

Analysis

The predicted induced thermal strains in the components of the hybrid
stringers are shown in Figure 6-3. The thermal adhesive shear stress peaks
to a maximum at the ends of an untapered joint as shown in Figure 6~k and
diminishes to zero over the majority of the reinforcement length. At the
same time, the direct stresses in the adherends are zero at the ends of the
joint and reach a constant maximum value over the majority of the
reinforcement length.

The analysis of the model shown in Figure 6-4 results in a second order
lineagr differential equation from which the following equations for the
three component stresses are formed:

q%inh (L) - simh (uX) - sinh (u(L - x))]

9B simh (uLl)
Ap
op = -(og) - KK)
= Apky [éosh (u(L = X)) - cosh (uX)]
b sinh (uL)
" K = EBAAEAAT(OLB - aA)
where = (ABEB + AAEA)
Gab, (ABER + AAEA) 1 i
pe = (=)
ty © ABERAAEA Gg Eg_+ Ap N Ap
T, |CGa ¥ 2Ggb T 2G,0

where
G, = adhesive shear modulus

b = joint width

tg = adhesive thickness

Ap = cross-sectional area of adherend A
Ap = cross-sectional area of adherend B

Ep = tensile modulus of adherend A
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Ep = tensile modulus of adherend B

Gp = shear modulus of adherend A

Gg = shear modulus of adherend B

ap = thermal coefficient of expansion of adherend A
op = thermal coefficient of expansion of adherend B

AT = change in temperature

The maximum values of thermal stress are:

when X = (%) og = (op) max.

Il

op = (op) max.

L L
(om) [sinh (uL) - sinh (*3) - simh ‘qu
Blmax = K sinh (uL)

. _1 _ 2sinn (‘*—L-E)]
A sinh (uL)

[ osinh (BE)
if (pL) > 5, then|l - ——~————-2—] =1

sinh (L)
then
<GB>max = k
' _ kAR
(0p)max = - fKZ
when X=0, 1= (T)yax
(1) - AgkU  cosh (pL) - cosh (0)
max b sinh (uL)
. cosh L) -1 .
if (UL> > 5 then, zlnl’(lu(zllv) -1
ABku

(T>max ol b

Figure 6-5 illustrates the sequence, in chronological order, of the fabri-

cation versus temperature history to which the reinforced stringer/skin as-
senbly is most likely to be subjected. The internal loads of this assembly
are computed for each of the three components. These component loads PaTR,
Pp, and PsK for aluminum stringers, boron/epoxy reinforcement and aluminum
skin respectively are given by the following equations.
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A B
STRA
P = P+ A - AT#

AgmrES
ASTREA + ABEB [ABEB(QA - dB)Aé]

ApER
P = P - (A + A B ( = oo ) AT#
B (ASTR + ASK)EA + ABEB [ ( STR SK) AT @B> }

ApEp
(Agrgr Ep + ApEp

) [ASTREA(@A - “B)Aé}

AgxEA
P = P + ApE - 0 )AT#
SK = (AgTr + Agk)Ea + AgEp [ BEloy - op) }

Where
Pgrr = load in the aluminum stringer
PR = load in the boron/epoxy
Pgk = load in the aluminum skin

AT is the temperature change from curing the bond between
the boron/epoxy and the aluminum stringer at 2500 F.
and cooling the assembly to room temperature 70° F.

AT* is the temperature change from T0° F. when the skin is

riveted to the reinforced stringer to the minimum
environmental temperature of the CH-5LB (-65° F.).

Conclusions

Based on the results of the test presented in this section, it is
concluded that:

(1) The coefficient of th%rmal expansion of the aluminum stringer
is 13 x 107% in./in./ F.

(2) The coefficient of thermal expansion of the boron/epoxy
composite reinforcement is 2.1k x 1076 in./in./oF.

(3) Both experimentally determined coefficients of thermal
expansion agree favorably with presently used design values.

69




(k) The discrepancy in the predicted versus tested induced thermal
stresses at ralsed temperatures is attributed to the measurement

of oven temperature and not specimen temperature.
(5) Thermal stresses can be predicted analytically for design.
It is recommended that in future temperature verification tests

thermocouples be placed on the specimen to assure correct temperature
and strain gage correlation.
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THERMAL TEST SPECIMEN.

FIGURE 6-1.
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THERMAL TEST SPECIMEN IN ENVIRONMENTAL CHAMBER.

FIGURE 6-2.
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[ ALUMINUM STRINGER | 250°F CURING

| BCRON EPOXY J

| lCOOLING

[ALUMINUM STRINGER | I
|
I BORON EPOXY ] 70°F ROOM TEMP

| !
P, <— ALUMINUM STRINGER |—e-p,

Pp ] BORON EPOXY _ Je— Py

l?IVETING STRINGER TO SKIN

P, {4—1 ALUMINUM STRINGER%} Py

- _ ROOM TEMP
Pyt BORON EPOXY _ [*~ ' Py
[ SKIN ] REINFORCED STRINGER RIVETED TO
SKIN
TEMPERATURE CHANGE
Py + AP, ~e—{ALUMINUM STRINGER Py + APy

Py + APy —®|___ BORON EPOXY ||<— B, 4 »F;
[ SKIN ] MAXTIMUM THERMAL LOADS
| | IN ASSEMBLY

PSTR «—{ATOMINUM STRINGER}—e PgTR

Fp —= BOROW EPOXY | Py /
PSK <—] SKIN - Psk

FIGURE 6-5. FABRICATION/TEMPERATURE SEQUENCE FOR BORON/EPOXY
REINFORCED STRUCTURES.
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7.0 SHEAR AND COMPRESSION TESTS

Objective

The objective of these tests was to obtain comparative shear and
compression test data on production aluminum and boron/epoxy reinforced
skin stringer panels.

Approach

Shear and compressive axlial loads were applied to the specially
designed shear and compression reinforced and nonreinforced specimens, and
the resulting failure loads and modes of failure were recorded and
compared.

Test Specimens

The shear and compression test specimens were basically 20-inch by
30-inch panels as shown in Figures T-1 and 7-2. The boron/epoxy rein-
forced specimens were fabricated with fiberglass inserts on one tapered
end and all boron on the other.

Two shear test specimens were fabricated with boron/epoxy reinforced
stringers and two were of conventional construction.

Two compression test specimens were fabricated with boron/epoxy rein-
forced stringers and two were of conventional construction. The ends of
these specimens were potted to facilitate load introduction. The boron/
epoxy reinforcement was terminated before the potted end to simulate the
proposed aircraft construction.

The potted ends were milled parallel with each other to within a
tolerance of -0.000 to +0.005 inches.
Tests and Results

Shear panel tests were performed on both the production and the boron/
epoxy reinforced stringer panels using a picture frame shear test fixture
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mounted in the Statec Testing Machine as shown in Figure T-3. The test
loads were applied in increments to failure. The test results are
summarized in Table T-1.

Compression tests were performed on both the production and the boron/
epoxy reinforced stringer panels in the Statec Testing Machine as shown in
Figure T-4. A photograph of an untested compression panel with the strain
gage locations is shown in Figure T7-5. Incremental test loads were applied
to failure. The test results are tabulated in Table T-2. The photographs
of tested panels are identified in Figures T-6 through T7-11 and are
cross referenced with the test results in Tables 7-1 and T-2.

Discussion

Both the current production agluminum and boron/epoxy reinforced shear
panels experienced skin shear failures at the edge rivet holes and at the
point of load introduction. The failure mode and load magnitude for both
types of panels were essentially the same. The average failing load for
the conventional aluminum shear panel was 25,500 pounds while that pre~
dicted by analysis was 28,800 pounds.

The two conventional design compression panels failed at loads of
23,300 and 22,900 pounds with failure resulting from local crippling near
the midpoint of the nonreinforced stringers. The two boron/epoxy rein-
forced stringer panels failed at loads of 34,500 and 29,500 pounds with
failure resulting from local crippling of the reinforced stringer at the
tapered end of the boron/epoxy reinforcement.

The predicted loads for the nonreinforced assemblies were 25,500
pounds and 29,400 pounds respectively. The failure mode of the reinforced
panel was predicted to be in the aluminum stringer at the termination of
the boron/epoxy reinforcement, thereby permitting the use of conventional
analytical formulas.

Conclusions and Recommendations

Based on the results of the tests presented in this section, it is
concluded that:

(1) The shear strength of the boron/epoxy reinforced stringer panels
is equivalent to the shear strength of the nonreinforced stringer
panels.
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(2) The compressive strength of the boron/epoxy reinforced stringer
panel is equal to or greater than the compressive strength of the
nonreinforced stringer panels.

(3) Failure of the compression and shear panels was such that no
conclusions can be made as to the performance of the fiberglass
inserts in the tapered ends.

TABLE 7-1: SHEAR PANEL TEST RESULTS

Specimen Boron/Epoxy Failure

Number Reinforced Load (1b.) Remarks
SP-A1 no 26,000 Figure T7-6
SP-—-A2 no 25,000

SP-B1 yes 26,600

SP-BD yes 27,600 Figures T-7, T-8

TABLE 7-2: COMPRESSION PANEL TEST RESULTS

Specimen Boron /Epoxy Failure

Number Reinforced Load (1b.) Remarks
CP-A7] no 23,300

CP-A? no 22,900 Figure 7T7- 9
CP-B1 yes 34,500 Figures T-10
CP-B2 yes 29,500 Figures T7-11
S = shear

P = panel

A = agluminum

B = boron/epoxy

C = compression
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FIGURE T-3. SHEAR PANEL TEST SET-UP.

81




N R

A B A S

COMPRESSION PANEL TEST SET-UP.

FIGURE T-L.
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REINFORCED COMPRESSION TEST PANEL.

FIGURE T-5.




FIGURE T-6. SHEAR FAILURE OF NONREINFORCED TEST PANEL.
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FIGURE 7-7.  SHEAR FATILURE OF BORON/EPOXY REINFORCED STRINGER TEST PANEL.
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FIGURE T-8. DETAIL OF SHEAR FAILURE OF BORON/EPOXY REINFORCED STRINGER
TEST PANEL.
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COMPRESSION FAILURE OF BORON/EPOXY REINFORCED STRINGER TEST PANEL.

FIGURE T-10.



DETATL OF COMPRESSION FATLURE OF BORON/EPOXY REINFORCED STRINGER TEST PANEL.

FIGURE T-11.



8.0 FATIGUE

Objective

The objectives of this portion of the program were: (1) to evaluate
the effect of repeated loadings on both the all-aluminum stringer structure
and the boron/epoxy reinforced stringer structure, and (2) to assure that
the fatigue life is sufficient for the lifetime of the aircraft.

Approach

The effects of repeated loads were investigated by fatigue testing
skin-stringer specimens representative of both the all-aluminum and the
boron/epoxy reinforced aluminum tail cone construction. All tests were
tension~tension (with ratio minimum load to maximum load R = +.10). The
test loads were based on actual flight strain gage measurements and in-
cluded the maximum measured vibratory loads and the maximum ground-air-
ground cycle loads. Four of the boron-reinforced specimens were subjected
to loads eguivalent to the measured in-flight loads for at least four times
the design life. The other specimens, including the three all aluminum
ones, were subjected to loads greater than the measured in-flight loads to
at least the number of cycles occurring in the anticipated 10,000 hours or
the fifteen years 1lifetime of the aircraft.

Test Specimens

Nine 2kh-inch by 6-inch skin-stringer specimens were fabricated and
tested: three boron/epoxy reinforced with clips; three boron/epoxy without
clips; and three aluminum specimens with clips. The test specimen is shown
in Figure 5-1.

Test and Results

The test load schedules are listed in Table 8-1, and a summary of the
test results is included in Table 8-2. The results are also shown in the
S-N diagram of Figure 8-1 which illustrates that the specimens subjected
to loads equivalent to the measured in-flight loads (load schedules
C and D ) meet or exceed the life factor criteria of four (4). Figure 8-1
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also shows that the specimens subjected to loads greater than the measured
in-flight loads (load schedules A and B) exhibited lives equivalent to
10,000 hours or fifteen years of aircraft service.

Strain-gaged aluminum and boron/epoxy reinforced skin-stringer
gspecimens were subjected to cyclic tensile (fatigue) loading for a prede-
termined number of cycles as shown in Table 8-1. The specimens were tested
in an Ivy-20 Fatigue Test Machine as shown in Figure 8-2. Steady and vi-
bratory tensile loads were applied, and the resulting strain measurements
were recorded. As discussed previously, it was not possible to eliminate
all bending in the reinforced specimens (see Section 5.0). These specimens
were tested in the same manner as the static specimens by eliminating bend-
ing in the aluminum and accepting bending in the boron reinforcement.
Vibratory strain readings and periodic inspections of the boron/epoxy rein-
forced stringer with a Fokker Bond Tester were used as an indication of
bond deviation. A typical plot of strain reading versus number of cycles
is shown in Figure 8-3.

Bond deviations were detected in all fatigue tests, in some cases well
before strain deviations occurred. In test panel BCF-3, a bond deviation
was detected before testing of the stringer. The bond deviation did not
propagate or cause further problems during the testing of the specimen.

The nunber of cycles at which a change in strain occurred was noted,
although the load was maintained by the specimen for many more cycles. The
number of cycles to strain deviation and to specimen failure or test termi-
nation and their ratios to the actual number of cycles applied in 10,000
hours of operation are included in Table 8-3. The boron/epoxy test speci-
mens and their failure modes are shown in Figures 8-4 through 8-9 and are
cross—-referenced in Table 8-2.

Discussion

Previous experience shows that the CH-54B aircraft flies 600 - 700
hours per year. The airframe life was thus conservatively estimated at
10,000 hours or approximately fifteen years of operations. The test loads
used were based on the measured-in-flight stresses. The envelope of these
stresses is shown in Figure 8-10. The in-flight vibratory stresses in
level flight are generally less than £1,000 psi, and the highest recorded
vibratory stress is *1,750 psi occurring in an autorotational condition
at 100 knots with the maximum rotor rpm. This flight condition occurs for
.24% of the aircraft time with a frequency of 4.2 cycles per second. Thus,
the low stress/high cycle flight condition produces 364,000 load cycles in
10,000 hours of aircraft operation.

The high stress/low cycle repeated stress is obtained from the condi-
tion of lift-off (5,640 psi) to a climb at 7O knots and 9,000 feet
(-9,500 psi), thus the repeated load ranges from 5,640 to -9,500 psi
(-1,930 #7,570 psi). The ground-air-ground frequency is 2.38
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cycles per flight hour, which in 10,000 hours of aircraft service produces
23,800 cycles of repeated loading.

The gross area of the aluminum skin and stringer is .331 square inches,
and the test loads were therefore the stresses times the stringer area of
<331,

The vibratory stress versus steady stress diagram of Figure 8-11
indicates the actual stresses and the stresses used for test. The R = +.10
line was used for testing. The test schedule is shown in Table 8-1, and
the loading cases denoted by conditions A through D. Schedule A is more
severe than the actual ground-air-ground cycles because of its higher
steady stress. The Goodman Diagram included in Fig. 8-11 is a line of
constant fatigue damage for aluminum alloy structure with a yield strength
of 47,000 psi. Thus Schedule C, which is the point on the Goodman Diagram
for R = +,10, is equivalent to the measured ground-air-ground cycle stresses.
The high cycle~low stress in-flight fatigue stresses are close to the R =
#.10 line and thus the vibratory stress of Schedule D is maintained at the
level of the in-flight vibratory stress of 1,750 psi. Fatigue tests of
aluminum alloy structures show considerable scatter of the fatigue strength.
Statistical analysis shows that the strength for a high reliability (.999)
is only 61% of the mean strength. Thus, the loads of test Schedule B are
those of Schedule D increased by a factor of 1/.61 or 1.6k.

The ground-air-ground stress cycle includes the most severe take off,
in-flight, and landing conditions and the in-flight vibratory stresses are
the maximum measured. It would thus be too severe a condition to subject
each specimen to both type load schedules. Thus since each test specimen
is subjected to constant loading only,no cummulative damage due to variable
load levels occurs.

Initially, the concept of testing was to provide a statistical com
parison with the known fatigue data for aluminum construction. However,
there is insufficient statistical information on bonded joints to make a
valid criteria, and it was decided that a criteria of a life factor of L
would be more than sufficient to assure the integrity of the structure.

A1l of the nonreinforced stringers completed the required fatigue
testing and were retired at the completion of each test.

All of the reinforced specimens experienced changes in the integrity
of the boron composite-to-stringer bond during testing. These changes
ranged from a deviation of the bond in the tapered load transfer region of
the boron to disbond of some areas of the boron reinforcement.

It was difficult to determine where the bond deviations initiated with-
in the boron composite; however, most of the changes were initially detected
in the tapered load transfer region at the end of the constant boron
composite section.
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No bond failures were detected in the area of the clip attachment

holes.

For these reasons the tapered load transfer region was considered

the critical section in fatigue. From Table 8-3 for the tests with equi-
valent tail cone stresses and increased number of cycles (Load Schedules
C and D), it is seen that:

(1)

(2)

The ratio of applied test cycles to service cycles ranged from
4.1 to 7.3 with no strain deviation occurring.

For the tests with increased loads (Load Schedules A and B), the
number of applied cycles exceeded the service cycles, though in
the case of specimens BF-1 (Test No. 4) and BF-2 (Test No. 5),
strain deviations did occur. It is emphasized that, even though
strain deviations indicating some loss of load transfer capability
within the bond were detected, all the boron reinforced stringers
successfully carried the fatigue loads, thus showing that a
service life of 10,000 hours or approximately fifteen years is
attainable.

Conclusions and Recommendations

Based on the results of the fatigue tests it is concluded that:

(1)

(2)

(5)

Both the all-aluminum and the boron-reinforced structures have
satisfactory service life.

The attachment of clips to the reinforced stringers has no
adverse effect on the reinforcement bond integrity.

The boron/epoxy composite reinforced stringer specimens
experienced bond deviations as a result of fatigue testing.

Location of bond deviation origin is difficult; however,
the tapered load transfer region of the boron composite
appears to be the critical section in fatigue.

The deviations of the bond strength did not reduce the overall
fatigue strength of the structure below the anticipated
10,000 hours of service usage.

Based on the results of the tests presented in this section, it is
recommended that design analysis and testing be performed to determine
more specifically the load transfer characteristics of a typical tapered
boron/epoxy joint.

93




0S°T

eLT”

moe”

€Lt

@&OH X
SHTDAD 40 HHEWNN

06T

006H

OfTe

0094

"sqtT
ayoT WOWTXYI

084 ¥ OTL 06LT ¥ OffIC

G202

+1
+

096 OgTT 0lge ¥ 0TSE

+1i

0262 ¥ 080€ 0LGL 0426

+i

*sqT 1sd
avoT ATy SSHMLS ATTAY

TSHINAEHDS dVOT ISHD HNDITVE  T-g HIdVd

*soT0Ay pesesaIour
‘prOT TeEN)Oy
¢ £x09BIQTA FUSTTI-UT

*goT04A) poasesIoUT

Glye 02T9 7 09ffL ‘opnytrdury jusTeATODH

PUNOIN—I TY—-PUNROIY

*goToLy TBNYOY
‘prOM pasesIours
“LxoqeaqTA JUSTTL-UL

soToLp pasesgoUT

‘opnatrdury Tenyoy
¢ PUNOIH~I TH~PUNOIH

NOTLIANOD

HTNAHHDS

ok



“6=g 2ANITH
*goToko poatnboa ge peaddogs 4857

‘Q~-Q 24nSI4 *STO0Y 3TOQq JUSUW
-70B31B USNOJYl JOSUTILS PoyoBI)

*)~Q 2and1g
*soTofko pexmnbax qe paddoys qs3g

*9-g 2andTg
*goToko paatnbaa qe paddozs 3ssg

*G-g L2anSTg
*59T0AD 90T X G'T 3® paddoas 3saf,

‘=g 9an8T4 9T0Y FTCQ FUSU
-[0B118 USnoayl JOFUTILS POYOIBI)

*gaT0Lo paxmmbax
Jutyoead J91Je paddogs 3saf

*saTo Lo paambsa
Futyoeaa xo1Je poaddoas gsaf,

*goT0ALo poanbaa
Butyoeax J91J' paddozs s

SIIBWDY

006" T

LeTl 0

006" T

GLT"0

™HG'T

65T 0

SLT 0

G9E°0

SLT 0

9-0T ¥ SOT0ALD
3soL potTddy

v

dITo y1THA DPOOJIOJUTISI UOIOQ -
P2OJIOJUTDI UOIOQ -

sok

sok

sok

sok

ou

ou

sok

sok

sak

sTnpoyog  JUTOdp IR

pEOT

SIINSHY LSHL HODILVA

18 sdTT)

‘g—g HTIdVL

w
@
s

gok

sok

sok

sok

saf

ou

ou

ou

POOIOIUTSY
£xodg /uoxog

andtyet

mmuTunTTe

-4 Dd

e-d4 2d

c—4 0d

-4 0d

c-4 g

-4 ¢

e-d TV

c—4 TV

-4 TV

oy
usutoadg

T

.oz
3837,

95




I
£°q
1
€L
()
9'9
€L
(e)0'T
IS}
§oT0L) 90TAISG

/8910 LD 3897,
pa1Tddy oT3'Y

g0T X 005°T
o0T X L2T°
40T X 00§°T
0T X SLT"
o0T X THS'T
g0T X 65T
g0T X GLT

g0T ¥ 69E°

>

g0T X SLT-

S2T04LD
3sey porTddy

40T X 002"
40T X SHO"

q

q

uoTINg

~TagsTpoy UTBILG
09 saTohp

SOILVY dTDAD ANDILVA

SJTT 3§93 UT UOTINQTIFSTPSI UTBIYS Of

90T X H9€E"
40T X #20°
90T X HOE"
40T X %20°
90T X 79€E"
90T X #20°
40T X 20°
90T X HOoE"

0T X 20

(*sau 000°0T UT)
SOTOA) 90TAJ3G

e HIEVL

*goT0L0 paseaIoUT
UBY] JOULBRJI PBOT POSBOIOUT 98 UNI ST 3893 U3} 0ULS
KroqoeysTaes ST O°'T JO OTABI ST04L0 ® ‘g STNPIUdg PEOT UITH ¢

ITnpayog
peoT

t—d0d 6
€-a404d 8
2-d0d L
T-409 9
2-ad s
T-adg it

€-d4 TV ¢

-4 TV m

T-4 TV T
‘ox

uswToadg TON €9

96



"SYADNTYIS (HDHOANTIAM AXOdE/NOMOZ HO4 SITNSEY ISET @INAD/avol  T-§ E¥NOId
SHTOAD 40 YAGWAN
0t 0T 0T 0T
0
HATT NDISEA
~[-f------ a—
6°1L
= =0 v a— 0%
4 2 ¢
ZAIT NDISIQ
l 000%
-] [ ||a..|||..|_|| 0 =
HYATIVH ON --— 9 9
GEONTHIS AMW_“_ Yl
QEOMOANITY NOMOd - i v =
NI NOITVIAZA NIVMLIS Y/ = ] 0009
=]
HIDNTHIS @
QADYOINIHAY XXOdE-NO¥Od =
&
HAONTYLS WANTHNTY ) 5
0009

g1 “aQvoT WANIXVI

97




FIGURE 8-2. FATIGUE TEST SET-UP.
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REINFORCED FATIGUE TEST SPECIMEN AT COMPLETION OF TESTING - NO CLIPS -

FIGURE 8-5.

APPLIED CYCLES 1.5k4 x 1076,
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9.0 SERVICEABILITY

Objective

The objective of this study was to determine a method of inspecting
the bond integrity of the boron/epoxy reinforced stringers in the field
and to establish a field repalr procedure to follow in the event of
disbonds.

Approach

For field inspection, the coin tap method of determining bond devia~
tions is recommended. This method has been used in this program for in-
specting all test specimens before and after testing. The results have
been confirmed by use of the Fokker Bond Tester.

Three types of disbond are assumed and their recommended field repairs
outlined. The assumed disbond types are: complete stringer disbond over
the entire length, no bond between frames, and no bond at a tapered end.
The various assumed disbond cases are shown in Figure 9-1.

The static strength capability of the tail cone is maintained in the
event of complete or partial disbond in one or all reinforced stringers
as shown in the analysis of Reference 1.

Field Repairs

In the event of a disbond over the entire length of stringer, a steel
strap one inch wide and 0.25 inches thick can be riveted to the skin and
stringer. The strap material is to be 4130, 125,000 H.T. steel. A
conventional primer, used with dissimilar metals, is to be used.

This type of repair will maintain the stiffness of the assumed disbond
reinforcement. The repair is not needed for static strength. The loose
boron strips will be held in place by the Hi-Lok fasteners at the fuselage
frames.

In the event of a disbond between frames, it is recommended that a
Hi-Lok fastener be inserted in the predrilled hole made in the boron/epoxy
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reinforcement. A convetional drill is all that is required as the drill
must go through only the aluminum stringer.

The boron/epoxy reinforcement has a critical column length of
approximately ten inches. The Hi-Lok fastener will provide the necessary
column support. The load transfer between the boron/epoxy reinforcement
and aluminum stringer is low when away from the ends, and the disbond is
not expected to propagate based upon the results of the fatigue test made
with a debonded area, Reference Section 8.

In the event of a disbond at a tapered boron/epoxy end, a room
temperature bond is to be made. A clamp is to be applied to the stringer
at the frame and the boron/epoxy pried away from the stringer as shown in
Figure 9-2. The surface is to be cleaned with trichlorethylene and bonded
with ADX-372 Hysol adhesive. The stringer is to be clamped until the bond
is cured. The recommended cure cycle varies from 15 minutes at 250° F. to
T2 hours at room temperature.
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FIELD REPAIR PROCEDURE FOR TAPERED END.

FIGURE 9-2.



10.0 SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS

Tail Cone Design/Analysis

The tail cone of the CH-54B helicopter was redesigned to use bonded
boron/epoxy stiffened aluminum stringers and reduced thickness skins. It
was shown that positive margins of safety existed in all flight conditions
even with complete and partially debonded reinforcement. Minor modifica-
tions to the original design, in the form of skin gages and panel breakers,
were required. The structural stiffness of the present CH-54B was
maintained with the boron/epoxy reinforced stringers.

A flight test program is planned for Phase II to confirm the structural
integrity and tall cone stiffness analysis.

The taper geometry of the boron/epoxy reinforcement, developed in this
study, was such that the adhesive shear stresses and adherend direct
stresses were of an acceptable magnitude. The insertion of two layers of
widirectional fiberglass/epoxy at the ends of the tapered joint reduced
the peak adhesive shear stress by approximately 53 per cent. The fiber-
glass insert is recommended for fabrication into the prototype reinforced
stringers.

The maximum adhesive shear stress in the 12.5-inch-long taper
recommended for the tail cone construction is equal to or less than the
tested L-inch taper.

Fabrication

The fabrication and assembly of representative boron/epoxy reinforced
stringers have provided the technical information, tooling, and structural
confidence for the production of prototype parts.

The residual stresses in the hybrid boron epoxy/aluminum stringers
were found to be readily predictable by analysis. These stresses were
included in the structural analysis of the tail cone.

Bond deviations were determined by the coin tap and Fokker bond test
method of inspection. Although some of these deviations were identified
with specific types of bond discrepancies (voids, peel ply), considerable
R&D is needed in this area to positively relate adhesive bond structural
integrity to specific ultrasconic indications.
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Field inspection and repair of the boron/epoxy reinforced stringer
can be made using conventional equipment and materials.

Testing

The tensile strength of the boron/epoxy reinforced and nonreinforced
stringers were found to be the same. The elastic strain of the reinforced
specimens, however, was found to be one-third that of the aluminum
specimens.

The experimentally determined area modulus product for the reinforced
and nonreinforced stringer agreed with the predicted values. The propor-
tions of the boron/epoxy reinforcement is such that the area modulus of
the reinforced stringer is equivalent to that of the current production
aluminum skin/stringer combination.

The shear and compression strengths of the tested boron/epoxy
reinforced panels were found to be equal to or slightly better than
conventional aluminum panels. The limiting factor in the hybrid panel
tests was the basic aluminum structure. In the shear test, failure
oceurred by aluminum skin tearing at the rivets. In the compression test,
local crippling of the aluminum stringers was the failure mode.

For future designs it is recommended that combined shear and axial
load tests be made and correlated with analysis.

Fatigue tests of the boron/epoxy reinforced stringers showed that
these menbers when subjected to loads equivalent to the measured in-flight
loads meet or exceed a life factor of four. The specimens subjected to
loads greater than the measured in-flight loads exhibited lives egulvalent
to 10,000 hours or fifteen years of aircraft service.

The noted bond deviations did not reduce the overall fatigue strength
of the structure below the anticipated service useage.

The attachment of clips to the reinforced stringers had no adverse
effect on the fatigue behavior of the stringers.
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