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This report Is a detailed description of the laboratory testing of a graphite
epoxy aircraft wheel that was designed to fit a Type III , 7.00-8 aircraft tire
and withstand the unbraked loads Imposed on the A-37B aircraft main wheel. The
tests conducted range from the initial pressurization tests to long duration
dynamometer slow roll tests. The wheel performed extremely well in these tests
and achieved a total of 5,165 roll miles before It developed fatigue cracks.
This is more than three times the number of miles required by the Mu —SPEC
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qualific ation requirements for the comparable metal wheel . Since this wheel
is the first of its kind and only one wheel was tested, severa l pictures were
taken to closely document the appearance of the composite structure throughout
the test. The wheel was instrumented with several strain gages and data were
taken for various conditions.

The strains measured are converted to stresses for a two dimensional
orthotropic material. These stresses are then compared to the interaction
curves developed using composite lamination theory and the maximum allowable
strain criteria.

This report is written for a reader who may not be completely familiar
with the theory used to characterize composite material structures.
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FOREWORD

This report was prepared by Gerald C. Shutnaker of the Mechanical

Branch (FEM) , Vehicle Equipment Division , Air  Force Fl ight Dynam ics
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“Landi ng Gear Deve l opment” , Task Number 1 36903, entitled “Advanced

Composite Landing Gear Hardware Development.”
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SECTION 1

INTRODUCTION

1. STATEMENT OF THE PROBLEM

The purpose of this work was to experimentally evaluate the

structural integrity of graphite epoxy composite used to construct an

A-37B aircraft main landing gear wheel . One wheel was designed to the

load requirements found in AF Dwg 67Jl95l (Reference 1) - A-37B aircraft

(14,000 lb Gross Weight), dated 13 Feb 67 and fabricated by Whittaker

Corporat ion , Researc h and Develo pment Div i s ion, San Diego , California.

(Reference 2). The test article was constructed from meter-length and

mid-length Modmor II fiber which had been preimpregnated (prepreg) with

Uni on Car bide 4617 epoxy res in. The brak ing requi rements for the wheel

were not considered , consequently no slo ts were cut or formed i n the

brake-half of the wheel . One groph i te epoxy wheel was procured for test.

The fabrication details of this wheel are contained in Reference 2.

All testing was done In the A i r Force Fl ight Dynamics Laboratory ’s

Landing Gear Test Facility at Wright-Patterson Air Force Base , Ohio.

2. INTENT OF TESTING

Simply stated , the intent of the testing w~c to l earn as much as

possible about the structura l characteristics of one 7.00-8 graphite

epoxy aircraft wheel. The wheel was tested according to the correspond ing

metallic wheel qualification requirements found on AF Dwg 67J1951

(Reference 1). At the outset of the tests, the assumption was made that

the wneel could fail prematurely a4thus caution prevailed . Accordingly,

- - - 
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the tests were pursued carefully and slowly, especially during the Initial

pressurization . Strain data were col l ected for pressurization , stat ic

load , and radial and camber rolling l oad . Rol l tests were conducted

until the structure could not be rolled any l onger. These tests were then

fol l owed by burst pressure testing.

3. SUMMARY OF TEST LOADS

The conditions used to test the graphite epoxy wheel were obtained

from AF Dwg 67Jl95l . This drawing describes the performance requirements

to be fulfilled in order to qualify a production wheel of this size. No

brake tests were planned for this wheel ; therefore, the braking

requirements are not listed . The qual ifi cat ion loads are :

(1) Normal Inflation pressure - 120 psi
Burst test Inflation pressure - 406 psi

(2) Straight roll test to be for 1400 miles at 6150 lbs
rad ial load.

( 3 )  Combined radial - side load roll test to be for 400 miles
at 6254 lbs radial load and 1564 lbs side load - acting
inboard . The inboard side of the wheel is the “Non-brake ”
half.

(4) Combined stat ic limit loads are :

5,930 lbs side l oad
14 ,830 lbs radial load

(5) Combined static ultimate loads are :

8,900 lbs side load
22 ,250 lbs radial load

2
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SECTION II

DESCRIPTION OF THE TEST WHEEL

Figure 1 shows the comparison between the alum inum production wheel

and the graphite epoxy (GtE) wheel . Notably absent from the GtE wheel

are the slots for the brake rotor and the fuse plugs in the barrel of

the wheel . Since the primary intent of this program was the basic eval-

uation of the feasibility of using G/E in this application , a simplified

design was used for the initial approach to the problem. The aluminum

wheel weighs 12.1 lbs and the G/E wheel weighs 10.1 lbs for the config-

uration shown in Figures 1 through 3. This amounts to a weight savings

of approximately 16%. Naturally, the Inc lusion of the wheel bearings in

these wheels (the same bearing is used in both the aluminum and graphite

epoxy wheels ) would slightly lower the per cent weight savings attained .

Figure 2 shows the aluminum wheel and the G/E wheel as viewed from

the brake-half (outboard side). Noticeable on the G/E wheel is an

additional boss (the seventh boss) on the bolt circle. The brake-half and

the non-brake-half (inboard side) of the G/E wheel were fabricated on

identical molds and consequently the valve stem boss was put on both

halves. This extra boss as shown in Figure 2 is located directly

across from the valve stem of the other wheel half.

Figure 3 shows the aluminum production wheel and the G/E wheel viewed

from the Inboard side. Figure 4 Shows a close up of the va lve stem. Al so

visible in Figure 4 is a typical boss and the hub of the Inboard wheel half.

3
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Figure 5 shows a close up of a typical boss. Each boss was made up of

layers of prepreg broad goods that have been punched out to that shape

(Reference 2). Metallic bushings were not inserted in the bosses.

The holes were drilled through (in two operations) from one side of the

assembled wheel . When the finish drill protruded from the bottom side

(inboard side) , two hosses broke off (delaminated ) from the base of the

outboard side. Repair was achieved by bonding the separated boss back

to the hub with room temperature cured epoxy and clamping the boss in

place with a bolt until the epoxy cured (Reference 2).

Figures 6 and 7 show the disassembled GtE wheel . Some difficulties

were encountered in mac hi ning the “0” ring groove due to del amination of

the corners of this groove. These defects were repaired with the exception

of one area as shown in Figure 8. Figure 9 presents the dimens ions and

fabrication l ayup of the test wheel . An aluminum hub was bonded into

the outboard half with epoxy adhesive and was a slip fit into the inboard

half.

1. ASSEMBLY OF THE TEST WHEEL

Figure 10 illustrates the gap between the graphite epoxy wheel and

the tire after the wheel half had been pressed (by hand) into the tire.

Based on a measurement of this gap, the interference between the tire bead

and the wheel - with the tire seated against the rim - was estimated to be
1/8 in. on the diameter. For comparison purposes, Figure 11 shows the gap

between the aluminum production wheel and the tire under similar conditions.

As a result of this gap, the G/E wheel had to be drawn together before the

correct tie bolts could be Installed . Six tie bolts are used on the wheel ,

4
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Figure 10. Gap Remaining with Tire on G/E Wheel (Tie Bolts Not Installed)
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Figure 11. Gap Remaining on Aluminum Wheel Under Same Conditions
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and so to draw the wheel together, longer bolts were placed In three equally

spaced holes and tightened until three of the proper wheel bolts could be

installed .

Figure 12 shows the “0” r ing placed in the “0” ring groove . The “0”

ring is not retained in the “0” ring groove , thus assembly of the wheel

halves must be done with the wheel in the horizontal position. However

during the drawing operation described above , the wheel was occasionally

titled and this resulted in a pinching of the “0” ring. When this

occurred , the wheel would not retain air and had to be disassembled and

a new “0” ring installe d.

Once the wheel bolts were fully torqued (15 ft- lb), a gap remained

between the wheel and the tire as shown In Figure 13. At approx imately

20 psi , the tire seated against the outer flange. Prior to assembly, a

liberal coating of silicon grease was spread on the barrel of the wheel

and the aluminum hub. This was done to reduce the tendency for the tire

to cling to the wheel during disassembly.

During the very first assembly of the wheel , an attempt was made to

torque the tie bolts to 17 ft-lb as recomended by the contractor.

However, as the torque level approached 17 ft-lb a crunching sound was

heard. The graphite epoxy ‘tu gs were apparently being crushed at a

tornue greater than 15 ft— lb. Thus , to prevent further crushing , the tie

bolt torque was reduced to 15 ft—lb for all subsequent assembly operations.

16
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FIgure 12. “0” R i ng Placed In Groove

S

S _

Figure 13. Gap Remaining After Whee l Halves Were Bolted Together
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2. STRAIN GAGE LOCATION S

Figures 14 and 15 depict the strain gage locations on the wheel

halves. Gages R1 through R10 are rosette gages with 120 ohm resistance

and 1/4 in. gage length. Gages R11, R12, and R13 are rosette gages with

120 ohm resistance and 1/16 in. gage length.

Later on in the rolling tests , the bead seat rosette gages (R 12 and

R13 ) were damaged due to the relative motion between the tire and the

wheel . These gages were replaced with identical gages numbered R14
and R15.

All the single gages , S1 through S12 and three temperature

compensating gages have 120 ohm resistance and 1/16 gage length.

Gages R 1 through R9 were installed by the contractor. No stress

coat was used by the contractor prior to the installation of these

gages. Stress coat and all additional gages were applied in-house.

The stress coat was appl ied to a quarter segment of the assembled

wheel and tire prior to the installation of the additional gages . A

maxi mum of 40 psi was put in the wheel but no stress coat cracks were

detected. Since initial doubt existed about the structural Integrity of

the wheel subjected to pressure above 40 psi , the use of stress coat

was not pursued further. As a result of strain data obtained later

in the testing , It was learned that the region under consideration had

less than 400 mIcro-in/in tensile strain for the pressure used and this was

18 
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below threshold of the stress coat used . Several gages were installed at

similar locations where the strain should be approximately the same during

pr~ssurization . Gages on which similar readings would be expected are :

1) R1, R2, R3, R4

2) R 5, R6, R7, R8

3) R9, R10, (R 9 was defective)

4)  R11 , R12, R 13

5) S1, S5

6) S2. S6

7) S3, S7

8) S41 
~8

9) S9, S10

21
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SECTION III

TEST EXPERIENCE

The t’~sts applied to the wheel were initially done in an extremely

cautious manner until the wheel had demonstrated its structural integrity .

The graphite composite parts of the whee1 withstood the pressurization

loads, the fiat plate loads , all the required Air Force specification

straight and camber rol l miles and finally an additional 3,756 miles of

straight roll before they failed in fatigue. The wheel did not fail

catastrophically, as might happen with a metal wheel , but instead just

gradually began to lose air. From all aspects , the test of this whee l

demonstrated it to be fully capable of withstanding the non-braked

requirements of the comparable meta l wheel.

1. PRESSURIZATION

The wheel was pressurized in 20 psi increments to the rated pressure

of 120 psi with no problems . Large amounts of strain data were taken

during the initial pressurization and attempts were made to determine

if any creep of the composite structure occurred . These data are discussed

in Section IV. The wheel held 130 psI for approx imately 72 hours with

less than 10 psi leakage over this time period . There were no audible

noises emitted from the composite during any of the pressurization up to

130 psi. Later , after the required qualifi cation dynamometer slow roll

(1 ,800 miles total) had been completed , the unloaded whee l was incre-

mentally pressurized up to 250 psi . At approximately 240 psi , the

composite structure emitted the first audible cracking sounds. An

inspection of the wheel revealed three very sinai’ cracks i n the bead sea t

22
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area. These cracks, however , did not preclude the additional ensuing

dynamometer slow roll tests.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
~~~~~~ .4~~

’9. 
_

I,

—
-
~

Figure 16. Loading The Wheel On A Flat Plate

2. STATIC LOAD TESTS AND FOOTPRINT MEASUREMENTS

The wheel was first loaded using a flat plate mechanism as shown in

Figure 16. During pressurization the largest strain was found at a bead

seat rosette strain gage. This gage was then centered on the flat plate

directly over the load and closely monitored as the load was increased.

The tire was inflated to the rated pressure of 120 psi and the load was

increased gradually up to the rated radial load of 6150 lbs. Strain

data were taken from the bead seat and other strain gages at 20%

increments of the rated straight roll load. The maximum strain of

2100 micro -in/in (found at the bead seat gage) at rated load was

approximately 30% greater than that attained at 130 psI and this strain

23
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level was assumed to be conservative for a composite structure. No audible

noises were emitted from the structure during the static loading . The flat

plate static tests were done primarily to verify that the wheel would with-

stand the rated loads prior to the instrumentation modifications

necessary for dynamonieter slow roll tests. Flat plate deflection measure-

ments were also made on the test rig of Figure 16. These measurements

indicated the tire was deflected 35% under the rated load , a condition that

is identical to the metal wheel under similar conditions . A footprint of

the tire on the flat plate under rated load was also taken and this is shown

in Figure 17.

3. INITIAL DYNAMOMETER SLOW ROLL AND DATA COLLECTION

After a thorough analysis of the data from the static tests had been

performed, the wheel was then prepared for the slow roll dynamometer tests.

As shown in Figure 18 a connector was instal led on the wheel and the

strain data were transmitted through a long cord attached to the wheel .

During the test the dynamorneter was brought up to a very slow constant

speed with the wheel in the “unlanded” position . The wheel was then

landed” against the dynamometer , allowed to roll three to five revolutions

and then “unlanded” . The long cord was allowed to twist during the test.

Follow ing ea ch run, to untw i st the cord , the wheel was manually rotated

an equal number of turns In the opposite direction . Data were taken from

a total of six rosette gages and eight single gages. There were con-

nector plugs on each side of the wheel , thus to col lect all the data it

was necessary to reverse the wheel on the mandrel . Since the strain would

be plotted vs the angle of rotation , the angular location of each gage

wi th respect to the reference point , 0 at the value stem, was careful ly

24
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MAX . FOOTPRINT LGTH 9.875 IN.
RATED INFLATION 120 PSI MAX . FOOTPRINT WDTH 5.750 IN. 

- RATED LOAD 6150 LBS . NET CONTACT AREA 42.33 SQ.IN.
35°~ DEFLECTION GROSS CONTACT AREA 48.56 SQ .IN.

____ . %
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!. ~~~~~~~~ ~~~~~~

SCALE(IN .) 0

Figure 17. Footprint of the Tire on a Flat P1.
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Tire on a Flat Plate at Rated Load and Inflation Press
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Figure 18. Slow Roll Radial Load Tests of the Graphite Epoxy Wheel

27
—.p ‘ r ~~~~~~~~~~~~~~

‘

_______  ~~ICEDItG P&~1i Bl~~~ I-z4UT S~iMD
_ _ _  - - 

-



AFFDL -TR-76-54

noted for each position of the wheel , as shown in Figure 18 or reversed .

Straight slow roll tests were first completed and then the camber slow

rol l tests were completed . A 15° cambered mandrel was available for use

and this most nearly introduced the side load required by the qualificatio n

drawing. Figure 19 illustrates this test setup. A dynamometer carriage

load of 6100 lbs gave the required side load of 1570 lbs although the

required normal load of 6254 lbs was not met (the actual norma l load

was 5900 lbs). All the data from both the straight and camber slow rol l

tests were carefully analyzed before any further tests were started. The

maximum strain was again found at the same bead seat rosette from which

the static (flat plate) data were taken . The magnitude of this maximum

strain was 2100 micro—in/in (approximately the same as the flat plate

tests) for both the stra i ght and camber slow roll. The rated inflation

pressure of 120 psi was used for these tests.

All the Initial slow rol l tests were completed wi thout any significant

problems. No audib le noises were heard from the composite structure

during the slow rol l tests. When the wheel was landed against the

fl ywheel there was always a small impact load but no attempt was made to

determine the magnitude of the impact. By this time in the testing , the

wheel had been assembled and disassembled a number of times. As pointed

out earl ier, the barrel of the wheel was liberally coated with silicone

grease to aid in the disassembly process. Extreme care was also used in

the tear down process (Figure 20) to keep the side loads encountered

during disassembly as low as possible.

28
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Figure 19. Slow Camber Load Tests of the Graphite Epoxy Wheel
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4. STRAIGHT SLOW ROLL TESTS

For these tests, the wheel and tire cavity were Instrumentated with a

thermocouple that was placed through the valve stein. This thermocouple

served to measure the contained air temperature in the tire during the

slow roll. This temmerature was continuously monitored during the slow

rol l tests. The inflation pressure was also continuously monitored and

kept at a constant 120 psi. This test setup Is shown In Figure 21. The

dynamometer speed was held below 6 mph and averaged about 4 mph. At this

speed and with the dynamometer cool ing fan In operation, the contained air

temperature of the tire stabilized at approximately 160°F. The test was

stopped periodically and the tire and wheel closel y checked for any signs

of structural deterioration .

At 140 miles into the straight slow rol l test, data were taken from the

same gages that were initially read . The only exception were the two bead

seat gages. These gages were now inoperative and apparently were destroyed

by the motion between the tire bead and the wheel . The strain data taken

were compared to the initial data and no significant changes were found .

A visual inspection of the wheel and tire did not reveal any deterioration

and thus the testing was continued . The same tire was used in the contin-

uation of the tests.

At 260 miles into the straight slow roll test, several events occurred

which delayed the tests. During a visual inspection of the wheel , crazing

lines were discovered In the outer flange area near the bead seat. At this

point the test was stopped and the wheel was disassembled . Figure 22

i l lustrates the wheel immediately after disassembly. A crack was discovered

In the composite structure near the Al hub and this is shown in Figure 23.
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-~~~~

Figure 20. Tear Down Processes
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Fi gure 21. Stra ight Roll Tes ts
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I

Figure 22. Disassembled Wheel After 260 Miles of Straight Roll

~
-: 

~
CRACK .

.1 ,

S.

Figure 23. Crack In Composite Near AL Hub
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This crack apoeared to extend over approximately 120° of the circumference.

Fi gure 23 also shows what appears to be graphite epoxy “chips ” or shavings

in the cavity near the base of the Al hub. Figure 24 shows the graphite

epoxy shavings on the opposite wheel half. This figure also shows what

appears to be a wear area on this wheel half. The Al hub (Figure 22)

also was showi ng signs of wear. The explanation for the wear which

occurred between the Al hub and the composite structure will be discussed

in subsequent paragraphs.

-~~~~~~~~
-

Figure 24. “Shavings ” on G/E Wheel Half

At this point all efforts focused on determining the severity of the

crack near the Al hub. The hub was firmly attached to the wheel and could

not eas i ly be remove d , so this naturally hindered the inspection . The

nondestructive test (NDT) inspection most readily available was the X-ray

process. Low energy X-ray radiation techniques were attempted but the

complex shape of the region near the crack precluded its detection .

33 
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Various Dye Penetrants were used in an effor t to make the crack more

visible for photographic purposes . A red , visible , wa ter soluble dye was

partially effective in exposing the crack but was difficult (extremely

messy) to use. Fluorescent penetrant dyes were also tried but these

also were only partially successful in exposing the details of the crack.

Black light photographic equipment was not readily available and thus the

fluorescen t penetrant dyes were not use d to the i r full capabi l i ty.

At tempts were also made to make a permanent i mprin t of t he crack by

using various molding compounds. Plaster of paris and “RTV” we re use d

but the crack was too small to allow a good impression to be made.

The crack was thorou ghl y exam ined under a stereo microsco pe w i th a

magnification up to 50X. The depth of the crack could not be determined

but the crack appeared to turn inward toward the hub. This crack did

grow into a delamination which will be discussed l ater in the 1 ,000 mile

inspection.

In Figure 25 a dime and a 0.010 in. wire are shown for scale factor

purposes . Based on this photograph , the pi ctures of the crack are a 4X

representation of the actual part. The entire length of the crack was

split up Into eleven segments and overlapping photographs were taken.

These pictures are shown in FIgures 25 through 28.

Figure 29 shows a typical bol t boss at 260 mI les. Al though small

fragments of the composite broke away from the boss no severe

delaminatlons of any of the bosses were detected during any of the roll

tests. Figure 30 shows what appears to be crazing lines near

34
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FIgure 25. SectIon 1 of Crack and Scaling Obj ects
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Figure 26. Sections 2 through 5 of Crack
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- . •~fl S S e c t r o n  #9

Figure 27. Sections 6 through 9 of Crack
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Figure 28. SectIons 10 and 11 of the Crack
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BOLT BOSS

FI gure 29. Close Up of a Typical Bol t Boss after 260 Miles
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CRAZING LTNE S~

Figure 30. Apparent “Crazing ” Lines on the Outer Fl ange
of the Wheel
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the bead seat of the outside flange of the wheel . Figure 31 shows an

overall view of the wheel after 260 miles . The wear area on the Al hub

is clearly visible in this picture .

After the examination of the wheel at 260 miles was complete , the

roll test was continued . The wheel was disassembled and visually

inspected at 10 mile increments for the next 40 mi l es. No further

degradation of the wheel was found and so the tear down and visual

i nspection was performed at 20 mile i ncrements for the next 40 mi les.

By this time a total of 340 miles had been put on the wheel . Next the

wheel was run continuous for 60 miles , thoroughly inspected , and then

run for 100 more miles . By this time a total of 500 miles had

accumulated. Once again a thorough visual Inspection was performed

and a complete set of pictures taken. These photographs are shown in

Figures 32 through 35.

After 650 miles of slow roll the amount of relative rotation between

the Al hub and the wheel had increased . This was determined by visual

inspection of match marks and the wear on the Al hub. Next a series of

wires (Figure 36) were placed across the hub-wheel interface to deter-

mine the time , after wheel roll began , that relative hub rotation

occurred and the direction and amount of the relative hub rotation.

The wires were located and hooked up in such a manner that the direction

of rotat ion woul d be indi cated by an open circuit when the wires were

tensioned and broke the soldered connection at the hub. Longer wires

(with more slack) would cause open circuits later on as the hub continued

to rotate relative to the wheel . Also a mechanism was located on the hub

which would trip a signal each time the hub rotated past a certain point.
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Figure 31. Overall View of Wheel after 260 Miles of
Dynamometer Slow Rol l
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Figure  32. Graphite Epoxy Wheel after 500 Miles of Dynarnometer
Sl ow Roll
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Figure 33. Crack at the “Outside ” Corner of the Wheel
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Figure 34. View of the Crack next to the AL Hub
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Fiqure 35. View of the Crack next to the AL Hub
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Fiqure 36. Checking Relative Motion Between Al Hub and Wheel
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This instrumentation disclosed that the hub made one rotation opposite

to the wheel , about once every 1200 wheel revolutions . There are

approximately 1000 wheel revs per mile. It was also noted that the hub

would cease to rotate after 25-30 miles had been attained from start up

or 5-7 hours of dynamometer roll. The contained air temperature of the

bead seat stabilized at 150 - 1 70° after about one hour of slow roll

start up and so after 6-7 hours , the hub most likely expanded enough that

relative rotation ceased . Even though the hub had loosened from the

epoxy adhesive it could not be easily removed from the wheel .

The roll test was uneventful from 650 to 1000 miles of straight roll.

After 1000 miles , as the wheel was di sassembled for inspect ion , the Al

hub had moved axially and could finally be forced from the wheel .

Figures 37 through 42 depict the wheel after 1000 miles of dynamometer

straight roll. At this time the crack discovered at 650 miles had developed

into definite corner delamination. As shown , this delamination extended

over halfway around the circumference of the wheel . Since this

delamination extended over halfway around the circumference of the wheel .

Since this delamination did not extend into the hub of the wheel its

effects on the structure of the wheel wer e negligible. Figures 37

through 42 also Illustrate the condition of the bolt bosses, the wheel

hub , bead seat , and the Al hub after 1000 mIle of slow roll. All of the

wear which resulted from the rubbing of the Al hub on the GtE wheel

half was confined to the hub.
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Fi gure 37. Hub Wheel Half 1000 Mi les Straight Roll
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Figure 38. Hub Wheel Half 1000 Miles Straight Roll
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Figure 39. Hub Wheel Half 1000 Mile Straight Roll
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Figure 40. Hub Wheel Half 1000 Mile Straight Roll
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Fi gure 41 . Ifub Wheel Half 1000 Mil e Straight Roll
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Next the hub was machined to have 0.004 in. clearance on the

diameter with respect to the wheel and bonded back to the wheel using

Hughson Chemical Co. Epoxy Adhesive , No. RD-1927-6 2. The wheel was

then assembled with the tire and the straight roll test started

again.

At 1093 miles into the straight roll tests a fatigue failure of three

wheel bolts occurred and this is shown in Figure 43 and 44. This

caused an immediate unbalanced load on the wheel and broke the epoxy bond

between the hub and the wheel . As soon as the air pressure in the tire

dropped, the dynamometer unl anded the tire and removed the load . The

wheel bolts were only torqued to 15 ft-lbs (the torque requirements for

the same bolts on the aluminum wheel are 25 ft-lb) and this must have

caused the early fatigue failure. A close visual inspection of the wheel

revealed no structural damage had been done by this mishap. The Al hub

was pressed out of the wheel , cleaned and rebonded again.

The hub , unfortunately , was bonded to the wheel this time In a

crooked position so that when the wheel was assembled (see Figure 45)

there was a gap between the wheel halves . This gap was unacceptable

since it destroyed the “0” ring sealing capability . Thus the major

problem now was finding a way to remove the newly bonded hub from the

wheel . It was felt that any attempts to press the hub out of the

wheel might place too much side load on the structure and so this idea

was discarded. It was also decided that any attempt to heat the wheel

half (to lower the epoxy bond strength) and then push the hub Out would

be too risky . Finally the only alternative which seemed to remain was

55

- -
~~~~~~~~~~~~~~~~~~~~~~ v-~~~~ 

- -



AFFDL -TR - 76 -54

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- ~~~~~~~~~~~~~~~ w~~~~ ~ 
•

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ ~~~~~~~~~~~ ~ j  

~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~
-

~~~~~~~~~ Y~~~~~ - ~~~~~~~~~~~~~~~~~~~~ _ . I

.~ C —

~~~~~~~~~~~~~~~~~~~~~~~~~~~ .1. - 
. 

- . 
.
b~~~~

-

Fi gure 43. Fatigue Failure of 3 Wheel Bolts at 1093 Miles
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Figure 44. Fatigue Fa i l ure of 3 Wheel Bol ts at 1093 MIles
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Figure 45. Effects of Crooked Wheel Hub
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to break the adhesive bond by l owering the hub temperature by using

dry ice or liquid nitrogen.

To do this , one end of the Al hub was covered wi th mo lding clay and

liquid nitrogen (Boiling Point -320°F) was poured into the hub. A

cracking noise was heard as the Al hub shrank away from the graphite

epoxy wheel half. The hub was then tapped lightly and came out of the

wheel hal f with very l i ttle appl ied force. A subsequent vi sual

inspection of the wheel half was conducted and no damage was found that

could be attributed to the liquid nitrogen soak.

The Al hub was rebonded with proper alignment to the wheel half and

the slow rol l was continued . Another 200 miles of slow rol l were put on

the wheel for a cumulative total of 1300 miles . At this time the wheel

was to be disassembled for a routine visual inspection. When the wheel

was removed from the dynamometer mandrel , a fa tigue crack was found in

the Al hub as shown in Figure 46. The wheel was then disassembled and

l iquid nitrogen was again used to cool the hub so that It could be

removed . The epoxy bond between the Al hub and the wheel had also

broken again sometime during the last 200 roll miles and so it was easily

removed with the aid of the liquid nitrogen . Figure 47 shows the hub

and wheel with the hub removed. Attempts had been made to epoxy the

corner delamination (shown in FIgu res 37 to 42) to the wheel half.

These attei~ ts were only partially succes’~t~l and as shown in Figure 47,

the corner delamination had broken clear off the wheel half. FIgures 48

and 49 show a close up of the Al hub. The fatigue crack occurred along

a sharp corner of the outer flange of the hub. A new Al hub was made

for the wheel ~,ith a thickened center wall and a chamfer which matched
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Fi gure 47. Wheel after 1300 Miles of Straight Roll
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Figure 48. Crack in AL Hub after 1 300 Miles Straight Roll
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Figure 49. AL Hub after 1 300 Miles Straight Roll
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the delarninated wheel half. The half of this hub which was to be bonded

was also knurl ed and the clearance between the hub and the wheel half

increased to 0.006 in. The new hub was then bonded into the wheel and

the straight roll test continued . Another 100 miles was attained without

incident. This satisfied the straight , unbraked roll requirements of

the AF qualification drawing (Reference 1 summarized in Chapter 2).

Follow ing completion of the straight roll portion of the dyna-

mometer slow rol l , two new bead seat rosette strain gages were

installed and a complete set of strain data were taken for straight roll

conditions . Then the wheel was mounted in the camber roll configuration

and a complete set of data were taken for camber slow roll. These data

revealed there was essentially no increase in the magnitude of the

magnitude of the strain due to the accumulated roll mi les , at any point

on the wheel . These data are presented in Section IV.

5. CAMBERED SLOW ROLL TESTS

The next test conducted was the dynamometer slow roll in the cambered

configuration . The goal of the cambered slow rol l tests was the com-

pletion of 400 miles. Table 1 lists the signifi cant events (tire

failures) which occurred during these tests . None of these blow-outs

did any damage to the wheel. Figure 50 illustrates three typical

blow n out tires .
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TABLE 1

SUMMARY OF TIRE FAILURES FOR 15° CAMBERED SLOW ROLL TESTS

DATE MILES/TIRE TOTAL MILES COIIENTS

8-12 June 1972 71.5 71.5 New Tire - “Slow”
Blow-Out-Tire
Sid ewall Leaked
Excessivel y

13— 15 June 1972 105.3 176.8 New Tire - “Massi ve”
Blow-Ou t

15-16 June 1972 54.2 231.0 New Tire - “Massive ”
Blow-Out

19-20 June 1972 67 298 New Tire - “Slow ”
Blow-Out

23-26 June 1972 38.5 336.5 New Tire - “Mass ive ”
Blow-Out

26 June 1972 19.1 355.6 New Tire - “Massive ”
Blow-Ou t

29 June 1972 44.4 400.0 Used Tire-Completed
Tests O.K. Tire
Sti ll Good

The completion of the cambered slow rol l tests was a major milestone

for the wheel test in that all the unbraked slow roll requ i rement~ of

the AF qualification drawing had been successfully completed . After the

completion of the cambered slow rol l tests another complete set of cambered

slow rol l strain data were atta ined.

6. HIGH SPEED TAKE OFF

The next test In this series involved the filmi ng of one high speed

take off and landing of the wheel . The wheel was placed on the dynamometer

and subjected to a 6,000 lb straight load with a two minute 30 moh equivalent

tax i rol l followed by a 0 to 150 mph take off (accelerated at 10 ft/sec2).

A l andi ng of the wheel was then performed at 4,600 lb straight load with

65
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FI gure 50. Typical Blow-Outs Sustained during 15° Cambered Slow
Roll Tests
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touchdown at 90 mph. The landing was then followed by another two

minute , 30 mph taxi roll. After these qualificat ion tests, the wheel

was di sassembled and photographs were taken (Figures 51 through 53).

These photographs show a certain amount cf wear on the bolt bosses of

each wheel half but the wear was judged to be reasonable, especi all y

when considering the large number of times that the wheel had been

assembled and disassembled . It is pointed out that the white material

is only a protective epoxy coating which was appl ied over the strain

gages. It was also noticed that the new Al hub was also beginning to

show some signs of wear (see Figure 53). This indicates that the

proper epoxy adhesive bond still had not been achieved . Also there was

a region in the barrel of the wheel , di rectly over the “0” ring groove,

that was beginning to crack slightly. This region was broken off when

the “0” ring groove was machined and had , at that time, been bonded

back to the wheel . Since the region is in compression , the effects of

this cracking were negligible.

7. INCREASED PRESSURE TESTS

The next tests involved pressurizing the wheel to 250 psi (twice

rated pressure) and recording the strain data at 20 psi pressure

increments. At approximately 240-250 psi the wheel emitted a cracking

sound but continued to carry the load . A subsequent close visual

Inspection was conducted after the tire was deflated and the wheel

disassembled but It did not reveal any evidence of structural damage.
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Fi gure 51. Wheel Half after 1400 Mil e Straight Roll and 400 MileCamber Ro l l
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Figure 52. Hub Wheel Half after 1400 Mile Straight Rol l and
400 Mile Camber Rol l
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Figure 53. G/E Wheel after Completing Qualification Requirements
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Next the wheel was inflated to rated pressure and strain data were

taken for a straight slow rol l at 50% overload (approximately 9,200 lbs

radial load). As with the over-pressure loads , the strains measured

were judged to be within the allowable l imi ts (less than 4,000 micro-

in/in) of the composite structure. The strain data for these tests are

presented tn Section IV .

8. CONTINUATION OF STRAIGHT ROLL TESTS

Following the over-pressurization tests and the overload slow roll

tests , the straight roll at the rated load of 6,150 lbs. was started

again. The wheel and tire assembly was torn down at approximately 200

mile intervals for a close visual inspection. The objective of the

testing from this point on was to determine to actual number of straight

roll miles that the graphite epoxy wheel could attain. After 400

additional straight roll miles the Al hub, once again , had loosened

considerably and it was removed and rebonded.

rigures 54 through 56 illustrate the condition of the wheel at this

point in the testing. Figure 55 shows the worst bolt boss of both wheel

halves . As stated before, when consideration is made of the large number

of times that the bolts had been tightened or removed , it is felt that

these bosses were holding up well. Figure 56 shows the crack of the

original secondary bond region above the “0” r ing groove . Also as

stated before, this area is in compression when the wheel is assembled

and thus the effects of this crack are negligible.
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Figure 54. G/E Wheel after 1800 Mile Straight Roll 400 Mile
Camber Roll
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FIgure 55. “Worst” Bolt Boss after 2200 Roll Miles
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FIgure 56. Cracking of Secondary Bond Above “0” Ring Groove
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Figures 57 through 59 show the wheel after an additional 850 mi l es

of straight roll. The crack in the barrel of the wheel (Figure 58) had

widened slightly and a localized delamination (Figure 59) developed near

one bolt hole . Ne i ther of these defects cause d the wheel to lose a i r and

the wheel was visually inspected (on the dynamometer) every 20 to 30

miles . The tie bolts were changed about every 500 mi les and after the

t i re had accumula ted 1,270 miles the sidewall developed a void and it

was necessary to instal l a new tire . The wheel was inspected closely

during this teardown and no new defects were found. The straight roll

tests were restarted and continued unti l the wheel had atta ined 1 ,712

m i les . At th i s time , the wheel had been subjected to a total of 3,112

straight roll mi les and 400 camber rol l miles . Al so, at this time , an

air leak developed around the bottom of the air valve boss and the

wheel began to lose air at a rapid rate. One of the bolts next to the

valve stem broke off, apparently due to fatigue , and this must have

caused , or at least contributed to, the ai r leak at the valve stem.

Al so when the nut end of the broken bolt was removed, part of the boss

chi pped off as shown in Figure 60. The wheel was disassembled for

inspection purposes and it was found that the “0” ring had not slipped

out of the groove. Thus , the air leakage was apparer~t1y caused by a

defect that developed in the bond between the air valve and the graphite

epoxy boss. This air leak was fixed by liberally applying an adhesive

around the valve stem. Figure 61 shows an overall view of the same

wheel half.
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F igure 57. Wheel after 400 M i le Camber Rol l and 1400 M i l e
Strai ght Rol l
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Figure 58. “Crack” in Barrel of Wheel
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Figure 59. Delamination near Bolt Hole
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Figure 60. Chipped Bolt Boss - Total Wheel Miles - 3500
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Figure 61. Wheel Half after 3100 Miles of Straight Roll
and 400 MIles of Camber Rol l
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9. DEVELOPMENT OF FATIGUE CRACKS AND PLANNED
REPAIR AND INSPECTION TECHNIQUES

The straight roll tests continued until an additional 3,365 straight

roll miles had been accumulated above the required mi leage . At this time ,

a total of 4,765 straight roll mi l es and 400 camber roll miles had been

put on the wheel . At this time, the wheel once again began to rapidly

lose air. The wheel would still structurally wi thstand the loads from

the air pressure of 125 psi and it also withstood the rated straight load

of 6,150 lbs at the rated pressure but it would not hold the rated air

pressure. The wheel was sprayed with a soapy liquid used to help detect

air leaks and the results photographed as shown in Figures 62 through 64.

After close visual examination , small cracks were found i n the bead seat

area and also at the bottom of the barrel of the wheel . These cracks

were circumferential in nature and extended clear around the wheel . The

cracks prevented the wheel from holding air but they did not weaken the

structure enough to cause failure . If a metal aircraft wheel had these

kinds of cracks, a catastrophic failure would be extremely likely to

happen. The graphite epoxy wheel , however, still withstood the structural

requ i rements even though these cracks prevented it from holding air.

The significance of these results Is that fatigue failure wi th composite

wheel s Is not as l i kely to occur as with metal wheels and if the wheel

does have a fatigue fai lure , it is not likely to be catastrophic.

Since this wheel is a unique article , a series of inspection and repair

techniques will be undertaken in an attempt to repair the wheel . This

wi ll i nclude :

a. Ul trasonic “C” -Scan to see what patterns of the delaminations can

be recorded .
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Figure 62. AIr Leaks in Wheel
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Figure 63. AIr Leaks at Bead Seat and Bottom of Barrel
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Figure 64. Close Up of Air Leak In Bead Seat Area
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b. Impregnate wi th XYGLO , photograph , and bake out.

c. Impregnate wi th Tetrabromoethane (TBE ) for X-ray purposes.

d. X-ray for ‘~ laminations .

e. Bake out TBE.

f. X-ray for residue TBE.

g. Impregnate wi th epoxy In an attempt to repair the cracks.

h. Assemble with the tire and check for air leaks - repeat g

as requi red .

I . Repeat ul trasonic “C” -Scan to see what patterns of the

delamina tlons can be recorded.

j. Repeat impregnation wi th Tetrabromoethane (TBE) for X-ray purposes.

k. Structural test to the maximum extent possible.

1 . Section , polish and photograph the pertinent cross sections .

The results of this effort will be documented in a subsequent

technical report.

85

*



AFFDL-TR -- 76-54

SECTION IV

PRESENTATION OF SIGNIFICAN T DATA

This chapter will present selected strain data and coninents about

these data. Strain data were taken for several load conditions from

12 rosette gages and 13 single gages. For convenience , the figures which

illustrate the strain gage locations are repeated again as Figures 65 and

66. A computer program was written which computed stresses from all the

strain data and then printed and plotted (Calcomp plotter) these data.

Separate plots were made for the strain and resulting stress data of

each strain gage. These data were reviewed and the highest strains and

stress are presented in this chapter.

Due to the anisotropic nature of the graphite epoxy structure, it

was necessary to make certain simplifying assumptions in order to compute

stresses from the strains. These assumptions are discussed in Subsection 1.

The computed stresses were compared to the maximum-strain failure criteria.

This criteria Is discussed in Subsection 2. The rest of the chapter

discusses the Instrumentation , method of data col lection, and the data

obtained . Appendix 1 contains a sampling of the data obtained from each

strain gage.

1. LAMINATION THEORY USED TO COMPUTE STRESSES

a. Basic Engineering Constants and Notation

The engineering constants (Young’s modul il , Poisson ’s ratios and

shear modulli) that are presently most accurate for use with composite

materials analysis are those which have been determined experimentally.
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Figure 67 illustrates the terminology and number of engineering

constants applicable to two dimensional composite lamina. The 1-2 axes

notation will be used for the lamina with the 1 axis parallel to the

fi ber and the 2 axis perpendicular to the fiber. This coordinate

notation may also be referred to as the lamina natural axes. The

present accepted practice is to experimentally determi ne a fundamental

eng i neering constant of a lamina and then using lamination theory,

analyticall y predict the engineering constants of a laminate.

(Refe rences 3 and 4 ) .

ISOTROPIC 1 BASIS OF PRESENT
~~~~~~~~~~~~~~~~~~~~~ ~~~~Z . -  METALS TECHNOLOGYTWO ELASTIC

CONSTANT
Ei.i

)RTHOTROP I
FOUR ELASTIC

CONSTANT

BASIS OF MEMBRANE
E1 E2

P12 G12

~NISOTROP IC

~~~ ~- -~-- 1~r 
~ 

PLATE TECHNOLOGY

SIX ELASTIC
CONSTANT

1

Figure 67. Elastic Constants Used in Composite Theory
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Four lam ina engineering constants are readily obtainable on an

experimental basis. As shown in Figure 67, these are E1, E2, and

and G12. These constants are valid for a two dimensional orthotropic

material subjected to in-plane loading . Thus , when loaded (see Figure 67)
the orthotropic lamina does not rotate about any axis. Instead the

lamina deformation is restricted to translation along the natural axes .

At the present time , the experimental determination of more than four

lam ina engineering constants Is not a comon practice. For an orthotropic

lamina , stress is related to strains by: (Reference 3)

[011 = 
[~11 ~i2 0 

1 
c1

I ~ = J ~12 ~ J £~ (1)

[a3J = [o 0 Q66j C 3

Where:

= E~1/(1l -p12p21 ) OR Q12 = ~i12E22/ (l -u12ii21 )

= E~~/ (1 - = (2)

= ii21 E11 /(l - ~
i12 L121 )

Al so :

=

The wheel is composed of many lamina l aid up in 00, ± 4 50  and 900

orientations as shown In Figure 68. The axis notation to be used for

the laminate In the wheel Is also shown in Figure 68. Thus , the wheel
revol ves about the X axis and the Y axis Is in the hoop direction . Al so,
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the angle of the fiber is referenced from the X axis. Therefore, a “R/A”

fiber is along the 00 (X axis) in the laminate and a “C i rc ” fiber is along

the 900 (Y axis). The stress analysis was confined to stations A-G of

the wheel . As shown in Figure 68 stations A-I of the wheel are made up

of approximately 50% “Circ ” fibers (90°), 25% “R/A” (0°) fibers and the

remaining 25% are ± 45° fibers.

b. Stress Analysis of the Laminate

To analytically determine the laminate constants , published

lam ina constants (Reference 5) were used in conjunction with lamination

theory. As a first order approximation , the coupling between the bending

and the in-plane effects will be Ignored and , thus , the assum ption is made

that the laminate deforms only in a two dimensional manner when subjected

to in-pl ane loads (no bending occurs when loaded). The stress strain

equation for the laminate becomes:

A11 A12 A16

= .
~
. A12 A22 A26 £~, (3)

T,~y 
A16 A26 A56 Axy

Where:

= 

K=l ~~ij~k 
(h k - hk - l~
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Figure 69 denotes the notation used for the Equations 3, 4 and 5.

The stiffness (
~~

) terms are the constants found for the orthotropic
lam ina natural axes that have been rotated to the X-Y coordinate

system of the wheel .

___________ AXIS OF ROTATION

Fi gure 69. Notation for Lami na Coordinate Within the Laminate

The transformation of the Q
~ constants is done by using:

~1l = Q11~-~~
4
~ + 2 (Q12 + 2Q66 )SIN 2OCOS2O + Q22S1N

48

~
‘
22 = Q11 SIN 4e + 2 (Q12 + 2Q56 )SIN

2OCOS2e + Q22COS
4O

~l2 = + - 4Q66 )SIN 2OCOS2O + Q12(SIN
48 + COS4O) (5)

~66 
= + - 2Q12 - 2Q66) SIN

2OCOS2O + Q65(SIN
4O + COS4O)

~
‘
16 = - - 2Q66 )SIN OCOS38 + (Q12 - + 2Q~6) SIN

3OCOSO

~26 
= - - 2Q66)SIN

3OCOSO + (Q12 - + 2Q~6) SIN OCOS
3O

Substituting the 
~~ values for the natural lam ina into the above

equations gives (note that 
~ll 

is along the X axis and is along the

V axis).

93

——-——. - — 

-. 
- - _~~p- ~ --‘ - . - -

~~-d. - - - - -~~-- -~~~~~~ - -  - - -



p.-

AFFDL-TR -76-54

For a 0’ La~ina CR/A) :

— Q66 
—

Q16 0

~26 0

and for a 90’ 1a~ina (CIRC):

~

_

11 — —
Q16 0

~
- -Q ‘~ - O12 12 ‘

~26
and for a + 45 la*dna:

— (Q11 + Q22~ ( 25) + (Q12 + 2Q66)(.5)
0 . 0
“22 “11

— (Q11 + — ~~66X,25) + (Q12
)(.5)

~
1
~ii + — 2Q

1~ 
— 2Q66)(.25) + Q66(.5)

— (Q11 
— Q12 

— 2Q66)(,25) + (Q12 
— Q22 + 2Q66)(.25)

—

for a (—45’) laaina:

~11 — + Q22 )( 25) + (Q12 
+ 2Q66)(.5)

— Qu.
— + Q22 

— 4Q66) ( 2 5) + (Q12) (.5)

+ — 2Q
1~ — 2Q66)(.25) + Q66 (.5)

— 
~
1
~ii 

— Q12 — 2Q66)(.25) — (Q12 
— Q22 + 2Q66)(.25)

—

The abov, equations reveal that for a 0’ and 90’ lawina,

— • 0. Also if for every isaina of a +45 orientation then, is

another lawina of —45 orientation with the .~~~ orthotro pic properties and

thick ness, (true in this case because the same pre—pre g ~~s used throughout)
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the 
~l6 

and 
~26 

terms will have the same absolute magnitude but opposite sign.

S i nce = 

~
‘
26 

= () for the 0° and 90° lam lna , the only contributions to the
A 16, A 26 terms of Equat ion 3 above are the 

~16’ ~26 terms for the ± 45°

lamina. Thus i f equal numbers of ± ~~~~~~ lam ina are used , the sum of the A 16 and

A25 terms for the l aminate will equal zero. Therefore, Equation 3 becomes :

1 
[ A11 A12 0 [c~ (6)

= t ( A1~~A~~ O

Txy [ 0 0 A66 [‘~
‘xy

This indicates that the laminate is now specially orthotropic with respect

to In-plane forces and strains.

A computer program entitled SQ5 and described in Reference 6

was used to obtain the l aminate constants. This program defines the l imit

stress interaction diagram as discussed in Subsection 2. The inputs

required for this program are the lam ina constants, the limi t allowabl e

stra ins of the lam ina, and the layup used to construct the laminate .

Inputs to SQ5 for Modinor II with 4617 Resin (Reference 5)

2 (Perpendicular to Fiber) Lamina Constantst Cl 2 0X 1 06 psi 

~
p— 1 c2 = 2.1 X 106 psi

Basic Lamina p12 = 0.21
(Parallel to Fiber) 0.85 X io6 psi

Limi t Allowable Strains of Basic Lamina

Cl COMP (-0.0066) Cl TEN (0.0058)

COMP (-0.0067) £
2 

TEN (0.0025)

COMP (-0.01) TEN (0.01)
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Layup for Section B-C , Figure 70 (Each Ply Assumed to be 0.007 in. Thick)

Layer No. Orientation Thick (In)

1 90° 0.042
2 0° 0.028 I _ ~ 0oP AXIS
3 90° 0.042 

R~.DIAL LAL4 0° 0.028

6 -45° 0.021
7 90° 0.042 

— 

WHEEL AXIS OF8 0° 0.028

5 45° 0.021

9 45° 0.014 ROTATION
10 -45° 0.014

12 00 0.028
11 90° 0.042 

IRC FIBER
13 45° 0.021
14 -45° 0.021
15 900 0.042 Figure 70 TYPICAL SKETCH SHOWING FIBER
16 0° 0.028 ORIENTATION AND AXIS NOTATION
17 90° 0.042

Note from Figure 68 that the layup differs slightly from Sections A to I.

To take this into account, the SQ5 program was run for three different

positions , Sections B-C , F-G , and G-I. The SQ5 output included the

(AlT) matrix ( see Equation 6) and the average elastic constants for

the laminate (E r, Eyi 1
~xy’ ~~~~ 

The values of these cons tants obta ined

from Sections F-G and G-I were within 5% of the values obtained for

Section B-C , consequently Section B-C was chosen to be the typical

laminate for the wheel cross section.

An Inspection of Equations 5 and 1 above shows that the

laminate stress-strain equation is essentially of the same form as the

lamina stress-strain equation . This indicates that due to the ply

l ayup and the assumption that no laminate bending occurs , the laminate

96



r —

AFFDL-TR -76-54

has the same governing relationship as the lamina. Thus,g lven E
~. 

E~ 1

and for the laminate , one can also use Equation 1 wIth simila r

equations:

~ii 
= 

~xx = Exx / (l - 
~xyU1yx)

= Qyy = E~~/ ( - 
~“xy~yx~ 

(7)

= 

~xy 
= 
~yx

Exx u’(’l - 
~xy~yx~ 

= 

~xy 
E~~/(1 - 

~xy~”yx~
= and PyxExx = PxyEyy

To obtain:

ax [Q xx Qxy O cx

= 

~ ~xy 
Q~, 0 (8)

0

This is valid because for this special case 
~xx = A11/t ,

~xy 
= A12/t, Qyy = A22/t and Q66 = A66/t. A computer program was written

which computed the laminate stresses using Equation 8 above. The stra ins

and c,~,, were read directly from the strain gages and 1xy was computed

from rectangular rosette gages using:

1xy = 2c45° - cOo £900 (9)

Where the angles refer to the l egs of the stra in gage.

The stresses were computed using Equation 8 instead of Equation 6 (since

both are identical ) to further Illustrate the fact that the l aminate

elastic response has been greatly simp lified.
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2. CRITERIA USED TO COMPUTE LIMIT ALLOWABLE STRESSES

The SQ5 computer program was used to determine the limi t allowable

stresses interaction diagram for the wheel . This program uses limi t

al l owabl e lam ina stra i ns and the maximum allowable stra in cr iter ia to

compute the coord inates for the limit allowable stress interact ion

diagram. A typical limit stress interaction diagram is shown in

Figure 71. The maximum allowable strain criteria simply means that the

computed lamina strains must not exceed the limit lainina strain

allowables which are input to the program.

ksi
40

~40 G 2.6 x lO6 psi‘Cr
p

60% 0° /40% +45°
MORGANITE 11/4617

Figure 71 - TYPICAL DES IQi LD(IT SURFACE
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To determine all possible combinations of the lami nate allowable stresses

(and thus the interaction diagram), the SQ5 program proceeds as follows :

(1. All combinations of unit allowable stresses (tension and

compression combinations) are individually applied to the l aminate.

(2. Usi ng an inverse form of the equivalent of Equation 8,

the laminate strains (ca, Cy~ i~ ,) are determined for all these combinations .

(3. These strains are then rotated to the l ami na axes and thus

the lamina strains , Cl, £21 and -y’ 12 are determined. The lami na stra ins

can now be compared to the limit allowable lamina stresses which were

i nput to the program.

(4. Since these lami na strains are produced by unit laminate

stresses , the maximum allowable laminate stresses can be determined by

the rat io:

I Limi t Allowable Lami na Strain 1
LLamina Strain Due to UniT Laminate Stress i X ~Unit Laminate Stress

(5. The maximum allowable shear stress is then determined

using ‘this ratio. Next, the SQ5 computes shear stress Increments of

±10,000 psi from zero shear stress to the maximum allowable shear stress.

(6. a
~ 

and intercepts are then computed and printed out for

all shear stress increments (both tension and compression).

Thus , the end result of these computations is the 1aminate

and coordinates for different shear Increments f rom zero to the

maximum allowable limit shear stress. These incercepts can be plotted

In a manner similar to Figure 71. As indicated above, this is a limi t

allowable laminate stress diagram which Is determined using limi t
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allowable lamina strains. These limi t allowable lamina strains have been

computed by appropriate reductions of the experimentally determined

ultimate ±c 1, 4 L 2 , and strains . Thus, If the wheel stresses as

computed from the strain gage data , fall within the confines of the limit

interaction stress diagram then none of the lamina strains have exceeded

the limit allowable values .

This criteria is considered to be quite conservative . However.

an accurate analytical prediction of ultimate allowable laminate stresses

requires the use of nonlinear techniques or finite element analyses . A

sample ultimate stress curve is shown in Figure 72. ThIs curve is for

the same lami nate used in Figure 71. Thus , the l imit interaction curves of

Figure 71 and FIgure 72 are identical. These curves are shewn to
illustrate the nonlinea r relationship between the l imit design allowables

and actual lami na fracture.

av ksi
GRA PH~TE— EPOX~ I LAMEPI T FRACTURE
60% 0 /140% ~~ 

50

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~ I ~0 a>~ 
k s i

-100

FIGURE 72 - LIMIT AND ULTIMATE INTERACTIO N CURVES
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The limi t stress interaction diagram for the wheel is presented in

Subparagraph IV-7.

3. INSTRUMENTAT ION

Strain data were taken from the wheel during pressurization and

both straight and camber slow roll conditions . To obtain the data

during pressurization , a null - balance wheatstone-bridge circuit was

cons tructed us i ng a stra in indi cator , temperature compensat ing stra in

gages, and the strain gages on the wheel . The temperature compensating

gages were placed on a unidirectional l aminate which was ten pl ies

thick. To match the thermal expansion properties as closely as possible ,

three temperature compensating gages were used, one along the fiber, one

at 45° to the fiber, and one transverse to the fiber di rec tion. Th i s

required switching from circuit to circuit in order to match the tern-

perature compensating gage to the gage being read. The switches used were

frequently checked for signal variation due to poor (dirty) contacts,

and cleaned , when necessary, to main tain good contact. The zero for all

strain readings was taken with the wheel in the disassembled state.

This zero was rechecked almost every time the wheel was taken apart .
Discussion of the zero drift and various strain reading anomalies which

occurred Is presented In Subparagraphs 4 through 6.

A l ight-beam oscillograph was used to record the strain data

taken duri ng the camber and straight slow roll. Three channels of data

were simultaneously recorded. Initially, the data were transmitted

through a long cab1e to the recorder. This cable was allowed to “wind-up ”

around the wheel for 3 or 4 revolutions and then the wheel was unlanded

and returned to Its original position . Later In the tests, a slip ring
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was used to transmit the data . Cal ibration of the oscillograph was done

by shunting a known change of resistance (strain) across the ci rcuit and

observing the corresponding deflection of the light beam . For reference

pur poses , the wheel was divided into four quadrants (see Figures 65 and

66 with the 00 orientation mark placed at the val ve stem. The record i ng

system was set up so that a “blip ” woul d be registered by the oscillo—

graph every time the valve stem (0°) was directly over the load . The

oscillograph paper was then developed and readings were taken for one

complete cycle. These data were then punched on computer cards for use

as input to the computer program that was written to compute and plot

the stra ins and stresses .

4 . STRAINS AND STRESSES FOR PRESSURIZATION

The zero for the strain gages was established with the wheel

disassembled . The tire seated against the rim at 20 psI , therefore the

first strain readings were taken at this pressure. Strain data were then

taken at 10 psI pressure increments from 20 psi to 130 psi. Repetitions

of all pressure increments were conducted before the data were recorded.

The wheel was allowed to remain at 50 psi for 3 1/2 hrs, at 80 psi for

1 1/2 hrs , and 130 psi for approximately 70 hrs . Pressure readings and

strains were read before and after these periods. No pressure loss was

observed at 50 and 80 psi and approxImately 10 psi was lost from 130 psi

over 70 hours. The tire was inflated again to 130 psi and allowed to

stabil ize for approximately 1 hour before the strains were read. Some

of the changes in strain observed over these three periods must be

attributed to the inaccuracy of the Wheatstone Bridge circuit used and

some must be attributed to the stretching of the tire, which may have
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resulted in a redistribution of the load . The remaining port ion of the

strain change can be attributed to the creep of the composite structure .

At 130 psI , the minimum change drift in strain was approximately 20 mm /in.

for the single gage Si.

Figures 73 through 89 give the pressurization stress and strain data

for seven single gages and two rosette gages. The discontinuities in the

curves at 50 psi , 80 psi and 130 psi represent the change in strain which

occurred when the wheel was allowed to stand at these pressures. The bead

seat rosette gage (R12) reached a maximum strain of approximately 1300 mm /in.

These were the highest strains encountered during pressurization. Based on

these data , the wheel design was judged to be conservative.

The pressurization was followed by a fiat plate loading condition.

The pertinent strain data for this condition are suninarized in Section 111-2.

5. STRAINS AND STRESSES FOR STRAIGHT ROIL

Figures 90 through 105 depict the measured strain and calculated

stress for five single gages and three rosettes for one complete revolution

of the wheel on the dynamometer. The peak strain measured was approximately

2100ij in./ in. on rosette R12 In the bead seat area . The stra in due to the

static pressure (unloaded condition) is plotted on several of these graphs

to show the increase in strain due to the loading of the wheel on the dyna-

mometer. As the roll test progressed the strain gages in the bead seat area

were destroyed due to the movement between the tire bead and the wheel .

New gages were installed and additional strain data were taken from select

gages at 143 mIles , 260 mI les, 320 miles , 1 ,000 miles and 1 ,400 miles.
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No s~gnif lcant difference was found between the data init iall> taken and

the data taken at a later time , Thus, only the ir~tia1 c~~ti are presented

in this report ,

6. STRAINS AVI D STRESSES FOR CAMBER ROLL

Imediately after collecting the straight rofl data , the camber

roll data were also taken. These data were very si m ilar to the straig~-t

rol l data . Figures 106 through 122 depict t~’e strain and strcss plots

for the same strain qages that were plotted for th~’ stra~c’ht ; o1 1.

After the initial data were collected , the wheel wa~ subjected to a

1,400 mile straight slow roll and then 400 r iles of camhe;-ed s low ro~l.

There were no significant changes in the strain data as a result of

completing the straight and camber slow roll , thus only the o”ic~inal

data will be shown . As with the straight roll , t~ie maximtjrl strain
measured was approximately 21(Y) ~ in ./in , )1 rosette R l~ in the bead

seat area .

7. PLOT OF SIGNIFICANT STRESSES ON THE LAMINATE INTER~SCTJ0N CURVE

Figure 123 i l lustrates the peak computed st rm~:sses for the straight

roll condition plotted .n a limit stress interaction diagram generated

by the SQ5 computer progran’ . The interaction curve Is plot ted for

the typical laminate found In the wheel . The allowable curves are sb’ wn

for a shear stress (o,~,) of both 0 and 11) ksl . Figure 124 illustrates

the peak comouted stresses for the camber roll condition. Only the

maximum computed stresses were plotted In either of these curves. All

the other stresses are lower than these values . The actual peak shear

stresses in the whe~1 most likely lie between 0 and 1(1 ksi . Thus, the
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areas around strain gages R5 , Rl2 , and S8 are probably exceeding the

limit allowable stresses of the SQ5 curve . However , due to the

conservative nature of the SQ5 program (limit allowable strains used)

and the complex sha pe of the wheel , these plots only give a relative

indication of the stress levels (vs the allowable stresses) in the

wheel .

8. COMPARISON OF PEAK STRESSES BETWEEN THE GRAPHITE EPOXY
WHEEL AND THE CORRESPONDING A-37B CONVENTIONAL ALUMINUM WHEEL

An aluminum wheel was instrumented with strain gages in similar

locations as the graphite epoxy wheel and comparisons were made between

the strain and stress leve l s in the two wheels. Figure 125 illustrates

a comparison of the bending stress in the bead seat areas of the two

wheels. This figure illustrates that the composite wheel was not

stressed as highly in the bead seat area as the aluminum wheel (16 ksi

peak stress in the composite vs 20 ksi peak stress in the aluminum).

This figure also illustrates that the stresses due to pressurization

also differ by about the same amount.
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SECTION V

CONCLUSIONS -

This test has demonstrated the feasibility and durability of an

unbraked graphite epoxy aircraft wheel . Although the wheel may appear

to be fragile , in reality it Is extremely tough and durable. Also , even

though the wheel was not highly stressed (as shown ~y the computed

stresses), a weight savings of 16 percent was obtained over the comparable

metal wheel . The whee l had excel lent fatigue life as demonstrated by

the large number of roll miles attained before fatigue cracks developed .

When the wheel did fall , It was not a catastrophic failure , as might be

expected In a metal wheel , but Instead it was just a gradual loss of air.

The safety ramifications of this failure are a possible technical

breakthrough.
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SECTION VI

RECOMMENDAT IONS

(1) Reduce the Fabrication Costs

The wheel was a very expensive i tem to make because of the vast

amoun t of hand labor required during the lay-up of the plies. The

fabrication method needs to be simpl ified and automated to reduce these

costs.

(2) Develop Relaxed Manufacturing Tolerances

Tests need to be conducted to determine the amount of var i ance

allowed dur i ng the manufac tur ing process .

(3) Test Additi onal Wheels

Re pea t these tests for at leas t three more wheel s of sim i lar

design.

(4) Additional Efforts

Apply this technology to high temperature composites so that a

wheel could be developed to be compatible with an aircraft brake.

(5) MDI

Additional methods of nondestructive Inspection should be

develo ped. Al so , some methods must be developed to quantify what is

observed In the NDI and relate this to wheel strength.

(6) EnvIronmental Effects Tests

Test s should be conducted to determine the effects of moisture

on the structural Integrity of the compos ite .
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