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SECTION I

INTRODUCTION AND SUMMARY

A. INTRODI~ TION

The objective of th is contrac t (F33615-74-C-3040) was to demonstrate
that the braked main landing gear wheel for the T-39 aircraft could be
designed, f abr icated , and successfully tested at a significan t weight
savings over the existing aluminum wheel by using graphite composite .

The contract was phase oriented, consisting of the following.

Phase I - Design

Phase II - Fabrication of Three Wheels
(Only after go-ahead approval by the Air Force )

Phase III - Testing at Wright-Patterson AFB

Phase IV - Modify Design, Fabricate Three Wheels

This report is the final report and covers the design and analysis,
thermal studies, drawings, fabrication, tooling concepts, and problems
that resulted in accomplishing only half of the original fabrication plan.

B. SUMMARY

The design and analysis of the graphite composite braked main landing
gear wheel for the T-39 aircraft was based on material properties discussed
in Section II. A thermal analysis 8f the composite structure showed the
maximum wheel temperature to be 406 F adjacent to the steel brake keys

• (inner wheel half) and 223° F on the outer whee l half . Hercules 4397/AS
resin system was selected for the inner wheel half and 3501/AS for the
outer half .

The most critical area of the design was located at the flange under
an ultimate tire pressure of 735 psi and a side load of 20,000 pounds.
The critical stress in the flange under these conditions was 7000 psi in
shear.

• The weight of the graph ite composite wheel was computed to be 18.6
• pounds , 28.5 percent lighter than the 25.97-pound aluminum wheel.
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From this program, it appears that although the technology is avail-
able for using addition type polyimides in single, relatively thin struc-
tures, the extension of this technology to thick, complex structures requires
further development. Further , lower cost, simpler design and fabrication
procedures must be investigated before the potential cost savings offered
by composites can be realized. Simpler designs can evolve only if com-
posites are considered in early wheel design efforts; i.e., material
subs titution designs appear overly restrictive in braked , high-temperature
applications.

It is reconinended that:

(1) Future composite wheels and brakes be designed as a package
approach.

(2) A program be initiated to extend 450
0 F capability composites

technology to enable low-cost fabrication of thick, complex
structures. This should include studies to determine the
effects of reduced bleed/compaction cycles on the physical
properties of laminate and optimization of cure cycles to
minimize potential delaminations.
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SECTION II

DESIGN AND ANALYSIS

A. INTRODUCTION

The design of the graphite composite wheel was based on the criterion
that the wheel function as a substitute for the T-39 aircraft metallic
main landing gear wheel. The graphite composite wheel is to be f itted
with a 26 x 6.6 type VII tire and T-39 production hub and brake assembly
and must function structurally and mechanically identically to the T—39
production metallic wheel and brake assembly. Also, the design must readily
facilitate assembly and disassembly of the wheel and tire. (See Figure 1.)

A major advantage in the use of graphite composite in aircraft wheel
fabrication, other than the obvious potential weight savings , is a non-
catastrophic whee l. failure and pressure blo’~mut. Fragmentation damage is
minimized to both personnel and aircraf t, and, in general , wheel failure
1,s expected to cause a gradual depressurization.

Mechanical design and analysis of the wheel was performed using the
strength-of-materials approach utilizing experimentally verif ied laminate
properties. A finite-element computer analysis of the axially synznetric
wheel was not considered necessary.

Thermal analysis of the wheel configuration was performed using the
HETRAN II computer program. In this analysis, a two-dimensional (2-1))
axially syninetric grid was modeled which closely approximated the 3-1)
geometry. Using experimentally measured temperatures on the aluminum
production wheel, time-dependent heat load was defined . This heat load
was then used to predict the thermal effects in the graphite composite
wheel by varying the heat f lux linearly as a function of applied kinetic
ençrgy. Analyses were performed for a normal braking condition (2.35 x
100 ft-lb kinetic energy) and an overload (ultimate) braking condition
(2.94 x 106 ft-lb kinetic energy).

Hercules AS graphite fiber was selected for its high strength pro-
perties, low cost, availability , and handling characteristics.

B. DESIGN LOADS

The loads to which the wheel will be subjected as defined by the
Air Force Test Plan are sunmarized below:

(1) Pressurization and Static Load:

t (a) Pressurize to 200 psi and allow to stand for a
minimum of 24 hours. Air loss should not exceed
5 percent.

7
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(b) Apply radial load of 8200 lb with tire pressurized
at 200 psi. Increase radial load to design yield
value of 39,700 lb per MIL-W-5013 H, Paragraph 4.5.5.1.
Increase radial load to design ultimate value of 59 ,600
lb per 141L-W-50l3 H , Paragraph 4.5.5.2.

(c) Apply side load at a radius of 10.2 in. from the axle
to yield load of 13,320 lb followed by ultimate load
of 20 ,000 lb.

(2) Dynemameter Slow Roll - Maintain wheel speed of 4-6 mph and
apply a radial load of 8200 lb for a minimum rolling distance
of 1500 miles. The wheel will be periodically disassembled
and inspected for structural damage dur ing the test. Con-
t inue test until wheel failure occurs or is inminent .

(3) Dynaao.eter Braking Tests for Normal and Overload Stops:

(a) One-hundred brake stops of 2.35 x i06 ft-lb LE. at
10 ft/sec2 deceleration .

(b) Apply tangential load of 9800 lb at rolling radius of
the tire (11.2 in.).

Cc) Three brake stops of 2.94 x 106 ft-lb K E . at 10 f t/sec2
deceleration.

Brake temperatures for 2.94 x 106 ft-lb kinetic energy obtained from
dynamometer tests performed on the production aluminum wheel by the Air
Force Flight Dynamics Laboratory are plotted as a function of t ime in
Figure 2.

Theoretical prediction of the temperature response at critical are a s
in the metallic wheel was also supplied by APPDL. Maximum wheel temperatures
were predicted for the design conditions,

18,000 lb gross weight aircraft
1/2 worn brake
5 mph wind
1000 V ambj.ent temperature
4.329 x 100 ft-lb kinetic energy
8.17. tire drag

and are p lotted as a function of time in F igure 3.

The critical design mechanical static loads on the T-39 wheel speci-
fied in USAP Drawing 59F15, entitled “Wheel. and Brake , 26 x 6.6 Type III ,
Assembly Of’ , are:

Ultimets rad ia l load — 59 ,600 lb
Ultimat a side load • 20.000 lb

~~
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Applied at a radius of 10.2 in.
‘I  

Minimum burst pre ssure • 735 psi

C. CC*(POSITE SELECTION

Thermal analysis of the outer wheel half predicted a maximum operating
temperature of 2230 V. Since the physical properties of the Hercules
AS /350l graphite composite exceeded design requirements, this material was
selected for the outer wheel half.

Studie, of the inner wheel half predic ted peak composite temperatures
~f 4~~~O F as a result of braking operations . A design phase review of
availab’e high-temperature resin systems revealed shortcomings in eitherphysical pçoperties, moisture ef fec ts , or workability. Prior experience
has shown that existing high-temperature polyimide resin systems lack theessentia l drape and tack characteristics necessary for the wheel configura-tion.

The preliminary designs for this high-temperature applicatio n werebased on Hercules “W’ resin laboratory/pilot line specimen data. It
appeared that the “W’ resin systems would be available and could be pro-cessed with an internally funded high-temperature resin development program.Therefore , an incense internally funded effort to finalize “W’ reBin into
a product was undertaken and resulted in a good reproducible system.
Unfortunately, shear property data obtained did not meet inner wheel halfdesign requirements, and thus the material was not suitable for use.

The next resin investigated was the Fl78 polyimide amide system.
This resin showed promise, and , based on preliminary test results, was
incorporated into the inner wheel design for the Phase I program review.
However , add itiona l testing early in Phase II showed that lot-to-lot
variations of the resin made this system marginal for the intended applica-
tion. In addition, moisture degradations at elevated temperatures were
found to be more severe than indicated by previous test data.

After an intensive development program, the Product Development Group
completed a development of modified polyimide resin system (4397) which met
all design requirements based on extensive ttst specimen data. Furthermore ,
this resin did not give off volatiles during aire or poatcure. A decision
was made to use this AS/4397 system on the inner wheel half.

The 4397 resin system is an addition-type polyimide modified to pro-
vide hot-melt processing characteristics for manufacturing graphite fiber
prepreg. In prepreg form, it is handled and cured similar to state-of-the-art epoxies~ except it requires a high-temperature poatcure cycle. Thesys tem possesses reasonable drape and tack ; however, it is more boardythan epoxies and requires slight warming when shaping to complex contourssuch as the ~d~eel. The cur *4 system provides 4500 P performance withexc•llent moisture resistance.

— 
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D. MATERIAL PROPERT IES

Graphite composite lam ina properties used in the design and analysis
of the wheel are summarized in Tables 1 and 2.  For the composite layup
of (02 ± 45 , 90) , the “A” allowables , laminate properties are summarized
in Tables 3 and 4 Therma l properties arc defined in Table 5. The
brake keys are machined from 4130 ste~ 1 and hea t treated to a Rockwell
hardness of 39 to 41 C , resulting in a tensile strength of 182 ,000 to
190.000 psi.  Properties for this strength were taken from MIL-HDBK-5.

The valve adapter and brake key screws are also 4130 steel alloy ,
and their properties were based on values given in MIL-HDBK-5.

E. DETAILED DESIGN ANALYSIS

The proposed graphite composite wheel confi guration design does not
vary significantly from that of the metal wheel. Sharp corners were
removed , smooth transitions for graphite fibers were provided , and wall
thicknesses were increased to accommodate high shear stresses . The design
envelope was not exceeded for the composite configuration.

Basic tire/wheel assemb ly dimensions for the meta l wheel are specified
in Figure 4.

1. Thermal Analysis

The basic wheel/brake assembly confi guration was mode led for
computer analysis as shown in Figure 5. Us ing measured thermocouple
data for the a luminum wheel defined in Paragraph B , above , time-dependent
heat load was defined. Heat flux was applied to the brake with heat
entering the wheel by conduction through the brake keys and bearings on the
wheel and by convection and radiation from the brake.

The HETRAN II computer program utilized a 2-I) symmetric grid
which closely approximated a 3-I) geometry. Time-dependent heat flux was
varied in the analysis of the aluminum wheel until the computed tempera-
tures agreed with experimentally measured values. Computed temperature
d istribu tions in the aluminum whee l at 5, 10, and 15 minutes are shown
in Figures 6 , 7 , and 8 , respectively , for kinetic energy load of
4.329 x 106 ft-lb . The heat flux for the norma l condition o~ 2 .35 x 106
ft-lb kinetic energy and the overload condition of 2 .94 x 10 f t - lb  kinetic
energy are proportioned directly to the heat flux for 4.329 x i06 ft-lb and
are plotted as a function of t ime in Figure 9.

Using the heat flux for the normal condition and overload condi-
tion, temperature distributions in the graphite composite wheel were
computed. Thermal properties for the graphite composite were specified

I
, ifl Thble 5.
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tA3LE 1

LAJaMA P~~)PERTIES FOR 4397/As GRAPh ITE COSPOSITE

________ _______ — 
Severe_l~ isture

77° F 400° F 430° F 770 7 400° j 4 ° ~
Elast ic Constant.

00 Tensile hk,dulus eat 19.8 19.8 19.8 19.7 19.7 19.5

0
0 Cc~~r.sstv. I~ du1us 

~“ ¼~’ eni 16.0 16.0 15.5 15.8 15.8 15.0

900 T.nsll. I~ du1us (1~~~), .sl 1.3 1.0 0.9 1.3 1.0 0.9

900 coupres.ive ~~~u1us (1~~~), i 1.6 1.4 1.3 1.5 1.2 1.0

Shear I~ du1us (012). eat 0.65 0.58 0.55 0.65 0.58 0.55

?oisso~~s Ratio (y 12) 0.25 0.25 0.23 0.25 0.25 0.25

Therea t Coefficient.
00 

~~~~~ 
io .6 ira.Iin./ °F -0.2 -0.2 -0.2 -0.2 -0.2 -0.2

900 

~°22~ ’ 10-6 tn.Iin./ °? 13.0 13.0 13.0 13.0 13.0 13.0

Utt Seate Strpine

00 Tensile (.ti..~
) .  tn ./in . 0.0115 0.0115 0.0109 0.0110 0.0107 0.0103

00 Co~~~r.aaiv . (at Q. in./in. -0.0100 -0.0091 -0.0087 -0.0098 -0.0079 -0.0077

900 Tensile (‘22?)’ in./in. 0.00369 0.0040 0.0042 0.0035 0.0038 0.0042

90~ Coupruseive (‘2Q . in./in. -0.0100 -0.0100 -0.0100 -0.0100 -0.0100 -0.0100

Is-plaoe She r (p
~~~), 

in./tn . ±0.0100 +0.0100 ±0.0100 ±0.0100 ±0.0100 ±0.0100

Utt iant. $trs~~ths

00 Tensile (‘tQ. hal 227 227 215 216 210 200

0 Ca~~r.sslv. (.iQ. hal 160 145 135 155 125 113

900 T.. .iJ.. (Ea~~), hal 4.8 4.0 3.8 4.6 3.8 3.6

900 Co~~reeaiv (Pfl~), hal 30.0 25.0 22.0 28.0 22.0 19.0

la-pleas Shear (r ~~). hat 14.7 9.4 7.4 12.9 7.8 6.3

Vlasur.1 Ser.a th , hat 259 188 161 238 162 119

00 Flenura l Nedelu. , eat 17.6 17.7 17.9 17.4 17.7 16.7

88$ 5tr~~~th , hal 14.7 9.4 7. 4 12.9 7.8 6.3
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TABLE 2

LAXINA PROPERTIES F(~ 3501/AS GRAPh ITE C(~(POS1TE

Dry Severe Moisture

77° F 175° F 200° F 770 F 175° P 200° F

Elastic Cons tants

0° Tensile Modulus (E11 ), mat 20.4 20.4 20.4 20.4 20.4 20.4

0° Compression Modulus (Elic), mat 16.0 16.8 17.0 15.2 15.7 15.9
900 Tensile Modulus 

~~22T~’ mat 1.46 1.28 1.2 1.38 1.20 1.12

900 Compression Modulus (E2~~), met 1.5 1.40 1.35 1.43 1.31 1.28
Shear Modulus CM12) , mat 0.65 0.61 0.60 0.65 0.58 0.55

Thermal Exoanaice Coeffic ients

0° Coefficient 
~°~L~’ 

th./ in./ °P x io.6 —0.2 —0.2 -0.2 —0.2 —0.2 — 0.2
90° Coefficient 

~°22~’ 
in./jn./0F x io 6 13.0 13.0 13.0 13.0 13.0 13.0

Ultimate Strains

0° Tensile (‘llT) ’ ~ 1.15 1.13 1.13 1.13 1.13 1.13
0° C~~~r..sion ~‘Uc~’ 

7. 1.44 0.85 0.81 0.92 0.75 0.72
90° Tsnsile (‘2k)’ ~ 0.64 0.57 0.56 0.60 0.50 0.50
90° compression 

~‘22~~’ ~ 
2.33 2.14 2.00 2.22 1.88 1.74

Ultimata Str~~~th

0° TInsil. (‘11?)’ ksi 230.5 230.5 230.5 230.5 230.5 230.5
0
0 C~~~ressj om (‘iQ’ kit 154.0 143.0 138.0 140.0 117.0 114.0

90° T.asil. (I~&, kit 9.2 7.3 6.7 8.4 6.0 5.5

900 Compression ~~~~~ kit 35.0 30.0 27.0 31.8 24.6 22.3
In—Plant Shear 

~‘12~’ kit 16.1 12.5 11.6 14.1 9.6 6.9

0° Flax StTsn$th , hat 261.6 239.5 225 238.2 196.3 165.6

0° Flax Modulua, mat 18.1 18.0 17.9 17.2 16.9 16.8

SM Stromgth. kit 16.1 12.5 11.6 14.1 9.6 8.9

is



TABLE 3

CALCULATED 4397/AS LAMINATED PROPERTIES

(0 2, +45, 90 J GEOMETRY

Dry Severe Moisture
770 F 400° F 770 F 400° F

El astic Constants

B , mat 10.010 9.888 9.964 9.841x
mu 6.521 6.341 6.493 6.313

V 0.305 0.305 0.305 0.305

niL 2.443 2.384 2.433 2.374

Thermal Coefficients

a io 6 in./in./°F 0.379 0.251 0.382 0.253

io 6 in ./in./°F 1.361 1.037 1.367 1.043

Ultimate Strengths

S~ Tensi le, psi 36,875 39,550 34,870 37 ,400

Tensile, psi 24,017 25,360 22,720 23,990

8~ Compressive1 psi -76,694 -75,780 -76,340 -75,430

Compressive, psi -57,603 -53,040 -54,160 -49,870

Interisminar Shear, psi 18 ,002 19,080 17,030 18,050

16
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~ 6.65/6.251N. —

— ______________ 

~iu• 5..0 IN.

____ 
25.75/25.05 IN.

DIA

16.0 IN. 14.0 IN.

DI
DIA 

_ 
_ _ _  _

3.7 IN.

I

J igure 4. Ccnfiguration of the T39 Metal Wheel/Tire
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TABLE S

ESTD(ATED THERMAL PROPERTIES OF GRAPIIITE/EPCfAY COMPOSITE

e ff 1  Thermal Conduc~ivity
Temperature 

SI) C 
(B tu/hr-ft- F) Density( F) (Btu/lb-°F’ 

Terpendicular Parallel (lb/ft3)
_____________ ____________ to Fibets With Fibers __________

70 0.26 0.445 22.3 97.0
210 0.29 0.533 25.5 97.0
500 0.35 0.580 32,3 97.0
700 0.39 0.590 36.0 92, 0

Referencas: 1. ‘i)ynatech Corporation Report on GPRP Thermal
Conductivities”, Fairchild 11111cr , Interoffice
Cosinunicacions , Report No. ATS—318—072, 23 July
1971.

2. “Advanced Composite Missile and Space Design
Data”, Convair Aerospace Division of General
Dynamics , Report No. GDCA—CHB-72—001, p. 7—1.

Wheel temperatures for norma l load conditions at 5, 10, and 13
minutes are shown in Figures 10, 11, and 12, respectively . The
maximum predicted temperature was 350° F in th. composite adjace nt to the
brake key at a t ime of 10 minutes . Temperatures slightly over 3000 F
were also experienc ed in i:he inner beari ng flange .

For the overloiAd condition, isothermal plots for 5 , 10 , and 15
minute s are shown in Ftgure. 13, 14, and 15. Again, maximum tempera-
ture in the whee l o~cur rsd after 10 minu tes and reached 4060 F at the brake
key and 3050 P at the inboard bearing flange.

The maximum predicted temperatures at critical locations in the
wheel are plot ted as a function of kinetic energy dissipation in Figure 16.

It should be notsd that temperatures in the outer wheel section
were considerably lower than those in the inner wheel section. Maximum
temperature pr .dicted fo~ the normal loading condition was 223° F in the
outer wheel half and 406 F in the inner half for the overload condition.
The low temperatures in the outer wheel section permittad the use of a
conventional 3500 P epoxy resin system such as 3501 , resulting in a more
attractive fiber matr ix from both fabrica ting ease and lower cost stand-
points. The properties for “wet” and dry” 3301/AS are shown in Table 2.
The inner wheel required the use of Hercule S 4397 polyfaide system since
the max1a~~ outer wheel section reaches 406 F.

24 

~~~~~~~~~~~~ ~‘I  ~~
• ., . - 

.
~~~ 

-. - - - -



V
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,1

18 ,000 LB GROSS WEIGHT AIRCRAFT
N~~J BRAKE
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600

500

ADJACENT TO METAL KEY LUG

~~~400 — _ _ _ _

0
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___________ ___________ — _____ — INBOARD BEARING
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Figure 16. Predicted )Isxi.ua Temperatures at Critical Locations
in the Proposed T39 Graphite Composite Airplane Wheel
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2. Mechanical Analys is

The critical design mechanical static loads on the T-39 wheel
specified in USA! Drawing 59F13, entitled “Wheel and Brake, 26 x 6.6 Type
VII Assembly of”, are:

Ultimate radia l load — 59 ,600 lb
Ultimate side load — 20 ,000 lb

App lied at a radius of 10.2 in.

Minimum burst pressure — 735 psi
Specific areas of the wheel analyzed using strength of materials

approach were :

(a) Bolts holding the two wheel sections together

(b) 0-ring pressure seal

Cc) Bead seat rim

Cd) Bearing flange

(e) Brake keys

(f) Hub

a. Whee l Section Attachment Bolts

The tire press ure force atte mpting to separate the outer
and inner wheel section is:

- ~~~~~~~ - ~~2)

— 735TT [(8.0)2 — (6.60)2)

P — 47,197 lbs

Twelve 3/8-26fIJNP bolts are used to attach wheel sections.
For a 0.75 load distribution:

47.197
~bo1t 

— 1 2 x . 75

~bo1t — 5244 lbs
7 5244

°bole • 39 ,728 pci L B .  + 1.09
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Bolt tightening preload of 300 in. -lb prestresses the
bolt to:

16T
—

16 (300)
— 

~~~~~~~~~~~

— 40,877 psi

Pbolt ~.t 
A

— 40 ,877 (.0878 )

~bo1t — 3589 lbs

It is recosmiended that bolt be preloaded to 90 percent of
mechan ical load .

T — 9
3
~~~44) x 300

T • 395 in—lb

Washer bearing stress on the composite was:

abr — iT (R~,’ 
F R0 — 0.370 in.

Rj — 0.190 in.

- -  p244
~ C(. 370)z — (.190)Z)

abr — 16,500 psi M.S. — + .81
Separation gap between wheel sections is:

— 59,728 (1.34)
29.0 x 1~~

— 0.0028 in.

~~~~~~ ::
• .. r - , ~--~~— • -  - p



b Wheel Section Pressure Sealing 0-Ring

Using a 0.139 in. cross section 0-ring:

A’~~” ring — ~~ (.l39)~

A’!0” ring — .015175 in. 2

Agro~~e — .01655 in. 2

“0” ring compression a fter wheel as sembly is:

7. compression — ~~~~~~~ _i] 100

7. compression — 97. nominal

When tire is pressurized to p — 735 psi:

7. compression — 87.

Compression is adequate to maintain seal.

c. Bead Seat Rim

Combined internal pressure and side load forces on the bead
seat rim result in a shear a tress:

20 ,000 LB

— 
3/2 PIT~,$L

2 — Ri 2) 
+

At ultimate design pressure , P — 735 psi (Ps — 0).

— 735w £(9.95)L2 
— (7.0)23it  

~~ (7 0)

it • 3937 lb/in.

34
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For an allowable shear strength ,

Fs — 9800 psi @ 175° F in outer wheel section

3937
trequired — 9800 — 0.40 in. minimum

The maximum shear stress due to side load is developed
from the expression,

F8 — 2J~ rt 1max COS~ d~

— ~~maxrt

or ,

¶max 2rt
20000 — 1429

— 
2 (7.0) t t

For an interna l pressure of 210 psi:

‘rt — (3937)

• 1125

Combining pressure and side load:

‘it — 1429 + 1125

— 2554

Required thickness is:

2554trequired — 9800 • 0.26 in.

Ultimate internal pressure is critical condition requiring
a wheel rim nominal thickness of 0.45 in.

35
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Bending stress at the wheel r im for ult imate internal
pressure is:

F 614

3937
- 22.~Z + 6 T

,45 — (,45)Z

— 8748 ± 58326

Under severe moisture environ-
max 0b — 67,074 psi ment 

~b 
allow — 50,890 psi

14.8. — -.24

d. Hub Bear i!lg Flange

The hoop thermal stress induced in the hub bearing flange
due to expans ion of bearing cup to achieve an interference fit was computed
as follows:

At liquid nitrogen temperature for the cup:

AT — -320 to +75

AT — 395°F

Fr ie hoop strain in cup La ,

— ~AT

— 6 x 10 ’6 (395)

— .00237 th./tn.

Outer cup; 1 — 1.6732

Radia l growth, AR — LeR • .00237 (1,6732)

(%R .0040 th.

At — 320 F , ~~~~ • 1.669 in, 1f1a~g. — 1.665 in.

!nu.r cup; R • 1.8594

— .00237 (1,8394)

dl • .0044 in,

At • 320~P , 
~~~~ 

• 1.855 in. Rflange • 1.830 in.

- -



Induced thermal hoop stresses in the graphite flanges are:

Outer wheel section f lange .

= .00474 (6.66 x 106)

— 31,568 psi Under severe moisture condi-
tion Ft~ 

32 ,740 psi
M .S. = +.04

Inner wheel section flange ,

U9 
= .0051 (6.37 ~ 10

6)

= 32 ,487 psi Under severe moisture condi-
tion Ft~ 

= 23,990 psi
M.S. = -0.26

Shear stress on the outer bear ing fla nge due to the 20,000-lb
side load is ,

F 20 ,000
Tave = — (3.33) (1.015)

r — 1884 psi Under severe moisture condi-ave
tion Jallow — 9800 psi
M.S. — +4.20

e. Brake Keys

The ultimate tangentia l load applied to the wheel brake keys
- is 17 ,515 pounds. Assuming this load is reac ted by an effective area of

60 percen t of the 12 brake keys , the design load per key is:

k 17515F/ ey — .6 * 12

F/key — 2433 lb

Several configurations for the brake key to wheel attachment
~•‘ere considered and are sumarized in Figure 17.

Concepts 1 and 2 utilized a steel key and required the
machining of a groove in the wheel composite rim to react the brak ing load
in bearing . High compressive stress due to rotation of key was considered
a problem . Concept 3 was similar to 2 except key was lightened by sub-
stituting graphite for steel in the outer portion of the key.

37
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CONCEPT CONFIGURATION MERIT

‘~ COMPOS ~~~~~E 
IN 

COMPOSITE 
KEY KEY EXPANDS AGAINST

TEMPERATURE
WT = 2.67.LB

OBR ppj~ 
= 21,370 PSI

OBRCOMP = 5 ,380 PSi

2. SAME AS 1 EXCEPT DOVETAIL PROVIDES RADIAL
GROOVE IS DOVETAILED RE STRAINT

STRESSES SANE AS 1.

3. SIMILAR TO 2 EXCEPT F~~~~~~~~~~~~~~~~~~~~~~~~ MBINES CONCEPT 2 AND 3 TO
COMBINED GRAPHITE/STEEL MINIMIZE WEIGHT
IN KEY W T — 1 . 2 5 LB

4. GRAPHITE BOSS WITH
STEEL KEY BONDED TO BOND SHEAR STRESS - 1680 PSI
WHEE L WT - 1.59 LB

5. SAllE AS 3 EXCEPT FOR STEEL EXPANDS AGAINST
STEEL TO GRAPHITE COMPOSITE IN KEY AT
INTERFACE ELEVATED TEMPERATURE

W T — 1 . 5 9 LB

Figure 17. Brake Key to Wheel Attachment Configurations (Sheet 1 of 2)
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6. STEEL CYLINDRICAL I!~~~~~~~~~~~~~~~~~~~~~~ WT — 2.58 LB
IN COMPOSITE WITH KEYS UBR = 12,000 PSI
BOLTED TO INSERTS

H _

SIDE VI~ J

7. SIMILAR TO 6 EXCEPT ALIAJS PRECISE
CYLINDRICAL INSERTS ALIGNMENT OF KEYS
EXTEND THROUGH COMPOSITE MECHANICAL LOAD TRANSFER
WALL NT • 2.75 LB

Figure 17. Brake Key to Wheel Attachment Configuration (Sheet 2 of 2)
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Concepts 4 and 5 utilized a combined graphite/steel key for
minimum weight and were bonded to the wheel rim . High risk was associa ted
with braking load transfer through the bond joint . These concepts were
considered to be unacceptable.

Concept 6 involves drilling holes partially through the
wheel composite rim , bonding in steel sleeve to which steel keys are bolted.
Radia l restraint is consistent with bond between sleeve and composite rim;
therefore , design involves bond integrity risk.

Concept 7 improves on Concept 6 in that cylindrical sleeves
extend through the composite rim wall and are restrained radially inward
by a flange on the sleeve . The key is bolted tightly to the rim by tighten-
ing against steel sleeve . Prec ise location of brake keys is ach ieved by
location of drilled holes in the wheel rim. Tir e pressure leakage is pre-
vented by an 0-ring seal between the steel sleeve and wheel rim composite.
For a smooth wheel rim surface, the wheel rim holes are potted after sleeve
insertion with EA-946 elastomer, This concept , even though heavier than
other configurations, was considered to offer the minimum structural risk
and was the concept proposed for the wheel design.

Analysis of Concept #7

Bearing stress on composite:

~ 
2433 (1.50)X br .496 (.25 + .~8) (.7)

IDSX abr — 19,850 psi M.S. — + 0.51
Bolt shear stress:

T~~oj~~ — 0326 ( 7) 10,640 psi M.S. — + 7.45

The hub between the wheel rim and bearing f lange was anal yzed
by t~~ methods as shown on the following page .



(1) Assume rim is rigid with respect to hub

A

4. 60 R

— 

F—s”

1.77 R

- --- I -_ -

at point A,

F Mc F Ft

~b j ± r 2R t ±~~~2

— 
20.000 + 20 000 (2.83)

2v~ (1.77) (.35) — 17 (1.77) (,35)Z

— 5138 ± 83,092 Under severe moisture
condition Fhu — 76 ,200 psi

max f’~ • 88,230 P81 LS. — .14

(2) Assume hub is flat plate restrained at outer
periphery

A

a — 4.60 K

W m--

b —  1.77 K

I—.-

a/b — • 2.60

max C — — .52 for 2/b — 2.60
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Radial stress is critical at A:

a — 
.52 (20~O00)

r (.35)

— 84,900 psi M.S. • -.10

The two approaches agree closely.

The above analysis results in detailed design drawings
shown in Figures 18 and 19.

3. Computed Weiaht

The weight of the graphite composite wheel, including brake keys
and bearing cones, was computed to be 18.6 pounds. This weight is 28.5
percent lighter than the aluminum wheel weight of 25.97 pounds.
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SECTION III

FABRICATION

A. FIRST OUTER WHEEL HiJ.IF

It had been determined by design analysis that the most effective
composite design required different prepreg orientations in the different
contour areas of the wheel. Therefore , the wheel cross section was divided
into Zones A through E (Figure 20) to facilitate design and layup. Since
zones A and D required more hoop fiber, a (0/+45/902) layup was used ; and
since Zones B, C, and B needed more radial plies, a (02/+45/90) layup was
used. (Radial fiber direction was the 00 orientation, and circumferential
fiber direction was the 90° (hoop) orientation.)

The initial fabrication efforts were based on achieving the above
idealistic design concept. Single-ply and two-ply prepreg segments covering
a 450 arc , thin continuous hoop wafers in Zones B and C , and a “B” staged
composite insert in the bearing seat area were used in the layup of the
different zones. Figure 21 shows the composite increments used to fabri-
cate this structure. A portion of the wheel stacking sequence is shown in
Table 6. A ply which had the same f iber orientation in all zones was
laid up with eight pie-shaped pieces of single prepreg which ran from the
lip of the rim through the hub area. (Reference Ply No. 43.)

Where possible, two-ply segments of prepreg were laid up. (Reference
Ply Nos. 41 and 42.) However, in some p lies (see Ply 53) as many as 32
single-ply pieces of cut prepreg were laid up individually to install one
full ply around the wheel cross section. Great care was taken in making
the staggered butt joints. Gaps up to 0.05 inch were permitted, but no
laps were allowed. Bleed and compaction steps were performed every six to
eight p lies.

-: The required 0.020-inch-thick prepregged wafers were made from twisted
(one 360° twist per inch) 3,000 end AS tow . A development effort was
required to successfully make and handle these thin hoop wafers. Prior to
this program, 0.050-inch-thick wafers had been the thinnest fabricated.

The corner area of the whetl beneath the 0-ring groove was built up
with a shaped ring made of jelly-rolled pieces of 3501/181 style glass cloth.
This was done to square the corner prior to layup of the final pieces of
the graphite prepreg ,

The insert in the bearing seat area was fabricated by B staging a
stacked cylinder of (0/445/90) plies. This staged pref o rm was then
machined to the desired configuration and pressed into the hub .

At this point in the first Outer wheel half fabrication, a review
was undertaken to reassess th. approach and techniques currently used .

I
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10 1 52 - 167

7 GLASS CLOTH

3 41-85
2 11 - 40
1 1 — 1 0

I~~RE)~~NT PLY NO’S

Figure 21. Composite Tucrements of Outer Wheel Half



TABLE 6

WHEEL STACKING SEQUENC E

Sequence Prepreg Orientation

ZonesPly —— ___________ _______ ________

No. A C D E

37 - --  --- 90 - - - - --

38 Wafer --- -- - 90 -- -
39 -- -  - - -  90 -- -  - - -
40 - - - - - - 90 - - - - - -

Compact and
Bleed

41 -45 -45 ..45 .45 .45
42 +45 +45 +45 +45 +45
43 0 0 0 0 0
44 90 0 0 90 0
45 90 0 0 90 0
46 -45 -45 -45 -45 -45
47 +45 +45 +45 +45 +45
48 0 0 0 0 0

Compact and
Bleed

49 0 0 0 0 0
50 +45 +45 +45 +45 +45
51 -45 -45 -45 -45 -45
52 90 0 0 90 90
53 90 0 0 90 0
54 0 0 0 0 0

Compact and
Bleed

55 +45 +45 +45 +45 +45
56 -45 -45 -45 -45 -45
57 90 90 90 90 90
58 90 90 Wafer 90 90 0
59 90 90 90 90 0
60 90 90 90 90 90

Compact and
Bleed
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B. PROBLEMS ENCOUN TE R ED

The wheel layup techniques original ly u t i l ized  were requiring enormous
amounts of man-hours . The following fabr ica t ion areas were identified as
needing substantial improvement :

(1) Availabili ty of segment cutting patterns

(2) Cutting of prepreg ply segments

(3) Layup of prepreg segments

(4) Fiber orientation changes within a ply

(5) Workmanship standards

(6) Fabricating of wafers

(1) Machining of the B staged insert

(8) Installat ion of insert

(9) Bleed/compaction step frequency

Prio r to starting layup on the outer mold , the required steel rule
cutters were obtained . It was found that the larger cutters (from ti p to
rim to hub) did not provide the contour f i t  needed . These patterns had
all been designed to f i t  the wheel cross section contour based on theo-
retical thickness changes as the prepreg was installed. Consequently, new
cutting patterns had to be developed as the layup progressed. The required
prepreg segments were not cut out until they were needed in the layup
sequence. These segments were initially cut by placing the one- or two-ply -

oriented prepreg tape over the cutter and tapping it with a p la8tic haniner
unti l  the desired pattern was cut . Great care was required in handling
and draping the one - and two-p ly prepreg segments since they were very
fragile and tended to pull apart. Much trinining and filling was required
to meet the limits of 0.050-inch gaps and no laps for the butt joints.

The fabrication and installation of hoop wafers was more time consuming
than the equivalent prepreg plies. Machining of the B-staged insert proved
to be very difficult. Freezing this preform prior to turning operations
did not prove feasible since it tended to separate between plies. In
additi1.n, heat generated by the too l smeared the composite rather than
removing the material. Prior to pressing the insert down into the hub area,
the previously laid-up composite was heated to 1800 F. However , as the
insert settled in the hub, it forced some of the laid-up prepreg to flow
upward and form a raised ridge around the inner face of the !ub  perimeter.

j  To rework this discrepancy, the insert had to be reu~ ved and the ridged
prepreg worked back down into its original location with heat and a tooling
ring of the proper configuration. A second, completely cured insert was

$ 
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then in s ta l led . Heated , bleed/compaction cycles were performed every six
to eigh t p lies. Only about eigh t p lies of the wheel layup could be ins ta l led
and compacted per shift.

As a result of the above circumstances, a crash program was undertaken
to reduce fabricating time and still produce an acceptable structure by
using the remaining layup of this wheel half to develop more realistic
layup techniques.

As a result of this reevaluation , a number of fabr icat ion improvements
were investigated . It was decided to imp lement the following changes in
the remaining wheel half fabrication process.

(1) Cut multiple plies of prepreg at the same time

(2) Lay up multip le ply ~repreg segments

(3) Maintain the same fiber orientation throughout a p ly

(4) Widen workmanship standard

(5) Eliminate hoop wafers

(6) Cure the insert prior to machining

(7) Use additional tooling during inscrt installation

(8) Reduce bleed/compaction steps

The first area investigated was the use of multiple plies since it
was felt that a large reduction in layup time could be made if more p lies
could be installed with each segment. A review of structural requirements
disc losed that a p ly orientation of (0,/~!.

r!QO) throughout the laid-up
areas would suffice. Thus, a set of ~irepreg pLi~s with +45 , 0, -45, 0, 90
orientation became the basis for fabrication. The steel rule cutters
proved capable of cutting four sets (20 plies) of segments with one cycle
of the press. (All of the prepreg was cut prior to start of layup of the
second wheel half.) By permitting gaps up to 0.10 inch wide with no taps,
a considerable amount of segment fitting time was eliminated. Deletion
of the hoop wafers and using the 900 prepreg tape fibers was not considered
detrimental to the design. Curing of the insert preform prior to machining
saved a substantial number of man-hours. When the cured insert was installed
with an additional tooling ring around its outside diameter, no problems
were encountered. Further reduction of fabrication time was achieved by
increasing the number of plies laid up between bleed/compaction cycles
to two .

After installation of thermocouples and vacuum bagging, the layup
was cured in an autoclave.
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Examination of this wheel half af ter cure disclosed that one hairline
circumferential crack was present in the insert bore surface . (See
Figure 22.) Four axial , hairline cracks were also f ound in the outer lip
area of the bearing seat. Since these ply surfaces bad been butted against
a steel center plug, it was felt that the crack. observed were in resin-
rich areas and would clean up if machined . Of more concern , however, was
the discovery that the as-cured composit. thickness was too thin at the
root of the rim lip. A review of the )1~IR verified that the required
prepreg plies had been laid up. However, msasur.msnts of the cured rim
lip thickness were greater than anticipated. Apparently, excessive migra-
tion of resin occurred in the early stages of cure.

C, SECOND OUTER WHEEL HALF FABRICATION

Incorporation of the changes in the fabricating procedure as previously
described worked very well during layup of th. second outer wheel half.  In
addition, adjustments made in the bleed/compaction steps and the cure cycle
to confine the composite in th. rim and rim lip areas prevented any material

f migration. Fabrication tim. of this second wheel half was one-tenth of that
requi red on the first outer wheel half . The complete iayup procedure is
prss.nted in Append ix A.

Vacuum beg-autoc lave cure was perfo rmed as follows :

(1) Pull full vacuum

• - (2) Heat to 2750 F at ~O per minute

(3) Ho ld at 215° F for 30 minute.

(4) Pressurize to 100 psi and hold for 30 minutes

(5) Raise tempera tur . to 350° F and ho ld for 2 hours
— (6) Cool to 1500 P or lower at 5°/minute under pressur e

After r..oval of th. bleeder material , the composite str ucture appeared
sound in all respects except for the hairlin , cracks in the bor e area.

The following postcure was then perfor med after placing the par t in a
room-temperature oven :

(1) Increase temperature tO 4000 F at i° Flminute

(2) Ho ld at 400° P fo r 2h o u rs

(3) Cooldown at 10 F/minute to room temp rature

Visual examination of the postcur.d part did not reveal any potential
structural probism areas. This as-cured wheel half is shown in Figur. 23.

53

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

-



p

Figure 22. Outer Wheel Half Cracks After Cure
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fl INNER WHEEL HALF FABRICATION

The improved fabricating techniques used in the second outer wheel
half were incorporated into the inner wheel half procedures. However,
each prepreg segment had to be heated slightly with a heat gun to improve
drape and tack. Layup was facilitated by dividing the wheel cross section
into five zones similar to those used on the outer half . Again , the basis
of the layup was a (02/445/90) orientation using a +45, 0, -45, 0, 90
sequence. The stacked composite insert also had a (02/445/90) orientation.
This insert was fully cured and machined prior to pressing it into the
bore area .

Figure 24 shows the various composite increments incorporate d into
the wheel layup . The end s of increment No. 2 were stepp d down the slope
in Zone C to help build up this thick section. Increment No. 3 was built
up by first fitting a steel ring around the rim (Zone D) of the existing
layup . Stacki ng was started on the outer perimeter with a narrow band of
five-p ly oriented prepreg . Wider bands were added until th , bui ldup was
completed with one face perpendicular to th. wheel c.nt•rlin a and one face
parallel. (The plies were in planes perpendicular to th. wheel canterl ine.)

The bleed/compactio n cycles occurred as shown below:

Increment Bleed/Co~~actions

1 Every 10 plies

2 Every 20 plies

3 Every 70 plies

4 Every 15 plies

5 On insert

6 Every 15 p lies

7 None until cure

Cure trials were mad. on thick 4397/AS composite right angles which
were thin sectioned until a suitable cure cycle was obtained . The vacuum
bag-autoclav, cure used on this high-temperature resin system wheel half
was as follows :

(1) Pull full vacuum

(2) Heat composite to 275° F at 4° to 6° F/minute
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(3) Apply 100 psi for 60 minutes

(4) Heat to 4000 F at 4° to 60 F /minute

(5) Hold at 400° F for 2 hours

(6) Cool from 4000 F at 2° to 3° F/minute to below 150° F
under full pressure -

The composite structure appeared to be sound after the bleeder materials
were removed. Again, a circumferential, hairline crack was found in the
bore of the insert.

This wheel half was then postcure.d as follows after being placed in a
room temperature oven:

(1) Heat to 350° F at 2° F/minute

(2) Hold at 350° F for 2 hours

(3) Heat to 4000 F at 2° F/minute

(4) Hold at 400° F for 2 hours

(5) Heat to 450° F at 2° F/minute

• ( 6 )  Hold at 450° F for 48 hours

o 0(7) Cool to 150 F or lover at 1 F/minute maximum

Examination of the structure after postcure disclosed two areas in the
web area which may have had delamination..
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SECTION IV

MACHIN ING AND TOOLING

A. MACHINING

Machining was performed with conventional lathes and mills. Turning
operations were accomplished using diamond-tipped tool bits, and all holes
were made with diamond core drills. Cutting tools and the surfaces of the
composite being machined were flooded with water to keep temperatures low.
Also , low feed rates of the tools into the wheel blanks were used to limit
heat buildup. Holes were backed up during boring operations to limit
delaininations of the composite as the core drill broke through. However,
this proved difficult  to accomplish on curved surfaces.

Where the quality of the composite was acceptable, as was the case
for the 3501/AS outer wheel half, no surface finish problems were encountered.
However, the high-temperature composite material in the inner wheel half
tended to delaminate and finished poorly when material was removed parallel
to the plane of the fiber. Those hairline cracks found after cure in the
hub areas were not present after machining. Figures 25 and 26 show the
machined configurations .

B. TOOLING

The tooling used to f&bricate the wheel halves is shown in Figure 27.
The two major tools were the two male molds upon which all the cut prepreg
tape was laid up to make the inner and outer wheel halves. During tool
design, two concepts were considered. (See Figure 28.) The first approach,
which would require layups in the cavity offered two advantages: (1)
most of the interface surfaces of the wheel half could be molded to dljnen-
sion and would require little additional machining and (2) if an increase
in composite cross section were requ ired , it could be accomplished by
simply adding more plies of prepreg without modifying the mold.

One shortcoming of this concept is that the rim area of the mold
expands away from the composite during cure. A more serious drawback is
the fac t that it is much more difficult to lay up prepreg in a cavity
of complex configu ration and obtain ufficient compaction to assure struc-
turni Integrity. It was anticipated that the h igh-temperature prepreg
selected for the inner wheel half might be boardy .

The second concept , which would have the layup on the externa l mold
surface , has severa l advan tages , includ ing: (1) The prepreg is easier to
drape and compact , (2) ins tallatio n of the composite insert in the bearing
cup areas could be performed more readily, (3) beat dur ing cure causes
mold to expand and , thus , compac t ion is impr oved , (4) mold shrinks my
from cauposit. dur ing cooldmm , and (5) th . outsid e surface , of the wheel
halve. are easier to machine . Disadvan tages of this concept are (1)
all interfaces must be machined and (2) astal must be machined from the
mold if composite cros s section thicknesses need to be incr eased.
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GRAPHITE GRAPHITE

/ \ •.•...... {.• _
~~

J• . 
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CONCEPT NO. 1 CONCEPT NO. 2

Figure 28. Tool Design Concepts

When overall costs and quality of the cured composite were considered
in addition to the above, Concept No. 2 was considered to be the most

— desirable tooling approach.

Each mold was machined from P20 tool steel. This material is especially
made for general-purpose plastic mold tooling of these cross sections because

• it is more nearly free of internal defects than other grades of tool steel
and it is less costly. Steel was chosen over aluminum because it is more
durable and has less dimensional changes during thermal cycles. Aluminum,
however, would produce a lighter mold at a slightly lower cost.

Various fabrication aids, such as steel rule cutters, preform mandrels,
compaction rings, wafer tooling, etc. were also procured to assist in the
fabrication processes.
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SECTION V

INNER WHEEL HALF DELANINATIONS

Delaminationa experienced in the inner wheel half are related to a
number of circumstances. (See Figure 29.) These are indiv idua l ly discussed
in the following paragraphs; however, the precise cause cannot be determined
from one data point, and any or all may contribute to t he del aminat ion
problem.

A. FABRICATION TIME LAPSE

This wheel half, for various reasons, was laid up over an extended
period of time (approximately 6 weeks), with the wheel remaining at room
temperature through most of this time. Several compaction cycles wherein
the wheel was exposed to heat and vacuum for short periods of time were
also performed during the layup. Resin advancement during this extended
time and the compaction cycles may have been sufficient to reduce inter-
laminar strength, which could result in the delaminations found.

B. RESIN CHARACTERISTICS

The resin is a relatively low elongation system which exhibits somewhat
greater shrinkage during cure than an epoxy system. This shrinkage and low
elongation combine to increase internal stresses in the part during cooldown
from the 4500 F postcure temperature.

C. LAYUP GEOMETRY

The ply patterns , while necessary for wheel strength , may not be
optimum for this particular resin system when the stresses are considered.

D. CURE CYCLE -

The cure cycle was developed from flat panels (00) and thick right-angle
specimens (wheel layup). The 48-hour, 4500 F postcure was found to be
necessary for maximum mechanical properties and did not seem to degrade
the angle specimens. Considering the larger mass of the wheel over the
test specimens, it may be desirable to increase the temperature in smaller
increments with longer hold times at the intermediate temperatures to
provide a greater opportunity for stress relief. Also , a much slower
cooldown, possibly incrementally , would aid stress relief.

If a second wheel half is built from the 4397 resin system, the
following recomeendations are suggested:

(I) Fabricate as rapidly as possible, limiting out time and
compaction cycles to the absolute minimum.
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(2) Change cure cycle to reduce time at 4500 F (eliminate if
possible) to reduce heatup rate and to increase cooldown
time .

(3) Ana lyze layup geometry for any potential  problem with
stress buildup from resin shrinkage and from low resin
elongation. Change ply orientation if suggested by this
analysis to minimize stresses.
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SECTION VI

STRUCTURAL TEST INST IWMEN-rATI0N AND QUALITY ASSURANC E

A. STRUCTURAL TEST INSTRUMENTATION

The stg gested instrumentation for wheel s t ruc tu ra l  tests (Figure 30)
consists of bonding s t rain gages and thermocouples in  c r i t ica l  areas.
Gages marked with an asteri sk are typ ical for both inner and outer wheel
sectio ns.

Th ermocoup les ar e shown p laced on the brake key,  on the composite
inner  rim adjacent and bet ween bra ke keys , and on the composite bearing
hub.  Six thermocoup les are proposed .

Strain gages are shown placed on the inner rim surface between brake
key s , on the composite bearing hub , and on the radial surface of the
wheel just  inboard the l .490-inch-diameter holes. Ten s t ra in  gages are
p roposed .

B . QUALITY ASSURANCE

The quali ty assurance e f fo r t  during fabrication was to ensure that
only conforming parts and materials were used , that the procedure was
followed , and that fina l machining dimensions were recorded .
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APPENDIX A

FABRICATION AND CURE OF THE

GRAPHITE CGIPOSITE T-39 INNER WHEEL HMZ

1.1

1.1.1 Disasssnble wheel mold and clean using Scotch Brite and MEL

1.1.2 Scrub wheel mold with Alconox and wat er , rinse and air dry .

1.1.3 Spray Frekot. 33 over all surfaces of wheel mold and bake at 350°F

for 1/2 hour s

1.1.4 Assa~~le wheel mold using rubber 0-rings in the appropriate places .
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1.2 Insett Fabrication

t 1.2.1 Using 4397/12-inch prepreg tape lay up 6 feet of 5 layer prepreg

as follows ;

1.2.1.1 Preheat aluminum pl ate to 145°F. and cover with re lease paper.

1.2.1.2 Lay a 6-foot section of 12-inch tape on the plate and allow time

to heat the tape .

1 .2 . 1.3 Cover the 6-foot section of 00 tape with sections of 45° pre-c ut

tape . Turn over the 2 layers of 0, -45° tap e and strip the release
0paper o f t  the u aide . Cover this side with 45 prepreg.

i. ’.l.4 Add one p ly 00 tape and one ply 900 tape to the 3 layers for

a total of 5 layers oriented at +450
, 0°’ -45°, 0°, 900. Allow

all layers to heat until all ared tacked together.

1.2.1.5 Using cutter W-102-003, cut 56 pieces of 5 laye r prepreg prepared

in steps 6.2.1 thru 6.2.1.4.

1.2.1.6 Place the cut pieces on mold W103-002, 004, 006 place in press

and cure .

1.2. 1.6.1 Heat press to 275°F. for 50 minutes , then apply 100 psi. Hold at

275°F. Snd 100 psi fot 30 minutes. Raise heat to 400°F. and hol d

for two hours. Cool to room temperature.

1.2.1.7 Machine insert as indicated in Sk*tch A.

1.3 Mold Layup Notes

1.3.1 Ea ch layer shall be indexed so as to stagger the j oints approx~mate1y

100 from previous joints in a clockwise direction .

1.3.2 The Layers of S ply segments +45 , 0, -45, 0, 90 shall alternately

be placed 900 ai de up and 90° side down .

1. 3 .3 If lapse Sims is to be greater than 4 hours, keep wheel assembly

at room telr~evsture and undet vacu~~ at all times when not being

worked on.
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1.3.4 Use sketch B to reference al l  zone locations .

1.3.5 The various cutters will be oriented so that 00 is in the radial

direction.

1.4 Fabrication (Refer to Table A-i)

1.4.1 Starting at index 0 lay up 1/8 section (plies I thru 5) of 5 layer

prepreg (+45 , 0, -45, 0, 90) to cover all zones (see Sketch B).

Cut 1/8 sections using cutter Wl24 . Lay each section on top of

the wheel mold and heat with heat lamp until the prepreg can be

formed to the contour of the wheel mold.

1.4.2 Starting at index one (I) layup 1/8 sections (plies 6 thru 10)

of 5 layer prepreg to cover all zones using cutter W124 .

1.4.3 Comp$ct the 10 plies using a vacuum bag and oven temperature of

200°F. for 30 minutes. Use heavy Armalon and 3 layers of Blue Peel.

1.4.4 Starting at index two (2) lay up 1/8 sections (plies 11 thru 15)

of S layer prepreg to cover aU zone s using cutter W124 .

1.4.5 Starting at index three (3) lay up 1/8 sections (plies 16 thru 20)

of S layer prepreg to cover all zones using cutter Wl24.

1.4.6 Compact using a vacuum bag and oven temperature of 200°F. for 40

minutes. Use heavy Arma lon and three layers of Blue Peel.

1.4.7 Starting at index four (4) lay up 1/8 sections (plies 21 thru 25)

of S layer prepreg to cover all zone s using cutter W124.

1.4.8 Starting at Lndsx dsro(0) lay up 1/8 sections (plies 26 thru 30)

of S layer prspreg to cover all zones using cutter U124.

1.4.9 Compact using a vacuum bag and oven temperature of 200°F. for

60 minutes . Us. heavy Armalon and three layers of Blue P..t.

1.4.10 Starting at index one (1) layup 1/8 sections (plies 31 thru 35)
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1.4.10 (cont ’d) of 5 layer prepreg in zones C thru B using cutter Wl24

and trimeing to fi t .

1.4.11 Starting at index two (2) layup 1/8 sections (plies 36 thru 40) of

S layer prepreg in zones C thru B using cutter W124 and triuming

to fit.

1.4.12 Starting at index three (3), layup 1/8 sections (pILe. 41 thru 45)

of 5 Layer prepreg in zones C thru B us ing cutter 11124 and trim-

ming to fit.

1.4.13 Starting at index four (4) layup 1/8 sections (plies 46 to 50)

of 5 layer prepreg in zones C thru B using cutter 11124 and trim-

ming to fit.

1.4.14 Compact using a vacuum beg and oven temperature of 200°?. for 50

minutes . Use heavy Arma lon and three Layers of Blue Peel.

1.4.15 Ins tall macbar 1112 and ring Ill, put the wheel mold , unde r vacu um,

in the oven for 40 minutes at 200°?. Wh ile r ing , washer, and wheel

an, still undsr vacu um place them in the press and apply 8 tons

pressure • Cool to room ce psra tune .

1.4.16 Starting at index 0 and 1, layup 2 Layers 1/4 sections (plies 51

tha n 60) of S ply pr.preg in Zone C using cutt ir 11123-007.

1.4.17 starting at index 2 and 3, layup 2 layers of 1/4 sections (plies

61 they 70) of S ply prepre g in sons C us ing cutte r 11123-006.

1.4.18 Starting at index 4 and 0 layu p 2 ).ay.rs of 1/4 sections (p1t.s71

thru 80) of 5 ply pr .pre g in some C us ing cutter 11123-005.

1.4.19 Starting at iadiix 1 and 2 Layup 2 layers of 1/4 sections (plie s

81 thaw 90) of S ply prepres in some C using cutter 11123-001..

1,4.20 Starti ng at index 3 and 4, layep 2 layers of 1/4 sections (plies

91 the.. 100) of S ply pr.pr.g in eons C us ing cutter 11123-003.

74

I i  
_ _ _ __ _ _ _ _ _



UOP 2-AC-Si
Rev. 0

1.4.21 Starting at index 0 and 1, layup 2 layers of 1/4 sections (plies

101 thru 110) of S ply prepreg in zone C us ing cutter 11123-002.

1.4.22 Starting at index 0 and 1, layup 2 layers of 1/4 sections (plies

lii thru 120) of 5 ply prepreg in zone C us ing cutter 11123-001.

1.4.23 Compact using a vacuum bag, washer 1112 and ring 111 . Heat in

oven at 200°F. for 30 minutes .

1.4,24 Remove ring IRI and washer 1112.

1.4.25 Starting at index 0, layup 1/8 sections (plies 121 thru 125) of

5 ply prepreg in all zones using cutter 11125.

1.4,26 Starting at ,-ruiex 1, laryup 1/8 sections (plies 126 thru 130) of

S ply prepre~ in ~.1l zones using cutter W1~5.

1.4.27 Starti ng at index 2, layup 1/8 sections (pl ies 131 to 135) of

5 ply prepreg in all zones using cutter 11125.

1.4.28 Compact for 30 minutes at 200°? . with vacuum bag.

1.4.29 Install cured insert as follows :

l.4.~~~.l Place wheel and insert in a vacuum bag .

1.4.29.2 Heat in Ceco 033 oven and under va cuum to 2000?. for one hour.

1.6.29.3 Beeping vacuu m pressure on wheel at all times , trans fer wheel

assembly to large hydro-air press and app ly s msximi.a of S ton

pressure to properly place insert into wbs.l.

1.4.29.4 Cool in press and remove w h n  part ranches room temperatures .

1.4.30 Starti ng at index 3, layup 1/8 sections (plies 136 thru 140) of

3 ply prepreg in all zones using cutter 11123 .

1.4.31 Sta rti ng at index 4 , tayup 1/8 sections (pit .. 141 thru 145) of

3 ply prepreg in all zones using cuttsr 11123.

1.4 .32 Compact for 30 minutes at 200°?. with vacuum.
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1.4.33 Starting at index 0, layup 1/8 sections (plies 146 thru 150) of 5

ply prepreg in a l l  zones using cutter W125.

1.4.34 Starting at index 1, layup 1/8 sections (plies 151 thru 155) of 5

ply prepreg in all zones using cutter W125.

1.4. 35 Start ing at index 2 , layup 1/8 sections (plies 156 thru 160) of 5

ply prepreg in all zones using cutter 11125.

1.4.36 Compact for 30 minutes at 200° with vacuum .

1.4.37 Sta rting a index 3 , Iayup 1/8 sections (plies 161 thru 165) of 5

ply pre preg in zonE B using cutter W 112.

1.4.38 Starting at index 4, layup 1/8 øections (plies 166 to 170) of 5

ply prç reg in zone B using Cutter 11112.

1.4.39 Starting a index 0, layup 1/8 sections (plies 171 to 175) of 5

ply prepreg in zone B using cutter 11112.

1.4.40 Strating at index 1, layup 1/8 sections (plies 176 to 180) of 5

ply prepreg in Zone E using cutter 11112.

1.5 Prepa re For Cure

1.5.1 Trim excess material from base plate area.

1.5.2 Install one thermocouple under lay up, against mold and one thermo-

couple on top of lay up. Apply one ply of heavy Armalon.

1.3.3 Apply 3 plies of Blue Peel in the masher area.

1.5.4 Install washer 1112.

1.5.5 Apply 24 plies of Blue Peel.

1.5.6 Vacuum bag
a

1.6

1.6.1 Pull full vacuum

1.6.2 Hsat from room temperature to 273°!. (highest part temperature )

at 4 to 6°?. p.r minute .
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1.6.3 When highest part temperature reaches 275°F. apply 100 psi and

hold for 60 minutes.

1.6.4 Heat to 400°?. at 4 to 6°?. per minute.

1.6.5 Hold at 400°?. full vacuum and 100 psi for 120 minutee .

1.6.6 Cool from 400°?. to 150°F. at 2 to 3°F. per minute under f u l l

v~cuum and 100 psi.

1.6.7 Release pressure and vacuum and allow to cool ~~ room te~~perd ture .

1.6.8 Remove bleeder materials and remove from mold.

1.7 Postcure

1.7.1 Place in room temp erature oven and heat to 350°F. at 2°F .  pe:-

minute.

1.7.2 Hold at 35001. for 2 hours.

1.7.3 Heat ~o 400°?. at 2°?. per minute .

1.7.4 Hold at 400°?. for 2 hours.

1.74 Heat to 450°?. at 2°F. per minute.

1.7.6 Hold at 450°?. for 48 hours .

1.7.7 Cool to be low 150°? . at 1°F. per minute or less before remov ing

tram oven.
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TABLE A-l

FABRICATICI4 SEQI~~ICE

STEP INDEX PLY Z~~E CUTTER TOOLIJG/IOTES

1.4.1 0 1-5 All 11124

1.4.2 1 6-10 all 11124

1.4.3 11124 Compact with vacuum - 200°?.
30 minutes.

1.4.4 2 11—15 £11 11124

1.4,5 3 16-20 All 11124

1.4.6 11124 C~~~act with vacuum - 200°).
40 minutes.

1.4.7 4 21—25 All 11124

1.4.5 0 26-30 All 11124

1.4.9 C~~~act with vacuum - 200°?.
40 minutes.

1.4.10 1 31-35 C tbru E 11124 and trim

1.4.11 2 36-40 C, B , 1 11124 and tr im

1.4.12 3 41-45 C, B, 1 11124 and trim

1.4.13 4 46-50 C, D, 1 11124 and trim

1.4.14 Compact with vacuma - 200°?.
50 minutes.

1.4.15 Washer IWL, sing Ui with
vacuum - 200 V. - 40 minutes
8 tons pressure.

1.4.16 0,1 51-60 C 11123—007

1.4.17 2 ,3 61-70 C 11123—006

1.4.18 4,0 7140 C 11123-005

1.4.IP 1,2 81-90 C 11123-004

1.4.20 3,4 91-100 C 11123-003

1.4.21~ 0,1 10141C C 11123—002
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TABLE A-l (Cont)

FABRICATION SEQUENCE

STEP INDEX PLY ZONE C~7ITER TOOLING/NOTES

1.4.22 2,3 111-120 C Wl23-OOl

1.4.23 Compact with sing, washer and
vacuum at 200 F. for 30 minutes

1.4.24 Remove ring and washer.

1.4.25 0 121-125 All Wl25

1.4.26 1 126—130 All 11125

1.4.27 2 131-135 All 11125

1.4.28 Compact with vacuum - 200°?.
for 30 minutes.

1.4.29 Install insert

1.4.30 3 136-140 All 11125

1.4.31 4 141-145 All 11125

1.4.32 Compact with vacuum - 200°?.
for 30 minutes.

1.4.33 0 146-150 All 11125

1.4.34 1 151—155 All W125

1.4.35 2 156—160 All 11125

1.4.36 Compact with vacuum - 200°?.
for 30 minutes

1.4.37 3 161—165 1 11112

1.4.38 4 166—170 1 11112

1.4.39 0 171—173 1 11112

1.4.40 1 176—180 1 11112

1.3 Prepar. for cure

1.6 Curs
1.6.5 Remove from tooling

1.7 Post cure
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APPENDIX B

FABRICATION AND CURE OF THE

GRAPHITE C(H1POSITE T-39 OUTER WHEEL HALF

1. OPERATION

1.1 Pr enaration

1.1.1 Disassemble wheel mold and clean using Scotch Bri te and MEL

1.1.2 Scrub wheel mold with alconox and water , rinse and air dry .
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1.1. 3 Spray Frekote 33 over all surfaces of wheel mold and bake in
- 0oven at iSO F. for 1/2 hour .

1.1.4 Assemble wheel mold using rubber 0-rings in the appropriate

places .

1.1. 5 Using 3501-6 prepreg tape , lay up 2 ehee~~(3’ x 3’ and 3’ x 100”)

with the layers oriented +45, 0, -45, 0, 90.

1.1.6 Cut the S layer sheets into the following segments:

3’ x 3’ into — 3 ea 5” x 3’ strips with 0° in the 3’ direction

- 8 ea 2 1/2” x 3’ strips with 00 in the 3’ direction

3’ x 100” into — 11” x 36” strips with 0° in the 36” direction .

i.i.; The electric press may be used to cut patterns with the cutteri .

Up to 25 plies may be cut at one t ine in the press .

1 .2 Insert yabr ication

~~~ I Using a 3’ x 8’ sheet of 5 layer prepreg (described in 6.1.5)

and cutter No. W102 stamp out 58 pieces .

1.2.2 Asse~~le 5 layer pieces onto insert mold No. 11104.

1.2.3 Cure : Place in press, apply 200 psi.

Increase temperature to 3500?. at 5°/minute .

Hold 3500?. for 2 hour. .

Machine insert to shape per sketch A.

1.3 Mold Lavup Notes

1.3.1 Each layer ahall be indexed so as to stagger the Joints approxiMt.ly

100 f rom previous J oints in a clockwise direct ion .

1.3 .2 The layers of 5 ply segments +45, 0, —45 , 0, 90 shall alternately

be placed 90° side up and 90° side down . 00 is in radial direetton .

1.3.3 If laps, t ime is to be greater than 4 hours , keep wheel aSsembly it

room tempe rature and under va cuum at all times when not be ing vorhed en.
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1.3.4 Use sketch B . to reference all zone locations .

1.3.5 The various cutters will be oriented so that 00 ii in the rad ial direction .

1.4 Fabr ication

1.4.1 Using cutter No. 11114 cut out 16 pieces of 5 ply prepreg and

lay them in Zone C, D, 5, in 2 layer. (ply 1 to 10).

1.4.2 Using cutter No. 11113 cut out 48 pieces of 5 ply prepreg and

lay them in Zone C in 6 layers (ply 11 to 40).

1.4.3 Compact using a vacuum bag and oven temperature of 2500?. ~or

30 minutes . Use heavy Araslon and 4 plies of bleeder material .

1.4.4 Using cutter No. 11120 cut out 72 pieces of 5 ply prepreg and

lay them in all Zones in 9 layers (plies 41-85) .

1.6.5 install preform tool No . (HJ1 and place in vacuum bag and leave

for 8 hours.

1.4.6 Compact as in step 6.4.3 then remove preform tool N4 ~~l.

1.4.7 Heat inser t and alig nt plug Ho • ON2 to approxi mately 180°?.

vith beat gun and install them into wheel center .

1.4.8 Using cutter No. 11120 cut out 40 pLaces of 3 ply preprs g and

lay them in all Zones in S taysrs (pUss 86.110) .

1.4.9 Compac t as in step 6.4.3.

1.4.10 Install Ring No. ~ J2 , to maintain cor rect g.ous try .

1.4.11 Using cut ter No . 11113 cut out 24 pieces of 5 ply pr.p re$ and lay

the~ in Zone C in 3 layers (ply 111-125) .

1.4.12 Install corner filler u follows:
1.4.12.1 cut S pieces of 181 glass cloth/3301-5 prepreg 3 3/8” x 6” .

1.4.12.2 Form each piece into a 6-inch Jelly roll.

1.4.12.3 Shape in mold No. H1243 using heat and hand press.
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1.4.12.4 Flatten top surface of wheel assembly using Ring No. i~i3, and

the large press (or vacuum for 8 hours). Washer No.. 0115 may be

used to hold Ring No. 0113 in place.

1.4.12.5 Install rolled filler piece. around thecircumference of the wheel

assembly using a heat gun. Wrap the filler pieces with 6 layers

of cellotape and heat with heat gun to compact.

1.4.13 Using cutter No. Will , cut 32 pieces of 5 ply prepreg and lay

them in Zone C & D in 4 layers (ply 126 - 145).

1.4.14 Compac t as in step 6.4.3, but , use no bleeder plies.

1.4.15 Using cutter No. 11120 and modify ing it to fit ,, cut 16 pieces of

5 ply prepr.g and lay them in Zones C , D , and E in 2 layers

(plies 146—155).

1.4.16 Using cutter No. 11112 cut 24 pieces of 5 ply prepreg and lay

them in Zone £ in 3 layers (ply 156-170).

1.4.17 Apply heavy Armalon in Zone C, D, E , then install ring No. 0113.

Put heavy Armalon in Zone A. Place 10 layer, of 120 glass cloth

and 2 plies of blue peal over all zones. Install 3 thermocouples

into pr .preg in Zoos I as indicated in Sketch B. Place in vacuum bag.

1.3

1.3.1 Increase temperatur. to 2730 at 50/ inute.

1.5.2 1Q14 at 273°?. for 30 minutes with vacuum press .

1.5.3 Pressuriz, to 100 psi.

1.3.4 Hold 2750 end 100 psi for 30 minutes .

1.3.3 Raise temperature to 300°?., bold 30 minutes.

1.5.6 Raiss tempera ture to 350°?., hold for 2 hours .

1.3.7 Cool to lSO°p, befor. re leasing prsssure • Nsziaju cooldavo rate —

5°/minute.
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1.6 Postcure

0 o1.6.1 Increase temperature at 1 per minute to 400 F.

1.6.2 Hold at 400° for 2 hours.

1.6.3 Cool down at 10 per minute to room temperature.
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