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ABSTRACT

This report describes the design, materials, tooling, manufacturing
processes, quality control, test procedures and results associated with the
fabrication and test of graphite/epoxy metering truss structure components

exhibiting a near zero coefficient of thermal expansion.

Analytical methods were utilized, with the aid of a computer program,
te define the most efficient laminate configurations in terms of thermal
behavior and structural requirements. This was followed by an extensive
materizl characterization and selection Program; conducted for several
graphite/graphite/hybrid laminate systems to obtain experimental data in
support of the analytical predictions., Mechanical property tests as well
as coefficient of thermal expansion tests were run on each laminate under
study, the results of which were used as the selection criteria for the
single most promising laminate. Further coefficient of thermal expansion
measurement was successfully performed on three subcomponent tubes utilizing

the seleected laminate.

Five full size graphite/epoxy tubes were fabricated (using the selected
laminate), all of which were dynamically tested, and a two member metering
truss component was manufactured. The two member component was static tested

successfully, verifying the structural integrity of the design conceﬁt.
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1.0 TINTRODUCTION AND SUMMARY

The objectives of this program were to confirm the structural integ-
rity, manufacturing feasibility, thermal response and envirormental suit-
ability of graphite/epoxy (Gr/Ep) structural members for use on a metering

truss of a space operational optical system.

Of prime consideration on this program was the development of a
graphite/graph%te/hybrié laminate that would yield an almost zero coefficient
of thermal expansion. This was necessary to meet the stringent thermal
displacement criteria as set forth by the NASA. (Example: 42 micrometers
(78.74 x 10"6 inches) axial displacement over a length of 5.51 m (217 inches).)
The near zero coefficient of thermal expansion was achieved by the proper
proportioning and orienting of a high modulus, negative coefficient graphite
fiber (GY70) and a lower modulus slightly positive graphite Fiber (Type A).

A technique for the design of such laminates was developed as the IBM 1130
computer program ZERCO, The method involves a systematic search of lemin-
ates composed of layers O rad (0°), 1.57 rad (90°) and +@ radians. The
angle of the angle plies (48] is increased in .087 rad (5°) increments,
and for each angle @, a layup which results in a near zero coefficient of

thermal expansion, is found for each of four cases; percent of 1.57 rad

(90°) 1layers equal to 0, 5, 10 and 15.

Under the program the design of two components in particular, the
tubular truss members and the apex fittings to which they attach, constituted
the primary areas of design investigation. A design study was performed for
the above noted members, which included consideration for strength, stiffness,
weight, thermal expansion, some environmental effects, fabrication and join-
ing technigues. Running concurrently with the design study, the theoretical
analytical techniques were employed to conduct a coefficient of thermal ex-
pansion investigation. Coefficients were computed for a variety of material
types and hybrid laminate orientations. Other design parameters such as
member weighis and stiffness requirements were also included in this invest-
igation to provide practical limits for overall acceptability. The three
most promising material/laminate configurations (designated laminates A, B
and C) resulting from this study were then the object of an intensive mater-

ial characterization and selection test program comprising approximately



165 specimens. Of primary importance for this portion of the progrem were

the element coefficient of thermal expansion tests. Of the three laminate
conflgurations tested only one, the B laminate, exhibited sufficient repeat-
ability to meet the stringent requirements previously noted. An average

value of .086 mm/mm/°C (.0L8 x 10-6 in/in/°F) was obtained over the applicable
temperature range of -90°C to -23°C (-130°F %o -9.5°F). This fell well within
the maximum permissible value of .216 x 107 mm/mm/°C {.120 x 107 in/in/°F).

Following the successful éompletion of the elemental coefficient tests
three subcomponent tubes utilizing the same laminate were fabricated. These
subcomponent tubes, which were .152 m (6 inches) in length and .081 m (3.2
inches) in diameter, were used to verify the repeatability of the roefficient
of thermal expansion in the anticipated structural shape. It should be noted
that the three tubes were fabricated independently. Results of the three sub-
component tube tests were cxcellent, in fact, even better than the elemental
tests insofar as the range over which a near zero coefficient was obtainegd
was significantly larger. An average value of -.0050 x 10—6 mm /zm /°C
(-.0028 = 10‘6 in/in/°F) was obtained for the three tubes over the previously

noted temperature range.

Subseguent to the subcomponent tube coefficient testing, five full
size Gr/Ep tubes and a Gr/Ep apex fitting were fabricated. Of the five
tubes fabricated, all underwent dynamic testing for natural frequency and

damping characteristics., Behavior of the tubes was predictable and consistent.

Following completicn of the dymamic testing two of the five tubes an.
the Cr/Ep apex fitting were assembled into & two member truss test componens
for structural verification of the apex fitting/joint design. Results of
the test were satisfactory, with the structure far exceeding its design
ultimate load of 28155 N (6330 lbs) axial compression. The remaining three
tubes wzre sent to the NASA, MSFC for further testing.



2.0 CONCEPT DEFINITION AND DEVELOPMENT

2.1 Metering Truss Geometry and Structural Arrangement

The geometry and structural arrangement of the baseline metering truss
for a space operational optical system is shown in Figure 2-1. The struc-
ture, which is 5.51 m (217 inches) in length overall, 3.35 m (132 inches) in
diameter, is divided into three equal length bays of 1.83 m (72.3 inches) and
has as its primary function, suppert of the secondary mirror relative to the
primary under the action of both inertial and thermal loading. It is com-
priged of four basic structural components - tubes, apex fittings, rings and

the secondary mirror support structure.

There are 48 tubes -1.949 m (76.77 inches) in length in the baseline
configuration, 16 per bay, which serve ag the longitudinal supports between
the primary and secondary mirror. The tubes resist the primary axial and
benéing leoads and are the predominant factor in controlling the thermal dig-
placement of the secondary mirror., Four rings are also provided to resist the
sccondary loadings and enforce nodes for the longitudinal members, The tubes
and rings intersect at eight points at the end of each béy, where they are
Jjoined by apex fittings which provide structural continuity in both the
longitudinal and lateral directicons. The secondary mirror sﬁpport structure
functions are to transmit the mirror inertia loads to the truss and to pro-
vide a thermally stable platform for mirror mounting. It is comprised of a
centrally located ring and four strut members which mount to apex fittings

at the uprermost ring.

[

For the purposes of this program, configuration studies were limited to
the design of the tubes and the tube/ring/apex fitting intersection. Design
of the entire structure was beyond the scope of this program.

scope.

2.2 Design Criteria

The general design criteria applicable to the components of the meter-
ing truss structure under investigation for this program were obtained from
NASA, MSFC. The criteria are separated into two basic categories; load and
gtiffness reguirements and temperature and dimensional stability require-
ments, The lcad and stiffness requirements are presented in Figure 2-2.

The loads shown represent the most severe experienced by any single tube

3
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=1.95 M (76. 771 IN.)

Figure 2-2  Internal Member Loads and Stiffness Requirements



member in the structure. The itemperature and dimensional stability require-

ments are listed below:

® OStabilized Structure Temperatures
a. At secondary mirror = -90°C + 1.7°C (-130°F + 3°F)
bT At primary mirror = -23.3°C + 1.7°C (-10°F + 3°F)

¢. Temperature gradient between primary and secondary-linear

e Dimensional Stability Requirements (Secondary Relative to
Primary) , ‘
a. Despace = +2 um (78.74 % 10-6 inches)
b. Decenter = +10 um (393.7 x 10_6 inches)
Tilt = 4,5 u rad (2.58 x J_O_LL degrees)
d. Stability allowances - Prorated uniformly over a length
of 5.511 m (217 inches), with each of the three bays
charged one third the total allowance. This results in
a unit allowance of 3.628 x 107/ mm/mm (3.628 x 1077 in/in)

2.3 Graphite/Epoxy Tube and Apex Fitting Design

Configuration studies were conducted for both the tube and apex fitting,
fabricated entirely with Gr/Ep, which would result in representative flight

structure. The major objectives of this study were:

e Develop a Gr/Fp tube with a near zero coefficient of thermal

expansion

e Develop a tube/apex fitting design that would maintain a near

zero thermal expansion across the joint
e Satisfy structural requirements
e Be compatible with overall system requirements
& Have low fabrication cost
e Provide for ease of assembly

e Allow fabrication of the tube with existing tooling without
compromising the avplicability of the basic design. Limitations
imposed by the existing tube tooling were: (a) a maximum length
of 1.12 m (4i inches) and (b) an outside diameter of 81.3 mm
(3.2 inches)



In order to demonstrate the applicability of the tube/apex fitting
design the members were sized for actual flight hardware (without regard
for the existing tooling limitation imposed) and the configuration analyzed
with the resultant geometry. Once the basic configuration was considered
acceptable for flight structure the details were redesigned incorporating
the length and diameter restrictions, but without changing the design con-

cept.

The tube members were designed with a graphite/graphite/hybrid mater-
ial system. This particular system was chosen to yield a laminate with a
near zero ccefficient of thermal expansion (C.T.E.)}, this heing the primary
objective of this program. Achievement of the near zero longitudinal C.T.E.
wvas accomplished by the proper proportioning and orienting of a high modulus,
negative coefficient graphite fiber (GY70)} and a low modulus, slightly posi-
tive coefficient graphite fiber (Type A). The laminates were designed to be
fiber controlled, by utilizing fibers in the O rad (0°), 1.57 rad (90°) and
+6 rad (+6°) directions, thereby minimizing resin dependence for the C.T.E.
In conjunction with the thermal criteria, the tubes wers designed to meet
all structural loading and stiffness requirements as presented in Figure
2-2. In order to match the given bending (EI) and axial (EA) stiffness coin-
cidentally, E from both expressions were equated with the resulting equations
solved for the radius. The solution for this expression is unique and re-
sulted in a radius of 25.4% mm (1 inch). This radius yielded a required wall
thickness of 1.45 mm (.057 inches) when a modulus of 134.43 x 107 N/m2
(19.5 x 106 psi) was used (the value of the modulus noted is that which was
obtained for the selected laminate [+.907, rad/1.57, rad/02 Gworadjs
([i52°A/90°A/0°2 GYTOJS) exhibiting a near zero C.T.E.). Overall column and
local stability modes were checked, as well as strength, using standard
analytical techniques. Tube members actually fabricated for test had a dia-
meter and length comsistent with those imposed by the previously méntioned
tocling restrictions; the wall thickness and 1aminate‘orientation, however,

remained the same as that obtained for the flight members.

A cursory weight analysis was performed for the flight tubes, where
the Gr/Ep members were compéfed to INVAR. Ground rules for the weight

analysis performed are listed as follows:



o Lower bay (bay nearest the primary mirror) tubes were siued
using the criteria presented in Figure 2-2. This is due to
symmetry of the structure and the fact that the most severe

loading can be experienced by anyone of the sixteen members

® All upper bay (bay nearest the secondary mirror) INVAR tubes
were sized to a minimum gage wall thickness of .254% mm (.010

in.). The members are relatively lightly loaded

e The Gr/Ep minimum tube gage was considered to be L.44 mm
{.057 in.)

e All Gr/Ep tubes in the structure (18 members) were consider-

ed to be identical to provide a minimum cost design

Based on the aforementioned ground rules +he Gr/Ep tubes reflect a
58% weight saving over the INVAR members. Weight of the Gr/Ep tubes were.
5.78 N (1.3 1b/tube), while the INVAR tubes weighed in at 6.67 N (1.5 lbs/
tube) for the lightly loaded members and 28.02 N (6.3 lbs/tube} for the
more highly loaded members. It should be noted that for the INVAR tubes
minimum stiffrnesses for the more lightly loaded tubes was unknown, and the

weights for these members may be unconservative.

The final configuration of the tube/apex fitting assembly is shown in
Figures 2-3 through 2-5. Figures'E—S and 2-4 depict the structurzs at a
typicel intersection, while Figure 2-5 shows the structure at one of the
upper ring intersections where the secondary mirror support strut mounts.
The assembly is an all bonded structure comprised of several detail compon-
ents ~ clips, channel sections and gusset plates, all of which can be tail-
ored to provide predictable and consistent coefficients of thermal expansion.
The clips and channel sections provide shear paths from the tube into the
ring in the plane 1.57 rad (90°) to the plane of the tubes. The gusset
plates provide axlial load continuity in the plane of the tubes, as well as
moment continuity in both planes. The arrangement of the gusset is such
that the larger of the moments is reacted by axial loads in the plates,
while the smaller moment is resisted by plate bending. It should be noted
that the laminate orientation of the gusset plate 1s the same as that of
the tube, and therefore possesses the same near zero C.T.E. The shear in
the plane‘of the tubes is resisted directly by the ring via the gusset
plates. The tube/apex fitting assembly is totally adhesive bonded. Thisg

mode of assembly was selected to insure intimate contact bhetw=en detailz,

8
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eliminating such potential problem areas as bolt hole tolerances on thermal
performance. All bonding of the tube/apex‘assembly is accomplished using a
room temperature curing adhesive system and the double bonding technique.
This technique involves application of the adhesive to one of the two faying
surfaces (applying a release agent to the other), fitting up of the parts,
curing, disassembling, inspection and finally application of the adhesive to
the second faying surface for final assembly and curing. The system allows
for visual bondline inspection and compensation for any mismatch prior to
final bonding. As noted in Figures 2-3 through 2-5, fasteners are utilized
in selected areas to resist any peel loads on the adhesive. The primary
structural loads are resisted totally by the bonded joints. 1In order to
utilize this concept, the tubes end transitions from a round into an octag-
onal shape. The flats are created to provide the bond surfaces in conjune-
ticn with other features of the design concept. For the purposes of this
program and in order to make use of the existing tube tooling, the flats
were prepared by overwrapping the tube end oversize, in the round, with
fiverglass and machining the flats to a wall thickness nominally greater
than that of the basic tube. This closely approximates an integrally molded
octagonal end shape that would be employed if all new tooling were fabricated.
The two member test structure fabricated under this program isg shown in

Figure 2-6.

2.4 Materials Characterization and Selection

The materials used under this program consisted of two types of
graphitsz fiber and a common epoxy matrix. The fibers are the Hercules
Type A (low modulus) and the Celanese GY70 (high modulus), both of which
were impreghated with the United States Polymeric E-702 resin system. The
material characterization and selection program was conducted with three
different laminate configurations (using a mix of both materials) for which
analytical methods had predicted near zero coefficients of thermal expan-
sion, The attaimment of the near zero coefficient was the primary criteria
in the selection process, other considerations however, such as mechanical
properties also played a significant role. The program was setup such that
an initial screening of all three multi-directional laminates was made,
relative to tehmsile and compressive strength and modulus and of course the
longitudinal énd transverse C,T.E. Unidirectional properties were also

run for the Type A and GY70 independently. All initial testing was done with
12
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the first buy of material - batch one. Subsequent to the results of the
first tests one laminate, which exhibited the most consistent and predict-
able properties, was selected for further testing. The tests were environ-
mental in nature (outgassing) followed by thermal coefficient testing. In
order to determine the consistency of properties., both mechanical and phy-
gical, from material batch to batch, a second material buy was instituted.
Further tests on the selected laminate (identical to the initiél tests} were
run and compared. For the purposes of identification the three laminates
were denoted as A, B and C. The test matrix for the characterization and
selection program is shown in Table 2-1 and represents all element tests

performéd, both planned and added.

Upon completion of the elemental ftests three subcomponent tube speci-
mens were fabricated using the gelected laminates, and tested to determine
the C.T.E. The intent was to compare the C.T.E. for these specimens, which
were in the intended structural shape, to that of the flat rectangular e=le-

mentsg.

The following sub=-sectlons discuss in more detail the material character-

ization program and the results obtained.

2.4.1 Mechanical Propertieg Determination

The =quations 1o predict multi-directional laminate structural behavior

were developed in Reference 1,

~

The stress-strain relations for a single layer are given using func-
tions of the multiples of the angle of rotation of the layer instead of
powzars of the angles. Sign conventions for stress and ply orientation are

shown in Figure 2-7.

r— - — — — -—
I Q1 9y Q6 x
Iy = | Q1 @ Q26 €y
1
fy i Yz s Vxy

where

f ,f ,and { = Stresses applied to the layer
Xy Xy

€ _,e_,and ¥ = Layer strains
€y Xy Y
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Table 2-1 Test Matrix - Material Characterization and Selection Study
Material Batch 1 Material Batch 2
Property Leminate Configuration Laminate Configuration
A B C Uni Selected-B Selected-B
t % =
F.'y Eyq 5 5 5 6/6 5
t t
¢ c
c c c
b b
b b
4
Frre 5P
1 1 1
. S(1)] (1) [5(D)] 5 s(1) o(1)
11
u22 3 3 3 3/3
Qutgassing at R.T 2
o, . {(Post-Condi- N 1
tioned)
Cutgassing at 65.5°C 3 2
(150°F)
Gy {Post=~Condi- 1 1
tioned)
Humidity + Outgass- 3 2
ing a2t R.T,.
o, ., (Post-Condi- i 1
tioned)
Humidity + OQutgass- 3 2
ing at 65.5°C {15C°F)
o.. (Post-Condi- 2 1

11 tioned)

(1)

Includes Re~runs
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and

cos 20 + U,cos 44

(;)11=3U1+U24-U3 4

Q22 = 3U1 + U2 - Uscos 20 + U4cos 48

Qgy = Qg =Uy- Uy - Uycos 48

Qgg = Uy + Uy - Uycos 40 2
Qgq = Qg =5 UgSin 26 + U,sin 40

Qgy = Qpg = Uysin 20 - U,sin 48

@ = Angle between layer axis and laminate axis.

and
4] =—l— .E +E,o+ ®.,E.. + u.E
1789 [11 22 mFnt o 22]
U, =L Gin-t (v E.. + u.E
27739 12°F ("21%11 % %2Fa) ;
U, = 2 E E '
3737 [ 11~ Egp ]
. ‘
Us =37 [Eu *Bop - (¥91F11 t Y oFgy ) - 4 “’012]
where

Ell’ E22, and 612 = Layer longitudinal, transverse, and shear moduli
Vi9 = Major Pueissun's ratio
Yoy = Minor Poisson's ratio

=l v vey

Cons’dering the 10/1.57/+61 (10/90/487) laminates with egual numbers of
layers in the +8- and -6-degree directions, using £, m, ard n to denote the
proportion by thickness of layers in the 0, 1.57 and +6 rad (0,90, and +8
degrez) directions, assuming plain strain through the laminate and using the

relaticns for eguilibrium, then:

+nf =f
X X X
2, b M N
m n =f
J-fy + fy + fy . )
28 Baome Mong Nog



where fx, fy’ and fxy are respectively the longitudinal, transverse, and

shear stresses applied to the laminate; f and fijM are the 0 and 1.57

rad (0 and 90 degree) layer stresses and fi’ is the stress in the +8 rad
(degree) pair of layers.

Substituting Eq. 1 into Eg. 4 results in:

R R,
fx = (ERQ11 ) e + (ERle ) ey = All o+ A12 €y

- R :

f = (FRQ," & + PRy ) & = Apy § ¢ App g
Ry, .

foy = (TRQgg M 7py = Agp Yy

where RQin represents the summation of the proportion of each layer

thickness multiplied by its stress-strain coefficient, that is:

R L M N
RQyp = 48y *+ oAy +nQ)

Inverting Eq. 5, the strain-stress relations become:

| ) E; RQ22R] fx - E‘- RQIZR] fy
1re;, JERQy,"] - [TRQ,,T

. L [rre, "1, [T roy™) fy °
g EIRQMR] ERszR] - ERQmR] ‘
£
L xy
Xy
zRQ66R ,

The laminate overall elastic properties in the elastiec range are
given by:

Ex R
Ay = Ay = ) = ERQ
- v
Xy ¥x
E
_ . S R
Aop=hy T T IRQ,,
- 7
Xy ¥yx
- v B
) vxhh Xy ¥ “fR R
Fan = =L Q12
1. w 1 - v £
Xy ¥yx Xy ¥x



. ) R
Agg=A, =G - IRQy

R
IRQ12

v = -—

ZRQ22R 7 (Cont.)

R
IRQ,

¥ =

VX
R
.":RQ11

The stress applied to each layer is obtained by substituting Eg. 6 into

Eg. 1, which results in:

R R R R R R_, R R
o LQu PRy - 9y ROy, Ji - [Qy 2ROy - Qg 2RQyy

f =
EZRQMR] [ERszR] - [ERleRjz

X

{
y

R R, R R R R R R
R [Qa RQp -Qp ERQy, 1 [Qp5" =Ry, - @y TRQy, 1,

[ErQy; " J[ERR,," 1 (ray," ]

Q66 fxy

Xy R
ERQ66

The longitudinal tension strength, Fxtu, for 10/1.57/+61(f0/90/+81)
laminates 8 obtained From Eg, & R o
7] [2ray) 5]
pti - gL [ZRQll ZRQys | - [ER%

X X R R R R
[@] zRay; - Q) ZRQy; |

where FXL igs the composite layer strength.
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The equation for laminate modulus of elasticity, Ex’ of multi-

directional laminates is obtained from Eq. 6.

[zra2]

R
ZRQ%Z

— R
Ex zRGﬁl -

The analysis was programmed as the IBM 1130 computer program 'PRPCK'.
Mechanical properties and strengths for the laminates with configurations

'A', 'B', and 'C' were obtained using the above program.

Table 2~2 lists the unidirectional properties of GY?O/E?OE and Type
A/E702 Gr/Ep used in the analysis of the multi-directional laminates ‘'A',
'B', and 'C'. The moduli values, EL, ET’ GLT reflect the latest available

test Jdata. The transverse modulus, E,, is the average of the tension and

compression moduli. The transverse thsion and compression moduli from
References 2 and 3 are 11,0 x 10° N/M2 (1.6 x 100 psi) and 20.0 x 107 N/M2
(2.9 % 106 psi), respectively. The difference between the tension and
compression moduli in the longitudinal direction is only on the order of
10 percent. This average transverse modulus gives better correlation in

the evaluation of the coefficient of thermal expansion.

A discussion of the test results vs. predictions, for the various
material properties of the 'A', 'B', and 'C' laminate configurations are

presented as follows:

e Tensile Strength and Modulus - The tengile specimens were 12.7 mn
(50 inches) wide and 279.4% mm (11.00 inches) long with fiberglags
gripping tabs adhesively bonded to each side of both ends of the
otherwise rectangular, uniform cross-section. Thege tabs extend
beyond the length of the specimen to assure proper zligrnment
during test. Pins placed in the holes at the ends of the tabs,
mate with grooves in the top surface of laterally self-aligning
grips to assure aligmment. The specimens were subjected ta

axial loading.

The results of the tension element tests are summarized in Tables
2-3 and 2-4, and compared to predicted values. The ratios of

average test to predicted modulus in the longitudinal direction

20



Table 2-2

Unidirectional Properties of GY7G/ET02 and Type A/ET02 Graphite/Epoxy

GYT0/ET02 Gr/Ep
Property RT -50°C (-58°F)
Max | Min Me.x Min
Ey N/m€ (psi) 200 x 109 *
(L2.0 x 106)
Ep, §/m? (psi) 6.90 x 109 *
(1.00 x 106)
G M/me (psi) 4.83 x 109 *
(.700 x 108)
it '3 *
FEU | 1/m2 (psi) 621 x 106 *
(90 x 103)
ary m/m/°C (in/in/°F) |-.900 x 106  |-1.08 x 10-6 |-.95k x 10-6 [-1.13 x 10-6
(-.500 x 10-6)}(~.600 x 10-6) |(-.530 x 10-6}|(-.63C x 10-6)
Gps m/m/°C (in/in/°F) [30.6 x 10~6  |28.2 x 106 [25.9 x 10-6  |23.8 x 10-6
(17.0 x 10-6) [(15.7 x 10-6) [(1L.L x 10-6) |(13.2 x 10-6)

t, m {inches) 1.60 x 10-%
(.0063)
Type A/E702 Gr/Ep
E , N/m@ (psi) 128 x 109 *
(18.5 x 106)
Eps N/me (psi) 15.5 x 109 #
(2.25 x 106)
G, s H/me (psi) 4,83 x 109 *
LT (.700 x 106)
vLT .25 #
FPU 1/m2 (psi) 1455 x 106 *
{211 = 163)
op» m/m/°C (in/in/°F)|.5h0 x 10-6 | .250 x 106 | .101 x 20-6 | .120 x 10-6
(.300 x 10-€) | (.14 x 1076) | (.106 x 10-6) | (.0666 x 10~6)
o, m/m/°C (in/in/°F |28,k x 10~% |25.9 x 106 |23.0 x 10~F |19.8 x 10-6
(15.8 x 10-6) | (1k.k x 10-6) |(12.8 x 10-6) | (11.0 x 10-6)
t, m {inches) 1.23 x 10-%
(.00525)
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Table 2~3 Theoretical and Test Tension Modulil

For Laminates

'A', 'B' znd

'C'

Laminate

Orientation

t

Etest
lOgN/M2 {(msi) 1

Epred
1078/° (msi)

Etest

/E

pred

longitudinal

150

177

97
155.
160.
AT

il
63
1

61.

155.80 (22.6)

1.04

transverse

17.
18.
22.
23.
25.

o o
g

AN |

=
P T e P
L Lo W MY ra
Oy £ N —3\n
e e

21.57 ( 3.12)

27.78

{ &,03)

-TT6

longitudinael

132.
13¢5,
1Lk,
1Lk,
1LE.

RS TR AT B el
H O OwW\W
N \O O ONY
Tt e e e

1

o
o
P e R e W ]

40.63 (20.4)

139. (20.2)

1

01

transverse

35,
39.
43,
L,
b,

L

Fww
WnoND aY Co D
o

—

Li.kz ( 6.01)

b7,

{ 6.86)

876

longitudinal

125.
127,
132,
16€.

(2h.1) |2

37.88 (20.0)

1b1.32 (20.5)

975

transverscse

63.

1.
Th.

66.62 (10.1)

76.52 (11.1)

909
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Table 2-4 Theoretical and Test Tension Strength
¥Yor Laminates 'A', 'B' and 'C'

. ) o Fult polt (AVG) gpult Fult/Fult
Laminate|Qrientation test test pred ’ test pred
108l (xsT) | 10602 (ksT) 108w (ksT)

A longitudinal 3Lo {k9.3)

356 {51.7)

380 {55.1)

351 (50.9)

349 (50.6} 355 {51.5) 332 (L8.2) 1.07
A transverse Tab Failure 197 (28.6)
R longitudinal 262 (28.0)

225 (32.6)

316 (45.8)

261 {37.9)

291 (hz.2) 271 (39.3)| 296 (43.0) .91k
B(l) iongitudinal 279 (40.3)

29l (Le.6)

292 (L2,u)

369 (53.5)

28L {(L1.2) 303 (uh.0)| 296 (L3.0)| 1.C2

B(l)(g) transverse oho (34.8)

235 {(34.1)

2Ls5 (35.6)

233 (33.8) .

251 {36.4) 272 (39.4}] 3k9  (50.6) LTT79
C longitudinal 203 {29.4)

218 {26.0)

329 {(LT7.7)

255 (37.0)

199 (28.8) 247 (35.8)] 3203 (4Lk.,0) .81k
C transverse 138 (20.0)

155 (22.5)

1Lo (20.3)

132 (19.1) 1

105 (15.3) 134 (19.1)f 263  (23.7) 819

(1)
(2)

Second ERatch Material

23
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for laminates 'A', 'B', and 'C', are 1.035, 1.009, and .975,
respectively. These ratios show excellent agreement betweesn
theory and test. In the transverse direction the agreement
.between theory and test is only fair. The ratios of average
test to predicted modulus in the transverse direction for
laminates 'A', 'B', and 'C', are .776, .876, and .909, re-
spectively. This discrepancy can be explained as being the
result of using the average of the transverse tension and
compression modull rather than the transverse tension modulus.
Laminate 'A' which has layers of Type A Gr/Ep in the 1.57 rad
{90°) and +.26L rad (+15° 07') degree directions shows the
largest difference between theory and experiment. In addition
to using a much higher unidirectional transverse modulus for
the Type A graphite this laminate because of the orientation

of its angle plies at +.264 rad (+15° 07') exhibifs considerable
edge effects. The experimenitally obtained moduli range between
17.9 x 107 N/ME (2.59 x 106 psi} and 25.1 x 107 N/M2 (3.6h x

10”7 psi). The use of the lower transverse tension modulus for
the Type A graphite yields laminate moduli closer to the test

results.

Tension strength test results listed in Table 2-4 show fairly
good agreement with predicted values. Excellent correlation
was obtained for laminates 'A' and 'B' in the longitudiral
directions. Test strengths for laminate 'C' showed a wide
scatter. Results for the transverse 'A' and 'B' (first batch)
laminates are not included since all failures were in the tab

areda.

Compression Strength and Modulus - The compression properties
were determined on specimens subjected to direct end loading.
They were of the rectangular, constant section "Northron" con-
figuration, with adhesively bonded fiberglass tabs at both
ends, acting as spacers during test and allowing for installa-
tion of sirain gages on the center of the specimen. During
test the load was applied axially with the specimen supported

in the Northrop type fixture.

2l



The results of the compression element tests are summarized and
compared to predicted values in Tables 2~5 and 2-6. The ratios
of average test to predicted modulus for the three material/
laminate configurations range from .827 to 1.14. A large scatter
in the compression test results was observed. The compression
test moduli are lower than the tension test moduli. Because
both tension and compression moduli for unidirectional graphite/
epoxy are equal, the same moduli for tension and compression

for laminates 'A', 'B', and 'C' have heen listed under design
properties in Table 2-8, Table 2-5 lists compression strength

test results and the predicted wvalues.

Flexural Strength and Modulus - The specimens were 1016 mm (L
inches) long by 12.7 mm (.50 inch) wide uniform bars of rec-
tangular cross-section which were tested as simply supported
beams. The specimens were tested under single point center
loading at a span-to-thickness ratio (%) of 32:1 and symmetric
two point loeding over a span of Wit (secondary span of 18t).
Turing test the center deflections of the specimens were measured

using an LVDT type deflectometer,

Flexure tests were performed on coupons of type 'A', 'B' and
'C' laminates. Results of these tests are prescnted in Table
Z-f. These coupons were analyzed by considering the individ-
uzal layers comprising the coupons.- Stress in each layer is
determined by distributing the bending moment to each layer
proportionately according to the layer modulus and to the
distance from the neutral axis. The ratios of average test
to predicted flexure strength for the three material/laminate
configuration vary from .925 to 1.225. Flexural %est moduli
are not compared to predicted values due to improper failure

mode (the specimens failed in interlaminar shear),

Horizontal Shear - The horizontal shear specimens were 22.8 mm
(90 inch) long by 6.35 mm (250 inch) wide uniform bars of con-
stant cross-section. They were tested as center loaded simply

supported beams over a span-to-thickness ratio of 5:1.

25



Table 2-5 Theoretical and Test Compression Moduli
For Laminates 'A', 'B' and 'C'

Laminate|Orientation [.c c
test Etest(Avg) Epred Etest/Epred

LoSH/M°  (msi) |1099/M2 (msi) | 209W/M2 (msi)

A longitudinal] 97.89 (1k.2)
125.47 (18.2)
129.60 (18.8)
133.7h {19.%)

1)

155.25 (23. 129 (18.7) | 156 {(22.6) 827

A transverse 20.26 (2
20.54 (2
26.61 (3. ' _

(& 31.7  (4.60) 27.8 (h.03)| 1.1h

B longitudinal| 96.51 (1k.

129 (18.7) | 139 (20.2) .026

B transverse 39.29 (5.70

w720 (6.85)] 42.5  (6.17) L7.3  (6.86)|  .899

C leongitudinal| 113.75 (16.5)
115.81 (16.8)
124,09 {18.0)
12L.78 (38.1)

iy

15%0.63 (20. 12k {18.0) | 11 (20,5) 878

o transverse 58.32 (8.4
‘ &1.7¢ (8.0
63.49 (g.2

68.38 (9. 3.8 (9.26) T6.5 (11.1) .83k

B(l} longitudinal| 118.

T
122.8
122.0 (17.
3
1

—

(17.

—

110,
126,

LS

120 {(27.1) | 139 (20.2) .Bep

(1)

transverse 38,

42,
LE.

L__ Lo.

D 0 O O w oM

P e N s
ONA Oy
. s . .

L1.8  (6.06)} bT7.3 (6.86) .885

T e e Tt

(I)Batch No. 2 26



Table 2-6 Theoretical and Test Compression Strength
For Laminates 'A', 'B' and 'C'

Fulilevg.) Fult Fult/Fult
test pred test pred
Laminate Loading No. Tests

108 /2 (ket) | 1050/ (xsi)
A Longitudinal 5 Lo  (72.2) 332 (L8.2) 1.50
A Transverse 5 207  (30.0) 197 {28.6) 1.05
B Longitudinal 5 353 (51.2) 296  (L3.0} 1.19
B Transverse 5 Ls3  (65.7) 349  (50.6) 1.30
8(2) | Longituginal 5 299  (43.k) | 288  (43.0) 1.01
B(2)}) |Transverse 5 L3z (62.6) 488  (50.6) 1.2h
C Longitudinal 5 3TL (sk.2) 303 {(Lk4.0) 1.23
c Transverse 5 202 (29.3) 163 (23.7) 1.2

(1)Ba5ed upon nominal per ply thicknesses of .160mm (.0063) for GYT0, and

.133mm (.00525 in) for Type A.

(Z)Batch No. 2
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Table 2-T Theoretical and Test Flexural Strength

For Laminates "A", "B" and "C"

Critical
Leyer Mate-
Fb ult(Avg) Fb uit rial and
test pred Angle Be-
No.of 6 5 6 > 7 JF tween Load
Laminate Loading |[Tests|l0°N/m™{ksi) [10 ¥/m"(ksi)| test’ pred|and Filament
A Longitudinal] S [681.1 (98.8) 6éo.5 (90) 1.09 GYTO at O
RAD (0°)
A Transverse 5 78.5 (11.39)! 68.9 (10) 1.1Y4 Type A at
1.3 BAD
{759}
B Longitudinal| 5 [698.4 (101.3)i620.5 (90) 1.225 GYT0 at ©
RAD (0°9)
B Transverse 5 19.1 {2.77) § 20.7 (3) .925 GYT0 at 1.57
' RAD (90°)
C Longitudinal] 5 20.1 {3.20) | 20.7 (3) 1.07 GYT0 at 1.57
RAD (5079}
C Transverse 5 |710.1 {103) 620.5 {90) 1.1k GYT0 at O
RAD (0°)
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The results of the horizontal shear tests are given in Appendix-
B. These tests are used primarily for material qualifica-

tion and the results which varied from 2L.1 x lO6 N/m2 (3.5 ksi)
to 30.5 x 106 N/m? (4.43 ksi) are considered acceptable. The
horizontal (interlaminar) shear strength of unidirectional GYT70
Gr/Ep is 37.3 x 106 N/mg (5.4 xsi), but for multi-directional
laminates this value is considerably reduced. Assuming a trend
gsimilar to that observed in boron/epoxy this reduction is of the

order of 40 percent.

Table 2-8 lists design properties for laminates 'A', 'B' and 'C',

Strength allowables are given as 80 percent of predicted values.

2.4.2 Coefficient of Thermal Expansion Investigation

A preliminary investigation to determine the thermal expansion charact-
eristics of graphite composites was performed using available unidirectional
mechanieal and physical data. The goal was to obtain a near-zero coefficient
of thermal expansion by combining high-strength and high modulus graphite/
epoxy layers in an.orthotropic laminate., Laminates with at least four layer
orientations, O rad (0°), 1.57 rad (90°) and +8 rad (8°) were chosen in order

to have a "filament controlled laminate" not primarily resin dependent.

A search technique, programmed as the IBM 360/67 computer program
"ZERCO", was utilized to find laminates with zero coefficient of thermal
expansion. In the analysis, the elastic and thermal response of each layer

of the multi-directional laminates in a state of plane stress is given by

b7 91 % © °p " op 7T
op | = | G %p © ey = op 8T 9
LT 0 0 29| |2V
where
g = B/(L - Vg Vo)

= vpp B/ (1 = Vg V)
= Bp/(1 - v V)

Crp

10

o
[0} no
1l |
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Table 2-8 Design Properties for Leminates 'A', 'B' and 'C' at RT

GYTO O-rad (0°) Layers; Type A 1.57-rad (90°)

A,
B.

[2/1/4] @
[u/2/4] 8

Al

,26h-rad (15° 0T")
.908-rad (52° 02')

+8 Layers

GY70 O-rad (0°) and 1.57-rad (90°) layers; Type A *6 Layers

¢, [4/2/4] & = .721-rad (41° 18')

Configuraticn
Property . A B C
L, C-rad (0°) Layers® .32k (GY70) bk (GYT0) .h2g (GYTO)
M, 1.57-rad (90°) Layers*|.135 (Type A) .185 (Type A) .214 {cYT70)
N, 6 Layers¥® .541 (Type A) .371 (Type A) .357 {Type A)
8, Radians (Degrees) 26k (15° 07') .908 (52° 02') L721 (L1° 181)

o s m/m/°C(in/in/°F}#*
ap m/m/°C (in/in/°F)
¥/m° (psi)

N/m" (psi)

s N/mz (PSi)

I,
T
T
LT
TL
Ftu, N/m” (psi)
Fcu, N/m2 (psi)
FoY N/m2 (psi)

E
E
G
v

AV

2

Buckling Coefficients

crit

F )

- t
=K (b

K,» N/m° (psi)
K N/m2 (psi)

6(-.05x166)

6(6.20x166)
%

-.09x10
11.2x10

156x107(22.6x10
27.8x10%(1.03x10%)
8.81x109(1.28x106)
.255
LOL6

.266x109(38600)
.266x10°(38600)
,148x10%(21500)

1412109 (20, 5x105)
132x10%(19. 2x10%)

h.05x166(2.25x166

6

)

139x10°(20.2x10
47.3x10%(6.86x10%)
15.0x10%(2.18x10%)
271
.092

.237x10°(3LL00)
.23Tx109(3hhoo)
.253x107(36700)

202x109(29.3xlo6)

221x109(32.1x106)

.26x156(.1h X 166)

)

€

.3x166 {.17x10

1.hhx166(o.80x15 )

1h1x109(20.5x106)
T6.5x109(11.lx106)
15.lx109(2.19x106)
.16k
.089

.2k2x10% (L4000)
.2h2x109(hhooo)
.253x109(36700)

239x109(3h.7x106)
301x10% (43.7x10%)

#Decimal fractions are based on relative thicknesses

®¥#Average Test Values
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E_, E_ and G._ are the longitudinal-transverse- and in-plane shear-moduli,

L> 7T LT
respectively. Vi and UTL are the major and minor Poisson's ratios.

Using a coordinate transformation the stress-strain relation for a
layer when the applied stress makes an angle O with respect to the natural

layer axis is given by

— — — p—

Oy € = ax AT
1
= . Q e - A ©11
°y vy
1 1
T =Y - % AT
Xy 2y T Ny
—_— — - — —
shere
1 -1
rQ"l = 7T}~ relrT] 12
— 2 - 2 , 7]
and cos © sin & 2 sin 8 cos @
. 2 p .
T} =] sin © cos B -2 sin 8 cos @
-sin & cos © gin 6 cos 8 .cos 2 @
13

For a laminated composite consisting of n layers symmetrically lamin-
ated about the middle surface of the laminate (no coupling between in-plane

loading and out-of-plane deformation) the following expression is obtained

N) = TA)[e] - [B] 4T 1

where Nk, Ny and Nky are the stress resultants and the matrices [A] and

[B] are given by the following expressions

S ()
B = El 843 (Iyy = 1y
k =

15

N (x)
B, - (a7 o) gy - 1)

31



where oy = a,
0o = ) y
(&) _ 1 (%)
!3{3 = 3 Q'xy

The coefficients of thermal expansion & Qy’ ey for the laminate are

obtained from Eq. 14 by setting the resultant stresses, [N], equal to zero.

rs] | 17

The program involves a systematic search of laminates composed of
layers at O rad (0°), 1.57 rad (90°) and +6 rad (8°). The angle of the
angle plies (+0 rad) is increased by .0875 rad (5°) increments and for each
angle &, a layup which results in a coefficient of thermal expansion, v,
equal to zero is found for each of four cases (proportion of 1,57 rad (90°)
layers equal to O, 5, 10, and 15 percent). For some cases no combination of
0-rad {0°) and +6-rad (8°) layers can regult in a zero coefficient. Figure
2-8 presents a typical carpet plot of variation of coefficient of thermal
expansion {C.T.E.) vs. orientation of angle plies. Each laminate config-
uration which resulted in a zero coefficient of thermal expansion was then
checked against minimum stiffness requirements and adjusted maintaining

o = 0.

From the zbove preliminary investigation eleven laminates were selected
for further study. Figure 2-9 shows a plot of the longitudinal coefficient
of thenmal'expansion versus orientation of the angle plies for six laminates
composed of QY70 O-rad (0°) layers and Type A 1.57-rad (90°) and +8-rad
(8) with the E702 resin system at room temperature. Figure 2-10 shows a
gipilar plot of the longitudinal coefficient of thermal expansion versus
orientation of the angle plies‘for five laminates composed of GY70 O- and
1.57-rad (0° and 90°) layers and Type A #+6-rad (8°) layers with the ET702

resin system at room temperature.

Three material/laminate configurations, 'A', 'B', and 'C' were selected

for fabrication and test.
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Factors affecting selection of these specific configurations were the
slope of the curve - a relatively gentle slope was desired in order to
nirnimize variation in the coefficient for slight variation in orientation
(manufacturing tolerances), laminate symmetry-to minimize distortions in
the cured parts and to avoid large built-in interlaminar stresses, and
a sufficiently different +6 orientation - to yield data over the broadest

possible spectrum, within program scope.

cOnfigufétion 'A' consists of two GY70 O-rad (0°) layers, one Type A
1.57-rad (90°) layer and four +.264-rad (+15° 07') layers. Configuration
'B' consists of four GY70 O-rad (0°) layers, two Type A 1.57-rad (90°)
layers and four +.908-rad (+52° 02') layers. Configuration 'C' consists of
four O-rad (0°) and two 1.57-rad (90°) layers of GY70 and four Type A
+.721-rad (+41° 18') layers.

Analytical checks of the three selected laminates were made, in the
tubular configuration, and indicated that all degign criteria were either
met or exceeded 1.e., EImin EAmin’ column buckling, local buckling and
strength requirements.

Subsequent to analytical selection of the three laminate configura-
tions the test program was begun. At the initiation of the test program
some problems developeé relative to the test procedures, apparatus and
lack of specimen pre-conditioning., The problems and their resolution are

discussed in succeeding paragraphs.

Initially, the coefficient of thermal expansion tests were conducted
at GAC, The test specimens were uniform bars of rectangular cross-section,
76.3 mm (3.0 in) in length and 12.7 mm (.50 in) in width. Testing was
conducted in a high precision Theta Industries vitreous silica dilatometer
which was calibrated after every third run with an NBS quartz standard. A
heating and cooling chamber was used to provide the necessary thermal en-
vironment, -L0°C to 65°C (-UO°F to +150°F), with specimen temperature monit-
ored by a thermocouple positioned close tc the mid-point of the specimen.
Both specimen temperature and length change were continuousl& monitored and
plotted on a Texas Instruments dual-pen recorder. The specimens were cooled
from ambient room temperature to -40°C (-40°F) and maintained at this temp-

erature until stabilization occurred. The specimens were then heated to
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-15°C, +10°C, +35°C (+5°F, -50°F, +95°F) and finally to 65°C (+150°F)

and the same stabilization procedure followed.

The values for the quartz standard are based upon the "Certificate
‘of Analysis" for Standard Reference Material 739 (fused-silica) published
by the National Bureau of Standards.

The initial results obtained from the Type A/E?OE longitudinal co-
efficient tests showeé a major discrepancy from the predicted values. At
this time, one specimen was sent to the IIT Research Institute to be tested
and a thofough investigation of Grummars test set up was conducted. This
investigation showed that while system cperation was proper, it exhibited
a lack of sensitivity and response, thus precluding sufficiently accurate
results. A4s a result of the TIITRI test and the equipment check, a decision
was made to run all future coefficient of thermal expansion specimens at

Theta Industries, Inc.

The test measurements made by Theta were conducted on a high precision
Theta Industries differential silica dilatometer with active temperature
control‘for all critical system components., The specimen configuration was
modified to 50.8 mm (2.0 in) in length by 6.4 mm (.25 in) in accordance with
Theta's requirements. The expansion calibration was carried out with a 0.010
inch thick gage block, having an inaccuracy of 0.01%. The linearity of the
differential transformer is better than 0.25%. A Digitec Model 1268 Volt-
meter was used for z continuous read out. A copper versus copper-nickel
thermocouple (Type T) was used for temperature measurement. During the
expansion teost measurements, the junction temperature was held at +35°C t
0.5°C (95°F + .9°F). An NBS quartz standard was used as the reference
material (see Pigure 2-11 for test set~up). The temperaturs range of the
tests was -100°C to +20°C (~148°F to +58°F). ‘

After the specimen and reference standard were loaded inside the test
tube, the system was evacuated for approximately 10 minutes. Air passing
thru phospherus pentoxide (tc remove the moisture) was then filled into the
system at a rate of 0.5 liter/minute. The system was then stebilized for
approximately 15 hours. Liquid nitrogen was then filled into the double

walled proteetion tube to cool the specimen and reference. The nitrogen
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was filled in intervals to achieve a cooling rate of approximately 4° C/min
(7.2°F). From -100°C to -60°C (-1L8°F to -T6°F) the inside tube (contain-
ing the specimen and reference) warmed up by itself; after that the tube was

heated to achieve a heat-up rate of approximately 3/4°C/min (1.35°F/min).

Initial test results from Theta for the Type A unidirectional speci-
mens indicated that after -a re-run of the tests a change of the measured
coefficient was observed. As a result of this phenomenon all further test
specimens were thermally stabilized for a perio® of one hour at -100°C
. (~-148°F) prior to testing.

The fest apparatus for the measurement of the coefficient of thermal
expansion consists basically of two push rods in parallel. One push rod
measures the expansion (or contraction) of the test specimen and the other
push rod measures the quartz standard. Thus, the specimen growth is mea-
sured relative to the known growth of the quartz standard., Once all pro-
blems were resolved the test program was begun in earnest. Priority was
given to C.T.E. testing the unidirectional GY70 and Type A laminates (both
longitudinal and transverse) first. This was done so that test correlation

data could be developed for the multi-directional laminates.

In order to analytically predict the coefficient of thermal expansion
of multi-directional laminates it is necesgary to have accurate values of
the mechanical and physical properties of the unidirectional composite

systems making up the laminate,

Figure 2-12 shows the longitudinal coefficient of thermal expansion
of unidirectional GY70/E702 Gr/Ep specimens as a function of temperature.
Scatter in the test resulfs lg significant. Values as low as -1.27 x 10~
m/mm/°C (-.695 x 107 in/in/°F) and as high as -1.05 x 107 mm /mm / °C
(-.584 x 10”7 in/in°F) at -50°C (-58F) were obtained. Figure 2-13 shows the
longitudinal coefficient of thermal expansion of unidirectional Type A/
ET02 Gr/Ep specimens as a function of temperature. Scatter in the test
results is very significant at the higher temperatures. At 5°C (L1°F) the
value of ¥_ ranges between 0.56 x 107 mm/mm/°C {311 x 1076 in/in/°F) and
0.23 x 10 ~ mm/mm/°C (.128 x 1070 in/in/°F). Similarly Figures 2-14% and

2-15 show the transverse coefficients of thermal expansion at temperature
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for unidirectional specimens of GY70/E702 and Type A/E702 Gr/Ep, respective-
ly. Variations in the transverse coefficient of thermal expansion are of

the order of 10%, congiderably less than those observed for the longitudinal
coefficient of thermal expansion, as expected. In the longitudinal direction,
slight misalignment can significantly affect the test results, not sc in the
transverse direction which is basically resin-controlled. Buit, because the
transverse coefficient of thermal expansion is approximately two orders of
magnitude greater than the longitudinal ceoefficient of thermal expansion,
these small percent variations cause very large differences in the prediction

of coefficients of thermal expansion for multi-directional laminates.

Table 2-2 of Section 2.4.1 lists the unidirectional properties of GYTO/
E702 and Type A/E702 Gr/Ep used in the analysis of the multi-directional

1> Bpo Gpp
used to predict the mechanical properties of 'A', 'B' and 'C' laminates.

laminates 'A', 'B', and 'C'. The moduli values, E are the ones
The fransverse medulus, ET’ is the average of the tension and compression
moduli. The transverse tension and compression moduli are 11.0 x 109 N/m2
{1.6 % 108 psi) and 20.0 x 107 N/m2 (2.9 x 106 psi), respectively. The
coefficient of thermal expansion is given over a range {max-min) as obtained

from Figures 2-12 through 2-15,

Using the properties listed in Table 2-2 and the IBM 360/67 computer
program THRMQ, transverse and longitudinal coefficients of thermal expansion

were generated for the multi-directional laminates 'A', 'B' and 'C'.

Figures 2-16 through 2-18 show plots of the transverse coefficient

of thermal expansion zt temperature, experimentally obtained for laminates
'A'y 'B' and 'C', respectively. The analytical predictions are superimposed
as heavy golid lines, The curves labeled 1 and 2 bound the band of possible
transverse coefficients of thermal expansion for nominal thickness laminates.
Laﬁinate 'A' shows good correlation between test and theory at R.T. Test
results at R.T. range between 11.0 x 107 mm/mm/°C (6.1 x 16 in/in/°F) and
1.4 x 15° mm/mm/°C (6.37 x 166 in/in/°F), and predictions between 10.4 x

16 mm/mm/°C (5.75 x 16~ in/in/°F) and 11.0 x 107 mm/mm/°C (6.1 x 1
in/in/°F). Figure 2-17 shows the good correlation obtained between test
and theory for the transverse coefficient of thermal expansion for the 'B'
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laminate. At R.T. test results ranged from a low of 3.15 x 15° mm/mm/ °C

(1.75 x 10 in/in/°F) to a high of 4.59 x 166 mm/mm/°C (2.56 x 1 in/in/°¥).
Predicted values range from a low of h.1L x 15° mm/mm/ °C (2.3 x 15° in/in°F) to
a high of L.5 x 1 mm/mm/°C (2.5 x 1 in/in/°F). TFigure 2-18 shows the
analytically predicted transverse coefficient of thermal expansion for lam-
inate 'C' to lie on the high side at R.T. Test results range from 1.26 x

15 mm/mm/°C (.70 x 160 in/in/°F) and 1.L40 x 18° mm/mm/°C (.78 x 1P in/in/°F),
and analytical predictions from 1.62 x 100 mm/mm/°C (.90 x 10~ in/in/°F) to
2.0k x 156 mm/mm/°C (L.14 x 167 in/in/°F}. The agreement is excellent at

-29°Cc (-20°F),

Figures 2-19 through 2-22 show plots of the longitudinal coefficient
of thermal expansion at temperature, experimentally obtained for laminates
'A', 'B' and 'C'. Again, analytical predictions are superimposed as heavy
s0lid lines. These lines labeled 1 and 2 gpan the range of possible co-
efficients of thermal expansion for nominal thickness laminates based on the
maximum-minimum physical properties for unidirectional graphite/epoxy listed
in Table 2-2.

Figure 2-19 shows the band of analytically predicted coefficients of
thermal expangion to lie within the scatiter band of test results through-
out the entire temperature range. The agreement between test and theory
is very good considering that the test results are estimated to be accurate
to within +.145 x 10'6 mm/mm/°C (+.081 x 10'6 in/in/°F). This is explained

as follows:

The test apparatus for the measurement of the coefficient of thermal
expansion consists basically of two push rods in parallel. One push rod
measures the growth of the test specimen and the other push rod measures
the growth of the guartz standard. Thus, the specimen growth is measured
relative to the known growth of the quaftz standard, Thz best estimate of
the possible error in the test set up is +0.05 x 1070 mm/mm/°C (.028 x
107 in/in/°F), of which +.03 x 107 mm/mm/°C (+.0167 x 107 in/in/°F) is
due to the gquartz standard. Interchanging the location of the test speci-
men and the quartz standard should have no effect on the results, but tests
show that this reversal caugses significant change in the test values obtained
for the 'B' laminste. It is tentatively assumed on the basis of these re-

sults that a further test error exists of +.140 x 1070 mn/rm/°C (+.077 x 10~
in/in/°F).
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The predicted range of values at R.T. for laminate ‘A' is -.160 x
107 mm/mm/°C (-.088 x 1076 in/in/°F) to +.120 x 107 mm/mm/°C (+.066 x
10_6 in/in/°F), and the renge of test results -.320 x ]_O“6 mm/mm/ ° ¢
(-.178 x 10~ in/in/°F) to +.260 x 107 mm/mm/°C (+.145 x 107 in/in/°F).

Figures 2-20A and 2-20B show plots of 24 test runs of specimens of
configuration B. This laminate was sclected as the most desirable of the
three in the selection program. Selection, of necessity, was made early
in the characterization program and based upon the few initial test re-
sults both mechanical and C.T.E. Consistency of results was the prime
deeiding factor. BSuccessive data proved the selection to be proper.

These two plots include specimens originally tested, re-tested, arfter
environmental exposure and from two material batches. Table 2-9 identifies
all 24 test curves plotted in Figures 2-20A and 2-20B, As can be seen from
the data there is no discernable difference between the C.T.E. for specimens
having undergone environmental exposure (outgassing or humidity), or from
different material batches, relative to the norm. The analytically pre-
dicted band of possible values for the longitudinal coefficient of thermal
expansion again lies within the band of all test results. At R.T. the

range of test results is -.200 x 1070 mm/rm/°C (-.111 x 1070 in/in/°F)

to +.630 x 1076 mm/mm/°C (+.350 x 1070 in/in/°F), and the range of predicted
values +.130 x 150 mm/mm/°C (+.072 x 156 in/in/°F) to +.400 x 156 mm,/rm / °C
(+.222 x 150 in/in/°F). Figure 2-21 shows a plot of the normal distribution
of the longitudinal coefficient of thermal expansion for laminate 'B'., The
graph shows the mean value and one standard deviation as a function of
temperature. Flots of test data at temperature show it to bhe approximately
normally distributed. The range of predicted possible valueg for the long-
itudinal coefficient of thermal expansion is also indicated at R.T. and at
-50°C (-58°F). The agreement, considering again the possible test error

of +.1h5 x 1070 mm/mm/°C (+.081 x 107 in/in/°F) is very good. The mean
value of ¢ for laminate 'B' at R.T. is +.290 x 107 mr/mm/°C (+.160 x

107 in/in/°F). The standard deviation is 0.191 x 107 mm/im/°C (0,105 x
107 in/in/°F). The mesn value of ¢ at -50°C (-58°F) is +0.010 x 1070
mm/mm/°C (+,005 x 107 in/in/°F) and the standard deviation 0,155 x 10
mn/mm/°C (0,085 x 107 in/in/°F).

6
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Table 2-9 BSpecimen Description 'B' Laminate

Srecimen No. Specimen Description

1 B1-1/N/P

2 BL-2/N/P

3 Bi-3/N/F

L B1-1/N/F

5 B1-1/R/P

6 B1-1/R/P

T B1-1/8/G70 (R1-1)

8 B2-1/N/P

9 B2-1/N/P
10 B2-1/%/P
11 B2-1/R/P
12 B1-1/K/H150 (HF1-1)
13 B2-1/R/P
1k R2-2/N/P
15 B2-2/R/P
16 B2-3/R/F
1T Bz2-3/N/P
18 B2-1/N/G70 (R2-1)
19 B2-1/8/G150 (F2-1)
20 Bi-2/N/H70 (HR1-2)
2l E2-2/N/HTO {HR2-2)
22 B2-1/N/H150 {HF2-1)
23 . Bl-2/N/H150 {HF1-2)
2L B1-1/N/HT0 (ER1-1)

Code
Mat'l Batch - Spec. No/Test Configuration/Environ. Exposure

Bl = Batch 1

B2 = Batch 2

I = Specimer. and Standard in Normal Position

R = Specimern and Standard in Reversed Position

P = Plain - No Exposure

GTO = Cubjected to Outgessing at R.T.

G150 = Subjected tc Cutgassing at 65.5°C (150°F)

HT0 = Subjected to Humidity Then Cutgassing at R.T.

E150 = Subjected tc Humidity Then Outgassing at €5.5°C (150°F)
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Figure 2-22 shows the longitudinal coefficient of thermal expansion
tor laminate 'C' as a function of temperature, The scatter in the test re-
sults is gquite large. The re-run of specimen Cl-3 indicates that curve Cl1-3
might be quite wrong and the spread in test results not as bad as seen at
first glance. Not enough specimens were tested to allow for any meaningful

.atistical distribution. In general the predicted values for @, lie on the

bhand of test results.

A thickness effect is noticeable in the test results obtained. In
general the thickef specimens show lower coefficients of thermel expansion.
Because of the good agreement obtained between predicted and test values
for the coefficient of thermal expansion of laminate 'Bf it is thought at
this time that the thickness effect is already included in the spread of
values obtained from unidirectional specimens, and used as input to predict
the physical properties of multilayer composites. Table 2-10 lists measured
thicknesses of typical specimens 'A', 'B' and 'C' at three locations, at the
ends and center. In addition, the possible misalignment of fibers by as
much as .035 rad (2°) was investigated. This possible but unlikely misalign-
ment results in = maximum change in o for laminates 'A' and 'B' of approxi-
mately .036 x 1076 mm/mm/°C {.020 x 107 in/in/°F), and for laminate 'C' of
.015 x 107 zm/mn/°C (.008 x 107 in/in/°F).

In conclusion than, the element test results for the selected 'B’
.laminate show that for the applicable temperature range of -g0°C to -23°¢C
(-130°F to -9.5°F) an average coefficient of thermal expansion of .086 x
10'6 rm/mm/°C (.0L8 x 10"6 in/in/°F) was obtained. This fell well within
the maximuwn permissible value of .216 x 1070 mm/mm/°C (.120 x 10—6 in/in/°Fj.
Further, predictions of the C.T.E, were in generally good agreement with the

test results.

The next planned program progression was to fabricate three tubular
speeimens of the 'B’ laminate .30 m (12 inches) in length and £1.2 mm
(3.2 inches)} in diameter for C.T.E., measurement. The tubular configuratiocn
was the anticipated structural shape for use in the metering truss. Plen-
ning called for these tests to be run at G.A.C., however, numerous athempts

+to make the measurements proved unsuccessful. The test procedure used to
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Table 2-10 Specimen Thickness - fActual Vs Nominal

Test Thickness MM {Inches} Average Nominal
Specimen - Thickness Thickness
End 1 Center End 2 MM (Inches) MM (Inches)

Al-1 |1.017 {(.choo)[1.083 (.ok27)|1.068 (.0Lkz20)}|1.058 (.0L16)|0.987S (.03885)
Al-2  [1.1k2 (.o450)11.020 (.oko2)]1.092 {.0L30)[1.083 (.oLk27)|
Al-3 [1.169 (.oké0)l1i.2ks (.o0Lkoo)|1.194 (.ob70)|1.202 (.OLT3)|

Bl-1 [1.500 (.0590)|1.545 {.0608)|1.576 (.0620)|1.540 (.0606){1.LL0 (.0567)
Bl-2 |[1.525 {.060} [1.450 (.057) {1.525 (.CAOC)|1.500 (.0590)
El-3 —_— - 11.538 (.0605} 1.550 (.0610)|1.54L (.0608)

Cl-1 J1.765 {.0695)]1.715 (.0675)|1.728 (.0680)|1.735 (.0683)|1.495 (.0588)
Cl-2 J1.k52 (.0572)11.538 (.0605}|1.627 (.06L0}|1.540 (.0606)
c1-3 |1.521 (.0603)|1.500 (.0590}[1.591 (.0627)|1.541 (.0607)

o7




try and make the measurement involved the use of two laser interferometers.
The interferometer measuring corner cubes were mounted at each end of the
tube to measure relative growth between the two ends. The cubes were mounted
to the tubes using double back iape (small flats were created on the inside
diameter with potting compound for mounting), in order to facilitate removal
and usage on other tubes. The member rested on a 'vee' block with teflon
mounting pads, such that expansion could freely take place. The tube was
placed in a thermal vacuum chamber and the chamber isclated from the floor
by air spring isolators. The 1asers/detectors were located outside, but
rigidly mounted to the chamber and pointed through an optically flat window.
Positioning of the lasers was maintained as close to the window as possible
to minimize the effect of temperature, pressure or humidity change on the
air path length of the beam outside the chamber. Measurement accuracy of
o5k x 10-6 mm (10 x 10-6 inches) was expected. During the actual running.
of the tests, a random drift of S080-7620 x 107 mm {200-300 x 107° inches)
was experienced; which represented a reading an order of magnitude higher

than the value to be measured.

In order to determine whether the instrument or the specimen was at
fault, an aluminum tube was placed in the chamber for measurement, Results
indicated that over the rangs of temperature change investigated (AT = 5.5°C
(10°F)) accuracy was only on the order of 10-20%. This was significant in
that the coefficient of thermal expansion of aluminum is two orders of mag-
nitude greater than the measurement being attempted on the graphite tubes.
Further, upon cool down the laser readings indicated additional specimen

growth - an impossible condition.

Based upon these findings it was determined that the equipment avail-
able did not possess sufficient sengitivity to make these extremely fine
measurements. A program decision was made to subcontract the thermal co-
efficient measurement of the subcomponent tubes, The Perkin-Elmer Corp.
was contacted, given the measurement requirements and expressed an ability
to effectively obtain the desired values. The only change necessary to
the specimen confjguration was to reduce its length to .152 m (6 inches).
This wag necessary to make the specimen compatible with an existing test

gset-up at Perkin-Elmer.
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The technique used by Perkin-Elmer was primarily that of the attached
reference. The specimen was used as an etalon spacer in a multiple beam
Fizeau interferometer. The configuration is shown in Figure 2-23. The
chamber used for this measurement series had internal coils which carried
liquid or gaseous nitrogen as the heat exchanging fluid. These coeling
colls surrounded a black anodized aluminum tube, which is used as a thermal
diffuser te allow a thermally uniform surface for radiant heat transfer to
the tubular specimen, The coil, diffuser and specimen are concentric with
each other and with the chamber wall. The chamber iz lined with aluminized
mylar and an aperture baffle of the same material is also provided to min-
imize thermal losses to atmosphere. The fully assembled system is shown in
Figure 2-24.

Specimens were installed in the chamber and were pumped down over-
night to a vacuum of 40 millitorr or less. During a run, liquid nitrogen
was circulated through the coil to cool the sample by radiation and conduc-
tion. Heatup was accomplished by circulating heated nitrogen gas through
the coils. Samples were cooled to -101°C (-150°F) in about four hours.

Through cool down a few random and approximate data points were obtained.

Data taking during a run consisted of temperature measurements
(thermocouples attached to sample with aluminum tape) as read from a port-
able millivolt potentiometer, and interferograms taken on polarcid film at
the appropriate temperatures. The total fringe motion was monitored by
eye on the ground glass screen to observe both direction of fringe motion,

anc¢ whole numbers of fringes.
Fringe count was converted to AL/L using the relationship:

L 2Lo
where AL/L is length change per unit.length
N is the fringe shift
2/2 is 3.16 x 1077 M (12.L5 x 107 inches}, the length
represented by a 1/2 wave fringe of HelNe laser light
Lo is the original samnle length, approximately ,152 M

(six inches)

The data are presented in Figures 2-25, 2-26 and 2-27. For the

cooling runs, the reference point is room temperature while for the heating
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Figure 2-23  BSpecimen Configuration Showing Fizeau Mirrors and

Thermocouple Attachment
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Figure 2-24 Overall View of Laser Interferometric Dilatometer
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runs, the reference is the -101°C (-150°F) condition. This data presentation
eliminates overlap of the two curves in the figures. Error bars are given in

each figure and are explained below,
The data show the same type of behavior for all three specimens:

(a) On cooling from room temperature to approximately -17.7°C
(0°F), there is a contraction of 5 %o 7 ppm (positive CTE},

(b) Further cooling to -101°C {-150°F) showed an expansion of
approximately 3 ppm (negative CTE),

(¢} On heating from -101°C (-150°F), there is an initial con-
traction of up to 2 ppm (negative CTE), followed by,

(d) An expansion of approximately 5 ppm between -17.7°C (0°F)
and +10°C (+50°F)(positive CTE).

The data seem to show a change in length due to the non-reversible
nature of the expansion on cooling in the -U5,5°C (-50°F) to -101°C (-150°F)
range. The specimens apparently increased in length by approximately L4.57 x
1077 M (18 x lO"6 inches) as a result of the testing. This was deduced from
the data but not measured directly. The deduction has as its basis the cool-
ing curve, however, data points for this curve are only approximate and

therefore suspect, especially when dealing with such small values.

Measurement accuracy is primarily affected by two factors: Specimen
CTE homogeneity and fringe readability. CTE homogeneity in the specimen
is dependent on uniform fiber packing and orientation. Because of the
‘nature of composite materials, if bonds are broken between fiber and matrix
in the vicinity of the support points, or any other area for that matter, the
area with broken bonds will have the expansion coefficient of the matrix.
This may have happened in specimen number 2, since the interferograms taken
at three temperatures showed a change in fringe orientation and spacing.
This indicates a much higher CTE for that point. This behavior for this
specimen was repeatable, and a second cycle provided semiquantitative confirm-
ation. Due to this behavior, the estimated error for fringe count for Speci-
ment 2 is substantially greater than for the other samples. For specimensg
1 and 3, fringe count was +0.12, for an error in AL/L of +0.25 ppm. For
specimen 2, the fringe count error is approximately +0.5 for a *l ppm error
in AL/L,
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The fringe readibility was not a problem except for the -34.4°C
(-30°F) and -23.3°C (-10°F) readings during heating. In this range
there was a condensation of an unidentified substance on one or other
of the mirrors within the specimen ID. This phenomena was repeated for
all three specimens in an identical manner. Film growth started at -€7.7°C
(-90°F) and spread slowly, cbscuring a small portion of the interferogram.
The obscuration did not entirely cover the fringe pattern, so that data
could be taken, The film disappeared before reaching -12.2°C (+10°F).

'Subsequent to the analysis of data received from Perkin-Elmer,
C.T.E. curves .were generated for the three subcomponent specimens. Values
were calculated utilizing the heating cycle curves depicted on Figures 2-25,
0-26 and 2-27, and plotted over the normal distribution of longitudinal CTE
curves generated from previous element data. The results which are pregented
in Figure 2-28, show good agreement with the element data. Further, the con-
sistency of test of results for the three independently fabricated tubes is
very encouraging. It should be noted that when compared to the element test
data, the range of temperature over which an effectively zero (<10-8) coefficient
is exhibited is greatly increased. It is felt that this may be atiributed to
specimen size, since any imperfection or flaw in a specimen 50 mm x 6.35 mm
(2in. x .25 in.) will exhibit a much greater impact than the same flaw in a
specimen 152 mm x 81 mm in diameter (6 in. x 3.2 in.). Specimen size may
also provide for equalization, or averaging of any imperfection impact on
the CTE. Over the temperature range of -0°C to -23°C (-130°F to -9.5°F)
an average value of -.0050 x 107 mm/ran/°C (-.0028 x 107 in/in/°F) was

obtained for the three tubes.

24,3 Environmental Testing

A series of outgassing and humidity tests were performed on the 'B'
leminate fabricated from both material batches 1 and 2. The objective of
these tests were to confirm the suitability of the Gr/Ep material for use in
a space environment as part of a precision optical system. The tests con-~
ducted established the degree of outgassing in vacuum at room temperature
and 65.5°C (150°F) as well as the degree of water absorption in a 95% RH,
37.7°C (100°F) environment. Also determined was amount of water retention
during subsequent vacuum exposure. Specimen identification and test con-
gitions are presented in Table 2-11, while a description of the tests and

results follow.
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Table 2-11.

Specimen Identification and Test Conditions

for 'B' Leminate Environmental Tests

Specimen Batch No. Test Conditions
No.
R1-1% 1
Ri-2
R1-3
-5
Ro-1 5 RT, 120 hours, 10 torr
g
= | R2-2 2
%
Z
E F1-1
Q| F1-2 o
¥F1-3 -5
65.5°C (150°F), 120 hours, 10 ° torr
Fe-1 2
Fz-2 2
HR1-1 1
HR1-2 .
s o o
2 | KR1-3 37.8°C (100°F), 95% RH for 100 hours
@ followed by RT outgassing
& | HRe-1 2
£
2 | HRe-2 2
% HF1-1 1
.
E HF1-2
% HF1-3 37.8°C (100°F}, 95% RE for 100 hours
[as] s} [+} O
HF2-1 2 followed by 65.5°C (150°F) outgassing
HF2-2

¥ Sample Rl-1 was exposed for 99 hours.
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® Outgassing -~ The test procedure called for specimens to be exposed
in a glass bell-jar vacuum system employing a liquid nitrogen
baffled diffusion pump coupled to & Welch rotary pump; The sample
was guspended in a small furnzce enclosure, weight change
being detected and measured by a fahn electrobalance at frequent
intervals during the outgassing period. A thermocouple junctilon
was mounted within the furnace to measure temperature. The test
plan was as follows:

g,

Expose specimens to 107 torr at room temperature until no weight

logss is detected for a thirty minute period.

Raise temperature to 65.5°C (150°F) at = rate not exceeding 1.1°C

(2°F) per minute.
Expose specimen at 65.5°C (15C°F) for 120 hours.

Prior to exposure, a thickness profile of the specimen was made

to detect possible thickness changes as a reosult of the outgassing.
No significant change was noted. Results of the tests were very
encouraging, showing extremely small amounts of outgassing for this
material system. Figure 2-29 shows a plot of specimen weight loss
versus time at 65.5°C (150°F). As can be geen, total outgassing

is on the order of .35% for a 99 hour expocsure. The balance of
data are presented in Table 2-12, covering 10 specimens from both
material batches. The data shows, as expected, a relatively

large changc in ocutgassing with increase in temperature. Also as
expected, there was no change in cubgassing behavior from batch

to batch.

e Humidity Exposure and Subseguent Outgassing - Specimens for humidity
eXposure were suspended in a thermotron humidity chamber at 95%
RH and 37.8°C (100°F) for one hundred hours. The specimens were
weighed prior to and following exposure, with each specimen being
viped frce of gurface water before re-weighing. Specimen thick-
‘ness was also checked before and after test. Following this, the
specimens were placed in the high vacuum enclcsure and were exposed

at either room temperature or 65.5°C (150°F) until no weight change
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Table 2-12 Cutgassing Exposure-Test Results

cample No.lOrig. Wt.,g| Temp. Final Wgt.,z % O;Efiising iguzgazzlgéé%?;éﬁ)
R1-1 {1} .TE63 RT L7654 G.17

R1-2 . 7266 .T267 0.0LL

R1-3 - L ThET .TLéS 0.027

Rke-1 (1) LTE1L .T60L 0.092

Re-2 LTLE2 © .7hsE 0.054

F1-1 (1} 5.8090 65.5°C 5.7886 0.325 0.087
F1-2 ki, 6435 (150°F) L.6263 0.37 0.11
F1-3 L. gETC 4.gL8z 0.38 0.12
Fo-1 (1) 6.9683 £.9397 0.b1 0.08¢0
Fo-2 8.0710 §.0k4s52 ¢.32 0.057

(1) Specimens subsequently measured for a,
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occurred over a four hour period. The results, which are shown
in Table 2-13, indicated an extremely small amount of moisture
absorption under the conditions of test. The time necessary to
reach equilibrium Jduring vacuum treatment after exposure to
humidity was dependent on the specimen temperature. Those
specimens exposed at room temperature required from 20-24 hours,
while those exposed at 65.5°C (150°F) reached constant weight
after 8-12 hours. The vacuum tests were terminated when the
specimens reached thelr approximate starting weights. In con-
clusion, the tests have shown that humidity exposure at 37.8°C
(100°F) and 95% RH for 100 hours resulted in a weight increase
of about .27%. No dimensional changes were noticed. ERelatively
little, if any, moisture was retained in the specimen following

subsequent, brief, vacuum treatment.

2.5 Dynamic Response Testing

Dynamic response testing was accomplished on the five Gr/Ep tubes
fabricated under this program., The tubes were 81.28 mm (3.2 inches) in
diameter and 1.12 m (44.25 inches) long. Testing was conducted to identify

and measure the dynamic response, mode shape and damping.

Fach tube was instrumented with seven acceleromsters suspended with
lacing cord at the first mode node points and attached to a shaker at the
tube mid point. The test set~up is shown in Figure 2-30. The specimens
was subJected to low level constant force sinusoicdal frequency sweeps ag
the output of accelerometer No, 1 (located at tube end) was beling recorded
as Co-Quad response, Each Co-Quad resonant condition was investigated
for pure mode., After the pure mode condition was established, the amp-
litude and phase relationship of the seven accelerometers was recorded
and the mode shape developed. The damping for each mode was determined

by the 3¢b point method (Af at the Co-Quad equivalence).

Pure mode condition could only be established for the first bending
mode and is presented in Table 2-14. A typical tube fundamental mode

shape is presented in IMigure 2-31.
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Table 2-13. Humidity Exposure Followed by Vacuum-Test Results

Sample No, Crig. Wt.,g Wt. after Humidity Wt. after Temp. in
Exposure, g. Vacuum, g Vacuum

HR1-1 (1} 5.8131 5.8278 5.8137 ET

HR1-2 (1) L.7323 L. 7435 4.,7325

HR1-3 5.2373 5.2535 5.239h

HR2-1 5.6360 5.6468 5.6349

HR2-2 (1) .T25C L7262 LT2kk

HF1-1 (1) L7372 .7339 . 7320 65.5°C

KF1-2 .Th18 The3 .Th1g {150°F}

HF1-3 .ThéE2 LTL69 LTh51

HFz2-1 (1) LTLOT . 7508 . TL88

HFo-2 L7399 JTHOS .T39k

(1) Specimens subsequently measured for o

T

T3
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Figure

2-30 Dynamic Test Set-Up,

Gr/Ep

Tube



Table 2-14 Dynamic Test Results

Specimen f Force, W (1b.) Fys HZ Damping

1.112 {.25) 576.8 .00L33

L 2.20L (.5) 577.0 .0036k
Al (L1) 579.8 .00396

2 1.112-(.25) 579.7 .00k 30
2.224 (.50) 579.8 .00k 1k

bl (1) 5TR.2 00380

3 1.112 (.25} 578.3 .00LLG
2.22L (.5) 578.2 .00k415

. 1.112 {.25) 575.7 .00L32
2.22h (,50) 575.5 .00k 55

1.112 (.25) 584.1 L00LYS

> 2.224 (.5} 58L.0 .00393
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It was determined from the Co-Quad plots (a typical plot is shown
in Figure 2-32} that resonant conditions other than the fundamental mode
(578.2 Hz) are indicated. These resonant indications were carefully in-
vestigated for possible higher frequency bending modes. However, all
resonant points examined produce no characteristic second and third bend-
ing mode shapes, The failure to identify the second and third bending
mode has been attributed to the problem associated with high frequency
modal density and mode couplings. At these high freguencies the shell
and ring modes couple with the higher order bending mode and become

difficult to separate.

This phenomenon is clearly evident upon examination of Figure
2-33., This plot shows the quadratiure response of 2 accelerometers

located 3.1% rad. (180°) apart at one end of the tube as the frequency
wag varied from 350 to 3500 Hz at a constant 1.11 N (.25 1b) vibrating
force applied at tube mid-span. For true bending mode indication these
accelerometers must show an in-phase condition (out of phase condition
on plot indicates an in phase condition since sccelerometers are mounted
back to back). This condition occurs at 578 Hz ( fundamental bending)
and 1420 Hz. Further investigation of 1420 Hz failed to produce =

pure resonant condition.

During the test, a discrepancy was noted in the measured values
of damping., An investigation of this discrepancy revealed that the trans-
Jucer wires were contributory. All accelerometer and acceleomeier wires
were removed except accelerometer No. 1. The damping measurements were
re-teken on all tubes and the results show excellent agreement, see results

on Table 2-1l4,

Also investigated was the effect of shaker drive rod weight on tube
resonant frequency. The resonant frequency of the tube with L known drive
rod clamp weights wag determined and the O weight condition extrapolated.

These results are presented on Figure 2-3L.

Although data for the second,and third bending mode wés not obtain-
able, based on the first bending mode data, it can be conecluded that the
dynamic behavior of the Gr/Ep composite structure appears quite similar to
that of standard structural metal. There was no indication of non-linearity

in stiffness and/or damping and no appreciable difference between tubes.
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Examination of the high frequency response, shows excellent dynamic behavior

correlation between tubes.

2.6  Structural Verification

The two member metering truss assembly was tested in compression in
s Tinius Olsen Electromatic 60,000 pound capacity universal testing mschine.
Strain was measured by the use of twelve axizl SRL Model FAPP5-358AG~1 resistance
strain gages (BLH Electronics, Inc.). Four gages were located at the center
of each tube along the longitudinal axis - 1.57 rad (90°) to each other.
Two gages were located on the outside face of each of the two gussetl plates. .
Figure 2-35 shows the strain gage locations. Readout of the strain gages was
provided by a BILH Electronics, Inc. Digital Indicator Model 902. Head deflec-
tion was also rccorded during the test using a Tinius Olsen Model D2 Deflect-

ocmeter.,

The truss assembly was incrementaly loaded in initial steps of LB N
(1000 1bs) to an applied test load of -17792F (-40O0O 1lbs), in -222LN (~500
1b) increments to -26688N (-6000 lbs) and then to the design ultimate load
of -28155N (-6330 1bs). Readings above design ultimate were taken at every
-44h8N (-1000 1bs) of load. Initially, a preload of 2000 lbs was applied
to exercise the strain gages and truss assembly. All testing was conducted
in stanfarc laboratory conditions of 23°C (73.5°F) and 50 * 24, RH. Load
sntrofuction to the structure was accomplished through the use of metal test
£ittings. At the apex fitting end of the structure, an aluminum bearing
plate was provided, into which the gusset plate extensions were potied.
At the opposite end of the structure, split aluminum fittings vwere bonded to
each Gr/Ep tube. A tension strap joined the two fittings. Figure 2-36 showvs

the test set-up.

The structure was tested in exial compression, with the magnitude of
applied loads adjusted to yield load levels on the zpex fitting representa-

tive of those anticipated for the flighé vehicle.

Results of the test were satisfactory, with the structure failing at
an applicd test load of 105,417 N (23,700 lbs) or 374% of design ultimate
load., Iailure oceurred in one of the graphite/epoxy tubes approximately

.101 m (4 inches) from the fiberglass overwrap at the test fitting end.
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Figure 2-36 Test Set-Up~Two Member Truss Component



. The failure is shown in Figures 2-37 through 2-39. At first glance it may
appear that the structure is significantly over designed, however, that is
not the case. All members of the structure were designed primarily for
stiffness and/or maintaining exceptionally low thermal growth:; as such
operating stress levels were extremely small. This accounts for the de-

tall parts of the structure sustaining such high test loads. The eritical
area of the structure, as defined by the stress analysis, was the adhesive
bonded joint between the tubes and the gusset plates. This joint showed

a 98% mzrgin of safety based upon an allowable average adhesive shear stress
of 3791 x 103 N’/m2 {550 psi). The apparent average adhesive stress was

TO73 x 103 N/m2 {1026 psi) at failure. The allowable was arrived at based
upon the length of the overlap (the longer the overlap the lower the allow-
able) and the type of adhesive system. The adhesive system, Aercbond 2143,
is a R.T. cure cost =noxy resin, exclusive of any positive bondline thick-
ness contrel {such asurrrier cloth in most film adhesives). As such, allow-
ables for these systems are universally conservative. In addition, minimiza-
tion of peel (as accomplished by the psel stop fasteners) on any bonded joint
will significantly improve Joint performance., It is for thuse reasons that

Joint failure 4id not occur.

Strains asscciated with the test of the two member truss are presented
in Table 2-15. Of the twelve gages affixed to the structure only six func-
tioned properly; two on sach tube (6, 8, 10 and 12), directly opposed and
in the plan= of the truss an one on each gusset plate (2 and 4)., A1l
gages behaved linearly. As can be seen from Table 2-15, strains were monitorsd
for all functional gages up to 53376 N {12000 lbs), after which a continuous
loaiing was used and only one selected gage (10) was monitored to failure.
Strain at failure was -1225 , mm/mm (-1225 |, in/in) or a compressive stress
of -170.59 x 106 N/m2 (-24,745 psi). This is below the design allowable of
237.15 N/mg (34,400 psi) as derived from the material characterization pro-
grem. There was, howsver, considerable out of plane bending, as implied by
gage numbers 2 and U located on opposite gusset plates. IT strain values of
these gages are linearly projected to the failure load a net difference of
~£05 ¢ mm/me (-605 v in/in) exists which, when added to the tube strain at
failure, would indicate 2 stress level of approximately -255.07 x 106 N/m2
(-37,000 psi) in the tube, which is generally in good agreement with
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Table 2-15 teasured Straing - Two Member Truss Component
Load Strain . mm/mm (. in/in)
N x 103(1bs) Gage No.
2 Iy 3 3] 10 12
4 .44 (1000) -36 -5k -30 -l b5 -L1
8.89(2000) -8L -116 =78 . =97 -100 -88
13.34{3000) -130 -182 -124 -150 -150 -138
17.79(4000) -173 | -253 -170 200 200 -188
20.01(4500) -195 -290 -191 -228 =220 -21h
22.40(5000) -224 -329 -216 -250 -248 -242
2L .46 (5500) -2L8 -366 -240 -280 -270 -270
26 ,68{6000) -272 =400 -265 -304 -205 -2ak
28.15(A330)D.U.L. -288 -heg -278% -320% -315% | -315%
31.13{7000) -312 -480 -310 -360 -3k -345
35.58(8000) -360 | =556 ~353 -L08 -392 -396
40.03(9000) -Lo8 -600 | -koo -455 “lho -Lug
LL L8{10000) -L5g =700 -Lsh -500 =482 -500
L8.92(11000) -510 | -787 -h95 ~553 -532 -554
53.37(12000) -558 -863 -540 -603 -580 -600
57.82(13000) 632
G2 .27(14000) -678
A6 .72 (15000) =725
71.16(16000) -775
75.561{ 17000) -820
$:80.o6(18ooo) -868
8L.51(19000) -920
88,96 {20000) -g72
43.40(21000) -1022
| 97.85(22000) -1075
[ 102.30(23000) -1128
105.41(23700) 1225

* Predicted strain at D.U.L. = 292 .

88
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anticipated strengths. Other secondary effects most probably exist near
the support which would further raise the stress level, but are diffiecult

to account for with the limited instrumentation available,

Total machine heat veflection at failure was approximately .203 mm
(.008 in) and remained linear throughout the test. A plot of head deflec-

tion versus applied load is presented in Figure 2-LO.
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3.0 MATERTALS AND MANUFACTURING

2.1 Material Procurement

The material required for fabrication of the Gr/Ip details and truss
assembly were: '

e (Y-70/E~702 Graphite/Epoxy preimpreguated tape - 6€.5mm (2.62

incheg) wide.

e Type A/E-T702 Graphite/Epoxy preimpregnated tape - T6.2mm {3 inches)
wider

¢ Metlbond 329 Type TA azdhesive

e Aerchond 2142 A/E adhecive

e INAS 1919 blind rivets

o Glass/Epoxy F161/7T81/GAC Specification GM L4001, Comp. G-12.

The graphite/epoxy tape procured for this program was the Celanese
GY-7Q Fiber and the Eercules Type A fiter, both impregnated with the U.S.
Pelymeric E-T02 resin system which is capable of complete cure st 122.2°C
(250°F), thermally stable up to 148.8°C (300°F) and exhibite mirimal total

outgassing.

The initiel shipment of GYTG/ET0Z2 graphite/epoxy was combed to a T6.3mm
(2 in.) tape width, to yield a cured per ply thickness of .133mm{.00525 in.)
at 60 v/o fiber, was of unacceptable guality and therefcre rejected, The ma-
terial supplier was contacted to determine the causze of the problem and the
corrective action to be taken. As a recult, it was determined that inherent
properties of the GY70 material limits the width te which the material may be

combtied.,

The problem was resolved by allowing the supplier to reduce the tape
width te 6€3.5mm -66.5mm (2.5 - 2.62 inches) at a £0 v/o fiber to provide high
quality at an ecceptable thickness. The reduced teape width material molded to

a nominal per ply thickness of .160mm (.0063 in.) at 60 v/o fiber.

GEpy 9
ITy



3.2 Tocl Design

Tool regquirements for the fabrication of the various Gr/Ep detail parts

were as follows:

Tube Molé Form (MOF)

Tubte Layup Mandrel (TFT)

Tube Layup Template (LT)

Tube Wrapping Machine {MCA)
Truss Assembly Fixture (AF)
Chzrnnel Section Mcld Forms {MOF)
Shear Clip Mold Forms (MOF)

3.2.1 Mpld Forms

The mold form used for fabrication of both the subcomponent and full
length Gr/Ep tubes was a re-worked version of that used under the second
phase of *this program to fabricate boron/epoxy thrust structure members. Re-
werk of the tocl was limited to approximately .30um (12 inches) at each end,
where a conical taper existed for transition tc a larger diameter. The taper
was eliminatedﬁby firet reboring the ,304m (12 inch) section to the larger
diameter, follcowed by insertion of steel cylinders with undersize irnside di-
ameters. The entire inside diameter was then rebored to the original 81.5Cmm
{5.209 inch) diameter. In basic design, the tocls were configured as female
melds split along the lengitudinal centerline, with the inside surface being
the molding surfece. The molds were rcugh machined from steel bar stock with
fipish grinding of the mating surfaces. ZEoth halves were then assembled with
loeceting rirs and cal screws. A flat pattern contour template was made of the
molding surface and checked for accuracy. The moiding surfaces were then
machined to finish dimensicns using & tracing lathe. Index holes, vacuum

grooves and vacuum fittings were %then added.,

3.2.2 Layup Mendrel

The layup mendrel, whichk was of the break-away tyrpe in design to fa-—
cilitete removal, consisted of & sclid core with & split tube fastened to the
core with holding collars. To remove this mandrel from the layup, the hold-

ing collars: were unfastened and the solid core removed. The split tube pieces
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then collapse into the space vacated by the core and were removed from the
layup. The layup madrel was alsc rewerked frem Phase IT tooling. The rework
consisted of adding shim meterial to the split sectioms, to compensate Tor the

larger inside diameter.

3.2.3 Tube Wrapping Machire

The tube wrapping machine is & hand oﬁerated toel that laid=up and
compacted the graphite tape on the tube layup mandrel. This tool consists of

a wind-up roller, pressure roller, vacuum table and tube layup mandrel.
The tube fabrication procedure utilized with the wrapping machine was:

e Apply graphite tape tc the mylar layup template

e Fosition the tempiate on the wrarping mechine and attach to the
wind-up roller

e Apply vacuum te the template

e VWind template 2 turns cn the wind-up rcller

e Pcsition layup mendrel and adjust pressure rcller

e Turn wind-up roller until grephite tape is fed between the layup
mandrel and the pressure roiler, transferring the tape to the

mandrel

3.2.k Layup Templates

The layup template is a mylar master of each ply and contains g1l the

infermation needed for laying up that ply.

Informatior on the template includes ply number, ply trim, ply orien-
tation, ply position, ané template feed direction. To minimize handling pre-
blems, ezch template was made to include neo more than five plies. Flies of
graphite are initizlly lsyed up on the template and subsequently transferred

t¢ the layup mandrel vie the tube wrapping machine.

2.2.5 Assembly Tcoling

The assembly fixture for the twe member truss consists of 2 jig board
aluminum plate, locating dcwels, bank stops and plagtic shimsg used to simulate
glue lines. The dowels, which are inserted in the jig bored holes locate the
tegt fittings, position the tubes in the proper angular orientetion znd locste

them in both the longitudinal and laeteral directicns. The bank stops, which
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are alsc located from jig bored holes are used to set-up the locations_of the
various apex fitting and ring details, as well as the aluminum test bearing
plate. Additional shims (metallic) are alsc provided for external height
adjustment; A sketch of the tool ané its component parts is shown in Figure

3-1.

3.3 Parts Fabrication

3.3.,1 Test Specimen Fabricaticn

The Graphite/Epoxy test panels AD361-10C, AD361-101, AD361-102 and
AD361—103, required for subsequent fabrication of element test specimens,
vere fabricated using standard processing techniques. Layup was accorplished
using nylen peel ply on both surfaces of all panels arnd z bleeder system con—
sisting of style 120 dry glass cloth (1 layer per 1.8 layers of graphite/
epoxy) perforated tedlar, and two plies of style 181 dry glass. Aluminum
caul pletes .508mm (.020 inches) thick were used to enhance the surface flat-
ness of the test panels. The panels were cured in the Devine (gir circulating)

autoclave using the following cure cycle:

1. Bag perts and draw .508mm Hg (20 inches Hg) minimum vacuum and

place into the autoclave.

2. Apply 586 -621 x 10° N/m2 {85-90psi) pressure, turnoff the vacuum
and check the bag for leaks. The vacuum shall fall from S08rm -

o5Lkmm (20 inches to 10 inches) in not less than 2 minutes.

Ly

1f the bag passes the test, apply 508rm (20 inches) minimum vacuum

and drcp the pressure to 0 (zero). )

b. Heat trom 48.8% (120°F) to 115.5 — 126.6°C (240-260°F) in 25-LS

minutes under wvacuum.

5.
P

When all part thermocouples reach 104.5% (220°F), apply 586 - 621
2 2 . Lo,

x 107 H/m” (85-90 psi) pressure with CO

(2 in).

5 and drop vacuum to 50.8mm

6. Eold 115.5 - 126.67°C (240-260°F), 586 x 10° - 621 x 10° N/m" (85—

90 psi), and 50.8mm {2 inches) vacuum for $0-T0 minutes.

7. Cool under full pressure to 51.6 - 65.5°C (125-150°F) in not less

than 45 minutes.
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8. Apply 508mm (20 inches) minimum vacuum and remove the parts from

the sutecclave.
9. Post cure for 3 hours at 148.8 - 160°C (300-320°F).

The panels were then inspected for voids by ulirssonic NDT, trimmed to
net size and the varicus tension, compression, flex and shear specimens ma-

chined  from the trimmed panels.

Theltension and compression specimens had E-293 fibverglass doublers
bonded to them with FM1000 a2dhesive and cured for one hour at 176.60C (BSOOF)
and, a pressure of 1.37 -3.10 x lO5 N/m2 (20-45 psil.

3.2 Subcomponent /Full Length Tube Fabrication

e Subcomponent Tubes (AD361-104)

Fabrication of-the first of the three .305m (12 ineh) x 81.28mm {(3.20
inch) dismeter subcomponent tubes exhibited severe wrinkling on the inside
dismeter of the tube with resin ridges on the cutside diemeter. An investi-
gaticn to determine the cause of the deficiencies revealed two items. The
primery cause was due to a failure cf the bag during cure, this being caused
by & burr on the vacuum pipe. The secondary cause was traced toc a slightly
oversize mandrel {about .50Tmm or .020 inches) which made it difficult to
piace the wrapped part in the mold and remcve the mandrel. This contributed
to the wrinkling of the bleeder and also pinched the outside diameter of the
tute (ceusing the resin ridges) when the tube was inserted into the split
female mold. Corrective ection was instituted and the first tube re-made.
The corrective action consisted of reworking the mandrel by remeving .507Tmm
(.020 inch) from the outside diameter and usage of & felt bleeder system.
The tube was then isyed up, rolled on the mandrel and the felt bleeder added.
The totsl bleeder system consisted of 1 ply TX10LO, 4 plies 116 cloth and 1 ply

of Telt {inserted in two halves to allow for tube expansicn},

This resulted in a good tube except for a slight ridge on the inside
diameter caused vy the felt overlapping. GSubsequent Quality Control HDT

inspection did however indicate a sound part. Further corrective action
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was taken to completely eliminate any ridge formaticon on the inside dismeter,

This was accomplished with the use of 2 paper bleeder and a medified fabri-

cation sequence which is presented below:

1.

2.

Cmit the bleeder when rolliing the tube.

After the tube is rolled, place in the mold form and check for
tightness of fit,

Re-open mold form and remove layup mandrel

With the mold form open, insert new bleeder system consisting of
1 ply TX1CkO, 2 plies €910 paper bleeder and 1 ply of slotted
mylar - 3.1Tmm on 5.06mm (1/8" on 2") centers.

Install nylon bagging film.
Install sheet of expanded mylar to maintain shape.

The MOF was then closed and the tube was cured in the Devine air

circulating autoclave using a carbon dioxide atmosphere.

The above noted modifications proved to be very successful, yielding

tubes with extremely smocth inside and outside diameters and of excepticnal

quality.

All further tubes manufactured for this program used identical

procedures.

The cure cycle for the subccmponent tubes was as follows:

1.

2.

I

.

Bag parts, draw 508mm (20 inches) min. vacuum and place in autoclave.

Apply 586-621 x 103 N/m2 (85-90psi) pressure, turn vacuum off and
check bag. Vacuum shall fall from 508 to 254mm (20 to 10 inches)

in not less than 2 min.

If bag passes test, apply 508mm (20 inches) min. vacuum and drop

pressure to zero,
Heat from 8.8 to 115.5-126.6°C (120 to 240-260°F) in 25 to LS min
under vagcuum.

When all part thermocouples reach 104.4°C (EQOOF), apply 586-621 x
Ly 2

103 I/m~ (85-90 psi) pressure with CO, and drop vacuum to 50. 8mm

(2 inch). ‘



-

St A

6. Hold 115.5-126.6°C (2h0-2600F), 586-621 x 103 N/m2 (85-90 psi}, and

50.8mm (2 inches) vacuum for £0-70 min.

7. Cool under full pressure to 51.6-65.5°C (125-150°F) in not less
than 45 min.

8. Apply 508mm (20 inches) min. vacuum and remove parts from autoclave.
9. Post cure 3 hrs at 148.8-160°C (300-320°F).

The completed tubes were ultrasonically inspected for voids and
found tc be acceptable. The tubes were then ground te finished length as
specified on the engineering drawing. A completed subcomponent tube is shown
in Figure 3-2.
e Full Length Tube (AD361-1001-1)

Five tube assemblies, see Figure 3-3, AD361-1001 were febricated fol-
lowing the procedure and cure cycle previously described for fabrication of
the subcomponent tubes. KDT({ultrasonic inspectior) indicated all tubes to be

veid free and of geod quality.

The tube assemblies were made to an overall length of 1.1L3m {Ls iﬁches)
and £1,38-81.63mm (3.20L-3.21% inch) dismeter. The tubes were ground
to an overall length of 1.12Lm (LL.25 inches) to remove the oversize trim
allowance. Of the five tubes fabricated, two were slated for incorporation
into the two member truss assembly, with the remaining three being sent to
the NASA for further testing. The members used as details for the truss
assembly required further detail fabrication vwhich consisted of bonding 18
overwrapped vlies of F161/7781 glass epcxy prepreg to one end and 23 plies
of F1E1/7781l glass epoxy prepreg on the oppesite end. Metlbond 329 IA was
used te bond the fiberglass to the tube. After the fiberglass ends were cured
the tubeg were ground to a finished length of 1.11Tm (44 inches). The end
with the 18 plies of fiberglass was ground tc a finished outside dismeter of
86.86-87.1cmm (3.L20-2.430 inches) and slightly bevelled. The end with the
23 ply fiberglases coverwrap was ground to an octagonal shape having an across
the flats dimension of £2.L2-82.67mm (3.2L5-3.255 inches.) Subsequent to the
grinding cperation the tube end that mated with the apex fitting was shaped.

The completed tube detail is shown in Figure 23-U,
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Figure 3-2 Gr/Ep Subcomponent Tube
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Figure 3-3 Gr/Ep Tube (AD361-1001)
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Figure 3-4 Gr/Ep Tube Assembly For Two Member Truss



3.3.3 Graphite/Epoxy Apex Fitting/Ring Detail Fabrication

The graphite/epoxy details required for assembly of the two member
metering truss component consisted of apex Titting details (P/N AD361-1002)
and simulated ring details (P/N AD361-1003). The apex fitting details in-
cluded two gusset plates, twe channel sections and four clips. The ring de-
tails comprised two cap strips and two channel secticns. All parts were layed
up and cured on steel mold forms, such that the bond surface required for
subsequent assembly was layed up on the teol zide. The cure cycle used for
the various details was the same as that utilized for the tutes. The completed
craphite/epoxy details were fabricated without structural defects,
except for two channel sections noted in the Q.C. section of this report, as
evidenced by the acceptable results of the NDT ultrasonic inspection. Al-
though the channel sections exhibited slight "mark-off" ridges on the inside
surface of the flanges {caused by insufficient height of the silicone rubber
pressure intensifiers), the functional quality of the parts were determinea
to be unaffected and rendered acceptable for use. The various detail parts

are shown in Figures 3-5 and 3-6.

3.2.k Two Member Truss Component Assembly

The assembly of the two member truss compenent was accomplished using
the double bonding technique for all structural adhesive bending. The tech-

nique is outlined as follows:
¢ Double Bonding Technigue

1. Apply twe plies of L mil mylar tape and one ply of teflon tape
to one of the graphite surfaces {over the peel rly) to be bond-
ed. Remove the peel ply from the mating (opposite) graphite

surface,

2. When bonding graphite to fiberglass, tﬁpe thé surface of the
grephite part {peel ply intect} and treat the Tiberglass as the

mating (opposite) surface. Prepare the fiberglass by:

a. ©GSclvent wipe with a lint free cloth moistened with MEK.
b, Lightly abrade cleaned surface with aluminum oxide paper.,
¢. Clean off regidusl dust with filtered mir.

d. Sclvent wipe area as in step (a).
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Figure 3-6 Gr/Ep Simulated Ring Details-Two Member Truss Assy



3., Mix Aercbond 2143 adhesive A(base)/Bf{hardener) in a 100:40 PBW ratio
of A:B.

4. Apply the adhesive {approximately 10 mils thick) to the mating {op-

posite) surface.
5. Clamp or join the assembly together.

6. When the adhesive has partially cured (becomes rubbery), remove the

squeezeout.
7. Complete the adhesive cure - L hours at 51.66°C (125°F).

€. When the adhesive has cured, break down the assembly and repair any
volds in the adhesive by trowelling a light level coating of ed-
hesive over all the void areas. Allow to cure U hours at 51.66°C
(125°F)}. When cured, lightly abrade the surface with aluminum oxide

paper.

9. Remove the mylar and teflon tape and peel ply from the graphite sur-
faces taped in steps 1 and 2.

10. Apply a coating of Aercbond 2143 adhesive (approximately 10 mils

thick) to the surface from which the tape and peel ply were removed.
11. TRepeat steps 5 and 6.
12, TFinal cure for 4 hours at 51.66°C {125°F.)

The truss assembly technique involved initisl pre-fit of the entire
structure in the assembly tool to achieve proper alignment and fit; After
rre-fit had properly located all parts two subassemblies were mﬁde,-these being
the simulated ring, (comprised of two back to back channel sections and two cap
strips) and the central intercostal (comprised of two back to back channels and
two shear elips). This was followed by bonding the intercostal assembly to the
rirg assembly, the subassenmblies being located by the tocl. With these mem-
bers in place the tube end test fittings &ere bonded to the tubes, as well as
the two cut®¥Fde shear clips at the apex fitting end. The bonded details were
then inspected by Quality Control. The final operations involved bonding the
tubes to the central interccstal and ring via the shear e¢lips, followed by
bonding the two gusset plates to the tube, intercostal and ring common bond
rlanes. Subsequent to completion of the adhesive bonding operation the struc-

ture was drilled and NAS1919 blind anti-peel fasteners were installed. All
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drilling was accomplished with standard cerbide tools. Figures 3-7 through
3-10 show various prefit configurations of the structure. Figure 3-7 depicts
the apex fitting and ring details with one tube in place. Figure 3-8 shows
the complete apex fitting pre-fit, sans the nearside gusset pl;te. Figure 3-9
shows the entire assembly, agein without the gusset plate and one test fitting
half in place, while Figure 3-10 presents the completed pre-fit assembly.
Figures 3-11 thru 3-13 depict three views of the completely assembled struc-

ture, both bonded and fastened.
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Figure 3-8 Details Pre-Fit-Two Member Truss Assembly
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Figure 3-9 Details Pre-Fit—Two Member
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Figure 3-10 Details Pre-Fit-Two Member Truss Assembly
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Figure 3-11 Completed Assy-Two Member Truss
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Figure 3-12 Completed Assy-Two Member Truss, Close-up of Apex Fitting
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4.0 QUALITY CONTROL

The Guality Contrel tasks performed for this program included:
e Receiving Inspection |

e In process Inspection

e Non-destructive Inspection )

e Dimensicnal Inspection

4.1 Receiving Inspection

A11 incoming materisls were inspected in accordance with applicable
Grumman Material Specifications and/or requirements of Grumman prepared pur-
chece orders. The ultra-high modulus (UEM) graphite/epoxy was inspected in
accordance with Gr 102 while the low cost high strength (LES) graphite/epoxy
wasz inspected in acccrdance with Gr 101. The UHM material utilized was U.S,
Folymeric's E702 epoxy resin or. Celanese's GY-TO0 graphite fiber. The LHS
material was U.S. Polymeric's ET02 epoxy resin on Hercules' Type A graphite
fiber. The mechanical properties checked were longitudinal flexural strength
and modulus a2t 23.8°C (75°F) and horizontal shear strength at 23.8°C (75°F).
The properties measured on the material utilized in this program are given in
Table L4-1. The UEM and LHS prepreg tape used in this program was in two '
batches. The physical properties of the various batches were satisfactory

25 mezsured by the materizsl supplier.
Y

4,2 In process Inspectiicn

Process verificaticn test tabs were processed with each autoclave cycle
to verify that the graphite/epoxy was adequately cured. Testing was conducted
at. room tempersture on coupcons from a unidirectional 15 ply test panel fabri-
cated frem the same baich of tape and unde;going the same cure cycle as the
part. Coupons from this panel were tested for longitudinal flexural strength,

modulus end horizontal shear strength.

The process centrcl coupen test results, which are shown in Table L-2,
were satisfactory for Part Hos. -10k and -1002 and -1003 series, The test tabs
representing part no. -1001 series wes scmewhat low in flexural properties

(epproximately 5%) but not to a level thet wculd indicate improper autoclave
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Table k-1 Graphite/Epoxy, Receiving Inspecticn Data at 24°C {(75°F}

Average Average
Longitudinel Flexural Properties Horizontal Shear

MatTl Bateh | Roll

. . - Strength Modulus Strength
Designation Ko. No. 5 £ 5 . g o 0

N/m“x10 (ksi) | N/n"%x107 (msi) W/m“x107 (ksi)

UHM(GY-70) | 2247 | 1 682.5 (99) | 23k.3  (3b) 57.2  (8.3)
UHM{GY-T0) 30L0 3 675.6  (98) | 235.0 (3k.1) | bkk.1 (6.L)
UM Speci-
fication
Value 689.4  (100) | 24k.L  (35) 39.9 (5.8)
LHS(Type 3030 | 3 1468.4  (213) | 103.5  (15) 91.6  (13.3)
A)
IHS Speci- 1378.8 (200} | 110.3  (16) 48.2 (7.0)
fication
Value
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Tavle 4-2 Process Control Datsa
Lengitudinal Flexure .
J o Heorizontal Ehear
F%nel Part Uo. Material Strength Modulus Strength
To. {AD3A1-) Batch/Roll 5 € 3 5. g é 5 & -
W/mx10 (Psix10™) N/m™x10 (Peixl0™) N/m“x10- (Peixlc”)
B1Q32 -10h  lo. Type A-3030/1 1502.8 (218) 115.8 (16.8) 96,5 (1)
B1OGT -0k Wo.?2 Type 4-3030/1 1LLT.7 (210) 115,8 (16.8)} o7.2 (1%,1)
B2OOR -104 No.3 Type A-3030/1 1509.,7 (219) 111.6 (16.2) 106.9 {15.8)
S 3k -1002 GYTO
1003 3040/4 pl1,1 (g3} 226,11 (32.8} 58.5 {8.5)
S 3% -1002 Type A
~1607 3030/3 1392.5 {202) 102.7 (1L.9) 83.L4 (12.1)
g b7 -1001 No.1 GYT0 A
30k0/3 682.5 (99) 235.7 (34.2) 51.0 (7.4)
S L8 -1001 No.2 aYT0
3040/3 654.9 (95) 2h1.2 (35) L8.9 (7.1)
s Lo -1G01 Ne.3 GYTO
3040/5 éhl.1 (93) 226.7 (22.9) 29.6 (L.3)
S 61 -1001 Ne.k GYT70 _
22k7/1 6L8.0 (oL) 212.3 (30.8) 66.1 (9.6)
S €7 -10C01 ¥o.S GYTO
3040/5 '585.¢ (85) 193.0 (28} 48,2 (7.0}




cure. Based on acceptable NDT testing of the parts the tabs represented, the

engineering disposition was to accept the parts for program use.

k.3 Nendestructive Inspection

Ultrasonic inspection was performed using two basic techniques: pulse-
echo-reflector plate and resonance. The basic underlying principle behind the
pulse-echo technique is that by employing & single transducer, ultra-sound 1s
passed through the specimen under test and in turn is reflected off an ap-
propriate reflector -surface through the specimen and back tc the itransducer.
If & defect is present, it presents an interface which blocks a propertional
amount of the accustic energy from reaching the refiector. This results in a
loss of sound energy reflected back to the transducer, (Figure L-1) which in
turn produces an attenuated signal on the csthode ray tube. The equipment
used for rescnance ulirasonic testing is the Fokker Bond Tester. The non-
destructive test method utilized by the Fokker Bond Tester is called the Trans-
ducer Resonance Method. The heart of this method is the crystal in the trans-
ducer, The crystal ie febricaeted from & piezoelectric material. Under dis-
tortion from pressure, the crystal will generate an electrical current. When
an electrical current is induced across the erystal, it can be made to res-—
onate at some natural frequency. With the transducer coupled to a simulated
void area, & driving current is induced intc the crystal until a resonating
frequency is attained. Thus, the simulaeted void has created a coupling de-
manding a specific amount of current to drive the crystal at a certain res-
onant frequency. When the transducer is applied to a bonded joint, the res-
onant frequency 1s dampened. If the ccupled load is large, a shift in the
rescnant frequency cccurs. If the coupled lcad is small cnly a change in im-
pedance occurs. The pulse-echo-reflector plate method provides a rapid means
of locating and sizing petential veoids and permits 100% coverage. It does
not, however, determine defect depth. When and if a void is located using

this technicue, resonance ultrasonics was employed for depth information.

The criteria employed for K.D.T. inspection of the varicus detaiie and

assemblies were:

e Jlaminetes - The maximum permitted veoid or delaminetion shall not
exceed 12.70 mm {0.50 in.)
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o Adhesive Bonded Joints -~ The maximum permitted void or delamination

shall not exceed 6.35 mm (0.25 in.)

All tubes {three subcompenent and five full length) fabricated'and tested
by N.D.T. under this program were found to be satisfactory. All cther 1am§n-
ated detsils were satisfactory except two channels which contained void areas
in the radius. Both parts were placed cn neun-conforming material reports for
engineering disposition. Disposition resulted in both channels being scraped
and replacement chennels fabricated. Corrective gotion involved using larger
pressure intensifiers (of proper contour) with steel backing . The replacement

channels were satisfactory.

The two-member truss bond assembly wes inspected using the Fokker Bond

Tester and found to be satisfactory.

L.k Dimensional Inspection

All details were dimensionélly inspected. Results of the inspection
indicated thet on average the thicknesses were generally abcut 10% full, or
about 1.62 mm (.064 inches) for the 10 piy "B" laminate. All parts fabricated
consistently exhibited this tendency which mey be related to a pre-preg lape
width {which is related to cured per ply thickness) on the low side of the
tolerance — the allowable width was from 63.5 -~ 66.5 nm (2.5 ~ 2.62 inches)
or a non optimum bleeder to ply ratio. The inspection results were presented
to engineering for part disposition, and were accepted based upon a clean N.D.T.
ultrasonic inspection report, the relatively minor nature of the discrepancy
and confidence the slight thickness increase would not adversely affect part

performance.,

®
a&%
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5.0 CONCLUSIONS AND RECOMMENDATIONS

Based upon the results of this program, the following conclusions and

recommendations are presented:
Conclusions
e Effectively zero coefficients of thermal expansion have been achieved

e The zero coefficients were achieved not only in small flat rectangular

test specimens, but in parts of the anticipated structural shape

e The consistency of results for thermal coefficient of expansion tests

of the chosen laminate was good

e QCutgassing of the chosen material system was minimal and well within

acceptable limits

¢ Dynamic behavior of the Gr/Ep composite tubes was totally predictable

and ccnsistent

s Potential weight savings of the Gr/Ep tubes over INVAR are on the
order of 58%

e The Jjoint design concept has been proven structurally adequate

® The materials and manufacturing process utilized for fabrication of

the tubes and apex fitting detalls are suitable for production.

Recommendations

¢ Further development work is required in low coefficient of thermal

expansion measurement technclogy

e More extensive coefficient of thermal expansion testing should be

planned for laminestes covering a broad range of configuraticns

e Coefficient of thermal expansion tests should be conducted for

representative joint specimens.
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APPENDIX A

Conversicn cf U.S. Customary Units to S.I. Units

rees | 0 simemany/ comron A o e
Length in. 2.54 x 1077 Meters ~ m
Angle Degrees 1.7k5 x lO_2 Radians - rad
Force lbs L. LLE Newtons - N
Stress 1bs/in2 £.894 x 103 Newtons Per Square

‘ Meter - N/mz
Eending Moment in. -1bs 1.1298L8 x lOHl Newton Meters - N-m
Temperature op ,%’[toF—32] Eggrees Centigrade -

Al




APPENDIY B
Test Results



Table Bl Test Results - Longitudinal Tension

(unidirecticnal laminates)

Pre-

Failure

Test | Thickness | Width | Load Load Fult E Locaticn
Material No. (in.) {in.) | {(1bs)| (1bs) (ksi} | (mei) | of Failure
GYT0/E-T02 1 .0k1 .500 760 | 1010 49.3 | ko.9 Tab
2 .ohk2 .h96 760 | 11ko 4.7 | LO.S
3 0Ll LLgh 760 | 1080 52.1 | 38.6
4 043 199 760 | 1065 hg.e 3T7.6
5 .ole .498 T60 | 1170 55.9 | 38.7
& .0ko 501 | T60 970 L8.L | 39.1 v
Type A/E-T02 1 .036 .98 1770 g8.7 | 16.6 Tab
2 .036 .502 1220 67.5 | 15.9
3 .033 . 500 1365 82.7 | 17.9
L .036 . 500 1220 67.8 [ 17.2
5 .030 .503 1330 88.1 | 16.9
6 034 | .500 1320 | 77.6 | 17.5 v

Bl




Table B2 - Test Results - Transverse Tension

(unidirectional laminates)

_ . Failure ult -
Test Thickness | Width Load F B Locstion
Material No. In, In. Lbs. ksi msi of Failure

GY70/E-T02 1 105 .500 150 2.86 | 1.08 center

2 105 .LaT 17h 3.33 OT7 center

3 107 .kgs 170 2.21 - edge of tab

b .110 .Lod8 175 3,19 .98 edge of tzb
Type A/E-T02} 1 076 .503l 288 7.56 | 1.67 center

2 .0T€ 499 264 6.98 | 1.72 center

3 076 .50k 290 7.57T + 1.70 center

L 076 .Lo8 268 7.09 | .60 center

5 076 .508 280 7.25 | 2.28 center

B2




Table B3 Test Results - Tension Coupons

Failure wlt Location
Thickness | Width | Preload Load T iy of
Specimen Type | Ho. (in.) {in.) {1bs) {1vs) (ksi) | (msi) Failure
Laminate '4'
Longitudinal 1 037 .502 -— 960 51.7 —_— Center
(100-11) 2 .03 .501 750 1004 57.3 | 2k.3 Center
3 .037 .501 750 1072 57.8 | 23.6 Center
4 L0327 .502 750 992 53.4 | 24,5 Tab Edge
5 .038 .501 750 986 51.8 [ 26.3 " Center
Transverse 1 .0z38 .503 260 298 | 20.8 3.50 | Tab Edge
(100-13) 2 .038 . 50b 300 350 18.3 2.65 | Tab Fdge
3 ,03¢ | .503 300 ko2 20,5 3.26 | Tab Edge
Y 03T 502 300 371 20.0 2,84 | Tat Fdge
5 L0739 .503 300 L7 24,3 3.63 | Tab Edge
Laminate 'B’
Longitudinal 1 .05G .500 800 1078 36.5 | 20.1 Center
{101-11) 2 .05k .5C0 Boo 926 3h.3 | 22,0 Center
3 .058 L500 800 1300 Ly, 8 | 20.7 Center
H L0587 .500 Rao 107k 37.7 | 19.1 Center
5 .05k 500 800 11k2 W3 {2006 Center
Transverse 1 L05% .502 630 525 3, B £.08 Tab
{101-13) 2 057 .501 700 780 27.3 5.15 Tab
3 .060 .501 £30 1025 3h.1 £.09 Tah
l L0583 L8501 £30 980 36.9 £.8L Tab
5 .058 L5028 630 $30 3h .0 £.20 Tab
Laminate 'C!'
Longitudinal 1 L05E 502 —_— 870 .| 30.9 —_— Center
{102-11) 2 .0%8 .502 (50 1064 36.5 | 18,5 Center
3 L0EL L5060 |- 650 c1koo 43,8 |z Center
L .058 501 a0 1090 37.5 | 19.% Center
5 .OFD .502 Boo 850 etz | 18.1 Center
Transverse 1 .058 L5073 Lso ©o55p 20,73 11.0 Center
(102-17) 2 .059 . 500 ksn 660 22.h 1001 Center
3 .05% .501 550 5GH 21,7 .83 Center
4 .055 .502 450 562 2o0.h 11,1 Center
5 .057 .500 — 450 15.8 | ———- Center
Laminate 'B‘(l) 1 .053 L5500 apo 1148 k3,3 |19.86 Center
2 .053 Lo8 900 1204 L. 6 21,4 Center
Longitudinal 3 055 503 900 1206 ba.6 |z0.27 Center
b 056 Lge2 900 1hoL .2 | 22,68 Center
5 L055 go 900 1148 Lz, 4 119,98 Center
Transverse 1 .05 gl 750 980 3.5 5.79 Center -
2 .05k Lo 500 950 35.8 5.82 Center
3 L0556 RiTeTSS 500 1000 36.0 6.39 Center
L .055 .LgH 500 952 34.8 6.08 Center
5 055 ieles 500 1030 37.5 616 Center
(1)

Batch No., 2.
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Table Bh- Test Results - Compression Coupons

Failure alt
Thickness | Width Load F E Failure
Specimen Type |Uo. {in.) (in.) | (2bs) | (xsi) | (msi) Mode
laminate 'A'
Longitudipal | 1 .okY .7h8 2530 76.9 | 20.4 |} Compression-center
{100-15) 2 .olk LThe 1940 58.9 | 12.5 |Compression-center
3 .ol ) 2240 73.2 | 17.2 |Compressicn-center
Y ,olz LThT 1970 £2.8 | 17.9 | Compression-center
5 .0l2 .T48 1820 57.9 | 17.4 | Compression-center
Transverse 1 L0L§ JTUT Bz2 22.9 7.18 Buckling
(100-17) 2 Loko .TLB 1012 33.8 3.85 Buckling
3 .03 .7L8 84k 26.2 2.66 Buckling
L .039 LT7h8 G00 30.0 L.3 Buckling
5 Lohz .745 790 25.2 2.76 Buckling
Laminate 'B’ 4
Longitudinal | 1 .063 JTLT 2110 BL B | 15.9 Compression-center
{101-15) 2 L062 .Th8 1770 38.2 12.8 Delamination
3 063 JTLT 2380 50.6 | 21.3 | Compressicn-ecenter
L .0EL LThE 2430 53,3 | 19.4 | Compressiorn-center
5 .06k .TL8 2150 LY. | 15.3 | Compression-center
Transverse 1 060 LTLE z8s0 63.5 5,63 | Compressicn-center
(101-17) 2 .062 LThé 2500 54,1 5.21 | Compression-center
3 .057 LTL6 2880 67.7 6.81 | Compression-center
b L0EZ LTL8 2175 67.k 5.83 | Compression-center
5 L0687 LTS 2500 50,1 L .94 | Compression-center
Laminate 'C'
Longitudinal | 1 LQES .TLT 2Len 50.7 | 1b.9 | Compressicn-center
(102-15) 2 Mo LThT 2320 3.1 | 17.7 | Compressicn-center
3 .062 LTLB 2150 LAk 15.9 Compression-center
I LO6L .TLB 2320 50 B | 19.7 Compression-center
5 L0683 .T48 PEOD 5.2 | 16.8 | Compressicn-center
Transverse 1 L0681 .78 1100 2h.1 4.56 | Compression-center
{102-17) 2 .057 LTLS 135k 32.6 9.50 | Compression—-center
3 062 LTS 1419 0.7 8.02 | Compression-center
I L0673 LThB 1180 25.0 8.35 | Compression-center
g L0611 LThE 134k 29,5 G.h41 | Compression-center
Laminete 'B'(l)
Longitudinal | 1 .0S7 LTh3 1gk8 L&.0 17.1 | Compression-center
2 .058 LTh2 ] 1820 hb2.3 | 17.4 | Compression-center
3 L057 LThl 1702 40.2 | 17.6 | Compression-center
b .059 LTh3 170k 38.9 | 15.4 | Compression-center
5 .059 LTL3 1965 Wy .8 | 17.6 | Compression-center
Transverse 1 057 nn 2950 69.6 5.6 | Compression-center
2 .055 LTh1 2450 60.1 €.4 | Compression-center
3 .056 LT3 2040 63.4 5.9 | Compression-center
U L060 .TLL 2500 56.0 6.4 Compressicn-center
5 .0s58 LTh3 2650 61.5 5.8 | Compression-center
(l)Batch Ho. 2
Bl
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Table B5 - Test Results - Flexure
-
Second=|Fail-~
ary () ure
Thickness|Wigtk |Span | Span Load Tailure
Specimen Type (o (In.) {{In)|[{TIn.}[{1n.) |(ibs.} Mode
'ALaminate"A'
Longitudinal |1 .Qh2 502 [1.35 58.0 Flex-Tensicn & Interlaminar Shesar
2 LD 500 11.35 £2.5 Flex-Tension & Interlaminar Shesr
3 Nl 502 11.3% 0.0 Flex~-Tension & Interlaminar Shear
b .oksg .500 [1.35 65.0 | Flex~Tension & Interlsaminar Chear
5 oLz .502 |1.35 56.5 Flex-Tensicn & Interlaminar Shear
Transverse 1 Na i1 ,503 }1.35 9.0 Interlaminar Shear
2 Nollte} .503 {1.35 9.6 | Interlaminar Chear
3 Wohd .503%3 {1.80 LTh 16.2 Interlaminar Shear
L .oh2 .503 [1.80 .Th 1.6 | Interlaminar Shear
5 L0LO 503 [1.80 | T 9.2 | Interlaminar Shear
Laminate 'B’
Longitudinal |1 .060 L508 |1.95 15.0 Interlaminar Shear
2 063 .508 [1.9% oLh.5 | Interlaminar Sheer
3 .062 .504 |1.95 22.8 | Interlaminsr Shear
U L0857 L5058 [1.95 18.0 | Interleminar Shear
5 .060 .506 | 1.95 '19.€ | Interlaminar Shear
Transverse 1 L0606 L5309 | 1.95 k5.2 Intertaminar Shear
2 L0357 506 (1,95 53.7 Interlaminar Shear
3 .063 .506 {1.95 157.8 |.Interlaminar Shear
b 059 .502 |1.9% Lg.1 Interlaminar Shear
5 059 LSBT | 1.95 L3.2 Interlaminar Shear
Laminate 'B'(g)
Longitudinal |1 .055 | .500 |1.95 22.1 Interlaminar Sheer
2 058 L5000 |.1.95% 26.0 Interlaminar Chear
3] ..0%6 L5000 [1.95 23.2 | Tnterlaminar thear
L G557 .501 | 1.685 2k, 3 Interleminar Chear
5 .055 559 11,95 21.0. | Interlaminar Shear
Traﬁsversé" i .0567‘ 500 | 1.95 51.0 Tnterlaminar Shenr
2 056 .hgg |1.95 ch.0 | Interlaminar Shear
3 055 .Lo8 1.9% 3.7 Interleminar Shear
4 .057 .500 | 1.95 L7.2 Interlaminer Sheer
5 © 087 .Lgg | 1.95 53.2 Interlaminar Shear
Laminate 'C'
Longitudinal | 1 ,059 508 | 1.95 25.0 | Interlaminar Shear
2| .058 |.50%|1.95 28,6 | Interlaminar Ehear
3 .066 506 | 1.9¢8 35.6 | Tnterlaminer Shear
b L0E3 .505 [ 1.95 32,k Tnterlaminar Shear
5 .062 .502 §1.95 3%,2 | Interlaminar Shear
Trangverse 1 059 Lo03 [1.99 25,6 Interlaminar Shear
2 .058 L5086 1.95 26.0 | Interlaminsr Shear
3 063 .507 | 1.95 25,2 | Interleminar Shear
L 061 L5021 1.95% 28.5 Tnterlaminar Shear
5 063 .505 | 1.95 29.6 1} Interlamirnar Shear
(1)For 4-Point Bending
(E)Batch Ho., 2
@Rf
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Table B6 Test Results - Horizontsl Shear

Failure Fult* _
Thickness | Width | Span Load max Failure
Specimen Type | No. {(in.} {in.)} | (in.) (1bs) {ksi) Mode
Laminate 'B!' 1 .059 ,258 0.33 89.5 k., k1 Hor. Shear
2 057 .257 0.33 81.0 4.15 Hor. Shear
3 .059 258 | 0.33 77.5 3.82 | Hor. Ghear
L 056 .258 0.33 83.0 L.31 Bor. Shear
5 .056 .258 0.33 £8.0 3.53 Hor. Shear
Laminate 'C' 1 .062 1258 0.33 94.5 4.h3 Hor. Shear
2 .059 .258 0.33 83.0 L.09 Hor. Shear
3 060 .258 0.33 79.0 3.83 Hor. Shear
L .058 .257 0.33 8€.C L.33 Hor. Shear
5 .056 258 0.33 €7.5 3.50 Hor. Shear
s =15 (5) = -75 B/vt
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