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ABSTRACT

Several methods have been proposed for attaching to the ends of structural tubes fabri-
cated from composite materials, but few have been studied in detail. This program was
initiated to study the shim joint concept in detail as subjected to tension loads. The
shim joint concept permits a conventional pin joint between the composite tube end and
a mating metal fitting by reinforcing the composite material with thin metallic layers,
Shim joints were studied during this program as applied to glass reinforced plastic
tubes, Corrosion resistant steel (AM 355, 260 ksi) was used as a reinforcement mate-
rial,

An attempt was made to extend shim joint technology by (a) defining through analyses the
critical failure modes and pertinent design parameters for tension loads, (b) establish-
ment of design allowables for each of the failure modes through tensile testing of single
pin, flat plate specimens, (c) development of a rational design procedure for the shim
reinforced tube end, (d) development of improved methods for fabrication and machining
of the reinforced tube end, and (e) fabrication and test of full scale tubular joints in tes
weight end fittings, :

It was shown during this program that glass composite tubes can be successfully re-
inforced with AM 355 foil to develop the ultimate load in the tube without prohibitive
attachment weight penalties. An optimization routine was used in the design procedure
to aid in determining the minimum weight configuration, The bond joint strength was
increased significantly during the program by incorporating an adhesive film between
the metallic and fibrous layers. A joint, designed to transmit 150 kips to a 3.0 inch OD
tube, added only 0.35 pound to the basic tube weight.
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DEFINITIONS

Cross sectional area, in,2,

Diameter, in,

Young's Modulus, ksi.

Compressive siress, ksi.

Tensile stress, ksi,

Hoop tension stress, ksi,

Shear stress, ksi,

Normal stress, ksi.

Ultimate tensile strength of the shim material, ksi,

Ultimate tensile strength of the composite laminate in the longitudinal
direction,

Allowable average shear stress in adhesive layer, ksi.
Ultimate shear strength of pin material, ksi,

Shear modulus of adhesive material, ksi.

Net tension area efficiency factor, (fi/Fy,).

Hoop tension efficiency factor (f4/Fy,,).

Pin bearing efficiency factor (fly./Fry).

Length, in,

Number of shim reinforcement layers.
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SECTION I

INTRODUCTION

1.1 HISTORY

Energy Controls Division (ECD) of The Bendix Corporation explored in an earlier pro-
gram the feasibility of utilizing composite materials for structural components in such
mechanical assemblies as aircraft landing gear, The criteria for feasibility in that
program were confined to cost and weight considerations. The feasibility program
was performed under the authority of USAF Contract Number AF33{615)-3080 and the
findings were documented in report number AFML-TR-66-309, dated December, 1966,

It was determined during the feasibility program that structural tubes fabricated of
composite materials would be lighter than tubes made from more conventional materials
such as steel, aluminum, or titanium alloys.

The earlier study had indicated that the greatest potential weight savings could be ob-
tained with components designed primarily to support torsion or axial compression and
tension, Typical of such components are torsion shafts and aircraft landing gear re-
strictor support tubes, spacer tubes, side braces, and drag braces.

An important recommendation of the feasibility study was that lightweight methods of
joining composite tubes to metal end fittings be developed, The design of metal end
fittings, per se, is well within the capability of existing technology and does not require
elaboration. However, even though structural members can be made lighter with com-
posite materials than with the more common metal alloys, the weight of reinforcing com-
posite tube ends and joining them to metal end fittings will impose penalties. As a re-
sult, the significant weight saving potential of composite materials may tend to be offset
somewhat by the weight penalties imposed by joining the tubes to metal end fittings. The
design of efficient, lightweight joints between composite tubes and metal end fittings is,
therefore, a necessary element in the development of composite material landing gear
components and requires formulation of design data and analysis techniques.

During the feasibility study, several different types of joints were considered which
offered promise and warranted further development. The metal-shim-reinforced joint
for tension and compression members showed considerable promise of providing a
joint suitable for use in aircraft applications.



1.2 PROGRAM OBJECTIVES

The program documented in this report is an extension of the earlier program summa-
rized briefly above. The program reported herein had as its objective the development
of a shim reinforced clevis joint between a flightweight, filament concept tube and a
nonflightweight attachment as shown below:

Shims
- Shim Reinforced

~ Clevis Joint

Flightweight Filament

v / Concept Tube

HH

TN T N I L O R A A S MO
M A R i e S P O o i A e A PR TP ]

Flightweight Shear Pin

To Test
Machine

\Nonﬂightweight Attachment




The objective of the subject program was achieved in accordance with the following
program plan:

A, Determine pertinent design variables by analysis of the shim joint concept,

B. Conduct a literature search to locate applicable information pertaining to
(1) bonded joint design, (2) mechanical joint design, (3) materials selection for shims and
adhesives, (4) processing methods for bonding and machining shim materials, and (5)fabri-
cation technigues for shim joints, '

C. Perform tests of shim reinforced flat-plate specimens to obtain ultimate
strength design allowables.

D. Employ an optimization procedure to perform minimum weight studies for
shim joints,

E. Fabricate and test the resulting joint design in two, three-inch outside dia-
meter structural tubes structural adhesive.



SECTION I

ANALYSIS OF ATTACHMENT AREA

2.1 DESIGN VARIABLES

Advanced concepts such as tapered shims, staggered shim lengths, and multiple rows

of rivets can all be incorporated into the shim joint concept. In this program, however,
a simple configuration was chosen for initial study. The shim layers were of uniform
thickness and constant length in the longitudinal direction. A single circumferential row
of pins was used to transfer loads from the composite tube to the mating metal part.
Figure 1 illustrates the configuration which was studied,

Analysis of this simple attachment configuration resulted in an extensive list of potential
design parameters. Each of the potential parameters must be considered in the design
process to ensure that a minimum weight configuration is approached. Most of the
geometric variables are defined in Figure 1 . A complete listing of geometric variables
is presented below:

NS - Number of metallic shim layers.

N b " Number of pins along the tube circumiference.

Nc - Number of filament layers in tube wall that do not extend into the
attachment area.

Dop - OQutside pin diameter,

Dip - Inside pin diameter.

W - Circumferential distance between pin centerlines.

a - Distance from pin row centerline to tube end.

§ - Distance from pin row centerline to back edge of shirﬁs.

tS - Thickness of metallic shim layers,

L, - Longitudinal length of metallic shim layers ({ + a).
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t a - Thickx}ess of the adhesive layer joining the metallic shim to the composite
material,

tf - Thickness of composite layers between shims.,

tc -~ Thickness of composite layers which do not extend between shims.

Doj - Qutside tube diameter in attachment area,

Dij - Inside tube diameter in attachment area.

L - Wall thickness transition length.

tr - Maximum thiékness of the transition length circumferential reinforcing
rings.

. Length of reinforcing rings.
L. -

i Total length of reinforced attachment area (L gt Lt)'

The efficiency of the joint design is also a function of the materials used in the various
joint components. The effect of utilizing various component materials is studied by
including in the design procedure the design allowables and weight densities associated
with the materials of interest. The material weight densities are also considered as
design variables and are denoted in the design procedure as follows:

w - Density of the composite material,

w - Density of the metallic shim material.
w, - Density of the adhesive material,

w § - Density of the filler material.

Wy - Density of the pin material.

2.2 FAILURE MODES

Mechanical fasteners in shim reinforced composite materials produce much the same
failure modes as in metals. The following analysis considers those potential failure
modes resuliing from axial tension loads on the joint. Net area tensile failure, pin hole
bearing failure, hoop tension failure, shear bearing tear-out failure, and pin shear

failure can all be produced in the attachment by proper manipulation of the joint geometry.
Failure can also occur due to excessive shear in the bond joint between the shim and
composite material, or by delamination of the fibrous layers in the tube wall thickness
transition length.



2.2.1 Net Area Tension

ul

Joint failure may occur in tension along the pin row centerline if the net tension area
becomes sufficiently small. The ultimate strength of the net tension area depends on

the ductility of the metallic shim material when a low elastic modulus composite is used,
The composite material in the net tension area can support high stresses if the shim can
be strained sufficiently to develop the stress. The AM 355 shim stock which was used

in this program has an ultimate strain range of 13 to 21 percent.* The AF-994 glass
filament requires a strain of only 3.25 percent to develop a fiber stress of 400 ksi, and
the experimental work of this program has verified that the filament layers are highly
stressed at the time of rupture through the net tension area. Using the combined areas
of the shim and filament layers, tensile stresses as high as 320 ksi have been obtained
in flat plate specimens during this program,

Laboratory tests on AM 355 shim stock determined the ultimate tensile strength of this
material to be in the range of 255-260 ksi.* This would indicate that the filament layers
were active at a very high stress level. For this reason the combined steel and com-
posite areas were utilized in calculating the net tension area stress.

- Dg - Dj
At = (W- Dop) (_-_2___ - .006Nc + Ngtg) (1)
T D,
where W = !
N
p
The ultimate tensicn load is given by
Put = Ny Ky AtFyy @)

where K, is the ultimate tensile efficiency factor.

*Refer to Appendix V1.



The allowable tensile stress is a function of the D /W ratio as in lug strength analysis,
For high D, /W ratios, the tensile area is quite narrow and the elastic stress concentra-
tion factor is relatively ineffective in the plastic range. The strain distribution becomes
nearly constant across the tension area of the metallic shims when loaded into the plastic
range. For lower D, /W ratios, however, the tension area is wide enough that a strain
gradient exists across the shim material even in the plastic range., The metallic layers
are less efficient because they are subjected to a plastic stress concentration factor..

The filament layers are also less efficient since they are not uniformly strained across
the tension area. Flat plate tests were conducted to determine tensile allowables and
the results are presented in Section III of this report.

2.2,2 Pin Hole Bearing

The basic reason for employing metal shims in the composite tube attachment area was
to increase the pin hole bearing strength. The bearing strength of nonreinforced com-
posite materials are far too low to support pins with the high loading intensities ex-
perienced in major structural components.

Test results have indicated that bearing failure of shim reinforced composites normally
occurs as a result of shim buckling. Buckling strength is a function of individual shim
thickness, tg, and the unsupported metal span length, Doy, The bearing allowables are
presented in Section III of this report as a function of the ratio Dop/ts. The allowable
pin bearing load is the product of the bearing efficiency factor Ky, the total projected
metal-to-metal bearing area, the ultimate tensile strength of the shim material, and the
number of pins used in the tubular joint,

Abr = NS tS Dop (3)

Po = Np Kigr Apy Fiy (4)

Since the fajlure mode is actually one of stability, the degree of restraint due to clamping
must also be considered in establishing allowables for this failure mode. A joint which
is tightly clamped by a threaded nut on the pin will produce much higher bearing stresses
than an identical joint which is not clamped or restricted in any way. Clamping of the
flat plate tests described in this report was adjusted to duplicate that expected in the
composite tube attachment.

. . - . - _— —
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2,2,3 Hoop Tension

Hoop tension is a term used to describe one of two failure modes which can occur when
the pin row is placed too close to the tube end. The material between the pin hole and
the tube end is subjected to tension stresses which act perpendicular to the direction of
the applied load. During this program, undirectional plies only were utilized between the
metallic shims. Since the tensile strength of the glass epoxy system is quite low in the
transverse direction, the composite material was not considered to be effective in trans-
mitting hoop stress during the establishment of allowables for this program. Metallic
area only was considered in calculating hoop tension stresses. Further testing would be
required to establish allowables for attachments which incorporate plies oriented at an
angle to the tube axis.

Determination of the stress distribution along the hoop tension critical plane would be a
difficult analysis problem. For this reason, a ficticious stress obtained by dividing the
axial load applied to each pin by the hoop tension area is used in the analysis of this
fajlure mode. The allowable is defined in terms of the shim material ultimate tensile
strength and is a function of the a,/Dop ratio. The hoop tension area is given by the
following expression:

D
Ay = Ngtg (a- "'2'92') (5)

The ultimate load for the joint is
Put = Np Kpg At Fiy (€)

The hoop tension efficiency factor is further explainéd in Section II of this report.

2,24 Shear Bearing

N et e e N —



Past experience with lug design would indicate that shear bearing failure could also
occur if the pin row is placed too close to the tube end. In the shear bearing mode, the
metal slug between the pin hole and the tube end is forced from the tube end in double
shear due to the pin bearing pressure. There were no clearly defined occurances of
shear bearing failure during the flat plate test series of this program. The hoop tension
mode predominated in specimens fabricated with a short a" distance.

In some specimens involving a combination of shim fajlure modes, however, individual
shims have been found to fail in the shear bearing mode, but there was not sufficient
data to form allowables. It has been suggested that the tubular members may be more
susceptible to shear bearing failures than hoop tension failures since the tubular
geometry lends some transverse support in the direction of hoop failures which is not
present in flat plate specimens. Only tubular test data can ascertain this fact. Also,
these failure modes may be functions of the a/tg ratio as well as the a/D op ratio, but
further testing would be required to affirm this theory.

2.2.5 Bond

The quality of the bond joint is highly sensitive to cleaning, fabrication and machining
procedures, The analysis which follows assumes that these procedures have been per-
formed at a near optimum level, and that the quality of bond is high.

To better understand the mechanics of a bonded lap joint, a detailed continuum analysis
was conducted, The analysis considered a joint connecting two numbers of dissimilar
materials in which the load is transferred by shear stress through an adhesive layer at
the member interface. The analysis assumes:

(a) That all elements are linearly elastic,
(b) That the effects of bending due to eccentricity in the joint may be neglected, and
{c) That the fibrous member is of uniform thickness.

The analysis does not fully duplicate the shim joint used in this project. It was extended
to consider a bonded joint of several layers, but did not consider application of load to the
metal layers through pin holes within the bonded joint length. Also, the primary interest
of this program was the ultimate strength of a multi-layer bonded joint, Ultimate
strength information would have required a plastic analysis of the joint which was beyond
the scope of this program. The elastic analysis was quite useful, however, in defining
the parameters which affect stress levels and stress concentrations within the bonded
joint,

Details of the bonded joint analysis are presented in Appendix II. Before proceeding,
however, it would be well to discuss some results of that analysis. To obtain a closed-
form solution for the joint it. was necessary to assume that both members were of con-
stant thickness. Equations T and 8 show the resulting shear stress at each end of the
adhesive,

10



P -t—— ( tm Metal i
f Adhesive t *
Fibrous Material f ts {—--P
—% !
o L -
at x = 0
G Et 1/2
a ff
famax = P (n
t, Emtm(Eftf + Emtm)
atx = L
GE t 1/2
f . = P: 4 min (8)
S max t Et(Et +E_t )
a ff7ff "mm
where Ef = Elastic modulus of fibrous material.
E, = Elastic modulus of metal.
G, = Shear modulus of adhesive material.

The shear stress concentration factors at the corresponding points are given by equations
9 and 10,

n
(=]

at x
1/2
aPels | )

ta. Emtm(Eftf + Emtm)

G

S, = L
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atx = L

G E_t 1/2
_ a mim (10)
Se =L |TEL@®L + B 1)
a ffyff m m

Most interesting is the fact that the maximum stress concentration factors, S,, are
linear functions of the joint length, but that the maximum shear stress value is indepenent
of joint length. A longer joint length will certainly reduce the average shear stress, but
it will not decrease the maximum shear stress. Therefore, bond joints become less
efficient with increased length because the mid portion of longer joints transfer very
little load. The flat plate tests of this program have verified that the allowable shear
stress does decrease as the joint length increases (Figure 13). Figure 2 illustrates

_the effect of overlap length on the stress concentration factor in a typical bonded joint.
The analysis strongly indicates that lengthening a bond joint may not be the most effi-
cient means of increasing the joint ultimate strength.

Examination of equations 7, 8, 9, and 10 also reveal that both maximum shear stress and
the stress concentration factors are inversely proportional to the square root of the
adhesive thickness, t,. The validity of this result was illustrated during the latter part
of this program when AF-111 (3M Corporation) adhesive film was incorporated in the
joint in lieu of the BR-1009-49 tack primer (American Cyanimid Corporation) to increase
the thickness of the adhesive layer. The original tack primer thickness was about 0.0045
inch. The ultimate bond strength of flat plate specimens was increased on the average
by 45 percent with substitution of the AF~111 adhesive film which produced an adhesive
thickness of 0.009 inch, The decrease in the elastic stress concentration factor is
proportional to the ratio of the square roots of the two adhesive thicknesses:

¥ 0.009
Jo‘.m

The 41.4 percent decrease in stress concentration factor corresponds well with the 45
percent increase in ultimate strength, Figure 3 illustrates how the stress concentra-
tion varies with adhesive thickness for a typical bonded joint. Fatigue loadings may re-
quire that the adhesive thickness be increased for the joint in this study since fatigue
strength is much more sensitive to stress concentration factors than ultimate strength.
Increasing the adhesive thickness would be a more efficient and effective means of im-
proving fatigue strength than lengthening the joint.

Equations 7, 8, 9, and 10 also indicate that maximum shear stress as well as the stress
concentrations are functions of the ratio Epty/Eit;. The discussion of the significance
of this ratio is complex and has been placed in Appendix II. For materials of widely
different moduli but similar tensile strengths, the ratio Emtm/ Esty is highly significant
in limiting the strength of the bonded joint.

12



Bonded joints in high modulus composites (boron, carbon, ete.} would be superior to a
glass-epoxy composite in this respect.

To actually design a bonded (shim) joint for ultimate loading, it was necessary to use
average shear sirength allowables obtained from flat plate tests. The presence of high
stresses in the fibrous layers through the net tension area indicated that the part of the
bond area between the pin row and the tube end was effective intransferring stress from
the shims to the fibrous material, The shim area which was considered to be effective
in bond is shown below to be a function of both a and {.

) //////‘ B

Effective
w / Bond Area

P/2 ————
r""‘-E:ah/Pin Shim
— il — —_—
P/2 —————
— Dy e

An effective bond length, ﬂe, was defined by dividing the shaded bond area by the width,
Ww.

_As (12)
‘Qe T W
where
A, = W(Q+a) - NpaDop -04 D0p

W

The ultimate load for a shim joint is given by:

1:'ult = 2Ns As Fs (13)

where F_, the allowable shear stress, is defined in terms of the effective bond length,

e

13
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2.2.6 Wall Thickness Transition Zone,

Flat-plate specimens were fabricated during this project with excess transverse or circ
layers to maintain a constant thickness throughout the specimen length. In a structural
tube however, it would not be economical to use more circ layers than required to main-
tain the laminate strength. A tapered transition length is required to flare the tube wall
into the thicker reinforced tube end as shown below:

Filler

-
1]
|
_fi‘.—‘i'..'
\
— I
A G NG ey ANE NG GE OG O OO Oom OaE Onn O M MO OO 0N AN

Transition Length
(L] = LS)

o
S,

Do
-

ij

From a weight standpoint, it is desirable to make the transition length as short as
possible. As shown above, a filler material is required between the fibrous layers,

and the total filler weight is proportional to the transition length., As the transition
length becomes shorter, however, the radial force component which tends to separate
the fibrous layers (delaminate) at the base of the transition length becomes greater.
These radial forces create tensile strain concentrations at the initial separation point

of adjacent layers which must not exceed the ultimate tensile sirain for the resin in the
composite. The tensile strain at the separation point can be controlled by designing circ
wrap reinforcement rings at both the inside and outside diameters to restrict radial
movement,

The transition zone was analyzed by using a finite element model of beams and springs.
Details of the analysis are presented in Appendix ITI. As long as adjacent layers through
the wall thickness do not separate at exactly the same distance from the shim pack,
delamination will occur at the exterior layer, The analysis indicated that the radial force

on the exterior layer, Pi, is about 85 percent of the force obtained by ignoring the continuity

of adjacent layers.
16



. .
Pi = 0.85 Pi sin a (14)
where Pi = Axial force carried by exterior layer.
P!, = Radial force on outside layer at separation point.
o = Angle of exterior layer to the tube axis.

The average allowable tensile strain ¢_, was determined experimentally to be 1.4 percent,
The allowable radial force and the allowable radial displacement are given by

Pt = €1 4 (15)
v, = (Pi) ult (16)
_ c,

where C, and C, are coefficients depending on geometry and mechanical properties,
The thicllmess of the required reinforcing ring is

2 ' '
_ D [Pi - (Pi)ult]

4Elc Va

1"

2,2,7 Pin Shear

The pins are loaded in double shear and the design requires simply that the cross-
sectional area be large enough to ensure that the shear stress does not exceed the
ultimate shear strength of the material. If hollow pins are used, the ratio D;, /D__ must
be low enough to ensure that the pins will not erush or buckle. The ultimate 5’0.’;1(:10 For the
pinned joint as governed by pin shear is given by:

- 2N AF (18)

Pult P p 8su
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SECTION III

FLAT PLATE TESTS

3.1 PURPOSE

Theoretical analysis of the shim joint concept has been very beneficial to understanding
the mechanics of the joint. The information resulting from this work is not adequate,
however, for determination of the joint ultimate strength. Ultimate strength design data
must still be obtained empirically, The flat plate test specimen (Figure 4) was devel-
oped to enable inexpensive determination of ultimate strength design allowables for the
various failure modes in a shim joint, The presence of free edges on the sides of the
flat plate configuration prevents exact simulation of the tubular joint, but it is felt to be
adequate for most failure modes.

3.2 DESCRIPTION

The flat plate specimen used in this program is best described by Figure 4, Five 0.02
inch steel shim layers were used in each of the flat plate specimens, but the other mate-
rials were included in varying quantities to produce failure modes which were of interest,
The composite material was composed of 65 percent glass, by volume, and 35 percent
resin., The W dimension was fixed at 1.0 inch throughout the test program to simplify
fabrication procedures. Also, tests conducted during this program have included only
longitudinal fibers between the shims, Further testing will be required to determine
design allowables for shim joints in laminates having fibers oriented at an angle to the
loading direction,

The specimens were loaded by a pin through the shim joint and by a friction grip on the
opposite end, The shim pack was clamped lightly during the test to simulate the clamp-
ing action expected from a metal fitting mating with the reinforced tube end. The speci-
mens were loaded to rupture to obtain ultimate strength design allowables. Several
photographs of flat plate specimens after test follow in this section.

3.3 FLAT PLATE TEST RESULTS

3.3.1 Net Tension Area

Tension failures were promoted in flat plates by increasing the pin diameter, Doy to
reduce the net tension area. Since all specimen widths were identical (W = 1.0 inch),
the design parameter, Dop/W, varied directly with the pin diameter. Figure 5 shows
four flat plate specimens subsequent to failure in the tension mode. The AF-111 adhesive

18
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was used in the Series V specimens, but had little effect on the tensile strength of flat
plates,

The net tension data is shown in Figure 6 plotted versus the ratio Dop/W. The calcu-
lated stress values were divided by the ultimate tensile strength of the shim material
(ft/Ftu) to form the net tension efficiency factor, K.

A mean allowable curve is shown superimposed on the test data, The mean allowable
is defined in terms of Dop/ W by the expression:

. 79,327 (19)

K =
t 7 143.75.100 Dop/W

which was used as the net tension area failure envelope in the automated design pro-
cedure,

Data points denoted as "lower bound'" values arise from tests in which failure occurred
either in a different mode, or in a combination of modes which included the one of inter-
est. These specimens did experience relatively high stresses in the mode being plotted,
however, and it was decided to use these stress values to aid in defining the lower bound
of the failure envelope, These stresses represent a strength which can be expected in
that mode without failure.

3.3.2 Pin Bearing

Pin bearing failure was induced in the flat plate specimen by decreasing the pin diameter
to reduce the metal-tc-metal contact area. Only one shim thickness was used during the
flat plate program, so it is not known how shim thickness alone effects the pin bearing
allowable stress. It was found, however, that the pin bearing allowable stress varied
significantly with the Dgp/tg ratio. Figure 7 shows a typical pin bearing failure, and
Figure 8 shows the flat plate pin bearing strength data plotted versus the Dop/ tg ratio.
The bearing ultimate stress values have been divided by the ultimate tensile strength

of the shim material {fh/Fty)to form the pin bearing efficiency factor, Kpy. In this

form, the data is applicable to any high strength steel shims. A mean allowable curve

is shown superimposed on the test data in Figure 8, The curve was derived empirically
and is defined by:

123.8 (20)
10'?-D0p/ts

Equation 20 was used as the pin bearing failure envelope in the optimum design pro-
cedure,

Kbr = 3.0

Pin bearing failure is of special interest because it is more ductile than other failure
modes. Very large strains can be absorbed without destroying the joint. When structural
members are fabricated from brittle materials such as fiber glass, it may be desirable
to design the assembly such that initial failure occurs in the attachment by pin bearing

to avoid catastrophic failure of the assembly.
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3.3.3 Hoop Tension

Hoop tensionfailuresarea function of the ratio a /Dop and were controlled in the flat
plate series by both the "a" and Dgp dimensions. Hoop tension failures are fairly
sudden in nature, Typical hoop tension specimens are shown after test in Figure 9,
Note that some shim layers failed in the shear bearing mode in specimens having
larger pin diameters,

The total hoop tension test results are plotted in Figure 10 as a function of the a/Dop
ratio. Again a mean allowable curve has been derived to fit the test data, The data is
presented in terms of a hoop tension efficiency factor (fht /Fty) such that it can be used
for shim materials of any tensile strength, The mean allowable curve is defined by:

3.173 (21)

Kht = 7Dop + 0.65

which was used as the hoop tension failure envelope in the design procedure,
3.3.4 Bond

Bond failures were produced in the flat plate specimens by decreasing the { distance
to raise the average shear stress in the adhesive, Since it was determined that the
area between the pin and the specimen end was also effective in load transfer, the "a"
value was also varied during the flat plate bond tests. The effective length of bond,
for flat plates, (o, was defined in terms of both " " and "a" by:

1e = (.Q.-f-a) -a Dop - 0.4 Dop . ) (22)

Typical bond failures in early flat plate specimens are shown in Figure 11, , As the
photographs indicate, this failure mode results in a very sudden release of the load,
Figure 11a shows bond failures which occurred later in the program after adoption

of the AF-111 adhesive tape. As the photographs indicate, there was a marked improve-
ment in shear strength with the thicker adhesive. The total shear strength data for both
adhesive systems are plotted versus "effective bond length" in Figure 12, The data
indicates that the AF-111 not only results in higher average shear strengths, but also

in less scatter of strength data.

An algebraic equation was derived to fit the AF-111 shear strength. The curve, which
is shown superimposed on the test data in Figure 12, is defined by

_ 5130 2
s = 90+ 165 (23)

Equation 23 was used to define the bond joint failure envelope in the optimum design
procedure.
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Fifty percent additional fiber glass was placed between the shims in the Series V
specimens in an effort to obtain ultimate strength data for longer bond joints. The 0,02
inch shim layers, however, were unable to resist the increased stress levels generated

by the fiber glass, The series resulted primarily in the combination failure modes shown
in Figure 13, Since shim stock of increased thickness was not readily available, adhesive
shear strength data for effective lengths greater than 1.4 inches was not obtained. The
combination mode failure data was useful in forming lower bounds for the other failure
envelopes,

3.3.5 Transition Zone

Two flat plate specimens were fabricated without the excess transverse fiber glass
layers to study the delamination failure mode in the thickness transition zone. The speci-
mens were fabricated with a transition length of 0.5 inch, The specimens did fail by de-
lamination as expected, and the data was used to establish allowable stress levels in the
circumferential, reinforcing ring, design procedure. One of the specimens is shown in
Figure 14,

3.3.6 Staggered Shim Length

Two additional flat plate specimens were fabricated without excess transverse material.
They were two of the Series III specimens which incorporate staggered shim lengths
and the AF-111 adhesive film, The attachment area of the specimens did not fail in the
bonded joint as anticipated, The geometry of staggered shims apparently resulted in
increased stress concentrations in the outer layers of fiber glass causing a sudden
failure in the filament material at the tips of the metallic shims, Subsequent tests
utilizing the AF-111 adhesive film have shown, however, that shims of constant length
which are shorter than the shortest staggered shims tested in Series IIl, are capable

of developing a higher shear load than the fiber glass (400 fibers per inch of width between
shims) can transmit to the joint. Further tests designed to eliminate failure in the fila-
ment material might indicate an improvement in bond strength by using the staggered
shim geometry. Figure 15 shows one of the staggered shim specimens after test.
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1-2-A
Q_ = 1,65 in,
a = 1.0in,

Dop ‘= 0,625 in,

P = 16,480 lbs.|

0.9 in.

a = 0.9in.
Dop = 0.5 in-
P = 16,590 lbs,

‘E O
a*_ V-14-A

0 = 0.9in.
~a = 0.Tin
}T?Dop = 051“.

Gl 1

et (P SR

Figure 5. Flat Plate Specimens-Rupture Through Net Tension Area
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1,55 in.
1.0 in,
0.250 in.
11,880 1bs.

Figure 7. Flat Plate Specimens-Pin Bearing Failure
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Figure 9.

1.35 in,
0.475 in.
0.625 1n.
9,240 Ibs,

1.55 in.
0.325 in,
0.375 in.
1,960 Ibs.

Flat Plate Specimens-Rupture Through Hoop Tension Area
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I-4-B
0 = 1.55in,
a * l.i) in,
Dop = 0.5in.
P = 14,650 lbs.

0.75 in,
1,0 in.

0.5 in,
10,750 lbs.

—
£l
ol ¥

il i e np
Al e | :,E-'wll"

' TS

1 &
i o |

Figure 11, Flat Plate Specimens-Failure of BR-1009-49 Adhesive Joint
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V-2-B

0 = 1.0in.

a = 0,875 in,
Dgp = 0.5in.

P = 18,880 lbs.

V-10-B

f = 0,50 in.

a 0.75 in.
Dop 0.5 in.

P 14,880 1bs.

Figure 11a, Flat Plate Specimens-Failure of AF-111 Adhesive Joint
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V-14-B
4 = 0.9in
e 0.7 im,

Dop = 0.5in, _
15,780 Ibs.

V-16-4
§ = LOin.
a = 0,7in,

I'.'gp = 0,5in,
P = 14,940 lbs.

Figure 13. Flat Plate Specimens-Rupture by Combination of Failure Modes
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1.25 in,
0.75 in.
0.5 in,
15,410 1bs.

Figure 14, Flat Plate Specimens with Thickness Transition- Failure by Delamination
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VII-1-A
§ = 1.0, 1.25, 1.50 in.
a = 0,75 in,

Dop = 0.9 in.
P = 14,710 Ibs.

Figure 15, Flat Plate Specimen with Staggered Shim Lengths-Combination Glass
and Bond Failure
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SECTION IV

SHIM JOINTS FOR STRUCTURAL TUBES

4,1  DESIGN PROCEDURE

A feasible design is one that behaves satisfactorily under the specified environment. In
general it is possible to find more than one feasible shim joint design for a given com-
posite tube. If one of the design features is taken as the design objective, it is possible
to find a feasible design which is most favorable as judged by the design objective.
Usually the design objective of a structure is either weight or cost, In the present study,
weight was chosen as the design objective, The shim joint design of minimum weight
which is able to transfer a specified load to a given composite tube is termed the opti-
mum design.

4,1,1 Design Constraints

A shim joint is considered feasible if it satisfies the following desgign constraints:

(a) Net section tension:

r 1

(b) Bearing:
Np Dop, Ny tg Kpr Ftu 2 Pyy (25).
(c) Hoop tension;
1 .
Np (@ - 3 Dop) Nsts Knt Fru 2 Py (26)
(d) Bond:
L1 NS (DOj +Dij)ﬂ_ e Fg 2 Pul.t (27)

35



(e} Cire reinforcing ring:

P! _ (P)a
tp 2 p2 L -V
r 2 D§ iy, (28)
(The derivation of this equation is given in Appendix IIL)
() Pin:
2
ZNpDZ (1- Ra)Fsu 2 Py (29)
where D
Ry = =P
Dop

4,1.2 Objective Function

To write the objective function, the weight of each joint component is expressed in terms

of the design variables:

{a) Fiber glass composite:

Wig = [%(Do2 -p) 1 - §DZ, Np (I-)-Q';-)_i - Nete)
Nete 7 (D°2+ P1) Lj]w (30)
(b) Shim:
Wg = Nsts[fr(_?%i_?.il) Lg - {-Dgp. Np] g (31)
(c) Circ wrap ring:
Wy = [2 7 (Do + Dj) tI.2 tan %]“’ (32)
{d) Filler:
Wi = T"(Dc,j +Dj)) NgLy (tg + 2 t;) @g (33)
(e) Pin:

a2 2 Dy, Dy
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Ng {tg+2t,) + _Qp]wp (34)

,Qp - pin length required outside shim pack to connect mating fixture.
The total joint weight W; is the sum of equations 30 through 34:
Wt = Wig + Wg + Wr + Wi+ Wp (35)

which includes all material within the joint length.

Asp a structural member, the total length of the composite tube is fixed, An increase in
the joint length naturally causes a decrease in the uniform section portion of the com-
posite tube. Consequently, the increase of weight due to longer joint length is partially
compensated by a shorter basic tube section. Since the joint length is a design para-
meter, the total joint weight does not reflect the additional weight superimposed to

the tube,

For this reason the shim joint objective function is defined as
r,.. 2
W= W - 7(Do” - Df) L; wig (36)
which is the weight added to the structural member by the attachment,
Now the design problem may be stated as:

to find the minimum of equation 36 subjected to the conditions of equations 24 through
29. There are a number of directly applicable mathematical methods for the solution
of this type problem. The method selected in this study was the steepest descent, The
attachment weight was taken as the objective function and the conditions equations 24
to 29 were treated as constraints, Then the objective function was minimized under
the constraints by an iteration process, A description of this optimization routine is
included in Appendix 1V,

4,2 DESIGN OF TUBULAR TEST JOINT

The optimization procedure was used to design the tubular joints for the final structural
tests of this program, Using minimum allowables for 5,0°:1,90° GRP laminates*, the
ultimate load for the structural tube was determined to be 150 kips. The design allowable
expressions obtained from the flat plate test data (Section III) were used in the constraint
equations 24 through 29. The design was performed with the following parameters fixed:

*Reference 1, Page 2-19
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Dy = 3.0

Dj =  2.928"

Doj = 3.0095"

Djj = 2.833"

Rg = 0.8

Fiu = 260 ksi (shim material)
Fou = 110 ksi (pin material)
tg, = .009"

te =  .008"

w =  .0741b./in3

wg = .283 Ib./in.3

we = .040 1b./in3

Ny = 5.0

Ne = 20

Pyt = 150 kips

With exception of Ny (number of pins), the remaining design parameters were allowed
to vary in the optimization routine, The routine does not handle discrete variables

and it was impractical to treat N, as a continuous variable. To determine the optimum
number of pins, the value of Np was varied in consecutive runs having otherwise identi-
cal input. The resulting joint designs are shown in Table 1, The table includes both,
a) the weight added to the basic tube by the reinforcement and pins (objective function),
and b) the total weight of the joint section. The pins were considered to be hollow

(Rq = 0.8) and made from 180 ksi UTS steel.

The objective function is plotted as a function of Np in Figure 16, As the plot indicates,
the eleven pin configuration is clearly the optimum one for the specified design problem.

4.3 EFFICIENCY OF THE SHIM JOINT CONCEPT

Since shim joints are the first composite tube attachment concept to be studied in detail,

it is impossible to compare them with other tube attachment concepts, A comparison

can be made, however, with tubes of other materials designed to meet the same loading
requirement. In Figure 17 the weights of constant strength tubes have been plotted versus
tube length. The metal tubes are assumed to have identical strengths in tension and com-
pression. Two curves are shown to reflect the different tensile and compressive strengths
of 5,0°:1,90° fiber glass. The comparison of tube weights on the basis of compressive
strength is not necessarily valid, however, since it does not reflect thin wall buckling

and column buckling requirements. The weight of a given tube would be increased if
additional wall thickness or moment of inertia were required for stability reasons.
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TABLE 1. RESULTS OF PIN NUMBER VARIATION STUDY

Total
Objective Joint

No, of Dop 9 a Lt ig ty Function Weight

Pinsg in, in, in, in, in, in, 1b. Ib,

8 549 .685 .686 .461 .021 014 429 518
9 518 .680 .681 447 .019 009 .389 AT
10 491 102 667 .424 017 012 .369 .457
11 .468 122 661 .409 018 010 .349 .436
12 .448 .740 .663 414 017 015 .373 .461
13 431 LT53 .664 422 .019 .023 414 .02

The fiber glass compression curve is dashed to indicate that not all failure modes have
been considered,

The fiber glass tube weights include 0.7 pounds to reflect the weight added to both ends
of the tube by the minimum weight eleven pin attachment of the previous section. The
additional weight includes adhesive, steel shims and steel pins, The weight of the
metallic overlap required of the mating fixture was not included because most metallic
tubes used as side or drag braces also include a brazed, pinned or welded joint which
causes overlapping material in the structural member. For this reason, the comparison
presented is felt to be a good one,

Examination of Figure 17 reveals that for designs governed by tensile strength, fiber
glass tubes are more efficient than aluminum for tube lengths of 5.0 inches or longer,
and lighter than steel or titanium for tube lengths exceeding 7.5 inches, If compressive
strength governs the tube design, fiber glass is more efficient than aluminum for lengths
greater than 6.5 inches, and lighter than steel or titanium tube lengths exceeding 12.0
inches,
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Weight, 1b.
o
T -9

0.3 -
4 5 6 (i 8 ] 10 n 12 13 14

Number of Pins, Np

Figure 16. Increase in Weight of Structural Member Due to Joint versus Number
of Pins used in Joint.
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Total Tube Weight (#)

8.0 7075-T6 Aluminum

7.0
280 ksi uts Steel

6.0 or ]
180 ksi uts Titanium

5.0
5,0°:1,90°
Fiber Glass

4,0

3.0
5,0°:1,90°
Fiber Glass

7
2.0 //
07
/ Pyjt = + 150,000%
1.0 /
¢.0
0.0 10.0 20.0 30.0 40.0

Tube Length (in,)

Figure 17, Weight Comparison of Constant Strength Tubes vs, Tube Length.
Fiber Glass Tube Weights Include Steel End Reinforcement and Steel Pins.
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SECTION V

MATERIALS AND FABRICATION

5.1 FILAMENT COMPOSITES

The filament composite materials employed in this program consisted of AF-994 glass
filaments and Shell Chemical Company's 58-68R resin system,

5.2 METAL SHIMS

The metal shim material was selected to ensure adequate physical properties and ready
availability. The program schedule and scope did not permit procurement of materials
with excessive lead times. Several materials, such as titanium alloys, maraging steels,
and corrosion resistant steels were investigated since they offered attractive strength
versus weight ratios, It was found that the lead time for procurement of titanium alloy
sheet was excessive. Maraging steels were eliminated since their resistance to elonga-
tion was too low for use in this application, AM-355 corrosion resistant steel was
readily available and provided satisfactory material properties. The AM-355 steel was
obtained from the Wasatch Division of the Thiokol Chemical Corporation where it had been
originally destined for use in fabricating the large, segmented, fiberglass reinforced,
plastic rocket motor case known as Project 8-150,

The AM-355 corrosion resistant steel sheet was received in a 300 pound coil, The mate-
rial was eight inches wide, 0,020 inch thick, and of continuous length, Certification of
the physical properties of this material is presented in Appendix V1, The material as
received possessed superior yield strengths along the length of the coil as compared
with the yield strengths across the eight-inch width, It was necessary, therefore, to
fabricate the cylindrical shims with the greatest yield strength in the circumferential
direction instead of the axial direction as desired. However, the shims utilized in the
flat-plate specimens were cut from the roll such that the maximum yield strength of the
material was parallel to the applied tension load, as desired, The following sketch illus-
trates how the shims were cut from the roll:
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Flat plate shims

a+l
i ! :
1.00
Direction of maximum }
™ yield strength _L 8.00
Cylindrical shim a+Q
! - 7D o 1

It would be desirable during the fabrication of production items to orient the steel sheet
such that the maximum yield strength of the material would be aligned parallel to the
maximum anticipated loads.

The cylindrical shims, formed of 0,020 inch thick AM-355 corrosion resistant steel sheet,

‘were found difficult to wrap around small diameter cylinders and secure in place. An

attempt was made to preform the shims to a cylindrical shape by passing them between
rolls prior to assembly, The first trial resulted in a preformed diameter of approxi-
mately 24 inches when rolls of 2,5 inch diameter were employed. An analysis was per-
formed and the curve presented in Figure 18  permitted selection of the proper size
rolls to produce a preformed residual bend radius of 1,5 inches as required, The rolls
selected were of one-inch diameter and satisfactorily produced preformed cylindrical
shims of the proper diameter,

5.3 CLEANING
The shim cleaning procedure employed was originally developed and reported under the
authority of Contract AF33(657)-11303, ASO Project 8-150 (Air Force Materials Labora-
tory, Wright-Patterson AFB, Ohio) and ig summarized below:

A. Hand wash with denatured alcohol.

Trichlorethylene degrease, 20 minutes,

. Suspend in Prebend 700 solution, 20 minutes @ 200°F,
Rinse in tap water,

Check for cleanliness by water break method,

I I - R o W

Air or oven dry prior to using or placing in storage.

43



" W T 0 S N e TN N N TN N N A T S e = .
YOTYL Y2UI Z0'0 399YS GGE-IAV IO] SNIpLY pudd [enpisdy "SA SnIpey puag ‘g1 MLy

q ’ |
:wo.um,._?;n|.=m.ﬁum2m.8m

mv !
‘g3l ﬂ

01 8 9 ¥ z 0
1 4]
|
|
|
I
|
" Wg/11 = SOy
=t
I \\ 01 3
“ _—
\rtﬂ‘\ll\lll.llluuilillll.lll k4
\\\ 1
= 0'2

0°¢



5.4 ADHESIVES

The bond between the corrosion resistant steel shims and the filament composite mater-
ial was provided by a structural adhesive, Two types of adhesives were evaluated.

The first was BR-1009-49 tack primer as supplied by the Bloomingdale Division of
American Cyanimid Corporation, and the second was AF-111 structural adhesive film
furnished by the 3M Corporation,

BR-1009-49 tack primer was utilized during the early phases of the program, It was
originally planned to apply a uniform coat of tack primer to each shim by individually
dipping each shim in the primer, However, poor results were obtained when the tack
primer flowed to the bottom of the shims, The thickness of the resulting primer coat
was not uniform and varied from 0,0005 to 0.0251 inch. This difficulty was obviated

by allowing the bottom of the shim to contact a sheet of clean absorbent paper, such as a
paper towel, immediately following removal of the shim from the primer dip tank. A
primer coating of uniform thickness of approximately 0.0005 inch was obtained by this
method, Subsequent to the dipping operation, the primer coat on the shims was oven
cured for 60 minutes at 315°F

AF-111 structural adhesive film was utilized during the later phases of the program to
replace the BR-1009-49 tack primer. The adhesive film was applied to the steel shims,
which had been cleaned in accordance with the procedure described above, by the follow-
ing method:

A, Cut portion of film to be used from roll with protective liners in place.

B. Remove protective liner from one side of film,

C. Place side of film from which protective liner has been removed in contact
with steel shim,

D. The protective liners still remaining on the exposed film surface should be
retained to serve as protective covers over the adhesive film,

E. Press the adhesive film against the shim by rolling with a rubber roller to
ensure that no entrapped air remains between the shim and the adhesive film.,

F, Store adhesive film-coated shims at 40°F until ready for use.
5.5 DRILLING
Holes were drilled through the fiber-resin-shim-composite cylinder walls to permit
insertion of shear pins, A special drilling procedure was developed and the holes were

drilled in accordance with this procedure which is described as follows:

A, A sturdy support to oppose the drill pressure must be provided 1n81de the
eylinder directly under the hole to be drilled,

B. Drill to be carbide-tipped or full carbide.

45



C. Drill speed to be approximately 90 rpm,

D. Coolant to be iodine complex type cutting fluid,

E. Sufficient drill pressure must be maintained to ensure continuous cutting of
the AM-355 shims since insufficient pressure will permit the material to
work harden ahead of the drill lips.

F. Pilot holes can be drilled up to approximately 0.250 inch diameter,

G. Holes larger than 0,250 inch diameter can be drilled in successive steps of
approximately 0.375 inch diameter increase per siep.

5.6 FLAT-PLATE SPECIMENS

The flat-plate filament composite test specimens utilized in this program were specially
wound on a Bendix developed winding machine. The test specimens were wound over
twelve-inch by two-inch aluminum mandrels, one of which is illustrated in Figure 19,
Guide blocks were provided on one end of the mandrels to facilitate locating the metal
shims as they were wound into the ends of the specimens.

A fluorocarbon release agent (Miller-Stephenson Chemical Company, Dry Film MS-122
or Liquid S-143) was applied to the mandrels prior to winding to facilitate removal of
the specimens,.

Two specimens were wound simultaneously by utilizing both sides of the mandrel, The
longitudinal and transverse filaments were applied by rotating the mandrel about mutually
perpendicular axes as shown in Figures 20 and 21, The location of a metal shim
between the mandrel guide blocks is shown in Figure 22,

It was necessary to compress the shim areas of the specimens during curing, Upon
completion of winding, rectangular aluminum blocks were placed over the shim areas
between the mandrel guides, These blocks were thick enough to project above the gunides.
An approximately 1/4 inch thick layer of transverse windings were applied under high
tension over the aluminum blocks and the guides, This layer of transverse windings
served to place the shim areas under the desired compression during the curing cycle,
The wrapped mandrels were then cured for four hours at 350°F,

The speciméns were removed from the mandrel by cutting the glass composite along the
edges with a high-speed cutting disk. The gides and ends were trimmed with a bandsaw
and flat-plate disk sander,

5.7 TUBES

Open-end cylinders were fabricated two-at-a-time by winding a double length cylinder
and then cutting it into two cylinders. The cylinders were wound over mandrels machined
from salt block which was later removed by dissolving in hot water. Thin corrosion
resistant steel shims, in the form of narrow circumferential bands, were wound into the
cylinders on each side of the planned cut which would separate the two cylinders. Sub-
sequent to removal of the salt mandrel, a circumferential row of holes was drilled
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Figure 19. Flat Plate Specimen Winding Mandrel
47




Figure 20, Winding Longitudinal Filament
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through the wall of each cylinder in the shim area for later insertion of shear pins.
The necessary special drilling procedure has been previously described in the de-
scription of flat-plate specimen fabrication techniques.

The design required that five circumferential steel shims be sandwiched between alter-
nate layers of longitudinal glass fibers, Retention of the shims during winding operations
was complicated by the fact that there were no circumferential windings in the shim areas,
In addition to locating and retaining the shims, it was also necessary to compact both the
glass fibers and the AF-111 adhesive film in the shim area as each shim was incorporated,
To satisfy these requirements, initial winding trials were conducted to develop methods

of locating and retaining the shims during winding operations and of applying the neceasary
compressive load on the shim areas as each shim was incorporated, A successful method
evolved from these winding trials, and is described below:

A, Form shims to the required radius of curvature prior to cleaning. The cir-
cumference of the shims must be accurately controlled such that no gap or
overlap exists where the ends of the shims butt together upon installation,

Apply AF-111 dry film adhesive to the joint area of the cylinder,
Locate cleaned shim around AF-111 dry film adhesive on cylinder joint area,

Place band clamp in center of shim and tighten,

P o

Heat joint with heat lamp, The AF-111 adhesive will start to flow from under
the shim at approximately 150°F, Tighten the band clamp progressively until
the ends of the shim butt together. ‘

F. Remove the heat lamp. In approximately five minutes the band clamp can be
removed and the AF-111 adhesive will hold the shim in the proper location
while also compacting the glass fibers and adhesive as required.

The completed tube, prior to drilling of shear pin holes, is shown in Figures 23 and
24,

51



Figure 23. Tube With Shim Reinforced End
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Figure 24. Shim Reinforced End of Tube
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SECTION VI

STRUCTURAL TESTS

6.1 TEST FIXTURES

Ultimate strength testing of the final tubular joint design required the fabrication of two
separate test fixtures. One fixture is a clevis-type which mates with the reinforced
attachment area of the tube to form the pin joint, The fixture was fabricated in two
pieces to avoid the expensive machining which would be required by a monolithic assem-
bly. The two pieces were held tightly together by a nut during drilling of the pin holes.
The nut was used {o insure that equal loads would be applied to the pins on the inside and
outside diameter of the tube, The fixture parts are shown in Figure 25, and the assem-
bly is shown after test in Figures 28 and 29,

The second test fixture held the opposite end of the tubular specimen which was reinforced
only by four additional layers of filament material. The fixture employed a friction grip-
ping technique developed at ECD. A detailed discussion of the gripping technique and the
fixture design have been enclosed in Appendix V. A schematic of the fixture is shown in
Figure 26, and the fixture is shown after test in Figures 28 and 29, '

6.2 TENSION TEST OF TUBULAR JOINT

A 3.0-inch outside diameter tube was fabricated with steel reinforced end to test the shim
joint concept in a full scale structural member, The design which was actually fabricated
is shown in Figure 27. A nine-pin configuration was chosen so that available 1/2-inch
diameter carbide tip drills and 0.02" shim stock could be used. The eleven-pin design,
which was shown in Section IV to be most efficient required 468 inch pin holes and 016
inch shims. The eleven-pin design would require 15/32-inch diameter drills which

were not readily available.

The test specimen was designed to fail in the attachment area since the program is
oriented to refinement of shim joint design technology. The basic tube was fabricated
with a 5,0°:1,90° wrap pattern to a wall thickness of 0,072 inches. The ultimate tensile

load for the tube, as governed by minimum allowables*, was found to be 150 kips. The
attachment area was also designed to transfer 150 kips, The attachment design, how-

ever, was governed by the mean design allowables presented in Section I with two
exceptions: a) the bond joint was designed with a safety factor of 1.1 (1,36 x 1.1 = 1.50"),

*Reference 1, Page 2-19,
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and b) a 1/2-inch pin diameter was used instead of 0,518 inch as called for by the nine-
pin design. A safety factor was used for the bond joint because bond failure is the most
catastrophic of the attachment failure modes, The smaller pin diameter was chosen
so that pin bearing would be most eminent of the attachment area failure modes. Pin
bearing is desirable because it is the most ductile of the attachment failure modes.

The specimen was loaded in an Olson Machine to an ultimate tension load of 135.5 kips.
Fracture cccurred in the outer fiber glass layer at the edge of the outside shim. The
specimen is shown after failure in Figure 28, The ultimate load was about 10 percent
below the expected value, but the failure mode was not an anticipated one, It is felt
that the predicted load could be reached if the sharp corner was eliminated from the
outside shim, and the outside fibrous layer was reinforced slightly,

6.3 COMPRESSION TEST OF TUBULAR JOINT

Ap stated in the work definition, this program was designed to develop the shim joint
concept for composite tubes having primary tension and secondary compression re-
quirements, This program was not designed, however, to study compressive joints

in detail. The compressive failure modes were not studied and no design allowables
unique to compressive loadings were generated. It was of interest, however, to see if

a joint identical to that tested in tension could withstand the ultimate compressive load
for the same tube, For this reason a compression test was conducted., Unfortunately
the tube was critical inlocalbuckling (D/t = 41,7), The ultimate compressive load for
the tube was found to be about 51.0 kips*, An ultimate load of 84.0 kips would have been
possible had the tube been compressive streas critical,

The tension clevis fixture and the jacket of the friction grip fixture were used to con-
duct the compression test, A Cerrobend plug was cast to reinforce the inside diameter
of the nonreinforced tube end. A second tension specimen, identical to the first, was
tested to an ultimate compressive load of 48.5 kips. The attachment area suffered no
discernible damage, Initial failure was due to symmetrical thin wall buckling in the
basic tube. Once the stability deflection became excessive, material failure did occur
as shown in Figure 29,

*Reference 1, Page 2-24,
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Figure 28. Tubular Shim Joint Specimen-After Tension Test
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Figure 29, Tubular Shim Joint Specimen-After Compression Test
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SECTION VII

CONCLUSIONS

7.1 CONCLUSIONS

The following conclusions may be made as a result of work conducted during this pro-

gram:

A,

The failure modes associated with a shim joint subjected to tension have been
well defined, (Paragraph 2,2.)

The important design parameters associated with a shim joint under tensile
loading have been defined. (Paragraph 2,1,)

Most of the strength data required to design shim joints for tensile loading
can be generated by testing flat plates. (Section III,)

An optimum design routine has proven to be not only feasible, but highly
beneficial, for designing lightweight shim joints. (Section IV.)

The AM 355 corrosion resistant steel shim stock is good reinforcement shim
material for glass-epoxy composites. It was successfully formed into the
desired reinforcement shapes and machined in the final shim joint configura-
tions, (Paragraph 5.2.)

The use of structural adhesive tapes will significantly increase the strength
of a bond joint by increasing the adhesive thickness, {Figure 12, page 31.)

The shim joint concept can be used for end attachments on fiber glass struc-
tural tubes to transmit tension loads without prohibitive weight penalties.
Figure 17, page 41,}

It does not appear that compression load requirements will significantly
increase the weight of the shim joint configuration, (Paragraph 6.3, page 57.}

61



SECTION VIII
LITERATURE SEARCH AND REFERENCE LIST

8.1 GENERAL

Prior to commencing the engineering effort to study shim joints, and continuing through-
out the duration of the program, a literature search was conducted to ensure that the
state-of-the-art would be advanced and to avoid duplicating the work of other researchers.
To preserve the list of information sources which this search produced, the resultant
reference list is presented in Table 2.
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10,

11,

TABLE 2

LIST OF REFERENCES

Exploratory Application of Filament Wound Reinforced Plastics for Aircraft Landing

Gear, Report No. AFML-TR-66-309, December 1966. The Bendix Corporation,
Products Aerospace Division, South Bend Indiana,

Project No, 7381, USAF Contract No, AF33(615)-3080 for the Air Force Materials
Laboratory, Wright-Patterson Air Force Base, Ohio.

Large Segmented Fiberglass Reinforced Plastic Rocket Motor Cases, Report No,
ASD-IR-8-150, Volumes I through VIII, Thiokol Chemical Corporation, Wasatch
Division, Contract AF33(657)-11303, ASD Project 8-150 (Air Force Materials
Laboratory, Wright-Patterson AFB, Ohio).

Reinforced Plastic Construction Methods for Large Rocket Motor Cases, Report
No. TR-63-1-858, volume I, December 1963, Thiokol Chemical Corporatlon,
Wasatch D1V1S10n, Contract AF33(600) 42511, Project 7-858.

Segmented Fiberglass Motor Case Joint Design and Analysis, by Alex Brinchmann,
Volume of technical papers presented at AIAA Sixth Structures and Materials
Conference, Palm Springs, California, April 5-7, 1965, pages 299 through 312.

Photoelastic Study of Fiberglass-to-Metal Joint, by O. L. Gillette, Utah Research

and Development Corporation, Presented at SESA Spring Meeting, Salt Lake City,
Utah, May 6-8, 1964,

The Joint Stresses in Cemented Joints, by M. Goland and E. Reissner, Journal of

Applied Mechanics, March 1944, pages AlT through A27,

Adhesive Bonding of Reinforced Plastics, by H. A. Perry, McGraw-Hill Book

Company, Inc,, 1959,

Test Results of Thick Wall and Segmented Fiberglass Cases, by D. M. Bartlett
and J. Ventenbergs, Proceedings of the 19th Annual S.P.I., February 4-6, 1964,
Section 7-A, pages 1 through 14.

Analysis of Lugs and Shear Pins, by M. A. Melcon and F. M. Hoblit, Product En-

gineering, May 1850 and June 1953,

Mechanics of Adhesive Bonded Lap-Type Joints: Survey and Review, Report No.
ML-TDR-64-298, 1964, Forest Products Laboratory, Forest Service, U.S, Depart-
ment of Agriculture, Madison, Wisconsin, Contract 33(657)-63-358.

Manufacturing Methods for Plastic Airframe Structures by Filament Winding,
Technical Report IR-9-371(I), February 1967, Air Force Materials Laboratory,
Wright-Patterson Air Force Base, Ohio,
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12.

13.

14,

15.

16,

17,

18,

19,

20,

21,

22,

TABLE . LIST OF REFERENCES (Cont.)

Determination of Mechanical Properties of Adhesives for Use in the Design of
Bonded Joints, U. 8. Forest Service Res. Note FPL-011, Forest Products Labora-
tory, Forest Service, U, S. Department of Agriculture, Madison, Wisconsin.

Design of Joints for Filament Wound Shells, Report No, EP-6984156, May 1966,
Kansas City Division, The Bendix Corporation.

Final Report on Development of Improved Processes for Filament Wound Reinforced
Plastic Structures, Technical Report No, AFML-TR-65-80, March 1965, Aerojet
General Corporation,

Feasibility of Joining Advanced Composite Flight Vehicle Structures, First
Quarterly Progress Report, August 19, 1966, Illincis Institute of Technology
Research Institute, Contract Number AF33(615)-3962 (Air Force Materials Labora-
tory, Wright-Patterson Air Force Base, Ohio).

Feasibility of Joining Advanced Composite Flight Vehicle Structures, Second
Quarterly Progress Report, Report Number M6151-6, October 1966, Illinois
Institute of Technology Research Institute, Contract Number AF33(615)-3962
{Air Force Material Laboratory, Wright-Patterson Air Force Base, Ohio).

Feasibility of Joining Advanced Composite Flight Vehicle Structures, Third
Quarterly Progress Report, Report No. M6151-9, February 1967, Illinois Institute
of Technology Research Institute, Contract Number AF33(615)-3962 (Air Force
Materials Laboratory, Wright-Patterson Air Force Base, Chio).

Attachment Concepts and Problems in Fibrous Composite Aerospace Structures,
Volume 10, SAMPE 10th National Symposium and Exhibit, San Diego, Califorma,
November 9-11, 1966,

Developments in the Analysis of Lugs and Shear Pins, by F. M. Holbit and
M. A, Melcon, Product Engineering, June 1953, page 160.

Optimum Structural Design Concepts for Aerospace Vehicles: Bibliography and
Assessment, Technical Report No. AFFDL-TR-65-9, June 1965, Allied Research
Associates, Inc., Concord, Massachusetts, Contract Number AF33(615)-1840,
Project Number 1467, Task Number 146704 (Air Force Flight Dynamics Laboratory,
Wright-Patterson Air Force Base, Ohio).

Filament Wound Joint Design Study, Report No, ACF-412-.256, October 13, 1965,
ACF Industries, Inc,, Albuquerque Division, for Sandia Corporation, Livermore,
California, Sandia Purchase Order 92-1768.

Journal of the Structural Divigion, by R, A. Ridha, and R. N, Wright, ASCE,
Volume 93, No, ST4, Proc. Paper 5394, August 1967, pp. 165-183,
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APPENDIX I

TABULATED FLAT PLATE SPECIMEN

GEOMETRIES AND TEST RESULTS
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TABLE 8. FLAT PLATE TEST RESULTS

Ultimate Stress, ksi
Spec. Load - Net Hoop _
Ident, k Glass | Tension | Bearing | Tension | Bond Remarks
I-1-A | 12,12 |295.6 | 303.0% 161.6 193,9 | 0.768
1-1-B | 12,80 |312.2 [ 320.0* .| 170.7 204.8 | 0,811
I-2-A | 16.48 |402,0 | 274.7* 263,17 239.5 | 0.930*
I-2-B | 15,28 |372,7 | 254.7 244.5 222,1 | 0.862*
I-3-A | 14.24 |347.3 | 203.4 252.9 198.1 | 0,764*
I-3-B | 16.20 [395.1 | 231.4 287.7 225,3 | 0.870%*
I-4-A | 1432 [349.3 | 179.0 286.4 190.9 | 0.734*
I-4-B j 14.65 [357.3 | 183.1 293.0 195.3 | 0.751*
I-5-A | 16,52 |402.9 | 162.,5 440.5 203.2 | 0,779%
I-5-B | 14.16 |[345.4 | 141.8 377.6 174.2 | 0.668*
I-6-A | 11,83 |[288.5 | 107.5 379.2 140.2 | 0.538 | Pin failure..
1-6-B 8.03 |195.9 73.2 258.0 95.4 | 0.366 | Pin failure.
I-7-A | 11,88 |289.8 99.0 475, 2% 135.8 | 0.522
I-7-B | 1127 |274.9 93.9 450, 8% 128.8 | 0.495
O-1-A 9.00 [219.5 | 150,0 1440 652,1* | 0,572
I-1-B | 9.24 |225.4 | 154.0 147.8 566.9* | 0.587
n-2-A{ 11,47 |279.8 | 191.2 183.5 538.56% | 0.720
n-2-B{ 11.35 |[276.8 | 189.2 181.8 532,9*% | 0,712
I1-3-A} 14,35 |[350.0 | 239.2 229.6 545.6* | 0.890
11-3-B | 13.92 |339.5 | 232.0% | '222.7 529.3 | 0.863
II-4-A ¢ 5.80 [141.5 72.5 1186.0 580,0* | 0,357
1I-4-B{ 5.74 |140.0 71.8 114.8 574.0*% | 0.353
1I-5-A 8,36 |[203.9 | 104.5 167,2 557.3*% | 0,506
II-5-B | 9.24 [225.4 | 115.5 184.8 616,0* | 0,559
II-6-A; 10.47 |255.4 | 130.9 209.4 523.5*%  0.624
1I-6-B | 10,56 |257.3 | 131.8 211.0 527.6*% | 0.629
II-7-A} 6,16 |150,2 61.6 164.3 662.4% | 0,369
o-7-B| 6.03 }[147.1 60.3 160.8 648.4* | 0.361
II-8-A} 6,39 |155.9 63.9 170.4 565,5* | 0,380
o-e-B| 712 [173.7 T1.2 189.9 630.1* | 0,423
O-9-A | 7.52 |183.4 75.2 200.5 544,9% | 0.443
n-9-B| 7.98 [194,8 79.8 212.8 578,3* | 0.470
IV-1-A] 9.68 }236.1 { 121,0 193.6 193.6 | 0.943*
IV-1-B{ 8.48 |206.8 | 1086.0 169.6 169.6 | 0.826%
Iv-2-Al 9,54 |232,7 | 119.3 190.8 .152,6 | 0,876*
IV-2-B| 10.75 |262,8 | 134.4 215.0 172.0 | 0.987*
IV-3-A| 18,37 | 448,0* | 229.6 367.4* 244,9 | 1,595*%
IVv-3-B| 17.50 |426.8* | 218.8 350.0 233.3 | 1,519*
1V-4-A| 15,70 |382.9 | 196,0% 315.0 315,0*% | 0,768
IV-4-B| 14.10 |[343.9 | 176.0 281,0* 281.0 | 0.677
NOTE: * Denotes Failure Mode
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TABLE 8. FLAT PLATE TEST RESULTS (Continued)

Ultimate Stress, ksi
Spec, Load Net Hoop :
Ident. k Glass |Tension | Bearing | Tension | Bond Remarks
Iv-5-A | 13,76 335.6 172,0 | 275.2 220,¢ | 0.643*
IV-5-B | 14,50 353.7 | 1815 | 290.0 232,0 | 0.678*
IV-6-A | 14,61 | 356.3 | 182,6 | 292,2 194.8 | 0.664*
IV-6-B | 13.84 3376 | 173.0 276.8 184,5 | 0.629*
IV-T-A | 13.45 328.0 [ 168,1 | 269.0 358.7 1.108*
IV-7-B | 14.98 364.9 187,0 | 299.2 398.9 1,232%
IV-8-A | 14.60 356.1 182,5 | 292.0 292.0 1.143*
1V-8-B | 14,54 354.6 181.8 | 290.8 290.8 | 1,139%
IV-9-A | 13.15 320.7 164.4 | 263.0 175.3 | 0.938%
IV-9-B | 15,38 375.1 192.3 | 307.6 205.1 1.097*
IV-10-A| 14,00 341.5 140,0 | 373.3 319.6% | 0,743
IV-10-B| 14.20 346.3 142,0 | 378.7 324,2% | 0,753
Iv-11-A} 12,54 305.9 125,4 | 334.4* 222.7 | 0.639 { Delamination
IV-.11-B| 14.30 348.8 143.0 | 381.3* 254.0 | 0.728
IV-12-A| 14.36 350.2 143,6 | 382,9% 176.6 | 0.87T*
IV-12-B| 14.38 350.7 143.8 | 383.5 176.9 | 0.678*
V-1-A 18.42 449.3*%| 230,3 | 368.5 368.5 1.443
V-1-B 17.18 419,0%] 214.8 | 343.6 343.6 | 1,346
V-2-A 17,54 427.8%| 219,3 {.350.8 280.6 | 1.309
V-2-B 18.80 458.5% 235.0 | 376.0 300,8 | 1,406
V-3-A 17,15 432,9*%] 221,8 | 355.0 236,17 1.266
v-3-B 17.60 429.3*%; 220,0 | 352.0 234.7 1.256
V-4-A 17.88 436.1 | 223.0 | 357.6 357.6 1.741%
V-4-B 17,19 419.3 | 214.9 | 343.8 343.8 | 1.674*
V-5-A 17.586 428.3 | 219.5 [ 351.2 281.0 1.612%*
V-b-B 16.36 399.0 | 204,5 | 327.2 261.8 1.502*
V-6-A 16,82 410.2 | 210.3 | 336.4 224.3 1,460%*
V-6-B 15,36 374,6 | 192.0 | 307.2 204.8 | 1.333 | Lost Grip
V-i-A 14.42 351.7 180.3 | 288.4 384.5% | 1.718
V-1-B 14,57 355.4 182.1 291.4 388.5% | 1,736%
V-8-A 16.55 403,17 206.9 | 331.0 331.0 1.835*
V-8-B 15.42 376.1 192,8 | 308.4 308.4 1.710*
V-9-A 15,24 3717 | 190.5 | 304.8 406.4* | 2,134
V-9-B 14,83 361.7 185.4 | 296.6 395.5 | 2.076*
V-10-A | 14,32 349.3 179.0 286.4 286.4 1.843*
V-10-B | 14.88 362.9 186.0 297.6 297.6 | 1.916*
V-11-A | 15,72 383.4 | 196,56 | 314.4 209.6 | 1.743*
V-11-B | 17.52 427.3 | 219.0 } 350.4 233.6 1,943*
V-12-A | 14.63 297.4 | 1925 | 365.8* 406.4 1.739 | Part of shims sheared out/
V-12-B | 14.92 303.3 196.3* | 373.0 414.4% | 1,773*
V-13-A | 15.89 323.0 1 209.1%| 397.3* 305.6 | 1.124
NOTE: * Denoctes Failure Mode
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TABLE 8. FLAT PLATE TEST RESULTS (Continued)

Ultimate Siress, ksi

Spec Load Net Hoop

Ident, k Glass |Tension |Bearing | Tension | Bond Remarks
V-13-B | 17.62 358.1 | 231.8% | 440.5 336.8 | 1.912%
v-14-A | 15.06 306.1 198,2*% | 376.9* 418,3 1,634
V-14-B | 15.78 320,7 | 207.6% | 3945 438.3 1,712
V-15-A | 16,59 337.2 { 218.3*% | 414.8% 319.0 1.657
V-15-B | 17.45 354.7%] 229.6 | 436.2* 335.6 | 1.742
V-16-A | 14,94 303.7 196.6* | 373.5* 415,0% | 1,492
V-16-B | 15,40 313.0 202.6% { 385.0% 427.8% { 1,638
v-17-A | 16.18 328.9 | 212.9 | 404.5* 311,2 1.496*
V-17-B | 16.80 341.5 | 221.1* | 420.0% 323.1 1,553
Vi-1-A| 14.18 354.9 171.3 283.6 283.6 | 0,929 {Crackinitiated at transition

zone
VI-1-B| 15.41 375.9 192,6 | 308.2 308.2 | 1.009
VII-2-A 14.71 358.8 | 183.9 | 294.2 294,2 | 0,996 [Sudden failure
VI-2-B| 14.60 356.,1 182.5 | 292.0 292,0 | 0.989
NOTE: * Denotes Failure Mode
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APPENDIX I

ANALYSIS OF BONDED JOINTS

The following analysis is based on two important assumptibns: a) the materials are
linearly elastic, and b) the effect of bending through the joint length is small and
negligible. A tapered metal sheet is considered to be bonded to a layer of fibrous com-

posite material,

e

X — (X ——a

——_._—_:Oi-— —= I-—a+da
N

|
i I
Adhesive \\ \

\

LY
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!
\ |
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| Composite Matieral j —— P

B — [—fw®
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F—dx + 3 —e
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~{Bl-fa = |=pedp
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For a unit width, force equilibrium requires:

fr tf + fa(dx + dBY = (ff + dfptf (37)
Since g;ﬂ is small compared with unity:
df
=t g
then:
ol B 59
From Hooke's law:
Gf = f_f = .(ﬁ
Ef dx
fm da

fa = 7vGy
Thus:

dfy _ dy

& - Ak

Ga

#

=

93

gls
e

da _ Ga it - fm (39) .

dx ta Ef En

Substituting equation 39 into equation 38 and rearranging:

9%t Ga ft  Ga fm _ | (40)
dx?  tatf Ef tatf Em
but:
P- fit
fp = LAl 28
tm
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hence:

2
A% Gaf1 | Y )ff - GaP (41)
dx2  tatf\Ef Emptpy Em ta tf tm

which is the governing differential equation, The boundary conditions are:

atx = 0 ff =

atlo o

at x =0 ff =

Introducing the following dimensionless quantities:

Sf = ..ff__
F/is
X
p=r
t
7 -t
LA (42)
T
tm
g = f1m, a function of r
Ga
Ea_ = C
Em

Then the dimensionless form of equation is:

d? s 1 Qs .
- (Ct + Cy) 5t = - — (43)
dr2 a0 Im 7 9a%m

and the corresponding boundary conditions are:

(i



(44)

It
[=]
n
o

at r St

(45)

1]
[y

atr = 1 St

Equations 43, 44 and 45 may be solved on a digital computer by any convenient
numerical methods.

Physically the quantity St is a stress concentration factor for stress in the fiber. Similar
quantities may be defined for the stress in metal and the shear stress in the adhesive
layer

fa
. 2 (46)
Sa Py
Sm = m (47)

Phm (atx = 0)

and are related to S by the expressions:

dff
s, -2 4
P/,Q P/Q
= 48 (48)
dr
_(p-ft tf) 1
Sm ( tm / Ptymlat x=0)
- (1-8) Em_fa_tﬂ (49)
m

For a joint made of constant thickness layers, tm is a constant, then equation 43 be-
comes:

d2 8y
- A = -B (50)
dr2 o

where:

A=m (cf+i%cn'l)

B =90

(51)
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The general solution of equation 50 is:

B
S = Cysinh VA r + Cp cosh VA 1 + (52)

and from the boundary conditions: _
(1- %)+ % cosh YA

C1 =
1 sinh VA
B
Com = o
2774
Hence:
B B, sinhVA r B sinh (1-r)NA~
8g =+ (1 ~ ) ——— - 7 (53)
A A sinh VA A sinh VA
by definitions 48 and 49,
Sm =1 - B¢
B cosh YAr B i+ cosh({l-r) VA
= - — + — A = 54
Sa = (1 A)\!xsink A Arsinh\ﬂ_ (54
Equation 54 agrees with the well known Volkersen equation, -
It can be shown that the maximum stress concentration factors are:
S max = 1 atr = 1 (55)
Sy max = 1 atr =0 (56)
S, max = = VA atr = 0, or (57).
=(1-%)\Eatr=1 (58)
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From definitions of A and B in equation the maximum shear stress concentration
factor S; may be written:

Sa max =QJ GaFits atr = 0, or (59)
ta Em tm (Eftf + Em tm)

Sy max =QJ GaFm tm atr = 1 (80)
ta Ef tf (Ef tf + Em tm)

It is obvious that both the magnitude and location of the maximum shear stress concentra-
tion factor depends on the relative value of Ef tf and Em tiy. The following discussions
further illustrate the significance of this relative value,

For a joint consisting of two layers bonded together without adhesive, and Ef tf is equal
to Em tm, thgn:

tm

P— ¢ .|

Hooke's law implies:
Cf = €
in other words no differential strain in such a joint.

Equation 54 gives the shear stress concentration distribution along the bonded interval:

B coshyAr B cosh (1-r) VA
S, = (1-=2)4a S082NAT B g7
a = A)\rsinh\IK +A\!— sinh V&

80



A symmetrical shear distribution can be obtained if the parameters are selected such
that:

1-B. B
A A

that is:

A = 2B

or in terms of geometry and mechanical properties:

+
ta Ef ts Em tm ty EFm tm

2
Gyl ( 1 1 )=2Ga.92 1
which imialies the condition that Ef t;f should equal Em tm.
Since E¢ ty does not equal to Ey, tm in general, a study of the relative magnitude of
these two quantities is of practical interest., Let the larger of the two quantities, E¢ 5

and Ep ty, be ¢, the small one be¥ , and the ratio of ¢ to ¥ be n, then n is always
greater than unity:

max (Eftf, Em tm ) = ¢
min (Eftf; Em tm ) = W
—3: n n>1

In terms of these notations, the maximum shear stress concentration factor is:

s, =9‘/ Gany g ‘/_Ga_-‘/ B (61)
t¥2@ + 1) tay Wn+1

at r = 0 if ¢

Ef tf

Then the influence of n may be plotted as shown in Figure . For given values of { ,
G,, ty and ¢ , the shear stress corresponding to any n ratio is given by the curve
in Figure 30,

Ag indicated by the curve, S, is quite sensitive to changes inthe n ratiofor n equal
1.0to n equal 5.0,
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The results of the bond joint analysis are further illustrated in Figures 31 through 34.
Figure 31 shows the effect of joint length on the adhesive shear stress distribution

in a typical bond joint. Note that the maximum stress value 1s independent of the bond
length, Similarly, Figures 32, 33 and 34 show the effect of bond length, adhesive
thickness and metal elastic modulus on the distribution of the shear stress concentration
factor,
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APPENDIX III

ANALYSIS OF TRANSITION ZONE

Due to change of geometry, high stresses exist in the transition zone and may cause
delamination, This type of failure was observed on flat plate specimen VII-1-B
(Figure 14). A properly designed ring located at the intersection of transition zone
and tube may prevent delamination,

The transition zone was analyzed by the ECD finite element program on 2 digital computer.
The model used in the finite element analysis is shown in Figure 35. Note that the loca-
tion of separation points for adjacent layers is staggered as expected in fabrication. For
practical joint arrangements, the following interesting results were observed from the
computer studies:

A. The uplifting (radial) force in the exterior layer is approximately 85 percent
of that calculated based on simple geometry and neglecting continuity between
layers, (Figure 386.)

B. The maximum radial strain of the adhesive layers occurs at the exterior
layer.

C. The radial strain at the exterior adhesive layer is proportional to uplifting
force at the same location. (Figure 37.)

D. The radial displacement of the exterior layer is proportional to uplifting
force. (Figure 38,)

Based on results from computer studies, the following procedure is suggested for the
design of transition zone circ wrap ring thickness,

The uplifting force in the exterior layer P' is assumed to be 85 percent of the force
caleulated from 2 simple model that isolates the exterior layer,

P'=0.85P sinax (62)
where o is the angle between the exterior layer and the longitudinal tube axis,

The ultimate radial strain of the exterior adhesive layer may be determined experimen-
tally. For this study the average allowable radial strain is set as 1.4 percent.
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€, = 0,014 (63)

Figure 39 indicates that the 58-68R has an ultimate strain value of 2.0 percent. This
indicates the presence of a strain concentration factor of 1,43 which seems reasonable.
Then, according to the computer analyses for the constituent materials studied:

(piv) *C1¢, (64
(Py')
Ya = é ? (65).

where (Pj')5 and y, are the allowable uplifting force and displacement at the exterior
adhesive layer as limited by the allowable strain; C1 and C3 are coefficients depending
on geometry and mechanical properties, '

Then the thickness of transition zone circ wrap ring is given by:

b - Dz[Pi'-(Pi')a] (66)

4Ef ¥a

where tr is the ring thickness, D the diameter and Ef the modulus of fiber. It is also
recommended that at least one layer of fiber should be used, i.e., 0.006 inch minimum
in this case.
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Figure 36, Uplifting Force vs. Transition Zone Length
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Figure 37. Uplifting Force vs. Resin Strain At Exterior Layer
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Figure 38. Uplifting Force vs. Radial Displacement at Exterior Layer
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APPENDIX 1V

OPTIMUM DESIGN PROCEDURE

An optimization problem is generally one of finding the set of variables x;{i = 1,m)
which minimizes the "objective function” f(xj) subjected to the "constraint,”
Gjxi) = 0(j=Ln).

In design problems, each design specifies the values of the variables xi(i = 1,m), If an
m-dimensional space is considered, a design is defined by a point in that space. Each
equation Gj{xj) plots as a surface dividing the space intotwoparts, one of which satisfies
Gj{xi) 2 0. Considering all the constraints, a domain is established in which

Gj(xj) 2 0 (j = 1,n). This is the "feasible domain.," The equation f(xj) = ¢ plots as a
contour surface. The distance of the contour surface from the origin depends on the
value of ¢. The optimization problem involves finding a point in the feasible domain
which minimizes the objective function,

The method used on this project is a descent routine using vector analysis. Starting with
an initial solution, steps are taken towards new points at which the value of the objective
function is improved. The iteration process continues until a minimum is reached,

The direction of movement and the step length depend on the location of the current
point, If the point is within the feasible domain, the direction of movement is along the
admissible direction of steepest descent, i.e., the negative of the gradient of the objective
function, The step length is determined by the first constraint surface encountered upon
the movement, The step length is found by the binary chopping technique. If the point

is on the boundary, some of the constraints are equally satisfied. The admissible direc-
tion of steepest descent at such a point is obtained by sweeping out of the direction of
steepest descent the components along the gradients of these constraints,

If some constraints are violated at the current point, movement back to the feasible
domain is along the resultant of the gradients of the violated constraints,

When a minimum is reached, the admissible direction of steepest descent is a zero vector
and the iteration process stops.

The procedure described above has been programmed in Fortran IV to form the basic

ECD optimization routine. The routine has been successfully used for numerous design
problems at ECD, When applied to the design of shim joints the input consists of :
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8,
10,

Number of design parameters, number of constraints.
Limit of iterative cycles,

Initial step length,

Tolerance range for each constraint,

Applied load.

Tube geometry.

Mechanical properties of materials,

Design constraints.

Initial design parameters,

Optional information,

If allowable stress is expressed as a function of design parameters, it is convenient
to incorporate allowable stress expressions in the program as design constraints,
The program output consists of:

1,

The program was executed onanIBM 360/44 computer at the BECD Computing Center,

Design parameters,

Information concerning any violation of constraints.
Direction of movement,

Weight of each shim joint component,

Value of the objective function,

For six design variables and eleven constraints (including artificial constraints for

convenience) the average running time was five to six minutes, It was observed that
usually after twenty-five iterations the variation of objective function was in the order
of one thousandth of a pound. For all practical purpose the objective function obtained
in twenty-five iterations may be taken as the minimum and the corresponding design

parameters the optimum design,
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APPENDIX V

DESIGN OF FRICTION GRIP TEST FIXTURE

A. Physical Nature of the Fixture,

Figure 26 shows the various elements of the fixture, namely: plug, expander, spacer,
jacket and nut, All the elements except the expander are made of high sirength steel.
The expander is composed of four segments which are made of a woods metal with the
trade name of Cerrobend. The part of the tapered plug surface which is in contact
with the expander hag a relatively smooth finish, The filament test specimen as well
as the inside surface of the jacket have comparatively rough finishes. In order for

the grip to work properly the fixture must be preloaded. Preloading is accomplished
by pulling on the plug and bearing in the opposite direction on the top of the housing
until the Cerrobend begins to flow and seats against the inside diameter of the filament
tube end, The nut is for the purpose of maintaining the preload while the specimen is
mounted in the test machine. If the preloading is sufficiently large, there will be no
slipping of the test specimen when tension loads are applied. In fact, any tensile force,
acting between the plug and the test specimen, larger than the preload will further
tighten the grip. The low friction between the plug and the expander allows the plug to
move relative to the expander while the expander is nearly fixed to the test specimen,
This movement will increase the intensities of the normal pressures which in turn
produce a higher friction force to stretch the test specimen. The expander has a low
shear strength of 3500 psi and deforms readily, Yet a high uniform pressure can be
developed in the expander because it is confined by the spacer, plug and jacket. In order
for the fixture to function properly,it is important to have a proper combination of plug
taper, coefficients of friction on the various surfaces, and adequate strength in the ele-
ments,

B. Stress Analysis.

1. Plug.
a) Tensile stress at the critical section in the threaded region:

2
Critical sectional area = r (}%E) = 2.76 sq. in,

For a design maximum load of 200,000 pounds, the average tensile stress at the section is:

200,000 _ 75 500 psi
5.76
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The maximum elastic stress concentration factor occurs near the root of the first
thread and has a value of 6,0. The fixture will be used for a limited number of
times (less then one thousand times). Therefore, yielding in localized areas may
be permitted, The yielding causes a reduction of the stress concentration factor
to 3,0, Then the maximum stress is:

3x 72,500 = 217,500 psi
which is less than the ultimate material strength.
b) Normal stress at the tapered section of the plug.
The surface area of the tapered section is:
Ag = % (3.00 + 1.873) 3.1 = 23.4 sq. in.
The taper has a value of eight degrees, assuming the coefficient of friction, u, between
the plug and the expander to be 0.5, then the axial force P and the normal stress

f,, follow the relationship:

P fn (sin 8° + ucos 8°) Ag

Thus the ultimate normal stress is:
P - 200,000

- = 12,500 psi
16.0 16.0

fn

The Cerrobend material has a maximum tensile stress of 6,000 psi and 2 maximum
shear strength of 3500 psi. According to this limiting shear strength:

P = (fysin 8° + 3500} Ag

From which:
1 P
Ih = Sinee 'A—s- - 3500

1 200,000
- - 3500) = 36,000 psi
0.14 23.4

1

Therefore, the maximum normal stress may have a value of 36,000 psi, which is also
the maximum internal pressure acting on the jacket.

2,  Jacket,

The critical stress in the jacket is the hoop stress caused by the internal pressure.
The internal pressure may not be uniformly distributed. However, the pressure at the
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thinner section of the jacket will be lower than that at the thicker section because of the
flexibility of the wall, Therefore, it is adequate to consider the average internal pressure

and hoop stress, The average wall thickness, t, of the jacket is:

= -;-(0.691 + 0.428) = 0.56 inch

The average hoop stress, f;,, is:

fh=

fnR _ 36,000 x 2
t 0.56

= 128,000 psi

The Cerrobend material creeps even at a low tensile stress of 300 psi. When the fixture
sustains the static load for a certain duration, the creep may release the shear strength,
Assuming further a reduction of shear strength by 50 percent, the normal stress or the

internal pressure may be:

£ = 1 P_ 3500
N7 sing° \Ag 2

Then the hoop stress has a value of:

fh=

which is also less than the

3. Spacer,

= 48,600 psi
48,600 x 2 :
e — = 174000 psi

allowable siress,

The spacer transfers the load from the plug to the jacket and then to the test specimen,
of confining the expander. The spacer is subjected to bear-

It also serves the purpose

ing stress and torsion caused by the eccentric forces (see sketch).

area, Ap, is:

Ap

The bearing stress, Sp, is:

= x (15092

s, = 200,000 _ 96 600 psi
2,08

which is less than the allowable bearing strength.

The load, p, per unit length of the 'spacer is:

200,000

- 773 = 2.08 sq. in.

p =
2 x% x (1,508 + 1,270)
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= 22,900 Ib./in.

The torque, Mg,per unit length of the spacer is:

My

22,900 x (1.509; 1.27 1,509 -;0.938)

22,900 x 0.17 = 3900 in.1b./in.

The maximum bending moment, M, contributed by the distributed torques is:

M

M; R

3900 x %( 1,509 + 0,938)

4,760 in, 1b.

The spacer has a depth of 0.75 inch. Thus the maximum bending stress, fn, is:

1
g, = Mc _ 4760x 3 0.75
I 1 x0.56x0,753
12

121,500 psi

which is an acceptable value.
4, Nut.

The nut is used for the purpose of preloading. When the tensile force exceeds the pre-
load, there will be no force acting on the nut.

It is to be noted that conservatisin has been exercised in making the design and stress
analysis,
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APPENDIX VI

QUALIFICATION CHECKS ON AM-355 SHEET
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METCUT RESEARCH ASSOCIATES INC.

3680 Rosslyn Drive Cincinnati, Ohio 45209
Telephone: Teletype:
{513)-271-5100 513-577-1785

LABORATORY REPORT

DATE April 23, 1964 NUMBER 656-5762-5
CLIENT o

The B, F. Goodrich Company Mr, W, G, Thomas
ADDRESS  B00 South Main AUTHORIZATION

Akron, Ohio DD 244404
PROJECT

B Fi

Qualification Checks on AM-355 Sheet {Coil #1A) =4

CONCLUSIONS

A. Tensile Test (4) Sheet Specimens Manufactured to Metcut D/N 610921.1
: From Material Supplied by B. F. Goodrich

Norninal Gage Section: 0.02" x ¢.25" x 1.00" Temp.: R, T,
Strain Rate through 0.2% Yield: 0.005 in./in./min.
Head Rate thence to Failure: 0,05 in, /min, 20
MRAL Spec, U.T,S. Y. &, Elong.,
No. Ne, Direction {ksi) {ksi) (%)
T-1976 1A-AL  Longitudinal 255 250 13
T=-1977 14.BL  Longitudina} 257 255 13
T=1978 l1A-CL Longitudinal 258 253 21
T=-1979% 1A-DT Transversge 258 228 15
T=1980 l1A-ET Transverse 259 228 15
T-1981 l1A-FT Tranaverse 260 228 15

B, Hardness measurementa were made using Rockwell 15N superficial scale.
Random readings and their average are given below; Dok oo "Q‘
85.1, 85.4, 85.2 Average: 85,2 oo tha ‘
C. Density check was performed by F.C, Broeman & Co., Cincinnati, Ohio:
Density {g/cc): 7,77

No heat treatment was pesriormed by Matcut,

APPROVED
ISheet._....!.._... Q

of 1 .|

o

sJ. Fri Supe;'vi@ Monte B Boyd,

ting
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ALLEGHENY LUDLUM STEEL CORPORATION

' CERTIFICATE OF TEST

CHEMICAL ANALYSIS
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L . . DT v &
B ! P t .
»
boE e )
CCRE LOSS TEST
10000 B- 150008 60 CYCLES
ITEM X LOYT NUMBER 7 WATTS PER POUND ITEM LOT NUMBER WATTS FER POUND
. A
b
n
P
" CGRE LOSS [N ACCORDANCE WITH THE AMERICAN SOCIETY FOR TESTING MATERIALS SPECIFICATION A.34
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