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ABSTRACT

required strength and stiffness. Titanium shims were used for reinforce-
ment in the regions of the splice jc.Llts. Fabrication drawings were
prepared for the basic conical shell and shells with reinforced joints.
Static tests were conducted for ten basic shells to determine strength
and stiffness and to establish a strength envelope under combined axial
compression and bending loads. Two shock tests and two static tests
were conducted on four shells with Joint reinforcements. The shock
tests were conducted to simulate stage separation shock. Test data
were evaluated and the results and conclusions are given in this report.
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PREFACE

This final report is prepared by Martin Marietta Aerospace, Orlando
Division, for the Army Materials and Mechanics Research Center (AMMRC)
Watertown, Massachusetts, under contract DAAG46-75-C-0097. This work is
part of the program on Development of Hardened ABM Materials, Mr. John F.
Dignam, Program Manager. The AMMRC Technical Supervisor is Mr. Lewis R.
Aronin.

This report covers work conducted from 1 August 1975 through November
30, 1976. The work was performed by personnel from Martin Marietta's
Aeromechanical Engineering Division. Mr. William Hurt is the program
manager. Mr. Frank IKoo is the task leader and Mr. Joseph Seinberg is the
principal analyst. General Dynamics Corporatiori, Convair Division, is the
fabricator of the conical shell test specimens provided to Martin Marietta
as Government-Furnished Material (GFM).
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'I 1.0 SIUMARY

This report covers work performed during the period from the effec-
tive contract starting date, August 1, 1975 through November 30, 1976.

'This work is part of a program that has the objective of: demonstrating
by analysis, fabrication, and testing of conical sections the applicabilicy
of ultra-high modulus graphite epoxy structures for utilization on future
high-performance intercepLor missiles.

Martin Marietta is performing detailed design and stress analysis;
General Dynamics, Convair Division, is providing the fabricated test
hardware as specified by the Martin Marietta design; and Martin Marietta
is performing the structural testing of hardware.

An ultra-high modulus graphite fiber (GY70, manufactured by Celanese
Corporation), with Fiberite 934 resin was selected for use in this program
in order to meet the stiffness requirements imposed by the anticipated
flight environment. The preimpregnated unidirectional tape was procured
by General Dynamics in accordance with the material specification developed
by Martin Marietta Corporation under a previous AMMRC contract (Reference 2).
Revision B to this specification to update the requirements is included in
Appendix A.

A stress analysis to determine the laminate design required for the
conical shell was conducted. This shell structure represents a half-scale
aft portion of a selected, typical guidance and control section of an
advanced interceptor. The analysis resulted in a design having a total
of 38 plies comprising the shell laminate. Twenty-two (22) plies having
0* fiber orientation relative to the missile center line are required to
provide longitudinal stiffness and strength to carry the severe bending
and axial loads. Twelve (12) plies having a 45* fiber orientation are
required to provide the necessary torsional stiffness for proper separation
between the torsional and bending frequencies needed for advanced ABM
applications. A study of advanced interceptor structural frequencies was
performed to establish the torsional stiffness requirements. These
laminates also provide a smoother strain transition between the 0* and 900
laminae and minimize manufacturing problems. Four (4) plies having 900
fiber orientation are required to carry the hoop loads acting on the struc-
ture, A summary of the laminate design is given in Table 1-I,

- -• • • • • :r -



Table 1-I. Laminate Design Summary

Numbet of Plies Fiber Orientationt Degrees

22 0

6 +45

6 -45

4 90

Layup Sequence:

[02l,4oI9oI-45190i+451o31-451o31+451021-4510]s

Composite Properties:

Ex - 26.7 x 106 psi V - 0.12

Ey - 8.1 x 106 psi Vxy - 0.40

Gxy = 3.8 x 106 psi

This layup sequence is specified by the fabrication drawing (48125,

Revision D) shown in Appendix B.
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It is necessary to affix end support rings to the frusta so that test
loads may be applied to the structure. An evaluation of test support ring
materials and bonding agents was conducted to determine the desired
materials for this application. Results show that potted fiberglass
materials cannot develop adequate bonding strength for the test loading.
Aluminum rings bonded to the GY70 shell with EA 9309 adhesive with
controlled bond line thickness can develop the bond strength required for
the structural testing of the composite shell. The support ring assembly
drawing, 48130, is included in Appendix B.

A drill fixture was designed and fabricated at Martin Marietta for
drilling bolt hole patterns in the aluminum rings. After completing the
drilling of the aluminum rings for the five shells, the fixture was
shipped to General Dynamics for their use in the alignment of aluminum
rings during the bonding process.

Ten half-scale simple conical shells with aluminum end rings weresubjected to structural loading tests to determine the load carrying

capability of the GY70/Fiberite 934 shells under various combinations of
loads. The test results are summarized in Table l-II and Figure 1-1.
These results verify the validity of the analytical procedures which were
used to design the shell laminate and the manufacturing processes used to
fabricate the conical shell. Good correlation with analytical prediction
of load carrying capability was obtained. It can therefore be concluded
that a conical shell laminate can be designed and fabricated using GYT70/
Fiberite 934 ultra high modulus composite material, based on load and
boundary conditions for the Advanced Terminal Interceptor (ATI), with the
resulting structure having predictable load carrying capability.

A joint reinforcement design and analysis was also conducted at
Martin Marietta. Three.design candidates which require titanium shims for
reinforcements were recommended for testing. Detailed analysis revealed
that non-metal reinforcement designs require excessively thick sections
due to the low bearing strengths of the materials. Evaluation of the three
titanium reinforcement concepts with respect to design, fabrication and
testing will determine the best reinforcement concept for the splice
joints. The three titanium reinforcement designs are shown in Appendix C.

3
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Table 1-I. Stnmmary at Test Results

CONICAL SHELL FAILURE LOADI

TEST NUMBER LOADING CONDITION TEST ANALYSIS TYPE OF IAILURC
1 004 COMPRESSION 160000 LB 166000 LU OVERALL COMPRESSION FAILURE AT

(AXIAL COMP) (AXIAL COMP) SMALL END

2 00I SHEAR/XENDIX 2"0000 LU (SHEAR) 31300 LB (SHEAR) LOCALIZED INTERLAMINAR
SHEAR FAILURE AT LARGE END

3 002 COMBINED LOAD- T"OD DESIGN LIMIT 156% DEL OVERALL COMPRESSION FAILURE AT
SIMULTANEOUS LOADS (OLL) LARGE END"

4 003 COMIIEIN LOAD- 53334 LIb AXIAL. CORP + 53334 LB AXIAL COMP OVERALL COMPRESSION FAILURE AT
CONSTANT COMPRESSION 180Z XLL FOR OTHER + 139% DLL FOR SMALL END

LOADS* OTHER LOADS*
5 005 COMBINED LOAD- 64662 IN-ER BENDING 64662 IN-LR OVERALL COMPRESSION FAILURE

CONSTANT BENDING MOMENT AT LARGE END BENDING MOMENT AT SMALL END
MOMENT AT LAREE END 4 540% AXIAL COMP +700% AXIAL COMP

DLL DLL
6 006 COMPRESSION 1ROnOO LB 166000 LB OVERALL COMPRESSION FAILURE AT

(AXIAL COMP) (AXIAL COMP) SMALL END

7 007 COMBINED LOAD- 200% OLL 158% DLL COMPRESSION FAILURE AT LARGE END
SIMULTANEOUS

a 008 C0MBINE6 LOAD- ' 80,0O0 LB AXIAL CW4P + 00,000 LB COMPRESSION FAILURE AT SMALL END
CONSTANT COMPRESSION 160% OLL AXIAL COMP +

FOR OTHER LOADS* 104% DLL
FOR OTHER LOADS*

9 009 COMBINED LOAD- 64662 IN-LB BENDING 64662 IN-LB COMPRESSIO1 FAILURE AT SMALL END
CONSTANT DENDINa MOMENT AT LARGE END + BENDING MOMENT + AMOMENT AT LARGE END 720% AXIAL COMP 7007 AXIAL

OLL COMP DLL

10 010 COMBINED LOAD- 15000 LB ...1500 L LOCALIZED INTERLAMINAR SHEAR
CONSTANT COMPRESSION AXIAL COMP + AXIAL COMP + AND BOND FAILURE AT LARGE END

1700 OLL FOR 175% DLL FOR
_.__.. _OTHER LOADS* OTHER LOADS'

*OTHER LOADS ARE BENDING MOMENT, SHEAR AND LATERAL PRESSURE LOADS.

200 oo-- LOADING PATH

0 TEST DATA
6 LOCALIZED FAILURE

ON TENSION SIDE160 (pI

-J 9

- 120 PREDICTED

LL

40 14 10

0 80 160- 240 320

BENDING MOMENT AT LARGE END, 103 IN-LBS

Figure i-1. Load Interaction Diagram
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Four reinforced frusta were fabricated at General Dynamics in accord-
ance with Detail B, Design 1, of Drawing 48126 (Appendix C). The reinforced
section consists of 22 layers of 0Q fibers, 12 layers of t450 fibers, 4
layers of 901 fibers and 11 layers of titanium shims as reinforcements.
After the first two units had been fabricated, a revision was made to the
layup sequence to facilitate the fabrication and strengthen the surface
layers. The revision is shown in 48126B (Appendix C) . The following layup
sequence was used for fabricating the first two units (01R and 02R):

[O/Ti/0/45/90/.-45/Ti/90/45/02/Ti/o/-45/0 2 /Ti./0/45/0/Ti/o/-45/O/piJs

Units 3 and 4 (03R and 04R) were fabricated in addordance with the following
revised layup sequence that conforms to Drawing 48L26B shown in Appendix C.

[02/45/Ti/90/-45/Ti/90/45/0 2 /Ti/O/-45/0 2 /Ti/0/45/0/Ti/0/-45/0/Ti]s

Shock tests were conducted on units 01R and 02R to simulate the stage
separation shock. Fifteen runs were made on each unit, from low to high
level shocks in increments, until the maximum shock corresponding to stage
separation was reached. Both units withstood the maximum shock level and
suffered minor surface cracks extending from the countersunk bolt holes
to the edge of the frustra. These cracks are considered minimal damage
and can be alleviated by the revised layup sequence.

Units 03R and 04R were subjected to static load tests to evaluate the
load carrying capability of the reinforced joints. Unit 03R was loaded in
combined loading simulating the design condition; unit 04R was loaded by a

siingle lateral load in a shear/bending case, subjecting the joint to equal
tension and compression loads. Unit 03R failed at 200% Design Limit Load
(DLL), and failure occurred in the basic shell region. Unit 04R failed at
34,000 pounds at the small end of the frustrum.

It is significant to note that in both tests the joints are stronger
than the basic shells and are capable of plastic deformation to increase
the ultimate load carrying capability of the reinforced joints.

5
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The teat results are summarized In Table 1-III.

Table 1-III. Summary of Test Results Joint
Reinforcement Frusta

'ret loding

Numbur Unit Teat Condition Test Design Type of Failure

IA OIR Axial Shock 41,000g'* 42,0008's Surface crack developed
Peak Peak at 52,000g's at one

bolt hole**
2A 02R Axial Shock 37,0008's* 42,00Og's Surface crack developed

at 22,000g's at one
bolt hole**

3A 03R Combined Load- 200% Design 162% DLL Compressive Failure in
Simultaneous Limited Load the shell. Bolt holes

(DLL) elongated

4A 04R Shear/Bending 34,000 lbs. 30,000 lbs. Failure at small end
bolt holes elongated

* Maximum peak g's response attainable from SM-lO0 shock machine for the two
particular tests.

**The surface cracks through the first layer of titanium'shim had no significant
impact on joint strength.

r6

V

II

F=ITl
II1

I ' ............ ... .... •



2.0 INTRODUCTION

2,1 Background

Structural requirements for advanced interceptors have continually
shown the need for light-weight, high-modulus materials. System studies
for BMDATC performed by Martin Marietta tinder Contracts DAAHC-60-72-C-0022
(Reference 3) and DASG-60-75-C-0043 (Reference 4) highlighted the advantages
of ultra high modulus graphite epoxy and beryllium structures. The
results of these studies have shown that ultra high modulus graphite epoxy
primary structures will provide a significant launch weight reduction over
more conventional materials. These results are shown in Figure 2-1. This
relationship was developed on the basis that all structural frequencies
should be proportionally above the control system bandwidth. This
criterion establishes that a first structural bending mode frequency above
70 Hz at second stage ignition is required, When this requirement is
imposed on structural design for advanced ABM loading condition, both the
ultra high modulus graphite epoxy and beryllium offer significant weight
savings over aluminum and high strength graphite epoxy.

Martin Marietta has performed material trade studies on high strength

and high modulus graphite fibers and epoxy resin systems under AMMRC
contract DAAG46-75-C-0052 (Reference 1). Fabrication variables were
evaluated in the fabrication of cylindrical shells. Under another AMMRC
contract in the development of graphite/epoxy composite for interceptor
structural application (Reference 2), a material specification and a
process control specification were developed. Laminate ply angle testing
was conducted at room temperature and 360*F in the same contract.

The primary objective of the Subscale Conical Shell Development program
delineated herein is to demonstrate the feasibility of ultra high modulus
graphite/epoxy structures for advanced ABM applications. The secondary ob-
jectives are: a) to experimentally verify design techniques for laminated
conical shells fabricated from unidirectional prepreg tapes and b) to develop
reinforcement designs for joints, cut-outs and attachments in a low strain
composite material under shock loadings.

As discussed in Reference 3, a representative missile was chosen from
a series of missiles evaluated in Terminal Interceptor studies. The
guidance and control section was chosen as a representative structural
section because it contained design features such as splice joints, support
rings, cut-outs and basic shell, which would need verification in a
graphite/epoxy structure.

NY70 was selected as the ultra high modulus graphite fiber for the
Subscale Conical Shell Development Program because of cost advantage and
availability. GY70 is a product of Celanese Corporation of Summit, New
Jersey. The preimpregnated unidirectional tape, GY70/Fiberite 934, used
in the fabrication of the conical shells is purchased from Fiberite
Corporation of Winona, Minnesota.

7
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BERYLLIUM

SULTRA HIGH MODULUS
-• GRAPHITE COMPOSITE

C 0 (E 24 x 106 PSI)

30 -

-. DESIGN CRITERIA

S1I. 
TOPSTAGE BENDING
FREQUENCY 70 HZ.

20 HIGH T S TRENGTH 2. BURNOUT VELOCITY FOR
2 GRAPH TENSILE STE EQUAL MANEUVER

G HITE PERFORMANCE.
0, (E = 11 x 10° PSI) 3. TOPSTAGE MOTOR CASE
2: GRAPHITE OVERWRAPPED

//# STEEL.
10 / 4. ALL OTHER STRUCTURE10 MATERIAL SHOWN.

I ALUMINUM-BASE LAUNCH WEIGHT 60,000 LBS

001 2 3 4 5 6 7

SPECIFIC MODULUS, 9 108 INCHES

Figure 2-1. Effect on Launch Weight for Stiffness Critical
Design of Advanced Interceptors
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2.2 Technical Approach

The technical effort required by this contract consisted of the
following tasks:

2.2.1 Conical Shell. Design
a) Design of a half-scale cone frustum representing the aft section

of a typical advanced ABM guidance and control section, Figure 2-2.

b) Definition of design loads and stiffness requirements.

c) Determination by analysis of a layering sequence and fiber
orientation of each layer required to meet the design conditions.

d) Preparation of engineering drawings for the fabrication of conical
sections by Convair Division of General Dynamics, San Diego,
California.

2.2.2 Testing of Subacale Conical Section

a) Axial compression, bending and combined loads testing to obtain
strength and stiffness data on 10 subscale conical frusta fabricated
by General Dynamics. Fabrication of frusta described in this
report was accorplished by General Dynamics under AMMRC contract
DAAG46-76-C-0008.

b) Determination of ultimate loads, effective modulus, deformation
patterns and failure modes for each condition.

2.2.3 Test Data Analysis and Correlation

a) Analytical predictions of performance for each of the loading
coaditions of the specimens to compare with test data.

2.2.4 Shell Reinforcement Design

a) Development of three (3) reinforcement designs for splice joints
of the advanced ABM structural sections.

b) Determination by analysis of ruinforcement thickness required,
considering both strength and stiffness requirements in the
overall structural joint design.

c) Preparation of engineering drawings for fabricatior, of conical
shells with reinforced splice joints by General Dynamics.

9
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2.2.5 Testing of Joint Reinforcement Shells

a) Shock testing to evaluate the load carrying capabilities of
2 reinforced shells of Design 1 (Appendix C) under shock loading.

b) Bending and combined loads testing to obtain strength and
stiffness data on 2 reinforced shells.

c) Determination of shock levels and magnitudes of strains imposed
on the reinforced shells during shock testing.

d) Comparison of analytical prediction of performance for each of
the static loading conditions with test data.

, 11



3.0 CONICAL SHELL DESIGN

3.1 Laminate Sequence Design

Analyses were conducted to determine a GYTO/Fiberite 934 laminate
design for a half scale model of the conical aft portion of the ATI
Guidance and Control Section to meet the stress requirements resultingfrom axial load, shear load, bending moment and external pressure. The
critical load condition, shown in Figure 3-1, was established for the full
size G&C section. For the half scale section, the loads were scaled downbased on the criterion that t~e resultant stresses remain the asam when
the shell dimensions are reduced from full scale to half scale. Scale
factors for the loads in Figure 3.1 are calculated for axial load, bendingmoment and shear based on the following stress equations. For these
equations subscript 1 represents parameters onthe full scale model and
subscript 2 represents parameters on the half scale model.

AxalStesva-P .P---- ON P7/-- where r2 - 1/2 rI - radius
A 21Trltl 21rr2t2 t2 - 1/2 tI - thickness

Axial Load, P 2  1 ?1(2•t•) - 1/4 P12TrrltI

Bending Stress, ubmax - r Mltl M2r2
I nrl 3 tI 7rr 3 t 2SMlrl (7r2 3t2)

Bending Moment, M2 - 1/8 Ml( 7 rr l 3 t l ) r 2 r2 ,

Shear Stress, 0
rmax V V Vl(urltl)(_2vrE)2) )

It 7rr-tl. irr 2 t 2SharLoad, V2 -ylrl__tl( ____-- 1/4 V1
r2 2 t 2 (ir 1

3 tl 2 )

Preliminary analysis has established that buckling is not critical for the
inical shell geometry under consideration. Therefore, the shell design II

is based on strength and stiffness (bending frequency) requirements.

Laminate designs are required to be symmetrical and balanced to
minimize induced bending and cross coupling effects. Preliminary laminate
designs were analyzed for the scaled down loads using the KLIGER code
which is a point stress laminate analysis computer code (Reference 5).
eie output of this code yields lamina stresses and strains, equivalent
elastic and shear modulii for the laminate designs and buckling allowables.
The laminae configurations analyzed are given in Table 3-1.

I
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The axial load, shear and bending moment diagrams shown in Figure 3-1
are applicable for the full scale ATI Guidance and Control section from
station 27.5 to station 61.2. The half scale conical shell evaluated in
this task represents the aft section of the G&C section (station 44.6 to
station 61.2), and the design loads are scaled down from those in Figure 3-1
such that the resulting stress levels in the half-scale shell are the same
as those in the full scale. The scale factor for each of the loadings wasr
derived on page 12.

After completing the preliminary laminate design using the KLIGER
code, a finite element model was developed for the half scale conical
shell in order to determine fixed end effects and to locate the critical
stress elements. The shell wall was considered to be of a homogeneous
material with thickness equivalent to laminate Configuration III. The
finite element model was developed for the SLADE program (Reference 6)
a finite element program for the static analyses of shells which uses curved
shell elements. The finite element model for the conical shell is shown in
Figure 3-2. The loads applied to the model are given in Figure 3-3. The
stress resultants on the critical stress elements were then used as inputs
to the KLIGER code to complete the analysis cycle. The meridian stress
distributions along the length of the shell are plotted in Figure 3-4. The
critical stress elements are at the fixed end as shown in the plots, For
this analysis an option was used in the KLIGER code allowing for stress
resultants on an element to be input instead of overall structural loads.

In this way the effect of the fixed end on the laminate design could be
analyzed. The maximum stress and strain for each of the elements were
computed. Figure 3-5 gives the stresses in the direction of the fibers in
each layer of the laminate as computed from KLIGER code. The results were
initially based on a laminae sequence described in notation form as:
[9021451041-45210414521031-45js. Discussion with personnel from General
Dynamics led to the evaluation of other laminae configurations for fabri-
cation considerations, The final layup agreed upon by Martin Marietta and
General Dynamics was: L021451901-451901451031-451031451021-451o]0. The
minimum margin of safety of this laminae configuration is 0.67 based on an
individual lamina thickness of 0.0065 in.

In addition to the calculations of stresses and strains in the
laminae for each layup sequence, the shell stiffness (El) was also computed
to assure that the stiffness requirement was satisfied. The required El at
the aft station of the G&C section is 11.7 x 109 lb-In 2 for the full size
structure. For the half scale structure, the required El is equal to 1/16
of the value of the full size structure or 0.731 x 109 lb-in2 , since I
equals r 3 t and E is assumed to be independent of size. All laminae designs
investigated have met the stiffness requirement. The final configuration
((,onfig:uration VI of Table 3-i) has an E1 of 1.076 x 1.09 lb-in2 or 47% above
the recquirement )aied on an individual lamina thickness of 0.0065 in.
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3.2 Torsional and Bending Frequency Analysis

A study was conducted to establish the torsional natural frequencies
of the missile structure and to compare these with the bending frequencies
to assure that torsional-bending coupling would not be a problem.

Torsional and bending frequencies were calculnted using the Jacobi
Rotational techniques. Two graphite epoxy laminae designs were investi-
gated; a design with 450 laminae,022/451 2 /90 4 (Drawing 48125), and a design
without 450 laminae,0 3 4 /45 0 /90 4 . It was required that all structural
frequencies should be above the control system frequency and should thus
be above 70 Hz for second stage ignition. Also, the fundamental torsional
frequency should be widely separated from the first bending frequency.

The results are summarized in terms of frequency in Table 3-I1. The
frequencies shown in Table 3-I1 do not include degradation due to structural
joints. An approximate reduction of 10% can be expected in bending frequency
and a smaller reduction can be expected in torsional frequency due to the
joints. Good design practice dictates that a factor of 3.0 to 4.0 is
required for the separation oi torsional and bending frequencies in order
to prevent roll-pitch coupling in flight. First mode torsion-to-bending
frequency ratios of 3.5 and 1.8 were calculated for the laminae designs
with 450 layers and without 450 layers respectively. Therefore, from
torsional stiffness consideration 45* laminae are required in the design
of the GY7O/epoxy conical shell for ATI application.

Table 3-Il ATI Missile Structural Frequencies

GY70/Epoxy Laminate Torsion Frequency (Hz) Bending Frequency (Hz)

1st 2nd 3rd 1st 2nd 3rd

022/4512/904 274 397 604 78 178 399

034/450/904 151 183 303 83 200 419

Objective 280 70L0 
,, 

LL,
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3.3 Support Ring Design For Test Loading of Frusta

Structural testing of simple conical shells without the
advantage of built-in fixture attachment means presents the problem of

design for shear transmission of test loads into the shell ends. A form

of bonded mounting rings which could withstand the high test loads was

sought. In the design and analysis of the mounting rings for the graphite

epoxy shell, it is required that the strength of the ring material and the

bond strength between the ring and the shell be known. To determine
the strength of the fiberglass rings a simple test specimen was fabricated

and tested as shown in Figure 3-6. To develop the maximum design load in
the fiberglass ring attachments, an applied load of 20,000 lbs. is required,
and a 30,000 lbs. load will provide a 50% margin of safety. The specimen
failed at an applied load of 18,000 lbs. with bond line failure at the
aluminum and fiberglass interface. The maximum bond line shear stress at
failure was 1,290 psi. The required bond line shear stress is 2,150 psi.

A series of material tests was initiated for the purpose of finding a
ring material and adhesive which would provide a sufficient margin for the
test loading. Two types of double shear specimens were fabricated to
simulate the shell to ring interface. The first series had fiberglass
blocks potted on 0.25 in. thick aluminum plates. The second series used
graphite epoxy flat laminates (Thornel 300/Fiberite 934) bonded to aluminum

blocks or to potted epoxy blocks. The configuration of the specimens
for both test series is shown in Figure 3-7. The specimens were loaded in
the Instron Testing machine to failure, and failure loads were recorded.

The average shear stresses at failure were computed. The test results are
summarized in Table 3-1I1. In the first series, the potted fiberglass
blocks exhibited adhesive failure at the bond line. The shear stress levels
at failure were inadequate for the loads applied in the testing of the
graphite epoxy shell. Therefore, use of potted fiberglass rings was not
considered a viable technique. In the second series, all specimens failed
in interlaminar shear of the graphite epoxy laminates. The failure stress
was considerably higher with the aluminum blocks than with the potted epoxy
blocks because the deformation of the low modulus epoxy blocks induced
tension in addition to shear ia the laminates. To evaluate the orientation
effect of the fibers which are bonded to the blocks, six (6) specimens were
made with surface fibers parallel to the loading and another six (6) specimens
were made with surface fibers perpendicular to the loading. The specimens
with surface fibers parallel to the loading failed at higher loads than
the ones perpendicular to the loading. The limited number of test specimens
do not give quantitative design values, however, they do show the trend in
the selection of ring materials and adhesive. The results of the material
testing support the use of aluminum rings bonded to the graphite shell with
the fibers of the bonded surfaces parallel to the direction of maximum shear.
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Table 3-Ill Testing of Mounting Ring Materials
And Bonding Agents

Material Adhesive No. Range Failure
__,_._Shear, psi Mode

815/V140 100/75 Self-Bonding 4 1,870 - 2,020 Bondline
10%
Fiberglass

828/V140 100/75 Self-Bonding 4 833 - 1,315 Bondline
S10%

Fiberglass

828/Z 100/75 Self-Bonding 4 1,300 - 1,420 Bondline
10%

.0 Fiberglass

S828/V140 50/50 Self-Bonding 4 1,670 - 1,900 Bondline
S25%
Fiberglass

06061-T6 Alum EA 934 4 3,500 - 4,570 Interlaminar
(Bond Fibers Graphite/Epoxy
parallel to
load)

• 6061-T6 Alum EA 934 4 2,200 - 3,620 Interlaminar
(Bond Fibers Graphite/Epoxy
perpendicular

39to load)

w EA 9309 Self Bonding 2 1,235 - 1,650 Interlaminar
S(Fibers Graphite/Epoxy

fF parallel to
0 load)
SEA 9309 Self Bonding 2 1,220 - 1,540 Interlaminar

EA(Fibers Graphite/Epoxy I

perpendicular
to load) _
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A survey was conducted to determine an adhesive with adequate bond
strength to transfer the maximum test loads from the conical graphite shell
to the aluminum support rings. Hysol adhesive EA 9309 was selected since
it has superior bond strength when compared to other adhesives considered.
A comparison of vendor strength data on EA 934 and EA 9309 shows the following:

Shear, psi Peel, psi

EA 934 3000 2

EA 9309 4750 39

Two tests were then conducted to confirm the adequacy of EA 9309 as
the bonding agent between the shell and support rings for the purposes of
structural testing. The test setup, consisting of a 0.250 inch thick I
aluminum cylinder bonded to an aluminum plate with a 0.125 inch thick,
0.75 inch overlap bondline of EA 9309, is shown in Figure 3-8. The rLsults
of the two tests are summarizod in Table 3-IV and indicate that EA 9309 has j
adequate bond strength to transfer the maximum test loads. The failure at
the bonded joint on the second specimen is shown in Figure 3-9.

To further investigate the support ring system, a finite element model
was developed for a preliminary analysis of a conical GY70/934 shell bonded
to aluminum support rings using EA 9309 adhesive. The analysis was conducted
to determine axial stresses in the GY70 laminae in the region of the
support rings as well as to determine load transfer and shear stress distri-
bution between adjacent GY70 laminae and in the adhesive layer between the
shell and the rings. The analysis was conducted for a uniform axial tensile
load using TEXGAP, the Texas Institute for Computational Mechanics Grain
Analysis Program (Reference 7). The results indicated that there are locally
high stress levels in the region of load transfer between the graphite
surface layers and the aluminum support rings. However based on this
analysis, it was determined that the structure is capable of withstanding
the ultimate design loading condition.

On the basis of the above mentioned test and analytical determinations,
a support ring system consisting of aluminum rings bonded to the inside
and outside surfaces of the graphite shell at both ends with EA 9309 was

I -designed and implemented for the initial test series.
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Figure 3-8. EA9309 Bond Strength Test Specimen

Table 3-tV FA9309 Bond Strength Test Results

Toot Failure Load, P Effective Avg. Bond Required Strength Factor of

Shear I Failure @ Max. Teatý LoadS Saety

1 35000* 39B0 3300 1.20

2 33000 4900 3300 1.48

* The load etrap slipped off at 25,00u lbs. of load due to local deformation

of the aluminum cylinder. It was than moved from it. original .ocstion

of 8.60 in. from the "upport to 6,60 in, from the support and the teat

wan continued.

Figure 3-9. Test Specimen ""

Showing Failure of
Bonded Joint
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4.0 TESTING OF SUBSCALE CONICAL SECTIONS

4.1 Teat Objectives and Procedures

The primary objective of the subscale testing program is to datermine
the structural behavior of the shell sections under various loading
conditions. A conical shell, due to its curvature, cone angle and fabri-
cation techniques, behaves differently from a flat panel with the same
laminate design. Subscale testing provides the design data required prior
to full scale development. Instrumentation was provided to measure
strains and deflection of the shells under teat loads.

Analytical results were compared with the test data to check the
analytical methods employed.

The primary design loads on the shell are axial compression and i

bending. The test loading conditions were established so that the failure
loads would represent an envelope of the combined loads of axial compression
and bending imposed on the conical shell.

All shells were subjected to static load tests. Loads were provided
by hydraulic jacks positioned at appropriate locations with respect to the
shell for the loading conditions. Load/deflection and load/strain plots
were obtained for each test. Failure loads and modes were recorded.

4.1.1 Loading Conditions

A total of 10 static tests were conducted in the Martin Marietta
Structures Test Laboratory on ten conical shells, The detailed test
procedures are included in Appendix D. The loading condition for each
of the 10 conical shells is described in the following paragraphs. The
first group consists of specimens 001 through 005 and the second group
consists of specimens 006 through 010. A number of tests in the second
group are duplications of those conducted in the first group.

TestlI

Conical shell 004 was tested in axial compression. The shell
was placed between two steel load plates, and the assembly was
installed upright on top of the 200 Kips hydraulic Jack with its
shaft extending through the center of the assembly. A steel yoke
was threaded onto the shaft to secure the assembly. The test setup
is shown in Figure 4-1.

Loads were monitored by the use of a pressure gage which wascalibrated prior to testing by means of a load cell. Twenty one axial

type strain gages (FAE 25S-12S6) were installed to measure the surface
strains and two DCDT's were placed between the top and bottom aluminum
rings to measure the overall axial displacement of the shell under
axial compression loading. The locations of the gages are shown in
Appendix D.

26



Figure 4- 1. Test SetUP
Ax-ial Ciompress4ion Tes

27



Test 2

Conical shell 001 was tested in simple cantilever loading.
The base aluminum rings were mounted to a steel column through a
steel adapter plate having forty six (46) 5/16 inch bolt holes
matching those in the base rings. The smaller end was bolted to
a steel loading fixture which has lugs provided for the application
of shear, bending and axial loads. For this test a single shear load
was applied. A 20 Kips hydraulic Jack was used to apply the load.
The test setup is shown in Figure 4-2. This loading condition pro-
vided a point on the failure envelope along the abscissa where the
axial compression is zero.

Eighteen strain gages were installed on the shell specimen,
Four DCDT's were used to measure deflections. The locations of the
instrumentation are shown in Appendix D.

Test 3

Conical shell 002 was tested under combined design loads. The
base aluminum rings were mounted to a steel column through a steel
adapter plate as in Test 2. The loading fixture was bolted to the
other end of the specimen. Aluminum straps formed to fit the speci-
ment contour were connected to a 20 Kip hydraulic jack to simulate
external pressure loading. Another 20 Kip Jack attached to the
loading fixture applied the shear load. Two 100 Kip jacks were used
to apply axial loads antd couple loads (bending moment). This combined
load condition corresponds to the design condition for the conical
shell. The structure was designed to withstand ultimate loads equal
to 150 percent of the combined design loads, The test setup is shown
in Figure 4-3.

Eighteen strain gages and four DCDT's were installed for this
test to measure the strains and deflections under the test loads.
They are shown in Appendix D.

Teat 4 L
Conical shell 003 was tested under a combined loading with axial

compression held constant at 53,334 lbs. The test setup, loading
apparatus and instrumentation were the same as those for Test 3.
This loading condition was selected to generate a point on the com-
bined loading envelope. The constant compression load was chosen
to be one-third of the axial compression failure load from Test 1
which was 160,000 lbs.

Test 5

Conical shell 005 was tested under combined loading with the
bending moment at the base held constant at 64,667 in-lbs. This
bending moment was produced by applying a percentage of the design
limit loads in shear, bending moment and distributed pressure. The
test setup, loading apparatus and instrumentation were the same as

:1 28
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those for Test 3. This loading condition was selected ?o generate
an additional point on the combined load failure envelope. The
constant bending moment was chosen to be one-third of the failurebending moment from Test 2 which was 194,000 in-lbs.

Test 6

Conical shell 006 was tested in axial compression in the same
manner as conical shell 004 in Test 1. Figure 4-1 shows the test
setup. The strain gage data from Test 1 showed that some of the
twenty one strain gage locations could be eliminated from Test 6
without penalizing the results. Therefore eleven strain gages were
installed on conical shell 006 to measure surface strains. The
locations of these gages are shown in Appendix D. Two DCDT's were
also used to measure overall axial displacement of the shell.

Tedt 7

Conical shell 007 was tested under combined design loads in the
same manner as conical shell 002 in Test 3. The test setup and
loading apparatus were the same as those on Test 3 and are shown in
Figure 4-3. Some of the strain gages were relocated to obtain more
useful data. The DCDT's were also relocated to measure the true
deflections of the shell. The locations are showa in Appendix D.

The loading condition is a repeat of Test 3. Since this is the
design load condition, two tests were conducted to verify the struc-
tural integrity of the subscale conical shell. The combined load
envelope includes both failure points.

Test 8

Conical shell 008 was tested under combined loading with axial
compression held constant at 80,000 lbs. The test setup and loading
apparatus are the same as those for Test 3. The locations of strain
gages and DCDT's are the same as for Test 7. The axial compression
load was hId constant while the other loads were applied at incre-
ments until failure occurred. The magnitude of the compression load
was sele. -id to define the failure envelope in the high compression
load region.

Test 9

Conical shell 009 was tested under combined loading with the
bending moment at the base held constant at 64,667 in-lbs. This
test had loading identical to Test 5. The location of strain gages
and DCDT's are the same as Test 7.

Test 10

Conic&l shell 010 was tested under combined loading with axial
compression held constant at 15,000 lbs. The test setup, loading

A



Table 4-1. Summary of Test Results

CliNICAl 511111 rAILURE LOAD
II Il N RMAIR LOADING CONDITIION TEST ANALYSIS TYPI or FAILURE

1)(14 COMNII S5ION 160000 l.0 1660010 1.11 OVERALL COMPRISSION FAILURE At
(A0IAL COM)I (AXIAL COMP) SMALL END

5-- "0.. AC/I l-• ...... 00 LII (SIEAR) 3 1130) 1.4 (SHEAR) LOCALIIED INTEIILAMImAi -
SHEAN IAILURI" AT LARGE END

--- •CjPI 0{7 C)I'll 11 .OAII- 18001 DESIGN lIMiT 151L BI.I. OVERALLI COMPRt.SSIUN FAIL.URE AT
iSIMULTANEOUS LOADS (ULL) LARGE [NI)-- 4" 103 COMRINt LOAD. 63334 LB AXIAL COMP b3334 LO AXIAL COIP OVERALL COMPRESSION IAILURL AT

CONSIANT COMPRESSION 1800% DLL FOR OTHER 1 139% OLL FOR SMALL END
LOAIDS- OHER LOADS-

5 AS 005 (OMINLD LOAA- 64562 IN-Ll BENIDING 64662 IN-LO OVE0AIL COMPRESSION FAILURE
CONSTANT BENDING MOMENT AT LARGE END BENDING MOMENT AT SIRAtI END, WMENT AT LARGE END + 540% AXIAL COMIP +700% AXIAL COMP

DLL DLL

" 6 0L COMPRESSION 600A0 LB 166000 LII rOIPRLSSION FAILURE AT•(AXIAL COMP) (AXIAL COMP) SMALL IIND
"7-' 00U7 COMBINED LOAD- 200% 131.E 158% DILL COMPRESSION FAILURE AT LARGE END

SIMULTANEOUS

1 008 CMID-LOAT-h ' 80,000 LI. AXIAL COMP 860,000 LI COMPRESSION FAILURL AT SMALL END
CONSTANT COMPRESSION 1501 DLL AXIAL CORP +

FOR OTHER LOADS* 104% OLL
FOR OTHiER LOADS-

" "D-9OG COMBINED LOAD- 64662 IN-LB BENDING 64662 IN-LD COMPRESSION FAILURE Al SMALL END
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MOMENT AT LARGE END 720% AKlAL COwP 700% AXIAL

0LL CARP OLL
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OTHER LOADS* OTHER LOADS*
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Figure 4-4. Load Interaction Diagram
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apparatus and instrumentations are identical to those of Test 8.
The compression load of 15,000 lbs. was selected to define the
combined load failure envelope in the low compression load region.

4.2 Test Results

The failure loads and modes resulting from the static load tests
conducted on the ten subscale conical shells are summarized in Table 4-I.
The failure loads from these tests are also shown graphically in relation
to the analytically predicted failure load envelope in Figure 4-4. The
combined load diagram shows the scatter of the test points. Tests 1 and
6 have a spread of 10,000 lbs. from the mean value, or approximately ±6
percent variation. The strain readings indicate maximum strains for
Tests 1 and 6 of 0.0022 in/in and 0.0028 in/in respectively. The
measured difference of surface strains could be caused by variations of
basic material properties or variables in the hand layup method. A
variation of 17,000 lbs. or about +14 percent exists for Tests 5 and 9 from
the mean value. The failure loads of Tests 3 and 7 have a variation of
+I0 percent from the mean test value. Scatter of approximately ±10 percent
is considered to be normal for laminated graphite/epoxy composite material.

All tests, except for the two axial compression tests have exhibited
localized failures as indicated by discontinuities in strain gage data.
These initial localized failures were followed by stress redistributions
which allowed the shell to continue to carry increased load until ultimate
failure occurred. Strain gage data from Test 5, for example, revealed that
local failure had occurred at 360 percent of Design Limit Load (DLL) or
69,000 lbs. Stress redistribution within the shell after the initial failure
allowed the shell to continue to carry load up to 540 percent of DLL or
103,000 lbs.

The predicted failure load envelope for the combined loads is basedon laminate analysis which computes the stresses and strains of each ply
of the laminate assuming every ply is effective in resisting loads at
any section of the shell. The assumption is substantiated by
the test results except for a small region where the local tension loads
due to bending moment cause the interlaminar shear strength of the epoxy
resin to be exceeded. This small region is bounded by test points 2 and
10 and is shown as cross-hatched area in Figure 4-4.2!

Most of the test failure points fell somewhat above the predicted
failure envelope. This was the result of the analysis being based on a
failure stress of 90 ksi and a failure strain of 0.0021 in/in while the
actual strength properties of the specimens made from GY70/Fiberite 934
prepreg tape were higher. After adjusting for actual specimen material
properties, good correlation between test and analytic~al values was obtained.
Discussion of the test data and correlation with analytical results are
given in the next section.
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4.3 Test Data Analysis and Correlation for Basic Shells

This section is devoted to detailed discussions of the test data
and the correlation of test data with analytical results. All test data
are included in this section in the forms of plots of load/deflection,
load/btrain and stress/strain. Data of similar tests are grouped together
for convenience in discussion and data correlation. The tests can be
classified as follows:

Axial Compression - Tests 1 and 6 (Conical shells 004 and 006)

Combined Design Loads - Tests 3 and 7 (Conical shells 002 and 007)

Combined Loads With Constant Bending Moment - Tests 5 and 9
(Conical shells 005 and 009)

Combined Loads With Constant Axial Compression - Tests 4, 8 and 10
(Conical shells 003, 008 and 010)

Shear/Bending - Test 2 (Conical shell 001)

Conical shells 001 through 005 had failure loads consistently lower
than those of conical shells 006 through 010 for the comparable tests.
"General Dynamics, the shell fabricator, indicated that the first five were
made from prepreg lot 4-E-20 and the second five from prepreg lot 4-E-31.
The latter showed higher flexure strength but lower fiber tensile strength
at room temperature on the material certification based on the supplier's
test data. The higher flexure strength was expected to give higher failure
loads and higher modulus.

The discussion of the test data and correlation with analytical results

for each of the above tests are given in the following paragraphs.

4.3.1 Axial Compression (Testp 1 and 6)

The compression load was applied uniformly to the shell cross section
by the use of 3-inch thick steel loading plates. The compressive stress at
any cross-section can be computed simply by dividing the test load by the
cross sectional area. The stresses were thus computed at the three sections
where strain gages were located. The stress/strain plots for Test 1 are
shown in Figures 4-5 through 4-7. It is evident from the plots that the
stress/strain relationship in compression is not linear. The initial modulus,
E1 , has an average value of 24.1 x 106 psi and a tangent modulus, Et, near
the point of failure has an average value of 16.5 x 106 psi.

The stress/strain plots for Test 6 are shown in Figure 4-8 through 4-10.
The average value of the initial modulus is 25.8 x 106 psi and the average
tangent modulus near the failure point is 16.2 x 106 psi.

By using the secant modulus of 22.5 x 106 psi obtained from the
stress/strain plots of the test data and an ultimate strain of 0.0021 in/in,
Xhe failure load was calculated to be 166,000 lbs. The SLADE finite
element model (Figure 3-2) and KLIGER code were used in the computation
of the failure load.
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Figure 4-10. Stress/Strain Plot at Large End - Test 6

The load/deflectf.mn plots for the two tests are shown in Figures 4-11
and 4-12. The non-linearity of the stress/strain relationship is reflected
in the deflection plots. The deflections predicted by analysis are also
plotted along with the test points for comparison. These analytical
deflections are based on the average secant modulus obtained from stress/
strain data on Tests 1 and 6; therefore, a direct comparison can be made
between the test and analytical results. It is judged that the correlation
is quite good and the gore patterns of the layers apparently have no adverse
effects on the strength and stiffness of the conical shell structure.

4.3.2 Combined Design Loads (Tests 3 and 7)

Strain gage data are shown in plots of percent Design Limit Load (DLL)
WI versus strain in Figures 4-13 through 4-18. The load/strain data are more

useful and informative than stress/strain data in the evaluation of the
laminated conical shell under combined loads. The shell stresses computed
from the applied loads are valid only in the low stress regions where the
stress strain plot io linear. In the non-linear regions of the stress/strain
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curve, where tensile modulus is not necessarily equal to compressive
modulus, the effective neutral axis will shift away from the centroidal
axis of the section and accurate stress computation becomes very complex.
Therefore, load/strain data are used to evaluate the structural
behavior of the laminated conical shell under bending loads.

Examination of the strain gage data of Test 3 (Figures 4-13through
4-15) showed that an initial local failure occurred at 150 percent to 1.60
percent Design Limit Load on the tension side of the outer layers near the
fixed end as evidenced by a sudden drop of strain in gage S-7. It is seen
that the tension load was transferred to the inner layers as shown by the
abrupt increase in strain in gage S-15. The redistribution of tension
load also caused the discontinuities in gage S-I and S-li and their corres-
ponding transverse gages (S-2 and S-12) through the Poisson's ratio effect.

The redistribution of loads had the effect of increasing compressive
strains as evidenced by gages S-5, S-13, S-9 and S-17. The load/strain
slopes are significantly decreased because of the higher compressive
strains resulting from local tension failure. At 170 percent DLL, the
shell collapsed.

200

160 * -• -17 _
S-13

120
X DLL* S ./'5--

"S. 9',• '
40 -~ ___ -

-2.0 -1.6 -1.2 -0.8 -0,4 0 +0.4 +0.8 +1.2
STRAIN, 10"3 IN/IN

*DLL - Design Limit Load

Figure 4-13. Percentage Load/Strain - Axial Gages, Test 3 -

Combined Design Loads
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Strain gage data from Test 7 exhibited a similar structural response
of the laminated shell to the combined loads, except that the local tension
failure occurred at 130 percent DLL and the shell specimen failed at 200
percent DLL. The initial failure started at lower load yet overall failure
occurred at higher load than in Test 3. Careful examination of the gages
on the tension side of the cwo specimens led to the conclusion that
specimen 007 had a more uniform load redistribution than specimen 003
following initial failure. See Figures 4-16 through 4-18.

A failure load of 158 percent DLL was predicted by analysis based on
unidirectional failure stress of 90,000 psi, unidirectional failure strain
of 0.0021 in/in and a composite modulus of 26.7 x 106 psi. The specimen
material had higher unidirectional failure stress and strain but lower
composite modulus. The analysis employed a linear stress/strain relation-
ship; however bending modulus eflect, if any, was not accounted for.
Therefore the net effect was that the analysis tended to yield conservative
results. For design purposes, this conservative approach is acceptable.

The secant modulus used in the axial compression failure load computation
is not directly applicable for the analysis of the combined loadings because
under combined loads the shell is subjected to tensile and compressive stresses
where the effective tensile modulus does not correspond to the compressive
secant modulus. Therefore, a theoretical composite modulus of 26.7 x 106 pgi
was used in the laminate analysis.
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F:Igure 4-16. Load/Strain Plots - Test 7 -
Combined Design Loads
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The cantilever deflections of the small end are shown in Figures 4-19
and 4-20. The deflection from Test 3 represents the overall end deflection
including the effects of the support structure. Test 7 had DCDT's
located so that the true deflection of the cantilevered graphite shell

could be ca].culated without including the deformation of the support
structure. The analytical results should approach the deflections of
Test 7. However, as can be seen from Figures 4-20, the analytical results
give nearly twice the deflection as the test results at 100 percent DLL.
A possible explanation is that the hydraulic jacks had a restraining effect
on the shell deflections.

It is significant ,to note that GY70/epoxy composite, known as an ultra

high modulus, brittle material, can withstand local tensile failures
without rapid propagation to rupture. When a local tensile failure occurred,
a stress redistribution took place around the fracture and the composite
st'•- ure was able to •bntinue to resist loads.

:1=

• TEST
160 . .AN ,LYF:S- ,-

// __ _

120
80 . sD/

so

40 -

00 0.5 1.0 i's 2,0 2.5 3,0

DEFLECTION, 10-' IN

Figure 4-19. Shell Cantilever Deflection - Test 3 -

Combined Design Loads
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Figure 4-20. Shell Cantilever Deflection - Test 7 -

Combined Design Loads

4.3.3 'ombined Loads With Constant Bending Moment (Tests 5 and 9)

A bending moment of 64,667 in-lb. at the supported end was applied as
an initial loading. The bending moment was generated by shear, bending
moment and lateral pressure loads in the same proportion as in the combined
design load condition (Tests 3 and 7). It was arbitrarily chosen as one-
third of the bending moinunt capability at the supported end as determined I, ~by test. .

The strains indicated by the gage readings are comprised of the strains
from direct loading and those from Poisson's ratio effects. The equations
for the resultant strains are as follows:

eL -L- (l-VTL VLT) - VTL ET

EL

e, T, -T (l-vLT 'VTL) -VLT eL K
where subscripts L -longitudinal (along shell axis)

T - transverse (circumferential)
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Test 5 and 9 were subjected to the same loading condition. Test 5
resulted in a failure load of 540 percent of Design Limit Compression Load
(DLCL) which is lower than the predicted failure load of 700 percent.
Examination of the strain data, shown in Figure 4-21, revealed that an
initial compressive failure occurred at 360 percent DLCL as evidenced by
strain discontinuities on gages S-1, S-7. S-Il and S-15. A change of load

path allowed the specimen to resist increased loads. The fact that initial
failure occurred at a relatively low compressive strain (-0.32 x 10-3 in/in)
led to the conclusion that some defects existed in the specimen. Visual
examination of the failed specimen suggested that the failures started near
the small end.

*CONSTANT BENDING MOMENT - 64,667 IN-LB

500

400 .TT-'-

3CC -_ __ - -154300

% DLL* S11

200 -_ _

100 \

0I.
-0.6 -0.4 -0,2 0 +0.2 +0.4

STRAIN, 10-3 IN/IN
Figure 4--21. Load/Strain Plots - Test 5 -

Combined Loads with Constant Bending Mometit
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In Test 9, the specimen failed at 720 percent DLCL. Strain gage
readings appear to be normal. They are linear at low strains and become
slightly non-linear in the high strain region.

It should be noted that the 100 percent Design Limit Compression Load
is 19,100 lbs. The seemingly high percentage of the compression load
attained was due to the relatively low bending moment applied for this
condition.

Since the loading is predominantly axial compression, the DCDT measure-
ments intended to obtain lateral shell deflections are not significant.

4.3.4 Combined Loads With Constant Axial Compression (Tests 4. 8, and.i0)

A constant axial compression load of 53,334 lbs. was applied to the
specimen in Test 4 prior to the application of shear and bending moment in
increments. The value was arbitrarily chosen to be one-third of the compressivu
failure load of 160,000 lbs. so that a failure point could be generated in
that region of the combined load envelope. Strain gage data appear to be
normal except in S-9 and S-7 which show strain discontinuitius indicating
localized failure or cracks (see Figures 4-22 and 4-23). The probable
cause could be either microcracking or high locked-in stresses developed in
the curing of the shell. GY7O composite has a coefficient of thermal expansion
of -0.58 x 10-6 in/in/0 F in the fiber direction and 17.6 x 10-6 in/in/OF
transverse to the fiber. Therefore, due to the large mismatch in thermal
strains, microcracks are very likely to occur.

200..
*CONSTANT COMPRESSION - 53,334 LB

160-

S-1S

120 - -

% DLL*

-0a -0.6 - 0.4 +0.2 04 +0.6 +0.8

STRAIN, 103 WIN/IN
Figure 4-22. Load/Strain Plots - Test 4 -

Combined Loads with Constant Compression
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Figure 4-23T Load/Strain Plots o tTest 4 i
Combined Loads with Constant Compression

Tesut 8 had 80s000 ba. sonstant compreasion loud applied to the
specimen before the increments of thear and bending loads were imposed.
The significant strain data were those along the length of the specimens
as the tu cigured 4-24 and 4-e5. Gage S-T exhibited a discontinuity at
130 percent of the Design Limit Shear and Moment (DLSM). The specimen
fractured at 150 percent DLSM.

The load/deflection plots of the two tests are shown in Figures 4-26
and 4-27. For Test 4o the deflection includes the deformation of thetest support structure and Is shown for comparison purposes only. Analysis
was not performed for the support structure deformation. The deflection

for Test 8 was measured with respect to the support structure and therefore
is the true cantilevered shell deflection. The results of the deflectionanalysis based on the SLADE computer code are shown by the dashed line.

Twenty-two percent higher deflection is predicted by the analysis t or the
given loading; therefore, the analysis is conservative.

4.3.5 Shear/Bending (Test 2)

For Test 2, the initial. failure occurred at 12,000 Ibs. or 116,400 in-
ibs. bending moment at the large and when a cracking noise was heard during
the loading cycle. The strain &age data is shown in Figures 4-28, 4-29,
and 4-30. Examination of the data and the failed specimen revealed that
failure occurred in the outer layers of Lhe tension side of the spe#cimen at
the supported end. The tension load transferred from the outer aluminum ring

!J.' caused high local tensile stresses in graphite layers adjacent to the ring.
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Combined Loads with Constant Compression

160

*CON5TANT COMPRESSION 8.000 LB T

S# ,# 0AN AL VSI
DLL* -F

80 -. 0_0_

0 2.0 4.0 6.0 8.6 TO.c
DEFZECTION, 10- IN

Figure 4-27. Load Deflection - Trest 8 -

Combined Loads with Constant Compression

49

0-0ý-00

0



24

20

FS7 TEHNI(Nd)

-12 .5-S-9 (CI PI
21.

0 0.2 0.4 0.6 0.8 1.0 1.2 1,4

STRAIN$ 10' IN/IN

Figure 4-28. Load/Strain Plot - Test 2
Shear/Bending

516 TNSI N)/01

-- Sl CMP)_____

12

0 0.2 0.4 -0 ,6 2

STRAIN, 10 '/3WIN

Figure44-29. Load/Strain Plot - Test 2 -

Shear/Bending

50



I.

2C

S-3
(TENSION) 0ado

s-flf
(TENSION) S-13

.3 (CO4P.)

0 0,2 0.4 0.6 0.8 10, .2

STRAIN, 10'3 IN/IN

1Figure 4-30. Load/Strain Plot - Test 2 -
Shear/Bending

This high stress region was predicted by a TEXGAP finitr element computer
Lid.alysts. However, the finite element model did not have elements small
(enouuh in that region to accurately predict the stress level.

A small constant axial compression load, 15,000 lbs., was applied prior
to the application of shear and bending load for Test 10. The compressive
load did not prevent the localized tensile failure as experienced in Te.t 2.
Il,-wver, the failure occurred at a higher bending moment than that in Test 2
an i provides another failure point to define the localized failure envelope
as shown in Figure 4-4. The shade.d region corresponds to localized tensile
fniilure loads. Initial failure occurred at 60-80 percent DLL, and the shell
continued to carry load to 170 percent DLL. Strain gage data are shown in
FiLgures 4-31 and 4-32.
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5.0 SHELL REINFORCEMENT EVALUATION

Splice joints for top stage sections of advanced interceptors are
required to carry high loads and to possess high stiffness. GY70/Epoxy
shell structures for the missile sections have to be reinforced at the
bolted splice joints to meet the strength and stiffness requirements.

A design and analysis of splice joint reinforcements was conducted
First a literature survey was made to evaluate the state-of-the-art
joint reinforcements for graphite/epoxy aerospace structures. Visits were
made to the Denver Division and Baltimore Division of Martin Marietta
Corporation. Denver Division has used GY70 in space structure applications.
Baltimore Division has fabricated and tested a number of joint reinforce-
ment specimens and has fabricated full scale graphite/epoxy panels for B-i
canards with joint reinforcements. Technical reports and test data were
obtained from both divisions pertaining to their graphite/epoxy tasks in
general and the joint reinforcement designs in particular. The conclusions
drawn from a review of the survey are that for highly loaded Joints
(>2,000 lb/in.) metal reinforcement can provide an efficient joint
and titanium is the metal commonly used for compatible coefficient of
thermal expansion with graphite/epoxy. In addition, shim type joints are
more effective for the required application than either step or scarf
type joints.

An independent analysis was then conducted to evaluate non-metal and
metal shim type reinforcement designs and also to determine the most
efficient bolt pattern for transferring loads from the reinforced joint
to the adjacent missile sectin. The analysis was conducted for a
maximum design load of 5100 which -represents the combined effect of
compresuive load and bending 96ment at the large end of the shell.

5A1 lolt Pattern Design

An analysis was conducted to determine a bolt pattern which would be
capable of transferring the design loads using 100' countersunk head bolts
and would result in the lightest weight and most compact reinforced joint
design. It was determined that the design loads could be transferred
through either a single row of 0.4375 inch bolts or through a staggered
double row of 0.25 inch bolts. However, the lightest weight reinforced
joint design is achieved using the staggered double row of bolts. Bolt
spacing requirements for the staggered double row of bolts result in a
.ca. of 2550 lbs. per bolt requiring a total titanium shim thickness of

0.0765 inch and an overlap of 1.866 inches with the adjacent missile section;
bolt spacing requirements for the single row of bolts result in loads of
8925 lbs. per bolt requiring a total titanium shim thickness of 0.1530 inch
and an overlap of 1.75 inches. This is illustrated in Figure 5-1 , Although
fhe overlap for the double row of bolts is 7% greater than that for the
single row of bolts, the total reinforced joint length is considerably
less for the double row bolt design. In order to achieve a smooth transfer
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Figure 5.1. Alternative Bolt Patterns for Reinforced Splice Joint Design
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of load from the graphite laminae to the reinforcing shims, the introduc-
tion of the shims into the graphite layup must be staggered. For a given
individual shim thickness, the design uning a double row of bolts requires
only half the number of shims as one using a single row of bolts and
therefore requires less length for shim introduction into the graphite
layup. Since there are fewer shlis and they are shorter in length for the
design using a double row of bolts, this Joint design is lighter and more
compact.

The double row of bolts also allow a more uniform stress distribution
in the reinforced joint since the bolts are closer together. In addition,
the smaller bolts require less depth for their countersunk heads than do
the larger bolts. This results in a more effective bearing region between
the reinforcing shims and the bolts.

Based on the bolt pattern analysis, all reinforced shim designs that
were considered incorporated a staggered double row of bolts for load
transfer to adjacent missile sections.

5.2 Joint Reinforcement Design Comparison

Six shim type joint reinforcement designs were analyzed. These included
three titanium reinforcement designs and three non-metallic reinforcement
designs. The materials considered for each joint reinforcement design
were as follows:

Designs 1, 2, and 3 - Titanium StiimE
Material: Ti-13V-llCr-3Al (or equivalent)
Reference: MIL Handbook 5B, August 1974

Design 4 - High Strength Graphite/Epoxy Layers
Material: NARMCO 5206, Type II [0/+_45/90] Family
Reference: Advanced Composites Design Guide,

January 1973

Design 5 - Fiberglass/Ep Cloth Layers
Material: Blo'mingdale BP911/7781 cloth
Reference: MIL Handbook 17A, January 1971

Design 6 - Kavlar/Epoxy Cloth Layers
Material: Style 181 "Kevlar" 49 Aramid cloth
Reference: "Kevlar" 49 Data Manual -

I. E. OuPont Company

Table 5-1 shows a suimmary of the analybJ,' of the six reinforced joint
configurations. The three titanium reinforcement designs (Designs 1, 2,
Sand 3) all resulted in Joints of reasonable thickness and are shown in
Appendix B. The three non-metallic reinforcement designs (Designs 4, 5,
and 6) all resulted in excessively thick Joints since the reinforcing
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Table 5-I. Summary of Reinforced Joint Configuration Analyses

D)eusiM Bearing Design Safety Required Layer No. of Total.
Strength E Load Factor R.±nforceaent ThIukussa LAyr•w Joint
(pal, (psi x 106) (lb/in.) Thicknoms(in.) (ki.) Raquired Thicknsos(In,)

1 200 14.5 5100 1.5 .0765 .0072 11 0.269

2 200 14.5 5100 1.5 .0765 .30. 20 0.270

3 200 14.5 5100 1.5 .0765 .005 16 0,19C*

4 67 7.0 53.00 1.5 .2284 .0065 36 0.424

5 70 3.9 5100 1.5 .2186 .0093 24 0.43

6 25 4.5 5100 1.5 .6120 .009 68 0.802

* 0Y701934 layera butt up to titanium ahima rather than continue to end of Joint.

materials have low bearing strengths. In addition, the titanium reinforce-

ments produce less eccentric loading at the splice joints than the non-
metallic reinforcements because of the smaller total titanium reinforcement
thickness required. This smaller titanium rainforcment thickness also
results in fewer reinforcement shims being required and because of the
staggered introduution of these shims into the graphite layup this results
in a shorter reinforced joint design than with the use of non-metallic
shims. The high modulus of elasticity of titanium compared to that of any
of the non-metals considered also results in stiffer splice joints with
the use of titanium reinforcements.

Based on the above conclusions, it was determined that the three
reinforcement designs to be fabricated and tested in this program should be
Designs 1, 2, and 3. Detailed designs are shown in Drawing 48126, Revision
A in Appendix C. Evaluation of these three titanium reinforcement joint
configurations with respect to design, fabrication and testing will determine
which design is most effective for the required splice joint application.

)nly a portion of uhe planned fabrication and testing was accomplished
undcr the contractual effort covered by this report. Four Design 1 type

oJoit reinforced frusta were fabricated by General Dynamics, Convair Division,
San Diego, California. These four frusta were evaluated in shock tests, and
in static tests as described in Section 6.0 and in Appendix E.
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6.0 TESTING OF JOINT REINFORCED SPECIMENS

6.1 Test Objectives and Procedures

StructuraL tests were performed to evaluate the load carrying capabili-
ties of the Joint reinforcement of Design I of the conical shell (Appendix
C). Loads were introduced to the splice joints through the countersunk screws.
Dynamic loads simulating separation shock constitute one of the test condi-
tions. Combined loads simulating the maximum loading conditions were applied
as the static load condition.

Four joint reinforcement shells, fabricated by General Dynamics, Convair
Division, San Diego, California, were tested. The double rows of 1000 counter-
sunk holes for 1/4 inch screws were machined by the Engineering Prototype
Laboratory (EPL) of Martin Marietta. A drill fixture was built specifically
for machining GY70/epoxy shells. The shell is held closely between an inner
and cuter fixture to prevent graphite fiber break-out during drilling. No
particular problem was encountered in machining the GY70/epoxy shell reinforced
with titanium shims, if relatively low drill speed is maintained.

h igure 6-1 shows unit 01K of the reinforced frustum with the countersunk
holes machined, Figure 6-2 is an end view of unit OlR depicting the breaks
in the titanium shims in each layer and the interleaving of ti tanium shims
and graphite layers.

6.1.1 Loading Conditions

A total of 4 tests were conducted in the Martin Marietta Structures TVest
Laboratory on 4 Joint reinforced frusta. The tests consists of 2 shock tests
and 2 static tests of combi.ned loads. The detaillud test procedures are in-
eluded in Appendix E.

The loading condition for each of the reinforced frusta is described
in the following paragraphs.

Tist 1A (Reinforced Frustum OIR) - Shock Loading

This loading condition simulating the second stage ignition shock was
an axial loading generated by a shock load machine (SM-1000). The test
frustum was; bolted to a test fixture through the 48 countersunk holes. The
test fixture was fastened to the shock machine at its base. The smaller
end of the frustum was free. The test fixture was designed such that the

loads were transmitted to the frustum through the 48 radial screws. Figure
6-3 shows the frustum and test fixture in relation to the shock machine.

The shock machine table to whiuh the test fixture is bolted in supported
by four hydraulic pistons. The table is driven down by the hydraulic pistons
against the anvil to produce the shock that is measured by an accelerometer
mounted on the table. The shock level produced is dependent upon the drop
height, charge pressatre of the hydraulic system, and the impacting material.
The input shock is transformed into a shock spectrum by means of a spectrum

analyzer.
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Figure 6-1. Reinforced Frustum with
Countersunk Holes, Unit 01R

Figure 6-2.
Titanium Shim

Reinforcements,

Unit 01R

.1.
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rEST SPECIMEN

INPUT ACCELEOOMETEI

L ~FIXTUIIL

AUEMBLY IS
IWACTING U-IYEAULOWALL Figure 6-3. SM-1000 Shock Machine

with Frustum in Test Mode

00

To determine the capability of the specimen to withstand the shock
loading, the level of the shock load was increased by increments until the

specimen failed, The shock spectra were determined from ATI system require-
mentA. The shock spectra, which the test attempted to simulate, are shown
in Appendix E. The actual spectra measured during the test are shown in
Appendix F.

Twelve axial type strain gages were installed on the specimen to
record the stress levels under shock loads. The location of the strain
gages are shown in Appendix E. Shell unit OlR was used for this test.

Test 2A (Reinforced Frustum 02R) - Shock Loading

Shell unit 02R was used for the shock test. This test was a repeat
of Test 1A in order to obtain a second data point for correlation. The
instrumentations were the same as in Test IA. Refer to Appendix E for
details.

Teqt 3A (Reinforced Frustum 03R) - Combined Static Loading

Shell 03R was tested under combined static loads to verify the reinforced
joint design. The loads were applied by hydraulic jacks monitored by load
cell readings. Shear loads, bending moment and axial load were applied
simultaneously at increments until failure occurred.

Sixteen axial type strain gages were installed on the shell specimen.
DCDT's were located to measure the true deflection of the specimen under
load. The location of the instrumentation are shown in Appendix E.
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Test: 4A (Reinforced Frustum 04R) - Static Shear/Bond Test

Shell 04R was tested in simple cantilevered loading which subjected
the splice joints to equal tension and compression. Sixteen axial type
strain gages were installed on the shell specimen.

DCDTts were located to determine the shell deflections. The instru-
mentations and detailed test procedures are shown in Appendix E.

6.2 Test Results on Frusta With Joint Reinforcements

Frustum 01R was shock tested in accordance with the test procedures given
in Appendix E. During the calibration runs, it was established that two

types of impacting materials were required to place on the impact bed of
the SM-1000 shock machine in order to obtain the range of 1000 g's to
42,000 g's in the shock spectrum. In the range of 1000 g's to 11,000 g's
(low level) one inch thick foam rubber was placed between the impacting
faces of the shock machine and the charge pressure was varied from 15 psi
to 60 psi. In the range of 9,300 g's to 42,000 g's (high level), 1/16 inch
rubber pad was placed as the impacting material and the charge pressure was
varied from 10 pst to 60 psi. In all cases maximum drop height of 4 feetwas set. Figure 6-4 is a view of the SM-1000 shock machine with the test
specimen installed in place. Figure 6-5 shows all the equipment used for
the shock test. From right to left are the test control console, oscil-
lograph, spectrum analyzer, tape recorder and print-out equipment.

.1 11

Figure 6-4. SM-1000 Shock
Machine with Frustum

irL Place

1]

60.

! .0

'i



U. L

The artwasable to sustain the mnaximuum shock level without any further
datuge.Thesurface crack around one fastener had no significant LefVLWt

On tint. I 02,R, ;I 40 tt.1,ir surf.liu c ,rack WaI- d1''Vu-0~ W MIu at an Inpt: Sho.Ck Of
9500 g's cor rox poncdi ng to p1.fek acuc lu raVtion of 22 ,000 g's on tusokope
tram. No futirtter dtIMMgu ocie arred ait 11ghUr shock 1I S11VL!.iO('

ULi[t 0)3R i.A'SU'd Uindel Ir f ["'d tanUmcL us tat.k it oad log of oharhundiLig,
ax I ;1I. 1 o~at (1;1d( Ina tot al11 pross ri rL!I'ed a IIt. 200 1)urCQuut: 1)11. AL~ituru occurred
al: tho top1 oif Vl( lie lal Lur end11 VXtond(11ý I a t.aprxLiatl 45"~ dowI1 toward thei
I.Iirgur e~nd. 'the op ic I hI o itit wSLIll. capableý of caring,~ tMtIgoaS, iALtIIoLIgh1
hUI Ii 0 1 0 Wiru ( 01JI onI d doIL L o p lastic boarhing diefIormatLion. Annii~y st.s show
that Llihu oithinia Lu bent-m lg st rus-,s I s r eachmud at .102% of DI)L.

ULb t 0411 too ted undoi I a ol.1g:Ilu stat I~e shear load at 2,000 II ho. hic rL-Mci. t C I t ,led aiL '34,000 1bt; h is, lce Fa Lluru o cutrru(,d near the smaller und. Ana Iy S i~s

prUd ic'Lud LocAl I interlm imiiar sheuar fai torv ait L1hu forward end at :3,000 i ho.
aind joht hIut fat lo II In L ctsect: onLen too1,41 atu 36, :3()0 I ho. Lt its sigaif leant
to MoA: u NI Iha I to th t wo Lus Vs LAWe Jo[iLst ar qu trongo r thban the baimfc s hull. 1
ani oreL' eapah Ib e orT p last-h- du C rma ILI.011 Ml A load t tinsfecr Uo then. ;Y 70/ Ipoxy
1.11I.QIItIUS abiove Lhu loiI.gi ad lv .

61



6.3 Data Analysis and Correlation - Joint Reinforcement Frusta

6.3.1 Shock Tests

All test data, strain readings and acceleration measurements, were
recorded on magnetic tapes during the test run and were subsequently
printed on oscillograph paper as a function of time. The input shock is
transformed into a shock spectrum by means of a spectrum analyzer. The
shock spectrum is plotted as an output on the automatic plotter. The
shock spectra for units 01R and 02R for each of the shock levels are included
in Appendix F. For unit 01R, test runs 1 and 2 are not included; for
unit 02R test run 1 is not included. These initial shock levels were too
low for the analyzer to register and function, therefore, the shock
spectra were not given.

Calibration runs were conducted prior to the installation of the
specimen on the SM-1000 shock machine in order to match the input shock
level to the shock spectra specified in the test plan, Close matching
of the peak shock levels was accomplished.

The peak values of acceleration and strain measurements are tabulated

in Tables 6-I and 6-11 for unit OIR and 02R respectively. The input shock.
levels are the measurements taken from the accelerometer mounted on tne test
fixture. The response peak g's are the maximum values taken from the
shock spectra. The test runs of low shock levels are not included in the
tabulations since they are of no significance in the data analysis.

Strain gages (SG) 1 through 10, located 4.37 inches from the base, theo-
rtctically should have the same strain value for a given shock level. The

* actual recorded strains vary as can be observed from Tables 6-1 and 6-11. The
j ~two probable sources of this variatioii are: 1) Tho splice screws do not -

have equal degree of bearing around the shell causing non-uniform strain
distribution; 2) The variation of longitudinal modulus of elasticity of
the shell around the circumference, resulting from the gore pattern in the
surface layer, would cause similar variations in strain distributions.
Strain readings at S.G. 11 are expected to be higher than those of S.G. 1-

I 10 due to the higher inertia loading at that location which is 2,87 inches .
from the base, and the test data are in agreement. Similarly, data from
S.G. 12 show lower strains as expected, since it is located 1 inch from
the top end reflecting a small inertia loading.

At each strain gage location, strain was calculated from the peak
response g's recorded during the test, the mass of the shell above the
location and the elastic modulus of the graphite/epoxy shell. The 1
comparisons of calculated strains from the shock tests are shown in Tables
6-I11 and 6-IV for frustum units 0IR and 02R respectively. The dynamic
or the magnification factors can be determined by dividing the measured
strain by the calculated strain. The magnification factors are listed in
Tables 6-111 and 6-TV. For half-sine shock pulse, the magnification factor
has a theoretical maximum of 1.77 for a single vibration mode response,
The observed values as high as 2.50 indicate dynamic response contributions
from higher structural modes. The large variation in the factor is due to
discrepancies in the strain distibution as discussed earlier. The maximum
strain was 800 w in/in, which is safely below the allowable strain for
GY70/Epoxy of 2,100 w in/in.
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6,3.2 Combined Static Load Tests

Sixteen axial type strain gages were installed to measure the strains
at two sections of the shell. Four gages were located at the basic shell
section approximately half way between the ends. Twelve other gages were
located at the reinforced transition section near the countersunk
fasteners. The plots of load vs. strains are shown in Figures 6-6
through 6-9.

In Figure 6-6, strain data for gages 1, 2, 3 and 4 show that the
slopes of load/strain are essentially linear up to 160% Design Limit Load
(D.L.L.) and some local failures initiated at that point to cause the
changes of slope of the curves. Similar structural behavior was observed
on the tension side in gages 9, 10, 11 and 12 of Figure 6-7. Some
bending through the thickness was indicated by the spread of the strains
of the inner and outer surfaces. Gages 6, 7, 14 and 15 in Figure 6-8
located at the theoretical neutral axis of the section indicated relatively
small strains as expected. In Figure 6-9 the strain measurements of
gages 8 and 16 have opposite signs when theoretically they should be of

equal sign under the symmetric applied loads. However, in this case, the
axial compression load did not induce uniformly distributed axial strain,
since the splice screws did not have equal fit in the holes. It is
postulated in the region of gage 8 high axial compressive strain produced
the high tensile strain through poisson ratio effect, whereas in the
region of gage 16 low axial compressive strain was present and the strap
radial load predominated the compressive strain in gage 16.

Four direct current deflection transducers (DCDT) were installed to
measure the load/deflection of the reinforced specimen. One of the DCDT's
was placed on the graphite shell at the free end to measure the transverse
movement. The other three DCDT's were located on the mounting fixture -
two ior longitudinal displacements and one for transverse displacement.
IThe net deflection of the shell at the free end was computed from the
displacement data of the four DCDTIs. The load/deflection plot is shown
iu Figure 6-10. It is essentially linear to 160% of D.L.L. Local
fractures and plastic deformation of bolt holes caused the break at 160%
D.,.L.

6.3.3 Shuir/Bunding Static Test

The number of strain gages and DCDT's and their locations with respect
to the test specimen are the same as those for the combined load test
specimen. The load/strain data plots are shown in Figures 6-11 through

6-1.4

Crages 1, 2, 3 and 4 in Figure 6-11 are under compressive strains

froi, the bending loads. Gages 1 and 2 show uniform strain through the
section of the basic shell, whereas gages 3 and 4 located in the reinforced
tronsition section indicate bending exists through the thickness. This
bending stress near the splice screws will produce bending or cocking of
the countersunk screws.
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Figure 6-6. Loud/Strain Plot - Combined Loads Test 3A,
Gages 1 through 4
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Figure 6-8. Load/Strain Plot - Combined Loads - Teat 3A,
Gages 6, 7, 14, and 15
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Gages 5, 8, 13, and 5H
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Figure 6-10. Load Deflection - Combined Loads - Test 3A
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Figure 6-14. Load/Strain Plot - Shear/Bending,

Gages 5, 8, 13, and 16

Gages 9, 10, 11 and 12 on the tension side show the same trend as
the compressive strains of gages 1, 2, 3 and 4 with the exception that
some local failure near the outside surface introduced a discontinuity in
gage ii.

Gages 6, 7, 14 and 15 located at the neutral axis of the section were
expected to register low 6trains; gages 6 and 7 did have low strains
recorded. However, gages 14 and 15 recorded relatively high strains and
had opposite si-ns. After careful Examination of the tested shell, the
astrain discrepancies can be explained by the fact that the bolts near
gages 14 and 15 had loose fit in the holes causing large rotation of the
bolts. The countersunk. head induced compression in the outside skin
(S.G. 15) while the shank of the bolt reacted the tension. Note that
gages 6 and 7 are affected to a less degree.

Gage,3 5, 8 and 13 gave transverse strains that arise from the Poisson's
ratio effect. Gage 1.6 did not seem to be the result of Poisson effect. No
positive explanation can be given for its behavior. It can be assumed that
the transverse compressive strain is a result of screw head bearing against
the surface layer.

The load deflection curve of the frustum is shown in Figure 6-15.

The 'shell + joint' plot was calculated directly from the DCDT data taken
during the tests. The deflection was taken transverse to the axis of the
shell at 1.9 inches from the small end. To determine the contribution to
the deflection from the splice joint, the shell defliction was calculated
using the known elastic properties of the GY70/Epoxy laminate and was
deducted from the overall deflection. The Joint deflection data was used
to compute the joint stiffness in terms of M where M is the applied moment
at the splice joint in in-lbs. and 0 is the!joint rotati(,n in radian.
Figure 6-16 shows a Joint rotational stiffness of 0.26 x 108 in-lb/radian,
which is considered to be an acceptable stiffness based on the advanced
'nterceptor dynamic response study.
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7.0 CONCLUSIONS AND RECOMENDATIONS

Based on the reoults of the structural testing of the half-scale
frusta, the following conclusions can be drawn:

1 A subscale conical shell of GY70/Piberite 934 ultra high modulus
composite material can be designed and fabricated based on load and
boundary conditions for the Advanced Terminal Interceptor with analyti-
cally predictable load carrying capability. This verifies the validity
of the analytical methods used.

2 A static load interaction curve for conical frusta has been experimentally
defined for various load paths and combinations of compression, shear
and bending moment loads showing good correlation with analytical
predictions. The reasonably consistent behavior of the test points are
indicative of a uniform and good quality manufacturing process.

3 Seams existing in the conical shells due to the gore pattern layup have
no apparent adverse effects on the strength or stiffness of the shell.

4 The axial compression tests on the frusta confirm a nonlinear stress/
strain relationship exhibited in the test data of flat compression test
coupons made from GY70/Epoxy laminate.

5 Yor axial compression, test data correlate well with analytical results

when secant modulus from the test is substituted in the analysis.

6 All tests, except for the two axial compression tests, have shown
localized failures in the specimens as indicated by the discontinuities
in the strain gage data prior to the ultimate failure. It is postulated
that the localized failures were caused by microcracks, high locked-in
stresses or flaws in the fabricated shells.

SGY70/Fiberite 934 laminated shells can carry substantially higher loads
after the initiation of local failures. Redistribution of stresses took
place after initial failure and allowed the shells to resist more loads
until the ultimate failure.

8 Most of the initial failures occurred on the tension side of the shell.
This would indicate the presence of microcracks or flaws which would
produce high stress concentration under tension.

9 The lateral deflection calculations are conservative in comparison to
the test measurements. However, the overall data correlation is
considered good for the ultra high modulus composite shell.
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10 It is recommended that in the follow-on program at least one conical shell
be fabricated for the purpose of determining the extent of microcracks,
voids or other flaws which might exist in the laminates.

ii GY7O/Fiberite 934 laminated shell and its reinforced joint with titanium
shims will withstand shock levels generated by stage separation shock.

12_ Under the half sine shock pulse, the dynamic response factor in the
GY70/epoxy structural shell approaches 2.0.

13 It is necessary to maintain low drill speed in the drilling and
countersinking of GY7O/titanium laminated composite. The laminated
shell had to be backed in drilling to keep the graphite fibers from
breaking out.

14 The revised layup sequence (48126B) effective units O3R and up should
be shock tested to verify the laminate design. In addition, the next
shock test should have a loose fit between the frustrum and its
mounting fixture to determine the impact of splice joint tolerance,
The units O0R and 02R tested had tight fit.

15 GY70/Fiberite 934 laminated shell with titanium reinforced splice
joints will withstand 200% of D.L.L. Catastrophic failure occurred in
the basic shell section. The splice holes were elongated but were
still capable of carrying higher loads.

16 Under shear/bending loads, failure occurred at the small end of the
graphite shell at a load of 34,000 lbs. The design load was 30,000 lbs.
The splice joints had substantial deformation from plastic elongation
of the bolt holes, but were capabLe of higher ultimate loads.

M
17 The joint rotational stiffness (•) of 0.26 x 108 in-lb/radian was

considered to be an acceptable joint stiffness based on interceptor
dynamic response studies.

.1.8 Strain data strongly suggest that splice holes and screws should have
close tolerance fit to achieve predictable strain distributions.
Loose fit would induce high localized stresses and bending in the
shell thickness.
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ANA 74700314-001 Revision B

Material Specification

SUMMARY

A preliminary Material Specification detailing the Qualification and
Acceptance criteria for Epoxy Preimpregnated Graphite Tows, Yarns, Tapes,
Fabrics, and Mats has been written. This work was conducted under AIIMRC
Contract DAAG-46-74-C-0127, "Development of Carbon Fiber-Resin Composite
Materials for Advanced ABM Structural Applications."

Revision B to this specification was made to update the requirements
contained herein. The revision was based on information supplied by
General Dynamics, Convair Division, San Diego, California, who has purchased
GY70/Fiberite 934 prepreg tape with this specification under AMMRC contract
DAAG 46-76-C-0008.

The following paragraphs and tables have been revised:

Paragraph 4.1
Paragraph 4.10.3.4
Paragraph 4.10.4.5(3)
Table I
Table III
Table IV
Table V(b)
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Material Specification ANA 74700314-001 Revision B

II
1.0 SCPE

1.1 Reuirements

This specification establishes requirements for staged, impregnated,
fibrous graphite materials in the following fornm:

(1) yarns or tows
(2) multifilament collimated yarns or tows
(3) woven fabric
(4) chopped mat

1.2 Classification

1.2.1 Types. The graphite fibers are of high quality and are available
in the following types:

Type I : High Modulus Fibers, surface treated.
Type II : High Tensile Strength Fibers, surface treated.
Type III: Intermediate Tensile Strength Fibers, surface treated,
Type IV : Ultra High Modulus Fibers made from single. or double

yarns, surface treated.
Type V : Ultra High Modulus Fibers in the form of a tape

constructed from collimated yarns or tows, surface
treated.

1.2.2 Class. The various types ol graphite shall be supplied in the
following forms or classes:

Class 1 - Continuous yarns, typically with 1/2 twist per foot and
having up to 4000 filaments per yarn.

Class 2 - Continuouti yarns, untwisted or twisted, having up to
4000 filaments per yarn.

Class 3- Continuous tows, untwisted or twisted, consisting of
more than 4000 filaments. Tows typically have
between 10,000-150,000 filaments.

Class 4 - Continuous dry flat tape, typically three inches wide.
consisting of 100-200 yarns per inch width.

Class 5 - Chopped Mat made from Class 1, 2, 3, or 4. Cut
typically to one inch lengths and randomly oriented.

Class 6 - Fabrics woven to commercial standard forms from
Class 1, 2, 3 or 4 fibers.

1.2.3 Resin Grades. Various grades of resin can be employed. If no Grade
is specified, Grade A shall be supplied.

Grade A - An epoxy resin, typically but not limited to an amine
catalized system, free of foreign materials, non-
corrosive to metals and shall be capable of being
molded at pressures of 110 pounds per square inch
(psi)maximum to a fully thermoset state meeting the

cured laminate properties of this specification.

1.3 Application. The impregnated material covered in this specification

yseis intended for use as primary and secondary structure in aerospace
syst ems.

NOTE: The commercial designation for both fiber and resin shall be
specified on the purchase order.
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Material Specification ANA 74700314-001 Revioz, is

2.0 APPLICABLE DOCUMENTS

The following documents of the issue in effect on date of invitation
for bids or requests form a part of this specification to the extent
specified herein.

MIL-R-9300 Resin Epoxy, Low-Pressure Laminating

ASTM-D-696 Coefficient of Linear Expancion of Plastics
ASTM-D-2702 Determination of the Infrared Absorption I

Characteristics of Rubber Chemicals
AMS-3894 Graphite Fiber, Tape and Sheet

A-
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3.0 RERUIR NTS

3.1 Fibers

3.1.1 Fiber Types. The classification types as noted in Section 1.2
shall be employed. When a specific product is needed, a commercial
fiber meeting the requirements of type and class as noted in Sections
1.2.1, 1.2.2 will be specified by name on the purchase order.

3.1.2 Surface Treatment. All fibers shall have a actiVe surface treatment or
siting which will be compatible with the resin system employed.
The prepreg certification eocument shall contain the process identi-
fication number, as specified by the Fiber Manufacturer, for the
sizing or surface treatment employed. If no such number is available,
then a statement by the prepreger insuring the procuring activity
that a compatible surface treatment has been used on the fiber is
required.

3.1.3 Mechanical Properties. Nominal and minimum acceptable modulus,
strength, and density properties of the fiber types are given in
Table I. It will be the responsibility of the prepreg supplier to
ascertain that the fiber properties fall within the prescribed limits.
The prepreg delivery document shall contain the fiber property certifi-
cation for the fiber lot used in the preparation of the prepreg.

3.L4 Workmanship, The graphite material shall be suitable for production
of a high quality finished product, and as such, shall not contain
any evidence of foreign matter, fiber deterioration, discontinuity,
loops, entrapped ends, fuzz balls, or excessive sizing which could
cause adherence of adjacent strands and breaking during an unwinding
process.

3.1.5 Handlin. Normal handling of the graphite tow, yarn or tape shall
not degrade the mechanical properties. Material will be stored on

spools having a diameter of not less than three inches.

3.2 Resin

3.2.1 g .aliX The resin system to be used for the prepreg material
specified herein shall be of high quality and entirely suitable for
impregnation of surface treated graphite yarns, tows, and tape.

3.2..2 Properties. The resin system employed shall be of a quality
to meet the specified requirements of this document. It shall
meet the general requirementsL of MIL-R-9300, in particular
paragraphs 3.2, 3.3, 3ý4, 3.5, 3.8, and 3.9.

3,2.3 Designation. The specific vendor resin system designation will
be specified on the procuremelit docuipent.

3.2.4 Formulation Change. A letter of specification compliance shall
be required with each prepreg shipment. Such a document will
guarantee that no resin formulation changes have occurred since
the time of qualification.

A-5
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3.3 Prepreg - Uncured

3.3.1 Prep of lls. Graphite tows, yarns, woven fabrics and tapes, when
impregnated with a resin system as described above, shall constitute
a prepreg system. Several forms of prepreg systems are described
as followst

3.3.1.1 Prepreg Yarn. Single yarns or tows, resin preimpregnated, and
partially staged and packaged in single, non-contacting layers on ;
12 inch long by 3 inch diameter spool (approximate).

3.3.1.2 Prepreg Unidirectional Tape. Multiple single yarns or towscollimated into wide flat dry tapes of continuous parallel fibers.

These are then resin preimpregnatcd, partially staged, and packaged
in level wound roll form. Tape width may vary from 1/4 inch to 24 inches.
Standard width is 3 inches. The package roll shall have a minimum
radius of 3 inches.

3.3.1.3 Woven Fabric. Suitable graphite yarns and tows are cross woven
to a specified pattern an mill equipment. The fabric is treated,
resin praimpregnated and staged. Prepreg size shall be continuous

in the warp direction and not less than 24 inches in the fill direction.
The fabric shall be produced and packaged in accordance with the
applicable purchase order.

3.3.1.4 Cho22ed Mat. Suitable graphite yarns or tows shall be chopped
to a specified length, usually 1/2 to 1 inch, and immersed in a wide
flat sheet of resin. The fiber orielLation shall be random so as to
generate isotropic properites inl the plane of the sheet. After
staging, the mat shall be packaged in accordance with the applicable
purchase order.

3.3.2 Peqr Prroperties

3.3.2.1 Physical Properties. The Grade A resin prepreg material shall meet
the physical property requirements set forth in Table Il. The tests
shall be performed on prepreg material which is stored at OF for not
less than 16 hours and returned to ambient temperature.

3.3.2.2 Prcepreg Cosmetics

3.3.2.2.1 General Requirements. The prepreg materials should be well
aligned, of constant thickness, and free of foreign materials,

resiu rich or resin starved areas, yarn or tow crossovers, knots,
wrinkles, and an excessive number of splices and gaps. If, within
a given roll of material, there are areas not conforming to this
specification, they will be properly noted by flagging with a
colored tag.

IA
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3.3.2.2.2 Ali nment

(3) Tape: Alignment of the collimated tow or yarn within the
impregnated tape shall not deviate more than .020 inches
in any one linear foot. Areas not conforming to this criteria
shall be flagged.

(2) Single Xarnjtow: All fibers within the yarn or tow shall
remain in close proximity to one another. No kinking,
curling, or knotting of the fiber bundle will be permitted.
Variations in wetted fiber bundle diameter greater than one
half the mean diameter are cause for rejection. Non-conforming
areas shall be flagged.

(3) Woven Fabric: The alignment of the warp and f:ill yarns of
the fabric shall be perpendicular to each other and shall be
parallel in the warp and fill direction of the impregnated
fabric within a two inch span of the full cloth width exclusive
of selvage, or 42 inch length, but not more than 1 inch in any
1l inches of cloth width or length. Areas not conforming
to this criteria shall be flagged.

(4) Chopped Mat: A completely random orientation is required so
as to generate isotropic properties in the plane of the mat.

3 Width
(1) Tape: Material shall be supplied in widths specified on

the purchase document. Tape width tolerance shall be +0.1
inch for nominal widths of I to 12 inches inclusive.

(2) Single yarn/tow: To be specified on the purchase document.

(3) Woven Fabric: The impregnated fabric width shall remain within
a tolerance of plus or minus one inch of the spocified purchase
order width. The specified width shall be exclusive of the
selvage areas of the impregnated material.

-(4) Chopped Mat: Chopped mat supplied to this specification shall
remain within plus or minus one-half inch of the dimensions

:33,.24described in tlle applicable purchase order.

-3.3.2.2.4 Ga

(1) Taye: Continuous gaps between adjacent tows or yanrs not
.exceeding 0.10 inch are acceptable provided that no more
than three of these gaps occur simultaneously over any three
inch width, Continuous gaps between adjacent tows or yarns
shall not exceed .1 inches in width by six inches in length
and shall not be more than eight feet accumulative total length
for each hundred feet of leng;th. Gaps in excess of this criteria
shall be flagged as non-conforming areas and shall not be
included in the net weight of the roll of material.

A-.7
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(2) SInAle Yarn/tiow: No visually observable gaps are acceptable.

Spools having more than ten gaps per 100 feet of prepreged
yarn/tow are acceptable provided the 100 foot sections are
flagged. These sections shall not be included in the net
spool weight.

(3) Woven Fabric: Continuous gaps between parallel, tows or
yarns not exceeding 0.025 inch are acceptable in both warp
and fill directions. Gaps up to 1/8 inch wide by 2 inches
long between parallel fibers (warp or fill) are acceptable
so long as no more than five such gaps appear in any foot
square section of fabric. An entire fabric sheet (2 feet
by 5 feet, or greater) shall be rejected if more than
forty 1/8 inch wide gaps are present.

(4) Chopped Mat: An entire mat sheet (2 feet by 5 feet, or
greater) shall be rejected if more than forty 3/16 inch
diameter gaps (holes) are visible in the sheet.

i [3.3.2.2.5 Splices3 2ape: Splices of individual parallel yarns/tows are

! ;permitted so long as no two occur within 1/2 inch of each
other. No splices shall be permitted across the width of
the tape.

(2) SinJle yarn/tow: Splices in the prepreged yarn/tow roving
are permitted providing the splice length is 1 to 2 inches,
and no more than one splice occurs in any 100 foot section.

(3) Woven Fabric: Anomolies in the eoumetic appearance of the

woven fabric which are a result of splices in the yarn controlled
by the yarn specification or revisions thereof shall be identified
by a colored marker in the selvage area of the woven fabric.
The presence of these anomolies shall not be considered as non-
conforming areas.

3. 3.2.2.6 Flatness
(1) Tape: The prepreg tape shall adhere uniformly to the carrier

material and shall not wave out of plane from the carrier.
Areas not adhering to the carrier or exhibiting an out of
plane wave greater than .02 inch will be flagged.

(2) Woven Fabric; Fabric sheets shall, when unrestrained, lay
flat within + 1/4 inch. A 1/2 inch border around the sheut
will be exempt from this requirement.

(3) Fiber Mat: Same as (2), Woven Fabric.
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3.3.2.2.7 Flash
(I-T "e: Resin flash shall not extend 1/16 inch beyond

the edge of the tape.

(2) Si§nl_ yarn/tow: Resin flash shall not extend 1/64 inch
beyond the edgL of the tow/yarn.

3.3.2.2.8 Material Uniformity. Prepreg areas shall be flagged for
any of the following reasons:
(1) Tow/yarn crossovers and knots.

(2) Material wrinkles (marcelling) greater in amplitude than
+ 1/64 inch and not covered by the alignment requirement.

(3) "Fuzxballs" which adhere to the prepreg tape or fabric and
which cannot be removed with a pick or tweezers without
damaginr, underlying fibers.

(4) Puckering due to excessive or uneven tension on the separator
film.

(5) Appearance of foreign matter of any observable form on the
prepreg, to include dirt particles, fingerprints, moisture,
etc., and films such as oil, glazing, lacquer, etc.

(6) Incomplete splices, fish eyes, resin rich or resin starved
areas, gaps, or buckles or other anomalies associated with
material non-unifornuty.

3.3.3 Prepreg Carrier

3.3.3.1 Tape Carrier. A thin paper, plastic, or equivalent carrier tape,
at least as wid,3 as the prepreg shall be used for backing material,
It will be light colored so as to contrast to the black graphite
prepreg and will be coated with a fully cured non-transferring
release agent. The prepreg will adhere to the paper tape but be
easily removable at ambient conditions by manufactairing personnel.
Also, the prepreg-carrier combination will be easily cut with an
ordinary paper cutting device,

3.3.3.2 Sin l.e yarn/tow Carrier. The same paper carrier described above in
3.3.3.1 will be used. The carrier here, however, will serve only to
separate successive layers of single yarn/tow on the spool, as
described in Section 3.3.1.2.

3.3.3.3 Woven Fabric Carribr. The same paper carrier used in 3.3.3.1 is

-acceptable here. No requirement exifts, however, that the fabric
stick to the carrier. The carrier will extend at least 1 inch beyondSthe specified purchase order width.
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1A

"3.3.4 Prepreg Handling Characteristics
The prepreg material, when handled by experienced manufacturing

personnel, will not teak:, shred, fray, or become otherwise damaged.
The material shall maintain tack and drape as tested by 4.10.3.5
and 4.10.3.6 for the duration of its working life.

3.3.5 Prepreg Storage

3.3.5.1 Shelf Life. The prepreg material shall meet the requirements of
this specification when stored for 180 days at OF or 270 days at
-65*F. Storage time commences on date of receipt.

3.3.5.2 Working Life. The prepreg material shall meet all requirements of
this specification after exposure (either continuous or accumulative)
from 650 to 85 0 F for 10 days while stored in a sealed, moisture
proof plastic bag. If not bag sealed, the prepreg shall still
meet all requirements of this specification after room exposure
(85*F, 75 percent humidity maximum conditions) for 72 continuous
or accumulative hours.

3.4 Prepreg - Cured Laminate

3.4.1 Test Laminate Fabrication

Cured laminate properties shall be determined from specimens
prepared in accordance with Section 4.9.1.

3.4.2,1 Fiber-Resin-Void Content of cured laminates shall be measured as
per 4.10.4.2 or an app roved vendor process and shall conform to the
limitations in Table III.

3.4.2.2 Laminate Thickness shall be measured as per 4.10.4,3 and shall
conform to the limitations in Table III.

3.4.2.3 Composite Density shall be measured in accordance with Section 4.10.4.1.

Is. 3.4.2.4 Thermal Coefficient of Expansion in the longitudinal and transverse
directions will be measured in accordance with ASTM D-696(Coefficient of Linear Thermal Expansion of Plastic) rir equivalent.

3.4.3 Mechanical Properties
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3.4.3.1 Specimen Geometry. Tape, fabric, yarn, and chopped mat materials

shall utilize flat geometries for acceptance and qualification
tests. The vendor shall certify that the prepreg yarn/tow, if
formed into wide tape could be laminated into unidirectional
specimens having the properties of Table IV.

3.4.3.2 Thermal Requirements. Specimens shall be mechanically tested at
room temperature and 350*F. The number of required tests at
temperature is provided in Table IV. Thermal expansion
coefficients will also be measured at room temperature and 350*F.

3.4.3.3 Modulus/Strength Requirements

3.4.3.3.1 Tape. The mechanical properties of unidirectional composites
fabricated from Grade A resin prepreg tapes shall meet the requirements
S2abl, IV. All strength and modulus test data shall be normalized
for 63 percent fiber volume as described in Section 3.4.3,4.
Laminates under test must meet the physical property limits set
forth in Table III.

3.4.3.3.2 Yarns/Tows. The tensile modulus and strength of laminated
composites fabricated from yarns/tows into rings shall conform

to the appropriate fiber value of Table IV. Values shall be
normalized as necessary.

3.4.3.3.3 Fabric. The following mechanical properties for woven fabric
shall be specified on the purchase document:
(1) Warp and fill tensile strengths.

(2) Warp and fill tensile modull.

(3) Warp and fill flexural strengths.

(4) Warp and fill flexural moduli.

(5) Warp and fill short beam (interluninar) shear.

(6) Allowable coefficients of variation.

The above properties (both minimum and average values) shall
be specified at room temperature and 350 0 F. The appropriate
tests shall be conducted to insure conformance with these
specified properties.

3.4.3.3.4 Chopped Mat. The following isotropic mechanical properties

(both minimum and average values) shall be specified on the purchase
document:
(1) Tensile strength

(2) Tensile modulus
(3) Flexure strength(4) Flexure modulus

(5) Allowable coefficients of variation

The above properties shall be specified at room temperature and
350*F. The appropriate tests shall be conducted to insure
conformance with these specified properties.
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3.5 Normalized Properties
All longitudinal tensile and longitudinal flexure mechanical property

requirements shown in Table IV are based on a 63 percent fiber volume.
Normalize mechanical data by using the correction factor (AFV/63) asfbllows:

Etest " (6i

where AFV is the actual fiber volume, percent, as determined by 4.10.4.2,
O'test and Etest are the test data as determined by 4.10.4.5, 6, 7, and
a-, and E are the corrected values.

3.6 Statistical Reduction of Data
The coefficient of variation for all composite mechanical test

data shall be computed as follows:

Mean value N = N

Standard deviation U . x!)

Coefficient of variation V - 1 100

where X, are the test data and N is the test population.

The maximum allowable coefficients of variation are given in
Table IV. Material lots not meeting this requirement shall be
rejected. A retest for any and all mechanical properties failing
to meet this variational requirement shall be permitted, so long
as the minimum and average values of Table IV have been met.
This paragraph takes specific exception to Section 4.7.

A-12
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4.0 QUALITY ASSURANCE PROVISIONS

4.1 Qualification Tests

Unless otherwise specified in the contract or purchase order,
the supplier is responsible for the performance of all requirements
as specified herein. Except as otherwise specified, the supplier
may utilize his own facilities or any commercial laboratory accept-
able to the procuring activity. The procuring activity reserves
the right to perform any of the inspections set forth in the
specification where such inspections are deemed necessary to
assure supplies and services conform to Prescribed requirements.
Table V (a) is a list of the mechanical and physical tests required for
qualification of a material system. The vendor shall be required to perform all
tests unless other wise specified. Table VI and Table VII show the
number and type of specimen required.

4.2 Acceptance Tests

Acceptance tests are those tests required for each shipment or
lot of material to insure the quality of the product. Acceptance
teats shall consist of those listed in Table V (b).

The specific number of tests for the various properties and
the required test temperatures are shown in Table 'VI. The minimum
number of panels required to obtain the correct number of specimens
are listed in Table VII.

4.3 Test Reports

Complete test inspection records shall be maintained by the
prepreg supplier. Test reports as required by this specification
shall be prepared and delivered to the procuring activity at
the time of material delivery.

4.4 Sampling Units

4.4,1 Lot. A lot is the prepreg material produced in one manufacturing
run under relative uniform conditions. Lot numbers will be
spedified by the prepreg supplier.

4.4.2 Unit, One roll of continuous tape, yarn, or fabric or a maximum of
10 pounds of sheet material.

4.5 qualif.ication/Acceptance

4.5.1 Qualified Vendor. A vendor will be qualified for a material
,vystem when all requirements of this specification are met
and vendor test data is supplied to and verified by the pro-
curing activity. A qualification test report detailing the
test results as required by Table V shall, be delivered to
the procuring activity.

A-13
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4.5.2 Acceptance. Qualified vendors shall be required to complete
all acceptance test requirements listed in Table V. An
acceptance test report shall be delivered to the purchasing
*gency, including unimpregnated material data described in
Tables I and V.

4.5.3 Certification. The prepreg vendor shall certify that each
delivery meets all requirements of this specification.

4.5.4 Formulation and Process Change. A vendor cannot change the
materials or fabrication process of a qualified product without
prior notification to and approval of the procuring activity.
Such changes may require requalification.

4.5.5 Witness. The procuring activity reserves the right to
witness any and all testing conducted by or for the prepreg
vendor.

4.6 Cause for Rejection

4.6.1 Prepreg. Defective areas of preimprognated tapes, yarns/tows, fabrics,
and mats not.conformin& to the requirements of 3.3.2.2 cosmetics) shall
be flagged as non-conforming areas and shall not be included in the net
weight of a given material type. Prepreg units shall also be rejected
for nonconformance as specified in 3.3.4 (handling). Remaining
portions of an acceptable lot shall be rejectable for nonconformance
to 3.3.5 (storage life).

4.6.2 Cured Laminates. The entire inaturial lot shall be rejected
for nonconformance with 3.4.3.3 (modulus and strength requirements).

4.7 Retest

Should a material lot fail to meet one or two acceptance or
qualification requirements, a retest of the failed properties is
permitted. Thu material lot shall be acceptable if the requirements
are met on the retest. A second retest is not permitted,

4.8 Recertification

The procuring activity reserves the right to require
recertification of any vendor.

4.9 Fabrication of Test Specimens
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4.9.1 Flat Panels. The actual cure cycle and laminate fabrication
procedure will be selected by the prepreg vendor. After flat
panels have been fabricated, actual test specimens will be
prepared in accordance with AMS 3894, except as noted in
Section 4.10.4. Tensile, flexure and short: beam shear specimens
shall be cut from the completed test panels. Also, the panels
should be made sufficiently large so that the specimens
needed for thermal expansion and fiber-resin-void determination
may be obtnined.

An optional layup procedure is shown in Figure 1. For
Grade A resins, the pressure-temperature cure cycle should
consist of an initial heat up to 250*F (60 - 10'F/min) under
vacuum bag pressure (14 psi), application of 50-100 psi
autoclave pressure and optional venting of vacuum bag, heat
up to 350*F, dwell for 1-2 hours, cool down under pressure,
and final release of pressure. Any significant deviations
from this process shall be noted. The prepreg vendor shall
specify the cure cycle on the test report.

NOTE: For Grade A resins only, cure j.ressures in excess of 125 psi
or cure temperatures in excess of 400'F are unacceptable.

4.10 Test Procedures

4.10.1 Fiber Tests. Any tests required by the prepreg vendor on the
fiber shall be specified by the prepreg vendor. Results of
such tests will be reported to the procuring activity.

4.10.2 Resin Tests. The extent and type of tests performed on each
batch of resin formulation prior to and during the impregnation
process shall be at the discretion of the prepreg vendor.
Results of such tests will be reported to the procuring
activity, provided that the disclosure of such test results
will not, in the opinion of the prepreger, compromise a
proprietary formulation. A statement on the prepreg certifi-
cation as to the type resin employed is required.

4.10.3 Uncured Prepreg Tests

4.10.3.1 Nonfiber content. Nonfiber content, percent by
weight of the uncured prepreg, shall be determined
by either an approved vendor substitute process or per
AMS 3894 with the following differences:

(1) Demethylformamide or methylene chloride
shall be employed as the solvent.

(2) Use a minimum of 100 ml fresh solvent for
each washing.
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(3) In place of solvent boiling soak, the uncured
prepreg samples can be solvent extracted using
a Soxhlet Extraction apparatus, recycling the
solvent af least 4 to 10 times every hour for
a minimum of 6 hours.

(4) All samples are to be weighed within 20 seconds
after removal, from dissicator.

4.10.3.2 Resin Flow. Resin Vlow, percent by weight of the
uncured prepreg, shall be determined by either an
approved vendor substii:uto process or per AMS 3894
with the following rl!.iferences:

(1) Platen to be preheated to 3250 + 5*F.

(2) Apply 50 + 3 psi.

"(3) Bleeder cloth shall be 120 or 181 style fiber-
glass, or equivalent.

(4) Release cloth may be EMFAB TX1040 or equivalent.

4.10.3.3 Volatiles. Volatile content, percent by weight of
the uncured prepreg, shall be determined by either
an approved vendor substitute process or per AMS 3894
with the following differences:

(1) Tests to be conducted at 3250 + 50F.

(2) Heat samples for 15 to 16 minutes.

(3) Volatile tests at temperatures and times reconmended
by the vendur, if different from this specification,
will also be conducted and reported.

(4) Specimen shall be suspended by alligator clip or
equivalent.

4.10.3.4 Gelation. Resin gel time shall be determined by either

an approved vendor substitute process or per AMS :3894
with the following differences:

(1) Repeat gel test at 3 different temperatures$1800, 250*, 350F for qualification tests (test at

35WF only for acceptance tests).
(2) Plot on semilog paper, gel time on logarithmic axis.

(3) Reaction rate, C, shall be determined as follows:
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C- log 0 1 log 92

(log e] [T 1 - T2 ]

where 01 - gel time at lower temperature T3.

02 - gel time at higher temperature T2

T1 - lower temperature taken from straight line
plot

T2 - higher temperature taken from straight

line plot
log e - 0.434

NOTE: The material lot shall be rejected if the gel time at 350*F exceeds
(To be determined) minutes.

4.10.3.5 Tack. Prepreg tack shall be determined by either an approved vendo
substitute process- or per AMS 3894 with the following differences:

(1) Clean smooth glass surface may also be used as a
test panel.

(2) When touched lightly with clean hands, the
resin will not transfer from the prepreg to the
fingers at 70 to 750F.

4.10,3.6 DraE.t. Prepreg drape shall be reported as "pass" or

4.10.3.6.1 For unidirectional staged prepreg tape,
cut three 2 inch long by 3 inch wide
samples. Each specimen will be bent 900
over a 1/8 inch radius clean metal surface
at room temperature (70*-77*F). The bendwill be made parallel to the fiber

orientation and the sample will be pressed
against the metal surface with light:.
contact pressure. To pass the drapability
test, the specimens shall adhere to the
metal surface for 10 minutes without.
I pringback, and no fiber damage shall be
svisible under lOx magnification. All three
tests must pass to meet the drapability
requirement.

4.10.3.6.2 For fabric prepreg, six 3 inch square

specimens will be used. ihe drape test will
be conducted as in 4,10.3.6.1 for both warp
and fill directions. All six tests must
pass to meet drapability requiroments.

4.10.3.6.3 An approved vendor substitute process may be
used for the drape test.

4.10.3.6.4 Material exposed to ambient conditions for
more than 24 hours (unsealed) shall not be
subjected to the drape test.
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4.10.3.7 Staging. Prepreg material, when delivered to
the Purchaser, shall be staged. The
degree of staging, as well as the re-
quired test procedures to determine same,
may be specified on thie purchase document.

4.10.3.8 Infrared Spectrograph. An infrared spectrograph of
the staged resin shall be supplied at the time of
certification. The procedure employed to extract
the staged resin from the prepreg, including solvents
employed, method of solvent removal and type of
infrared cells employed shall be reported. Procedures
outlined in ASTM D2702 shall be followed.

4.10.4 Cured PrepreJ (Laminate)_Tests

4.10.4.1 Density. The density of a test laminate shall be
determined in accordance with ASTM D792.

"4,10.4.2 Fiber/Resin/Void Content. Using specimens from the
same test laminates prepared for mechanical testing,
the laminate fiber/resin/void content shall be
determine using either an approved vendor substitute method or
a nitric acid digestion technique outlined in AMS 3894 with
the following differences;
(1) Stabilize the temperature of the nitric acid

using a boiling water bath at 2120 F.

(2) The sample to be tested will be in one piece of
at least 3 grams.

(3) Digest the sample in the hot nitric acid for 90 -

100 minutes, stirring continuously with a
magnetic stirrer or once every 10 minutes with
a glass rod.

(4) Cool the sample 30 minutes.

(5) Filter with an all glass filter apparatus, using
vacuum assist, with Millipore Corporation's
(Bedford, Massachusetts) LCWI'04700 Filters, or
equivalent.

(6) Rinse the fibers in the filter as follows:

Twice with 100 ml each lIN03

Twice with 100 ml each distilled water

Twice with 100 ml each acetone

When rinsing, stop vacuum, add the liquid, stir,
then apply vacuum. Remove the liquid from the
Buchner funnel when changing type of rinse.

A-l8
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(7) Dry the carbon fibers in a vacuum oven set at
212' + 5*F @ 29 inches mercury vacuum for one
hour inimum.

(8) Cool in desiccator.

(9) Weigh within 20 seconds of removal from desil.cator.

Computations are as follows:

2 Fiber (weight) W x 100

WL

2 Resin (weight) WL-Wf x 100

2 Fiber (volume)-FV - Wf PL xl10

% Resin (volume)-RV W P
2 WR LI(-j-•--) (p--) xlO0

WL P

% Void (volume)-VV - 100 - FV - RV

where
WL - weight (grams) of laminate before digestion

Wf - weight (grams) of fiber after digestion

I' ,- density (g/cc) of laminate before digestion

Pf = density (g/cc) of fiber as determined by prepreg vendor in 4.10.1.

R - density (g/cc) of resin as determined by prepreg vendor in 4.10.2.

Three separate acid digestion tests will be conducted on the
test laminate. Results of all three tests will be reported,

4.10.4.3 Laminate Thickness. The laminate used to determine
ply thickness shall, be of the [0/90/0/90) sM type.
Laminate thickness shall be measured using a suitable
-micrometer having ball contact heads. A minimum of
10 evenly spaced readings sha~ll be made, all being
at least 1/2 inch from any edge. Laminate thickness
shall be the average of 10 readings.
Average ply thickness will be reported as

t/ply - thickness of laminate
total number of plies
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4.10.4.4 Tensile Strength, Modulus

4.10.4.4.1 Flat Specimens. Longitudinal and transverse tensile
specimens shall be tested in tension and modulus
and strength data shall be determined in accordance
with AMS-3894 with the following noted exceptions.

(1) Crosshead speed shall be 0.050 inches/minutes.

(2) Five fabric specimens in the fill direction
shall be tested at room temperature and five
fabric specimens in the fill direction shall
be tested at 3500 + 5*.

(3) Five fabric specimens in the warp direction
shall be tested at room temperature and five
fabric specimens in the warp direction shall
be tested at 350* + 50.

(4) Five longitudinal tape specimens shall be
tested at room temperature and five shall be
tested at 3500 + 5'. Five transverse tape
specimens shall be tested at room temperature.

(5) For measuring fabric specimen dimensions, a
micrometer with one flat anvil and 0.200 inch
diameter ball shall be used, A ball micrometer
shall be used for tape specimens.

(6) Procedural testing shall be in accordance with
specification AMS-3894 except that specimen
length shall be 9.0 inches, and width shall
be .50 inches.

(7) Calculation of modulus of elasticity for room
temperature specimens shall require the use
of an extensometer or strain gages and elevated
temperature testing shall employ the use of
strain gages.

(8) For 3500 + 50F. testing: The thermocouplu

shall be positioned within one-half inch of

each specimen to be tested and testing -mhall
be conducted after 10 + 1, minutes exposure to
the specified temperature requirement.

(9) Longitudinatl tensile strength and modulus values
shall be normalized to 63 percent fiber volume.

(10) Five tests are required for the modulus/strength
value. Report the average and the individual
test data. Compute and report normalized values
and coefficient of variation in accordance with
Sections 3.5, 3.6,
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4.10,4.5 Flexure Strength/Modulus. Longitudinal and transverse specimens
shall be tested in flexure and flexural strength and modulus
data shall be determined in accordance with AMS-3894 with the
following exceptions.

(1) Crosshead speed shall be 0.050 inches/minute.

(2) Five fabric specimens in the fill direction shall be tested
at room temperature and five fabric specimens in the fill
direction shall be tested at 350* + 5F0 .

(3) Five longitudinal tape specimens shall be tested at room
temperature and five at 3500 + 5'F. Five transverse
tape specimens shall be tested at room temperature and five
at 350 F + 50 F.

(4) Procedural testing shall be in Dccordance with AMS-3894.
Either three point or four point loading may be used.
The method shall be specified on the test report.

(5) Longitudinal strength and modulus values shall be normalized
to 63 percent fiber volume.

(6) The thermocouple shall be positioned within 1/2 inch of
each specimen to be tested at 350' + 5F .

(7) An optional method of computing the flexural modulus will
utilize the crosuhead motion corresponding to the 1/4 span
deflection, in which case

Ef" (L - a)(2a2 - La - 1,2) (- )AP

f 4bt3

where

L - span, in.

a - 1/2 span, in.

t - thickness, in.

b - width, in.

4 P load increment measured by load cell, lbs.

Ay - deflection increment at 1/4 span, in.

(8) Compute and report the actual test values, the normalized
values, and the coefficients of variation as required in
Sections 3.5. and 3.6.
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4.10.4.6 Short Beam Shear. Short beam (interlaminar shear) will be
determined in accordance with AMS-3894 with the following noted
exceptions.

(1) Crosshead speed shall be 0.050 inches/minute.

(2) Five fabric specimens shall be tested in the warp
direction at room temperature and five fabric specimens
shall be tested in the warp direction at 3500 + 5'F.

(3) Five tape specimens shall be tested at room temperature
and five tape specimens shall be tested at 3500 + 5*F.

(4) Procedural testing shall be in accordance wtih specification
AMS 3894.

(5) The thermocouple shall be positioned within 1/2 inch of
each specimen to be tested at 350' + 50F.

(6) The specimen length (fiber direction) shall be .600
+ .005 inch.

(7) Nominal specimen thickness is .080 inch, and will not vary
more than .002 inch over its entire length or width.

(8) Flexure failures may occur when span to thickness ratio

is not small enough to induce a shear stress failure.

In such cases, lower span to thickness ratios will be
required and may best be obtained by increased thickness.

(9) Crosshead must be stopped inmmediately after load begins
to drop off so that a shear failure can be observed.
Continued motion will. result in flexural failure, masking
the true result. Typical shear and flexure failures are
shown in Figure 2. Flexure failures must be reported as
such.

(10) Compute and report the actual test values, and the coefficients
of variation as required in Sections 3.5 and 3.6.
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. Material Specification AA 74700314-001 Revision

4.11 Warranty Period. The warranty period shall be the same as
the material shelf life. Should a material lot fail to meet
the acceptance test criteria at a time subsequent to initial
acceptance testing but prior to the shelf life expiration
date (subject to 3.3.5),the remainder of the lot may be returned.
to the vendor for remuneration.

A-1
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Material Specification ANA 74700314-001 Revision B

5.0 PREPARATION FOR DELIVERY

5.1 Packaging and Shipping

5.1.1 TaYe. The prepreg material, together with its carrier tape, will
be wound under tension on to rolls or spools having a minimum
inner diameter of 8 inches. The back surface of the carrier or
separator paper will be clean and contain no materials which may
contaminate the prepreg. Protective flanges will be incorporated
on the rolls. Unless specified on the purchase document, no roll
shall contain less than 20or more than 10 pounds of acceptable prepreg.
Each roll will be individually sealed in a clear, moisture proof,
plastic bag, and labeled as per 5.2.1. Units packed in the pre-
ceeding manner will be shipped in insulated containers capable of
usinA solid CO, to keep material temperatures below 0F during
transit. Prepreg will be removed from shipping containers and
immediately planed in 0OF (or below) storage.

5.1.2 Single yarn/tow. The prepreg yarn/tow will be wound under tension
on to spools having a minimum outer diameter of 3 inches and length
of approximately 10 inches. The winding will be in the form of
continuous non-contacting layers of adjacent hoop windings of fiber
bundles, each layer being separated from the previous one by a
sheet of separator paper placed circumferentially on the spool.
The outermost layer of prepreg will be covered by a separator sheet.

Unless specified on the purchase document, no roll will contain
more than 3 pounds of prepreg. Each roll will be individually
sealed in a clear moisture proof plastic bag, and labeled as per 5,2.1.
Units so packed will be shipped in ac cordance with Section 5.1.1.

5.1.3 Woven Fabric, Chopped Mat. Fabric and chopped mat will be packaged
in accordance with the applicable purchase order. Unless specified
On the purchase document, sheet size will be nominally 2 feet wide
(fila ) by 5 to 6 feet long (warp). Stacked sheets will be separated
from one another with clean separator material as specified in 3.3.3.3
and the entire stack will be bound top and bottom with thick, pro-

tective cardboard or equivalent. The packages will be taped and
sealed in a moisture proof, clear plastic bag and labeled in
accordance with Section 5.2. Shipment will be as described in 5.1.1.

' __ _ _ii

:I5. Markin•z

5.2.1 Bag and Core. The following information shall be attached to the
core of cacti roll or spool, and for fabric/mat to the cardboard
surface containing the prepreg, and shall be visible through the
clear, moisture proof, plastic sealing bag:
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(1) Manufacturers name, symbol

(2) Material type; resin, resin/catalyst lot number, fiber, and
() prepr da"i"nation.

(3) Lot and roll number(4) Material Quantity: Linear feet and weight, if tape

Weight and approximate footage, if yarn

Weight and approximate square footage, if fabric or
(5) Storage life expiratden date at OF

(6) Label stating "CAUTION: STORE AT OR BELOW 0OF." or equivalent

5.2.2 ShiLping Package. Each shipping container shall have attached
a clearly visible document detailing:
(1) Manufacturers name, symbol

(2) Material Designation
(3) Material Quantity

(4) Date of Manufacture

(5) The Procuring Activity Purchase Order number

(6) Warranty expiration date of material when stored at 0F

5.2.3 Warning Sign. Each shipping container shall have visible a colored
sign stating "CAUTION: STORE AND SHIP AT OR BELOW O*F.' or I
equivalent.
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6.0 NOTES

6.1 Purchase Order. The following information, when applicable, shall
appear on the purchase order:

Fiber designation 3.1.1
Resin designation 3.2.3

Tape Width 3.3.2.2.3
Yarn Width 3.3.2.2.3
Fabric, Hat Width 3.3.2.2.3
Fabric Mechanical Properties 3.4.3.3.3
Mat Mechanical Properties 3.4.3.3.4
Prepreg Staging 4.10.3.7
Laminate Physical Properties Table III
Quantity

6.2 Prepreg Documentation. The following information as applicable,
shall appoar.on documentation either accompanying the prepreg
shipment or mailed under separate cover:

Fiber Property Certification 3.1.3
Fiber Surface Treatment 3.1.2
Fiber Test Results 4.10.1

Resin Certification 4.10.2
Yarn Property Certification 3.4.3.1 I
Test Report 4.3
Qualification Report 4.5.1
Acceptance Report 4.5.2
Statement of Certification 4.5.3

Cure Cycle 4.9.1
Infrared Spectrograph 4.10.3.8
Packing Data 5.2.1, 5.2.2

A1
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Material Specification ANA 74700314-001 Revision -

PHYSICAL REQUIREMENT TEST KFTHOD
PROPERTY

PREPREG FORM Referenced
.Paragraph

Yarn Tape Fabric Mat

Non Fiber Solids 40 +3 40 +3 40 +3 50 +5 4.10.3.1
(Z by weight)

Resin Percent Flow 20 +3 20 +5 20 ±4 25 +5 4.10.3.2
(% by weight)

Volatile Content 2.0 2.0 2.0 2.0 4.10.3.3
(2 by weight) MAX MAX MAX MAX

Tack Shall pass test as per 4.10.3.5

Drape Shall pass test as per 4.10.3.6

Gelation Shall be reported as per 4.10.3.4

Infrared Shall be reported as per 4.10.3.8
Spectrograph...

TABLE II. Prepreg Physical Requirements
Grade A (epoxy) Resin ii

£.
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Test Requirement Test Para. Test Frequency

Tape, Yarn Fabric, Mat

Cosmetics 3.3.2.2 3.3.2.2 Unit Unit

Non Fiber Content 3.3.2.1 4.10.3.1 Unit Lot
Resin Flow 3.3.2.1 4.10.3.2 Unit Lot
Volatile Content 3.3.2.1 4.10.3.3 Unit Lot
Gelation 3.3.2.1. 4.10.3.4 Unit Lot
Tack 3.3.2.1 4.10.3.5 Unit Lot
Drape 3.3.2.1 4.10.3.6 Unit Lot
Infrared 3.3.2.1 4.10.3.8 Unit Lot

Density 3.4.2.3 4.10.4.1 Laminate Laminate
Fiber/Resan/Void 3.4.2.1 4.10.4.2 Laminate Laminate
Thickness 3.4.2.2 4.10.4.3 Laminate Laminate

O* Tension RT 3.4.3.3 4.1o.4.5 Lot Lot
350 3.4.3.3 4.10.4.5 Lot Lot

90* Tension RT 3.4.3.3 4.10.4.5 Lot Lot
350 3.4.3.3 4.10.4.5 Lot Lot
35 Flax RT 3.4.3.3 4.10.4.5 Lot Lot
350 3.4.3.3 4.10.4.6 Lot Lot

90° Flex RT 3.4.3.3 4.10.4.6 Lot r,ot
350 3.4.3.3 4.10.4.6 Lot Lot

0° SBS RT 3.4.3.3 4.10.4.7 Lot Lot
350 3.4.3.3 4.10.4.7 Lot Lot

90* SBS RT 3.4.3.3 4.10.4.7 N/A Lot 7 Fabric
350 3.4.3.3 4.10.4.7 N/A Lot Only

Therm. Expan RT 3.4.2.6 3.4.2.6 Lot Lot

0, 90' dir. 3500 3.4.2.6 3.4.2.6 Lot Lot

Fiber Certification of Fiber propertica required with
Qualification tests in accordance with
Para. 3.1.1 and 4.5.3

Resin Certification of Resin propertieu/tests required
with Qualification tests in accordance with
Para. 3.2 and 4.5.3

* Test to be conducted by the procuring activity

TABLE V(a). Qualification Tests
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Material Specification -

Test Frequency
Test Requirement Test

Data Tape, Yarn Fabric, Mat

Cosmetics 3.3.2.2 3.3.2.2 Unit Unit

Non Fiber Content 3.3.2.1 4.10.3.1 Unit Lot
Resin Flow 3.3.2.1. 4.10.3.2 Unit Lot
Volatile Content 3.3.2.1 4.10.3.3 Unit Lot
Gelation 3.3.2.1 4.10.3.4 Lot Lot
Tack 3.3.2.1 4.I0.3.5 Lot Lot
Drape 3.3.2.1 4.10.3.6 Lot Lot
Infrared 3.3,2.1 4.10.3.8 Lot Lot

Density 3.4.2.3 4.10.4.1 Laminate Laminate
Fiber/Resin/Void 3.4.2.1 4.10.4.2 Laminate Laminate
Thickness 3.4.2.2 4.10.4.3 Laminate Laminate

0" Flex RT 3.4.3.3 Lot Lot
350 3.4.3.3 Lot Lot

0" SBS RT 3.4.3.3 Lot Lot
350 3.4.3.3 Lot Lot

90' SBS RT 3.4.3.3 N/A Lot 7 Fabric
350 3.4.3.3 N/A Lot- Only

Fiber Certification of fiber properties required with
Acceptance tests in accordance with Para, 3.2
and 4.5.3

Resin Certification of Resin properties/tests required
with Acceptance tests in accordance with Para. 3.2
and 4.5.3

TABLE V.(b) Acceptance Tests
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Material Specification ANA 74700314-UUI Revision B

Material Specimen No. of Specimens

Type Geometry PROPERTY DETEDMINED Required Per
Material Lot

RT 350

Tape Flat OOTansile 0,E,c 5 5
90* Tensile 0,Ec 5 5
00 Flex 0,E 5 5
90* Flex o ,E 5 5
0" SBS a 5 5

Fabric Flat 0*(Warp) Tensile 0,E,r 5 590* (Fil1) Tensile UýE e 5 5

00 (Warp) Flex OE 5 5
90* (Fill) Flex OE 5 5
0*(Warp) SBS a 5 5
90C(Warp) SBS 0 5 5

Chopped Flat 00(X dir.) Tensile aE,•. 5 5 ,
Mat 90*(Y dir.) Tensile o,E c 5 5

00 (X dir.) Flex o,E 5 5
900 (Y dir.) Flex a E 5 5
00(X dir.) SBS a 5 5

Yarn, Tow Flat Certify to unidirectional
mechanical properties as
per Table IV

a Ultimate stress, psi
C Computed Ultimate Strain, A in/in
E Elastic Modulus, psi
00 Fiber direction
900 Cross Fiber Direction

TABLE Vt. Mechanical Test Specimen Requirements
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Vacuum bag

&I&II

Aluminum plate
Teflon release cloth, TX1040 or equivalent
Graphite epoxy prepreg
Tef lon release
Ply. of 120 glass cloth *

- - Aluminum caul plate, perforated at corners
SPlys of 181 glass cloth *

Cork da, or equivalent

N Ho. of plys of bleeder cloth dependent on No. of graphite plys;
to be specified by vendor

NOTE: The layup procedure and cure cycle shall be specified by the
prepres vendor.

Figure 1. Layup for Prepregs (Optional)
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Material Specification AN~A 74700314-001 Revision D.

Figure 2A. Typical Interlaminar Shear

I~I,

.. ,, Figure 2B. Typical Flexural Failure
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APPENDIX B

GY70/EPOXY CONICAL SHELL AND
SUPPORT RINGS
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APPENDIX C

JOINT REINFORCEMENT SPECIMENS -

48126 Rev. B
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APPENDIX D

TEST PROCEDURES FOR GY70/EPOXY BASIC CONICAL SHELL SPECIMENS
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Axial Compression Testing of GY/70 Epoxy Concial Shell

(Test 1; Conical Shell 004 and Test 6; Conical Shell 006)

1.0 TEST OBJECTIVES

These tests were performed to determine the compressive strength and
modulus of the GY70/Epoxy Conical Shell under axial compression load.
Results were correlated with analytical predictions. Additionally, this
test serves as a qualification test for the fabricated part. Two frusta
ware tested under similar conditions. The two test procedures differed
only in that 21 strain gases were used in Test 1 (Conical Shell 004) and
11 strain gases were used in Test 6 (Conical Shell 006).

2.0 TEST DESCRIPTION

2.1 Hardware Configuration

The GY70/Fiberite 934 conical shells, part number 48125, were 9.1
inches long with forward and aft shell outside diameters of 5.80 inches
and 7.79 inches respectively. The nominal shell thickness is 0.19 inches.
At each end of the shell inner and outer aluminum rings of 6061-T652, 1.4
inches thick were bonded to the shell surfaces with Hysol adhesive EA9309.
The aluminum rings are installed to stabilize the end laminates from
crippling or fraying under localized loadings. The rings are sufficiently
rugged so that they can be reused for the subsequent shell specimens.

2.2 Load Conditions

The shells were loaded in compression by means of a 200 KIPS hydraulic
Jack. Steel loading plates were used to insure uniform load distribution
and apply load directly to the ends of the graphite/epoxy shell. There
was no gap between the loading plate and Lhe shell wall.

2.3 Test Arrangement

2.3.1 Facility

The tests were performed in the static test area of the mechanical
laboratories, Martin Marietta Corporation, Orlando, Florida. The following
equipment wa8 used to conduct the test:

a) 200K hydraulic jack (1), Messinger

b) 10OK load cell (2), BLH

c) Series 800 strain indicator (1), BLH

d) Switch & Balance Unit (1), BLH

e) Speed-0-max load cell indicator (2)

D-2



f) Pressure gage (1), 10,000 psi maximum

g) Direct Current Displacement Transducers (DCDT) (2)

h) Hand pumps (1), Blackhawk.

2.3.2 Mechanical Test Assembly

The GY70/Epoxy shell specimens (48125) were placed between the two
steel load plates, and the assemblies were installed upright on top of
the 200K hydraulic Jack with the shaft extending through the center of
the assembly. A steel yoke was threaded on to the shaft to secure the
assembly.

The test arrangement is shown in Figure 1. Loads were monitored by
use of a pressure gage which is calibrated prior to tasting by means of a
load cell.

2.3.3 Instrumentation

2.3.3.1 Strain Measurement

Test 1 - Conical Shell 004

Twenty-one axial type strain gages (FAE 25S-1286) were installed at
three stations on the test specimen: one halfway between the ends of the
specimen, one 0.40 inches from the small end support ring and one 0.40 inches
from the large end support ring. Eleven strain gages were installed at the
station halfway between the specimen ends at 1200 intervals around the
circumference. Seven gages were installed on the outside surface and four
gages on the inside surface. A pair of gages (longitudinal and circumfer-
ential) were placed at each location and one circumferential gage were
placed on an outside seam near one of the strain gage pairs. The inner
surface gages were located back-to-back with two of the three pairs on
the outer surface. At each of the two stations near the end rings five
gages were installed. At each station two pairs of gages were placed at
180* intervals around the circumference on the outside surface and one
longitudinal gage was placed on the inside surface. The inner surface gage
was back-to-back with one outer surface strain gage pair. The gages at
the large end station were staggered by 90' relative to those at the small
end station. All strain gage locations are shown in Figure 2.

Test 6 - Conical Shell 006

Eleven axial type strain gages (FAE 25S-12S6) were installed at three
stations on the test specimen: one halfway between the ends of the specimen,
one 0.40 inches from the small end support ring and one 0.40 inches from
the large end support ring. Three strain gages were installed at the
station halfway between the specimen ends at 1200 intervals around the
circumference. At each of the two stations near the end rings four gages
were installed. At each of these stations, gages were placed at 1800

D- 3
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I
intervals around the circumference on the outside and inside surfaces.
The gages at the large end station were staggered by 900 relative to those
at the small end station. All, strain gage locations are shown in Figure 3.

2.3.3.2 Deflection Measurements

Two DCDT's located diametrically opposite from the shell specimen were
used to measure the overall axial displacement of the shell under axial
compression loading. The data were correlated with the analytical
predictions.

3.0 TEST PROCEDURES

The GY70/Epoxy conical shell compression tests were conducted as
follows:

a) The tests were setup as described in the foregoing sections and
performed in accordance with Figure 1.

b) Designated project personnel inspected the test setup and photos
were taken.

c) The load, strain and dial indicators were adjusted to read zero.

d) 5000 ibs. preload was applied and the setup was checked for properoperation. All strain and deflection readings were recorded.

e) The load was removed and all instrumentations were recorded.

f) All readings were adjusted to zero.

g) Loads were applied in the following increments:

10,000 lbs. increments to 100,000 lbs.

5,000 ibs. increments from 100,000 to 200,000 lbs

All instrumentations were recorded at each load increment.

h) Failure load was recorded at 160,000 lbs. for Test I and at
180,000 lbs. for Test 6.

D-6
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GY70/Epoxy Conical Shells

Shear/Bending Test (Test 2; Conical Shell 001)

1.0 TEST OBJECTIVE

The test was performed to determine the load carrying capability of
Lhe conical shell under a cantilevered load. This basic strength data for V
the shell will be used in the evaluation of the strength in the combined
loading condition. It is essential that the strength of the multi-layered
GY70/Epoxy conical shell can be predicted for the baslc loading conditions
for a given type of fabeication technique.

2.0 TEST DESCRIPTION

2.1 Hardware Configuration

The GY70/Fiberite 934 conical shell, part number 48125, is 9.1 inches
in length with 5.80 inches diameter at the small end and 7.79 inches
diameter at the large end. The nominal shell thickness 1s 0.19 inch. Inner
and outer rings of 6061-7652 aluminum alloy are bonded to the shell with
Hysol adhesive EA9309. Holes are drilled in the rings for attachments of
the specimen to the test and loading fixtures. The rings are sufficiently
rugged so that they can be reused for the subsequent shell specimens.

2.2 Load Condition

A load tranuverse to the shell axis was applied at the forward loading
fixture by a 100K hydraulic Jack. This single cantilevered load allowed
direct correlation of test data and analytical results.

2.3 Test Arrangement

2.3.1 Facility

The test was pe.rformed in the static test area of the Mechanical
Laboratory, Martin Marietta Corporation, Orlando, Florida.

The following equipmient was used to conduct the test:

a) 100K hydraulic Jack (1), Messinger

b) 100K load cell (1) BLH.

c) Series 800 strain indicator (1) BLH.

d) Switch and Balance unit (1) BLH.

e) Direct Current Differential Transducers (4).

f) Speed-o-max load cell, indicator (1).

g) Hand pump (1) Blackhawk.
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2.3.2 Mechanical Test Assembly

The GY70/Epoxy shell specimen (48125) was bolted at the larger end to
a test fixture with 46 5/16 inch diameter steel bolts (150 ksi) torqued to
150 in-lbs. (2,000 lbs. preload). The forward end of the specimen was
bolted to a loading fixture with 36 5/16 inch diameter steel bolts
(150 ksi) torqued to 150 in-lbs. (2,000 lbs. preload). The assembly was
cantilevered from a load reacting structural column. The 100K hydraulic
Jack was attached to the loading lug of the fixture at the forward end of
the specimen as shown in Figure 4.

2.3.3 Instrumentation

2.3.3.1 Strain Measurements

A total of eighteen axial type otrain gages (FAE 25S-12S6) were
installed on the shell specimen. Eight were located at a station midway
between the ends of the specimen at points of maximum strains. The other
ten were installed on the shell adjacent to the fixed end where the maximum
bending moment occurs and also the maximum local shell bending takes place.
The locations are shown in Figure 5. The strain measurements were correlated
with analytical results.

2.3.3.2 Deflection Measurements

One DCDT located at the cantilevered end of the shell specimen was
used to measure the deflection of the free end under the transverse load.
The other three DCDT's were used to meaaure ground support structure

- rdeflections at the fixed end of the specimen. The locations are shown in
Figure 4. The data were used to correlate with the analytical predictions.

D-9i1
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3.0 TEST PROCEDURE

The GY7O/Epoxy conical shell shear/bending test was conducted as
follows:

a) The test was setup as described in the foregoing sections and in
accordance with Figure 4.

b) Designated project personnel inspected the test setup. Photos
were taken.

.) The load, strain and dial gage readings were adjusted to zero.

d) 2,000 lbs. preload was applied and instrumentation readings were
checked.

e) The load was removed and all instrumentations were recorded.

f) All instrumentation was abjusted to zero at zero load.

g) Loads were &pplied in the following increments;

2,000 lbs. increments to 20,000 lbs.

All instrumentations wern recorded at each load increment.

h) Failure load was recorded at 20,000 Ibs.
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GY70/Epoxy Conical Shells

Combined Loading Test (Tests 3, 4, 5, 7, 8, 9 and 10; Conical Shells 002,
003, 005, 007, 008, 009 and 010)

1.0 TEST OBJECTIVES

The tests were performed to verify the design and fabrication of the
conical shells under combined design load conditions. The test results
were correlated with the analytical prediction. The effect of variations
of the ply angles due to the gore pattern layup on the strength and
stiffness of an idealized laminated shell can be evaluated from the test
results. In addition, a combined load interaction diagram was established
by holding one loading constant and increasing the other loads.

2.0 TEST DESCRIPTION

2.1 Hardware Configuration

The CY70/Fiberite 934 conical shell, part number 48125, is 9.1 inches
in length with 5.80 inches diameter at the small end and 7.79 inches
diameter at the large end. The nominal shell thickness is 0.19 inch.
Inner and outer rings of 6061-T652 aluminum alloy are bonded to this shell
with Hysol adhesive EA9309. Holes are drilled in the rings for attachments
of the specimen to the test and loading fixtures. The rings are sufficiently
rugged so that they can be reused for the subsequent shell specimens.

2.2 Load Condition

Each of the specimens to be tested under the combined loading was
loaded with a particular loading path. The objective was to obtain failure

i: I points to define a combined load failure surface. Two basic types of
loading to be considered are axial compression and bending moment. The
four loading paths are shown graphically as follows:

D-1
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Pf and Mf are failure loads established from the compr.ssion test and
shear bending test respectively where each is subjected to a single loading.
DLL designates Design Limit Loads which are given in the following:

P (axial compression) - 19,100 lbs.

M (bending moment at fixed end) - 158,000 in-lbs.

2.3 Test Arrangement

2.3.1 Facility

The tests were conducted in the static test area of the Mechanical
Laboratory, Martin Marietta Corporation, Orlando, Florida.
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The following equipment were used to conduct the test:

a) 100K hydraulic Jack (2) messinger.

b) 20K hydraulic Jack (2) mesninger.

c) lOOK load cell (2) BLH.

d) 20K load cell (2) BLA.

e) Speed-o-max load cell indicator (4).

f) Series 800 strain indicator (1) BLH.

h) Direct Current Difterential Transducers (4).

i) Hand pump (4) Blackhawk.

2.3.2 Mechanical Assembly

The GY7O/Epoxy shell specimens (48125) were bolted at the larger end
to the test fixture with 46 5/16 inch diameter steel bolts (150 ksi)
torqued to 150 in-lb. (2,000 lb. preload). The forward ends (smaller end)
were bolted to a loading fixture with 36 5/16 inch diameter steel bolts
(150 ksi) torqued to 150 in-lbs. (2,000 lbs. preload).

Two hydraulic jacks positioned parallel to the shell axis loaded the
two lugs on the loading fixture. The third lug accommodated the jack
which was placed transverse to the shell axis. A whiffle tree arrangement
was fastened to the straps which were wrapped around ihe conical shell. A
hydraulic Jack applied load to the whiffle tree and in turn loaded up the
shell simulating the external pressure loading.

The mechanical test assembly is shown in Figure 6.

2.3.3 Instrumentation

2.3.3.1 Strain Measurements

A total of eighteen axial type strain gages (FAE 25S-12S6) were
installed on each shell specimen. For tests 3, 4, and 5 eight gages were
located at a station midway between the ends of the specimen at points of
maximum strains, and ten were installed on the shell adjacent to the fixed
end where the macimum-bending moment occurs and also the maximum local
shell bending takes place. The locations are shown in Figure 7. For tests
7, 8, 9 and 10, the strain gages were relocated to cover the strain
measurement at the small end. Six gages were located at a station midway
between the ends of the specimens, six were installed near the small end
and six were installed on the shell adjacent to the fixed end where the
maximum bending moment occurs. The locations are shown in Figure 8.

The strain measurements were used in correlation with analytical
results.
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2.3.3.2 Deflection Measurements

One DCDT located at the cantilevered end of the shell specimen was
used to measure the deflection of the free end under the transverse load.
The other three DCDT's were use|l to measure ground support structure
deflections at the fixed end of the specimen. The locations are shown in
Figure 6. The data were used to correJate with the analytical predictions.

3.0 TEST PROCEDURE

The GY7O/Epoxy conical shell combined load tests were conducted as
follows:

a) Tests were setup as described in the foregoing sections and in
accordance with Figure 6.

b) The test setup was inspected by designated project personnel.
Photos were taken of the setup.

c) The load, strain and dial gage readings were adjusted to zero.

d) 10 percent of the design limit loads were applied simultaneously
and the setup was checked ior itidications of mechanical interference
in loading apparatus and proper operation of ins~rumsntations.
All instrumentation readings were recorded.

e) All loads were removed and all instrumentations were recorded.

f) All instrumentation was adjusted to zero at zero load.

Combined Loads Tests 3 and 7

g) Loads were applied in the following percentages of design limit
load (see Section 2.2) 20, 40, 50, 60, 70, 80, 90, 100, 20, 0
All. instrumentation at each loading was recorded,

h) The test specimen was visually inspected for cracks, delamination
or indications of permanent deformation. Results of inspection
were recorded.

1.) The following percentages of design limit load were reapplied
until failure occured. 0, 20, 40, 50, 60, 70, 80, 90, 100,
120, 130,---

J) Failure loads were recorded.

iD
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Combined Loads Tests 4 and 8

g) Axial compression equal to 1/2 of Pf (80,000 lbs.) and 53,334 lbs.
were applied to tests 8 and 4 respectively.

h) All instrument readings were recorded.

i) The axial compression load was held constant and all other loads
were applied at the following percentage of design limit load
until failure: 0, 20, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130.
All instrumentation at each load increment was recorded.

Combined Loads Tests 5 and

g) Equal percent of Design Limit Load was applied in shear and bending
moment so that the fix-end moment was equal to 1/3 Mf (64,667 in-lb).

h) All instrumentation was recorded.

i) Shear and bending moment were held constant and axial compression
was applied at increments of 20 percent of design limit load until
failure occurred at 103,000 lbs. for test 5 and 137,000 lbs.
for test 9. All instrumentations were recorded at each load
increment.

Combined Loads Test 10

g) An axial compression load of 15,000 lbs. was applied.

h) All instrumentation was recorded.

Si) Axial compression load was held constant and all other loads were

applied at the following percentage of design limit load until
failure: 0, 20, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130. All
instrumentation at each load increment was recorded.
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Shock Testing of Type I Joint Reinforcement Frusta (Tests 1A and 2A;
Shells Ol. and 02R)

1.0 TEST OBJECTIVE

The tests were performed to evaluate the load carrying eupab.l~ities of
the joint reinforcement for the GY70/Epoxy frusta under shock loading and
to deternLine the modes of failure.

2.0 TEST DESCRIPTICN

2.1 Hardware Configuration

The GY70/Fiberite 934 frustum with joint reinforcement at the large
end, part number 48126A, is a section 9.1 inches long with forward and aft
shell outside diameters of 5.80 inches and 7.79 inches respectively.
Eleven (.L.) .0075 titanium shims are interleaved with the thirty eight (38)
GY70/Epoxy plies for reinforcement in the region of the screw ho.les. The
shock test frusL .... 4,, not have the aluminum rings (48130-1 and 48130-2)
installed so that th. dynamic response of the frustum can be better
simulated under the test cundition. 'Two rows of , 281 iuches diwicter holes
with staggeri paiLtera are designed to transfer the shock loads to the shell
through 1/4 inc.i, countersunk s traws.

2.2 Load Conditlone

The graphite/epoxy frustum was bolted to a test 1, xture through the
48 count-rsunk holes, Th tLust fixture was fastened to the shock machine
at ita base. The smaller end of the frustum stands free. The test
fixture is designed such shat the loads are transwi.tted to Lhe fruatum
through the 48 radial -rews. Figure 1 shows the frustum and test fixture
in relation to the shuck machine.

The shock machine (.M-1000) applied shock pulses to the specimen to
produce the shock environments a& shown in Figure 2. In order to deter.-
mine the fragiLtty level of the reinforced joint, the acceleration
magnitudes of the tost environment were increased at successive shock
pulses. The sho-k machine was cal;ibrated so that the incrementn in
acceleration magnitudes corresponded to those shown in the shock spectra
(Figure 2).

The shock loading simulated the stage separation shock. The maximum
aeparation shock spectrum shown in Figure 2 Is based an cutting steel with
a charge of 50 grain's per foot at 5 inches away from the splice joint.
The splice joint of the guidance and control section of ATI is located
122 inches forward of the separation joint, therefore, the shock level is
attenuated to a much lower level as shown by the estimated G&C splice
shock of Figure 2. This splice shock spectrum was verified prior to testing
of the frustum.
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Figure 1. SM-1000 Shock Machine with Frustrum in Test Mode
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Figure 2. Shock Spectra Simulating Stage Separation Shock
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2.5 Test Arrangement

2.3.1 Fecility

The test was performed in the dynamic test area of the Mechanical Test
Laboratories, Martin Marietta Corporation, Orlando, Florida. The following
equipment: was used to conduct the test:

a) SM-100 shock machine
b) Charge amplifiers
C) Magnetic tape recorders
d) Shock spectrum analyzer
e) Oscillograph.

2.3.2 Mechanical Test Assemblyx

The GY70/Epoxy frustum was fastened to the test fixture Ut the
reinforccd end with forty-eight 1/4-inch diameter screws. The test fixture
was bolted to the moving anvil of the shock machine. The SM-100 shock
amachine with the test specimen in place is shown in Figure 1.

2.3.3 Instrumentation

2.3.3.1 Strain Measurements

Twelve axial type strain gages were installed on the test specimen.
Six gages were located on the outside surface of the shell equally spaced
around the circumference at 4.37 inches from the reinforced end. Four
gages were placed on the inside uurface equally spaced. The other two
gages were located on the outside surface along the meridian of the shell
as depicted in Figure 3. The gages were oriented to measure the longitud-
inal strains of the shell. The location of the strain gages are shown in
Figure 3. The strain measurements were recorded on magnetic tape.

2-- ' ' 0"°

2.B7 °0

Figure 3. Strain Gage Locations -

Shock Tests GA and 2A
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2.3.3.2 Acceleration Measurements

One accelerometer was mounted on the base of the test fixture to
measure the acceleration level of the input pulse. The data were used in
the shock spectrum analyzer.

3.0 TEST PROCEDURES

The following test sequence was followed in the shock testing of the
GY70/Epoxy frustum with joint reinforcement.

a) The bare fixture was secured to the shock machine table. All
existing bolts were torqued.

b) The shock input accelerometer was mounted at the base of the
fixture and torqued to 28 in/lbs.

c) The system was calibrated to match the 0.1 (10%) shock level. The
input shock pulse required was detormined using half-sine pulse.
The charge pressure, drop height and impacting material required
to produce the required shock pulse were recorded.

d) Step c) was repeated to calibrate the system for the other shock
environment shown in Figure 2.

e) The test specimen was secured to a fixture on the shock machine
table and the 1/4 inch screws were torqued to 75 in/lbs.

f) All instrumentation was checked to insure proper operation.

g) The test specimen was shocked to the G&C splice shock level.

h) The strain-gage data on the oscillograph was reviewed and the
specimen was visually inspected for any damage. The results were
recorded.

i) Steps g) and h) were repeated at higher shock levels until the
maximum shock level (100%) was reached.

E-5



Combined Static Loading Test of Type I Joint Reinforcement Frustum
(Test 3A; Shell 03R)

1.0 TEST OBJECTIVE

The test was performed to evaluate the structural characteristics
and load carrying capabilities of the joint reinforcement design under the
combined load conditions. The mode of failure for the specimen was deter-
mined.

2.0 TEST DESCRIPTION

2.1 Hardware Configuration

The GY70/Fiberite 934 laminated frustum with joint reinforcemunt at
the large end, part number 48126A, is a section 9,1 inches long with
forward and aft shell outside diameters of 5.80 inches and 7.79 inches
respectively. Eleven (11) .0075 titanium shims are interleaved with
thirty eight(38) GY70/Epoxy plies for reinforcement in the region of the
screw holes. Two rows of 0.281 inch diameter holes with staggered pattern
are used for attachment of the frustum to the test fixture with 1/4 inch
countersunk screws. The two aluminum rings bonded to the shell at the
small end are designed to mate with the loading fixture.

2.2 Load Condition

The specimen was tested under a combined and simultaneous loading of
axial compression, shear and bending moment. This condition simulates the
critical overall load condition represneting loads at booster burnout with
20 percent overshoot. The Depign Limit Loads for the half scale G&C frustum
are as follows:

P (Axial compression) - .9,000 lbs.

V (shear at fixed end) - 12,000 lbs.
M (bending moment at fixed end) 158,000 in/lbs.

2.3 Test.Arrang~ement

2.3.1 Facility

The test was conducted in the static test area of the Mechanical
Laborntozy, Martin Marietta Corporation, Orlando, Florida.
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The following equipment was used to conduct the test:

a) 1OOK hydraulic Jack (2) MNssinger
b) 20K hydraulic Jack (2) Messinger
c) 100K load cell (2) BLH
d) .2.)ýý .4oad cell (2) BLH
e) •, -,_-o-max load cell indicator (4)
f) • !a 800 strain indicator (1) BLH
g) Switch and Balance Unit (1) BLH
h) Direct Current Differential Transducers (4)
i) Hand pump (4) Blackhawk.

2.3.2 Mechanical Assembly

The GY70/Epoxy frustum was fastened to the test fixture at the rein-
forced end with forty-eight 1/4-inch diameter screws. The aluminum rings at
the other end were bolted to a loading fixture with thirty-six 5/16-inch
bolts (150 ksi) torqued to 150 in/lbs.

Two hydraulic jacks positioned parallel to the shell axis loaded the

two lugs on the loading fixture. The third lug accommodated the Jack

placed transverse to the shell axis. A whiffle tree arrangement was
attached to the straps which were wrapped around the frustum. A hydraulic
Jack applied load to the whiffle tree which in turn loaded up the shell
simulating the external pressure loading. The mechanical test assembly in
shown in Figure 4.

20( vHirF LL
rJACK TREE

I

_

101K lAUK l~..F: -

OCUT (4)

Figure 4. Test Set-Up for Test 3A
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2.3.3 Instrumentation

2.3.3.1 Strain Measurements

A total of sixteen (16) axial type strain gages (FAE 25S-12S6) were
installed on the shell specimen. Four were located in the constant
thickness section of the shell to measure the maximum longitudinal shell
strains. The other twelve were located in the close proximity of the
splice screws to measure the local longitudinal and hoop strains. The
locations of all the strain gages are shown in Figure 5.

2.3.3.2 Deflection Measurements

One DCDT located at the cantilevered end of the shell specimen was
used to measure the deflection of the free and under load. The other
three DCDT's were used to measure hee test fixture deflections at the
fixed end of the specimen. The true deflection of the specimen can be
obtained from the measurements. The locations of the DCDT's are shown in
Figure 4.

3.0 TEST PROCEDURE

The GY70/Epoxy frustum combined load test was conducted as follow:

1A

-2
C LOA

OA

WI DIA3A'

2.37A

* ~~ISA 14A64

* I SIXTKIN fill AXIAL MTAIN 0AUSS ARVID

1 2hA

IiA
Figure 5. Strain Gage Location - Static

Tests 3A and 4A
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a) The test was set up as described in the foregoing section and in
accordance with Figure 4.

b) Test set up was inspected by designated program personnel, Photos
were taken of the set up.

c) The load, strain and DCDT were adjusted to zero reading prior to
final torqueing of the 48 splice screws.

d) The splice screws were torqued to 75 in/lbs. Torqueing was done
in pairs of screws diametrically opposite to minimize over
stressing.

e) Strain and MCDT readings were recorded.

f) Strain and DCDT were adjusted to zero.

g) 10 percent of the Design Limit Loads were applied simultaneously
and the set-up was checked for indications of mechanical inter-
ference in loading apparatus and proper operation of instrumentation.
All instrumentation readings were recorded.

h) All loads were removed and all instrumentations were recorded.

i) All instrumentation was adjusted to zero at zero load.

J) Loads were applied in the following percentages of Design Limit
Load until failure occurred. 20, 40, 60, 80, 100, 120, 130, 140,
150, etc. All instrumentation at each loading was recorded..

k) Failure load was recorded at 200% DLL and the shell failed on the
compression side as the primary failure mode. The bolt holes
were elongated but were still carrying loads.
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Shear/Bending Test of Type I Joint Reinforcement Frustum
(Test 4A; Shell 04R)

1.0 TEST OBJECTIVE

The test was performed to evaluate the strucutral characteristics and
load carrying capabilities of the joint reinforcement design under a single
cantilevered load. This loading condition subjects the splice joints to
equal tension and compression so that joint efficiency in tension and com-
pression can be evaluated.

2.0 TEST DESCRIPTION

2.1 Hardware Configuration

The GY70/Fiberite 934 laminated frustum with joint reinforcement at
the large end, part number 48126A is a section 9,1 inches long with forward
and aft shell outside diameters of 5.80 inches and 7.79 inches respectively.
Eleven (11) .0075 titanium shims are interleaved with thirty eight (38)
GY70/Epoxy plies for reinforcement in the region of the screw holes. Two
rows of 0.281 inch diameter holes with staggered pattern are used for
attachment of the frustum to the test fixture with 1/4 inch countersunk
screws. The two aluminum rings bonded to the shell at the small end are
designed to mate with the loading fixture.

2.2 Load Condition

A load transverse to the shell axis was applied at the forward loading
fixture by a 100K hydraulic jack. This loading condition subjects the
splice joints to equal tension and compression on the opposite side of the
neutral axis of the section. The joint efficiency in tension and compres-
sion can be evaluated from the test results.

2.3 Test Arrangement

2.3.1 Facility

The test was performed in the static test area of the Mechanical
Laboratory, Martin Marietta Corporation, Orlando, Florida.

The following equipment was used to conduct the the test:

a) 1OOK hydraulic Jack (1), Messinger
b) 100K load cell (1) BLH
c) Series 800 strain indicator (1) BLH
d) Switch and Balance Unit (1) BLH
e) Direct Current Differential Transducers (4)
f) Speed-o-max load cell indicator (1)
g) Hand pump (1) Blackhawk.
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2.3.2 Mechanical Assembly

The GY70/Epoxy frustum was fastened to the test fixture at the rein-
forced end with forty-eight 1/4-inch diameter screws. The aluminum rings at
the other end were bolted to a loading fixture with thirty-six 5/16-inch dia-
meter bolts (150 ksi) torqued to 150 in/lbs. The assembly is cantilevered
from a load reacting structural column. The 100K hydraulic Jack was attach-
ed to the loading lug of the fixture at the forward end of the specimen as
shown in Figure 6.

lOK JACK

LOAVINQ -"
FIXTUMII

.1 DCOf IQ -

Figure 6. Test Set-Up Shear/
Bending Test - Test 4A

2.3.3 Instrumentation

2.3.3.1 Strain Measurements

A total of sixteen (16) axial type strain gages (FAE 25S-12S6) were
installed on the shell specimen. Four were located in the constant thick-
ness section of the shell to measure the maximum longitudinal shell strains.
The other twelve were located in the close proximity of the splice screws
to measuie the local longitudinal and hoop strains. The locations of all
the strain gages are shown in Figure 5.

2.3.3.2 Deflection Measurements

One DCDT located at the cantilevered end of the shell specimen was

used to measure the deflection of the free end under load. The other
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three DCDT's were used to measure the test fixture deflections at the fixedend of the specimen can be obtained from the measurements. The location
of the DCDT's are shown in Figure 6.

Test Procedure

The GY70/Epoxy frustum shear/bending test was conducted as follows:

a) The test was set up as described in the foregoing section and in
accordance with Figure 6.

b) The test set up was inspected by designated program personnel and
photos were taken.

c) The load, strain and DCDT were adjusted to zero reading prior to
final torqueing of the 48 splice screws.

d) The splice screws were torqued to 75 in/lbs. Torqueing was done
in pairs of screws diametrically opposite to minimize over
stressing.

e) Strain and DCDT readings were recorded,

f) Strain and DCDT were adjusted to zero.

g) 2,000 lbs. preload was applied and the set up and instrumentation
readings were checked.

h) The load was removed all instrumentation was recorded.

i) All instrumentation was adjusted to zero at zero load.

J) Load was applied in the following incrementsa

2,000 lbs. increments to 20,000 lbs.
1,000 lbs. increments above 20,000 lbs.

All instrumentation at each load increment was recorded,

k) Failure load was recorded at 34,000 lbs. The shell fractured at
the small end. The bolt holes were elongated but were still
capable of sustaining loads.
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APPENDIX F

SHOCK SPECTRA FR)M SHOCK TESTS
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