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ABSTRACT &C

Truncated, conical, half-scale, interceptor substructures were tested
under axial and shear/bend loads. The substructures, designed and fabricated
by General Dynamics, were manufactured with 20 ply boron/aluminum composite
tape, each ply was 0.0069 to 0.0080 inch thick. Boron filaments made up 47.0
+ 3.0 percent of the composite tape. Average substructure dimensions were
3.80 inches (outside) forward diameter, 7.79 inches (outside) base diameter,
and 9.112 inches high (total apex angle 12.46t). The wall thickness was 0.144
inches. Axial loading (both static and dynam ) as well as shear/bend loading
(static only) tests were performed; one sample was tested at each test condi-
tion. An upper bound to the failure load under static axial loading was esti-
mated at between 600,000 pounds and 700,000 pounds. Under dynamic axial load-
ing failure was initiated at a defect in the substructure and occurred at
519,000 pounds. Failure load in shear/bend was 44,000 pounds for the load
applied laterally 1 inch forward of the truncated nose (bending moment of
383,300 in-lbs at the built-in section, 1.4 inches above the base of the
cone). i General Dynamics reported 10 to 20 percent higher bending moments at
failure' (43,300 pounds to 48,000 pounds shear applied 2 inches forward of the
substructure corresponding to between 420,000 in-lbs and 465,600 in-lbs bend-
ing moment at the built-in section, 1.4 inches Above the base of the cone). No
axial failure load data was previously reported. Under axial load the frusta
exhibited sudden brittle failure. In the shear/bend loading tests, failure
was at the frustum bondline with vertical splits into the frustum.
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PREFACE

This report was prepared by Terra Tek, Inc. under Army Materials Tech-

nology Laboratory Contract No. DAAG46-81-C-0023. It covers work conducted

from December 1, 1980 through April 30, 198i. The contract was administered

under the direction of the Ballistic Missile Defense Materials Program Office,

Army Materials Technology Laboratory, with Mr. John F. Dignam as Program

Manager and Dr. S. C. Chou as Technical Monitor.
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I. INTRODUCTION AND SUMMARY

The need for lightweight, stiff, structural materials, has been identi-

fied for interceptors designed to undergo high performance maneuvers. To meet

these demands, the Army Materials Technology Laboratory (AMTL) has conducted

the research and development of advanced materials including beryllium, graph-

-. ite epoxy, boron/aluminum, etc. (References 1, 2 and 3). Characterization of

these materials have generally been performed on small test coupons. The need

' remains to establish confidence that the missile frusta manufactured from

"' these materials meets design, i.e. reveals no weaknesses or defects due to

material handling and normal variability in manufacturing operations.

Static simulation of flight loading require intricate fixturing to pro-

vide structural data under combined loads for evaluating the strength and

stiffness properties of the missile frustum. This loading is often a complex

- relationship of surface pressures, shears, bending moments and axial loads.

To evaluate the factor of safety in designs, the selected loads are increased

- to failure, failure being defined as a structural component failure or excess-

ive deformation which could prevent the successful accomplishment of the

mission.

1.1 Summary of Test Program I
The primary objective of the program reported here was the evaluation of

the strength and stiffness properties of half-scale, ultra-high modulus,

boron/aluminum cone frusta. Both axial and combined shear/bend loading tests

* ... were performed. Loads and strains were measured directly in all tests to moni-

tor the onset of failure, i.e.:
'-

I
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1. Fracture from combined tensile and shear stresses.

2. Instability or buckling collapse.

A 1.7 million pound test machine at Terra Tek was modified to perform the
r.i

work. The modified machine is capable of testing frusta up to 36 inches

diameter and 48 inches long. Test frame characteristics are:

Loading Mode Capacity Maximum Loading Rate

Axial 1.70 x 106 lb 1.0 x 106 lb/sec

Shear 0.30 x 106 lb 1.0 x 106 lb/sec

Bending 15.0 x 106 in-lb 2.0 x 106 in-lb/sec

Machine control was effected by four servocontrollers which provided for com-

pletely independent control of the four separate hydraulic actuators (axial,

shear and two bending moment actuators). The loading rates were precisely regu-

lated via Exact Function Generators which supplied the command input to the

servocontrollers. Loads and strains data were collected by a DEC PDP 11-34

Computer via a Soundstream 14 Bit A/D Convertor.

1.2 Summary of Test Results

Six frusta were tested according to the schedule in Table 1.1. Three

were fabricated from aluminum 6061-T6 and three from the boron/aluminum

composites. All six frusta were of approximately the same dimensions--right-

circular, truncated, cylindrical cones, 5.80 inches outer diameter at the for-

ward end increasing to 7.79 inches outer diameter at the base. Frusta height

were 9.112 inches, i.e., 6.230 taper. Wall thickness was nominally 0.144

inches.

The aluminum 6061-T6 cone frusta were tested first to check out the sys-

tem performance and to optimize machine setting for the boron/aluminum frusta

2
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tests. This was an economic expediency to minimize the chance of invalid tests

g with the high cost boron/aluminum frusta.

Test results are summarized in Table 1.1. In static axial loading the

0aluminum frustum failed at 122,000 lbs. Under dynamic axial loading conditions

the frustum was subjected to eccentric loads. Accordingly, failure was at a

-lower axial load, 109,500 lbs Under dynamic loading the observed failure

.- tended to exhibit a five node plastic buckling as compared to the three node

plastic buckling under static loading.

In contrast the boron/aluminum frusta failed in a brittle manner. Fail-

ure under static axial load was by elastic buckling near the forward end.

Since the load cell failed during the test, the load at failure was calculated

based on the assumption that the frustum behaved totally elastically. The

estimated failure load was 600,000 to 700,000 lbs. Under dynamic load, failure

occurred at 519,000 lbs. A small amount of nonlinear response is observed in

one set of gages which is totally absent in the diametrically opposite set.

It is not at all clear how this condition could prevail unless local inhomoge-

niety existed at the gore overlap. Failure was sudden and violent.

In shear/bend loading of the aluminum frusta, plastic deformation was ini-

• "tiated at approximately 15,000 lbs shear load with ultimate failure at 23,250

lbs shear (i.e. 202,300 in-lbs bending moment at the base). Failure was

caused by plastic buckling. The boron/aluminum frustum tested in shear/bend

loading failed at the attachment to the base steel ring. Vertical splits sub-

sequently developed in the frustum as the failure propagated. The failure

load was 44,000 lbs shear (i.e. 383,300 in-lbs bending moment at the base).

Result for this shear/bend loading test is 10 to 20 percent lower than for

similar tests reported in Reference 4.

3
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Table 1.1. Summary of Test Results

Material Loading Loading Rate Failure Load Comments

Al 6061-T6 Axial Static 122,000 lbs Buckling Failure
(three-node
plastic deforma-
tion)

Al 6061-T6 Axial 0.85 x 106 lb/sec 109,500 lbs Frusta subjected
to eccentric
loading.
Buckling Failure
(five-node
plastic deforma-
tion)

Al 6061-T6 Shear/Bend Static 23,250 lbs Plastic Buckling
(202,300 in-lbs
bending moment) I

Boron/Aluminum Axial Static 600,000 lbs to Frusta subjected
700,000 lbs to eccentric

loading.

Brittle Failure.

Boron/Aluminum Axial 0.94 x 106 lb/sec 519,000 lbs Brittle Failure
initiated at
i nhomogeni ety

Boron/Aluminum Shear/Bend Static 44,000 lbs Failed at frustum
(383,300 in-lbs bondline; verti-
bending moment) cal splits in

frustum

4
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2. MATERIALS DESCRIPTION AND SUBSTRUCTURES FABRICATION

As indicated in the previous section, two sets of tests were performed.

The first series of tests were with aluminum 6061-T6 truncated cones fabrica-

ted to approximately the same dimensions as the boron/aluminum frusta. These

tests were to verify the test procedures prior to initiating tests on the

boron/aluminum frusta.

2.1 Aluminum 6061-T6 Material Properties

The aluminum cones were machined from 8 inches diameter bar stock to

approximately the same dimensions as the boron/aluminum frusta. Typical dimen-

di sions for the right-circular cones and typical material properties for the

aluminum 6061-T6 are listed in Tables 2.1 and 2.2, respectively.

Table 2.1. Typical Aluminum Cone Dimensions

Outside Diameters (ins) Height Wall Thickness
Forward Base (ins) (ins)

5.781 7.752 9.100 0.144

Table 2.2. Typical Tensile Material Properties for Aluminum 6061-T6 Bar Stock

Young's Modulus Poisson's Ratio Yield Strength Ultimate Strength
(psi) (psi) (psi)

10.0 x 106 0.3 41,800 46,800

5



2.2 Description of Boron/Aluminum Sheet Material

The boron/aluminum sheet material was purchased by General Dynamics,

Convair Division, and used to manufacture the frusta tested in this program. m

Complete details of the material, manufacturing process and inspection data

are provided in Reference 4. For completness, details essential to evaluating

the structural test data are duplicated here from Reference 4.

The boron/aluminum sheet material was obtained by General Dynamics from

Amercom, Inc., Chatsworth, CA. Receiving inspection analysis of the boron/-

aluminum tape after it was diffusion bonded by the supplier into a single T?

layer tape is shown in Table 2.3. Results were in compliance with General

Dynamics specifications.

Table 2.3. Receiving Inspection Tests Results on Incoming
Boron/Aluminum Material (from Reference 4)

Material Property Test Results

Filament Count and Alignment 137 to 138 per inch
Tape Thickness 0.0069 to 0.0080 inch 10
Boron Volume Percent 45.2 to 47.2 v/o
Boron Filament Diameter 0.00569 to 0.00572 inch
Aluminum Foil Base 0.002094 to 0.002113 inch
Aluminum Foil Cover 0.002088 to 0.002131 inch
Filament Bend Test 4.1 percent maximum
Surface Condition Acceptable
Internal Defects Acceptable
Carbon Content 0.005 percent maximum

2.3 Fabrication and Testing of Heat Treated Boron/Aluminum Material Test
Specimens

Tests were conducted by General Dynamics to provide more complete boron!-

aluminum properties data base for the heat treated materials. Boron/aluminum

6



W7 -- ZW .- WI0I
0 laminates (006 and 0 8) required for these test specimens were made from a

single layer tape material which was laminated, encapsulated, and diffusion

bonded in the General Dynamics autoclave. Test specimen configurations are

shown in Figures 2.1, 2.2 and 2.3. Test results are summarized in Tables 2.4,

s.o

LONG. '
'":" B/AI 6 PLY SPECIMEN I In. WIDE.

Al DOUBLER

TRANS.

• Figure 2.1. Longitudinal and Transverse Tensile Specimen.
* All dimensions are in inches (from Reference 4).

SI I

I I

8 PLY B/Al
0.056 In.

ISO

S2.0

STRAIN GAGE

I I 4

i I
I I

Figure 2.2. Tubular Column Compression Specimen. All dimensions
are in inches (from Reference 4).
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0500 oo0.010

.. .- 0.000 1. 0

~DIAMETER
(TYP)
6 PLACES T T

STRAIN 1 2.000

B/Al SPECIMEN - 4

2.40

/ 0.625 - 1 .750 -4 4--4 0.625

Figure 2.3. Rail Shear Specimen. Dimensions are in inches
(from Reference 4).

5%

2.5 and 2.6. The longitudinal tensile strength and modulus were slightly

lower than expected; nevertheless, the values are very good and indicate a

wide margin of safety for the frusta. The transverse tensile strength was

slightly higher than expected. This was interpreted to mean that the heat

treatment was close to optimum for the aluminum but caused a slight degrada-
.5-

tion of the filaments and the longitudinal properties. The compression

strengths are exceptionally high. Shear strengths, as measured by the rail 5.

shear test, were adequate for this application. The shear strength of "as-

fabricated" boron/aluminum is 12,000 psi to 16,000 psi. The heat treated -

values are substantially higher (25,000 psi).

8
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Table 2.4. Longitudinal and Transverse Test Results for Heat
Treated Boron/Aluminum (from Reference 4)

Modulus
Specimen Strength, of Elaticity,

Test Number ksi 1Yg psi

Longitudinal Tensile 2-2 155 32.1
2-5 133 29.8
4-1 129 29.3
4-3 158 29.7
6-5 144 31.2
6-4 183 31.3

Average 150 30.6

Transverse Tensile 2TT-1 24.9 20.5
2TT-2 28.5 21.7
4TT-1 36.3 21.6
4TT-3 36.1 21.4
6TT-2 39.4 22.0
6TT-3 41.1 22.2

Average 34.4 21.6

Table 2.5. Compression Test Results for Heat Treated Boron/Aluminum
(from Reference 4)

Modulus
Specimen Strength, of Elasticity,

Test Number ksi 106 psi

Compression 1 297 33.0
2 305 33.9
3 324 33.9
4 332 33.2
5 330 33.1
6 296 34.0

Average 314 33.5

9i
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Table 2.6. Rail Shear Test Results for Heat Treated Boron/Aluminum "
(from Reference 4)

Shear Shear
Specimen Strength, Mooulus,

Test Number ksi 101 psi

Rail Shear $I-1 24.2 9.8
S1-3 25.8 9.5
S1-5 27.0 9.7
S2-1 24.5 9.1
S2-3 23.1 9.0
S2-5 27.0 9.5

Average 25.2 9.4

Sr

2.4 Fabrication of Boron/Aluminum Frusta

The frusta wall thickness was 20 ply or approximately 0.140 inch. The

filaments were oriented in an uniaxial direction to maximize strength and

stiffness. Each layer was arbitrarily divided into four segments so the maxi-

mum filament deviation from true axial direction would not vary by more than

2.440, assuming the center filament of each gore is in the axial direction.

Strength and modulus are practically unchanged at any angle less than 50 (Re-

ference 5).

Each layer of gore segments was assembled from the outside wall inward in

the female tool. Each of the 20 layers of four connected segments was rotated

4-1/20 (1/20 of 900) so that none of the seams lined up. In addition, the

edges of each layer were allowed to overlap approximately 1/4 inch to allow

for expansion of the layers during consolidation. As layers were stacked into

the tool, the circumference changes required a periodic change in the gore

size. Four gore segment sizes were used, i.e. gore sizes were changed every

fifth layer.

10Lo
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The thin inner mandrel was pushed down upon the stacked gores and weld

rings were installed on both ends of the hollow encapsulation. The pack was

evacuated through the vent tube, previously installed on the thick outer

mandrel, which was pinched off after evacuation and welded shut prior to plac-

ing of the tool assembly in the autoclave.

The high pressure autoclave cycle used in fabricating the boron/aluminum

conical frusta is listed below:

a) Pressure autoclave at room temperature to 9750 + 250 psi.

b) Heat to 8000 to 900'F.

c) Stabilize pressure and temperature before reaching 9000F.

d) Raise temperature to 970 + 150F at a rate not less than

1.50F/minute.

e) Reduce temperature to below 900°F at a rate not less than

1.0i 1.5°F/minute.

f) Release pressure any time between 800°F and room temperature.

g) Remove tool at any temperature below 600°F.

The isostatic pressure in the autoclave acts primarily on the thin innerN
mandrel, which yields most easily. Pressure pushes the inner diaphragm and

the boron/aluminum layers to the outside. The outward movement of the boron/-

aluminum in the thick female mandrel ensures a replicate of the machined tool
surface as well as a duplication of the machined tolerances. Diffusion of

the layers results in a homogeneous bond.

The transverse and shear properties of the cone are greatly increased by

i. subsequently heat treating the 6061 aluminum matrix as follows:

a) Heat to 970°F and hold for one-half hour.

b) Quench. (The quench tank contained Ucon A--primarily

polyalkylene glycol--diluted to 18 to 22 percent

.o 11"
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and kept vigorously agitated in a large tank so

that the temperature never exceeded 900F.) m
c) Cryogenic soak in liquid nitrogen for five minutes.

d) Age at 350°F for eight hours.

After each cone was heat treated, approximately three quarters of an inch was

trimmed from each end.

Dimensional analysis, including measurement of the frusta wall thickness

is necessary because of wall thickness variation. Expansion of the thin inner

mandrel during pressurization plus the overlapping edges of the gore sections

give the inside of the cone an uneven surface. The outside, however, is

forced against a heavy-wall smooth tool and is therefore smooth. Relative to

roundness, the cones before heat treatment assume the shape of the mandrel.

After heat treatment, the cones usually distort. The amount of distortion is

generally small. Table 2.7 shows the dimensions and weight after heat treat-

ment of frusta 6 through 10 (three of which were tested in this program). The

Table 2.7. Dimensions and Weight after Heat Treatment, Boron/Aluminum
Frusta 6 through 10 (from Reference 4)

- Average Standard
Roundness Thickness Deviation
Tolerance 12 Places Sample

Cone Height 4 Places 3 Levels Thickness Weight "
Number (inches) (mills) (inches) (mills) (grams)

6 9.109 14.5 0.145 4.8 1198
7 9.110 18.0 0.147 3.0 1203
8 9.118 21.0 0.141 8.2 1195
9 9.113 26.0 0.142 11.5 1191
10 9.108 28.0 0.143 8.3 1178

Average 9.112 21.5 0.144 7.2 1193
or (2.63 lb)

1
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.47

measured thickness can be compared with the 0.140 inches predicted thickness

for 20 layers. The predicted weight was 2.63 pounds at a density of 0.094

lb/in3 . The predicted thickness and weight closely coincide with the data,

shown in Table 2.7.

JII
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3. TEST FACILITIES AND PROCEDURES

3.1 Test System Load Capacity Requirements for Testing Boron/Aluminum Frusta

The maximum substructure loads and deformations under axial loading and
.m.

shear/bend loading can be estimated using the material properties data listed
* in Section 2. Axial membrane forces (Nx) at a section with radius r to the

x

middle surface, as shown in Figure 3.1, is given by

I-p
x 2r cosa

b.

Figure 3.1. Membrane Forces Resulting from Axial Load.

where a is one-half the apex angle, and P the axial load. Ne, the circumfer--

, ential membrane force, is zero. The maximum axial membrane force occurs at the

forward end of the frusta where r = 2.84 ins. With a wall thickness h = 0.144L.

ins, the compressive failure load is

15
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P 2r och 3.2

799,000 lbs

Under shear/bend loading (M) the maximum membrane load (N ) in the axial

direction is

N x 2 3.3

.,.

where r is the radius of the cone to the middle surface. For a lateral load P

at a distance 6 above the truncated end of the frusta, the bending moment at a

section distance x below the truncated face is P (6 + x) and Equation 3.3, be-

comes:

N = P (6 + X).2 3.4
(a + x tan )2

where a is the radius at the forward end of the frustum. For 6 /a I< 1 the

maximum value of Nx (tensile strength = 21,600 lbs/in) occurs at the base of

the frusta. Taking 6 = I inch, the maximum expected shear load of 98,100 lbs

would result in tensile failure. The shear load to failure would increase

should the forward end be constrained from rotating. Under pure bending, ten-

sile failure is expected to also initiate at the smaller end where the maximum

bending moment at failure calculates to 547,500 in-lbs.

3.2 Support Ring For Frusta Testing

Structural testing of frusta, without the advantage of built-in fixture

attachment, presents the problem of design for shear transmission of test

loads into the shell ends. This problem was addressed in Reference 6 where a

, 16
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form of bonded mounting rings which could withstand the high test loads was

designed. The same system was subsequently successfully adapted by General

Dynamics (Reference 4) in testing the boron/aluminum frusta. A schematic of

the General Dynamics system, which was used also in the present program, is
.,

shown in Figure 3.2 The frustum is bonded at each end, both on the inside and

outside surfaces to 1.4 inches thick steel rings. Bonding was with Hysol

EA9309 Structural Adhesive. Vendor strength data for EA 9309 shows the

fol 1 owing:

Shear Strength Peel Strength
(psi) (psi)

4750 39

Koo and Seinberg (Reference 6) evaluated bond strength of the Hysol

EA9309 for the testing of graphite/epoxy frusta. They performed shear tests

with 8.60 inches long, 7 inches diameter, by 0.25 inch thick, aluminum cylind-

ers bonded to an aluminum plate with a 0.125 inch thick, 0.75 inch overlay

bondline. Two tests were performed in which the cones were point loaded,

normal to their axes at the end removed from the bond. Effective average bond

- strength resisting pull out of the cylinder calculated to 3,980 psi and 4,900

psi.

Using these pull-out strengths, the calculated bondline failure for the

1< test configuration shown in Figure 3.2 would occur at

Axial Load 257,000 to 316,000 lbs

Shear Load 54,000 to 67,000 lbs

These are significantly lower than the estimated test design loads for failure
.°..

(799,000 lbs axial load and 98,000 lbs shear load). Nevertheless, General

17
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AXIAL LOAD

SHEAR
LOAD

1.4"

HYSOL EA 9309

6.712" STRUCTURAL ADHESIVE

CIRCUMFERENTIAL
RING OF CLAMPING

Figure 3.2 Schematic Drawing Showing the Axial and Shear/Bend

Load System for Testing the Boron/Aluminum Frusta.

Dynamics (Reference 4) noted that in axial loads to 600,000 lbs the only dam-

age that could be observed was that the boron fibers have indented the loading

heads. Based on General Dynamics experience, it was decided to use the same

mounting rings design for the axial load tests. Great care was taken in sample

preparation to assure intimate contact between the frusta and bearing plates

in axial loading. Under shear loading General Dynamics (Reference 4) observed

frusta failure at 43,000 lbs to 48,000 lbs, much lower than the calculated ".

failure load. The mounting rings design, therefore, is adequate for the

expected shear loads based on data from Reference 4.

18
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3.3 Test Facilities

Table 3.1 summarizes the load capabilities required to test the half-

0 scale frusta to failure. The existing 1.7 million pound test machine was

Table 3.1. Summary of Test System Requirements for Testing
Half-Scale Substructure

Loading Mode Capacity

Axial Load 799,000 lbs

Shear Load 98,000 lbs

Bending Moment 542,500 in-lbs

- modified to meet these requirements. In actuality the accumulators chosen

have sufficient capacity to test full-scale frusta. Three Miller Fluid Power

Rams were installed to provide the shear and bending moment. Figure 3.3 schema-

tically illustrates the modifications made. The hydraulic systems are de-

picted in Figure 3.4. High-performance, high-flow, servocontrol valves used

in conjunction with each actuator allowed for the large flow rates in the

- "dynamic tests.

Each loading system is discussed in detail below and a photograph of the

completed facility is shown in Figure 3.5.

42
Axial System: The axial piston has an area of 322 in2 and a total

thrust of 966,000 lbs at 3,000 psi pressure. The servovalve, c o n -

trolling pressurized fluid flow to the actuator was rated at 1,000

psi total pressure drop at 55 gallons per minute. Total valve pres-

sure drop was proportional to the square of the flow rate.

19
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BENDNG MMENTAXIAL LOAD ACTUATOR
ACTUATOR (300.000 lbs.) 1966.000 ls.)'4 f

SHEAR ACTUATOR

(300.000 lbs.)

FRSASENDING .
MOMENT
ACTUATOR

* 300.000 lbs.)

Figure 3.3. Schematic Showing Combined Axial Compression, Shear and Bending
Moment Actuators for Frusta Tests. Actuator loads are specifiedV
for 3,000 psi operating pressure.

AXIAL ACTUATOR

$00061.
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IFigure 3.5. Frusta Test System. Axial, shear and bending actuators and
hydraulic accumulators are shown.

To achieve the high rate loading a 10 gallon accumulator pre-

charged with gas to 1,500 psi was added to the system. With the

test frame stiffness of 6,000,000 lbs/inch, the accumulator re se r-

voir alone has sufficient hydraulic fluid reserve to achieve axial

loads in excess of 800,000 lbs in testing the boron/aluminum struc-

ture. Achievable loading rates are controlled by the servovalve and

are calculated to be on the order of 1,000,000 lb/second.

Shear System: The shear system utilized a single, 100 in 2, honi-

zoiital actuator having a thrust of 300,000 lbs at a hydraulic fluid

pressure of 3,000 psi. The servovalve was identical to the one used

for the Axial System described above.2
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A 5 gallon accumulator, precharged with gas to 1,500 psi facili-

tated the dynamic tests. Maximum loading rates to 1,000,000 lbs/sec

are possible for the boron/aluminum frusta tests.

Bending System: Bending was introduced by two 100 in2 actuators

operating to 3,000 psi. Each actuator was equipped with a 55 gallon

per minute servovalve and attached to a 5 gallon accumulator pre-

charged with gas to 1,500 psi. Figure 3.4 shows the accumulator for

one bending actuator to be common with the shear actuator. Maximum

bending moment rates to 2,000,000 in-lbs/sec are possible with the

boron/aluminum frusta.

The test system capabilities for testing the boron/aluminum

frusta are summarized in Table 3.2.

Table 3.2. System Characteristics for Testing
Boron/Aluminum Frusta

Loading Mode Capacity Maximum Rate

Axial 1.70 x 106 lbs 1 x 106 lbs/sec

Shear 0.30 x 106 lbs 1 x 106 lbs/sec

Bending 15.0 x 106 in. lbs 2 x 106 in. lbs/sec

The system was designed and constructed to provide easy adjustment for frusta

up to 36 inches in length and 30 inches diameter. Photographs of the test sys-

tem, the control and instrument panel, are shown in Figures 3.5, 3.6 and 3.7.

22
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Figure 3.6. Loading System with Front Shear/Bend Beam Removed.
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Figure 3.7. Test System Control Panels. Signal conditioning equipment
is on the extreme right hand side.

3.4 Test Procedures

The three 6061-T6 aluminum frusta and the three boron/aluminum frusta

were prepared identically for testing. The frusta were lightly grit blasted

and then degreased in order to provide a suitable surface for strain gaging

and for attaching the upper and lower clamping rings. The frusta were then

scribed to provide precise locations for the thirty-three strain gage stations

as shown in Figure 3.8. Each frustum was gaged using Micro Measurements 120

ohm gages adhered with M-Bond 200 cement. As described previously, the instru-

mented frusta were epoxied to the upper and lower clamping rings with Hysol

EA9309 structural adhesive and bolted to loading plates. Figure 3.9 shows the

aluminum frustum prepared for axial loading.

Prior to the actual test each frustum was gradually loaded to 1,000 lbs

to check if all systems were operational and to assure load alignment. Shims

24 mu-
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- were added as necessary until all corresponding gages on a cross-section re-

sponded equally to load. Each gage was calibrated by placing a short resist-

ance (0.01 percent tolerance) across the gage. The loading rate was selected

and a trigger pulse was used to simultaneously initiate loading and data

acquisition. Load and strain data was amplified and then sampled. The

sampling rate was approximately 10 microseconds per point for fifty channels

5.781" L 6.so"

I 2. 'I

At A__A AA
* 1.54"

"~ ct' c1.54" c. $ 53 "'c

[171 ~jj 3 8" 3.52"

-U7.752" 7.79"
-4

ALUMINUM FRUSTA B/AI FRUSTA

*. CIRCUMFERENTIAL

.4 /-LONGITUDINAL

CIRCUMFERENTIAL ROSSETTE

L.NGITUDIAL (OUTSIDE ONLY)

CIRCUMFERENTIAL

.,. LONGITUDINAL

Figure 3.8. Strain Gages Locations on Both the Aluminum 6061-T6 and
Boron/Aluminum Frusta.
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mi

Figure 3.9. Aluminum Frusta Prepared for Static Axial Loading. Strain
gages are protected with a clear plastic adhesive.
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of data: thirty-three strain gages, four loads (axial, shear and two bending

loads), four displacements and nine spare channels. A 0.5 millisecond slew

time results between the first channel sampled and the last channel for each

fifty channel sweep. This was discounted as being insignificant for the quasi-
6-

static tests but was included during reduction of the dynamic test data.

Test control was effected by Exact Function Generators which provided the

input command to the servocontrollers. Data was collected in real-time by a

DEC PDP 11-34 computer via a Soundstream 14 Bit A/D convertor. Not all the

A/D convertor data channels functioned as designed and resulted in a stepped

response. These channels were used for monitoring the transverse gages. Data

*i analysis was performed with the same data acquisition computer after the tests.

27
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4. TEST RESULTS

Data for selected gages from each test are appended. Each set of data is

designated according to test and gage position (corresponding to locations

shown in Figure 3.8); for example:
p

STATIC AXIAL: ALUMINUM FRUSTUM

B BIT 3

// Position (1 and 3 are
aligned to the shear
load direction; posi-

tion 2 was on the
theoretical netural
axes)

Section Transverse Direction

(A, B or C) (A indicates

I e faxial direction)~Inside Surface

(0 indicates
outside surface)

'.

Compressive strains are shown positive.

Tests were performed for three loading conditions:

Static Axial Load

Dynamic Axial Load

Static Shear/Bend Load

A preliminary series of tests were undertaken with aluminum 6061-T6 frusta to

evaluate the system performances prior to testing the boron/aluminum frusta.

29
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4.1 Static Axial Loading: Aluminum Frustum

Load-time and selected load-strain curves for the static axial loading
IU

tests on aluminum frustum are shown in Appendix A. Response of gages AOA1,

BOA1, and COAl, shown in Figure 4.1, conform with the elastic membrane theory

predictions for loads to 100,000 lbs. Plasticity effects become pronounced at

Section A for loads greater than 100,000 lbs. At 100,000 lbs load the calcu-

lated axial stress in the frustum at Section A is 36,000 psi as compared to

the expected yield stress of 41,800 psi. From Figure 4.2 the ratio of the

absolute values of the lateral strain to the axial strains in this load range

is approximately 0.36, slightly higher than the expected Poisson's ratio for

6061-T6 aluminum. Section B shows a lesser degree of plastic flow prior to

" frusta failure. No plastic strain is obvious at Section C.

Bending effects become more pronounced at each gage location with

increased load above 100,000 lbs as exhibited by the differences in strain

through the wall thickness illustrated in Figures 4.3 and 4.4 for gages

AOA1/AIA1 and AOA3/AIA3 respectively. The reversal in strain increments at

AIAI and AIA3 to those at AOAI and AOA3 suggests the failure mode to be plas-

tic buckling. Load at failure was 122,000 lbs. Figure 4.5 shows photographs

of the failed frusta; a through-going fracture is seen to have formed at the

buckled-plastic hinge. The three-lobed form in the failed region is clearly

seen in the two photographs.

4.2 Dynamic Axial Loading: Aluminum Frustum

A maximum loading rate of 500,000 lb/sec was achieved during the dynamic,

axial loading test on an aluminum frustum with failure occurring at 109,500

lbs. The lower failure load during the dynamic test results from the introduc-

tion of a bending component due to eccentricity. Load-time and strain-load
3
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Figure 4.5a. Aluminum 6061-T6 Frustum after Failure under Static Axial

Load. The upper clamp rings have been removed.

I.-

Li Figure 4.5b. Top View of the Aluminum 6061-T6 Frustum after Failure

under Static Axial Load.
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II
curves for the test are provided in Appendix B. Comparison of the load-strain

response for gages AOA1 and AIAI in Figure 4.6 shows the eccentric loading re-

sults in higher strains in the AOA1 and AIA1 gages. Between 40,000 lbs and

80,000 lbs axial load, the strain paths parallel the response predicted by

elastic membrane theory. The effects of eccentric loading can be much better

appreciated in the response of gages AIA1, AIA2, and AIA3 shown in Figure 4.7

and CIA1, CIA2 and CIA3 shown in Figure 4.8.

Figure 4.6 show negligible frustum wall bending at the AOA1/AIA1 location

prior to the onset of yielding. Based on the divergence in the strains mea-

sured at AOA1 and AIA1, plastic buckling was the cause of failure. Figure 4.9

shows the failed frustum on removal from the test machine. A through-going

fracture again developed at the plastic hinge. A second circumferential frac-

ture, which was incompletely formed, can be seen below the A gages locations.

The buckled shape shows a deviation from the three-lobed failure observed

under static loading; the appearance is more of a five-lobed failure surface.

4.3 Shear/Bend Loading: Aluminum Frustum

Shear load was applied to the aluminum frustum as depicted in Figure 3.3.

Gages #1 were on the theoretical bend axis nearest to the point of load appli-

cation and in the region subjected to tensile bending stresses. Gages #3 were

diametrically opposite to the Gages #1 and subjected to compressive stresses.

Gages #2 were located at the theoretical neutral axis of the section. The

load-time and selected strain-load curves for this test can be found in Appen-

dix C.

Both the load-time and strain-load records were noisy. This is illus-

trated in Figure 4.10 for gage AOA1 which is in good agreement with elastic

theory predictions to a load of 15,000 lbs. At higher loads the strain versus

load becomes nonlinear. Figure 4.11 shows the strain recorded at the AIA2 gage

36
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Figure 4.9. Top Vi ew of the Aluminum 6061-T6 Frustum after Failure
under Dynamic Axial Load.

on the theoretical neutral axis of Section A. The strain is zero for shear

*loads to 20,000 ibs; however, it increases rapidly with increasing shear loads.

-. The higher stresses occur at Section C under shear/bending. The calcu-

lated maximum stress at Section C for 20,000 lbs shear load is 25,500 psi

* which is much lower than the yield stress for 6061-T6 aluminum (''41,800 psi).

* Failure, therefore, resulted from elastic buckling at 23,250 lbs shear load.

The corresponding bending moment at the base/bond interface was 202,600 in lbs.-

4.4 Static Axial Loading: Boron/Aluminum Frustum

The load-time and selected load-strain data for the static axial load

response of the boron/aluminum frustum are shown in Appendix D. There are

*three distinct regions to each curve. These regions can be selected from

close evaluation of Figure 4.12, 4.13 and 4.14. For the initial 100,000 lb

load the strains are in good agreement with predictions based on linearU
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elastic membrane theory. A small bending load appears to have been introduced

at higher loads. Figures 4.12 and 4.13 show the bending imposes larger com-
B

pressive stress in Gages #1. There is a corresponding lowering of the compres-

sive stress in Gages #3 as seen in Figure 4.13. In addition, the nonlinearity

in all the load-strain curves above 400,000 lbs results from plastic failure

of the load cell. Assuming a linear stress-strain curve to failure for the

boron/aluminum the actual failure strength lies in the range 600,000 lbs to

* 700,000 lbs.

Failure mode was buckling in the vicinity of Section A as seen by the

. trends for gages AOA1 and AIA1 in Figure 4.12. A photograph of the failed

boron/aluminum frustum is seen in Figure 4.15. The lower portion of the

frustum appears to be intact.

N;

..... ,...

Figure 4.15. Photograph of the Failed Boron/Aluminum Frustum. Axial
failure load was estimated to be between 600,000 lbs
and 700,000 lbs. M
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During this test the boron/aluminum punched into both the upper and lower

steel base plates. Prior to reuse, the grooves were filled with stellite, an
. extremely hard surfacing steel, and refinished.

- ' 4.5 Dynamic Axial Loading: Boron/Aluminum Frustum

A loading rate of 1,200,000 lbs/sec was achieved during the test. The

test was completed in approximately 0.5 seconds with the frustum failing in a

brittle manner at 519,000 lbs, significantly lower than in the static loading

, test.

7 Load-time and selected load-strain curves for the test are provided in

Appendix E. Strains measured at Gages #3 on Sections A, B and C are in good

agreement with elastic membrane theory predictions throughout the test to

failure, as seen in Figures 4.16 and 4.17, with little bending through the

frustum wall. On the other hand, Gages #1 at Sections A, B and C (Figure 4.18)

show a nonlinear strain response to load. Compared to elastic membrane theory

predictions the measured strains at AOAI are higher. Lower strains are mea-

sured than predicted at COAl. Gages AOA1 and AIA1 data in Figure 4.19 show

significant bending through the frustum wall. Localized inhomogenieties at

Gages #1 locations (e.g. gore segment overlap) may be a possible cause for the

observed data and premature frustum failure.

- Punching by the frusta into the upper and lower plattens occurred as in

the static test. However, the punch depth was significantly reduced for the

dynamic tests.

4.6 Shear/Bend Loading: Boron/Aluminum Frustum

The shear/bend load test condition is shown schematically in Figure 3.2.

Shear load was applied at the forward end resulting in maximum bending moment

-, at the base end. Gages #1 were on the theoretical bend axis nearest to the

L point of load application and in the region subjected to tensile stresses

47
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during bending. Gages #3 were diametrically opposite Gages #1 and are conse- e,

quently subject to compressive stresses. Gages #2 were located on the theore-
N

tical neutral axis of the section.

Load-time and selected load-strain curves for the shear/bend loading test

with the boron/aluminum frustum are provided in Appendix F. As in the shear/-

- bend loading test on the aluminum 6061-T6, the load and strain data are ex-

tremely noisy. Figure 4.20 shows the measured strains at locations AOAl and

BOAI. The measured strains compare favorably to predictions based on linear

elastic theory for shear loads to approximately 28,000 lbs. A nonlinear load-

strain response is observed beyond 28,000 lbs. Failure occurred at 44,000

lbs. Calculated maximum bending moment at the fixed base at failure was

383,300 in-lbs with failure occurring at the ring to frustum bondline. The

result is compared to the data obtained by General Dynamics (Reference 4) in

Table 4.1. Bending moment at failure determined in the present test program is

6-

Table 4.1. Boron/Aluminum Frustum Test Results for
Shear/Bend Loading

Test Results Failure Mode Reference

44,100 lbs Shear Failure Ref. 4
427,700 in-lbs

43,300 lbs Bond Failure Ref. 4 .2:
420,000 in-lbs

48,000 lbs Bond Failure Ref. 4
465,600 in-lbs

44,000 lbs Bond Failure This Work
383,300 in-lbs

5
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approximately 10 to 20 percent lower than the average value of the data re-

ported in Reference 4.
N

4.7 Discussion of Results

The data obtained here has been plotted, along with the data from Refer- .

ence 4, in a load interaction curve of axial load versus bending moment

(Figure 4.21). The plot shows that the frusta far exceeds all design strength

requirements (designated DLL in Figure 4.21).

70

600

G00

400

0
I 300

200

100-
j.7,

0 100 200 300 400 oo

MOMENT (Kin-lb)

Figure 4.21. Load Interaction Curve for the Boron/Aluminum Frusta.
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5. SUMMARY AND CONCLUSIONS

The following briefly summarizes the work performed under the contract

and the conclusions based on results of the structural testing of the half-

scale boron/aluminum frusta:

' '1. The 1.7 million pound load frame at Terra Tek was successfully

modified to load a truncated, conical frustum in axial compres-

sion, shear/bend and pure bending. Accumulators were placed in

close promixity to all actuators to provide the needed oil flow

for performing dynamic tests.

2. A fifty channel data acquisition system was tied to a DEC PDP

11-34 computer via a Soundstream 14 bit A/D convertor for

real-time monitoring of the tests.

3. Three aluminum 6061-T6 frusta were tested, two under static

loading conditions and one at high rate of loading, to verify

the systems operations.

4. Under static, axial loading, failure of boron/aluminum frustum

occurred by buckling near the forward end.

5. Failure of the boron/aluminum frustum under dynamic axial load

appears to have been influenced by local inhomogeniety. Seams,

resulting from gore pattern layup, is a possible cause for the

i nhomogeni ety.

6. Under shear/bend loading, failure of the boron/aluminum frustum

occurred at the large end at a shear load of 44,000 lbs. The
.% 5

corresponding bending moment at the base calculates to 383,300

in-lbs.
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7. The result of the shear/bend loading test for the boron/alum-

inum frustum is in good agreement with results reported earlier

by General Dynamics (Reference 4).

8. The load interaction curve of axial load versus bending shows

the boron/aluminum frusta strength far exceed design require-

ments.

9. Further investigation should be undertaken to evaluate the

effects of surface flaws due to manufacturing processes on the

stiffness, deformation and failure of the boron/aluminum

frusta.
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7.1 APPENDIX A

STATIC-AXIAL LOADING TEST DATA

FOR ALUMINUM FRUSTA
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7.2 APPENDIX B

DYNAMIC-AXIAL LOADING TEST DATA

FOR ALUMINUM FRUSTA
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7.3 APPENDIX C

STATIC-SHEAR/BEND LOADING TEST DATA

FOR ALUMINUM FRUSTA
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7.4 APPENDIX D

STATIC-AXIAL LOADING TEST DATA

FOR BORON/ALUMINUM FRUSTA
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7.5 APPENDIX E

i."

DYNAMIC-AXIAL LOADING TEST DATA

FOR BORON/ALUMINUM FRUSTA
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7.6 APPENDIX F

STATIC-SHEAR/BEND LOADING TEST DATA
-~ FOR BORON/ALUMINUM FRUSTA
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