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ABSTRACT

In response to the failure of a conical section of the Insat C satellite during

certification testing, the use of beryllium for payload structures, particu-

larly in the sheet product form, is being reevaluated. A test program
was initiated to study the tensile, shear, and out-of-plane failure modes of

beryllium cross-rolled sheet and to app_[y the data to the development of

an appropriate failure criterion. Tensile test results indicated that sanding

the surface of beryllium sheet has no significant effect on yield strength,

but can produce a profound reduction in ultimate strength and ductility.

Biaxiai and shear test results were found to be in good agreement with
results obtained by finite element analysis. Critical examination of these

test results may contribute to the modification of a JSC policy for the use

of beryllium in orbiter and payload structures.

INTRODUCTION

Beryllium has been a material of considerable interest to aerospace structural designers, due

to its high strength, high stiffness, and low density. Hot-pressed beryllium block has been success-

fully applied to 23 space shuttle parts, including the navigation base [1]. In addition, beryllium

is manufactured in the sheet product form [2-10], which is a useful material for satellite primary

structure. The most recently developed commercial grade of cross-rolled beryllium sheet is des-

ignated as SR-200E [9-10]. References [1, 11-12] provide an overview of some of the applications
of beryllium in spacecraft structures. Although the aerospace industry has experienced success

in using beryllium, extra care must be taken in both the design and manufacturing of beryllium

structures. For example, determining a design criterion which provides an acceptable margin of

safety is essential to the reliable application of beryllium [13]. However, identifying such a design

criterion that adequately describes the behavior of beryllium is difficult because this material is

anisotropic and exhibits both ductile and brittle characteristics. Another obst£cle to the increased

use of beryllium structure has been its low fracture toughness and susceptibility to brittle fracture

[14-15]. Even though recently developed grades of beryllium sheet have exhibited an improved

ductility in the longitudinM and transverse directions, ductility in the thickness direction is still
severely limited. Also, beryllium is characterized by tensile properties which are very sensitive to

surface finish [16-19]. Machining procedures induce twinning at the surface, which can lead to brit-

tle fracture. Annealing or etching after machining can eliminate twinning, and orbiter beryllium

parts are etched to a minimum depth of 0.006 in. [1].

In the early 1980's, a conical section of the Insat C spacecraft (built by Ford Aerospace
Co., Palo Alto, California) failed during certification testing for flight as a Space Transportation

System (STS) payload. From the resulting investigation, Ford Aerospace personnel concluded that



thefailurewasdueto excessiveout-of-planestresses,whichdevelopedduringthetorquingsequence
requiredto matetheberylliumstructureto thevibrationtest cruciform.Becauseof thisexperience,
materialsengineersat JohnsonSpaceCenter(JSC)becameinterestedin the subjectof the design
of beryllium structures,and in particular in identifying a failurecriterion that couldbe applied
to the useof beryllium sheetin orbiter structuresandpayloads.This providedthe initiative to
begina testprogramat JSCdirectedtowarddevelopinga better understandingof the mechanical
behaviorof beryllium. Emphasiswasplacedon studyingthe effectsof surfacefinish and out-of-
planedisplacementson beryllium sheet. In conjunctionwith this study,an extensiveliterature
searchwasconductedto locatepapersregardingsuchtopicsasthephysical/mechanicalbehavior
of beryllium, failure criteria whichcanbe usedfor anisotropicmaterials,and the manufacturing
and processingof beryllium. A bibliographylisting of thesereferenceshasbeenincludedin the
appendixof this report.

The objectiveof this paperis to presentthe resultsfrom the tensile,shear,and biaxial tests
whichwereconductedusing0.10in. thickberyllium SR-200Ecross-rolledsheet.Shearandbiaxial
test resultsare comparedwith numerical(finite element)solutions,and the constantsfor the
Tsai-_Vufailurecriterionarederived.

EXPERIMENTAL PROCEDURE

Materials

Cross-rolled beryllium sheet (SR-200E) was the primary material used for this study and

specimens for mechanical testing were obtained in the machined and etched condition from two
sources. Disc specimens for biaxial testing and tensile specimens were obtained from Electrofusion

Corp., and tensile and shear specimens were pUrchased from Brush Wellman, Inc. In addition to

the cross-rolled beryllium, aluminum 2024-T81 sheet and aluminum 7075-T6 sheet were used as
reference materials.

Tensile Tests

Tensile tests of the beryllium material were performed according to the procedures established

by ASTM test specification E-8 [20], using the flat tensile specimen geometry shown in figure 1.

Three longitudinal (L) and three longitudinal transverse (LT) tensile specimens (Electrofusion),

each with a test section of 2.25 x 0.50 x 0.10 in., were tested in laboratory air at room temperature.

For each of three specimens (EF-T1, EF-T2, and EF-L3), a ladder gage, which employed a stack of

10 single strain gages_ was attache d to the front face along the gage length, and very small strain

gages were attached to the two edges. In addition' EF-T2 and EF-L3 were instrumented with

biaxial strain gages. The other three specimens (EF-T3, EF-L1, and EF-L2) were instrumented

with front and back face single strain gages only. The strain gages enabled close observation of the

stress-strain behavior of the material, and the ladder gages were especially helpful in the detection

of Liiders bands. In addition, six longitudinal tensile specimens (Brush Wellman), each having a

test section of 1.25 x 0.25 x 0.10 in., were tested in laboratory air at room temperature. Ladder

strain gages were used to examine the tensile behavior of specimens BW-L1 and BW-L2, and front

and back single strain gages were used for the remaining specimens. The surface finish of the Brush
Wellman specimens was varied by sanding the gage lengths with 280 or 400 grit paper. The yield

strength for each of the Electrofusion and Brush Wellman tensile specimens was determined as the

stress corresponding to the onset of the yielding phenomenon, rather than the 0.2% offset yield

strength.



Biaxial Tests

An approximation of in-plane biaxial testing was accomplished using the loading configuration

shown in figure 2. Two 2024-T81 and two beryllium disc specimens (6.50 in. dia. x 0.10 in. thick),
were loaded in this manner (figure 2), using a support ring (6-in. dia.) and a load ring (1- or 2-in.

dia.). Three linear variable displacement transducers (LVDTs) were attached to the support ring
for verification of the planarity and even distribution of the loading. In order to observe the stress

distribution, each disc was instrumented with 16 biaxial strain gages, as shown in figure 3, which

measured strain in both the radial (R) and circumferencial (C) directions. Each beryllium specimen

was loaded and unloaded to 50%, 75%, and 100% of the average uniaxial yield strength, and then
loaded to failure. The two aluminum specimens were loaded to 75% of the yield strength, unloaded,

and then loaded to failure. Load-strain data from all 16 strain gages were recorded continuously.

Stresses were calculated using the average elastic modulus for the appropriate material and strain
gage data according to the following equation: a = Ee. For each of the load levels, both the

maximum stress and the stress at the center of the specimen were calculated.

Shear Tests

Several shear specimen designs were considered, and a sketch of the specimen design that was

chosen is shown in figure 4a. One aluminum 7075-T6 specimen was used to verify the validity of

the specimen design and test procedures before the five 0.10 in. thick beryllium shear specimens

were tested. Each specimen was adhesively bonded to a test fixture, using 3M adhesive AF3109-2
and primer EC3960. The setup was then loaded, as shown in figure 4b, at a crosshead rate of

0.02 in/min until the shear specimen failed. The specimens were also instrumented with shear and

rosette strain gages, and load-strain data were c0fit|nuously recorded for determination of yield

and ultimate shear strengths.

FINITE ELEMENT MODELS

Finite element models of the shear and biaxial specimens were developed, and the analyt-

ical results were compared with experimental data. The biaxial tests were modeled using the

MSC/NASTRAN finite element analysis program, and the shear specimen model was formulated

using the MSC/PROBE finite element code.

The biaxial plate specimen was modeled using a 3-dimensional finite element mesh, which

consisted of 10 layers. Each layer was axisymmetric, and modeled a quarter of the plate, using 81

QUAD4 elements and 33 TRIA elements (see figure 5). Both linear and nonlinear finite element
results were generated for the aluminum and beryllium specimens by applying the appropriate

load level to the model using boundary conditions corresponding to both the 1- and 2-in. load

rings. The nonlinear analysis incorporated geometric nonlinearities into the model, but did not
consider the effect of material nonlinearities. Both linear and nonlinear results were obtained for

the 2024-T81 specimens using an input load which would produce a stress corresponding to 75%

of the average uniaxial yield strength. For the SR-200E beryllium, linear results were generated

for 50%, 75%, and 100% of the average uniaxial yield strength, as well as for the failure stress.
Nonlinear beryllium results were obtained at 100% of the average yield, and at failure.

The shear specimen model (see figure 6) was a 2-dimensional membrane model, consisting of

36 triangular and 12 quadrilateral elements. This linear model was constrained along edge A, and

a constant displacement was applied to the specimen along edge B, in the negative Y direction.



Themagnitudeof the displacementwasdeterminedfrom theexperimentalfailurestrain. Figure7
showsboth the deformed(solid lines) and undeformed(dashedlines) shapesof the shearfinite
elementmodel. The resultant stressfield wascomparedwith the ultimate shearstressresults
obtainedfrom testing.

EXPERIMENTAL RESULTS

Tensile Results

Table 1 summarizesthe tensileresultsobtained from the six Elcctrofusion and six Brush

Wellman test specimens. The two Electrofusion specimens tested in the longitudinal direction,

which were not sanded for the application of ladder strain gages (EF-L1 and EF-L2), produced

an average yield strength of 60.0 ksi, an average ultimate strength of 77.0 ksi, and an average

elongation of 16%. The unsanded Brush Wellman specimen (BW-L1) produced a yield strength

of 50.3 ksi, an ultimate strength of 71.0 ksi, and an elongation of 20%. Although the data are

few, this demonstrates a fair amount of variability in tensile properties between lots of cross-rolled

beryllium sheet. The only unsanded specimen which was tested in the transverse direction (EF-T3)

produced a yield strength of 60.2 ksi and an ultimate strength of 72.1 ksi, with an elongation of

25%. Figure 8 presents the load-time curve for specimen EF-T3, demonstrating the presence of

a distinct yield point. This yield point phenomenon was the typical transition mode from elastic
to plastic deformation for both the L and LT specimens. Table 2 compares the average unsanded

tensile properties obtained from this program with various other tensile data available for cross-
rolled beryllium sheet. Limited data were available for SR-200E [9,10], while more extensive tensile
data were found in older reports for previous grades of cross-rolled sheet [5,7,21].

Table 1 also presents the tensile results from the Electrofusion specimens (EF-T1, EF-T2,

and EF-L3) that were mistakenly sanded at 45 ° angles to the direction of loading (in a cross-

hatched pattern) prior to the ladder strain gage application. This sanding procedure produced
the undesirable effect of reducing the elongation from an average of 17.3% to less than 1% in the

longitudinal direction, and from 25.2% to less than 1% in the transverse direction. This decrease

in ductility was accompanied by a reduction of the ultimate strength from an average of 75.0 ksi to

60.1 ksi in the longitudinal direction, and from 72.1 ksi to an average of 60.1 ksi in the transverse

direction. The yield strength, however, was not significantly affected by sanding procedures.

In addition, Table 1 presents the tensile results indicating the effects of sanding the Brush

Wellman specimens with various grades of sand paper. Sanding one side of specimen BW-L2 lightly
in a cross-hatched pattern with 400 grit paper did not affect the tensile properties significantly.

Sanding the specimens using 280 grit paper, however, produced a variable reduction in ductility.

Specimen BW-L3, which was sanded lightly on one sider showed a decrease in ductility to about

5%, while specimen BW-L4, which was sanded vigorously on both sides, showed no decrease in

tensile properties. Specimens BW-L6 and BW-L7, which were sanded in the transverse direction

on all four sides of the gage length with 280 grit paper, showed a consistent decrease in elongation
to less than 1%.

Biaxial Results

The results from the biaxial tests of the beryllium discs which were tested with the 1-in.

load ring (specimen B-l) and with the 2-in. load ring (specimen'B-2) are listed in table 3. Each

specimen was loaded and unloaded to 50%, 75%, and 100% of the average uniaxial yield strength,



and then loadedto failure. In table 3, the straingagewhichregisteredthe maximumstrain at
eachloadlevel is indicated. Themaximumstrain for specimenB-1 wasmeasuredby strain gage
SG-2-R,whichwaslocatedat the centerof the specimen,for everyload level. For specimenB-2,
themaximumstrainwasfoundto occurat straingageSG-4-C,whichwaslocatedadjacentto the
loadring, for the first three loadlevels. However,whenthe specimenwasloadedto failure, the
maximumstrain levelwasregisteredby straingageSG-12-R.Table3 alsolists both themaximum
and centerstressesthat werecalculatedfor eachloadlevel. Themaximumandcenterstressesfor
the 1-in. loadring specimencoincided,sincethemaximumstresswaslocatedat the centerof the
specimen.In contrast,themaximumstressfor the 2-inchloadring testwasobservedby the strain
gagesadjacentto the loadring. The fact that the maximumstressfor specimenB-2 wasadjacent
to the loadring indicatesthe influenceof the largerbendingmomentpresentin this specimenas
comparedwith specimenB-1. Therefore,the resultsfrom specimenB-1 shouldprovidea better

approximation of an in-plane biaxial stress state.

Figures 9 and 10 show the load-strain data from specimens B-1 and B-2 during the runs in

which they were loaded to failure. Since a distinct yield point is not demonstrated in either figure,

and the load-strain curves are not linear at any point, values for a biaxial yield strength have not

been reported. The failure load for specimen B-1 was measured to be 1346 lb., and the failure load

for specimen B-2 was found to be 2117 lb. These loads were used as the input loading conditions to
the finite element models for the failure cases. Failure stresses were calculated for each specimen,

using the maximum strain measurements at failure. Specimen B-1 failed at 121.0 ksi, and specimen
B-2 failed at 135.0 ksi. It is evident from these failure data that the load-carrying capability of

beryllium cross-rolled sheet is not reduced by the application of out-of-plane displacements, if it is

not in combination with other stresses. In fact, the average failure stress from these two specimens

is 128 ksi, which is almost double the average uniaxial tensile strength.

A photograph of the failed 1-in. load ring specimen is shown in figure 11, indicating a shattered

appearance and fairly uniform, pie-shaped fracture pieces. Examination of the pieces indicated

that the fracture initiated at the center of the disc, corresponding to the region of maximum stress.

Likewise, figure 12 is a photograph of the broken pieces of the beryllium disc which was shattered
using the 2-in. load ring. For this loading condition, the fracture was determined to have initiated

adjacent to the load ring. This area corresponds to the region of maximum strain, which was
detected by strain gage SG-4-C.

Shear Results

The load-strain data that were obtained from the 7075-T6 shear specimen and the beryllium

shear specimen S-5 are presented in figures 13 and 14, respectively. The 7075-T6 specimen failed

in a shear mode along a straight line between the notches, as expected. This test established

confidence in the specimen design and testing procedures. Table 4 summarizes the results from

the beryllium shear tests. All of the specimens demonstrated a distinct change in load-strain

behavior at a stress of approximately 30 ksi. This may correspond to the change in fracture

path of the specimen or possibly to the onset of cracking. Final fracture stresses (shear ultimate

strength values), based on the net section of material between the notches, ranged from 38 to 45
ksi. In contrast to the 7075 results, the beryllium specimens failed in a tensile mode, such that the

fracture initiated at the notch and propagated parallel to the slope of the notch (see photograph in

figure 15). The beryllium shear specimens were tested in both the pristine and sanded conditions.

Unlike the tensile results, however, sanding the shear specimens did not significantly reduce the

ultimate strength, and a substantial amount of strain occurred after the shear yield.



DISCUSSION OF RESULTS

Yield Point Phenomenon

As seen from the load-time curve for specimen EF-T3 (figure 8), the onset of yielding was fol-

lowed by a region of discontinuous yielding and a distinct yield point. Researchers have associated

such behavior with the formation of Liiders bands on the surface of beryllium [23-24]. This plateau

of discontinuous yielding was investigated with the use of ladder strain gages. The results from

the ladder gages demonstrated the presence of Lfiders bands by indicating that adjacent segments

of material yielded sequentially, thus producing a "zipping" effect. Even the tensile specimens

that exhibited less than 1% elongation showed indications of the presence of Lfiders bands. Since
Liiders bands were observed in both pristine and sanded tensile specimens, this phenomenon does

not appear to control the amount of elongation observed at final fracture. Thus, while the forma-
tion of Liiders bands seems to be a typical part of the deformat:ion process in cross-rolled beryllium

sheet, Lilders bands do not seem to play a significant role in ductility.

Surface Damage

The tensile results from the beryllium specimens that were sanded imply that the loss in

ductility is primarily due to the introduction of surface damage from the sanding procedure. This

agrees with results from Hanafee [16], which demonstrated that induced surface roughness directly

lowers the ultimate strength and ductility of beryllium, but does not affect the yield strength.
However, the Electrofusion tensile results may be in conflict with another report by Hanafee [22],

which concluded that sanding isostatically pressed beryllium block with 320 grit sand paper, prior

to application of strain gages, does not produce damage (in the form of scratches and/or twinning)
that is significant enough to affect its tensile behavior. Such a difference might indicate that

beryllium cross-rolled sheet is more susceptible to surface damage than isostatically pressed block.

Also, it is unclear at this time what relationship, if any, exists between sanding direction and

reduction in ductility. In order to resolve these issues and fully define the effects of different

sanding techniques on beryllium, an extensive study, which should include careful microscopy

work to document scratches and twins, would be required.

Biaxial Finite Element Analyses

Both linear and nonlinear finite element analyses of the aluminum and beryllium biaxial tests

were performed to substantiate the experimental results. For the aluminum biaxial tests, the load
corresponding to 75% of the average unlaxlal yield stress was used as the load input to the finite

element model. For the beryllium tests, the loads corresponding to 50%, 75%, and 100% of the

average yield stress and the measured failure loads were used a_ the input loading conditions for

the finite element analyses.

Table 5 shows a comparison of the biaxlal disc test results at each load level with the results

from the linear finite element analyses. The stresses and deflections which are compared in this

table represent values calculated at the center of each disc. The validity of the finite element

model was supported by a comparison between finite element and experimental results for the two

aluminum discs. The agreement between the beryllium analytical and experimental results were

also fairly good, except at the failure stress. Since geometric and material nonlinear effects were not

considered, the difference between predicted and experimental results increased over the material's

linear range, and wins an important contributing factor to the particularly poor agreement obtained
at failure.

Table 6 presents a comparison of the biaxial disc results with the results from the nonlinear



finite elementanalyses.Again, the stressesanddeflectionslisted in this table weredeterminedat
the centerof eachdisc. This modelincorporatedthe geometricnonlinearitiesassociated with the

load application. The calculated deflections from these nonlinear cases were closer to experimental
values than the linear results for almost every load level. Also, the calculated center stresses were

closer to the stresses determined from strain gage measurements than the results from the linear

analyses. The greatest improvements to the analytical values were realized in the prediction of the

center stress and deflection at failure. However, it is anticipated that a model which includes the

effects of both geometric and material nonlinearities would produce even better results.

Shear Finite Element Analysis

The shear stress contours obtained from the shear finite element analysis are graphically

depicted in figure 16. The central region of the specimen indicated shear stresses which ranged
from 46.2 ksi to 49.8 ksi. This agrees roughly with the experimentally determined shear stress
of 43.6 ksi. The limitation of this finite element analysis is that it cannot adequately predict the

tensile failure mode that was observed in the shear test specimens.

In general, while finite element analyses are capable of identifying regions of maximum strain
in a specific part or specimen, they are limited because they do not provide enough information

to enable predictions regarding the failure mode of a particular test. For this reason, mechanisms
for failure should be proposed, verified through experiment, and used for the development of an

appropriate failure model.

Failure Criterion

In addition to applying reliable finite element codes, effective methods for design must utilize a

failure criterion that is applicable for a particular material. Several research efforts have been aimed

at defining failure criteria that can be applied to brittle materials, such as beryllium [25-30]. One

criterion for failure that may be applicable to beryllium, and is often used for anisotropic materials,

such as composites, is the Tsai-Wu failure criterion [31], which has the following contracted tensor
formulation:

f(Crk) = Ficri + Fijaicrj = 1 (1)

which reduces to

Flo1 + F2(72 + Fl1(712 + F22(722 + F120"10"2 + F66(762 = 1 (2)

for an orthotropic material under plane stress conditions. The Fi and Fij coefficients may be

determined empirically according to the following equations:

1 1
F, = --+ -- (3)

O'Lt OrLc

1 1
F2 = --+ -- (4)

O'Tt O'Tc

-1
Fll - (5)

OrLt O'Lc

-1
F22= (6)

O'T tO'Tc



F12 -- [I - O.B(F1 d- F2) - GB2(Fll + F22)]/20"B 2 (7)

F66 : [4 - O.4s(FI + F2) -- O.452(Fll "_- -{-2F12 + F22)]/O.4s 2 (8)

where O.Lt and O.Tt are uniaxial tensile data in the longitudinal and transverse directions, respec-

tively, and O.L¢ and O.T¢ are uniaxial compressive data in the longitudinal and transverse directions,

respectively, and O.B is the biaxial failure stress, and o'4s is the failure stress from a 45 ° off-axis

tensile test, and _s is the shear stress.

Tsai-Wu failure coefficients were calculated on the basis of both the yield and ultimate me-

chanical properties that are listed in table 7. Since neither the biaxial tests nor the 45 ° off-axis

tensile tests demonstrated distinct yield points, the failure stresses were also used as yield strength

values. The Tsai-Wu coefficients that were calculated using equations (3) through (8) are presented

in table 8. Figure 17 presents the seven sets of data points plotted together with the boundary of

the failure criterion derived for zero in-plane shear stress ((76 = 0). It is encouraging to note that

the shear data are in good agreement with this failure criterion, which uses coefficients that were

generated using the other experimental data. Figure 18 compares the yield criterion for zero shear

stress with the cases in which the shear stress is 15 ksi (corresponding to half of the shear yield)

and 30 ksi (shear yield). As expected, this figure demonstrates that the addition of in-plane shear

stress reduces the failure envelope.

The Tsai-Wu failure criterion is only a two-dimensional model, however, and therefore cannot

predict the failure of materials which are subject to triaxial stresses. Out-of-plane stresses, such

as those which produced the Insat satellite failure that prompted this investigation, can produce

such triaxial stresses in cross-rolled beryllium sheet. It is expected that the failure envelope is

reduced by such an addition, but the critical stresses can not be predicted without the use of a
three-dimensional failure criterion. Therefore, NASA/JSC is sponsoring ongoing research in this

area at Texas A&M University [32-33].

o
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CONCLUSIONS

The average tensile properties of the beryllium cross-rolled sheet in the etched and pristine

condition were determined to be O'yB----59.8 ksi, o.u|t=75.3 ksi, in the absence of sanding.

Sanding the tensile specimens adversely affected the ductility and ultimate strength of the

beryllium, but was not observed to affect the yield strength. Sanding the shear specimens did

not significantly affect the shear strength.

Liiders bands were observed in both the sanded and unsanded beryllium tensile specimens,

regardless of the measured elongation-to-failure. This implies that the Liiders phenomenon

does not control the fracture mode or significantly contribute to the ductility of cross-rolled

beryllium sheet.

The beryllium disc which was tested with the 1-in. load ring produced a biaxial failure stress

of 121.0 ksi. Because the bending moment was lower than that present in the specimen tested
with the 2-in. load ring, this configuration provided a better approximation of an in-plane
biaxial stress state.

8
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The beryllium shear specimens failed in a tensile mode and exhibited unconventional fracture

paths. Failure stresses for the beryllium shear specimens ranged from 38 to 45 ksi, based on

the net section of material between the notches. These values oversimplify the failure process,

since the specimens did not fail in "true shear", but do agree with shear stresses predicted by
the Tsai-Wu failure criterion.

Results from the linear finite element analyses of the biaxial and shear tests agreed roughly

with experimental results. A nonlinear model of the biaxial disc generated failure stresses

which agreed better with experimental values. These finite element analyses have a limited

application in terms of predicting the failure modes and mechanisms of beryllium, so they
should be used in conjunction with an appropriate failure criterion.

The Tsai-Wu failure criterion provides an adequate two-dimensional model for predicting
failure in cross-rolled beryllium sheet. IIowever, a three-dimensional failure criterion would

be needed to predict the effect of out-of-plane stresses, such as the assembly stresses that
contributed to the Insat failure.

ACKNOWLEDGEMENTS

The authors would like to gratefully acknowledge Gilbert Hu, Jim McMahon, and James Shu,
who generated the finite element results for this project. Also, many thanks are due to Robin

Hermes and Elizabeth Nuchia, for their contributions to the success of this program.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

REFERENCES

Norwood, L. B., "Application of Beryllium on the Space Shuttle Orbiter," presented at the

15th National SAMPE Technical Conference, October 1983.

Kavenaugh, tI. C., "Comparison of Design Methods with Test Data for Structures Fabricated

of Cross-Rolled Beryllium Sheet," JSC-22536, Lyndon B. Johnson Space Center, IIouston,
Texas, April 1987.

Burns, A. B., Rumbaugh, D. A., and Van West, B. P., "Beryllium Cross-Rolled Sheet Design

Data at Room Temperature and 600°F," Engineering Memorandum B1-M2-1, Lockheed
Missiles and Space Co., Sunnyvale, California, July 1971.

Cooke, F. W., Damiano, V. V., London, G. J., Conrad, If., and Banerjee, B. R., "Structure

Property Relationships in Beryllium Sheet," Journal of Materials, JMLSA, Vol. 6, No. 2, June
1971, pp. 403-421.

Ingels, S. E., "Ductility of Cross-Rolled Beryllium Sheet - Barrier or Challenge," NASA-CR-
91705, Lockheed Missiles and Space Company, Sunnyvale, California, April 1966.

Gasc, C., "Mechanical Anisotropy in Beryllium Sheets," The Metallurgy of Beryllium, Institute

of Metals, Monograph and Report Series No. 28, 1961, pp. 519-534.

Fenn, R. W., Crooks, D. D., Kinder, W. C, and Lempriere, B. M., "Test Methods for Me-

chanical Properties of Anisotropic Materials (Beryllium Sheet)," AFML-TR-67-212, Lockheed
Missiles and Space Co., Sunnyvale, California, October 1967.



[8] King, B. "The Performance of Cross-Rolled Sheet in Structural Applications," Proceedings
from the Conference Internationale Sur la Metallurgie du Beryllium, Presses Universitares de

France, Paris, France, 1966, pp. 655-677.

[9] Kovarik, D. P., "Precision Stress-Strain Curves of Commercial Beryllium," AIAA 84-0896, pre-

sented at the AIAA/ASME/ASCE/AHS 25th Structure, Structural Dynamics, and Materials

Conference, May 1984.

[10] Marder, J. M., "Beryllium in Stress-Critical Environments," Journal of Materials for Energy

Systems, Vol. 8, No. 1, June 1986, pp. 17-26.

[11] Switz, R. J., "Beryllium Applications in Spacecraft Structures," SAMPE Quarterly, April

1974, pp. 39-43.

[12] Ingels, S. E., Pdedinger, L. A., and Schuette, E. tI., "Development of Beryllium Structure

for Space Vehicles," AIME Metallurgical Society Conferences Vol. 33, Beryllium Technology,

Vol. 2, Conference Sessions 5-6, 1966, pp. 1199-1226.

[13] Stone, F. E., "Design Considerations," Beryllium Science and Technology, Vol. 2, Chap. 18,

1976, pp. 379-415.

[i4] Kojola, K. L, "The Brittleness Problem in Beryllium," Proceedings of the SAE Aeronautic

and Space Engineering and Manufacturing Meeting, October 1967.

[15] Channon, S. L., "Confidence in Beryllium," Beryllium 1977, Proceedings of the Fourth

International Conference on Beryllium, The Metals Society, London, England, 1977.

[16]

[17]

Hanafee, J. E., "Effect of Annealing and Etching on Machining Damage in Structural

Beryllium," Journal of Applied Metalworking, Vol. 1, No. 3, American Society for Metals,

1980, pp. 41-51.

Beitscher, S., "Machining-Induced Surface Damage," Rockwell International, Beryllium Sci-

ence and Technology, Vol. 2, Chapter 11, 1976, pp. 197-230.

[18] Corle, R. R., Leslie, W. W., and Brewer, A. W., "The Testing and Heat Treating of Beryllium
for Machine-Damage Removal," RFP-3084, Rockwell International Energy Systems Group,

Goldon, Colorado, September 1981.

[19] Porembka, S. W. and Hanes, H. D., "Surface Damage in Machined Beryllium," Defense Metals
Information Center Memorandum 198, Battelle Memorial Institute, Columbus, Ohio, January

1965.

[2o] "E8-87 Standard Test Methods of Tension Testing of Metallic Materials", 1988 Annual Book

of ASTM Standards, Vol. 3.01, American Society for Testing and Materials, Philadelphia,

Pennsylvania, 1988, pp. 121-151.

[21] MIL-ttDBK-5E, Metallic Materials and Elements for Aerospace Vehicle Structures, Vol. 2,

June 1987, p. 7.8.

[22] Hanafee, J. E., Hughes, Jr., J. W., and McInturff, S. A., "Effect of Strain-Gage Surface Prepa-
ration Techniques on Beryllium," UCID-17578, Lawrence Livermore Laboratory, Livermore,

California, September 1977.

=

[23] Floyd, D. R., "Causes of the Yield Point Phenomenon in Commercial Be Products," RFP-2061,

Dow Chemical USA, Golden, Colorado, February 1974.

10

=



[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Dieter, G. E., Mechanical Metallurgy, Third Edition, McGraw-Hill Book Company, New York,

New York, 1986, pp. 197-201.

Lindholm, U. S., Yeakley, L. M., and Davidson, D. L., "Biaxial Strength Tests on Beryllium

and Titanium Alloys," AFML-TR-74-172, Southwest Research Institute, San Antonio, Texas,

July 1974.

Priddy, T. G., Benzley, S. E., and Johnson, R. L., "The Dual Characteristics of Yield and

Ultimate Strengths as Applied to Two Grades of Beryllium," SAND77-0122, Sandia National

Laboratories, Albuquerque, New Mexico, February 1977.

Priddy, T. G., "A Fracture Theory for Brittle Anlsotropic Materials," Journal of Engineering

Materials and Technology, April 1974, pp. 91-96.

Huffington, Jr., N. J., Santiago, Jr., J. M., Schuman, Jr., W. J., and Wisniewski, II. L.,

"Survivability Analysis for an Unsymmetrical ABM Configuration," BRL Memorandum

Report No. 2461, USA Ballistic Research Laboratories, Aberdeen Proving Ground, Maryland,
March 1975.

Candland, C. T., "Macroscopic Failure Criteria for an ABM Substructure Made of Beryllium",

BRL Memorandum Report No. 2596, USA Ballistic Research Laboratories, Aberdeen Proving
Ground, Maryland, February 1976.

Stone, F. E. and Chane, It. L., "Structural Response Modeling and Evaluation of ttigh-Purity

Beryllium Substructures," MDC G5529, McDonnell Douglas Astronautics Co., Huntington

Beach, California, October 1974.

Tsai, S. W. and Wu, E. M., "A General Theory of Strength for Anisotropic Materials,"

Composite Materials, Vol. 5, January 1971, pp. 58-80.

Mascorro, E., Roschke, P. N., and Papados, P. P., "Failure Prediction of Thin Beryllium

Structures", Texas A&M University, presented at the ASCE Structures Congress, Indianapolis,

Indiana, April 1991.

Papados, P. P. and Roschke, P. N., "Higher Order Criterion for Failure Prediction of Thin

Beryllium Sheets", Texas A&M University, presented at the Conference on Fracture Processes

in Brittle Disordered Materials, Noordwijk, The Netherlands, June 1991.

11



Table1.- BerylliumSR-200ETensileTestResults

Notes:

t

tt

ttt

Specimen
ID *

EF-L1

EF-L2

EF-L3 t

EF-T1 t

EF-T2 t

O'y s

(ksi)

BW-L4 ***

BW-L6 ttt

60.0

60.0

59.3

58.7

58.7

Oul t

(ksi)

76.7

77.3

60.8

60.2

59.9

Elong.

(percent)

19.3

12.6

Crosshead

Rate (in/min)

0.02

0.01

1.2 0.005

1.2

<1

0.005

0.01

EF-T3 60.2 72.1 25.2 0.01

BW-L1 50.3 71.0 20.0 0.02

BW-L2 ** 54.6 72.6 21.6 0.02

BW-L3 tt 52.6 60.6 5.0 0.02

71.5 20.0 0.02

<149.4

49.8

52.6

BW-L7 tit <1

0.02

0.02

EF = Electrofusion, BW = Brush Wellman, L = longitudinal, T = long transverse

Specimen sanded at 45 ° angles to loading direction prior to strain gaging

One side sanded lightly with 400 grit paper at 45 ° angles to loading direction

One side sanded lightly in longitudinal direction with 280 grit paper

Both sides sanded vigorously in longitudinal direction with 280 grit paper

All four sides sanded vigorously in transverse direction with 280 grit paper
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Table 2.- Comparison of Beryllium Cross-Rolled Sheet Tensile Results

Source Orient. ay. (ksi) cr.a (ksi) Elong.(%)

NASA/JSC (1991) L t 56.8 75.0 17.3

SR-200E (0.10 in. thk.) LT _ 60.2 72.1 25.2

Kovarik (1984) [9] L * 57 n/a n/a
SR-200E (0.020 - 0.047 in. thk.) LT * 58 n/a n/a

Marder (1986) [10] L tt 50 70 10

SR-200E (0.021 - 0.250 in. thk.) LT tt 50 70 10

MIL-HDBK-5E (1987) [21] L tt 43 65 5

SR-200D (0.07 - 0.25 in. thk.) LT tt 43 65 5

Fenn, et.al. (1967) [7] L 54 78 16

S-200 (0.077 in. thk.) LT 56 80 16

Ingels (1966) [5] L 51-63 78-85 10-24

(0.02 - 0.12 in. thk.) LT 50-61 70-86 7-25

Notes:

t

tt

Average of unsanded data in Table 1

Average 0.2% offset yield strength from 12 specimens

Minimum design properties
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Table3.- Biaxial Data for B-1 andB-2Specimens

Percent
of YS

Load Center

(lb.) Stress (ksi)

Maximum

Stress (ksi)

Location of

Max. Stress

SR-200E Beryllium,

5O % 209 27.8

75 % 312 42.O

100 % 421 55.1

failure 1346 121.0

1-in. Load Ring

2?.8

42.0

55.1

121.0

SG-2-R

SG-2-R

SG-2-R

SG-2-R

SR-200E Beryllium, 2-in. Load Ring

50 %

75 %

335

499

27.3

41.1

30.1

43.0

SG-4-C

SG-4-C

100 % 665 53.8 55.1 SG-4-C

failure 2117 120.0 135.0 SG-12-R

Table 4.- Beryllium SR-200E Shear Test Results

Specimen Shear Yield

ID Stress (ksi)

S-1

S-2

S-3

29.7

29.7

30.0

Shear Ultimate

Stress (ksi)

--t

43.6

45.1

Remarks

unsanded

unsanded

sanded *

S-4 29.5 44.6 sanded tt

S-5 29.5 38.5 sanded **

Notes:

t

tt

Fixture-to-specimen bond failed during loading

Both sides sanded longitudinally with 400 grit paper

Both sides sanded longitudinally with 280 grit paper

Both sides sanded at 45 ° to loading direction (parallel to notch)
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Table5.- Comparisonof Bia0dal Test and Linear Finite Element Results

Percent Load [ Predicted I Experimental Predicted Experimentalof YS (lb.) Stress (ksi) ]____Stress (ksi) (_ (in.) (5 (in.)

2024-T81 Aluminum, 1-in. Load Ring

:01 -: l | 000075
£

2024-T81 Aluminum, 2-in. Load Ring

75% 458 37.5 I 33.3 I0.162[ 0.115

SR-200E Beryllium, 1-in. Load Ring

50 % 209 24.7 27.8 0.027 0.027

75 % 312 36.8 42.0 0.040 0.039

100 % 421 46.8 55.1 0.053 0.050

failure 1346 * 150.9 121.0 0.170 0.116

SR-200E Beryllium, 2-in. Load PAng

50 % 335 26.4 27.3 0.037 0.040

75 %

100 %

failure

499

665

2117 *

39.2

49.3

156.8

41.1

53.8

120.0 **

0.054

0.072

0.229

0.056

0.069

0.144

* Failure load

** Maximum failure stress = 135 ksi (adjacent to load ring)

Notes:

Both predicted and experimental stresses were determined at the center of each disc specimen,

This coincides with the maximum stress for the 1-in. load ring condition, but the maximum stress

for the 2-in. load ring condition occurred adjacent to the ring.
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Table6.- Comparisonof BiaxialTestand NonlinearFinite ElementResults

Percent Load Predicted Experimental Predicted Experimental

of YS (lb.) Stress (ksi) Stress (ksi) _ (in.) t_ (in.)

2024-T81 Aluminum, 1-in. Load Ring

75 % 291 32.8 35.5 0.094 0.099

2024-T81 Aluminum, 2-in. Load Ring

75 % 458 28.7 33.3 0.112 0.115

SR-200E Beryllium, 1-in. Load King

100 % 421 47.3 55.1 0.049 0.050

failure 1346 * 123.2 121.0 0.112 0.116

SR-200E Beryllium, 2-in. Load Ring

100 % 47.2 53.8 0.062 0.069

failure

665

2117 * 106.0 120.0 ** 0.130 0.144

* Failure load

** Maximum failure stress = 135 ksi (adjacent to load ring)

Notes:

Both predicted and experimental stresses were determined at the center of each disc specimen.

This coincides with the maximum stress for the 1-in. load ring condition, but the maximum stress

for the 2-inch load ring condition occurred adjacent to the ring.
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Table7.- MechanicalPropertiesUsedfor Tsai-WuAnalysis

TestType Yield Strength(ksi) Ultimate Strength(ksi)

O'Lt 56.8 75.0

ffTt 60.2 72.1

O'Lc -50.0 * -95.6 [32]

O'Tc -57.5 * -100.3 [32]

aB _ 121.0 121.0

a4S 77.3 * 77.3 [32]

aS * * 29.7 43.6

Notes:

Unpublished data, P.N. Roschke, et. M, Texas A&M University, 1990

Failure stress of 1-in. load ring specimen

Used for comparison; not used to determine failure coefficients

Table 8.- Tsai-Wu Failure Coefficients for Beryllium SR-200E Based on English Units

Basis F1 F2 Fll F22 F12 F_6

yield -2.394x10 -3 -7.800x10 -4 3.521x10 -4 2.889x10 -4 -2.726x10 -4 6.557x10 -4

ultimate 2.873x10 -3 3.900x10 -a 1.395x10 -4 1.383xi0-4 -1.324x10 -4 4.812x10 -4
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--
rain.

A

=

Dimension As-machined As-etched

A 0.627 +.008 0.625 +.010

+.008 +.010
B 6.005 -.000 6.000 -.000

+.002
C 0.254 -.001 0.250 +_.002

* nominal dimensions in inches

r

Figure 1.- Full scale schematic diagram showing the geometry and dimensions of the Brush

Wellman tensile specimens.
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6.5-1NCH PLATE INSTRUMENTATION

_SASETYPECF_A-_-IZSWT-350 81r : 2.1] NON.
KT • *0.SX

$815 $813 SO ! ,0, 1'7

r"_2.-'_ ..... SI312

$82,10,18

(!.000 D|^ SUPPORT
I.D.

1,000 DIA LOAD O,D.
• 12S WNJ.. THICX.

I1.1100 DIA TEST PLATE:

DIA lOADS_RAIN 8A8( ! .D, '58

S;8- I -R

R __RADIALDIRE_rIoN S'mAIN

L C C IRCUIIWERENT IAL STRAIN

8ABE P^TTE]RN NO.J OIX) NO. - TOP SIDE e_-J8 3 AND S8 II OMITTrn
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Figure 3.- Sketch of • biaxial disc specimen, showing the placement of the 16 back-to-back biaxial

strain gales.
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Figure 4a.- Full scale schematic diagram showing the geometry and dimensions of the shear
specimens.

Figure 4b.- Schematic diagram showing the loading configuration for shear testing.
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Figure 5.- Finite element mesh for the axisymmetric model used for NASTRAN analysis of the
biaxial test condition.
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Figure 6.- Two-dimensional finite element model used for MSC/PROBE analysis of the shear
test condition.
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Figure 7.- Diagram showing both the deformed and undeformed shapes of the shear finite element
model.

24



G_

=1-

CO

C:,

OJ

0")_

0
0_

v-I

,,-4

I
e

ZZLEZ: -I z:Z i" "E E'.T_T:EE'i: "_]ZEOZO E Z :j Z: " ZZE :E :ZZ,"L!1LLJ_EEZELLE
ii _. i /_! t i i i i i t ! i i i i i i i_t tll ! i _..L! : i_ ' ! i i " i ! i i t i I i ii I Iii ! ! ti i

....... _ "I-P-_'-t-1 ....... i"i ...... T "' -T"i -i-i-" "g-r-T°T-_- " r'T'T" "i"_-r' --f'T" "TT , F'rr ,.......... r"i ......... '-'F ...... ['i-r"i-_-i'-i',-'r -n"T-F'T"rT',-,-
I i. _ i ! I i _ i i i i I .: ! i i ! i i i " :. ! i ! ! ! i ! ! l _ i i -'. ! i i i i _ :t t t I i i l i

:]Zi]Z_-_'_'L_EE]Z[:]z:r"[:[:i_: [EEZ]ZiZ-E]ZF_E]ZEL]:: ::]:: ::O,:]--']::.L!J_.]L-i3,ZZ[ZLE[i]ZZiZ: :]ZozErgD]Z]z: 71_.=.-'-F]ZEi.],:]-: 20.:ICLZEZC[]IZE

..I_,..LL,.--.LLLLL!...L.L.LL-':J...i...I..LL:--LLI,.N_Li. _ ..... '_L'_2.LL UJ_'..._........,.......Li...i.,.L'--.....I..i. -- ...... F-Fij'-_"L-'---I-I -
: : i i I"T.' ;_ i I i i ! i i " !/ ii i _ : t. i ' i , i i ! _ :. i /_ i Lt i i i " .: .: i i i i i i i , I i l i i . i I ! . _,_, 1 a i _ k._ .

"Ti'--i-FT-':.TFi--'-i"i-fT'i-Y'FI"VPT("--i-I"VFT" Fi"i'--"'.-i"i-iT,-T-,--F"'T'F-FT"_," "T'i-i"T'F":---i'-i--FT"F'T'TT"-F'F" f t'"N i-T'_ _-=;"
i ._ i , i f i I i i _i_'.'T] t if= i -- [ t t _ itH i / LLJl L ll = ' li i ! : i i i _ .=_ L/ I f.LJ _ LL
_ t f i 1 i i CL-]:! t i t t i i _ !] t | ! ! i f :. t , I ! I ! t t i]r__u i't t i i i t i 1 i i ! ! ! t ! i .: :. , i i ! | ! ! i i t _t].L/J___ I_L.!

-,--_,-__,--_-[]TT"I-"T'T"i-FTT"f-i---rT3-,.--f'T'I"T'TT''[Ta :"'i*-_O.i_EF_ET..'[.-r" 3:'i..... "["i'TT--f.'"]_-".'_'l:_]]:'_i-..i.-JA LLL.L.L,E
"F't"i-i-V.'_-__L-FI"FT"['I-'['T_fTi._i"F3-_"i-_Fi "i'" I.'j::]-_'.'].'.:Z']_'_T-,_(T___ "_LLi'i': .[ "i]"i'.L"i.____-_-._.:A_L,.._'_L,L.LL. _'._I_t_LLL.
.-i__.-LLEEZ.T_[].ZE[.L-tZLtj_[]].j3]_.-T-_I._ZE :.L.[]_L.L.a _E__O._U_LL ].].J_!Zt]_-...1T_LiJ j..,_.L.L.L.L.'_LJ_I_L_L-L_L_L_..

.,.L..... LL.I .... .L .I ,.k. j !_ _ :._ t t ..... - .L:--_LJ...L :;..L ! .... '... _ .L. + ":._!.. i...L +.£.LJ..LL.L.U .....
..... LL.O._i-_._L.L.L +LL.LLLJ..].J_" _--L':._J_t-LL L.L.[..::..L.LLJ..!__ __.,L.L.::..L...L.LJ_L.L _--.LLL
. , :, t i .: L-.J,; " I i i L+ _ +.1 ! ; + -" : _ _ ! + I ' i_3_U.. + + ' t +_+,_l_ + + : _ -LJ.J LJ + t L"

...... :"_-F': 3"T_"1" "_. ........... "F" "":'"1 ..... 3"-i'"_----i--"_.',-"i" i...... ," ..... r'_i'-_'"::-" _ ...... "F:--" _ = --_ ="'l+.-i

..... "_¢_ .... '___:"H- .... '_J-"-,-,-- .... _-. !:.:_:

.J.._L.!_L:_._'.._._L.L.L.LL.L__L.L___LL. _L.L.L.Li J_'_LJ....L.i-- _. LLj...L.L. _,_.iA_L&.-..:_:-a_

].:F.i:]Zu.._q::-:ITMTOLT.:._q:zF ::EFEOLOZE]-:I:::O-_iT.t::,:]:::f::F.Z[.I__LL'._LL.L,

•rr-i--"-i"T-E!ZF'r'r_Z[1E 'rT'rTT'-T"r'i'-I-iT-i'"q i'"i--_'"r'rj LL.m .U.J"
::i"'i:]ZEi_:i-r-El::i:_'..]:]:: ::i.:-:$]:2"Y'T"f::El::]Zk-_i"..L.L.* .-'-,...U.i.U..._....,...J..

_"i i : : i : : • . '- " ............. :"" "+:'"":'";- :...... :"" ..... ._.:.:.__,..:_.L.i..!.. _ _ _ _ f"i-l'Y .= I _ _ !'+."+i :" i , i L! i lJ _.i ." i
i , " i .:_:]:: ......... r"i-i"-"l ........ i "( ....... : Z[] Z 2 [_0:1

....... ."I" "T"I'T"; ....... !-': ": -_'"F"I'" '_, "': .......... _........ _."_"" "";'-;--,"'!"" "':"T: = " : : _ : : : : :

_:.:.___-...uui--i-i-r-u_--.H.:u_--.H-!u; r H-.:.--r_.-._...uuu
: : : . : : : : : : : : : : l Ill

ILLL_..,..:L.LL i. i ..: .: . I _. _ ! k. . i..LI..L!..L .i.... J..i ..
,."r":- '_-___ZOZ_ _': _-,-_-;-'i _"'_--" =._'T'_ ": ,_ • _."

_" • .:" "- " _.'..-'-FFri-F i -i" _-J-; " "iT-" ," I "-'-; -" "f ""_ ..... I" l:-"_,r'J'-i-i-
-:"......... __:[:'! ............. :'---'2":" '1 ":--L":1"": ..........EIT.OL__L.Li,:-L-.!.-_"
: : :_..2._LL: : : , : : : I , _ : I . .I .L ,. ,.-L:-_: .......

"_-'_'"_--,"_i__'|"_ "°" "'_'_"-:--l'"i--i--'-':"l'-_'": :";ZI 1 I-: : I l'l : , : : : : :

..................................._---- i_...... I ..................... I .................
....""-_........... '!_ ''_ ':' : , =: ;": |'' ; '' L;:_;

-.FT- f--F_..-I-F.-T--i--i--i.T-i-y-i..TTT-i-F-q'T.':i-- i -F'I-,-F'...--i , f-i" i i-
..L.L_L I_O_.i..£-L_'-LL ..L.LLLIA_Lb-...I._I .-L4..L.il..L.i..J...L.I-LL-LLiJJ-LL
..L.L._.:__L_-.."_L2d..LL..I ...!-L!_.L.!. LL L-LI_t.-LL!_! ..'...::..J...I_I...L.I.LLLL-.'_-' L
..L ' L L_.---L.L..' ...i. i .i L.L9 _'_ - 1. L.L.L.L.I _..!...L.L'_I_L.L.LL.iJ._LLL.

............... _'I--I"'I'F ............ _'" --_ ....... T" --'--_" "; "!" '"£"F'I .... [" _i-'_--_--.:--/--i'"

i'"i"_ _,_3::[:' "iE" : :"i-r-i"i"'l'i";--: '"E:i i::i :i"E:i::EiZ_.[::. C

, i i _ -:_..LL.L..L.:. _ , t ]. i i : / i i t : i :. " _ i /i..L i _ i ,
-:" "- - J"i-" "_""'; - - "T "i" - - - F --!"- i .... i-- .... "..... F'_-_'"........ _i2T.I[: ........I_.. L ..... ] ........i........i................:IZ[.L.;-_.L ........

:, :_'i'f-P : :, _ :I ......... I-,_,_:=:
9 _ _i :'-F "._=. -"i'i-t' 'ri'"h _-, ..... "i-:'--'-_-r" "-" ....... "" .............. " -'.-l-hi--'-'-+-........ `-±..___i:...._-³ .........., i-__.-.:l..:_.__,_,...._..._.._...-:l:__,_w_,...-___

! ! i . : : I t'_.1 , i H , , t ! ! i i i | t . i :" i / , i i i I :. , _ , Lt t iii I.L_:'__

• _.._.._:_E...:....L._...:...!_L__!..._.:t...!_.=u.,_ ..-:...:-...=LI:::_...'..-.'---*L.!.._.._..
• : . . . : .... : :a_ _.-',..L.k .... a - -..I ... i .!.... L,I..LL.L_.L.L.LL

i _ _ i i.; I i i i i .: , " i i .." :" !_i i i, i i _ i " i i -: i , :'/ _ i :. ___1 i.i _ _ /! .: , ' : _ L_ i

......... I"'F ................ i ......................... i........... : : : _I--F" '" = = _ = : ....................... i ...... : " : :' : : I I : : : : : : :
'.':.." .:-':-._-:--_='--=-." "-':-":'-_-":"-': .-:-.;..':--" --.:--:--_--_:--=--_':---:--- " i"-:.-_."."-_--_-_-'-'_ --;"! ' -!--I--I-"H.I.-"" -< .'F-'F'-F-,-.I--'..',..-". -, -.!---!-- !"-:'-_ .,i --!---F. !..... _. -_--:-':"':'":--:'"

i..... L.. J.i ....... L_..,L L.....!.... i._i, .J ...... "_" _.._.:-L. : .... u.- ............... _ .._.......... :.A.i.J...L.L
.L. 3_ .i ...... !...... L.i ..... !,.,!..... L.L...L !...... I Li. i.i L: 1- .'2 ,.!. ,J........ '- i ........ L.I- - .i .i.j_i...L.i.

;; _! .:! i I ! i i t :.= I i ! .: .: I i i "Jill i t.:, i !i ! i i i " .= .: .: .: " ! I', i iitl ! i."li . j . _ i
"';'"I .................... I....................................... _"........ i......... I ........... "'F'_"F'_---I"_"3"'i"--F':"-I ......... J........ :''" ........... F" ""_'"i"' "'F"i "i"V'"'"i"T"': : : : :""

J .L.. L_ i_i. ..i.i. _ i i.i. i ..i ... i_ L." ! .i...i i ... J,.,LL .i...L i .L!._ ..i .LL L.L.L':..-.....Li. L.LJ L !_i J .i..J..,L.L._t,,!.,,L,L.L..,.L_L_,...-Li..........

'--I: ................................ _IIIi'i''I _ ........... .... :' ":'--:III: "- III1111 _ ............................ _ ............ il'_l_ "_ ....... i*"i ......... iI'I_111 IIIii11 : ........ _ ..................................... i ....... _llt" : ......

::::::::::::::::::::::::W:::::::::::::::::L:::::::::::::::::::::::::::::::::::h::::::::::::::::::::::::::::::W:::W2:::2::::::::::::W:::::::::W::::::::t:::::::::U::::::::::::::@::::::::::::::::::::::::::::::::L:LF:::i: =j:::.::::::S:::

'9 .................... i ............ i" "j ......................... [T'T'i ............ i.......... i"T' "TT' "F'iT ......... i"'i ........ i................... !...j...l"T"i- "F'_iT'TTi- T-i" [ E _.k"9 T'iT-i"T'FT"f'-FT"f'T'Y'T"i'"f'T' ""i"i"T'.. "T'T-=:-F-T "T'T"i"T'TT'TT"i" -_.'T"i_i"T'T'T'T'T" "T'T-i"T'T'T-i"T'T" -'_-T"i-T_ T'TTT"" T' T'L.i.. L=_L:.. L
..::.u..=__.u...d..u._._.._J.LL.d._.__.L.i i_-.u..I.._u...u...u_i..J.,.u_u_u. _._...u._,_u.-_i..U:::l!.___u..._,i...i...L.i.Li.,i...!-i...b,---..
._ .i.Lk.i,_L -I !_i. . .L i.I.. L j__LL. J..I. !.... !...i.._--, I..i-':..-..LL! ..... !._!..3'._!._! _ .L_L.I._!_ ! it.i,J..,L.L.LLL._..L,._L,-....L
._!i,! ,I iliit!!i:.1",,11,,i ii ii i'ii.;'tli, !11i ii , , i I i :" , -'. _|i _ _ i|i i t ! i i i " "

t I I t =i I ; Ii f t ,|1 : :/: :./: .... _.-.
::,i ,; i i ;_; ::I ,i _ .... I;=_ ...... I .......... i'-l"l: ,; T : [ : :_._i_:

......i.-i_i.-_..i-_"i_Èi._..i_i_-i...i._._._.i_i.._È_`_`i_.i_`.i._.[Èi_"i-_`.i_..i.-_._...i_.i._.iÈT-i."i-i._.i_.._.`_i_.i.g`Èi_ÈiÈ_i_i-._i_._i_...i_.i._.i`_.i...i`_.iÈ_i_-[1]Z_-._.È_._i...i._.i_._._i_..i-_`.F-i...]-' L_..::,

• .i._L.LLi_i.-..i_ ..L.L.L.L.Li..i .LL.L-.L.L.Li.__LLLI..LLLLLL.:--LLu.--LLU_LL ...LLL'..:..'_'_LLLI...LLLL_.L._..LLI"i.LL÷-LU--...,..
! L" ' LJ ! _ ' .' _ ' i i !,1. i _ i L.i i LJ ' I..], _ ! L " ' i i..i..I .!..L).!. _..i_.i..!. t ,....i. !.L' i " i i ,; I .L.i,J.,LJLL.L.i...L.I..! ....... J.JJ-.

• 7" ].:-:; _ _i" J:"".'J::J:: :'i::[: I'T-i"'.'.['i"JZ!,j: :'J :i':i::]_'i'_ ]']"::-.-Z" ::j':i .... ::"i- :::..=i"1 .! J..H..i.. L.L.I..;._ . LLt.!_i ].
T]9 _ _ ,j _ i" i :", : _] _ _ iT'T'T'L"I"', ' _.i _ i"_ i , _ , : _i, , " i , , ,'i" I _ _ _ _ -T_ i % _ i , , _I_ _ _ i I_ , _ L:J_LL
"-_":"i-'F_--l--_ .......... I"T"I ......... i-I--"-i'T-l---i"_" ............. _--I_ "T" :--" "--."_ ............. F"i-_'-"I'-T'" "i"'i ........ F"i-" i .......... i"l"" "_"T', i" '= : :

:. , i i , ".- , i i i ].'. i i i,, i : i .."..'._..i " I i i i !, i ii.;_ i:..: iii i ! _ i i i i i j , i i i , .: .; _/! ! i i I i : = = = t : : :

• i i .; _. " i i, h...._,. J .-..'. .L i ..LL. i-k..i ..L,._i.j_L.Li. i..-:,_i..i.',:,.,b.b,b.i-:-.-j-.L.i.-L ...i. .L.i_i _ _i... i _ ..] L.L.L.LJ_L.,
........ •';"T "T"_ :'T" I | : : : : : ;:" "T-._.-n'-,"." -:" I...LJ.. ..L.L ! .L!_ _LJ-'.. LL__LI_.'_.'.L.'-_L'__!..:'....._ : , LL'..LLL L.i. J_L'_! 2.'_LL ..'_:.-:_ .............. U._-J._-J ........

"T'T'_-i-i"T"i"i .........' ............................................................................... _"-'_''"' ............................ =.........""..L.LLLL.: .LLL ..L.i_L'.'b..-..'..Li_-.LL.L.L.L.LL:._L-...._L,L__L.L.LL2_L L.i..;.L.L.L_-"_LL.L "T'T"i'TT'T'T'T"i- "f"i']_ L-'_L i
,.L.L_i_L, i j_'.! .... L k .i. i L J...... ..t. _LLL L ..L. jLi.=_iJ_kJ_ .,. LLi3_, ..L.L i ..Li .L.'..'_ LL.i 'Ti-i'TT'T'T'T"F "',"T i-i'T, j _Li. T'
,.L!..i._ | i_.__k.L ..__.:.'= t..!" 3t..t.'=_,,.:...,I._ • _'..f _1." _,..=...__....._= : ' ,,.i.,i' " .L._-.'-,.I...!_'..,.,I,,.:;.... ,, L,:...--.L."__.3_!._L=' " = ...... ..,..!._'_.t....t...11_;" : .L I. '- "_ .......... i......... =..... i'"t"_i'-= _ -,"
• i!il =il i i i i t ! ! jr i t i i ! i i i i |, i i! i Ii ii i i i iii t.'. i i i ....... 1.4 .............. !-" ........ --='--.---;--,'--'--.:-"

.....F-_'i-..'_"I-T"_ ................................ i- .............. =="--='-:-';"......;.-:..;--_ ................. ,. - , . . : ..;...... _- a.'-..,-'-., ...:.. .,..,..__:...:....:,,.:,,,,__,..,. ,....... :. .. _........... ,.... i..... L.,L L :...=.,..I...i_I..W,.L_,__.
; i i_Li ,.i Li _ i _ ! L t iJ L _ i t _ : t ; i i i , , t t j _ i i _ t _ iJ _ LL:- I ' i

"'i"'-i"i"T'] i'TT" "i"i-f F'i'T-, "i-F-T'T";TT",-J-i'-F "T"TTTI-,"T'.-i'" "T'TT"i"r"i-i"F F 'i-r"i'TT"i"T'T--'"r-i-'l _ Ffi-i-

500 I000 1500 _000 aS00 _0_0 _0e
TINE IN SECONDS

_igure 8.- Load-time curve for tensile specimen EF-T3.
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Figure 9.- Load-strain data obtained from beryllium disc B-l, which was loaded to failure using

the 1-in. load ring.
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Figure 10.- Load-strain data obtained from beryllium disc B-2, which was loaded to failure using

the 2-in. load ring.
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Figure II.- Photograph of the failed beryllium disc B-I, which was tested biaxially

with the l-in. load ring.
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Figure 12.- Photograph of the failed beryllium disc B-2, which was tested biaxially

with the 2-in. load ring.
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Figure 13.- Load-strain data obtained from 7075-T6 shear specimen.
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Figure 14.- Load-strain data obtained from beryllium shear specimen S-5.
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Figure 15.- Photograph of failed beryllium shear specimen, indicating unconventional

fracture propagation path.
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APPENDIX
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