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DESIGN, FABRICATION, AND TESTS OF TUBULAR BERYLLIUM
AND Be-38A1 ALLOY TRUSS-TYPE STRUCTURES

By Donald R. Rummler and Gregory R. Wichorek
Langley Research Center

SUMMARY

Four lightly loaded, tubular, truss-type structures with the same configuration have
been designed, fabricated, and tested. Adhesively bonded joints were used to fabricate a
beryllium truss, a Be-38Al alloy truss, and an aluminum truss. The fourth truss was
aluminum with welded joints. The bonded trusses were designed for the same loading
condition. The beryllium and Be-38Al trusses had a mass of 1.42 and 1.51 Ibm (0.64 and
0.68 kg), respectively, whereas the bonded aluminum truss had a mass of 3.0 lbm

(1.36 kg).

The trusses were subjected to both dynamic and static tests. The trusses success-
fully survived the dynamic tests which subjected the trusses to the maximum design
loading conditions. For the dynamic tests, comparisons between measured and calculated
first-bending-mode frequencies and mode shapes also show satisfactory agreement. All
four trusses exhibited a nonlinear response to dynamic loads. For the static tests, com-
parisons between measured and calculated truss member strains and joint deflections
show satisfactory agreement. Viscoelastic joint deflections were observed during static
tests on all the bonded trusses. Joint failures observed during static tests on the bonded
aluminum truss were attributed to the viscoelastic properties of the adhesive.

INTRODUCTION

Beryllium and Be-Al alloys are attractive for structural applications because of
their high stiffness and low density. In spite of these advantages, the structural applica-
tion of these materials is not widespread. This limited use is due, in part, to the brittle
behavior of beryllium under biaxial stresses. Most current applications use beryllium
and/or Be-38Al in sheet form (see, for example, refs. 1 to 3) and little attention has been
given to these materials as tubular members in a load-carrying structure. However, the
use of beryllium or Be-38Al alloy in truss-type structures appears promising since truss-
type configurations offer the possibility of uniaxially loading the tubular truss members.
In addition, truss networks are often designed by elastic stability considerations, which
make materials with high stiffness particularly attractive.




Because of the interest in lightweight tubular spacecraft structures and because of
the limited amount of information available on beryllium and Be-38Al tubing, an investi-
gation to determine the applicability of thin-wall beryllium and Be-38Al tubing for lightly
loaded truss-type structures was initiated. The first two phases of this investigation
(refs. 4 and 5) were concerned with the mechanical properties and column behavior of
thin-wall beryllium and Be-38Al tubing.

The study reported herein, the final phase of the investigation, describes the design
and fabrication of a beryllium truss and a Be-38Al truss. To provide a basis for com-
parison, the design and fabrication of two aluminum trusses are also described. The
present paper also presents a detailed description of the structural response of the four
trusses to both dynamic and static loading conditions. The configuration and joint-location
coordinates for the trusses are shown in figure 1. This figure also shows the directional
reference axes used herein.

SYMBOLS
The units used for physical quantities defined in this paper are given both in the U.S.

Customary Units and in the International System of Units (SI). (See ref. 6.) Conversion
factors pertinent to the present investigation are presented in appendix A.

A area, inches2 (meters2)

© constant

dy,dg maximum diameters, inches (meters) (see fig. 2)

D mean diameter, inches (meters)

E modulus of elasticity, pounds force/inch2 (newtons/meterz)
f frequency, hertz

g gravity units

h{,hg,hg,hy heights, inches (meters) (see fig. 2)

K empirical correction term

L column length, inches (meters)




m mass, pounds mass (kilograms)
my,my,mg,my masses, pounds mass (kilograms) (see fig. 2)
P concentrated load, pounds force (newtons)
Pep column buckling load, pounds force (newtons)
t wall thickness, inches (meters)
§ T test temperature, °F (°K)
: By reference temperature, °F (°K)
! X1,X9,X1X9,X3 truss directional references (see fig. 1), inches (meters)
‘ 5 deflection, inches (meters)
810 deflection at joint 10, inches (meters)
€ strain
| €1:€9,€3 measured longitudinal truss member strains
P density, pounds mass/inch3 (kilograms/meter3)
o stress, pounds force/inch2 (newtons/meter2)
@ location of neutral axis of bending with respect to €;, degrees
Subscripts:
a axial
Al aluminum
av average
b induced bending



Be beryllium

calc calculated
exp experimental
i integer

max maximum

y yield

TRUSSES

Design Criteria and Configuration Selection

After a review of several unmanned spacecraft designs, the configurational
restraints and simulated experimental package masses associated with launch conditions
shown in figure 2 were selected for the truss design. The truss design criteria also
included the following:

(1) The maximum deflection of the structure at any point must be less than 1 inch
(25 mm).

(2) The first-mode resonant frequency of the truss must be greater than 30 hertz.

(3) All vertical truss members in a given tier must have the same section
properties.

(4) Minimum diameter and wall thickness for truss members are 0.25 and 0.020 inch
(6.4 and 0.51 mm), respectively.

(5) The diameters of truss members shall be restricted to those considered standard
for aluminum tubing.

The design loads included static forces equivalent to a 10g longitudinal acceleration and
dynamic forces induced by a 2g-peak lateral acceleration from 10 to 500 hertz input at
the base of the truss. Although the design criteria selected are arbitrary, they are, nev-
ertheless, considered typical of the major restraints which would be associated with this
type of structure.

To select a representative truss-type structure, a variety of truss configurations
conforming to the design criteria were analyzed with the aid of a digital-computer pro-
gram (ref. 7). Both aluminum and beryllium trusses were analyzed. The more efficient
configurations analyzed included three- and four-legged trusses with 21 to 29 members




and with 10 to 13 joints. During the configuration selection studies, the truss members
were assumed to be pinned-end columns and an amplification factor (transmissibility) of
20 was assumed for the 2g-peak lateral acceleration. The trusses were analyzed and
sized for both the experimental-package masses shown in figure 2 and for a single
5.0-1bm (2.3-kg) simulated experimental package at the top of the truss; these two
loading configurations will be referred to as the multiple-mass and single-mass loading
conditions, respectively.

The results of the configuration selection studies indicated that the dynamic loads
governed the design. The dynamic loads were such that most of the truss members were
lightly loaded and were sized by elastic column stability considerations; consequently,
stresses were low.

Based on the results of the configuration and preliminary member-sizing studies,
the truss configuration shown in figure 1 was selected as the test model configuration. A
detailed discussion of the configuration studies is presented in appendix B. This appendix
also presents some materials comparison relationships for truss-type structures.

Joints

In addition to indicating a potential mass reduction by substituting beryllium for
aluminum truss members, the configuration studies also showed that joint mass could
represent a large percentage of total truss mass, particularly for trusses with beryllium
truss members. Several mechanically fastened and adhesively bonded joint designs were
analyzed for both mass and ease of fabrication. The joint design selected is shown in fig-
ure 3. This joint design utilizes an electron-beam-welded tubular-aluminum joint cluster
to establish the joint geometry. The truss members are attached to the joint cluster with
adhesively bonded, two-piece split aluminum collars. In addition to having a low mass,
this joint design does not require any fabrication procedures that are not well established,
such as welding beryllium or Be-38Al tubing. It also minimizes the possibility of devel-
oping large fabrication-induced stresses that often occur in mechanically fastened joints
which incorporate high-stiffness materials such as beryllium. The two-piece split collars
avoid the adhesive distribution problems associated with bonded telescoping joints. Some
of the collars were stepped, on the inside diameter, to accommodate differences in truss

member and joint tubing diameters.

A paste-type, room-temperature-curing, modified epoxy adhesive was selected
for the bonded trusses after a series of bonding studies. These studies, concurrent
with the joint design studies, indicated that the selected adhesive should (1) be a room-
temperature-curing type to minimize fabrication-induced stresses and fabrication fixture
complexity, (2) have high tack and viscosity to ease collar placement and clamping prob-
lems, (3) have a shear strength that was relatively insensitive to bond-line thickness
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variations to avoid machining of the tubular truss members, and (4) have some flexibility
combined with a moderate shear strength to resist the vibratory loads imposed on the
truss members.

By utilizing the joint design shown in figure 3, a beryllium truss, a Be-38Al truss,
and an aluminum truss were fabricated. A fourth truss was fabricated from aluminum
with welded joints. The bonded trusses were sized for the multiple-mass loading condi-
tion and the welded aluminum truss was sized for the single-mass loading condition. The
as-fabricated bonded beryllium truss is shown in figure 4. Details of the fabrication and
assembly procedures used for the bonded trusses are presented in appendix C.

Mass Summary of Fabricated Trusses

The welded aluminum truss was sized for the single-mass loading condition and had
a mass of 2.5 lbm (1.14 kg). The component masses and total masses of the bonded
trusses are summarized in table I. These trusses were sized for the multiple-mass
loading condition. Both the Be-38Al and beryllium trusses are substantially lighter (50
and 53 percent, respectively) than the bonded aluminum truss. A larger difference in
mass between the Be-38Al and beryllium trusses was initially expected. The small dif-
ference actually found is, in part, the result of being able to utilize standard-diameter
tubing more efficiently in the Be-38Al truss than in the beryllium truss. Also, the beryl-
lium truss members were, on the average, 16 percent heavier than had been predicted by
using the nominal dimensions of the tubing. This increase in mass was primarily due to
thicker than nominal tubing walls. The aluminum and Be-38Al were heavier than predicted
by 4 percent and 1 percent, respectively.

The joint mass fractions for the bonded aluminum and beryllium trusses were 17 and
35 percent, respectively. These joint mass fractions are significantly smaller than those
estimated for mechanically joined trusses during the configuration studies (appendix B).

The total joint masses for the bonded trusses were approximately equal (table I).
The joint clusters in the Be-38Al and beryllium trusses utilized smaller diameter tubing
and were somewhat lighter than the aluminum truss. This mass advantage was offset by
the increased mass of stepped collars which were used on some joints of the Be-38Al and
beryllium trusses.

EXPERIMENTAL TEST PROCEDURE
The three bonded trusses and the welded aluminum truss fabricated during the pres-

ent investigation were tested under both dynamic and static loading conditions. For all
trusses, the dynamic tests were completed before static testing was begun.




For vibration tests, the trusses were mounted on an air-supported slider plate
(fig. 5). The bottom of the slider plate had been machined to form a plenum chamber for
pressurized air which was introduced through the top of the oil table. An oil film was
used to minimize air losses around the edges of the slider plate. Forced vibration exci-
tation was introduced to the slider plate by means of a servocontrolled 10 000-1bf (44-kN)
electromagnetic shaker. The trusses were excited laterally in the X{-, Xg-, and
X1Xg-directions. A typical schedule for the truss-vibration test is presented in table II.
The bonded aluminum truss shown in figure 5 is mounted for tests in the X{X9g-direction.
This figure also shows the masses which were attached to the trusses at joints 6, 8, and 9
during the multiple-mass loading-condition tests. These masses were 10, 5, and 5 lbm
(4.5, 2.3, and 2.3 kg), respectively. The mass of joint 10 was 5 lbm (2.3 kg) on all

trusses.

An accelerometer located in the center of the slider plate was used to control the
input excitation level. The input acceleration levels were measured at the control point
and also at each of the footpads. Accelerometers were bonded to joints 4, 5, and 7 to mea-
sure joint response parallel and perpendicular to the direction of excitation. The response
of joint 10 was measured with three accelerometers in the X;-, X9-, and X1X9-directions.

The electrical outputs of the accelerometers were recorded on oscillographs. In
order to measure truss member response, the electrical output of the strain gages was
also recorded on oscillographs during the vibration tests. Both the accelerometer
response data and the dynamic strain measurements are considered to be accurate to
within 5 percent.

For the static tests, the trusses were cantilevered from a rigid base. The test
loads were applied at joint 10 in the X1-, -X9-, and X{Xq-directions. (See fig. 1.) A
manually controlled hydraulic jack loaded the trusses through a cable-and-clevis system
so as to minimize the effects of any misalinement between the jack and joint 10. A load
cell was rigidly attached to the jack to monitor the test load. Because of the viscoelastic
response of the bonded trusses (see appendix D), application of the full test load was
usually accomplished within 30 seconds and was usually maintained for 5 minutes. After
the load was released, the truss was allowed to recover until the tip (joint 10) deflection
returned to zero.

Static joint deflections in the direction of load application were measured by dial
gages mounted to a steel frame which was cantilevered from the same rigid base as the
truss. Twenty-one strain gages bonded to representative truss members were used to
measure member strains. Three foil-type gages were bonded to the center of each
selected truss member. The gages were alined in the longitudinal direction and were
located at 90° intervals about the circumference. They were used to measure €, ey,
and eg from which both the axial and the bending strains were calculated. The electrical
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outputs of the strain gages were recorded on punched cards by means of an analog-to-
digital data-acquisition system. The strain measurements were reproducible to within
5uin./in. (5um/m) and are considered to be accurate to within 3 percent.

RESULTS AND DISCUSSION OF TRUSS TESTS

The trusses were subjected to both dynamic and static tests. All trusses success-
fully survived the maximum dynamic loading conditions. These conditions (2g-peak lat- -
eral acceleration from 10 to 500 hertz input at the base of the truss) had controlled the
design of all truss members. The static tests, experimentally more tractable than the
dynamic tests, were performed to provide a detailed comparison of calculated and exper-
imental truss joint deflections and member strains.

Dynamic Tests

A preliminary analysis of the dynamic-test results indicated that excitation in the
X1Xg-direction produced the maximum response for all trusses. This preliminary exam-
ination also indicated that the responses of the trusses when excited in either the X1-or
X9-direction probably included truss—slider-plate interactions and modal coupling.
Characterization of these interactions would have required additional vibration testing of
the trusses. Because it was considered beyond the scope of the present investigation to
characterize completely the vibrational response of the trusses and because in all cases
maximum truss response occurred during the X{Xo-direction vibration tests, only the
results of the X{X9-direction tests are presented herein.

The major response frequencies and response levels of representative joints to
1g-peak excitation in the X{Xy-direction are shown in figure 6 for both the single-mass
and multiple-mass loading conditions. The lowest response frequencies of the trusses
for a 1g-peak input (fig. 6) were in satisfactory agreement with the calculated frequency
for the first bending mode (table III). The lowest response frequency of the welded alu-
minum truss was the only one which was lowered by increased (2g-peak) input excitation.
The first-bending-mode frequency of the Be-38Al and beryllium trusses is 1.18 and 1.35
times that of the bonded aluminum truss (table III). This beneficial increase in first-mode
frequency is due to the greater stiffness of the Be-38Al and beryllium trusses.

During the single-mass loading condition tests, the response level of joint 10 for the
aluminum and Be-38Al trusses exceeded the assumed amplification factor of 20 (fig. 6(a))
for the first-bending mode resonance. The results of the multiple-mass loading condition
tests (fig. 6(b)), however, show that the assumed joint-10 amplification factor of 20 at the
first-mode resonance was exceeded by only the bonded aluminum truss. Although it was
not sized for the 2g-peak multiple-mass loading condition, the welded aluminum truss was




subjected to the 2g-peak sweep test in the multiple-mass loading condition because its
response to the 1g-peak sweep test indicated that it would survive. No evidence of dam-
age was observed on any of the bonded trusses or on the welded aluminum truss after the
2g-peak tests in the multiple-mass loading condition.

The nonlinear responses of the'trusses to increasing levels of excitation at their
lowest resonant frequencies are shown in figure 7. The nonlinear response (softening) of
the trusses did not appear to be related to the method of joining. There was some evi-
dence, however, that the maximum response of the bonded trusses was inversely related
to their static stiffnesses; i.e., the static stiffness of aluminum truss was the lowest but
its response the highest and the stiffness of the beryllium truss the highest with its
response the lowest. The first-bending mode shapes of the trusses in both the single-
mass and multiple-mass loading conditions (fig. 8) were in reasonable agreement with the
calculated mode shapes. The agreement in mode shape for the tests with the multiple-
mass loading condition (fig. 8(b)) also indicates that the nonlinear responses shown in fig-
ure 7 were characteristic of the whole truss rather than joint 10 or any single truss tier.

The maximum member strains measured during the vibration testing are listed in
table IV. The maximum member strains all occurred at the first-mode resonant fre-
quency in the X;Xg-direction. Maximum strains occurred during the 2g-peak sweep in
the multiple-mass loading condition. The strains in table IV are presented as absolute
values since no attempt was made to differentiate single vibration cycles during the sweep
tests. Examination of a single vibration cycle from dwell-test strain records indicated
that the senses (tension or compression) of member strains were properly related to each
other and that all strains measured on a single member had the same sense.

The experimental bending strains were derived from the measured strain data by
using the equations developed in appendix E. The uncertainty of strains measured with
gages later found to be partially debonded precluded the calculation of €; and €5 ON
some truss members. On the other members, the values of €3 and €,y Wwere below
the maximum anticipated for a joint-10 amplification factor of 20 during the 2g-peak sweep
test. Although the member strains were less than anticipated, it is interesting to note that

€
for the bonded trusses the maximum bending-strain percentages e—b(IOO) observed during
a

the dynamic tests were approximately 20. This suggests that the dynamic loading condi-
tion did not induce any large secondary loads in the truss members.

Static Tests

Joint deflections.- In preliminary static tests the response of the bonded aluminum

truss to incrementally applied loads was nonlinear. This nonlinear response was due to
the viscoelastic behavior of the adhesive. It was considered beyond the scope of the




present investigation to characterize completely the viscoelastic behavior of the bonded
trusses. Therefore, a cursory study was performed to establish the time and tempera-
ture dependence of joint deflection to permit a comparison between calculated and exper-
imental joint deflections. The results of the viscoelastic studies and the method used to
correct the experimental truss deflections for temperature effects are presented in
appendix D.

The temperature-corrected experimental joint deflections for loads applied at
joint 10 in the X1-, -X9-, and X{Xg-directions are listed in table V. The reader is cau-
tioned that the tip loads presented in table V are not the same for all trusses or loading
directions. This table shows that the deflection of each truss was essentially independent
of the direction of loading. For instance, for the bonded beryllium truss, the deflection
of joint 10 was 0.052, 0.051, and 0.052 inch (1.32, 1.30, and 1.32 mm) when a 100-1bf
(445-N) load was applied to joint 10 in the X{-, -X9-, and X{Xq-directions, respectively.
The deflection data for representative joints in the three loading directions are shown in
figure 9. This figure clearly illustrates the linear response of the adjusted deflections to
a rapidly applied static tip load.

A comparison is shown in figure 10 between the measured joint deflections and cal-
culated joint deflections. The deflections shown are for a tip load of 100 1bf (445 N).
Agreement is reasonable (within 10 percent) at the tip for all trusses. The agreement for
the aluminum trusses is less satisfactory for joints 7 and 5 than for joint 10. The calcu-
lated deflections do not include any corrections for either the joint cluster tubing or the
adhesive. The calculated deflections for the bonded trusses are based on measured
dimensions of the truss members. The calculated deflections for the welded truss are
based on nominal dimensions of the truss members.

Although the bonded trusses were all designed for the multiple-mass loading condi-
tion, figure 10 shows that the Be-38Al and beryllium trusses are both significantly stiffer
than the bonded aluminum truss. This beneficial increase in stiffness, approximately
25 percent for the Be-38Al and 50 percent for the beryllium, is in addition to the mass
saving that was achieved by the substitution of these materials for aluminum. The
increased stiffness is the result of the increased extensional stiffness which Be-38Al and
beryllium columns exhibit when designed for the same loads as aluminum columns (see

appendix B).

Truss member strains.- During a preliminary analysis of the strain-gage data

from the static load tests, a large discrepancy between the experimental and calculated
member strains was noted for several truss members on the bonded trusses. The anom-
alous strains were found to be due to partial debonding of gages. The gages presumably
debonded during the dynamic tests although there was no evidence of gage failure.
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Once gage debonding was suspected to be the cause of the anomalous strains, all
strain gages on the trusses were checked for debonding. This checking was accomplished
by applying a small uniformly distributed compressive load normal to the plane of a gage.
A spring-loaded fixture was used to apply the normal force. Debonded gages exhibited an
abnormally high response to the normal force. Subsequent removal of the opaque lacquer
coating on several gages provided a visual confirmation of partial gage debonding on the
gages which were found to be defective during the gage-checking tests. Strains measured
with gages subsequently found to be debonded are not reported in this section. A listing
of measured strains for the static tests are presented in table VI.

A comparison of measured and calculated member axial strains €, for loads
applied in the X{Xg-direction is shown in figure 11. For plotting convenience, the abso-
lute values of the strains are presented in this figure. With the exception of member 7-10
on the beryllium truss, the measured and calculated axial strains are in satisfactory

agreement for all trusses.

A comparison between calculated and experimental bending-strain percentages is
presented in table VII for static loads applied in the X{Xg-direction. This table also lists
the experimental axial strains which were plotted in figure 11. The experimental bending
strains were derived from the measured strain data by using the equations developed in
appendix E. To obtain calculated bending strains, the trusses were computer-analyzed
with elastically restrained members. Since the analysis was based on elastic member
properties, the calculated axial strains and bending-strain percentages are shown in
table VII for the 200-1bf (890-N) load as a typical example. The calculated bending-
‘strain percentage is a constant value for all loads.

As would be expected from the linear deflection response of the trusses, the exper-
imental bending-strain percentages were essentially constant and independent of the mag-
nitude of the tip load. For most of the truss members, the agreement between the exper-
imental and calculated bending-strain percentages was satisfactory.

A comparison of the calculated bending-strain percentages (table VII) for a particu-
lar truss member (7-10, for example) reveals another of the "hidden' benefits which
occur when Be-38Al or beryllium is substituted for aluminum in the selected truss con-
figuration. The bending-strain percentages are lower in the Be-38Al and beryllium truss
members than those in the bonded aluminum truss. This beneficial decrease in the per-
centage of induced bending strain is due to the greater stiffness of the Be-38Al and beryl-

lium trusses.

The experimental axial strains did not exhibit any time dependence during the vis-
coelastic studies. The experimental bending strains, however, exhibited small time-
dependent changes as the truss members responded to the small changes in truss
geometry.
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Joint failures.- During the viscoelastic studies, all the bonded trusses were held
at a maximum static load for 5 minutes. Although the trusses were designed for a
multiple-mass dynamic loading condition, the static tests subjected at least one truss
member to essentially its full dynamic design load. All the bonded trusses survived
these maximum loads for 5 minutes when loaded in the X1~ and X9-directions. When the
maximum static load was applied in the X{Xg-direction the bonded aluminum truss failed
after 4 minutes. Member 8-10 was carrying 95 percent of the dynamic design load for
this case; however, the failure occurred at the bonded split collar which joined mem-
ber 2-5 to joint cluster 5 (see fig. 1). The joint failed at 55 percent of the dynamic design
load for member 2-5. Examination of the split collar indicated that an adhesion failure
had occurred. Since this collar had an as-extruded inside diameter, the poor adhesion
was probably the result of incomplete removal of mill scale during the cleaning process.

A field repair of joint 5 was accomplished by abrasively cleaning the joint area and
bonding on a spare split collar. After curing, the truss was again subjected to the maxi-
mum load in the X1Xqo-direction. After 3 minutes under load, member 2-4 failed at
joint 4. The failure, cause of failure, and field repair of member 2-4 at joint 4 was the
same as the failure at joint 5. The failure had occurred at 40 percent of the dynamic
design load for member 2-4. After curing the second repair, the bonded aluminum truss
failed again at the maximum applied load in the X{Xg-direction. The third failure
occurred at the split collar between joint 8 and member 8-10 after 3 minutes at the max-
imum load. The failure occurred at 95 percent of the dynamic design load for mem-
ber 8-10. Examination of the failure at joint 8 did not reveal any anomalies in either
the bonded surfaces or in the adhesive. No joint failures were observed on either the
Be-38Al or beryllium trusses after they had been subjected to the maximum load in the
X1Xg-direction for only 1 minute.

It is important to point out that (1) the bonded trusses were only designed to sus-
tain the maximum dynamic loads and (2) the bonded aluminum truss had been subjected
to both the maximum design dynamic loads and the maximum static loads in the X1- and
Xg-directions prior to the joint failures. Nevertheless, the joint failures and the suc-
cessful field repairs in the bonded aluminum truss clearly emphasize the importance of
complete cleaning of aluminum parts for adhesive bonding. Also, the marked viscoelastic
static deflections and the static failure in the bonded aluminum truss indicate the impor-
tance of defining the viscoelastic properties of room-temperature-curing epoxy adhesives
which may be subjected to static shear loads for long periods of time.

CONCLUDING REMARKS

The applicability of thin-wall beryllium and Be-38Al tubing for lightly loaded truss-
type structures has been demonstrated. The beryllium and Be-38Al trusses successfully
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survived dynamic tests that were considered comparable to those used to flight-qualify
unmanned spacecraft. The substantial mass savings that can be achieved by substituting
beryllium or Be-38Al for aluminum tubing were verified.

In addition to being approximately 50 percent lighter, the beryllium and Be-38Al
trusses were stiffer than the comparable aluminum truss. This increased stiffness pro-
duced beneficial increases in the first-bending-mode frequencies and also reduced the
relative magnitude of induced bending loads in the truss members. The dynamic-test and
static-test results demonstrated that the responses of the beryllium and Be-38Al trusses
were as predictable as those for the two aluminum trusses.

The successful development of a low-mass joint design which eliminates many of
the problems associated with the fabrication of beryllium tubing has been demonstrated.
The adhesively bonded joint design selected resulted in truss joint mass fractions which
were 17 and 35 percent for the bonded aluminum and beryllium trusses, respectively.
Joint failures observed during static tests on the bonded aluminum truss were attributed
to the viscoelastic properties of the adhesive.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., March 20, 1969,
124-08-01-05-23.
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APPENDIX A

CONVERSION OF U.S. CUSTOMARY UNITS TO SI UNITS

The International System of Units (SI) was adopted by the Eleventh General

Conference on Weights and Measures in 1960 (ref. 6).

are given in the following table:

Conversion factors used herein

- . U.S. Customary | Conversion :
Physical quantity Unit Factor SI Unit
(*) (*x)
lHeriothPls - ara . . in. 0.0254 meters (m)
1107 Yo 1) A ORI W 1bf 4,448 newtons (N)
IVIAIR SIS 8 1, e Ibm 0.4536 kilograms (kg)
Temperature . . . . . O% %(F + 460) degrees Kelvin (°K)
Density . ....... 1bm /in8 217.68 x 103 | kilograms/meter3 (kg/m3)
psi = 1bf/in2 6895
Modulus; stress . . . { R e 6.895 x 106 newtons/meter2 (N/m?2)

>"Multiply value given in U.S. Customary Units by conversion factor to obtain equiv-

alent value in SI Unit.

**Prefixes to indicate multiple of units are as follows:

14

Prefix Multiple
micro (u) 10-6
milli (m) 10-3
kilo (k) 103
mega (M) 106
giga (G) 109




APPENDIX B
TRUSS CONFIGURATION SELECTION AND MATERIALS COMPARISONS

This appendix presents the results of the truss configuration studies which were
performed to select an efficient and representative truss configuration. This appendix
also presents some materials-comparison relationships for truss-type structures.

Configuration Selection

A variety of truss configurations conforming to the truss design criteria were ana-
lyzed with the aid of a digital-computer program (ref. 7). The basic computer program
(whose output included frequencies, mode shapes, and member forces during free vibra-
tion for the first six modes) was modified to include the calculation of member stresses,
member masses between joint centers, and total truss mass. The calculation of total
truss mass included an estimate of joint mass. The expression used to calculate joint
mass was based on a mass analysis of typical spacecraft joints. In these joints, the truss
members are usually mechanically fastened to a joint cluster machined from solid stock.
Aluminum was selected as the joint material for all trusses. During the analysis, truss
members were assumed to be pinned-end columns and an amplification factor (transmis-
sibility) of 20 was assumed for the 2g-peak lateral acceleration. Truss members in a
given tier were sized for the largest member force that occurred in that tier.

Several of the more efficient truss configurations analyzed are shown in figure 12.
These trusses were analyzed and sized for both the experimental package masses shown
in figure 2 and for a single 5.0-lbm (2.3-kg) simulated experimental package at the top of
the truss. These two loading configurations are referred to as the multiple-mass and
single-mass loading conditions, respectively.

The configuration and preliminary member sizing studies indicated that the dynamic
loads governed the design. The loads due to the longitudinal acceleration were about
15 percent of the lateral dynamic loads. The dynamic loads were such that most of the
truss members were lightly loaded and were sized by column elastic stability considera-
tions; consequently, stresses were low.

A summary of the truss masses for both loading conditions and with beryllium sub-
stituted for aluminum tubing in the truss members is presented in table VIIIL. The fol-
lowing observations can be made from this table and figure 12:

(1) The minimum mass truss is three-legged.

(2) Beryllium tubing substituted for aluminum tubing resulted in an overall mass

saving of 20 to 27 percent.
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APPENDIX B — Continued

(3) The ratio of beryllium tubing mass to aluminum tubing mass was approximately
45 percent and was not strongly influenced by either the loading condition or the truss
configuration.

(4) For the beryllium trusses, joint mass constituted from 60 to 80 percent of the
total truss mass based on the assumed mechanical joints. Subsequent development of an
adhesively bonded joint for the experimental trusses that were fabricated resulted in
joints which were only 35 percent of the total truss mass. Consequently, both the alumi-
num and beryllium bonded trusses were lighter than was predicted by the configuration
studies. The results of the configuration and preliminary sizing studies confirmed the
potential of beryllium tubing for lightly loaded, truss-type structures. The configuration
selected (table VIII, truss 1) was the most efficient configuration for the multiple~mass
loading condition in both the aluminum and beryllium trusses. This configuration was not
the most efficient for the single-mass loading condition.

Materials-Comparison Relationships for Truss-Type Structures

During the configuration selection studies, the beryllium trusses were lighter than
a comparable aluminum truss. The beryllium trusses also used smaller diameter truss
members and were stiffer than the comparable aluminum trusses.

The following discussion presents elementary materials-comparison expressions
which illustrate "hidden' benefits (such as smaller diameter truss members) which result
from the substitution of Be-38Al or beryllium thin-wall tubing for aluminum tubing in
lightly loaded, truss-type structures.

The truss members for the trusses in this investigation were all designed as pinned-
end columns. The column design loads were those associated with the maximum dynamic
response in the multiple-mass loading condition. For a given truss tier, these dynamic
design loads were essentially independent of truss member material. The column design
parameters P and L were of such value that all columns had a low structural index
(P/L2). Since minimum gage considerations usually preclude local buckling failures in
lightly loaded columns, this discussion will assume the same minimum wall thickness for
all materials.

The buckling load of a thin-wall, tubular, pinned-end column is

i mEDS3t

= (B1)
CT 8L2

With the use of equation (B1), the relationship between the diameters of an aluminum and
beryllium column can be expressed by
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APPENDIX B — Continued

1/3
Dge _ (Eal (B2)
Daj Ege
or with the use of the material properties listed in table IX,
Dpe = 0.63Dy; (B3)

The stiffness of a pinned-end truss network is a function of the extensional stiff-
nesses of its members — that is,

2 3%

Lt :
4
= (B4)

o

e g

i=1

Since the member loads and member lengths are the same for a given truss configuration,
it can be assumed that the extensional stiffness of a single truss member is representa-
tive of truss stiffness for the purposes of a materials comparison. Utilization of equa-
tion (B4) for a single truss member leads to the following extensional-stiffness relation-
ship between an aluminum and a beryllium truss:

5 D
Be . CAI"Al (B5)

5Al DBeEBe

Substituting from equation (B2) for DAI/DBe yields

2/3
e _ (EAl (B6)
N EBe
or
Ope ~0.40064; (B7)

As a first approximation, the vibrational frequency of a massless cantilever with a

zc<%>1/2

1/2 1/3
f_B_g = _éAl / ~ EBe / (B8)
fa1  \%Be Eal
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APPENDIX B — Concluded

or

fge = 1.53f4; ' (B9)

For equal mass joints, the mass saving which results from the substitution of beryllium
for aluminum in lightly loaded trusses can be developed from equation (B2) and is

25)
MpBe El/s Be

173
E*7/ a1

mp, = 0.42my,; (B11)

or

Expressions similar to equations (B3), (B7), (B9), and (B11) can be developed for
the substitution of Be-38Al tubing for aluminum tubing. These expressions are

Dpe-38a1 = 0-71Dy)
OBe-38A1 ~ 0-5004] g
fon nou 1411y
mpe-38A1 ~ 0-34my |

(B12)

In summary, the substitution of beryllium or Be-38Al thin-wall tubing for aluminum
tubing in a lightly loaded, truss-type structure can result in significant mass savings. In
addition to being lighter, the beryllium and Be-38Al trusses will have smaller diameter
tubing, will be stiffer, and will exhibit higher frequency vibrational resonances than a
comparable aluminum truss. '

18
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APPENDIX C
TRUSS FABRICATION AND ASSEMBLY

This appendix describes the fabrication and assembly of the three bonded trusses.
The fabrication and assembly of the welded aluminum truss is not described since this
truss was fabricated with the use of standard inert gas welding and welding-fixture
procedures.

Materials

The pertinent material properties of the aluminum, Be-38Al, and beryllium extruded
tubing used in the final design of the bonded trusses are shown in table IX. A detailed
description of the mechanical properties and column behavior of the beryllium tubing and
the as-extruded Be-38Al tubing used for the trusses is presented in references 4 and 5,
respectively. The beryllium tubing is referred to in reference 4 as the type BL tubing.
The nominal mechanical properties of the 6061-T6 aluminum tubing used for the joint
clusters, split collars, and for the truss members in the aluminum trusses are taken from
reference 8. The nominal wall thickness of the Be-38Al and beryllium truss members
was 0.020 inch (0.51 mm). The wall thickness of the aluminum tubing ranged from 0.020
to 0.058 inch (0.51 to 1.47 mm).

The minimum diameter restriction (0.25 inch (6.4 mm)) controlled the size of mem-
bers 7-8, 7-9, and 8-9 (fig. 1) on the Be-38Al and beryllium trusses. Column stability
(pinned-end) considerations controlled the design of the other truss members. The range
of truss member and joint cluster diameters is presented in table X. The welded alumi-
num truss was sized for the single-mass loading condition; consequently, its members
were smaller than those of the bonded aluminum truss which was sized for the multiple-
mass loading condition.

The joints of the bonded trusses were designed to be twice as strong as the truss
members. The adhesive selected was EPON 911S. The design shear strength of the
adhesive was based on the bonding studies and was 2000 psi (13.8 MN/m?2).

Joints

The aluminum tubing used to fabricate the joint clusters for joints 7, 8, and 9 (fig. 1)
of the bonded trusses was machined and welded utilizing the fixture shown in figure 13.
The fabrication fixture completely supported the joint cluster during welding and could be
rapidly inverted in the welding chamber to weld opposite sides of the cluster (fig. 13(b)).
A similar fixture was used to fabricate joints 4, 5, and 6. To fabricate a joint, the truss

members that formed either a vertical or horizontal plane were machined and welded
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APPENDIX C — Continued

first. The joint fabrication fixture was then utilized to machine the intersections of these
planes (fig. 14(a)). Final fabrication of the joint clusters included additional electron-
beam welding passes to form the cluster (fig. 14(b)).

Both the welding schedule and the design of the welding fixture were chosen to min-
imize welding distortions. The welding schedule included balanced initial tack and final
welding passes. Inert gas welding was used to patch the occasional small burnthroughs
which occurred at the beginning and end of some of the more complex joint intersections.
Inert gas welding was also used to "pull" joints that had been slightly distorted during the
final electron-beam welding passes. The average net-section tensile strength of the as-
welded tubing was found to be 25 ksi (172 MN/m2). Tests on incompletely welded tubing
(approximately 50 percent of the tubing circumference) were also performed. These tests
established that the terminations of the incomplete welds did not appreciably affect the
net-section tensile strength of the as-welded joint. Based on the results of these tests,
no attempt was made to weld completely the apex (crotch) of the tubing intersections which
formed vertical planes. After welding, the joint cluster tubing was cut to final length.

The finished joint clusters for the bonded aluminum truss are shown in figure 15. Also
shown in this figure are the footpads which formed joints 1, 2, and 3 and the 5-1bm
(2.3-kg) simulated experimental package which formed the joint assembly for joint 10.

The split collars used to join the truss members to the joint clusters were machined
from aluminum tubing. These collars had a minimum wall thickness of 0.020 inch
(0.51 mm) and a constant outside diameter. Some of the collars were stepped, on the
inside diameter, to accommodate differences in truss member and joint tubing diameters.
These diameter differences occurred because the vertical members of the joint clusters
were constrained to the same diameters.

To fabricate the truss members, they were cut to length. No machining of the
diameter of truss members was done. Truss members were cut to provide clearance
(0.005 inch (0.13 mm)) between the truss members and the joint clusters to facilitate
truss assembly. The truss members, joint clusters, and split collars were cleaned for
adhesive bonding by utilizing the procedures described in reference 4. Identical cleaning
procedures were used for both the beryllium and Be-38Al tubing.

Truss Assembly

The same basic fixture was used to assemble all the bonded trusses. This truss
assembly fixture (fig. 16(a)) was used to locate the footpads, joint clusters, and the inte-
rior cone of joint 10. The vertical truss members were bonded in place first (figs. 16(b)
and 16(c)). These joints were cured overnight and then the horizontal truss members
were bonded (fig. 16(d)).
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APPENDIX C — Concluded

The rods used to locate the joint clusters are shown in figure 17(a). These
machined rods incorporated an expanding tip which gripped the inside diameter of the
cluster tubing. To accommodate the diameter differences of the horizontal members in
the different trusses, the vee-grooves in the horizontal location plates were sized for the
aluminum truss members. Spacers were used for the other trusses. To bond the verti-
cal members (fig. 17(b)), the adhesive was evenly spread on the inside of the collars.

The split collars were located on the joint center line by using plastic tape wound circum-
ferentially around either the cluster or member tubing. The collars were clamped in
place with plastic strips and the excess adhesive was wiped off.

A minimum adhesive thickness of 0.005 inch (0.13 mm) was maintained at the bond
line by adding 1 percent by mass sieved (-120+140 mesh) glass beads to the adhesive
before mixing. It is interesting to note that the tape used to locate the collars is normally
used for identification tags and that the joint clamps are normally used to secure electri-
cal wiring.

After the vertical truss members had cured overnight, the cluster locating rods
were removed and the horizontal members were clamped in place and bonded (fig. 17(c)).
The bonded joints were allowed to cure for 5 days before the truss was lifted free of the
assembly fixture. The as-fabricated bonded beryllium truss is shown in figure 4.
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APPENDIX D
VISCOELASTIC TRUSS BEHAVIOR

This appendix presents the results of a cursory study which was performed to
establish the time and temperature dependence of joint deflection to permit a comparison
between calculated and experimental joint deflections. In preliminary static tests, the
response of the bonded aluminum truss to incrementally applied loads was nonlinear.
When the test load was applied rapidly and the bonded trusses were allowed to recover
between each load application, joint deflections were a linear function of the applied tip
load (fig. 18).

The time dependence of tip (joint 10) deflection for the bonded Be-38Al truss loaded
in the X{-direction is shown in figure 19. Similar viscoelastic deflection behavior was
exhibited by the other bonded trusses. For a given tip load, the direction of tip load
application did not significantly alter the response shown in figure 19. When given suffi-
cient time to recover, joints in the bonded trusses did not exhibit any permanent set.

The temperature dependence of the bonded-truss tip deflections is shown in fig-
ure 20. A thermometer suspended near joint 7 was used to measure the test environment
temperature. In this figure, tip deflection immediately after the application of the test
load has been normalized with respect to the calculated tip deflection. The data shown
include the results of tests with several combinations of tip loads and loading directions
for each bonded truss. These data show that the normalized tip deflections of the bonded
trusses were a linear function of the test temperature with the same slope for all the
bonded trusses. The similar temperature dependence of the bonded trusses was expected
since the same adhesive was used for all bonded joints. The welded-aluminum-truss tip
deflections were independent of the test temperature.

To provide a basis for comparison between calculated and experimental joint deflec-
tions, the joint-deflection data reported in table V were corrected to a test temperature of
800 F (300° K). This correction was applied as follows:

Scorrected = 5apparent[:1 s K(T - To)jl
where
0 joint deflection, inch (mm)

K = 0.01/°F (0.0055/9K) (calculated from slope of curves in fig. 20)
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test temperature, OF (°K)

reference temperature, 80° F (3000 K)
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APPENDIX E
CALCULATION OF AXIAL AND BENDING STRAINS
Although the primary loads in the truss members were axially applied, the joints

were capable of transmitting induced bending loads. To evaluate these induced bending
loads, three strain gages were bonded to the center of several representative truss mem-
bers. The gages were bonded at 900 intervals about the circumference of the member.
The fact that the measured strains included an axial-strain component and a bending-
strain component which varied sinusoidally around the circumference of the member
leads to the following equations:

el=ea+ebsin<p

€9 = €4 + €, sin(¢ + 90°) (E1)

€3 =€, + € sin(¢ + 180°)

With the use of trigonometric identities, equations (E1) can be 'solved to yield

\
. €1 + €3
C AN
1/2
s 2 2 /
€, = (61'6a> +(ez-ea) g (E2)
€ - €
go=s'1n‘1 =
b ./

Since equations (E2) yield only positive values of €p, the maximum member strain is
calculated by making the sign of €, the same as ¢,:

€ ax = g * Iebl (E3)

24




REFERENCES

. Finn, J. M.; Koch, L. C.; and Muehlberger, D. E.: Design, Fabrication, and Ground
Testing of the F-4 Beryllium Rudder. AFFDL-TR-67-68, U.S. Air Force,
Apr. 1967.

. Oken, S.; and Dilks, B. H.: Structural Evaluation of Beryllium Solar Panel Spars.
AFFDL-TR-65-45, U.S. Air Force, Aug. 1966.

. Van Hamersveld, John A.; Svendsen, Thomas S.; and Hayes, Walter C.: Making Satel-
lite Structures From Beryllium-Lockalloy. Metal Prog., vol. 91, no. 2, Feb. 1967,
pp. 91-95.

. Rummler, Donald R.; Dexter, H. Benson; Harth, George H., III; and Buchanan,
Raymond A.: Mechanical Properties and Column Behavior of Thin-Wall Beryllium
Tubing. NASA TN D-4833, 1968.

. Rummler, Donald R.: Mechanical Properties and Column Behavior of Thin-Wall
Be-38Al Alloy Tubing. NASA TN D-5145, 1969.

. Comm. on Metric Pract.: ASTM Metric Practice Guide. NBS Handbook 102, U.S. Dep.
Com., Mar. 10, 1967.

. Batchelder, R. R.; and Wada, B. K.: Stiffness Matrix Structural Analysis. Tech. Mem.
No. 33-75 (Contract No. NAS7-100), Jet Propulsion Lab., California Inst. Technol.,
Feb. 12, 1962.

. Anon.: Metallic Materials and Elements for Aerospace Vehicle Structures.
MIL-HDBK-5A, U.S. Dep. Def., Feb. 8, 1966. (Supersedes MIL-HDBK-5.)

25




TABLE I.- MASS SUMMARY OF BONDED TRUSSES

Truss
Component Aluminum Be-38Al Beryllium
lbm kg lbm kg lbm kg
Truss members 2.504 1981 37 0.970 0.441 0.906 0.412
Joint clusters 3323 .147 .284 .129 .280 N1
Split collars .129 .058 .214 .097 179 .081
Adhesive .044 .020 .045 .020 .051 .023
Total mass 3.000 1.362 1°518 0.687 1.416 0.643
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TABLE II.- TYPICAL SCHEDULE FOR TRUSS-VIBRATION TEST

Excitation : Input level, Test

Run reference goagiiglg g units type

(see fig. 1) En (a) (b)
1 X4 Single mass 1.0 Sweep
2 .5 Dwell
3 1.0 Dwell
4 X9 Single mass 1.0 Sweep
5 45 Dwell
6 1.0 Dwell
7] 2.0 Sweep
8 X9 Multiple mass k50, Sweep
9 i) Dwell
10 1.0 Dwell
11 2.0 Sweep
12 X1 Multiple mass 150 Sweep
13 <5 Dwell
14 1.0 Dwell
15 2.0 Sweep
16 X1X9 Multiple mass 1.0 Sweep
17 .5 Dwell
18 L0 Dwell
19 2.0 Sweep
20 X1X9 Single mass 1.0 Sweep
21 5 Dwell
22 1.0 Dwell

aAll excitation was sinusoidal. Control level was based on peak acceleration.

waeep tests were run at two octaves per minute from 500 to 10 hertz. Dwell tests
established maximum tip response at lowest response frequency.
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TABLE III.- COMPARISON OF CALCULATED AND EXPERIMENTAL FIRST-BENDING
RESONANT FREQUENCY FOR TRUSSES EXCITED IN X;X5-DIRECTION

Calculated fexp
Loading first-bending- f

e uee condition mode frequency, e
fcalc, Hz Dwell test Sweep test
Inputilevel el e e e e e e e e, 0.5g | 1.0g | 1.0g | 2.0g
Welded aluminum Single mass 39.7 0.94 | 0.94 | 0.94 | ----
Multiple mass SR .90 .94 .89 | 0.78
Bonded aluminum Single mass 42.3 0.97 | 0.98 | 0.97 | ----
Multiple mass 37.0 .93 .94 .94 | 0.96
Bonded Be-38Al Single mass 50,0 1.00 1.00 1.00 -——-
Multiple mass 43.7 .94 .96 .96 0.98
Bonded beryllium Single mass 57.4 1.02 | 1.01 | 1.01 | =----
Multiple mass 49.9 .97 .98 .98 | 1.02
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TABLE IV.- ABSOLUTE VALUES OF EXPERIMENTAL MEMBER STRAINS

AT MAXIMUM DYNAMIC RESPONSE

I:Multiple-mass loading condition; 2g-peak input in X1X2-direction:]

Truss Measured strain €&
response Member €ay €max [—(100)
frequency fq o & ‘a

Bonded aluminum| 1-6 |371 x 10-6|367 x 10-6{347 x 10-6|359 x 10-6|373 x 10-6| 4

(35 Hz) 2~4 + 370 302 310 340 389 14

4-5 (a) 357 376 = |eemtesn ol ELL SRl o

6-9 [325 312 287 306 326 6

79 |372 (a) 363 8O, | RS i

7-10 |290 312 242 266 318 20

8-10 |476 543 429 453 556 21

Bonded Be-38Al 1-6 [161 x 10-6|{164 x 10-6 (@) |-mmmmmmem |mmmmeemae --
(43 Hz) 2-4 |157 145 135 x 10-6{146 x 10-6|157 x 10-6| 7

4-5 (212 226 222 217 228 5

69 j1q1 (a) Y i T L e

7-9 (242 222 215 228 243 7

7-10 |126 95 95 110 132 20

8-10 |257 225 228 243 265 9

Bonded beryllium| 1-6 (a) (a) 89 X 10-6|-—-cceaos fuimeaaaan --
(51 Hz) 2-4 88 x 10-6| 79 x 10-6| 78 83 x 10-6| 90 x 10-6| 8

4-5 81 83 (a) " [l da U TN TS |

6-9 90 (a) 4 82 | i leseiad e wlat

7-9 79 79 61 70 83 18

H-10' § 87 (a) 64 6 | ==

8-10 (a) 411 (@)  fmmmmmmmem e e --

AStrain gages later found to be partially debonded.
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TABLE V.- EXPERIMENTAL JOINT DEFLECTIONS? FOR CONCENTRATED

LOAD APPLIED TO TRUSS AT JOINT 10

(a) Load in X;-direction

[} o o
Truss Joint
in. mm 1N mm in. mm
P =100 Ibf (445 N)| P = 200 Ibf (890 N)| P = 250 1bf (1110 N)
Welded aluminum| 10 0.118 3.00 0.236 5.99 0.295 7.49
8 .056 1.42 112 2.84 .141 3.98
7 1052 1.32 .104 2.64 .130 3.30
5 .010 <29 .020 -5l .025 .64
4 .014 .36 .028 il .036 91
P =100 1bf (445 N)|P =200 Ibf (890 N)| P = 250 1bf (1110 N)
Bonded aluminum | 10 0.104 2.64 0.207 5.26 0.265 6.73
8 .042 1.07 .086 2.18 .109 2Nl
7 .039 .99 .080 2.03 .102 2.59
5 .007 .18 .008 .20 .015 .38
4 .009 2290 .020 il .026 .66
P =100 Ibf (445 N)|P =200 Ibf (890 N) [ P = 250 1bf (1110 N)
Bonded Be-38Al 10 0.068 1873 0.139 3.53 0.172 4.37
8 | ----- —— .051 1.30 .064 1.63
7y .024 .61 .050 12T .063 1.60
5 .004 .10 .009 <23 L0kl 28
4 .006 15 .011 .28 015 .38
P = 100 1bf (445 N)|P =200 1bf (890 N)| P = 250 1bf (1110 N)
Bonded beryllium | 10 0.052 %32, 0.107 2.72 0.134 3.40
8 .020 sl .043 1.09 .054 1.37
7y .019 .48 .042 1.07 2053 1.35
5 .004 .10 .007 .18 .009 23
4 .005 N3 .010 25 .013 <33

aDeflections given for bonded trusses are corrected to 80° F (300° K) (see

appendix D).

30




TABLE V.- EXPERIMENTAL JOINT DEFLECTIONS? FOR CONCENTRATED

LOAD APPLIED TO TRUSS AT JOINT 10 — Continued

(b) Load in -Xg-direction

Truss Joint
in. mm 17l mm in. mm
P =100 1bf (445 N)|P =200 1bf (890 N) | P = 250 1bf (1110 N)
Welded aluminum | 10 0.115 2.92 0.235 5.97 0.295 7.49
9 205 1.45 243 2487 .144 3.66
8 .055 1.40 .109 2.7 | ===== ———
i .059 1.50 15 2.92 .148 36
6 013 33 1025 .64 034 .79
4 011 .28 .022 .56 .029 .74
P =100 1bf (445 N)| P =200 1bf (890 N) | P = 300 1bf (1335 N)
Bonded aluminum | 10 0.107 2.2 0.210 5433 0.322 8.18
9 .042 1207 .085 2.16 .129 3.28
8 .041 1.04 .084 213 .126 3.20
il .044 112 .086 2.18 .136 3.45
6 .009 23 .018 .46 .028 <L
4 .008 .20 .016 41 2025 .64
P =100 Ibf (445 N) | P = 150 1bf (668 N)| P = 200 1bf (890 N)
Bonded Be-38Al 10 0.072 1.83 0.111 2.82 0.145 3.68
9 .026 .66 .041 1.04 .054 134
8 .026 .66 .040 1.02 .052 1.32
7 .027 .69 .040 1.02 .054 123
6 .005 813 .008 .20 .011 .28
4 .004 .10 .007 .18 .010 25
P =100 1bf (445 N)| P = 150 1bf (668 N)| P = 200 1bf (890 N)
Bonded beryllium | 10 0.051 1.30 0.075 1.91 0.101 2581
9 .020 .51 .029 .74 .040 1.02
8 .020 ol .029 .74 .040 1.02
7 .019 .48 .029 .14 .039 .99
6 .004 .10 .006 A5 .009 P45
4 .004 .10 .005 -3 .007 .18

apeflections given for bonded trusses are corrected to 80° F (300° K) (see

appendix D).
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TABLE V.- EXPERIMENTAL JOINT DEFLECTIONS? FOR CONCENTRATED

LOAD APPLIED TO TRUSS AT JOINT 10 — Concluded

(c) Load in X{Xg-direction

o) o o)
Truss Joint
in. mm in. mm in. mm
P =100 Ibf (445 N)| P = 200 1bf (890 N)| P = 250 1bf (1110 N)
Welded aluminum | 10 0.119 3202 0:23"7 6.02 0.310 187
9 .053 1535 .107 272 .141 3.58
8 .053 1235 .107 202 .143 3.63
5 .012 .30 1025 .64 .036 .92
4 .009 523 .018 .46 027 .69
P = 100 Ibf (445 N)| P = 200 1bf (890 N)| P = 225 1bf (1000 N)
Bonded aluminum | 10 0.105 2.67 0.210 533 0.240 6.10
9 .040 1.02 .082 2.08 .097 2.46
8 .043 1.09 .090 2.29 .104 2.64
5 .008 .20 .018 .46 .021 <53
4 .007 .18 <015 .38 2015 .43
P =100 Ibf (445 N)|P =200 Ibf (890 N)|P = 225 1bf (1000 N)
Bonded Be-38Al 10 0.068 1573 0.137 3.48 0.163 4.14
9 .026 .66 .053 1.35 .061 155
8 .026 .66 .053 %35 .061 1555
5 .006 .15 .011 .28 .016 41
4 .004 .10 .010 25 .010 25
P = 100 Ibf (445 N)|P = 200 1bf (890 N) | P = 225 1bf (1000 N)
Bonded beryllium | 10 0.052 1.32 0.105 2.6 0.119 3.02
9 .022 .56 .043 1.09 .048 1.22
8 2023 .58 .044 1.12 .049 1.24
5 .006 =15 .011 .28 .012 .30
4 .004 .10 .009 520 .011 .28

ADeflections given for bonded trusses are corrected to 80° F (3000 K) (see

appendix D).
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TABLE VI.- EXPERIMENTAL MEMBER STRAINS FOR CONCENTRATED LOAD APPLIED TO TRUSS AT JOINT 10

(a) Load in Xy-direction

Truss Member &1l € <5 &1l | &) J 3 i )] )
P = 100 1bf (445 N) P =200 1bf (890 N) P =250 1bf (1110 N)
Welded aluminum| 4-6 |-394 x 10-6{-433 x 10-6|-364 x 10-6{-785 x 10-6|-881 x 10-6(-721 x 10-6|-962 x 10-6|-1114 x 10-6|-921 x 10-6
e e s e e el
6-9 23 -14 -19 45 -30 -39 64 =33 50
8-9 485 412 419 969 833 849 1277 1009 995
7-10 | 413 4817 437 830 965 868 1031 1187 1085
=100 1bf (445 N) P =200 1bf (890 N) P =300 1bf (1335 N)
Bonded aluminum| 1-6 217 x 10-6| 182 x 10-6| 187 x 10-6| 432 x 10-6| 380 x 10-6| 386 x 10-6| 645 x 10-6| 573 x 10-6| 581 x 10-6
2-4 7 16 -9 23 33 -19 29 48 -25
AR (S T 114 1050 0 === 231 o18R W|SEE=SEioT 335 325
6-9 14 =12 -18 30 -15. 294 43 291 Gl
RO S5 B | e =111 Eo 6 ETEE R 2913 =412 [ESEE SO RS -322
7-10 | 531 470 425 1054 943 876 1566 1418 1328
8-10 |-260 -174 -221 -507 -331 -427 -M61 -487 -642
P =100 1bf (445 N) P = 150 Ibf (668 N) P =200 1bf (890 N)
Bonded Be-38A1 | 1-6 112 % 10-6| 116x 10=6[=2=====-~ 174 % 10-6| 180 X 10=6|-=cacaeu-- 998 1076/ 235> 10=6le=2Z-_ZZTT
2-4 2 T | 4 P | SR, 2 T e
4-5 86 89 89 x 10-6| 132 138 137 x 10-6| 171 178 178 x 10-6
6-9 T e e e G || TG | o S e e o
7-9 -87 -87 -90 -130 =131 -136 -180 -180 -188
7-10 | 368 352 379 572 547 583 756 728 768
8-10 |-182 =193 -142 -279 -183 -214 -312 -250 -292
P =100 1bf (445 N) P = 150 1bf (668 N) P =200 1bf (890 N)
Bonded beryllium|t 126 |======——=— | ==tc =220 85 X 1076|-— oo mc oo |oammoa e 1500 O=bllEEeEm | 173 x 10-6
2-4 11076~ 31x 10=6/" 11 1x10-6| 5x10-6| 1 1% 10-6 6x 1076 -1
4-5 50 AR E S 76 7GR | 96 101 S | RS
6-9 S s =5 5o | beesemeees =9 40 el -5
=9 -46 -45 -38 -68 -67 -58 -91 -92 -9
T G0 o 174 Wi |eeemmeeees 2176 Ahgie s S| OE S T 371
g=lpi=—c-tec oo SR e e 06 e e ol EEE
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TABLE VI.- EXPERIMENTAL MEMBER STRAINS FOR CONCENTRATED LOAD APPLIED TO TRUSS AT JOINT 10 — Continued

(b) Load in -X9-direction

Truss Member S | &9 7 3 Sl £ €3 &1 £ 3
P = 100 Ibf (445 N) P =200 Ibf (890 N) P =250 Ibf (1110 N)
Welded aluminum| 4-6 10x 10-6] 2x10-6] 6x10-6] 16x10-6| -1x10-6| -1x10-6| 18x 10-6| -3 x10-6| -2x10-6
4-7 173 139 93 338 271 187 425 235 341
6-9 |-293 -235 -200 -582 -567 -434 -135 -698 -531
8-9 6 1 3 -6 -25 -24 212 -40 -39
7-10 n4 1 -52 136 4 =113 169 7 =131
P =100 Ibf (445 N) P =200 Ibf (890 N) P =250 1bf (1110 N)
Bonded aluminum| 1-6 [-138 x 10-8|-123 x 10-6| -96 x 10-6|-276 x 10-6|-249 x 10-6|-193 x 10-6|-341 x 10-6|-312 x 10-6|-236 x 10-6
2-4 267 217 204 5217 450 421 654 564 529
e lemmmmeacee -187 ZD0/1 IR [ES SRR -872 G e -461 -502
6-9 |-233 -217 -186 -478 -436 -361 -600 -539 -444
7-9 930 I | RS S 179 250 SN IR E 363 564 s 461
7-10 =1 -69 -4 1 -136 -9 =3 -169 -4
8-10 | 445 440 3171 881 872 752 1109 1093 950
P =100 1bf (445 N) P =200 Ibf (890 N) P =250 Ibf (1110 N)
Bonded Be-38A1 | 1-6 -74 % 10-8 -69 x 10-6|-—---=-uu- -144 x 10-6|-140 % 10-6|-~-=-~==-- =1835¢10=8~170 < 10z6]|=====—==—=
2-4 123 106 RS Eon s 248 Ml leememeses 313 300 B | e
4-5 |[-151 -155 -151 x 10-6|-306 ~312 -295 x 10-6|-393 -396 -373 x 10-6
(I T U5 T [ IR PSSR (S — G G R | eSS | S 8 I e
7-9 160 -59 160 322 317 313 398 395 398
7-10 | -36 4 36 Il 5 69 -94 3 817
8-10 | 327 294 258 648 593 526 814 747 665
P =100 Ibf (445 N) P =200 Ibf (890 N) P =250 Ibf (1110 N)
Bonded beryllium| 1-6 |-=========|=mmmmaaaam —495a1050| =S TE T TR SRR S e PR R s ee e e e -119 x 10-6
2-4 121 x 10-6| 110 x 10-6| 109 237 x 10-6| 223 x 10-6| 220 295 x 10-6| 281 x 10-6| 277
4-5 -90 250 | RS -165 8GN RS SS SIS -226 ol e
G e e -99 200 TR | RS SSSSe -193 H0 85 I e e -241
7-9 76 3 66 158 154 141 192 187 173
7-10 B |emeeecesee 4 O 11 E 4 | R 10
R | coomsmee 10 S e moos o J00 N (EE TR (R 255 I | FRESDRER
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TABLE VI.- EXPERIMENTAL MEMBER STRAINS FOR CONCENTRATED LOAD APPLIED TO TRUSS AT JOINT 10 — Concluded

(c) Load in X{Xg-direction

Truss Member & ) £3 & ) 3 &1 o €3
P =100 Ibf (445 N) P =200 Ibf (890 N) P =250 Ibf (1110 N)
Welded aluminum| 4-6 973 x 10-6| 296 x 10-6| 267 x 10~8| 541 x 10-8| 585 x 10~-6| 531 x 10-8| 678 x 10~8| 731 x 10-6| 667 x 10-6
4-7 -44 -73 =81 -89 -151 -1617 -109 -189 -210
6-9 |-219 -189 -146 -448 -381 -284 -568 -477 -348
8-9 |-338 -299 -307 -682 -600 -617 -853 -748 -1769
7-10 |-249 -359 -349 -497 =717 -695 -619 -896 -8617
P =100 1bf (445 N) P =200 Ibf (890 N) P = 225 Ibf (1000 N)
Bonded aluminum| 1-6 |-262 x 10-6|-219 x 10-6|-202 x 10-6|-518 x 10-6(-419 x 10-6|-391 x 10-6|-585 x 10-6|-477 x 10-6|-432 x 10-6
2-4 176 139 148 359 291 303 407 311 337
Ao, Al e -217 OO NN ERE R -439 ~EE e e -487 -487
6-9 |-192 -149 =122 -379 -291 -230 -434 -317 -243
7-9 051 ST S 203 5T e e 411 BRI S EoaRa s o 451
7-10 |-382 -402 -301 T -89 -571 -8177 -907 -645
8-10 | 499 432 424 979 876 865 1093 985 968
P =100 1bf (445 N) P =200 Ibf (890 N) P =225 1bf (1000 N)
Bonded Be-38Al 156" 1513385 10=6/1=5194 5 1(=6|===22"" LoHB3c10=62248bd Q=612 o m =284 0=-51=081 > {0=6/======c==C
2-4 81 g50 e Taooiooit 172 1735 =L |eeatesaans 190 1958 e | CRETaT IR
4-5 |-165 =172 -139 x 10-6|-334 -338 -336 x 10-6|-370 -388 -378 x 10-6
G0 = S0 S e e S0 O e = e £3020" | =em=to = SuSINC S B
7-9 169 174 185 348 354 368 383 392 4217
710 |=280 -249 -252 -569 -490 -503 -6317 -548 -562
8-10 | 352 301 288 707 620 596 791 696 673
P = 100 Ibf (445 N) P =200 Ibf (890 N) P =225 1bf (1000 N)
Bonded beryllium|® 1=6" |s=—=—==m—mi|===o=cc o =96 X 1076 |mmmemmean e 9okl OE0|SEEate e SRRt e -210 x 10-6
2-4 82 x 10-6| 174 x 10-6| 76 163 x 10-6| 151 x 10-6| 154 186 x 10~8| 171 x 10-6| 176
4-5 |-100 5 e -200 ST e -224 =H05 s [ ETeaatias
6-9 Ephps +|oaes s St -66 R -130 S{D3T . | mee e T -140
7-9 85 83 75 172 1617 152 199 191 174
L0516 7wl e e e -124 =857 [E==—=—c- -256 =300 o e -265
AR | EEREE SR 222 |emmmmmmmme | e e e HiPhoe o+ |lometmeeios
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TABLE VII.- EXPERIMENTAL AND CALCULATED STRAINS FOR CONCENTRATED

LOAD APPLIED TO TRUSS AT JOINT 10 IN X{Xo-DIRECTION

Experimental Calculated
Truss Member € € € €
€a Q(IOO) €& €(100) € 25(100) €y g(100)
P =100 Ibf (445 N) | P = 200 1bf (890 N) [ P = 250 lbf (1110 N)| P = 200 Ibf (890 N)
Welded aluminum | 4-6 270 x 10-6| 10 536 x 10-6 9 672 x 10-6 9 543 x 10-6 8
4-17 -63 33 | -128 36 160 37 | -122 47
6-9 -183 20 | -366 23 | -458 24 | -365 23
8-9 -323 9 |-650 9 | -811 g | -e21 9
7-10 | -299 26 | -596 26 | -743 26 | -595 99
P =100 Ibf (445 N) | P = 200 Ibf (890 N) | P = 225 Ibf (1000 N)| P = 200 1bf (890 N)
Bonded aluminum | 1-6 -232x10-6| 14 |-454x10-6| 16 | -509x1076| 16 |-460x 106 8
2-4 162 17 331 15 372 19 335 8
6-9 =157 23 | -304 25 339 29~ =313 15
7-9 2217 = 461 = 515 == 466 6
7-10 | -341 21 |-674 23 | -761 24 | -689 20
8-10 462 10 922 8 | 1031 q 947 13
P =100 1bf (445 N) | P = 200 1bf (890 N) | P = 225 Ibf (1000 N)| P = 200 lbf (890 N)
Bonded Be-38Al 4-5 -167 x 10-6 3 |-335x10-6 4 | -374 % 10-6 4 |-335x10-6 2
7<9 177 5 358 3 405 6 357 5
n-10 | -266 8 |-536 11 | -599 11 | -535 14
8-10 320 12 652 10 732 9 651 9
P =100 lbf (445 N) | P =200 1bf (890 N) | P = 225 Ibf (1000 N) | P = 200 Ibf (890 N)
Bonded beryllium | 2-4 79 x 10-6 8 158 x 10-6 6 181 x 10-6 6 157 x 10-6 6
6-9 =175 < S g5 R —= o153 11
7-9 80 7 162 7 186 7 162 5
n-10 |-145 -= 2508 me g - 1-318 14




TABLE VIII.- SUMMARY OF TRUSS CONFIGURATION SELECTION STUDIES

Member 'tI‘otal
Truss Number of|Number of| Number of | Truss-member Loading mass i
(see fig. 12) legs joints members material condition mase
lbm | kg |lbm | kg
Single mass [1.79/0.81{4.39|2.00
Aluminum
Multiple mass|2.16|0.98|4.75|2.16
1 3 10 21
Single mass |0.79(0.36|3.39|1.54
Beryllium
Multiple mass|0.89(0.40(3.49(1.58
Single mass |1.49/0.68(4.09(1.86
Aluminum
Multiple mass|2.45(1.11(5.05(2.29
2a 3 10 21
Single mass [0.65|0.30(3.25|1.47
Beryllium
Multiple mass|1.06|0.48(3.66|1.66
Aluminum Single mass |1.41|0.64|4.01|1.82
2b 3 10 21
Beryllium Single mass |0.67/0.30(3.27|1.48
Aluminum Single mass [2.13(0.97|5.68|2.58
3 4 13 29
Beryllium Single mass |0.98]0.45(4.53|2.06
Aluminum Single mass |2.04(0.93(5.49(2.49
- 4 13 28
Beryllium Single mass [0.91/0.41(4.36|1.98
Single mass |1.80(0.82(5.25(2.38
Aluminum
5 4 13 28 Multiple mass|2.81|1.28(6.26|2.84
Beryllium |Multiple mass|1.22|0.55(4.67|2.12

37




TABLE IX.- MATERIAL PROPERTIES USED FOR TRUSS DESIGN

p

Material %y
lbm/in3 | Mg/m3 psi GN/m2 | ksi | MN/m2
6061-T6 aluminum 0.098 2.71 10.0 x 106 69 34 234
As-extruded Be-38Al 0.075 2.08 28.0 x 106 193 75 517
Beryllium 0.067 1.85 40.0 x 106 2176 40 2176
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TABLE X.- RANGE OF DIAMETERS FOR TRUSS COMPONENTS

Truss members

Joint clusters

Truss : &
in. mm in. mm
Welded aluminum | 0.25 to 0.75 | 6.35to 19.05 | -=====--=n | —-cmmemun--
Bonded aluminum | 0.31 to 0.88 | 7.87 to 22.35 | 0.31 to 0.88 | 7.87 to 22.35
Bonded Be-38Al 0.25 to 0.69 | 6.35 to 17.53 | 0.25 to 0.50 | 6.35 to 12.70
Bonded beryllium | 0.25 to 0.56 | 6.35 to 14.22 | 0.25 to 0.50 | 6.35 to 12.70
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Joint Coordinates
Joint X1 XZ X3
in. mm in. mm in.
I 0.00 | 0.0 |16.10 | 408.9 | 0.00 | O.
2 |-13.94 [-354.1 | -8.05 [-204.5 | 0.00 | O.
3 13.94 | 354.1 | -8.05 |-204.5 | 0.00 | 0.
4 -8.71 |-221.2 | 5.03 | 127.8 | 24.00 | O.
5 0.00 | 0.0 |-10.06 |-255.5 | 24.00 | O.
6 8.71 | 221.2 | 5.03 | 127.8 | 24.00 | O.
7 0.00 | 0.0 4.03| 102.4 | 48.00 | 1.
8 -3.49 | -88.6 | -2.01 | -51.1 | 48.00 | 1.219
9 3.49 | 88.6 | -2.01 | -51.1 | 48.00 | 1.219
10 0.00 | 0.0 0.0 0.0|64.00| 1.626 |

Figure 1.- Truss configuration and joint coordinates.
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m1 hd
f A
M,y my Experimental Package Mass Restraints:
A
N X m,, m, and m,, are 5.0-bm (2.27-kq)
3 masses.
h2 2. m, is a 10-Ibm(4.54-kg) mass.
; m4 3 m2 and m3 must have the same
: elevation.
4, m, must not lie in the plane
h1 perpendicular to the base which
contains m, and m.,.
2 3
Y \ v
= d2 1
Dimension Maximum Minimum
in. m in. m

h1 24 0.610 18 0.457
h2 50 1.270 30 0.762
h3 72 1.830 60 1.525
h4 12 0.307 col L e
d1 18 0.457 = || eEs
d2 36 0.915 24 0.610

Figure 2.- Truss-configuration envelope and experimental-package restraints.
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,— experimental
package

aVibration i '
exciter .f‘

L-68-776.1
Figure 5.- Bonded aluminum truss in multiple-mass loading condition mounted for lateral vibration tests in X;Xp-direction.
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Figure 6.- Peak values of dynamic amplification as a function of excitation frequency. Truss joint responses for 1g peak input in X1X2—directi0n.
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Figure 6.- Concluded.
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Figure 7.- Truss response to excitation in X;Xp-direction. Multiple-mass loading condition.




87

Calcufated
———="lqgidwell

——-— 14 sweep
—-—-— 24g sweep

Welded aluminum truss Bonded aluminum truss Bonded Be-38Al truss

64 — ——Joint 10—

== e s

(— ~—— Joint 10

7

48 / Joint 7 ———

24 Joint 5

(a) Single-mass loading condition.

Bonded beryllium truss
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(a) Load in Xjp-direction.

Figure 9.- Joint deflections for rapidly applied static load at joint 10.
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(b) Load in -Xp-direction.

Figure 9.- Continued.
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(c) Load in X1Xo-direction.

Figure 9.- Concluded.
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(a) Load in Xj-direction.

Figure 10.- Static truss deflections for 100 Ibf (445 N) load applied at joint 10.
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(b) Load in -Xo-direction.

Figure 10.- Continued.
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Figure 11.- Absolute value of axial strain for static loads applied at joint 10 in X;Xo-direction.
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Figure 12.- Typical truss configurations. All base diameters are 32 inches (813 mm). (Dimensions are shown in inches and parenthetically in meters.)

LS



Joint
cluster

Fixiu re

(a) Top view.

Figure 13.- Joint-cluster fabrication fixture. L-67-1938.1



Fixture

(b) Bottom view.

Figure 13.- Concluded.

L-67-1936.1
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0 2 13 14
CENTIMETERS
NCHES

(a) Before final welding sequence. Joint 7. (b) After final welding sequence. Joint 5.

Figure 14.- Joint-cluster fabrication sequence. L-67-1939

60




Bonding studs
for joints 1, 2, and 3

Footpads
Joint clusters

7, 8 and 9

Joint clusters
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Figure 15.- Joint components for bonded aluminum truss. L-68-7402.1
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(a) Initial joint-cluster location.

Figure 16.- Bonded-truss assembly sequence.

L-68-2808.1




(b) Top tier bonded.

Figure 16.- Continued. L-68-2807
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(c) Bonding of vertical truss members complete.

Figure 16.- Continued. L-68-2805




(d) Truss bonding complete.

Figure 16.- Concluded.

L-68-2804
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(c) Horizontal members bonded.

Figure 17.- Concluded.

L-68-2811
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Figure 18.- Effect of method of static load application on joint deflections for bonded aluminum truss loaded in -Xp-direction.
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Figure 19.- Time dependence of tip (joint 10) deflection for Be-38Al truss loaded in Xp-direction. Maximum tip load, 100 Ibf (445 N).
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Figure 20.- Temperature dependence of normalized tip (joint 10) deflection.







