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1. FOREWORD

This is the final report on Phase II of the research work performed by the Spacecraft
Department of the General Electric Company with assistance {rom the Space Sciences
Laboratory and sponsored by the Jet Propulsion Laboratory of the California Institute of
Technology, Pasadena, California, under Contract No. 950564 (subcontract under NASA
Contract NAS 7-100), Mr. Russell McFarland, Jr. was the project engineér.

The objective of the contract was to develop and test structural elements which have high
specific mechanical imvoact energy absorption and low electric attenuation in the (S-band)

radio frequency range.

The first phase of the contract was initiated on June 5, 1963, and concluded on March 186,
1964. Work covering that phase was reported in'"RF Transparent, Energy Absorbing
Structural Elements, Phase I, Final Report,” Document No. 64SD565, dated March 16,
1964. The second phase was initiated on March 17, 1963, and concluded on August 17,
1964. Work accomplished during this phase is described in this report.

1-1/2 7



2. ABSTRACT

This is the final report of Phase II of a project for the development and testing of energy
absorbing, structural elements having high specific energy absorption and low dielectric
constant and loss tangent. The design objective was to improve the ma2chanical properties
of the material developed in Phase I, to determine the effect of angular impact on the
material, and to establish the manufacturing limitations in forming the developed material
to singly and doubly curved contours. Details of the design, fabrication, testing, and

performance of the system are included.
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4. SUMMARY
A design. manufarturing, and test program was carried out for the continued development
. of glass cloth reirtorced. plastic horeycomb material for use as radio frequency (RF)
transparent, 1mpect energy absorting, structural elements suitable for use in lunar or

planetary landing vehicles,

At the present stage of development the aratcrizl rs a more efficient impact energy absorber
than balsa wood, transparent to RF transmission, readily and cheaply available, and has
properties which can be custom tailored to each specific application. In view of the success
of the development undertaken thus far, additional work should be pursued on

a. determining the behavior at high and low temperatures likely to be encountered
during lunar or planetary landings.

b, improving the adhesive bond strength.

c. fabricating singly and doubly curved honeycomb panels by a new process
recently developed outside the scope of this contract,

41 cvaluating the strengthened interlaminary bond and the new honeycomb by
pelforming angular impact test,

o, evaliating the effect of the mechanical properties of the landing surfaces on the
ehaveior of this material, particularly under angular impact.
‘ Testing of various glass cloth reinforced. plastic honeycomb designs during Phase I of this
contract established the foliowing facts concerning this material,

a, No effect of impact velocity on energy absorption was observed.
b, The primary contributor to energy absorption is the resin and not the glass.
c. The honz2ycomb elements developed have very low RF attenuation rates.

d. Tmcreases of specific energy with increasing density were observed throughout
the range tested.
The three investigations carried out during the present Phase II of the program were the
determination cf (1) optimum densities fcr honeycombs of three different size cells, (2)
the effect of angular impact on energy absorption properties, and (3) the manufacturing

limitations in forming the material into singly and doubly curved surfaces,

In the study of optimum densities, it was found that a 3/16 inch cell glass reinforced

phenolic resin honeycomb having a density of 11 lb/cu-ft is optimum and yields an energy

absorption value cf 24, 000 ft-1b/1b, The optimum densities for larger cell sizes were

found to yield lower specific energy abscrption values. The stroke efficiency decreases

somewhat ir the higher density materials, but the increase in specific energy absorption
. per pound of matertal crushed greatly overshadows this small reduction,

4-1



Under angular impact the specific energy of the material decreases uniformly at the
approximate rate of two percent per v’ﬂegree. Thus. for an impact angle of 30 degrees,

the reduction is 60 percent from the maximum value at normal impact, Reliable conclusions
indicate that this performance can be improved ten to fifteen percent by increasing the hond
strength of the adhesive used to fabricate the honeycomb. This would also increase the
reliability. or repeatability, of the material at the higher angles of impact. Dynamic

tests with velocities up to 46 ft/sec verified the results obtained in static tests, and no

effect of impact velocity on energy absorption was observed.

Forming of the honeycomb material into curved panels was considerably more difficult than
anticipated. Fair results were obtained in singly curved panels and an R/t (Radius of
Curvature/Material Thickness) ratio of three was obtained. Fair results were also ob-
tained in forming the doubly curved panels and an R/t ratio of nine obtained, "ecause of
the problems encountered in forming this material. a newly developed design which has a
core pattern other than a hexagon, should be investigated for its suitability as an energy
absorber, This design. which is fabricated by the corrugation method (Ref. Phase I Final

Report. Section 5.2.3) can readily be formed into singly and doubly curved panels,

\f\
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5. DESIGN AND MANUFACTURE OF STRUCTURAL ELEMENTS

5.1 INTRODUCTION

As discussed in the Phase I Final Report (Section 9. 2. 2), the contribution of the glass in
the material to the energy absorption is negligible, and the primary energy absorber is
the resin, Based on these findings, the specific energy can be ihcréased by the addition
of resin. This can be accomplished by repeated cycles of dipping the honeycomb in a
resin bath and then curing. A ratio of resin to glass of 75 percent or greater was found
to be favorable to high values of specific energy. In order to determime the optimum
values of bulk density (for various cell sizes) which yield the highest value of specific
energy while retaining the excellent crushing properties of the material, a series of
specimens was fabricated and tested. These specimens were identical in configuration
and differed in bulk density only. Additional specimens were fabricated from this optimized
material, and specially cut shapes were used to determine the affect of angular impact on

energy absorption.

A third series of specimens was fabricated for the purpose of determining the maximum
radius to which this type of material could be formed. Details of the above three series
of specimens will be found in the following paragraphs,

5.2 FABRICATION

All specimens fabricated in Phase II were made from a plain weave, Style 112 cloth, and
Plaskon Laminating Varnish V-204 — a high-temperature phenolic resin. The resin is
manufactured by the Plastics Division of Allied Chemical Corporation,

All specimens were prefailed on the end to be crushed by blacing saw cuts through each
cell in two perpendicular directions. The depth of these saw cuts varied from 1/8 to
1/4 inch, These saw cuts were necessary to prevent buckling failures of the specimens
due to a high loading which occurs on non-prefailed specimens immediately prior to

crushing of the material.

The expansion method, as described in Section 5. 2, 3 of the Phase I final report (Section
5,2,3), was used in fabricating all of the specimens,

5.3 OPTIMUM DENSITY SPECIMENS

As discussed in the Phase I Final Report (Section 9. 2.2), the densities in which plastic
honeycombs are commercially fabricated are not optimum for energy absorption purposes,
Increasing the density of existing specimens increased the specimen's specific energy.
Results of this investigation were summarized in the Phase I Final Report (Figure 8-2),

5-1
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During the current phase of the program. the specimens in Table 5-1 were fabricated

and tested to determine at what density, for a given cell size, the maximum specific
energy is obtained. Two additional items considered in this investigation were manu-
facturing limitations and uniformity of the load during crushing., The 3716 inch and

1 4 inch cell size specimens were fabricated to a size of 2 inches by Z.inches by 4 inches,
This size was sutficiently large enough to prevent edge eltects on good specimens and

small enough to prevent overloading of the static testing machine.

TA :LE 5-1. SPECIMEN SERIES OF OPTIMUM DENSITY DETERMINATION

: 1 . g
2w 0 = > =
£ 2 £ £ 2 =9
g E =gz 2 &= s 3
A 3 - No= G~
& Z OH= R )
10Pa 3/16 2x2x4 12

| 10Pb 3/1¢ 2x2x4 12
10Pc 3/16 2x2x4 12
11Pa 3/16 2x2x4 14
11Pb 3/1¢ 2x2x4 14

: 11Pc . 3/16 2x2x4 14

i
12Pa 1/4 2x2x4 10
12Pb 1/4 2x2x4 10
12Pc 1/4 2x2x4 10
13Pa 1/4 2x2x4 12
13Ph 1,4 2x2x4 12
13Pc 1/4 2x2x4 12
i10Ra 3/8 2x2x2 12
10Rb 3/8 2x2<2 12
10Rc 3/8 2x2x2 12
11Ra 3/8 Ix3Ix2 16
11Rb 3/8 2x3x2 16
11Rc 3/8 2x3x2 16
11Rd 3/8 2x2x2 16
11Re 3/8 2x2x2 16

NOTES: (1) Specimen Types 10P, 11P. 12P, and 13P are standard honeycomb
fabrications except for density and tolerance on density which were
t 3% instead of the usual ¥ 107, Yigh-temperature phenolic resin,
Plaskon V-204, was used with number 112 reinforcing cloth,

(2) Specimen Types 10R and 11R were fabricated from specimens
remaining at General Electric from Phase I work by dipping in polyester
resin, Plaskon 911, and curing a sufficient number of times to obtain
the desired density.

(3) All specimens were fabricated by the expansion method,

5-2 /.



INTERAMINARY BOND LINES

) 9Q°
A \ X
| R
TOP VIEWS
A
h
SIDE VIEW
|
L
END PLATE
lv
ﬂ OVERALL
SIDE VIEW

Figure 5-1.

Impact Angle Orientation Specimen

-



5-4

—
PT77777 777 7777

Rg =0 Rgz O ——p»

(B)

(A)

. ’ R"o/

(8)

(B)

Figure 5-2. Angular Impact Cases




5.4 ANGULAR IMPACT SPECIMENS

A single configuration was used for all angular impact testing. The configuration yielding
maximum specific energy was based on the test results summarized in Table 6-1. This
was a 3,16 inch cell having a bulk density of 11 pounds per cubic foot. Each specimen
was bonded to a metal end plate which permitted attachment of the specimen to the lower
platen of the testing machine, The specimen design is described in Figure 5-1 and

Table 5-2.

TABLE 5-2. ANGULAR IMPACT SPECIMENS

i ) * w @
£ = 2% 3
28 E3 L ¥G
& &7 5 <&
a |blh ] ~
AS-0-0 21212 0 0
AS-10-0 2122 10 0
AS-10-45 2 12 |2 10 45
AS-10-90 2 12 {2 10 80
AS-20-0 212 |2 20 0
AS-20-45 2 12 ]2 20 45
AS-20-90 2 12 |2 20 90
AS-30-0 2 12 |2 30 0
AS-30-45 2 12 |2 30 45
AS-30-80 202 |2 30 80
AD-0-0 5 |5 |5 0 0
AD-10-0 815 1|5 10 0
AD-10-45 5 15 |5 10 45
AD-10-90 5 165 |5 10 90
AD-20-0 5 15 |5 20 0
AD-20-45 515 |5 20 45
AD-20-90 5 15 |5 20 90
AD-30-0 5 15 |5 30 0
AD-30-45 5 5 |5 30 45
AD-30-90 515 |5 30 90

NOTES: * See Figure 5-1

Specimens having ¢ angles of 0, 10, 20, and 30 degrees were manufactured. The angle,
4. is defined as the angle between the impact velocity vector and the cell axes (Figure

5-1). ¢ =0 corresponds to normal impact,

Because honeycomb is made up of parallel, corrugated strips which are bonded together,
its shear strength varies with the angle between the shear plane and the bond lines. The
complement of this angle to 90 degrees is denoted by ¢ (Figure 5-1), Three values of this
angle, 0, 45, and 90 degrees were used to evaluate the effect of shear strength on bond

line orientation,
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Until tests were pertormed to determine the effect of angular impact on the specific
enerygy of the specimen, the energy value available in a specimen could not be accurately
predicted. Therefore. the dynamic impact tests specimens could not be accurately sized
so that the entire specimen would be crushed, As shown in previous tests (Phase 1), the
eneryy values obtained in a specimen are repeatable, when the same specimen is crushed

repeatedly. it no failure of the specimen occurs,

Angcular impact tests were so planned that friction of the landing surface was assumed to be
zero, This assumption established allowable or dictated test procedures which must be
used to obtain data which are divorced from friction effects. Considering the three cases
of angular impact that can occur (Figure 5-2), it can be shown that all desired data can be

obtained trom using the results of two types of tests for any combination of angles,

The two test tvpes are: 1) a crushing test with the direction of force parallel to the axis
of the honeveomb. and 2) a crushing test with the direction of force at some angle, ¢. to

the axis of the honeveomb,

In Case 1A (Figure 5-2) the only force being exerted on the specimen is a crushing force
along the axis of the core. The horizontal component of the velocity vector (V) would
remain constant and cause the specimen to continue at its original horizontal velocity,
even after crushing. In Case 2A (Figure 5-2). assuming the direction of motion of the
vehicle remained the same during crushing, this motion could be sim'ulate‘d by tixing the
vehicle end of the specimen and exerting a force along R, at an angle 9 with the core axis.
3y the same reasoning, the remaining four cases of Figure 5-2 can be calculated from the
data obtained in these two tests, Therefore, specimens tested in this program were sub-
jected to. first. a crushing force parallel to the core axis and. secondly, a force as shown
in Figure 5-1,

In the testing of angular impact specimens, an end plate was bonded to one end of the
specimens. This end plate was then rigidly attached to the base of the testing machine

for both dynamic and static test set-ups. Ty using this end plate. the specimen was forced
to remain in its original position as would be the case if the specimen were attached to a
vehicle. This assumes that the vehicle would continue to move in the same direction after
crushing had started and continue in that direction until the vehicle was stopped. Thus,
tumbling of the vehicle is ruled out. A perforated plate was used on the dynamic specimens
to eliminate the effect of air trapped inside the specimens during crushing.

3ecause it is necessary to prefail the specimen ends to prevent a high force impulse on
contact (Section 5.2), there was no advantage to bonding an end plate to the end to be



crushed for this phase of the testing, Such an end plate would only serve as a base on
which to crush and would no longer be connected to the specimen once crushing had begun,
Such an end plate could be advantageous where a landing was being made on a rough surface
with the impact velocity vector perpendicular to the surface. In the case of sliding angular
impact on a flat surface. the plate would probably slide off the honeycomb material and

not serve any usetul function,

If the vehicle were spherical or cylindrical in shape and the cover was continuous and
therefore prevented from coming loose, a gain in efficiency would probably occur provided
the surface was relatively roughandtherefore tended to rip the honeycomb material before

1t absorbed energyv by crushing. Testing of the material on various types of surfaces

would be required to establish these parameters, Tecause of these reasons end plates were

not used on the end of the specimen to be crushed.

5,5 CURVED SPECIMENS

Honeycomb Products Inc. . Mt, Vernon, Ohio, was chosen as the vendor to determine the
manufacturing limitations in forming curved panels from the material developed under
Phase I. because of their previous experience in curving reinforced plastic honeycomb
cores for aircraft and aerospace applications. The curved material was five inches thick
and curved in three directions, While the radius of curvature was on the order of 12 feet,
it was felt that the experience gained in doing this work and the techniques developed should
help in performing the work required for the present contract,

The vendor's procedure for curving honeycomb pieces is to apply weights to the material
and then rapidly raise the temperature above the normal cure temperature. When this is
done, there is a short period of approximately 20 seconds during which the material softens
and creeps to the shape dictated by the weights. There is no decrease in the physical
properties as a result of this temperature. The trick in performing this operation is in
establishing the proper weight distribution and quantity, Too much or too little weight

causes catastrophic results, In the case of forming cylindrical shapes, for example,

more weight is required at the ends than in the center to prevent a saddle shape from forming.

Material ranging from one to twelve inches thick was used in determining an R/t (radius
of curvature/material thickness) ratio limit. The material used was 1/4 inch cell, 10
pounds per cubic foot density, phenolic resin honeycomb. The following specimens were
successfully obtained in this program,

Cylindrical Curvature Remarks

C1) 5 inch thickness Fairly uniform

18 inch radius

5-7
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Cylindrical Curvature Remarks
C2) 5 inch thickness Fairly uniform -
28 inch radius Better than C1

Spherical Curvature

S1) 1 inch thickness Good
36 inch radius
S2) 2 inch thickness Good ’

32 inch radius

S3) 3 inch thickness Good
3¢ inch radius

S4) 4 inch thickness Fair

26 inch radius

Pictures of the curved specimens are shown in Appendix E,

As the investigative program on curving neared completion, the vendors techniques were
improving, and it appears th;a.t if a particular curvature and thickness were required which
exceeded the above apparent limitations it may be possible to achieve such a curvature by
repetition of the process many times on the giveq size specimen,

Although many specimens were tried in an attempt to establish a limiting R/t ratio, the
results were not consistent when compared in this manner, As an example, a two inch

thick specimen could not be formed successfully to an 18 inch spherical radius, while

as indicated above, a four,,inch thick specimen was successfully curved to a 36 inch spherical
radius. It is therefore rdcommended that the results obtained in this investigation be used

only as a guide and not for their absolute value,
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HE Lods W1
Cylindrical Curvature Remarks
C2) 5 inch thickness Fairly uniform -
28 inch radius Hetter than C1

Spherical Curvature

S1) 1 inch thickness Good
36 inch radius

S2) 2 inch thickness Good
36 inch radius

S3) 3 inch thickness Good
36 inch radius

S4) 4 inch thickness Fair

36 inch radius

Pictures of the curved specimens are shown in Appendix E,

As the investigative program on curving neared completion, the vendors techniques were
improving, and it appears that if a particular curvature and thickness were required which
exceeded the above apparent limitations it may be possible to achieve such a curvature by

repetition of the process many times on the given size specimen,

Although many specimens were tried in an attempt to establish a limiting R/t ratio, the
results were not conéistent when compared in this manner. As an example, a two inch

thick specimen could not be formed successfully to an 18 inch spherical radius, while

as indicated above, a four inch thick specimen was successfully curved to a 36 inch spherical
radius. It {s therefore recommended that the results obtained in this investigation be used

only as a guide and not for their absolute value,
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6. STATIC TESTING

6.1 GENERAL

Static load tests were performed on the specimens described in Section 5 to determine the
energy absorption values of each specimen type. Measurements and observations were
also made to determine stroke efficiency, and failure mode. A picture of each specimen

was taken at the end of the test prior to removing the specimen from the testing machine.
These pictures are shown in Appendix B.

6.2 FACILITY DESCRIPTION

All static tests were conducted on an Instron Tensile Testing Machine. Model! TT-CM1-4. 6
(Figure 6-1, Phase I Final Report). This model has a test capacity o7 10,000 pounds and
a crosshead speed varying from 0. 02 to 20. 0 inches per minute. All data were recorded

on a high speed I eeds and Northrup graphic recorder.

6.3 TEST PROCEDURES

The honeycomb specimens were crushed between the two platens of the Instron testing
machine. No venting or special fixtures were required for the optimum density specimens
because cf the low crosshead speed. In testing the angular specimens. the upper platen
was greased with a Silicone grease to reduce the friction. The reason for this was dis-
cussed in Section 5.4. A cross sectional area of four square inches was used so that a
crushing velocity of 0.5 tnches per minute could be used without overloading the drive
assembly motor. |

Each specimen was weighed before being bonded to its base plate. and this weight was used
in caleulating the specific enéergy. This is necessary because the density of the material

varies up to plus or minus ten percent within the block from which the specimens are cut.

6.4 TEST RESULTS

6.4.1 Optimum Density

Table 6-1 summarizes the results of all static tests on the optimum density specimens.
The static tests are numbered by the specimen type designation. followed by a. b, c. etc.,
for the first, second. third. étc.. test of this speci ic configuration. The P designates
Phenolic and the R designates Redipped Polyester, and refers to the resin of which the

honeycomb is fabricated.

Load-Deflection Diagrams and pictures of the specimens alter crushing are shown in
Appendix B and D.



TABLE 6-1. OPTIMUM DENSITY SPECIMENS
STATIC 1 OAD TESTS RESUL TS

7 n T = I
- 2 - - 2 2 o X Z
o o < T g = e l-A T Al B ) 2=
£z | £ EE |23 | EET | E2a 2527 | g2t
S E = < T 3 u.Q "E'ZP Zef |22 xLv
2SS | TX XN En | 2223|828 z22 | 55y
N 2 0" X% cZ |20 1208 |ouas | ae2
10Pa 3 16 2x2x4 12 7500 1880 22.500 75
10PLh 3 16 2x2x4 12 7000 1750 21.000 50 tilted and sheared
10Pc 3 16 2x2x4 12 6300 1570 18.900 74
10Pd 3 16 2x2x4 12 8000 2000 24. 000 24 tilted and sheared
11Pa 3 16 2x2x4 14 5000 1250 12.900 50 tilted
11Pb 316 2x2x4 14 5000 1250 12.900 | 75 multiple buckling
11Pc 316 2x2x4 14 4500 1120 11,600 50 tilted and multiple
buckling
12Pa 1/4 2x2x4 10 4000 1000 14. 400 87
12Pb 1 4 2x2x4 10 3800 950 13.700 87
12Pc 1 4 2x2x4 10 4000 1000 14. 400 87
13Pa 2x2x4 12 4500 1120 13.500 87 multiple buckling

14
13Pb 14 2x2x4 12 4500 1120 13.500 87 multiple buckling
13Pc 174 2x2x4 12 4500 1120 13,500 87 multiple buckling

10Ra 3/8 2x2x2 12 4500 1120 13.500 | 85
10Rb 3/8 2x2x2 12 5000 1250 15.000 |70
10Rc 3/8 2x2x2 12 5100 1280 15,300 |75

10Ra 3/8 2x3x2 16 ' No test
10Rb 38 2x3x2 16 9500 1580 . 14, 300 Failed
10Rc 5/8 2x3x2 18 10200+~ | 1700 15.300 50
10Rd 3/8 2x2x%x2 16 6900 1720 15.500 60
10Re 3/8 2x2x2 16 7800 1870 16,900 80

Notes:

*The specific energy absorption is obtained by dividing the energy absorbed by the weight

of the material crushed.
¢




6.4.2 Angular Specimens

Table 6-2 summarizes the results of all static tests on the angular specimens. The
tests are numbered by the specimen type designation, in the same manner as stated in
Section 6. 4. 1 above, The symbols A and S designate a particular material configuration
and static tests, The first number following AS designates the angle § , and the

«

second number designates the angle * as shown in Figure 5-1 and Table 5-2 of Section 5,

Load-Deflection Diagrams and pictures of the specimens after crushing are shown in

Appendix B and D.

6.4.3 Data Corrections

The nominal crushing stress as listed in Table 6-2 was corrected to account for the

difference in specimen sizes, The static tests specimens were cut from a vendor-furnished
block which was accurately cut to size and shape. These blocks were then cut into ap-

proximately four equal pieces. To account for the difference in sizes, since the speci-
mens were not measured prior to testing, the measured weight of each specimen was
compared with that of a specimen of the theoretical size having a density equal to the
average of all the specimens (except the ¢ = 90 degrees specimens) furnished by the
honeycomb vendor. Using these weight ratios, corrected specimen areas were calculated,
and these areas were used to determine the nominal crushing stress. Specific energy
absorption values were then calculated using this stress and the average density.

Because the specimens for : = 80 degrees were fabricated from a different portion of
the log (honevcomb stock according to vendor terminology) than the other specimens. and
because the average density of these specimens was higher, the average density used in
the calculations for the 90 degree specimens was 12. 8 pounds per cubic foot rather than

11. 2 pounds per cubic foot used for all other specimens.

As discussed in Section 5, all specimens were prefailed to an average depth of approximately
3716 inch. To keep the specific energy data meaningful. the area under the load-deflection
curve, (Appendix D) corresponding to the initial 3/18 inch deflection, was not used in
calculating specific energy. because this length is a constant regardless of the thickness

of the specimen and specific energy should be independent of specimen size. This 3/18

inch thickness of material should, however, be added to the total required material
thickness,
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TABLE 6-2. ANGUT AR TEST SPECIMEN STATIC 1 0AD TESTS RESULTS

| &
‘® = _
- — 2 < = = = .
c - e 2 np— IICIPN e L &~
o = =el | = e Z ., Z gz
£ zE | 22 | EEg| 52% | SED | gEED| g
g EE 29 | ESE| ES¢ | §3% S325 | 2EE
2 ¢ 5 o o ) S A= -0 cl ol o
) =& Qz ZOK | Z0H | aas RS | am 2
AS 0-0-a 29.0 11.2 9350 1900 24. 400 158 15
b 24. 1 11.2 7750 1900 24, 400 158 79
c 24,9 11.2 7750 1840 23, 600 153 19
10-0-a 21.3 11.2 4700 1300 16.700 108 87
b 26.9 11.2 6820 1500 19. 300 125 84
c 21. 8 11.2 4650 1260 16. 200 105 84
10-45-a 26.7 11.2 7720 1710 22, 060 143 83
b 28.9 11.2 7850 1600 20. 600 134 83
¢ 26. 4 11.2 7630 1710 22. 000 143 83
10-90-a 28.3 12.8 7540 1800 20, 200 150 85
b 29. 8 12. 8 7300 1650 18. 600 138 85
c 30.1 12.8 8120 1820 20. 500 152 86
20-0-a 27.6 11.2 5840 1250 16. 100 105 75
b 24.17 11,2 5080 1210 15.500 101 81
¢ 27.9 11.2 3650 1200 15. 400 100 80
20-45-a - 20.8 11.2 4080 1180 14,900 97 82
b 21.8 11.2 4380 1210 2,500 101 80
c 21,4 11.2 4220 11680 14. 900 97 80
20-90-a 24,2 12. 8 2010 560 6, 300 47 90
b 26.0 1.8 4680 1210 13.600 101 88
c 24, 4 12. 8 2680 740 8. 300 62 90
30-0-a 20, 8 11.2 2100 600 7,700 50 79
b 21.5 11.2 2320 840 8. 200 53 78
c 20. 2 11.2 1980 580 7.500 49 79
30-45-a 24,1 11.2 2970 730 9. 400 81 "8
b 22. 4 11.2 3150 830 10.700 89 n8
¢ 22,1 11,2 37170 1000 12,900 84 78
30-90-a 24,3 12. 8 1140 316 3.800 27 91
b 27. 4 12.8 2040 725 8. 200 81 88
c 27.3 12.8 4340 1070 12, 000 89 88
Notes:

(1) Value based on quantity of material crushed, not entire specimen.

(2) Nominal crushing streas corrected for ratio of actual to theoretical weight to account
(See Section 6.4,2.)

for variations in specimen size.



7. DYNAMIC TESTING

7.1 DYNAMIC TESTING
7.1.1 Drop Test Facility

The tests described herein were conducted on a modified version of the precision drop
tester of the Space Sciences Laboratory. This facility, utilizes a one-inch diameter
shatt, 40 feet in length to guide a freely falling impact heat assembly in its downward
travel. The shaft is made from selected lengths of Thompson 60 Case shaft material

and has a diametral tolerance of . 001 in, and a straightness tolerance of from » 0005 to

. 001 inch per foot along the entire length, The guide shaft is held under tension through
spherical bearing seats at each end and, as a result, is extremely straight. The impact
head assembly slides along the shaft via two ball bushings which assure low friction
movement and excellent fixity on the shaft. The impact head assémbly consists of three
major parts: (1) the bearing housing which contains the ball bushings and has provisions
for adjusting the inclination of the impact head assembly with respect to the shaft, (2) the
support beam, a heavy 8 in. aluminum "I beam, which connects the bearing housing with
the impact head, and (3) the impact head, a hardened and ground steel disc having a
diameter of ten inches and a thickness of two inches. The entire weight of the impact head
assembly is 73.7 lb. |

At the bottom of the shaft a solid sheet base, 20 inches in diameter and eight inches in
thickness, is mounted centrally around the shaft. The base is mounted on three equally
spaced adjustment bholts; the base can be adjusted precisely in the horizontal plane or in

any plane several degrees from the horizontal.

The impact head assembly is raised and lowered by means of an electrically powered
winch via an electromagnet and may be released at any height from zero to 34 feet above
the base merely by opening the electromagnet circuit. By means of the adjustments on
the impact head assembly and the base, the impact head can be adjusted precisely with

the impact end of the specimen to be tested.

7.1.2 Mounting Fixture

The specimens tested in this program were mounted to a fixture which was specially
designed to allow venting;’bf the air from within the honeycomb cells. The purpose of the
fixture was twofold: (1) to eliminate the contribution of air compression from the total
energy absorbed by the specimen; (2) to prevent internal pressure differentials across the
cell walls which, in an unvented specimen could cause internal stresses and blowout. The
fixture, shown in Figure 7-1 features a plate 0f4130 alloy steel, 8 x 8 x 3/4 inches in
dimension which contains a five inch square center array of 1/8 in. diameter through-

holes located on 3/16 inch centers. The plate was heat-treated to a hardness of 35o C
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Rockwell in order to obtain adequate strength to resist a uniform pressure loading of

1500 psi. The plate is bolted to a heavy steel channel beam over a central five inch
square cut-out around which reinforcements are welded. The honeycomb specimens,

each bonded to a steel sheet which is perforated with the same pattern of holes as the vent
plate, is mounted directly on the vent plate. In this situation, air from within the rapidly
decreasing volume in the cell walls exits through the vent plate, the cut-out in the channel,
and finally the opening between the channel flanges. The mounting fixture itself is
clamped to the steel base of the drop tester after the center of the mounted specimen is

aligned accurately with the center ot gravity of the impact head assembly.
7.2 INSTRUMENTATION

7.2.1 Accelerometer and Recording

The impact head assembly was instrumented with a Statham A5-500-350 strain gage type
accelerometer of 2000 cps natural frequency. This unit was found to be the most useful
and trouble-free of all the various instruments previously used for this type of testing.
The output {rom the accelerometer was channeled through a type Q Tektronix transducer
to a Tektronix type 530 oscilloscope. Photographic records of the accelerometer traces
were made by means of a Polaroid camera mounted on the oscilloscope. They are shown
in Appendix C.

7.2.2 Trigger bggicc

The oscilloscopes were run on a single sweep which was initiated by a trigger device
immediately before impact. This device consisted oi a pivoting rod which made electrical
contact with the impact head when struck by the latter. The trigger was set ata specified
distance above the impact end of the specimen depending on the impact velocity. This

served to initiate a reference base for acceleration or the oscilloscope trace.
7.3 PROCEDURE

All specimens were individually bonded at their bases to perforated steel plates as
previously described in Section 7. 1.2 and tested in the vented fixture,. The epoxy bond
prevented penetration of the specimen into the holes of the vent plate in most cases. As
a precaution, the first test of each type of specimen was conducted at a lower than
maximum velocity in order to avoid the excessive shock to the apparatus which a
catastrophic failure of the specimen would produce, This initial velocity chosen was

36 ft/sec in most cases. Of the 34 tests conducted, 17 were at 46 ft/sec, eight at 36
ft/sec, and nine at 31 ft/sec,

Prior to raising the impact head assembly to the test height, the parallelism and center
of gravity alignment between the lower surface of the impact head and the upper end of
the specimen were checked and adjusted where necessary. This resulted in acceptably
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flat impacts as evidenced by the post-test specimen photographs (Appendix C). The
instrumentation trigger was set to provide a zero reference for deceleration approximately

one millisecond before impatt.
7.4 EXPERIMENTAL DATA

Accelerometer records of all tests are shown in Figures C-9 through C-43 in Appendix C.
The data presented are un-retouched photographs of the original records obtained from
the tests, except for those from test nos. AD-0-0-bl and AD-10-90-c which were too
faint to be published effectively. Photographs of the corresponding specimens are shown
on the same pages as the accelerometer records. The results of all the impact tests

are summarized in Table 7-1. The table is arranged according to specimen number, with
the following nomenclature scheme: AD-8-¢-S where the {irst and second numbers are
the values of 6 and : respecrtiv,ely (in degrees) and the {inal letter specifies the individual

specimen of each type, D denotes dynamic tés.t and A, a particular specimen design.
7.5 TEST RESULTS

Table 7-1 lists the specimen designation, impact velocity, energy absorbed, weight of
crushed material, fhe individual and specimen type average ratios of the absorbed energy
to the crushed “weight, aud the mmal and final lengths of the specimens and the description
of the sQecimen%aﬁer test._ Tho weights of all specimens except those marked with the
superscﬁpt 1) were bbtamed by indxvidual measurement prior to bonding the specxmens
to the- pél !orated sheets. ‘Ehe weights of specimens marked with the superscript were
determined from the average density obtained from the individually weighed specimens.
This density was found to be 12.3 b/ft3. The average energy  weight ratios of specimens
of a common type were highesi for the non-inclined specimens, as expected. The average
values of all specimens with the same 6 angle were 17290, 12720, 9680 und 7570 b ft “1b
for 6 = 0, 10, 20 and 30° respectively. A plot of this appears in Figure £-10 as a smooth
concave curve. Within a set of specimens having the same angular impact angle 8, those
with = : 45° consistently showed the least energy/weigh* ratios although the values for

= 0° were not much higher. Within a set of specimens having the same >, the energy
weight ratios invariably decreased with 6. These values are shown in Tables 7-2 and
7-3.

Selected measured deceleration curves were subjected to detailed double integration to
determine the force-stroke characteristics. The resulting force-stroke curves are shown
in Figures C-1 to C-8 in Appendix C inclusive, The oscilloscope traces were first
smoothed to eliminate spurious vibrations which were due to the impact head. In certain
cases, such as test numbers AD-10-90-b and AD-30-0-¢ the necative deceleration portions

of the curve are probably due to overshoot in the impact head response when an abrupt
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TABLE 7-2.

VARIATION DF E & W with 8

Specimen Type

5 -

. -

0
10-90
20-90
30-90

10-45
20-45
30-45

0
10-0
20-0
30-0

M-I

——- S U——

Specitfic Fnergy

17290
14700
11010
10770

17290
11370
8290
5920

17290
12080
9750
6020

6 = Angle between impact velocity and honeycomb cell axis,

see Figure 5-1,

: = Orientation angle between honeycomb bond lines and impact
angle, see Figure 5-1.

TABLE 7-3.. VARIATION OF E/a W with »

Specimen Type

Specific Energy

LN =16/
0 17290
10-80 14700
10-45 11370
10-0 12080
20-90 11010
20-45 8290
20-0 9750
30-90 10770
30-45 5920
30-0 6020

f = Angle between impact velocity and honeycomb cell axis,

see Figure 5-1.

» = Orientation angle between honeycomb bond lines and impact
angle, see Figure 5-1.
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failure of the specimen occurred. This would result in a sudden reduction of the axial

force experienced by the impact head and a subsequent overshoot.

Listed in Table 7-4 are values for average deceleration and stress both with respect to

time and stroke, as well as the stress corresponding to the peak deceleration.

NOTE: All data presented in this section is as recorded. Refer to Section 8.2 before
using this data.

Figure 7-1. Mounting Fixture
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8. ANALYSIS AND DISCUSSION OF TEST RESULTS

8.1 OPTIMUM DENSITY SPECIMENS

The test results for the optimum density specimens are shown in Table €-1. These
results are plotted in Figures 8-1 and 8-2, Figures 8-3 and 8-4 were plotted {rom the
same data and are included for use as working graphs tor those applications where either
energy absorbed per cubic inch (energy absorption density) as a function of bulk density or
crushing stress as a function of core density is required. All the specific energy values
used throughout this repoft are referred tb the amount of material actually crushed and not
to the total amount of material in the specimen,

It was intended to use the dynamic test non-tilted angular impact specimens for proof of the
conclusion drawn in Phase I that there is no effect on energy ahsorption efficiency with
changing velocities up to 46 ft/sec, Unfortunately, the zero degree angular specimens
used for dynamic tests were higher in density than the optimum value of 11 Ib/cu~ft, and
hence partially failed during testing, as had the higher density optimum density test
specimens,

As can be seen in Figure 8-1, a particular cell size yields increasing specific energy
values up to a certain density. When the density is raised above this opttmum value, the
specific energy drops off rapidly, because the material then fails in a catastrophic manner,
and large pieces of the material break off. It can be noted from Figure 8-2 that the stroke
efficiency is somewhat lower for the higher density specimens, but this is more than
compensated for by the increase in specific energy,

While specimens Type 10P yielded the highest value of specific energy, two of these static
Specimens failed at approximately 507 of the total stroke. This failure occurred due to
movement of the specimen on the platen which caused the specimen to tilt. This move-
ment was caused by a multiple buckling phenomenon in which the load built up to a maximum
value and then dropped to a value of about 507 of the maximum. As this drop took place,

a loud report was heard, and an obvious buckling or breaking up of the material occurred
locally directly under the upper (moving) platen. This loading and unloading cycle occurred
at approximately every 0, 05 inch of head travel, This behavior leads to the conclusion that
the density was slightly higher than optimum, It was also shown on a separate test that the
specimen did not tilt and fail catastrophically when it was bonded to a base plate which

prevented the specimen from tilting and hence shearing down the middle (see Table 6-1),

The 16 Ib/cu-ft density, 3/8inch cell polyester resin specimens Type 11R also failed, but

in a different manner. Rather than crushing, the material broke apart at the interlaminary
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bond lines and opened at the lower end of the specimen in a fan-like manner, The crushing
load was therefore not uniform and became smaller as the stroke progressed., A different
interlaminary bond material having a higher strength would make this material more

useful in these higher density ranges,

The failure mechanism of the glass reinforced plastic honeycomb is the localized, brittle
crushing of the cell walls at the impacted end, The contribution of the glass to the total
energy absorption is negligible, The failed particles are small, which accounts for the

high specific energy and the high stroke efficiency. As the bulk density is increased by
adding resin, the failed particles increase slightly in size which explains the small decrease
in stroke efficiency (see Figure 8-2), As the bulk density is further increased, a point is
reached at which the interlaminary bond between the corrugated strips is no longer strong
enough to hold the cell walls in position for crushing. As the bond fails, relatively large
pieces of cell wall separate, bend, and snap off, Since the bending failure mode absorbs
less energy than the crushing failure mode. the result is a drastic reduction in specific

energy (see Figures 8-1, 8-3, 8-4),

It appears that further improvement in the specific energy of this material can be made by
increasing the strength of the interlaminary adhesive load which joins the corrugated strips
to form the honeycomh geometry,

8.2 ANGULAR IMPACT

As in Phase 1 of this program, both static and dynamic tests were performed on the

angular test specimens to evaluate any difference in energy absorption properties in the
velocity range of zero to fifty feet per second. Data obtained during Phase I of this con-
tract showed no apparent connection hetween impact velocity and specific energy absorbed.
This fact was reasonably well confirmed during the present Phase II of the contract, Since
this conclusion is not obvious from the raw static and dynamic test data. an explanation of
the probable causes for the apparent discrepancy in the raw data is contained in the following

paragraphs,

As discussed in Sections ‘5, 6 and 7 all specimens were prefailed by placing sawcuts in one
end of the specimen, These sawcuts performed very well in the static test specimens and
prevented the load from becoming excessive during initial crushing. In the dynamic tests,

the force-stroke curves obtained from the double integration of the deceleration traces showed
that in most instances the resistance of the specimens was low during the initial part of the
stroke. This is in contrast to much of the reported initial behavior of honevcomb materials
under dynamic crushing loads. This is undoubtedly due chiefly to the presence of the saw-
cuts, The effect of the sawcuts, in addition to reducing the probability of initial failure at

impact, reduced the calculated energy absorption of the material, since the depth of cut
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(up to 1/4 inch) was a substantial percentage of the actual stroke in the impact tests,
This explains. in part, why the energy/weight ratios obtained from the impuact test were

generally lower than those from the static tests,

The reason that the sawcut depths accounted for such a large percentage of the stroke in
the dynamic specimens was that the specimens were deliberately made large in cross
sectional areas to prevent the overturning moment, resulting from the angular configura-
tions of the specimens, from hecoming so large as to affect the stress distribution across

the face of the material to be crushed,

Another contribution, admissible only for those few cases which experienced it, may be
due to penetration of the material into the vent plate holes, This effect is probably
minor since, in the previous program in which the specimens were not sawcut, the
deceleration traces showed much steeper initial rises and pénetration into the vent plate

was common,

A factor which undoubtedly greatly influenced the effectiveness of the material, as tested
in the dynamic tests, was the failure of the bond material which was used to bond the
specimens to the perforated base plate, When this bond fails, the overturning moment
increases the shear stress in the honeycomb at the interlaminary bond joint which joins the
corrugated layers that make up the honeycomb material, In a continuous honeycomb struc-
ture, such as would.be found on a vehicle design, this condition would not exist because of
the continuity of the material. This is therefore an example of size effect encountered in

testing which would not occur elsewhere in practice.

In contrast to the lower density specimens tested in Phase I of this program, the Phase II
specimens exhibited a strong tendency to fail in what appeared to be a shear mode in the
region well beyond the crushed zone. This has been previously observed in higher
strength metal honeycombs which possessed high compression strength and relatively low
shear strength (Reference 11,1), Under crushing loading, the honeycomb tends to shorten
axially by slipping along a diagonal plane, This failure mode occurred in the normal as
well as the angular impact specimens. Under normal impact the shear mode failure is
explained by the fact that the present specimens had considerably higher density and
therefore higher compression strength than the ones tested in Phase I, The interlaminate
bond strength, on the other hand, is not measurably increased because the greater density
of these specimens was obtained by redipping the expanded honeycomb in resin, Under
compression loading, a local bond separation can trigger buckling or fracture of adjacent
cell walls and this in turn causes other adjacent regions to fail as more load is shifted to
them, The shear mode failure in the inclined specimens occurs through a combination

of the above mechanism and the addition of external shear loading,
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Using the acceleration stroke curves in Appendix C, values for the peak crushing stresses
of the dynamic specimens were calculated. Table 8-1 shows these values compared with
the average values of crushing stress obtained from static tests. Peak values were used
for this comparison because they should more realistically represent the potential of the
material, had the specimens not been subjected to the perturbing conditions discussed in

the preceeding paragraphs. These stresses are graphically compared in Figure 8-5.

TABLE 8-1. COMPARISON OF CRUSHING STRESS VS. ANGLE OF IMPACT
FOR STATIC AND DYNAMIC LOADING

SPECIMEN TYPE CRUSHING STRESS (psi)
Static Tests Dynamic Tests
A-0-0-a 1900 1510
-b 1800
-C 1840
A-10-0-a 1300 1070
-b 1500
--C 1260
A-10-45-a 1710 1600
-b 1600
-C 1710
A-10-90-a 1800 1600
-b 1650 1570
-C 1820 1450
A-20-0-a 1250
~b 1210
-c 1200
A-20-45-a 1160
-b 1210
-C 1160
A-20-90-a 560
-b 1210
A-30-0-a 800 800
~b 840
-C 580
A-30-45-a 730
-b 830
-C 1000
A-30-90-a 318
-b 725
-C 1070
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The largest differences (20%) between static and dynamic stresses occur on normal impact
and for an impact angle of 10° combined with an interlaminary bond line orientation angle
of 0°. For an impact angle of 10°, the difference is 4% for 6 = 45° and 12.5% for 6 = 90°,
The dynamic stresses are consistently below the static stresses for the reasons previously
discussed, except for the 30° impact angle where they are the same.

The crushing stresses are between 1500 and 1900 psi at normal impact, and they de-
crease approximately linearly to a value of 0 at an impact angle of 500, if an extrapola-
tion beyond the measured data is made.

Figure 8-6 is a plot of specific energy absorption vs. angle of impact vs. interlaminary
bond line orientation as obtained from static tests. Specific energy absorption was cal-
culated as described in Section 6. 4. -The two low values shown at the 20° impact angle

and the one shown at 30° are spéCimens which failed in interlaminary bond. Figure 8-7

shows the same data in terms of volume density of energy absorption.

¢
The most consistent vaiation of energy absorbed with impact angle occurs for ¢ = 459,

If the interlaminary bond lines are unfayorably oriented with respect to the impact angle
(6 = 0) severe shear loads cause premature bond failures. This leads to a drastic reduc-
tion in Energy absorptmn from normal 1mpact to impact under a 10° inclination.

Contrax:yto expochtim:, me épochnens in wnich the interlaminary bond lines were at
an anglé'of ¢ 907 (see Figure B-1, page 5-3), did not perform best except at small
impact angies When this angle exceeded 10° twa out-of three specimens spht apart
because the interlaminary bond was not strong enough to prevent shear buckling failure
of the individual corrugated strips. It is apparent that a stronger bond would raise the
average energy absorption of these specimens at least to the highest values obtained at
the 20° and 30° impact angles; refer to Table 6-2, page 6-4.

In general, the values of energy vs. impact angle look like curves of buckling load vs.
slenderness ratio of compression members. This lends additional weight to the explana-
tion of the honeycomb failure mechanism by interlaminary bond rupture and subsequent
shear buckling failure.




Figure 8-5. Comparison of Crushing Stress vs. Angle of Impact for Static and Dynamic
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Figure 8-8 shows crushing stress vs. impact angle vs. interlaminary bond line orienta-
tion as obtained from static tests. The stress values used are taken from Table 6-2.

The graphs are similar to Figures 8-6 and 8-7, and the previous discussion also applies.

Figure 8-9 is a plot of stroke efficiency vs. impact angle vs. interlaminary bond line
orientation as obtained from static tests. The highest efticiency of approximately 90% is
obtained for large impact angles and 8 = 90°. Generally it appears that the efticiency of
angular impact is higher than that of normal impact. It may be expected that the stroke
efficiency curve would remain at a value of 80 to 85% if the interlaminary bond failures
were eliminated by increasing the bond strength. The large pieces of material which are
broken off as the bond fails causes the material to build up to a greater thickness which

reduces the thickness efficiency.

Figure 8-10 compares the reduction in efficiency of static and dynamic specimens under
angular impact. It is noticeable that, while the absolute numbers of energy absorption
are not identical, the relative decrease in efficiency or angular impact is essentially the
same for both static and dynamic tests. It is approximately a linear relation which de-

creases at the rate of 2% for each degree of impact angle.
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9. CONCLUSIONS AND RECOMMENDATIONS

The design objective of improving the specific energy absorption properties of plastic
reinforced honeycomb has been met and exceeded. A value of 24,000 ft-1b’lb was
achieved for the 3/16" cell, 11 1b/cu-ft configuration. This value makes the material
superior to any known radio frequency transparent energy absorber, The average RF
attenuation equals 0.35 db/ft of thickness. The material is readily available and can be

manufactured by state-of-the-art methods.

At the present time, the smallest cells absorb the highest specific energies. This may
not hold true for very high bulk densities if the interlaminar bonding material can be
significantly improved. The specific energy and the energy density can be lowered to
meet special requirements by reducipg the resin content, increasing the cell size, chang-

ing the resin formulation or any combination of these variables.

As in Phase I testing, comparison of static and dynamic tests showed that the material
properties are relatively constant for velocities from 0 to 46 {t/'sec. The structural
elements tested fractured progressively by break-up of the cell-wall material into small
fragments, The succession of small brittle fractures at the near~microscopic level
yields a macroscopic, quasi-plastic, constant fracture force, ideally suited to the
cushioning of landing impact shocks. The honeycomb configuration developed is highly
conducive to the formation of small fracture particles which leads to high specific energy
values. The primary contributor to the energy absorption process is the resin, not the
glass. Increasing the resin ratio of the specimens, therefore, increases the specific

energy, and vice versa,
A

Test results indicate that a stronger interlaminary bond between the honeycomb corruga-
tions would raise the specific energy absorption for the larger cell sizes, It would prevent
the bending failure of large fragments of cell wall which absorbs less energy than the
orderly compressive crushing, By the same reasoning, the stroke etticiency would

improve.

Angular impact tests, performed on the optimized 3, 16-inch - 11 1b del}sity materiat,
yielded specific energies which decreased linearly from 1007 to40¢ of specific energy for
normal impact as the angle of impact was changed from 0 to 30 degrees, The mode of
failure for angular impact was the same as for vertical impact except in cases of inter-
laminary bond failure. For these honeycombs of higher than commercial density, a
stronger bond material would significantly raise the energy absorption and also increase

the reliability. This increase is estimated to be 10 to 15 percent.

All of the angular impact tests performed under this contract attempted to simulate impact
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on frictionless surfaces. Since this is not a realistic condition for’ lunar or planetary
impact, it would be logical to perform a succeeding series of tests on surfaces having
varying bulk and friction properties in order to determine the behavior of the material

developed under those conditions.

The hexagonally shapedhoneycombdesign is not the best configuration for curved panels.
Aunother configuration, recently developed on work not connected with this contract,
which can be readily curved in one or more planes, appears to be desirable from a
fabrication standpoint for singly and doubly curved panels. Evaluation of the mechanical
properties of this new configuration would be required before it could be used as an
eneryy absorber. While the properties would probably be very similar to the present
hexavonal configuration for forces along the cell axis, there is no sure way of predicting

the effect of angular impact on this configuration,

For immediate applications of the hexagonal material to cylindrical or spherically shaped
vehicles requiring a small R/t (radius to thickness ratio) ratio, the material should be
applied in pieces so that the angle between the cell axis and a line radiating {rom the
center of curvaturc does not exceed 30 degrees, Limiting R/t ratios, based on experi-
ments carried out in this program are three for cylindrical panels and nine for spherically
shaped panels. The material used for this evaluation was 1 4 inch cell, 10 Ib/cu-~ft

density.

The following recommendations for future studies are made:

a. Determine the effect of temperature range which could be encountered in lunar
or planetary landings on the behavior of the material developed.

b, Undertake a material development program aimed at improving the strength
the adhesive now used for the interlaminary bonding of the corrugated honey-
comb strips to each other,

c. Fabricate singly and doubly curved honeycomb panels by a new process recently
devéloped on work not connected with this contract.

d. Evaluate the improved adhesive and the new honevcomb configuration by per-
forming angular impact tests similar to those carried out under the present
contract. :

€., Evaluate the effecl of the mechanical properties of the landing surfaces on the
behavior of this material, particularly under angular impact,



10. DESIGN DATA

Using the test data obtained in Phase II. the data presented in Section II in the Phase 1
Final Report has been extended to include the higher values of specitic energy absorption
attained during the Phase II program. For convenience. some of the data presented in

the Phase 1 Report is repeated.

These graphs enable the user quickly to determine the detail requirements of honeycomb-
cell size and density for a given set of conditions. and obtain the total system weight for

an energy absorbing system based on vehicle weight and impact velocity only.

10.1 REQUIRED STROKE L ENGTH

Figure 10-1 is a graphical representation of the formula.

v02_‘ = 2as,

and can be used to determine the required stroke length. or depth ol honeycomb. s. re-
quired for given impact velocity. Vo and allowable deceleration. a. on the vehicle. The
assumption of constant deceleration is justified by the constant deceleration curves obtained
during the dynamic tests. The theoretical stroke length obtained trom Figure 10-1 should
be increased by a suitable factor of safety of about 509,

following items must be considered to arrive at a final

R

With te séroke established. e
o Towi enbugy 1o bé sbkorbed

e

b. Available surface area for mounting energy absorbing material

c. Mahu'facturihg' limitatiors of honeycomb material

o

Column limitation (buckling) of honeycomb material.

-~

10.2 CHOICE OF AREA AND HON
The total vehicle energy. E. to be absorbed can be calculated from the Kkinetic energy

formula.

2
v

m—z'.

tx
1

where

= vehicle mass.
w

=z
impact velocity.

= vehicle weight. in any system

® € < 8 3
W

= acceleration of gravity.
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Using the stroke obtained {rom Figure 10-1. Figure 10-2 shows eneryy densities (energy

per square foot of impact area) for various honeycomb configurations. Dividing the energy
density from Figure 10-2 into the total vehicle energy obtained from the last equation
yields the required impact area. This is the theoretically required area of the vehicie

over which the energy absorbing material must be distributed.

In choosing the required surface area the 3,16-in. cell should always be given pre.erence
and tried tirst. since it will yield the lightest weight system. If. because of manufacturing
limitations. such as curving of honeycomb panels. a 1,4-in. instead of 3, 16-in. material
is required. the highest value of ft b sq ft for the 1-4-in. material at the given stroke

should be used for the lightest configuration.

10. 3 DESIGNING FOR ANGUIAR IMPACT

Figure 10-3 is a curve of Speci‘ic Energy Absorption versus Angle of Impact. This _
curve was estimated from Figure 8-5 and is the best approximation available from tests
results for use in designing landing systems which are fabricated from 3/16 inch cell,

11 1b/cu-ft density. phenolic resin honeycomb. While a few test specimens fell outside
the limi‘s o/ these curves. it is felt that these causes. which are known. can and will be
corrected in future specimen designs.

10.4 TOTAL SYSTEM WEIGHT

Using Figure 10-4. it is possiblé to determine the total weight of an energy absorbing
system regquired for 2 given weight vehicle and a given impact velocity. No further de-
tails of the system fnust be known to use the graph. The indicated spread of weights
required, for a given impact velocity, is based upon two values of specific energy. In
preparing this graph an additional factor of five has been used to account for the additional
material required because the point of impact on the vehicle is not exactly defined and the

energy absorbing material must therefore be "wrapped around” the lander. Thus, only a

fraction of the material, approximately 20%, can be effective. If a very good

J.
O
3

system is used, this fraction can be increased and the factor of five decreased, since
normal factors of safety and material efficiency have already been included. All things
considered, this graph is considered to be a realistic, slightly conservative estimate of
total energy absorbing system weight.
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78 fps
J ] N 50 fps
25 fps
100 200 300 400 500 600 700 800 200 1000

Figure 10-4. Weigh* of Energy Absorbing System Required for Given
Vehicle Weight and Impact Velocity
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APPENDIX A

ORIGINAL CALCULATIONS
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APPENDIX A. ORIGINAL CALCULATIONS

Copies of the original calculation sheets are presented in this Appendix. They cover the

following topics:

Figure A-1. Planimeter interpretation of static test data.

Figure A-2. Crushing stress corrections for static test data.
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TEST SPECIMENS
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AFPENDIX B. TEST SPECIMENS

The Figures i i ix show the i
gures i this Appendix show the test specimens used {or static testing after crushing

Figure B-1 shows the specimens from the optimum density tests. Figures 1 through 10
show the angular test specimens after crushing before they were removed from the testi
, 1 th sting

machine.
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Figure 1-a. AS-0-0-a

Figure 1-b. AS-0-0-b

Figure 1-c. AS-0-0-c




Figure 2-a. AS-10-0-a

Figure 2-b. AS-10-0-b

Figure 2-c. AS-10-0-c
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Figure 3-a. AS-10-45-a

Figure'3-b. AS-10-45-b

. Figure 3-c. AS-10-45-c
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B-6

Figure 4-a. AS-10-90-a

Figure 4-b. AS-10-90-b

Figure 4-c. AS-10-90-c




Figure 5-a. AS-20-0-a

Figure 5-b. AS-20-0-b
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B-8

Figure 6-a.

AS-20-45-a

Figure 6-b.

Figure 6-c.

AS-20-45-b

AS-20-45-¢
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Figure 7-a. AS-20-90-a

Figure 7-b. AS-20-90-b

Figure 7-c. AS-20-90-c
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B-10

Figure 8-a.

Figure 8-b

AS-~30-0-a

AS-30-0-b




Figure 9-a.

Figure 9-b.

Figure 9-c.

AS-30-45-a

AS-30-45-b

AS-30-45-c
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B-12

Figure 10-a. AS-30-90-a

Figure 10-b. AS-30-90-b

Figure 10-c. AS-30-90-c
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APPENDIX C

DYNAMIC IMPACT TESTS

P
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APPENDIX C. DYNAMIC IMPACT TESTS

rorce-stroke curves obtained by double integration of the accelerometer
traces are shown in Figures C-1 through C-8. Figures C-9 through C-42
are copies of experimental data covering the dynamic impact tests. Photo-
graphs of the accelerometer trace and the specimen after impact for each

test are presented on the same page for easy reference.
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Deceleration
(218g/Division)

Time After Response Initiation
(1 Millisecond/Division)

Impact Velocity - 46 ft/sec
Energy Absorbed - 2432 Ib.ft
Initial Length - 5 in.

Final Length 4. 38 in.

Figure C-9. Accelerometer Record (Statham A5-500-350) and
Specimen After Impact (AD-0-0-2a)
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De¢ elcrdtxon
(109g/Division)
|
I
|
i
e

0 V\J‘

0

Time After Response Initiation
(1 Millisecond/Division)

Impact Velocity - 46 ft/sec
Energy Absorbed - 2432 1b. ft.
Initial Length - 5 in.

Final Length 4.06 in.

Figure C-10. Accelerometer Record (Statham A5-500-350) and
‘ Specimen After Impact (AD-0-0-b1)
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Deceleration
(218g/Division)

Time After Response Initiation
(1 Millisecond/Division)

Impact Velocity - 46 ft/sec
Energy Absorbed - 2432 1b.ft.
Initial Length - 4.06 in.

Final Length 3.16 in.

Figure C-11. Accelerometer Record (Statham A5-500-350) and
Specimen After Impact (AD-0-0-b2)
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Figure C-12.

NOT
AVAILABLE

Time After Response Initiation
(- Millisecond/Division)

Impact Velocity - 36 ft/sec
Energy Absorbed - 1474 1b. ft.
Initial Length - 5 in.

Final Length 4.50 in.

Accelerometer Record (Statham A5-500-350) and
Specimen After Impact (AD-0-0-c)
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Deceleration
(218g/Division)

Time After Response Initiation
(1 Millisecond/Division)

Impact Velocity - 36 ft/sec
Energy Absorbed - 1474 1b. ft.
Initial Length - 4.5 in.

Final Length 3.44 in.

Figure C-13. Accelerometer Record (Statham A5-500-350) and
‘ Specimen After Impact (AD-0-0-c¢)




Deceleration

(218g/Division)

Figure C-14

Time After Response Initiation
(1 Millisecond/Division)

Impact Velocity - 46 ft/sec
Energy Absorbed - 2432 lb. ft.
Initial Length - 5 in.

Final Length - 3.94 in.

Accelerometer Record (Statham A5-500-350) and
Specimen After Impact (AD-10-0-a)
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NOT
AVAILABLE

Deceleration
(-g/Division)

Time After Response Initiation
(- Millisecond/Division)

Impact Velocity - 46 ft/sec

Initial Length - 5 in.
Final Length - 3. 88 in.

Figure C-15. Accelerometer Record (Statham A5-500-350) and
Specimen After Impact (AD-10-0-b1)
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Energy Absorbed - 2432 1b. ft.




Deceleration
(218g/Division)

Time Atter Response Initiation
(1 Millisecond,/Division)

Impact Velocity - 46 ft/sec
Energy Absorbed - 2432 1b. ft.
Initial Length - 3.88 in.

Final Length - Collapsed

Figure C-16. Accelerometer Record (Statham A5-500-350) and
Specimen After Impact (AD-10-0-b2)
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C-18

Deceleration

(218g/Division)

Figure C-17.

Time After Response Initiation
(1 Millisecond/Division)

Impact Velocity - 36 ft/sec
Energy Absorbed - 1474 1b. f{t.
Initial Length - 5 in.

Final Length - 4. 32 in.

Accelerometer Record (Statham A5-500-350) and
Specimen After Impact (AD-10-0-c)
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Deceleration
(218g/Division)

Time After Response Initiation
(1 Millisecond/Division)

Impact Velocity - 36 ft/sec
Energy Absorbed - 1474 1lb. ft.
Initial Length - 5 in.

Final Length - 4.06 in.

Figure C-18. Accelerometer Record (Statham A5-500-350) and
‘ Specimen After Impact (AD-10-45-a)
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Time After Response Initiation
(1 Millisecond/Division)

Impact Velocity - 46 ft/sec
Energy Absorbed - 2432 lb. ft.
Initial Length - 5 in.

Final Length - 3.88 in.

Figure C-19. Accelerometer Record (Statham A5-500-350) and
Specimen After Impact (AD-10-45-b)
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. AVAILABLE

Deceleration
(218g/Division)

Time After Response Initiation
(1 Millisecond/Division)

' Impact Velocity - 46 ft/sec
NOT co Energy Absorbed - 2432 lb. ft.
AVAILABLE Initial Length - 5 in.
: : Final Length - Collapsed

Figure C-20. Accelerometer Record (Statham A5-500-350) and
Specimen After Impact (AD-20-45-a)
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Deceleration
(218g/Division)

Time After Response Initiation
(1 Millisecond/Division)

Impact Velocity - 46 ft/sec
Energy Absorbed - 2432 1b. ft.
Initial Length - 3.94 in.

Final Length - 2.81 in.

Figure C-21. Accelerometer Record (Statham A5-500-350) and
Specimen After Impact (AD-10-45-c2)
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Deceleration
(218g/Division)

Time After Response Initiation
( 1 Millisecond/Division)

Impact Velocity - 36 ft/sec
Energy Absorbed - 1474 1b. ft.
Initial Length - 5 in.

Final Length - 4.56 in.

Accelerometer Record (Statham A5-500-350) and
Specimen After Impact (AD-10-90-a)

Figure C-22.
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Deceleration
(218g/Division)

Time After Response Initiation
(1 Millisecond/Division)

Impact Velocity - 46 ft/sec

Initial Length - 5 in.
Final Length - 3.88 in.

‘ Figure C-23. Accelerometer Record (Statham A5-500-350) and
Specimen After Impact (AD-10-90-b)
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Energy Absorbed - 2432 1b. ft.
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Deceleration
(218g/Divi sion)

Time After Response Initiation
(1 Millisecond/Division)

Impact Velocity - 46 ft/sec
Energy Absorbed - 2432 1b. ft.
Initial Length - 5 in.

Final Length 4.12 in.

Accelerometer Record (Statham A5-500-350) and
Specimen After Impact (AD-10-90-c)

Figure C-24.
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Deceleration
(218g/Division)

Time After Response Initiation
(1 Millisecond/Division)

Impact Velocity - 36 ft/sec
Energy Absorbed - 1474 1b. ft.
Initial Length - 5 in.

Final Length - 4.25 in.

Accelerometer Record (Statham A5-500-350) and
Specimen After Impact (AD-20-0-a)

Figure C-25.
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Deceleration
(218g/Division)

Time After Response Initiation
( 1 Millisecond/Division)

Impact Velocity - 31 ft/sec
Energy Absorbed - 1106 1b. ft.
Initial Length - 5 in.

Final Length - 4.38 in.

Figure C-26. Accelerometer Record (Statham A5-500-350) and
' Specimen After Impact (AD-20-0-b)
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Deceleration
(218g/Division)

Time After Response Initiation
( 1 Millisecond/Division)

Impact Velocity - 36 ft/sec
Energy Absorbed - 1474 1b. ft.
Initial Length - 5 in.

Final Length -

Acceleromet er Record (Statham A5-500-350) and
Specimen After Impact (AD-20-0-c)

Figure C-27.




Deceleration
(218g/Division)

Time After Response Initiation
(1 Millisecond/Division)

Impact Velocity - 46 ft/sec
Energy Absorbed - 2432 1b. ft.
Initial Length - 5 in.

Final Length - Collapsed

Figure C-28. Accelerometer Record (Statham A5-500-350) and
Specimen After Impact (AD-20-45-a)
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Deceleration
(218g/Division)

Time After Response Initiation
(1 Millisecond/Division)

Impact Velocity - 46 ft/sec
Energy Absorbed - 2432 lb. ft.
Initial Length - 5 in.

Final Length - 3.50 in.

Figure C-29. Accelerometer Record (Statham A5-500-350) and
Specimen After Impact (AD-20-45-b)
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Time After Response Initiation
(1 Millisecond/Division)

Impact Velocity - 46 ft/sec
Energy Absorbed - 2432 lb. ft.
Initial Length - 5 in.

Final Length - 3.62 in.

Figure (-230. Accelerometer Record (Statham A5-500-350) and
Specimen After Impact (AD-20-45-c¢)
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Deceleration
(218g/Division)

Time After Response Initiation
(1 Millisecond/Division)

Impact Velocity - 46 ft/sec
Energy Absorbed - 2432 Ib. ft.
Initial Length - 5 in.

Final Length - 3.69 in.

Figure C-31. Accelerometer Rem rd (Statham A5-500-350) and
Specimen After Impact (AD-20-90-a)
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Deceleration

(218g/Division)

Time After Response Initiation
(1 Millisecond/Division)

Impact Velocity - 46 ft/sec
Energy Absorbed - 2432 lb. ft.
Initial Length - 5 in.

Final Length - 4 in.

Figure C-32. Accelerometer Record (Statham A5-500-350) and
Specimen After Impact (AD-20-90-c)
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Deceleration

(218g/Division)

Time After Response Initiation
(1 Millisecond/Division)

Impact Velocity - 46 ft/sec
Energy Absorbed - 2432 1b. ft.
Initial Length - 5 in.

Final Length - 3.75 in.

Figure C-33. Accelerometer Record (Statham A5-500-350) and
Specimen After Impact (AD-20-90-b)




Deceleration
(109g/Division)

Time After Response Initiation
(2 Millisecond/Division)

Impact Velocity - 31 ft/sec
Energy Absorbed - 1106 1b. ft.
Initial Length - 5 in.

Final Length - 4.19 in.

Figure C-34. Accelerometer Record (Statham A5-500-350) and
‘ Specimen After Impact (AD-30-0-a)
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Deceleration
(109g/Division)

Time After Response Initiation
(2 Millisecond/Division)

Impact Velocity - 31 ft/sec
Energy Absorbed - 1106 1b. ft.
Initial Length - 5 in.

Final Length - 4. 31 in.

Figure C-35. Accelerometer Record (Statham A5-500-350) and
. Specimen After Impact (AD-30-0-b)
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Deceleration
(109g/Division)

Time After Response Initiation
(2 Millisecond/Division)

Impact Velocity - 31 ft/sec
Energy Absorbed - 1106 lb. ft.
Initial Length - 5 in.

Final Length - 4.25 in.

Figure C-36. Accelerometer Record (Statham (A5-500-350) and
Specimen After Impact (AD-30-0-c)
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Deceleration
(218g/Division)

s Time After Response Initiation
(1 Millisecond/Division)

Impact Velocity - 31 ft/sec
Energy Absorbed - 1106 lb. ft.
Initial Length - 5 in.

Final Length - 4.25 in.

‘ Figure C-37. Accelerometer Record (Statham A5-500-350) and
Specimen After Impact (AD-30-45-a)
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Deceleration
(109g/Division)

Time After Response Initiation
(1 Millisecond/Division)

Impact Velocity - 31 ft/sec
Energy Absorbed - 1106 1b. ft.
Initial Length - 5 in.

Final Length - 4.12 in.

Figure C-38. Accelerometer Record (Statham A5-500-350) and
‘ . Specimen After Impact (AD-30-45-b)




Deceleration
(218g/Division)

‘Time After Response Initiation
(1 Millisecond/Division)

Impact Velocity - 31 ft/sec
Energy Absorbed - 1106 1b. ft.
Initial Length - 5 in.

Final Length - 4,25 in.

Figure C-39. Accelerometer Record (Statham A5-500-350) and
. Specimen After Impact (AD-30-45-c)
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Deceleration

(218g/Division)

Time After Response Initiation
(1 Millisecond/Division)

Impact Velocity - 36 ft/sec
Energy Absorbed - 1474 lb, ft.
Initial Length - 5 in.

Final Length - 4.38 in.

Figure C-40. Accelerometer Record (Statham A5-500-350) and
Specimen After Impact (AD~30-90-a)

C-41




C-42

Deceleration

(218g/Division)

Time After Response Initiation
(1 Millisecond/Division)

Impact Velocity - 31 ft/sec
Energy Absorbed - 1106 1b. ft.
Initial Length - 5 in.

Final Length - 4.50 in.

Figure C-41. Accelerometer Record (Statham A5-500-350) and
Specimen After Impact (AD-30-90-b)




Deceleration
(109g/Division)

Time After Response Initiation
(2 Millisecond/Division)

Impact Velocity - 31 ft/sec
Energy Absorbed - 1106 1lb. ft.
Initial Length - 5 in.

Final Length - 4.50 in.

Figure C-42. Accelerometer Record (Statham A5-500-350) and
. Specimen After lmpact (AD-30-90-c)
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APPENDIX D

STATIC TEST LOAD-DEFLECTION DIAGRAMS
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APPENDIX D. STATIC TEST LOAD-DEFLECTION DIAGRAMS

‘ Included 1n this section are unretouched reproductions of the load-dellection diagrams

(Figures D-1 to D-30) as recorded on the Instron Testing Machine.
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APPENDIX E. CURVED SPECIMENS

Figure E-1 in this Appendix shows the successfully curved honeycomb specimens manu-
factured under this contract.

Figure E-1. Curved Specimens

E-1/2
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