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Only two helicopters, the UH-00 and
AH-64, have been designed to MIL-3TD~1230,
thus a limited data base exists [or design-
ing energy absorbing metal structure.
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Abstract
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This paper presents results of a study
on the energy absorption characteristics

¢
I
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of selected composite material systems and
compares the results with aluminum. Com-
posite compression tube specimens were fab-
ricated with both tape and woven fabric
prepreg using graphite/epoxy (Gr/E),

Kevlar epoxy (K/E) and glass/epoxy
(G1/E). Chamfering and notching one end

of the composite tube specimen reduced the
peak load at initial failure without alter-
ing the sustained crushing load, and pre-
vented catastrophic failure. Static com-
pression and vertical impact tests were
performed on 128 tubes. The results varied
significantly as a function of material
type and ply orientation. 1In general, the
Gr/E tubes absorbed more energy than the
Gl/E or K/E tubes for the same ply orlen-

Much of the existing technology was devel-
oped by the automobile industry <hrough
crash testing compcnents and full-scale
cars. An extensive bibliography of re-
ports on energy absorption can be found
reference 2. Use of composite materials
is increasing. As

in

in aircraft structures
composites replace more metal components
and the role of aircraft crashworthiness
and survivabllity becomes more clearly
defined, the need to establish the energy
absorption characteristics of composites
becomes paramount.

Efficient desigh of a structural com-
ponent %o meet MIL-STD-1290 requires know-
ledge ~f the loads and energy absorption

tation. The [0/#15] Gr/E tubes absorbed
=l more energy than the aluminum tubes. Gr/E
and Gl/E tutes failed in a brittlc mode and
had negligible post crushing integrity,

mechanlisms. Also, the specific energy
absorption, post crushing integrity and
energy release of the candidate materials
must be known. The specific energy absorp-

.

g
it
.

entation whereas the specific energy
absorption for metals 1s primarily a
function of their plastic behavior.

\k whereas the K/E tubes failed in an accord- tion is a functlon of the constituent
rk ian buckling mode similar to the aluminum materials (fiber and matrix) and ply ori-
“ tubes. The energy absorption and post

crushing integrity of hybrid composite
tubes were not significantly better than
that of the single material tutes.

o

Thornton [3] measured the energy
absorption of small dlameter graphite/epoxy,
Kevlar/epoxy, and glass/epoxy tubes. Fabric
prepreg with a [0/90] layup was used
almost exclusively. OJpecific energy
zbsorption of graphite/epoxy composites
having a [0/90] layup were found tc exceed
0Ut1=Tt aluminum and mild steel
certain values of tube wall thickness/

Rl
oS

Introduction

T
e

.
v

All new U.S. Army helicopters,
designed after 1974 must meet the Army's
crashworthiness requirements as defined by
Military Standard 1290 [1]. These crash-
worthiness requirements specify various
crash conditions, including impact veloc-

L
PR

¥ ity, vehlicle-attitude, minimlzation of diameter ratio. Loading rate sensitivity
b~ change in occupancy volume, and alrcraft was found to be neglipgible for loading

Ki bounce, which must be survivabtle for the rates below 27 ft/sec. Graphite/epoxy and
&} occupant. Aircraft bounce, a result of glass/epoxy tubes exhibited brittle fallure

modes characteristics of interlamlnar shear
fallure followed by fiber fracture.

energy release from the deformed structure,
can Induce unanticipated secondary crash
M attitudes and conditions. Energy absorp-
tion in a helicopter crash is accomplished
primarily through three mechanisms; strok-

1a

Foye, et al. [4 and 5] examined the
energy absorption characteristics of o4

ing of the seats, stroking of the landing stiffened and honeycomb core sardwish oyle
gear, and crushing of the fuselage sub- inders fabricated from both oomposit

floor structure, 0Other systems that con- materials and aluminum. AlL cylinders were
tribute to the total crashworthiness of designed to the same stiffnescs and stronsth

the helicopter include occupant restralnts,
fuel system, and the protective shell of
the fuselage structure.

lKevlaP ie 2 stered trademnre

of Du Font.
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tie mode with no post integrity.
Jronghite, et al. 2], determined the
[+%2] K/, 3r/E and
shap=d or flat load-
on composite tubes
compressive load was applied.

varied frem 0 (flat) te 45
aqenerally, highest sustained

g loads were developed tests with
1zt lozding heads and the Jdr/E tubes
d

1 e

more energy than the X/E or Gl/E

The cbji=ctive of the study reported
herein was to Investigate the specific
energy abscrption, post crushing integrity
and post crushing energy release of com-
posites. The matrix material was either
Narmco 5203 or Fibegite FM934, and the
fibers were Thornel® 300 Graphite, Kevlar
49 or E-glass. Tubes were fabricated with
unidirectional and woven fabric prepreg.
Thirty (30) combinations of materials and
ply orientations were tested and the data
were compared with results for aluminum
tubes. Both static and dynamic loading
tests were conducted. The failure modes
and energy absorption mechanisms for all
tubes were examined.

Identification of commercial products
and companles in this report is used to
describe adeguately the test materials.

The identification of these commercial pro-
ducts does rnot constitute endorsement,
expressed or implied, of such products by
the National Aeronautics and Space Admin-
istration or the publishers of this paper.

Specimens and Procedures

Test Specimens

Tubes nominally 10.16 cm (4.00 in.)
in length by 3.81 em (1.50 in.) inside
diameter, were used for composite test
specimens, figure 1. The tube was selec-
ted on the basis of stablility and ease of
fabricat.ion.

One end of each tube fabricated with
composite material was chamfered and notch-
ed so that crushing could be initiated
without causing catastrophic failure,
figure 1. Preliminary tests and reports
in the literature [2, 3, and 6] indicated

R0 A" Wi MaC i T= . v

, CHAMFER NOTCH |, 38lcm

(1.5in.)

e /

X ‘j
4
1

-l

|
10.16cm
{4.0in)

KELVAR/EPOXY

Figure 1. Composite tube specimens with
chamfered and notched ends.

\

SQUARE-END TUBE
LOAD [

-

HF' N
\
AN SUSTAINED CRUSHING LOAD

DEFLECTION

X—TUBE WITH BEVELED END AND SLOT (LLC}

Figure 2. Effects of load limiting
concept (LLC) on load-deflection
response of composite tube.

Prepreg materials used to fabricate
specimens were: T300/5208 fabric and uni-
directional tape, Kevlar 49/5208 fabric
ard unidirecctional tape, E-glass/5208
fabric and E-glass/934 unidirectional tape.
Nominal ply thicknesses and fabric style
are listed in table 1. E-glass/epoxy tape
was not available with the 5208 matrix
therefore tape with the 934 matrix was
used. Both 5208 and 934 contain the same
epoxide base MY720, and are compatible
resins. A belt wrapper was used to lay
prepreg materials on a metal mandrel to
fabricate 30.5 cm (24.0 in.) long tubes.
After curing at 176°C (350°F), 10.16 cm

2

Thornel is a registered trademark of
Union Carbide.




(4.0C in.) long specimens were cut and
the ends were machined. [0/+0] and [+45]
ply orientations were selected to develop
trends to assess the efrects oI ply orien-
tation on energy avscrption. All com-
poslte tubes were fabricated in a similar
manner. For example, & nine vly [C/+0]
tube has a stacking sequsnce o1 [0/+0/C/
+6/0/40]. Detailed information on wly
orientations and tube wall thickness are
presented in tables 2 and 3.

Table 1.~ Composlite Prepreg Materials
NOMINAL
FIBER/MATRIX [CURED PLY THICKNESS, TYPE
cmlin. )
1300/5208 .0330 (.0130) 24> 24 PLAIN WEAVE FABRIC
1300/5208 .0139  (.0055) TAPE
KEVLAR 49/5208 .0254 (.0100) 285 STYLE FABRIC
KEVLAR 49/5208 L0139 (.0055) TAPE
E-GLASS/5208 .0254  (.0100) 1581 STYLE FABRIC
E-GLASS/934 .0254 {.0100) TAPE

Table 2.- Composite Tube Data

GRAPHITE£POXY KEVLAR/EPOXY GLASS/EPOXY

oLy 1uasi~ALL ruaziﬂA‘L Iuae;ALL
ORIENTATION] NUMBER | 1,1 cece o |NUMBER ricknEss. » | NUMBERT tuiciniess.

OFPLIES] - in s [OF PUES| gy [OF PLIESE "ot )
[245) 8 |.u21 (ouma| 8 |13 042 6 [.2168 (.1090)
{rasF] a | oo 6 aser co6m| 6 [.1480 (.08
(0/e15) 9 |13 coseei| 9 |1t costa| 6 |50 (10
[0/+30] o famt coswl 9 |1es coem| 6 |7 c.10000
(0/245] o |azm cosen| 9 |a o] 6 |25 10100
{0/260) o [.a3;s (ot 9 |59 oelm)| 6 2eer 1050
[0r£75] 9 sl (osa| 9 [1363 053 6 {3073 (.1210)
[2£90] 9 |.1285 (05060 9 1363 (.0562) 6 |.3073 (.12100
(weaf] | 6 [.a98 coren] 6 |18 oSy & jaw 110700

| 6F ] oenoTes FaBRIC
« AVERAGE OF FOUR SPECIMENS

Hybrid material combinations and ply
orientatlions investigated are listed in
table 3. In all cases, fabric was used
for the #+45 plies. Aluminum tubes were
also tested to establish a base for com-
parison with the composlte tubes. The
wall thickness of each aluminum tube, refer
to table 3, was sized to prevent a column
instability failure mode.

Static and Dynamic Crushing Tests

Static crushing tests were performed
in a 1.35 MN (300 kip) capaclty hydraulic
loading machine. Lnad platens were set
parallel to each other prior to initiation
of the tests. All tubes were compressed
at a rate of approximately .018 cm/min
(.007 in./min) until crushing was Initiated
and then the test machine head speed was
increased to .07¢ ecm/min (0.3 in./min).

- e - —- - .
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i2ad and det'lectdon
autcmatic Jdata au
replica tests were performed,

Table 3.- iiybrid “ompeois it
and Aluminum Tub o :
AVERAGE SPECIFIEC
WALL  |SUSTAINED CRUSHING
PLY NUMBER | ruickness, » STRESS,
ORIENTATION OF PLIES cmtin, ) Nem (m' . in)
. —
[GI' ltdS ] 6 1414 (.0557) a3 (177317
[Gr 1445 ] 6 .08 cowr| sor25 200903
[OK ItdSGr] 6 1757 (.0692) 34745 (138982)
6061 Al. 1473 (.0580) 77485 (309941)
DIA. 2.54cm(1.00in. )
6061 Al. 2438  (.0960) 88533 (354133}
DIA. 3.81 cm(1.501in.)

F DENOTES FABRIC  Gr = GRAPHITE
K = KEVLAR Gl = GLASS
EPOXY MATRIX MATERIAL USED IN ALL COMPOSITE TUBES
 AVERAGE OF FOUR SPECIMENS

Impact tests were performed In the
drop tower to determine the dynamic sus-
tained crushing load, failure mode, energy
absorption mechanism, and pest crushing
structural integrity for compariscn with
the static test results. Tubes were im-
pacted with a 45 Kg (100 1b) mass having
an approximate velocity of 7.€ m/sec
(29 ft/sec). Deceleration of the mass was
measured by an accelerometer and recorded
on a strip chart. The sustained crushing
force was determined from the muass and
deceleration measurements. h sveed
motion plctures, approximately 4000 rrames/’
sec, recorded selected tests to dcgdm'ut
the dynamic energy absorption mechanis
Only one specimen of each ccni‘&qr"’l n
was tested. A limited number =f dynam!
tests are reported due to Iinvalid ‘es:
results.

Results and Discussion
A typlecal load-defleticon cuprve Uor
a composite tube I8 shown 1 fieure s
After static ecrushires was fnts ot od,
luad reguired <o oustatn, craoh e e
relatively constant. ki : 1
crushing 4 tute carn km ! :

ar=a under che 1oad=1- et ;.
specific energy absorbed rer uniL )r jefor-
mation equals the specific sustalned ~rushlnes
streas, obrtalned by dlviglic oo o T

cru:hinr Seregs, O, byt bl Tty

A tyr ol 1oadetr v
an o alumtnar cabe Looohown
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ENERGY ABSORBED
SUSTAINED CRUSHING LOAD
ENERGY RELEASED

LOAD

DEFLECTION

Figure 3. - Typical load-deflection
curve of c¢~mposite tube.

ENERGY ABSORBED
AVERAGE SUSTAINED

CRUSHING LOAD

ENERGY RELEASED
LOAD

DEFLECTION

Figure 4. - Typical load-deflection
curve of aluminum tube.

and large deviations from the average sus-
tained crushing load are evldent. The
deviation was cyclic and is attributed to
the successive formation of local buckles.
The inclusion of aluminum test data is for
comparison with the composite tube data.
More extensive energy absorption data for

aluminum tubes can be found in reference 6.

Values of o/p for each composite and
metal tube tested are plotted in figure 5.
Statically crushed tubes are shown in fig-
ures 6 and 7 and photographs taken during
dynamic crushlng of tubes are shown in
figure 8. Detailed discussion of test
results follows.

Statlic Crushing Tests

Graphite/Epoxy Tubes

Values of o/p for Gr/E tubes are
plotted in figure 5 (a). For the [0/+0]
ply orientatlion tubes, o/p decreased as 0
increased from 15 to 45 degrees but re-
mained relatively constant for values of
© between 45 and 90 degrees. The data

O GriE (0¢8]
3 O 6061 ALUMINUM
100 14001 < 10 DIA. 381 cmil.50in.)
? B 6061 ALUMINUM
SPECIFIC [ DIA. 254 cmi1.00in.)
SUSTAINED 75 1300 - WHERE BANDWIDTHS ARE NOT
CRUSHING GIVEN, DATA SCATTER 1S
SIRESS ° LESS THAN SYMBOL SIZE
Aom 50 o0 - o[ ] 6t *
\a REETIR
Ioein Gr/E 0't=a5 N[saf Jorse
b, | 2400}
: ; SOLID SYMBOLS REPRESENTATIVE
OF DYNAMIC TESTS
1 i 1 l 1 |
0 15 % 4 60 15 %
ANGLE © FOR [0/ ©TUBES
(a) Graphite/epoxy tubtes.
Figure 5. - Effect of ply orientation on
specific sustained crushing stress.
03 O KE [0 16
100 (400} = 10 WHERE BANDWIDTHS
ARE NOT GIVEN,DATA
SPECIFIC SCATTER I LESS
751300 - THAN SYMBOL SIZ€
SUSTAINED
CRUSHING L] ™
STRESS + 85 JK/E
0 200 - Tl 1 f
Aem KIE|O /288~ g
kg \, 0 1
. St 45 K/t
Ibf-in ) o5 0 -
L' SOLID SYMBOLS REPRESENTATIVE
OF DYNAMIC T£STS
1 1 1 i 1 p—— |
0 15 | &5 00 75 0

ANGLE © FOR [0/ 8] TUBES
(b) Kevlar/epoxy tubes.

Figure 5. (cont.)

100 (400) (~ x 103
[ AGIE [0/26]

WHERE BANDWIDTHS

ARE NOT GIVEN,DATA

SPECIFIC 45 (300 F SCATTER IS LESS

(Slgls.l;:lll':l? THAN SYMBOL SIZE
STRESS GIE[ £ 45]
50 200 |-
N-m ; \ D)/-a\‘
Y cus o'/za8 ]
i A———A:::§/‘\ F
{'Il;—'ﬂ] 251000 [+ 6 oue
m SOLID SYMBOLS REPRESENTATIVE
OF DYNAMIC TESTS
L 1 1 1 1 g
0 1 » 85 ) 15 %

ANGLE © FOR [0/£8] TUBES
(c¢) Glass/epoxy tubes.

Figure 5. (concluded)

trend suggests a relationship between the
energy absorbed and alignment of the
fibers with respect to the longitudinal
axis of the tube. However, caution should
be used in employing thils interpretation
since [+45] and [0/+445] ‘tubes absorbed an
equivalent amount of energy. Tubes ccn-
taining fabric, [+45F] and [0/445F] exhib-
ited 16 and 8 percent, respectively, lower
specific sustained crushing stress than
tubes fabricated from unidirecitcnal tape.
Lower specific sustained crushing stress
was expected on the basis of comparing
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mechanlical provertlics ror tubos Soreizar o
with fabric and vape pretreg -
tubes failled in a brittle mode, ligure 6
These findings agree with those of Thornton
{3] and Fcye, et al. [4]. No significant
energy releise was observed uproen unlowdlng
the Gr/E tubes.

T ,.asF
10g, /=45,
Gr/GI/E

T . asF
log,/ a50)
{=45} Gr/E  [*4S) GUE 1:45F) k7€ Gr/K/E

Figure 6.
composite tubes.

- Statically crushed

Kevlar/Epoxy Tubes

The o/p data for [0/+0] X/E tubes are
plotted in figure 5 (b). The value of o/p
remained constant for O between 15 and 45
degrees and increased as © increased between
45 and 90 degrees. The trend is opposite
that obtained for Gr/E tubes and suggests
that longitudinal orientation of the fibers

had little effect on o/p for K/E.
average o/p for [+45] tubes is 8 p
less than o/p for [0/+45] tubes.

The
ercent
Tubes

containing fabric,

[+F5F] and [0/+u5 ]

e:hibited 14 and 17 percent,
higher values of o/p than t
from unidirectional tape.

buckling failure mode was e
K/E tubes, (figure 6), and
to plasticity of the fiber.
cant post crushing energy r
served fn» the K/E tubes.

Glass/Epoxy Tubes

respectively,
ubes fabricated
An accordian
xhibited by all
is attributed

No signifi-
elease was ob-

The o/p values obtained for Gl/E
tubes are piotted in figure 5 (c¢). Data
for the L0,/40] tubes are grouped at two
levels. For 15° <0< U45°, o/p averages
approximately 31 N-m/kg whereas for
60° <0< 90°, (o/p) averages approximately
47 N-m/kg. The results suggest that orien-
tation of the fibers with respect to the
longitudinal axis of the tube had little
effect on the speciflc sustained crush%ng
stress. Tubes containing fabric, [+457]
and [0/+45F], exhibited 11 percent 1ower
and 16 percent hizher, respectively,
sustained crushing strengths than tubes
fabricated from unidirectional tape. All
G1/E tubes falled in a brittle mode, fig-
ure 6, as noted by Thornton [3]. Virtu-
ally no post crushing energy release occur-
red.

PR P, WL, GO, S

ey 3 e

TR SRS SR S AN

dre depi:tcd ir

N N it flyure 5. tor
-
[SO T TR AR 4 Sl .
L=
RENNES¢
il
Energy Sl
As previously mentioned, /i oand 3l
tutes rfailed in a trittle mode and /%
tubes falled in an accordlan mode. Jince
a common matrix material was used In all
tubes, the differcnces in fallure modes
may be related to the fallure character-
istiecs of the fibers. The graphite and
glass fibers exhibit brittle failures
whereas Kevlar fiber has an elastic-placstic
response with some splitting [71].
The o/p trends for [0/+0] tubes could

be attrituted to differences in ultimate
strain of the fibers and matrix material.
Inasmuch as the ultimate strain of the
graphite fiber is less than that of the

epoXxy matrix, the matrix could provide some

stabilization to the fibers during crushing.

As O increases from 15 to 45 degrees, the
decrease in o/p could be due to a reduction
in stiffness of the composite. Yor

60 <0< 90 degrees, o/p would remain rela-
tively constant since the stiffness of the
composite would not appreciably change.

The ultimate strain of glacs
greater than that of the muatrix. Thus, the
matrix would be expected to tail first and
would provide 1ittle or no statilication
to the glass fibers during crushing. The
higher value of o/p for [0/40] U1/F tutes
with €0 <0< 90 degrees compared to 15 <G«
L5 degrees 1s attributed to the stubll-
ization of the axial fibers by the circum-
ferential fibers.

fiber is

The ultimate strain of Kevlar fiters
is also greater than that of the matrix.
Thus fallure trends similar to that of
G1/E tubes would be expected, except the
K/E tubes fail in an accordian mocde due to
fiber plasticity and splitting.

Results of the energy absorption tests
suggest higher strain to faillure grarhite
fiver could improve energy absorption.
Higher strain to failure matrix materials
may provide stability to tibers at hipher
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fibers cutting into the Kevlir. The

Hybrid specimens were also fabricated aluminum tubes exhibited excellen

in attempt to explolt the best energy crushing Integrity, as shown in

absorption characteristics of each com-

posite material. Preliminary studies had
shown that K/E composites exhibit better

post crushing integrity than Gr/E and Gl/E

whereas Gr/E generally absorbs more energy

than K/E or Gl/E The layups investigated
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. Dynamic Crushing Tes:ts sty s
i subeenes
! Impact tests were perforned and the Bty W 0 |
results were compared with static test RN S . J
results. The sustained Impact crushing . ’
. load was determined ror selected tubes and '
- agreed within 20 percent wlth the statlc . ; R i A
. crushing load. High speed motion pletures
[N of tests on aluminum, 3r/k, K/E, J1/E, and e
Gr-¥/E hytrid tubtes showed that rallure Advearn e - TR J
modes, energy atsorption mechanism and TO9<11, Jepcvenmper f
pos*t crushing integrity cbserved in the ) ’
dynamic tests and the statle tesis were 3.0 PLoH. Thernton, MHnoreow Ao ot oot ‘
similar, figure o. Composite Jtruiurces," e 7 - ‘\
resite Materlals, Volo 1: Jdaly o7
conclusions
b, R, L. Foye, W. Swindlohurs:, W,
The energy absorption characteristics Hodges, "A Trachworthiness Teet 0o -
of selected composite materials were pesite Fuselage Structure," Fibrous -
determined using a modified tube specimen rosites in Structuaral Deslgn, —d. Ly
and the results were compared with the E. M. Lenoe, D. W. Oplingc; arnd J. ﬁ,
energy absorption of aluminum. Both Burke, Flenum Fress, ew Yorx, Z2al-.i7,
static and dynamic test results were (1980). ’
obtained for Gr/E, K/E, G1/E, hybrid com-
posite tubes and aluminum tubes. The 5. R. L. Foye, and W. T. Hodges, "Sone
following statements are based on results Results from a Crash Energy Atscrption
of the study. Test for Evaluating Composite Fuscluye
Construction," 37th Annual ¥orum <% the
The chamfered and notched load limit- American Hellcopter Soclety, May 14¢1.
ing concept reduced initial peak loads ) o
without affecting the sustained crushing 6. C. L. Magee and P, H. Thornton,
loads. The static and dynamic test pro- "Design Considerations in Energy Absory-
duced essentially the same energy absorp- tion by Structural Collapse," SAE 780434,
tion, failure modes and post crushing February 1978.
integrity.
7. S. V. Kulkarni, J. S. Rice and B. w.
The composite materials evaluated in Rosen, "An Investigation of the Compres-
this study were shown to absorb energy sive Strength of PRD-49-111/Epoxy Com-
without "catastrophic" failure of the posites," NASA CR-112334, June 1973.

specimen. Ply orilentations and constitu-
tive material properties determine the

energy absorption characteristics of the

specimen. [0/+15] graphite/epoxy tube

specimens absorb more energy than aluminum.

The energy absorptlon of hybrid composite

materials was only slightly better than

that of the single type fiber composites

with the same ply orientation.

Gr/E and G1/E tubes exhib*ted negli-
gible post crushing integrity whereas the
K/E tubes exhibited failure characteris-
tics similar to the aluminum tubes. Gr-
K/E hybrid tubes had better post crushing
integrity than the Gr/E tubes though less
than the K/E tubes. Post crushing energy
release was Insignificant for all tubes.

The results of this study indlcate
that, further investigations are needed
to develop a more comprehensive under-
standing of the effects of tube diameter,
wall thickness, ply orientation, and
alternate fibers and matrix materials on
energy absorption characteristics.
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