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In passenger vehicles the ability to absorb energy due to impact and be surviv-
able to the occupant is called the “crashworthiness” of the structure. To identify
and quantify the energy absorbing mechanisms in candidate automotive composite
materials, test methodologies were developed for conducting progressive crush tests
on composite plate specimens. The test method development and experimental
setup focused on isolating the damage modes associated with frond formation that
occurs in dynamic testing of composite tubes. A new test fixture was designed to
progressively crush composite plate specimens under quasi-static test conditions.
Features incorporated into the design include an observable crush zone, long crush
length, interchangeable contact profile, frictionless roller for contact constraint, and
out of plane roller supports to prevent buckling. Preliminary results are presented
under a sufficient set of test conditions to validate the operations of the test fixture.
The activation of different damage mechanisms was demonstrated by the validation
tests on the representative composite material systems. The experimental data, in
conjunction with test observations will be used in future work to identify the char-
acteristic damage and failure modes, and determine the energy absorption capabil-
ity of candidate automotive composite material systems.
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INTRODUCTION

n passenger vehicles the ability to absorb impact

energy and be survivable for the occupant is called
the “crashworthiness” of the structure. There is an im-
portant difference between crashworthiness and pene-
tration resistance. Crashworthiness is concerned with
the absorption of energy through controlled failure
mechanisms and modes that enable the maintenance
of a gradual decay in the load profile during absorption.
Penetration resistance is associated with the total ab-
sorption without allowing projectile or fragment pene-
tration. The crashworthiness of a material is expressed
in terms of its specific energy absorption, SEA, which
is characteristic of that particular material. Specific
energy absorption is defined as the energy absorbed
per unit mass of material. Mathematically SEA = a/)p,
where p is the density of the composite material and o
is the mean crush stress.

Current legislation for automobiles requires that
vehicles be designed such that, in the event of an im-
pact at speeds up to 15.5 m/sec (35 mph) with a
solid, immovable object, the occupants of the passen-
ger compartment should not experience a resulting
force that produces a net deceleration greater than 20 g
(1). Crashworthy structures should be designed to ab-
sorb impact energy in a controlled manner, thereby
bringing the passenger compartment to rest without
the occupant being subjected to high decelerations,
which can cause serious internal injury, particularly
brain damage.

Vehicle size and mass provide a certain degree of pro-
tection but can have negative inertial effects. Driven
by the need to overcome these negative effects of both
size and mass coupled with mandates for increased
fuel efficiency, an attempt is being made to use com-
posites in the development of energy dissipating de-
vices. The ability to tailor composites, in addition to
their attributes of high stiffness-to-weight and strength-
to-weight ratios, fatigue resistance and corrosion re-
sistance, makes them very attractive in crashworthi-
ness. The challenge is the use of specific features of
geometry and materials in enabling greater safety while
simultaneously decreasing the weight, without nega-
tively affecting the overall economics of fabrication and
production.

To reduce the overall weight and improve the fuel
economy of vehicles, more and more metal parts are
being replaced by polymer composite materials. Con-
trary to metals, especially in compression, most com-
posites are generally characterized by a brittle rather
than ductile response to load. While metal structures
collapse under crush or impact by buckling and/or
folding in accordion (concertina) type fashion involving
extensive plastic deformation, composites fail through
a sequence of fracture mechanisms involving fiber
fracture, matrix crazing and cracking, fiber-matrix de-
bonding, de-lamination and inter-ply separation. The
actual mechanisms and sequence of damage are highly
dependent on the geometry of the structure, lamina ori-
entation, type of trigger and crush speed, all of which
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can be suitably designed to develop high energy ab-
sorbing mechanisms. Much of the experimental work
to study the effects of fiber type, matrix type, fiber ar-
chitecture, specimen geometry, processing conditions,
fiber volume fraction and testing speed on the energy
absorption of composite materials has been carried out
on axisymmetric tubes (2—45). Tube structures are rel-
atively easy to fabricate and close to the geometry of
the actual crashworthy structures.

In the progressive crushing of composite tubes there
are many different failure mechanisms that contribute
to the overall energy absorption of the structure. To
isolate the damage mechanisms and quantify the en-
ergy absorption contributed by the splaying mode, a
unique test fixture was designed and used for testing
composite plate specimens. Practical considerations
related to the cost of production of the test specimens
were of paramount importance in developing the test
methodology. Composite plate specimens are very cheap
to fabricate and it has been observed that plate speci-
mens progressively crush in modes very similar to the
damage modes that occur during progressive crushing
of composite tubes. Also plates can be easily produced
with consistently high quality.

TEST FIXTURE DESIGN

A new test fixture design was developed for deter-
mining the deformation behavior and damage mech-
anisms that occur during progressive crushing of com-
posite materials. The fixture was designed to isolate
the damage modes associated with the frond formation
{splaying mode) in composite tubes by testing plate
geometries. The fixture can be used in conventional
screw driven or hydraulically actuated load frames and
is intended for quasi-static loading but may be adapt-
able to conducting dynamic tests with minor modifica-
tions. The design of the test fixture can accommodate
different plate widths (up to 50 mm), plate thicknesses
(nominally 3 mm * 1.55 mm), contact profile shapes,
and contact profile constraints.

The design is a modified version of an existing test
fixture used for crush testing of composite plates (46).
Features incorporated into the design include an ob-
servable crush zone, long crush length, interchange-
able contact profile, frictionless roller for contact con-
straint, and out of plane roller supports to prevent
buckling. A schematic of the test fixture is shown in
Fig. 1 and photos are shown in Fig. 2 and Fig. 3. Be-
low is a list of the primary components of the fixture
(see Fig. 1).

1. Top plate 5. Grip plate and insert

2. Base plate 6. Linear shaft and bearing
3. Profile block 7. Load cell

4. Roller plate 8. Roller way

The composite plate specimen is clamped in the top
plate by the grip inserts. The specimen is then loaded
in compression and crushed through the contact pro-
file as defined by the profile block via the top plate that
is connected to the load train using a shaft coupler.
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Fig. 2. Roller ways and contact profile constraint —1.
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Fig. 3. Roller ways and contact profile constraint—2.

Fig. 1. Schematic of test fixture design.
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The top plate is displaced downward, relative to the
base plate and profile block. Alignment is maintained
by using four linear shafts and linear bearings. At-
tached to the roller plates that are positioned on the
linear shafts by shaft collars are the roller ways. The
roller ways are used to reduce the unsupported length
of the specimen thereby preventing the specimen from
buckling. The brackets on either side of the profile
plate were designed to serve two functions. The first
function is to provide a method of constraining the
specimen to deform along the path of the contact pro-
file. Using oil-impregnated bronze sleeve bearings in
each bracket and installing a precision ground shaft
that acts as a roller accomplish this. The second func-
ton is a development effort to measure the vertical and
horizontal reaction forces experienced by the speci-
men during the deformation process. The severity of
the contact profile constraint is determined by the po-
sition of the load cell brackets and is adjustable using
slotted positioning holes. See Fig. 4. Slotted holes are
used throughout the test fixture design to accommo-
date different plate thicknesses and maintain align-
ment with the centerline of the load train.

VARIABLE EFFECTS
INVESTIGATING CAPABILITY

The fixture was designed to study the effects plate
width, loading rate, profile constraint and profile shape
have on the energy absorbing characteristics of com-
posite plates. Furthermore, the objective of the profile
constraint was to determine if different damage mech-
anisms could be activated depending on the position of
the roller. Below is a summary of the various variables
whose effects the fixture is capable of investigating.

* Profile Radius: 6.4 mm (0.25 inch) and 13 mm
(0.5 inch)

¢ Loading Rate: 5 mm/min (0.2 inches/min) and
50 mm/min (2 inches/min)

¢ Constraint: None, Loose, Tight

¢ Plate Width: 13 mm (0.5 inch), 25.4 mm (1 inch),
50 mm (2 inches)

FIXTURE VALIDATION

The material systems that were tested for validating
the test fixture included a graphite/epoxy cross-ply
laminate and a graphite epoxy braided material. The
cross-ply laminate was fabricated using the hand lay-
up process and Akzo Fortafil Prepreg #602. There were
two plates fabricated, designated as CP#1 and CP#2,
where the CP#2 plate was not adequately consolidated
because of loosing vacuum pressure partially through
the cure cycle. The graphite/epoxy braided specimens
were fabricated using Akzo #556 carbon fiber with
Ashland Hetron 922 epoxy vinyl ester. The lay-up was
a triaxial braid with 0/+30% —30° fiber orientations
and the panel designation was ‘O’

All the specimens had a nominal length of 178 mm.
The cross-ply laminates {CP#1 and CP#2) and the tri-
axial braided specimens had a width of 50 mm and 38
mm respectively and a 45° chamfer was used as the
crush initiator. A diamond cutoff wheel was used to the
cut the specimens off the composite panel. No coolant
was used during cutting to prevent contamination of
the test specimens. A loading rate of 5.0 mm/min and
a profile block of radius equal to 6.4 mm was used
through out the entire testing.

The MTS machine (Model 810, axial/torsional mode)
used for testing had a load capacity of 50,000 lbs. The
load-deflection response was recorded using a com-
puterized data acquisition system. A 16 bit, 100 kHz
National Instrument data acquisition card numbered
pci6031E was used. The area under the load deflection
curve was the total energy absorbed and the initial
peak load and sustained crush load were identified.

The specific energy absorption, SEA, of a composite
material defined as the energy absorbed per unit mass
of the material is equal to W/m where ‘W’ is the total
energy absorbed in crushing of the composite plate
specimen which is the area under the load-displace-
ment curve and ‘m’ is the mass of the specimen. From
SEA = W/m, one can write SEA = W/Vp, where ‘V' is
the volume of the crushed portion of the composite
plate specimen and ‘p’ is the density of the composite
material. One can also write SEA = W/(ALp), where "A’
and ‘L’ are the cross-sectional area and length of the

a) Tight constraint

b) Loose constraint

¢) No constraint

Fig. 4. Constraint conditions.
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Fig. 5. Crushing of a CP#1 specimen.

crushed portion of the composite plate specimen re- For the CP#1 cross-ply panels the no constraint
spectively. SEA = W/(ALp) was used to calculate the condition resulted in the highest initial peak load and
specific energy absorption of all the composite plate the highest maximum peak load relative to the other
specimens tested. Figure 5 shows the crushing of a constraint conditions. See Table 1. For a comparison
CP#1 specimen plate when loaded in compression. of the load displacement traces recorded for a test con-

ducted on a specimen in the no constraint, the loose

. constraint, and the tight constraint condition, respec-
Graphite/Epoxy Cross Ply Laminate: CP#1 tively, see Fig. 6.

The experimental data from the measured load-de- The predominant damage mechanism for the cross-
flection responses are summarized in Table 1. ply plate was delamination. See Fig. 7 and Fig. 8. The

Table 1. Experimental Data for CP#1.

Initial Max. Sustained

Specimen Profile Peak Peak Crush Avg.

Specimen Width Radius Con- Load Load Load SEA SEA

Number (em) (cm) straint (N) (N) (N) (J/g) (J/g)
CP1-1 5.072 0.635 None 5491.1 7982.2 5280.7 11.12
CP1-2 5.075 0.635 None 7561.4 7806.0 4372.8 13.65

CP1-3 5.073 0.635 None 7501.5 7814.2 5102.3 12.73 12.38
CcP1-4 5.073 0.635 None 7545.6 7825.7 5110.3 12.83
CP1-5 5.070 0.635 None 6555.5 7880.6 5274.3 11.57
CP1-6 5.070 0.635 Loose 4534.2 4975.5 3580.5 19.81
CP1-7 5.072 0.635 Loose 4615.4 7758.4 4194.8 21.58

CP1-8 5.075 0.635 Loose 3807.8 5688.2 3505.8 13.65 18.36
CP1-9 5.075 0.635 Loose 4580.3 5588.7 3977.7 18.69
CP1-10 5.070 0.635 Loose 4576.3 5576.8 3856.6 18.07
CP1-11 5.065 0.635 Tight 44222 6238.4 5038.7 25.58
CP1-12 5.070 0.635 Tight 4400.5 6236.7 5009.3 25.00

CP1-13 5.073 0.635 Tight 4435.6 6300.6 5040.7 25.79 25.56
CP1-14 5.069 0.635 Tight 4418.5 6199.3 5028.3 25.51
CP1-15 5.070 0.635 Tight 4446.3 6246.6 5045.2 25.91
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Load Displacement Traces
Akzo Prepreg #602 Cross Ply Panel # CP1

9000

8000 - No Constraint

7000 ~ Specimen Width - 50mm

6000 - Loose Profile Radius - 6.4 mm
R Constraint Load Rates - 5mm/min
<5000 - Crush Initiator - 45° Chamfer
'8 Tight Constraint »
04000 -
-

3000 -

2000 -

1000 1 j'\—LC__

0 1 T ¥ L) T
0 10 20 30 40 50 60
Displacement (mm)

Fig. 6. Load displacement traces for CP#1.

Fig. 7. Crushed CP#1 specimen—1.
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Fig. 8. Crushed CP#1 specimen—2.

constraint condition influenced the damage mechan-
isms. Tight constraint to loose constraint to the no
constraint condition resulted in larger delamination
growths, larger number of delaminations, and greater
permanent deformations. The plateau in the load de-
flection responses (see Fig. 6) corresponded to complete
delamination between all the layers.

The specific energy absorption, SEA, was highest in
the tight constraint condition. No constraint to loose
constraint to tight constraint resulted in larger spe-
cific energy absorption, SEA (see Table 1).

Graphite/ Epoxy Cross-Ply Laminate: CP#2

The experimental data from the measured load-de-
flection responses are summarized in Table 2.

The panel CP#2 had significantly lower SEA’s than
panel CP#1. Compared to panel CP#1, the lower spe-
cific energy absorption, SEA, in panel CP#2 is attrib-
uted to the weaker interfacial bond strength, resulting

from poor consolidation, requiring less energy to de-
laminate.

For the CP#2 cross-ply panels the no constraint
condition resulted in the highest initial peak load and
the highest maximum peak load relative to the other
constraint conditions. See Table 2. For a comparison
of the load displacement traces recorded for a test
conducted on a specimen in the no constraint, the
loose constraint, and the tight constraint condition,
respectively, see Fig. 9.

The predominant damage mechanism for the cross-
ply plate was delamination. See Fig. 10 and Fig. 11. The
constraint condition influenced the damage mechan-
isms. Tight constraint to loose constraint to the no
constraint condition resulted in larger delamination
growths, larger number of delaminations, and greater
permanent deformations. The plateau in the load de-
flection responses (see Fig. 9) corresponded to com-
plete delamination between all the layers.

For the panel CP#2, the specific energy absorption,
SEA, was significantly higher for the tight constraint
condition (see Table 2).

Graphite/Epoxy Triaxial Braid with 0/+30°/-30°
Fiber Orientations: O

The experimental data from the measured load-de-
flection responses are summarized in Table 3.

For the braided material the no constraint condition
resulted in a higher initial peak load relative to the
loose constraint condition. The no constraint condi-
tion however resulted in a lower sustained crush load
relative to the loose constraint condition. See Table 3.
For a comparison of the load displacement traces re-
corded for a test conducted on a specimen in the no
constraint and the loose constraint condition, respec-
tively, see Fig. 12.

For the braided material, the active damage mech-
anisms were localized crushing, fiber fracture on the

Table 2. Experimental Data for CP#2.

Initial Max. Sustained
Specimen Profile Peak Peak Crush Avg.
Specimen Width Radius Con- Load Load Load SEA SEA
Number {cm) {cm) straint (N) {N) {N) (J/g) (J/g)
CcP2-1 5.072 0.635 None 5962.1 6103.8 3970.5 7.89
CcpP2-2 5.070 0.635 None 4309.9 6721.9 3259.2 7.08
CP2-3 5.072 0.635 None 5091.4 6532.2 3546.7 7.13 7.47
CP2-4 5.075 0.635 None 4967.2 6109.4 3876.5 7.44
CP2-5 5.072 0.635 None 5876.6 6675.4 3969.6 7.81
CP2-6 5.080 0.635 Loose 4594.8 4594.8 2175.5 6.33
CcP2-7 5.055 0.635 Loose 4436.8 4436.8 1463.1 6.86
CP2-8 5.076 0.635 Loose 4595.8 4590.2 1890.4 6.73 6.65
CP2-9 5.075 0.635 Loose 4496.7 4593.4 21723 6.48
CP2-10 5.060 0.635 Loose 4509.8 4509.8 1987.2 6.85
cP2-11 5.075 0.635 Tight 4670.1 6000.2 4618.5 20.10
CP2-12 5.075 0.635 Tight 4582.6 4582.6 3020.1 15.13
CcP2-13 5.074 0.635 Tight 4600.8 4600.8 3600.9 16.13 17.60
CP2-14 5.075 0.635 Tight 4656.6 5890.7 4456.7 19.12
CP2-15 5.075 0.635 Tight 4592.3 5803.4 4278.5 17.52
712
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Load Displacement Traces
Akzo Prepreg #602 Cross Ply Panel # CP2

8000
Specimen Width - 50mm
7000 W Profite Radius - 6.4 mm
L.oad Rate - 5 mm/min
6000 - Crush Initiator - 45° Chamfer Tight
Constraint
5000 -
©
84000 -
-
3000 -
2000 - Loose
Constraint
1000 - e
No Constraint
0 IR L T "1 L 1

20 Disp%%emen??mm) 50 60

Fig. 9. Load displacement traces for CP#2.

70

tensile side of the specimen, and fiber buckling of the
off-axis tows on the compressive side of the specimen.
The fiber buckling was more extensive when the no
constraint condition was used, where as the fiber frac-
ture was more predominant in the loose constraint
tests.

The results of the braided material show higher spe-
cific energy absorption, SEA, when the loose condition
was used compared to no constraint (see Table 3).
The loose constraint condition produced a nearly ideal
response for progressive crushing, as can be seen in

Fig. 12.

Fig. 10. Crushed CP# 2 specimen—1.
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Fig. 11. Crushed CP# 2 specimen—2.
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CONCLUSION

A unique test fixture was developed for determin-
ing the energy absorbing mechanisms in automotive
composite material systems. The objective of the test
method was to quantify the energy absorption and
identify the failure mechanisms associated with the
observed frond formation in progressive crush testing
of composite tubes. This was accomplished by testing
composite plates under progressive crush load condi-
tions.

A series of validation tests on representative com-
posite material systems demonstrated that different
damage mechanisms could be activated depending on
the condition of the profile constraint. For example, in
the braided material, the active damage mechanisms
were localized crushing, fiber fracture on the tensile
side of the specimen, and fiber buckling of the off-axis
tows on the compressive side of the specimen. The
fiber buckling was more extensive when the no con-
straint condition was used, whereas the fiber fracture
was more predominant in the loose constraint tests.

Table 3. Experimental Data for the Triaxial Braid O.

Initial Max. Sustained
Specimen Profile Peak Peak Crush Avg.
Specimen Width Radius Con- Load Load Load SEA SEA
Number (cm) (cm) straint (N) (N) (N) (J/g) (J/g)
0-1 3.814 0.635 None 4232.6 44211 1916.8 7.36
0-2 3.810 0.635 None 3673.7 39124 1000.9 6.91 7.32
0-3 3.825 0.635 None 4967.0 4967.0 1238.2 7.69
0-4 3.814 0.635 Loose 3489.8 3489.8 2417 1 14.17
0-5 3.810 0.635 Loose 3365.7 3650.6 2934.2 20.24 17.23
0-6 3.814 0.635 Loose 3434.2 3650.8 27453 17.28
Load Displacement Traces
Akzo 556 Triaxial Braid Panel # 10-13
4500 Specimen Width - 38 mm
4000 A Profile Radius - 6.4 mm
Load Rate - 5Smm/min Loose Constraint
] Crush Initiator - 45° Chamfer
3500
3000 -
Fig. 12. Load displacement traces 52500 J
for the triaxial braid O. '8
32000 §
1600 -
1000 - .
No Constraint
500
0 v ¥ T
0 20 40 60 80
Displacement (mm)
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Future testing will be conducted to quantify the
effects of specimen width, profile radius, profile con-
straint and loading rate on the specific energy ab-
sorption and failure modes. The experimental data
in conjunction with the test observations can be used
to develop analytical models for predicting the crash-
worthiness of automotive composite structures.
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