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ABSTRACT: In the crashworthiness of automotive structures, the primary issues to the automotive industry are the
overall economy and the weight of the material. To reduce the weight and improve the fuel economy, polymer composite
materials have replaced more and more metal parts in vehicles. They have the added benefit of being able to dissipate
large amounts of impact energy by progressive crushing. 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 set-up focused on isolating the damage
modes associated with the frond formation that occurs in dynamic testing of composite tubes. Quasi-static progressive
crush tests were performed to quantify the effects of specimen width, profile radius and profile constraint on the specific
energy absorption and failure modes of composite plates manufactured from chopped carbon fiber (CCF) with an epoxy
resin system using compression molding techniques. The carbon fiber was Toray T700 and the epoxy resin was YLA
RS-35. It was demonstrated during testing that the use of a roller constraint directed the crushing process and the load
deflection curves were similar to the progressive crushing of tubes. Modifications to the basic specimen geometry were
required when testing material systems that have low axial stiffness to prevent a global buckling mode. The experimental
data in conjunction with the test observations were used to develop analytical models for predicting the crashworthiness
of automotive composite structures.
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In passenger vehicles the ability to absorb impact en-
ergy and be survivable for the occupant is called the
“crash worthiness” of the structure. This absorption
of energy is through controlled failure mechanisms and
modes that enable the maintenance of a gradual decay
in the load profile. The crashworthiness of a material
is expressed in terms of its specific energy absorption
(SEA) which is characteristic to that particular mate-
rial. It is defined as the energy absorbed per unit mass
of crushed material. Mathematically SEA = W/(Vρ),
where the total energy absorbed, W , is calculated by
integrating the area under the load-deflection curve, V
is the volume of crushed material, and ρ is the density
of the material.

Vehicle size and mass provide a certain degree of
protection 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 compos-

ites in the development of energy dissipating devices.
The ability to tailor composites, in addition to their
attributes of high stiffness-to-weight and strength-to-
weight ratios, fatigue resistance and corrosion resis-
tance, makes them very attractive in crashworthiness.
The challenge is the use of specific features of geom-
etry and materials in enabling greater safety while si-
multaneously decreasing the weight, without negatively
affecting the overall economics of fabrication and pro-
duction.

To reduce the overall weight and improve the fuel
economy of vehicles, more and more metal parts are be-
ing replaced by polymer composite materials. Contrary
to metals, especially in compression, most composites
are generally characterized by a brittle rather than duc-
tile response to load. While metal structures collapse
under crush or impact by buckling and/or folding in ac-
cordion (concertina) type fashion involving extensive
plastic deformation, composites fail through a sequence
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of fracture mechanisms involving fiber fracture, ma-
trix crazing and cracking, fiber-matrix de-bonding, de-
lamination, and inter-ply separation. The actual mecha-
nisms and sequence of damage are highly dependent on
the geometry of the structure, lamina orientation, type
of trigger, and crush speed, all of which can be suit-
ably designed to develop high energy absorbing mech-
anisms.

Much of the experimental work to study the effects
of fiber type, matrix type, fiber architecture, specimen
geometry, testing speed, fiber volume fraction, and pro-
cessing conditions on the energy absorption of com-
posite materials has been carried out on axisymmetric
tubes.1–44 Tube structures are relatively easy to fabri-
cate and close to the geometry of the actual crashworthy
structures. These tubes were designed to absorb impact
energy in a controlled manner by providing a trigger to
initiate progressive crushing.

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 in chopped carbon fiber composites,
the CCF plate specimens were tested using a unique
test fixture.

EXPERIMENTAL

Material System Investigated. Chopped Carbon Fiber/
Epoxy Resin System

Composite materials are recognized as being effi-
cient energy absorbers, however for a material to be
suitable for automotive crashworthy structural applica-
tions they must also have low raw material and man-
ufacturing costs. The use of chopped carbon fiber and
compression molded processing methods has the poten-
tial to satisfy these criteria. Hence the ACC (automo-
tive composite consortium) was interested in investigat-
ing the use of carbon fibers in chopped fiber reinforced
composite materials. Carbon fiber reinforced tubes dis-
play higher specific energy absorption than other fiber-
reinforced tubes. This is a direct result of the lower
density of the carbon fiber thus also contributing to the
lightweight of the structures they are used in. Epoxy,
which is regarded as a standard resin that frequently
finds use in most composites was chosen as the matrix.

The chopped carbon fiber composites were fabri-
cated using Toray T700 carbon fiber with YLA RS-
35 epoxy resin. YLA supplied the molding compound
and CCS compression molded the plates. Below is
the detailed procedure that was employed to make the
chopped carbon fiber panels for testing.

Making of the Molding Compound.
1. Fiber: Upwards of 200 creels of fiber was loaded

into the feed rack on the prepreg machine.
2. Resin: On a separate machine, the resin system

was mixed and transformed into a film of uniform
thickness.

3. Prepreg: The fiber tows were spread to a very
accurate FAW (fiber aerial weight defined as the
weight per unit area of the fiber) and then mated
with the resin film.

4. Prepreg: The impregnated fibers were then rolled
up at the end of the line.

5. Molding Compound: After a few days (these days
are given for some chemical reaction to complete)
the prepreg was then slit and chopped to a speci-
fied width and length.

6. Stock: The material was then freezer stored while
it awaited a molding requirement.

Part Molding.
7. Tooling: A master mold base was loaded into a

press. A core and cavity die set was installed onto
the master base. The ejector system was installed
into the assembly. The heating and temperature
controls were also installed into the assembly. The
system was heated up and a shear edge check was
performed. Finally, the tool was released, and was
ready to go.

8. Charge Prep: The material charge was weighed
and placed into the preheat mold.

9. Preheat: The material was preheated at 150◦F in
an oven for 30 min.

10. Load Tool: The material was then pulled from the
preheat tool and placed into the molding tool. The
tool was rapidly closed to a “trigger point”, where
the low pressure pump transitions to the high pres-
sure pump.

11. Pressing the Part: The process cycle then involved
applying “pinch” pressure onto the material for a
fixed condition of about 100 psi, for 15 to 60 s.
The process then was automatically switched to
full pressure for the full cure cycle. This was at
a molding pressure of 2000 psi, for 30 min, at a
temperature of 295 ◦F.

12. Ejection: The part was then ejected with a 5 point
ejection system, and it was then placed in a cool
down clamp fixture for about 10 min.

13. The edges were then deflashed and the post weight
was recorded in the logbook.

Test Method
A new test fixture design was developed for deter-

mining the deformation behavior and damage mecha-
nisms that occur during progressive crushing of com-
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Figure 1. Schematic of test fixture design.

posite materials. The fixture was designed to iso-
late damage modes associated with frond formation
(splaying mode) in composite tubes by testing plate
geometries. The design of the test fixture can ac-
commodate different plate widths (up to a maximum
of 50 mm), plate thicknesses (3 mm± 1.5 mm), con-
tact profile shapes (profile block radius: 6.4 mm and
13 mm), and contact profile constraints (tight, loose,
and no constraint). A schematic of the test fixture is
shown in Figure 1 and photos are shown in Figures 2
and 3. Features incorporated into the design include
an observable crush zone, long crush length (50 mm),
interchangeable contact profile, frictionless roller for
contact constraint, and out of plane roller supports to
prevent buckling. Below is a list of the primary compo-
nents of the fixture (please see Figure 1).
1. Top plate
2. Base plate
3. Profile block
4. Roller plate
5. Grip plate and insert
6. Linear shaft and bearing
7. Load cell
8. Roller way

The brackets on each side of the profile plate were
designed to provide a method of constraining the spec-
imen to deform along the path of the contact profile.
The severity of the contact profile constraint was de-
termined by the position of the brackets and was ad-
justable using slotted positioning holes. The objective
of the profile constraint was to determine if different
damage mechanisms could be activated depending on
the position of the roller. Figure 4 depicts the different
constraint conditions. Starbuck et al.45 provides more
details of the fixture design.

Figure 2. Test fixture assembly.

Figure 3. Roller ways and contact profile constraint.

Figure 4. Constraint conditions.

Practical considerations related to the cost of pro-
duction of the test specimens were of paramount im-
portance in developing the test methodology. Compos-
ite plate specimens are very cheap to fabricate and it
has been observed that plate specimens 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. The CCF specimen plates had a nomi-
nal length of 178 mm (7 inches) and a width of 50 mm
(2 inches), 25.4 mm (1 inch) or 13 mm (0.5 inches) and
a 45◦ chamfer was used as the crush initiator. The
specimen configuration is shown in Figure 5. A di-
amond cut off wheel was used to cut the specimens
off the composite panel. No coolant was used during
cutting to prevent contamination of the test specimens.
A servo-hydraulic test machine and a loading rate of
5 mm min−1 (0.2 inches min−1) were used through out
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Figure 5. Specimen configuration.

the entire testing. The load-deflection response was
recorded using a computerized data acquisition system.
The area under the load deflection curve was calculated
for the total energy absorbed and the initial peak load
and sustained crush load were identified.

Variables Investigated
Eight panel groups of compression molded chopped

carbon fiber/epoxy composites having different mate-
rial properties were made. Descriptions of the various
panel groups are given below.
1. Panel Group Name: CCF1

Fiber Tow Size: 150 gsm (12 K)
Fiber Volume Fraction: 40%
Fiber Length: 1 inch

2. Panel Group Name: CCF2
Fiber Tow Size: 150 gsm (12 K)
Fiber Volume Fraction: 40%
Fiber Length: 2 inches

3. Panel Group Name: CCF3
Fiber Tow Size: 300 gsm (48 K)
Fiber Volume Fraction: 40%
Fiber Length: 2 inches

4. Panel Group Name: CCF5
Fiber Tow Size: 150 gsm (12 K)
Fiber Volume Fraction: 50%
Fiber Length: 1 inch

5. Panel Group Name: CCF6
Fiber Tow Size: 150 gsm (12 K)
Fiber Volume Fraction: 50%
Fiber Length: 2 inches

6. Panel Group Name: CCF7
Fiber Tow Size: 300 gsm (48 K)

Figure 6. Crushed CCF specimen.

Fiber Volume Fraction: 50%
Fiber Length: 2 inches

7. Panel Group Name: CCF8
Fiber Tow Size: 300 gsm (48 K)
Fiber Volume Fraction: 40%
Fiber Length: 1 inch

8. Panel Group Name: CCF9
Fiber Tow Size: 300 gsm (48 K)
Fiber Volume Fraction: 50%
Fiber Length: 1 inch

Quasi-static progressive crush tests (3 replicates at
each condition) were performed to study the effects of
specimen width, profile radius and profile constraint on
the energy absorption characteristics of the above panel
groups. Below is a summary of the various test vari-
ables that were investigated.
• Profile Radius: 6.4 mm (0.25 inches), 13 mm (0.5

inches)
• Constraint: None, Loose, Tight
• Plate Width: 13 mm (0.5 inches), 25.4 mm (1 inch),

50 mm (2 inches)

RESULTS AND DISCUSSION

For all specimens tested, local crushing took place at
the chamfered end of the plates. Matrix cracking oc-
curred at the ends of the fiber tows due to stress con-
centration at these ends. Fiber-matrix debonding also
took place in a majority of the specimens that were
tested. Figure 6 depicts a crushed CCF specimen hav-
ing matrix cracks and fiber matrix debonding. Flexu-
ral deformations controlled the damage process. Some
of the test specimens when loaded in the no constraint
condition experienced fiber pull out, fiber breakage in
the tension side and fiber buckling in the compression
side of the specimen. The fracture mechanism that took
place in specimens crushed in the loose and tight con-
straint condition were the same in all of the specimens
and the specimen failure was more or less predictable.
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Figure 7. Typical load displacement curve for a progressively
crushed composite tube.34

Figure 8. Load displacement traces for CCF.

On the contrary the specimens that were crushed in the
no constraint condition fractured in rather erratic fash-
ions and specimen failure was far less predictable. This
was due to absence of the much needed roller constraint
required to direct the crushing process. Some of the no
constraint tests lead to catastrophic failure of the speci-
men where in the specimen broke in to 2 or 3 pieces.

Figure 734 is a typical load displacement curve ob-
tained from progressive crushing of a composite tube
specimen. Please see Figure 8 for the load displace-
ment traces recorded for a CCF composite material. It
can be noted by comparing Figures 7 and 8 that the CCF
specimens tested in the loose and tight constraint condi-
tions generated load deflection curves that were similar
to the ones generated during the progressive crushing
of composite tubes. It had 4 stages, the first one being
characterized by an initial rapid load increase. A rapid
load drop occurred in the second stage of the load de-
flection curve followed by a gradual saturation of the
load. The final stage was characterized by stable crush-
ing at a constant mean load. The small load fluctuations
and serrations in the fourth stage of the curve are char-
acteristic of stable crushing.

Effect of Profile Radius
In all the tests performed on chopped carbon fiber

composite materials, irrespective of the specimen width
or the constraint condition, an increase in the profile ra-
dius caused a decrease in the specific energy absorp-
tion, SEA. For a comparison of the load displacement

Figure 9. Load displacement traces representing the effect of
profile radius on the SEA of CCF.

Figure 10. Variation of SEA with profile radius for CCF.

traces recorded for a test conducted on a specimen us-
ing a profile bock of radius 6.4 mm and on a specimen
using a profile block of radius 13 mm please see Fig-
ure 9.

The decrease in SEA with an increase in the profile
radius is due to the fact that a specimen loaded in com-
pression is crushed through the contact profile as de-
fined by the profile block. When a larger radius is used
the specimen follows a smoother curve that requires
less axial load to produce the flexural deformations.
Therefore, less energy is absorbed during the progres-
sive crush test. Please see Figure 10.

Effect of Specimen Width
The test fixture design can accommodate plate spec-

imen widths up to a maximum of 50 mm (2 inches). An
understanding of how energy absorption is affected by
changes in specimen width can in the long run reduce
costs by allowing the favorable use of smaller struc-
tures for automotive crashworthiness. In all the tests
conducted irrespective of the constraint condition or
the radius of the profile block, the 50 mm (2 inches)
wide specimens displayed the highest specific energy
absorption. Either the 25.4 mm (1 inch) or the 13 mm
(0.5 inches) wide specimens followed it. For a compar-
ison of the load displacement traces recorded for a test
conducted on a specimen of width 13 mm (0.5 inches),
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Figure 11. Load displacement traces representing the effect of
specimen width on the SEA of CCF.

Figure 12. Variation of SEA with specimen width for CCF.

25.4 mm (1 inch), and 50 mm (2 inches) respectively
please see Figure 11.

The reason for the superior energy absorption in the
50 mm (2 inches) wide specimens was due to the fact
that the fibers in them had fiber lengths less than or
equal to the width of the specimen unlike the case of
the 13 mm (0.5 inches) and the 25.4 mm (1 inch) wide
specimens that had fibers with fiber lengths greater
than the width of the specimen. This results in fewer
fiber ends for the narrower specimens and consequently
fewer fracture initiation sites. Please see Figure 12.

Effect of Constraint
The tests conducted on the CCF material were only

successful when the roller was positioned in the tight
and loose constraint condition. When the no constraint
condition was attempted the initial peak load increased
and the CCF specimens buckled between the top plate
and roller ways. The roller ways were unsuccessful in
preventing out-of-plane buckling in the CCF material
because of its low buckling strength. This resulted in
having to use a metal push plate to reduce the unsup-
ported specimen length. The metal plate was 76 mm
in length and was bonded to the end of the CCF spec-
imens using 5 min epoxy. This specimen configuration

Figure 13. Load displacement traces representing the effect of
constraint condition on the SEA of CCF.

Figure 14. Variation of SEA with constraint condition for
CCF.

was successful when the roller was positioned in the no
constraint condition.

The no constraint condition resulted in the highest
initial peak load relative to the other constraint condi-
tions.

Comparing the SEA’s, the lowest SEA corresponded
to the no constraint condition when compared to ei-
ther tight or loose constraint condition. For a com-
parison 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 re-
spectively please see Figure 13. Please see Figure 14.

CONCLUSION

Quasi-static progressive crush strip tests were con-
ducted on randomly oriented CCF composite materi-
als to evaluate their energy absorption capability. The
objective of the test method was to simulate the frond
formation observed during dynamic crush tests of com-
posite tubes. The test program considered three test
parameters: specimen width, profile radius, and pro-
file constraint. The experimental data in conjunction
with the test observations were used to develop analyt-

Polym. J., Vol. 35, No. 7, 2003 565



G. C. JACOB et al.

ical models for predicting the crashworthiness of au-
tomotive composite structures. It was demonstrated
during testing that different damage mechanisms could
be activated depending on the condition of the profile
constraint. The use of a roller constraint directed the
crushing process and the load deflection curves were
similar to progressive crushing of tubes. Modifications
to the basic specimen geometry were required when
testing the CCF material systems that have a low ax-
ial stiffness. For example, the tests conducted on the
CCF material were not successful when the roller was
positioned in the no constraint condition. In the no
constraint condition the initial peak load increased and
the specimen buckled between the top plate and roller
ways. The roller ways were unsuccessful in prevent-
ing out-of-plane buckling in the CCF material because
of its low buckling strength. This resulted in having to
use a 76 mm long metal push plate to reduce the un-
supported specimen length. In all the tests conducted,
irrespective of the constraint condition or the radius
of the profile block used, the 2 inches wide specimens
displayed the highest specific energy absorption, SEA,
when compared to that of the 0.5 inches and 1 inch wide
specimens. An increase in the radius of the profile
block caused a decrease in the specific energy absorp-
tion, SEA. The no constraint condition resulted in the
highest initial peak load and the lowest specific energy
absorption, SEA, relative to the other constraint condi-
tions.
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