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Composite materials have the potential to reduce the over-
all cost and weight of automotive structures with 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, modified test methodol-
ogies were developed for conducting progressive crush
tests on flat-plate composite specimens. The test method
development and experimental setup focused on isolating
the damage modes associated with the frond formation
that occurs in dynamic testing of composite tubes. The
Automotive Composites Consortium (ACC) is interested in
investigating the use of chopped carbon fiber-reinforced
composites as crash-energy absorbers primarily because
the low costs involved in their manufacture make them
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cost-effective for automotive applications. While many in
the past have investigated the energy-absorption charac-
teristics in various continuous fiber-reinforced composite
materials, no literature is available on the energy-absorp-
tion and crushing characteristics of chopped carbon fiber—
reinforced composite materials. Hence quasi-static pro-
gressive crush tests were performed on composite plates
manufactured from chopped carbon fiber (CCF) with an
epoxy resin system using compression-molding tech-
niques, and the effect of material parameters (fiber volume
fraction, fiber length, and fiber tow size) on energy absorp-
tion was evaluated by varying them during testing. Of the
parameters evaluated, fiber length appeared to be the
most critical material parameter determining the specific
energy absorption of a composite material, with shorter
fibers having a higher specific energy absorption than
longer fibers, possibly because of the increased concen-
tration of stress raisers in the shorter fiber specimens,
resulting in a larger number of fracture-initiation sites. The
combination of material parameters that yielded the high-
est energy-absorbing material was identified. The test ob-
servations and trends established from this work would
help support the development of low-cost energy absorb-
ers for the automotive industry. POLYM. COMPOS., 26:
293-305 2005. Published 2005 Society of Plastics Engineers*

INTRODUCTION

In passenger vehicles the ability to absorb impact energy
and be survivable for the occupant is called the “crashwor-
thiness” of the structure. This absorption of energy is



through controlled failure mechanisms and modes that en-
able 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 defined as the
energy absorbed per unit mass of crushed material.

Specific energy absorption, SEA, is dependent on many
parameters, such as fiber type, matrix type, fiber orientation,
specimen geometry, and fiber volume fraction. Changes in
these parameters can cause subsequent changes in the spe-
cific energy absorption of composite materials up to a factor
of 2. An important finding while investigating the effect of
fiber type [1-16] on energy absorption is that a decrease in
the density of the fiber causes an increase in the specific
energy absorption. Fibers with high strain to failure result in
greater energy absorption in the fiber-reinforced tubes.
Studies on the effect of matrix type [6, 17-20] found higher
energy-absorption capabilities with increase in the inter-
laminar fracture toughness of the thermoplastic matrix ma-
terial. However, studies on fiber-reinforced thermoset com-
posites found no dependence of specific energy upon resin
fracture toughness, but there was a linear dependence upon
the resin tensile strength and modulus [21]. Investigations
on the dependence of fiber orientations [1, 2, 9, 17, 22-24]
on energy absorption revealed fiber orientations that en-
hance the energy-absorption capability of composite mate-
rials require them to increase the number of fractured fibers,
increase the material deformations, and increase the axial
stiffness of the composite material and the lateral support to
the axial fibers. Findings on the effect of specimen geometry
[3, 7, 25-35] concluded that SEA follows the order: circular
> square > rectangle, for a given fiber lay-up and tube
geometry. Studies on the effect of fiber volume fraction [2,
22,36-39] suggested an increase in fiber content would not
always, as one would normally think, improve the energy-
absorption capability of a composite material.

In the crashworthiness of automotive structures, the pri-
mary issues to the automotive industry are the overall econ-
omy and the weight of the material. To reduce the weight
and improve the fuel economy, polymer composite materi-
als have replaced more and more metal parts in vehicles.
The tailorability of composites, in addition to their attributes
of high strength-to-weight and stiffness-to-weight ratios,
corrosion resistance and fatigue resistance, makes them very
attractive for designing crashworthy structures. The chal-
lenge is to determine what specific design features are
needed in the geometry and what material systems will
enable greater safety without negatively affecting the over-
all economics of fabrication and production.

In comparison to metals, most composites are generally
characterized by a brittle rather than ductile response to the
applied loads, especially in compression. The major differ-
ence, however, is that metal structures collapse under crush
or impact by buckling and/or folding in accordion-type
fashion involving extensive plastic deformation, whereas
composites fail through a sequence of fracture mechanisms.
The actual mechanisms, e.g., fiber fracture, matrix crazing
and cracking, fiber-matrix debonding, delamination, and
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inter-ply separation, and sequence of damage are highly
dependent on lamina orientation, crush speed, triggers and
geometry of the structure.

Much of the experimental work to study the energy
absorption of composite materials has been carried out on
axisymmetric tubes. Tube structures are relatively easy to
fabricate and close to the geometry of the actual crashwor-
thy structures. These tubes were designed to absorb impact
energy in a controlled manner by providing a trigger to
initiate progressive crushing. The most widely used method
of triggering is chamfering one end of the tube.

Both material and structural damage processes need to be
well understood to accurately model and design crashwor-
thy automotive composite structures. In the progressive
crushing of composite tubes, many different failure mech-
anisms contribute to the overall energy absorption of the
structure. Chopped carbon-fiber composite plate specimens
were tested using a unique test fixture to isolate the damage
mechanisms and quantify the effect of material variables
like fiber tow size, fiber length and fiber volume fraction on
the CCF composite’s energy absorption. The design is a
modified version of an existing test fixture used for crush
testing of composite plates [40].

There are some published works on different designs of
plate fixtures in the literature. Test fixtures designed by
Lavoie and Morton [40], Fleming and Vizzini [41] and
Daniel et al. [42] could accommodate wide specimens that
were fully supported to prevent specimen buckling but had
a flat crush profile. In order to initiate progressive crushing
and simulate the damage modes associated with frond for-
mation that occurs in dynamic testing of composite tubes,
different contact profile blocks having radii 6.4 mm (0.25
inch) and 13 mm (0.5 inch) respectively and a frictionless
roller for constraining the specimen to deform along the
path of the contact profile were incorporated into a new
plate test fixture design [43]. Though the test fixture de-
signed by Yuan and Viegelahn [44] was simple and had a
bent crush profile, it suffered from large frictional effects.

Practical considerations related to the cost of production
of the test specimens were of paramount importance in
developing the test methodology. Composite plate speci-
mens 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.

EXPERIMENTAL

Material System Investigated: Chopped Carbon Fiber/
Epoxy Resin System

Ongoing research programs have generated a consider-
able amount of experimental data related to the energy-
absorption characteristics of polymer composite materials.
For this class of materials the energy absorption is depen-



TABLE 1. CCF tensile strength.

Fiber volume

Panel group Fiber tow size fraction Fiber length
CCF1 150gsm (12K) 40% 1 inch
CCF2 150gsm (12K) 40% 2 inches
CCF3 300gsm (48K) 40% 2 inches
CCF5 150gsm (12K) 50% 1 inch
CCF6 150gsm (12K) 50% 2 inches
CCF7 300gsm (48K) 50% 2 inches
CCF8 300gsm (48K) 40% 1 inch
CCF9 300gsm (48K) 50% 1 inch

dent on many parameters, including fiber type, matrix type,
fiber architecture, specimen geometry, processing condi-
tions, fiber volume fraction, and impact velocity. Changes
in these parameters can cause subsequent changes in their
specific energy absorption up to a factor of 2. Composite
materials are recognized as being efficient energy absorbers;
however, for a material to be suitable for automotive crash-
worthy structural applications, it must also have low raw
material and manufacturing costs. The use of chopped car-
bon fiber and compression-molded processing methods has
the potential to satisfy these criteria. Hence the ACC (Au-
tomotive Composites Consortium) was interested in inves-
tigating the use of carbon fibers in chopped fiber—reinforced
composite materials. Carbon fiber—reinforced tubes display
higher specific energy absorption than other fiber-reinforced
tubes. This is a direct result of the lower density of the
carbon fiber, which thus also contributes to the light weight
of the structures in which they are used. Epoxy, regarded as
a standard resin that frequently finds use in composites, was
chosen as the matrix.

The chopped carbon fiber composite plates were manu-
factured from Toray T700 chopped carbon fiber with YLA
RS-35 epoxy resin using compression-molding techniques.
YLA Incorporated supplied the molding compound; CCS
Composites LLC compression-molded the plates.

Variables Investigated

An attempt was made to understand in detail the effect
the material parameters (fiber volume fraction, fiber length
and fiber tow size) have on the energy-absorption charac-

teristics of chopped carbon-fiber composite plates. The fol-
lowing is a summary of the various material variables that
were investigated: tow size: 48K (300 gsm), 12K (150 gsm);
fiber volume fraction: 50%, 40%; fiber length: 1, 2 inches.

Eight-panel groups of compression-molded chopped car-
bon fiber/epoxy composites were fabricated; the fiber
length, fiber volume fraction and fiber areal density were
varied. The different fiber lengths were 1 inch and 2 inches,
the different fiber volume fractions were 40% and 50%, and
the areal density was either 150 gsm or 300 gsm. Different
areal densities were evaluated in an attempt to study the
effect of tow size. The Toray T700 fiber used for the prepreg
was a 12K tow but in manufacturing the molding compound
the prepreg was slit in addition to cutting the length. The
width of the slit was varied to provide the different areal
densities. Descriptions of the various panel groups are given
in Table 1.

Test Method

A new test fixture design was developed for determining
the deformation behavior and damage mechanisms that
occur during progressive crushing of composite plates [43].
Features incorporated into the design include an observable
crush zone, long crush length (2 inches), interchangeable
contact profile, frictionless roller for contact constraint, and
out-of-plane roller supports to prevent buckling.

The composite plate specimen is clamped in the top plate
by the grip inserts. The specimen is then loaded in com-
pression and crushed through the contact profile as defined
by the profile block via the top plate that is connected to the
load train using a shaft coupler. 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. Attached to the roller plates that are posi-
tioned 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 provide a method of constraining the
specimen to deform along the path of the contact profile.
Using oil-impregnated bronze sleeve bearings in each
bracket and installing a precision ground shaft that acts as a
roller accomplish this. The severity of the contact profile

a) Tight constraint

b) Loose constraint

¢) No constraint

FIG. 1. Constraint conditions.
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TABLE 2. CCF tensile strength.

Max. stress (ksi)

Max. strain (%) Stiffness (Msi)

Panel type ID Avg. C.V. Avg. C.V. Avg. C.V.
40% V1, 1-in., 150 gsm CCF1 29.4 23.8 0.42 11.90 7.08 19.63
40% V1, 1-in., 300 gsm CCF8 23.0 52 0.43 34.88 5.49 34.06
40% V1, 2-in., 150 gsm CCF2 51.6 18.8 0.58 5.17 9.04 23.67
40% VT, 2-in., 300 gsm CCF3 20.8 36.5 0.28 42.86 6.77 1.33
50% Vi, 1-in., 150 gsm CCF5 28.3 16.6 0.46 10.87 6.06 13.86
50% Vt, 1-in., 300 gsm CCF9 20.8 18.8 0.48 33.33 4.67 50.96
50% Vf, 2-in., 150 gsm CCF6 46.4 10.6 0.61 9.84 7.79 4.24
50% Vf, 2-in., 300 gsm CCF7 23.8 8.0 0.48 47.92 5.26 28.71

constraint is determined by the position of the load cell
brackets and is adjustable using slotted positioning holes
(see Fig. 1). Slotted holes are used throughout the test
fixture design to accommodate different plate thicknesses
and maintain alignment with the centerline of the load train.

Quasi-static progressive crush tests (3 replicates at each
condition) were performed on the CCF composite plates.
The CCF specimens had a nominal length of 178 mm (7
inches), thickness of 3 mm (0.13 inch) and a width of 50
mm (2 inches), 25.4 mm (1 inch), or 13 mm (0.5 inch) and
a 45° chamfer was used as the crush initiator. In some of the
tests a metal push plate was used to reduce the unsupported
specimen length. This metal push plate was 76 mm (3
inches) in length and was bonded to the end of the test
specimen using 5-minute epoxy. This called for the test
specimen to be trimmed to a length of 102 mm (4 inches) so
that it could accommodate the metal push plate. A servo-
hydraulic test machine and a loading rate of 5 mm/min (0.2
inch/min) were used throughout the entire testing. The load-
deflection response was recorded using a computerized data
acquisition system. Specific energy absorption, SEA=W/
(ALp), was used to calculate the specific energy absorption
of the composite plate specimens tested, where ‘W’ is the
total energy absorbed in crushing of the specimen, which is
the area under the load-displacement curve, ‘p’ is the den-
sity of the composite material, ‘A’ and ‘L’ are the cross-
sectional area and length of the crushed portion of the
composite plate specimen, respectively. The energy ab-
sorbed during initiation before stable progressive crushing

takes place is omitted in the calculation of the SEA as a
means of achieving a sustained crushing behavior charac-
teristic.

MECHANICAL PROPERTIES

Characterization tests were conducted to evaluate the
tension, compression, and flexural mechanical properties of
the eight different panel types. The tensile strength was
evaluated using the ASTM D3039/D 3039M-95a with dog-
bone specimen geometry and the strain was measured using
an extensometer. Compression strength tests were run as per
ASTM D3410/D3410M-95 (IITRI Method) and strain
gauges were used for measuring strains. The flexural
strength was determined based on ASTM D790-98 and
4-point loading with a span to depth ratio equal to 16. An
LVDT was used for measuring the beam deflection. The test
results are summarized in Tables 2, 3 and 4 based on a
limited sample population (3 specimens per panel type for
tension and compression, and 6 specimens for flexure).

Based on the results shown in Tables 2, 3 and 4, some
observations from the mechanical property testing are as
follows. The smaller the tow size of the CCF, the higher the
tensile strength and the higher the tensile modulus. Lower
tensile strengths and stiffnesses were measured when the
chopped fiber length was shorter or when higher fiber vol-
ume fractions were used. From the compression tests, the
smaller tow size panels had significantly higher compres-
sive strengths and failure strains than the larger tow size

TABLE 3. CCF compressive strength.
Max. stress (ksi) Max. strain (%) Stiffness (Msi)

Panel type ID Avg. C.V. Avg. C.V. Avg. C.V.
40% Vf, 1-in., 150 gsm CCF1 47.1 9.8 1.23 13.82 5.29 16.07
40% Vf, 1-in., 300 gsm CCF8 30.0 10.0 0.77 31.17 4.96 14.52
40% VT, 2-in., 150 gsm CCF2 444 5.0 1.45 17.93 3.89 19.02
40% Vf, 2-in., 300 gsm CCF3 36.2 39 0.70 5.71 5.70 0.88
50% Vt, 1-in., 150 gsm CCF5 34.3 55 1.31 16.03 3.62 9.95
50% Vf, 1-in., 300 gsm CCF9 279 15.8 0.65 63.08 5.44 38.60
50% Vf, 2-in., 150 gsm CCFo6 532 8.1 1.13 2.66 5.45 13.76
50% Vt, 2-in., 300 gsm CCF7 32.0 19.1 0.80 23.75 4.78 36.19
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TABLE 4. CCF 4-point flexure strength.

Max. stress (ksi)

Max. strain (%) Stiffness (Msi)

Panel type ID Avg. C.V. Avg. C.V. Avg. C.V.
40% V1, 1-in., 150 gsm CCF1 46.1 17.4 1.84 10.87 0.70 10.00
40% V1, 1-in., 300 gsm CCF8 30.5 20.0 1.51 21.19 0.60 11.67
40% VT, 2-in., 150 gsm CCEF2 58.1 18.1 2.10 5.71 0.67 8.96
40% VT, 2-in., 300 gsm CCF3 37.8 26.2 1.63 15.95 0.58 24.14
50% Vf, 1-in., 150 gsm CCF5 49.7 14.3 1.52 10.53 0.80 12.50
50% Vt, 1-in., 300 gsm CCF9 38.2 17.0 1.33 25.56 0.76 14.47
50% Vf, 2-in., 150 gsm CCF6 71.0 15.2 1.91 7.85 0.73 8.22
50% Vf, 2-in., 300 gsm CCF7 36.9 14.4 1.70 17.65 0.56 8.93

panels. The effects of fiber length and fiber volume fraction
on compressive strength, stiffness and maximum strain
were inconclusive. Consistent with the tension and com-
pression data, the flexure data indicates that testing smaller
tow size panels results in higher strengths and stiffnesses.
The effect of fiber volume fraction on the flexural response
is opposite that of pure tension, where the higher fiber
volume fraction tests resulted in higher flexural strengths
and stiffnesses. The effect of fiber length was lower flexure
strength and higher flexure stiffness when shorter lengths
were tested. It should be noted that all the mechanical
properties had tremendous scatter as indicated by the large
coefficient of variations in the tables. This variability in the
property data may be indicative of a nonhomogeneous ma-
terial system and the lack of randomness of the chopped
carbon fiber orientation.

RESULTS AND DISCUSSION OF THE
PROGRESSIVE CRUSH TESTS

For all specimens tested, local crushing took place at the
chamfered end of the plates. Matrix cracking occurred at the

ends of the fiber tows due to stress concentration at these
ends. Fiber-matrix debonding also took place in a majority
of the specimens that were tested. Flexural deformations
controlled the damage process. Some of the test specimens,
when loaded in the no-constraint condition, experienced
fiber pullout, 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-constraint condition was the same in all
specimens, and the specimen failure was more or less pre-
dictable. On the contrary, the specimens that were crushed
in the no-constraint condition fractured in rather erratic
fashions, 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 led to catastrophic failure of the specimen
where in the specimen broke into 2 or 3 pieces.

The specimens tested in the loose- and tight-constraint
conditions generated load-deflection curves that were sim-
ilar to the ones generated during the progressive crushing of
composite tubes. It had 4 stages, the first being character-
ized by an initial rapid load increase. A rapid load drop

14000
Specimen Width - 50 mm
12600 - Profile Radius - 6.4 mm
Load Rate - 5 mm/min

10600 - Crush Initiator - 45° Chamfer
—_ Tight Constraint
£ 8000 “‘\/
o
3
3 6000

4000 | Loose Constraint

2000

None Constraint
0 y : T . T . .
0 10 20 30 40 50 &0 70 80
Displacement (mm)
FIG. 2. Load-displacement traces for CCF.
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z
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=
4000 - 300 gsm Tow Size
Specimen Width - 50 mm
Profile Radius - 6.4 mm
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FIG. 3. Load-displacement traces representing the effect of tow size on the SEA of CCF with I-inch fiber

length.

occurred in the second stage of the load-deflection curve,
followed by a gradual saturation of the load. The final stage
was characterized by stable crushing at a constant mean
load (see Fig. 2). The small load fluctuations and serrations
in the fourth stage of the curve are characteristic of stable
crushing.

Effect of Tow Size

Comparison of panel group CCF5 (150 gsm, 50% F.V.,
1 inch F.L.) and panel group CCF9 (300 gsm, 50% F.V., 1

CCF5

inch F.L.) revealed that the specific energy absorption of
CCF5 was greater than that of CCF9. For a comparison of
the load-displacement traces recorded for a test conducted
on a specimen belonging to panel group CCF5 and on a
specimen belonging to panel group CCF9, please see Fig. 3.
Panel group CCF1 (150 gsm, 40% F.V., 1 inch F.L.) and
panel group CCF8 (300 gsm, 40% F.V., 1 inch F.L.) were
also compared; the specific energy absorption of CCF1 was
greater than that of CCF8. From these results it was con-
cluded that an increase in tow size caused a decrease in the
specific energy absorption for chopped carbon-fiber com-

Tow Size: 150 gsm 35
Fiber Volume Fraction: 50%
Fiber Length: tinch 30

25 A

20

SEA (J/g)

15 A

10 4
CCF8

Tow Size: 300 gsm 5
Fiber Volume Fraction: 50%

Fiber Length: 1inch o 4 H |

O o Q(\ (\9 OQ“
//6?‘ b.oo ?‘O ’/\{b rboo '\lbo £ Ll
& ,,@ QQ‘ [ 4 /,6 QQ‘ N
RE 8 & W& »
,\"b QQ~ o /;\ Q ERAY QQ‘ D:Q L2 B
\t\,/ APV AP i Y oﬁ‘ o
T PN NP P

OCCF5
B CCF9

S Y S 2 sW=specimen Width {mm)
¢° N PR=Profile Radius {mm}
< Const=Constraint Candition

FIG. 4. Effect of tow size on the SEA of CCF with 1-inch fiber length and 50% fiber volume fraction.
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FIG. 5. Effect of tow size on the SEA of CCF with 1-inch fiber length and 40% fiber volume fraction.

posite materials with 1-inch fiber length (see Figs. 4 and 5).
It could be the tow size that directly affects the observed
behavior, or the toll of the artifacts that are produced during
the manufacture of a larger tow imposes on the overall
specimen condition. These artifacts might be a result of not
being able to get the resin in between all the fibers or the
incomplete filling of the voids.

However, the trends in the data were not as consistent for
the 2-inch fiber length, and it was concluded that there was
no serious effect of tow size for the longer fiber length.

Effect of Fiber Volume Fraction

Comparison of panel group CCF2 (150 gsm, 40% F.V.,
2 inch F.L.) and panel group CCF6 (150 gsm, 50% F.V., 2
inch F.L.) revealed that the specific energy absorption of
CCF2 was greater than that of CCF6. Panel group CCF3
(300 gsm, 40% F.V., 2 inch F.L.) and panel group CCF7
(300 gsm, 50% F.V., 2 inch F.L.) were also compared; the
specific energy absorption of CCF3 was greater than that of
CCF7. For a comparison of the load-displacement traces
recorded for a test conducted on a specimen belonging to

7000
40% Fiber Volume Fraction
6000 A
5000 -
Z 4000 50% Fiber Volume Fraction
©
o
S 3000 -
Specimen Width - 50 mm
2000 1 Profile Radius - 6.4 mm
Loading Rate - 5 mm/min
1000 4 Crush Initiator - 45° Chamfer
0 T T T T T T
0 10 20 30 40 50 60 70

Displacement (mm)

FIG. 6. Load-displacement traces representing the effect of fiber volume fraction on the SEA of CCF with

2-inch fiber length.
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FIG. 7. Effect of fiber volume fraction on SEA of CCF with 2-inch fiber length and tow size 150 gsm.

panel group CCF3 and on a specimen belonging to panel
group CCF7 (see Fig. 6). Hence it was concluded that an
increase in fiber volume fraction caused a decrease in the
specific energy absorption for chopped carbon-fiber composite
materials with fiber length of 2 inches (see Figs. 7 and 8).
However, comparison of panel group CCF5 (150 gsm,
50% FE.V., 1 inch F.L.) and panel group CCF1 (150 gsm,
40% F.V., 1 inch F.L.) revealed that the specific energy
absorption of CCF5 was greater than that of CCF1. For a

comparison of the load-displacement traces recorded for a
test conducted on a specimen belonging to panel group
CCFS5 and on a specimen belonging to panel group CCF1
(see Fig. 9). From this data it was concluded that an increase
in fiber volume fraction caused an increase in the specific
energy absorption for chopped carbon-fiber composite ma-
terials with 1-inch fiber length (see Fig. 10).

It is not always true, as one would normally think, that an
increase in the fiber content necessarily improves the spe-
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FIG. 8. Effect of Fiber Volume Fraction on SEA of CCF with 2-inch fiber length and tow size 300 gsm.
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FIG. 9. Load-displacement traces representing the effect of fiber volume fraction on the SEA and CCF with

1-inch fiber length.

cific energy-absorption capability of a composite material.
A possible explanation for this is that as the fiber volume
fraction increases, the volume of the matrix between the
fibers decrease. This causes an increase in the matrix den-
sity. This further leads to a decrease in the interlaminar
strength of the composite. As interlaminar strength de-
creases, interlaminar cracks form at lower loads, resulting in
a reduction in the energy-absorption capability.

Effect of Fiber Length

Comparison of panel group CCF5 (150 gsm, 50% F.V.,
1 inch F.L.) and panel group CCF6 (150 gsm, 50% F.V., 2

inch F.L.) revealed that the specific energy absorption of
CCF5 was greater than that of CCF6. For a comparison of
the load-displacement traces recorded for a test conducted
on a specimen belonging to panel group CCF5 and on a
specimen belonging to panel group CCF6 (see Fig. 11).
Panel group CCF1 (150 gsm, 40% F.V., 1 inch F.L.) and
panel group CCF2 (150 gsm, 40% F.V., 2 inch F.L.) were
also compared; the specific energy absorption of CCF1 was
greater than that of CCF2. Therefore it was concluded that
an increase in fiber length caused a decrease in the specific
energy absorption for chopped carbon-fiber composite ma-
terials with 150-gsm tow size (see Figs. 12 and 13).

Const=Constraint Condition

FIG. 10. Effect of fiber volume fraction on SEA of CCF with 1-inch fiber length and tow size 150 gsm.
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FIG. 11. Load-displacement traces representing the effect of fiber length on the SEA of CCF with 150 gsm tow

size.

When panel group CCF9 (300 gsm, 50% F.V., 1 inch
F.L.) and panel group CCF7 (300 gsm, 50% F.V., 2 inch
F.L.) were compared, the specific energy absorption of
CCF9 was greater than that of CCF7. For a comparison of
the load-displacement traces recorded for a test conducted
on a specimen belonging to panel group CCF9 and on a
specimen belonging to panel group CCF7 (see Fig. 14).
Hence it was concluded that an increase in fiber length
caused a decrease in the specific energy absorption for
chopped carbon-fiber composite materials with 300-gsm
tow size (see Fig. 15).

Previous studies on the effect of fiber length on the

energy-absorption capabilities of composites have reported
an increase in the specific energy absorption, SEA, with
increased fiber lengths [38], though the data was subjected
to a considerable amount of scatter. The effect of fiber
length on SEA observed in this work, that an increase in
fiber length from 1 inch to 2 inches caused a decrease in the
SEA for the CCF plates up to a factor of 2, disagrees with
this observation. The specimen plates using 1-inch fibers
have a relatively larger number of fiber ends than the plates
having a fiber length of 2 inches. These fiber ends serve as
stress raisers, resulting in a larger number of fracture-initi-
ation sites in the specimens with 1-inch fiber length, thus
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FIG. 12. Effect of fiber length on the SEA of CCF with 150 gsm tow size and 50% fiber volume fraction.
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FIG. 13. Effect of fiber length on the SEA of CCF with 150 gsm tow size and 40% fiber volume fraction.

causing more matrix cracking and deformation and leading
to a higher SEA.

Highest and Lowest Energy-Absorbing Panel Groups

The panel group having the highest SEA was CCF5 (150
gsm (12 K), 50% F.V., 1 inch F.L.). The two panel groups
with the lowest SEA were CCF6 (150 gsm (12 K), 50%
F.V,, 2 inch F.L.) and CCF7 ((300 gsm (48 K), 50% F.V.,
2 inch F.L.). The above results indicate that it is the 2-inch-
long fibers that cause the SEA of the CCF6 and CCF7 panel
groups to be the least among all the CCF panel groups.

8000

Further, the conclusion resulting from this work that an
increase in fiber length causes a decrease in the SEA agrees
with the above observation. Therefore it is concluded that
fiber length appears to be the most critical material param-
eter determining the SEA of a composite material, with
shorter fiber lengths leading to higher specific energy ab-
sorptions.

CONCLUSION

Quasi-static progressive crush strip tests were conducted
on randomly oriented CCF composite materials to evaluate
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FIG. 14. Load-displacement traces representing the effect of fiber length on the SEA of CCF with 300 gsm tow

size.
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FIG. 15. Effect of fiber length on the SEA of CCF with 300 gsm tow size and 50% fiber volume fraction.

the effect of various material parameters (fiber volume
fraction, fiber length and fiber tow size) on their energy-
absorption capability. The objective of the test method was
to simulate the frond formation observed during dynamic
crush tests of composite tubes. Eight different types of
panels were fabricated and tested, and the panel group
having the highest SEA (CCF5) corresponded to 50% fiber
volume fraction, 1-inch fiber length, and 150-gsm tow size.
The two panel groups that recorded the lowest SEA were
CCF6 (150 gsm fiber tow size, 50% fiber volume fraction,
2 inches fiber length) and CCF7 (150 gsm fiber tow size,
50% fiber volume fraction, 2 inches fiber length). This
indicates that the 2-inch-long fibers cause the SEA of the
CCF6 and CCF7 panel groups to be the least among all the
CCF panel groups. It was observed in this work that the
effect longer fiber lengths had on SEA was a decrease
relative to the shorter fiber lengths. Therefore, it appears
from this study that fiber length is the most critical material
parameter determining the SEA of a composite material,
with shorter fiber lengths leading to higher specific energy
absorptions. As noted earlier, there is no literature available
that investigates chopped carbon fibers for use in crashwor-
thy composite materials. It would seem reasonable to set
about the task of studying CCF length choices/resin choices
in light of the above-reported effect of fiber length on SEA.
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