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Carbon fibre epoxy composites are sought after for their excellent specific energy absorption (SEA) but
are costly. A range of prepreg carbon fibre epoxy layups were subjected to a 10 m/s impact with 4 k]
of energy. Fibre volume fraction and voidage were determined for each sample and the fracture analysed
in detail. SEA ranged from 35.27 J/g to 60.25 J/g with the highest performance from 8 plies of 200 gsm
2 x 2 twill all laid at 0°. Vacuum assisted oven cure resulted in higher voidage than autoclave cure
(2.52% versus 0.17%) but did not affect SEA. According to a ratio of performance to cost the highest rated
samples were an 8 ply oven cure and a 3 ply autoclave cure specimen and there was little difference
between them. This work has highlighted that there is enormous potential for cost reduction of prepreg

carbon fibre epoxy energy absorption structures through the use of heavier areal weight fabrics and fewer
plies as well as through the use of oven cured prepreg.
Crown Copyright © 2015 Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Carbon fibre reinforced polymers (CFRP) have been widely used
in the aerospace and motorsport sectors for more than twenty
years [1]. The high specific strength and stiffness of carbon fibre
(CF) have given it a reputation as a high performance engineering
material [2]. It is highly valued in motorsport thanks to its ability
to fulfil a structural role whilst offering high energy absorption
in collisions. In these cases the aim is to absorb the kinetic energy
of the impact in a controlled manner such that the vehicle will
decelerate at a rate that preserves life.

However, the cost of CF is prohibitively high for many other
industry sectors: £6.38/kg, compared to steel and aluminium at
£0.30/kg and £1.36/kg respectively [3-5]. The high embodied
energy from the manufacturing process, expensive precursor
material and elevated manual labour costs for layup mean its use
is restricted to sectors which can pay for performance. CFRP is
now the material of choice for supercars and expanding into main-
stream production vehicles whose price can justify it. In other
areas such as lower level motorsport e.g. Formula Ford, wind
energy and rail sectors its high price remains a barrier to uptake
[6-8].
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Composite energy absorption structures offer the opportunity
for significant weight savings over metallic structures. Composites
absorb energy though buckling, interlaminar failure, fibre-matrix
debonding, fibre pull-out, matrix deformation/cracking, friction
and fibre breakage giving them a greater specific energy absorption
(SEA) than metallic structures [9-11]. Research has demonstrated
that glass-epoxy composites are capable of twice the energy
absorption of steel due to their more continuous mode of failure
[12].

Previous research has shown that glass—epoxy tubes have a SEA
approximately 20% lower than carbon-epoxy tubes when sub-
jected to a compressive impact test [13]. Agarwal et al. (2006)
states that glass and Kevlar composites have a higher impact
energy than carbon/graphite epoxy using a Charpy test which is
a flexural test [14]. However, current estimates put the energy
associated with crack propagation during crush of composite sec-
tions at 5-20% of the total energy absorbed [15-17]. Thus, a higher
impact energy (Charpy) does not necessarily lead to a higher SEA of
a structure undergoing dynamic testing e.g. tube or cone as there
are more dominant energy absorption mechanisms at play such
as friction. There is a link between interlaminar shear strength
(ILSS) and SEA [18] but there is little research linking impact
energy or fracture toughness and SEA.

In the automotive and aerospace sectors composites give the
opportunity to increase payload and reduce emissions and fuel
costs but there is a consensus that performance improvements
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must be tempered by financial concerns [19]. Cost reduction strat-
egies include the use of natural fibres [6], recycled carbon and glass
fibres [20-22] and supplementation with less expensive low mod-
ulus fibre [23]. Process research has been undertaken on produc-
tion of aligned, shorter fibre composites through methods such
as the 3D Engineered Preforms (3DEP) [24] and Direct Relnforced
Fibre Technology (DRIFT) processes [25], particularly in conjunc-
tion with recycled carbon or glass fibres. Cheaper manufacturing
processes such as vacuum assisted resin transfer moulding
(VARTM) have also been developed offering as much as 60% reduc-
tion in manufacturing costs [26]. This work investigates energy
absorption performance for the same conical structure with a
range of different CFRP layups considering cost of material, layup
and cure.

2. Experimental procedure
2.1. Materials

This work utilised three different CF prepregs supplied by
Umeco structural materials Ltd. A 135 grams per square metre
(gsm) unidirectional (UD) with Toray intermediate modulus
(M30SC) and cost £38.60/m?, a 200 gsm 2 x 2 twill with generic
high strength fibre at £29.60/m? and a 660 gsm 2 x 2 twill with
generic high strength fibre at £52.20/m? all with 42 wt% resin. All
used the same resin system, MTM28B (B designates black) and
MTM28-1 (—1 designates formulation for UD fibres). The static
mechanical properties for these materials are published by Umeco
and summarised in Table 1.

2.2. Test specimen manufacture

Previous research has demonstrated that cones are more suit-
able for impact structures than tubes since they do not require
crush initiators [21], furthermore, they more accurately reflect
real-life geometry found in the automotive and motorsport arenas
than simpler plate type specimens. A test cone identical to previ-
ous work [6,21] (Fig. 1), designed to absorb 5 k] of energy was used
for these experiments and an aluminium mould tool was manufac-
tured to allow for excellent dimensional accuracy of the finished
components. The cone was designed and draped in Catia (Dassault
Systemes). The ply patterns were outputted to AutoNEST (Sigma-
NEST) which generated a nested cutting pattern according to the
required fibre direction for each ply and based on the useable
width of a standard CF roll of 1182 mm. A typical layout generated
by the software is shown in Fig. 2, each ply consists of two pieces:
1A and 1B, 2A and 2B and so on. For each cone the first and last
plies extend into the tip.

Six different layups were investigated, as described in Table 2.
Each ply was laid up in the mould and the seams of each layer were
offset by 10 mm to prevent the creation of weak areas. The mould
was then bagged in the conventional manner, evacuated and cured
according to Table 2.

CL1 was designed to determine the effect on SEA of changing
the orientation of alternate plies. CL2 used the same layup as
CL1, but was cured under vacuum in an oven. The prepreg used
for CL2 is not specifically designed for out of autoclave cure. CL3
used a 0/90 layup as a direct comparator for CL1, and as a bench-
mark for the other cones. CL4 used two plies of 660 gsm fabric with
both plies extended into the tip of the cone. CL5 used multiple lay-
ers of UD and 200 gsm CF to determine the effect of a high stiffness
layup. CL6 used three plies of 660 gsm fabric with first and last
plies extended into the tip of the cone.

2.3. Impact testing

Each sample was loaded into an Instron impact tower and sub-
jected to an impact test with an initial velocity of approximately
10 m/s with a test mass of 78 kg. In each case the test energy
was approximately 4 k]. Two samples of each layup were tested,
one to determine SEA and the other for analysis by microscopy.
Previous work has demonstrated the predictability of these impact
tests and low standard deviation in the results thereby allowing
the use of one sample to give an accurate indication of SEA [21].

2.4. Analysis

2.4.1. Determination of fibre volume and void fraction

2.4.1.1. Sample preparation. The dynamically crushed samples were
sectioned using an IsoMet 5000 linear precision saw as shown in
Fig. 3 and mounted in opaque red EpoFix epoxy resin (Buehler).
These were then ground and polished on a semi-automatic Buehler
Phoenix 4000 sample preparation system.

2.4.1.2. Optical microscopy. The sample was levelled and placed
under a Nikon Eclipse LV100 D microscope in bright field, at 10x
objective, using a Zeiss HXP 120 ultraviolet light source to permit
higher resolution. Images were captured by an AxioCam ICc 1
and analysed using Zeiss AxioVision digital imaging system to
determine fibre volume fraction (FVF) and void fraction (VF). For
each sample ten images taken at pseudo-random intervals along
the length of the sample were processed into three phases; fibre,
matrix and void. These were then translated into a percentage
for voidage and fibre volume fraction for each sample.

2.4.2. Fractography

Sections through the fracture of the cones were cut out and pre-
pared according to the method in Section 2.4.1.1, except for the use
of a clear EpoFix resin. Using the same microscope in bright field
under high intensity light source (Zeiss illuminator HXP 120), the
fracture surface was captured as a montage and stitched together
in the AxioVision software.

2.4.3. Cost
The cost of each cone may be broken down into the material,
layup and curing costs. The material cost was determined by calcu-

Table 1
Prepreg static mechanical properties.
Units 200 gsm 600 gsm 135 gsm UD

Normalised to 55% volume fraction 55% volume fraction 60% volume fraction
Tensile strength MPa 1070 825 1930
Tensile modulus GPa 67 56 128.8
Compressive strength MPa 693 450 1296
Compressive modulus GPa 58.9 51 120.2
Flexural strength GPa 1070 850 2.164
Flexural modulus GPa 64 52.0 140.5
ILSS MPa 77 62 94.8
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Fig. 2. Nested layup pattern for eight plies. Note that each ply consists of two segments.
Table 2
Layup details.
Ref. Autoclave Vacuum Resultant Cure Layup pattern
pressure (psi) pressure (psi) pressure (psi)
CL1 60 15 75 Autoclave 2 °C/min to 120°C 8 plies 200 gsm, laid at 45°, 0/90°, 45°, 0/90°, etc.
hold 90 min
cL2 - 15 15 Oven - 90 min at 120 °C 8 plies 200 gsm, laid at 45°, 0/90°, 45°, 0/90°, etc.
CL3 60 15 75 Autoclave 2 °C/min to 120°C 8 plies 200 gsm, all laid at 0/90°
hold 90 min
Cl4 60 15 75 Autoclave 2 °C/min to 120°C 2 plies 660 gsm at 0/90
hold 90 min
CL5 60 15 75 Autoclave 2 °C/min to 120°C 1 ply 0/90 200 gsm, 3 plies 135 gsm UD, 2 plies 200 gsm 0/90, 3 plies
hold 90 min UD, 1 ply 200 gsm 0/90
CL6 60 15 75 Autoclave 2 °C/min to 120°C 3 plies 660 gsm at 0/90

hold 90 min
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Fig. 3. 3D schematic of a crushed cone highlighting the area sectioned for
fractography.

lating the cost of the material blank generated by SigmaNEST. The
layup cost was determined using information supplied by Forward
Composites Ltd and are typical of a UK company manufacturing
low volume prepreg composite components. Layup time was pro-
portional to the number of plies with 20 min required for each
ply and additional time for bagging and mould preparation of fifty
minutes per cone. Labour cost was £45.00 per hour including over-
heads, with an additional £10.00 per layup for consumables such as
the bag. Thus the total layup cost was the labour cost multiplied by
layup time plus consumables.

T —

The required pressure of the two methods strongly influences
the cost. The autoclave method is more expensive because of cap-
ital equipment cost and the energy required to heat and pressurise
to 60 psi. The autoclave cures were costed at £70.00 each, and the
oven cure used for CL2 was costed at £10.00 to reflect these differ-
ences in conditions.

3. Results and discussion
3.1. Impact testing results

Video footage of the impact tests were sampled at two time
steps: 0.01 s and 0.0186 s (Fig. 4). CL1, 2 and 3 performed similarly
which is reflected in their SEA results (Table 3). CL4 was observed
to buckle which is visible as a distortion of the cone where it meets
the platen (see white arrow Fig. 4). All cones generated some deb-
ris during the first stages of impact although CL5 has the greatest
quantity of ejected material.

Fig. 5 presents the force versus time data, in order to improve
clarity the Savitzky-Golay smoothing function within Origin 8.5
(OriginLab) was set at 100 points. It indicates strong similarities
between the impacts of CL1, 2 and 3. CL4 and CL6 both have a high
initial peak due to having a thicker cone tip. CL4 has a flat load
curve up to 15 ms which then increases in line with the greater
cross sectional area. CL6 with three plies of thicker material
quickly reaches the same load as CL1 but with significant load var-
iation during the crush. CL5 follows a similar pattern of loading to
CL1, 2 and 3 but with a lower average force and greater variation in
load during the impact.

The force displacement data was further analysed in order to
investigate if SEA varied with velocity. The cone was divided into
discreet sections of 5 mm length. Computer Aided Design (Catia,
Dassault Systemes) was used to calculate the mass of each discreet
section for each of the samples using its cured thickness. Predicted
deceleration was then calculated via Newton'’s second law. The test

Fig. 4. High speed video images of sample impact testing.

Table 3
Results of impact testing L.

Mean fibre volume fraction Mean void fraction (%) Sled mass Actual speed Actual energy  Wall thickness Mass lost  Specific absorption
(%) (SD) (SD) (kg) (m/s) () (mm) (8) J/g)

CL1 49.15 0.169 77.84 10.23 4072.92 2.10 70.9 57.45

CL2 51.80 2.515 77.83 10.12 3985.68 2.14 69.7 57.18

CL3 58.47 0.309 77.84 10.29 4120.85 2.11 68.4 60.25

CL4 45.56 0.126 77.79 10.01 3897.20 1.65 110.5 35.27

CL5 56.96 0.036 77.82 10.44 4241.00 2.08 83.8 50.61

CL6 47.03 0.263 76.96 9.83 3722 2.28 79.96 46.55
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Fig. 6. Rate factor versus velocity for impact tests.

data was divided into the same 5 mm sections for comparison and
actual deceleration during the test calculated. The test and pre-
dicted performance were then compared using the formula below
and plotted in Fig. 6:

Test performance (deceleration)

Rate factor = - :
Predicted performance (deceleration)

Rate factor versus velocity is shown in Fig. 6 and demonstrates
an overall trend of higher than mean SEA at the higher velocities.
CL1 and 2 perform similarly, CL3 is unstable at the start but settles
into the same region as CL1 and 2. CL4 and 6 using fewer, thicker
plies demonstrate greater rate sensitivity with higher initial SEA.
CL5 is stable and performs similar to CL1, 2 and 3.

3.2. Fibre volume fraction and void fraction

Fig. 7 presents an example micrograph from a section through
the wall of each cone. These were used to analyse the FVF of each
sample. The consolidation of CL2 is good when compared to CL1,
but voids are visible in the interior of the tows; significant pores
were also observed along the interface between the laminae. Con-
solidation in the other samples was good with little voidage evi-
dent. The larger tows of CL4 are evident, and the fibre volume
fraction is higher in CL5 thanks to the UD layers. This is supported
by the quantitative analysis of VF and FVF presented in Table 3. In
each case the VF was less than 0.3% except for CL2 (2.5%) which
was cured under vacuum only. FVF varied from 45.6% (CL4) to
58.4% (CL3).

The structure of the layups provides some explanation for this
variation. The packing of the fibres is dependent on the degree of
crimp, weight and orientation of the material. For CL1 and CL2
the fabrics are of the same weight and weave, but orientated at
45° between layers. Thus the consolidation between the layers is
lower than in CL3, where the fabric is orientated in the same direc-
tion in all layers, leading to a higher FVF than in the first two lay-
ups. CL4 uses a 660 gsm fabric and the crimp is greater than for the
200 gsm material, leading to lower consolidation and the lowest
FVF. CL5 has two sets of three UD plies. The UD has no crimp
and the layers pack together extremely well leading to a high
FVF, although the interlaminar strength is low as a result of poor
mechanical interlock between two flat surfaces [27]. However,
the flat UD surface will not consolidate well with the crimped
200 gsm which is used for the other layers, leading to resin rich
areas along the boundaries between these layers.

When SEA is plotted against FVF there is evidence of a general
relationship between increased FVF and SEA (Fig. 8), particularly
for the cones produced from the 200 gsm prepreg. This suggests
a relationship between SEA and FVF in 2 x 2 twill prepregs, and

60 A
= 3
50 | .
- <
B
-
< 404
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Fig. 8. Fibre volume fraction versus specific energy absorption.

Fig. 7. Fibre volume fraction sample analysis.
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is in line with previous work on energy absorption in composites
which found that a high FVF resulted in a high SEA [6]. The SEA
results suggest that there is a small advantage in choosing the 0/
90 weave over the +45. Early work in composite energy absorption
structures indicated that a Kevlar composite tube with plies orien-
tated at 0/90° would offer “similar” values for SEA as one with plies
at +45 [28]. Opinion on this matter is still debated and there is evi-
dence to support the use of +45 and 0/90 plies [29,30]. It is not pos-
sible to state definitively whether the presence of such layers or
the lower FVF is responsible for the lower SEA.

The presence of UD in CL5 has led to a high FVF, but this has not
been reflected in the SEA performance. CL4 has a lower FVF thanks
to the greater degree of crimp and its position on Fig. 8 is because it
buckled during the impact test (see Fig. 4). CL6 had a slightly better
FVF but much improved SEA as failure was progressive.

There is little difference between the SEA of CL1 and CL2,
despite the difference in voidage, suggesting that it does not affect
SEA in this case. The difference in cure cost between an autoclave
cure at 75 psi and an oven cure under vacuum alone makes this a
significant finding. Since lower void content composites are con-
sidered preferable this is unexpected. It remains to be seen how
applicable such structures will be to motorsport, since these are
often required to act as structural components that may be more
sensitive to additional porosity.

Research with an identical cone, layup and similar FVF (56.6%)
to CL3 but using MTM49 (high strength) resin had an SEA of
34.8]/g [21]. The resin used in CL3 is a high toughness resin and
delivered a significantly higher SEA at 60.25 J/g with a FVF of
58.5%. This suggests a relationship between increased resin tough-
ness and increased SEA which is supported by a previous study
[12].

3.3. Fractography

The ideal failure for an energy absorbing structure is stable, pro-
gressive and includes inter- and intra-laminar failure of the lami-
nate. These may occur alone, sequentially or concurrently,
leading to a complex fracture site [27]. Interlaminar failure can
occur via peel (mode I failure), shear (mode II) or twist (mode III)
[31]. Fig. 9 displays a section through the failure region for each
sample.

CL1 failed progressively, through the formation of a stable crush
zone. Mode Il interlaminar failure is evident in Fig. 9 CL1 (arrow a).
The lamina on the inside of the fronds show evidence of micro-
buckling (arrow d) and compressive intralaminar failure (arrow
b), with longitudinal tows suffering from fibre breakage (arrow
g) and splitting down the tows. The visible outer hoop tows (those
at 0/90 and *45) demonstrate signs of tensile fibre-matrix debond-
ing (arrow c). Laminae towards the centre of the sample are com-
paratively intact.

The pattern of failure in CL2 is similar to CL1, with mode II
interlaminar failure visible in Fig. 9 CL2 (arrow a). The laminae
inside the fronds have evidence of microbuckling in longitudinal
tows (arrow d) and cracks in the hoop tows (arrow b), although
less than in CL1. The outermost visible hoop tows show signs of
multiple transverse cracks (arrow c) (intralaminar failure) and in
some cases single longitudinal cracks. Overall, the fracture mecha-
nisms of CL1 and CL2 are similar.

CL3 failed progressively with a greater degree of mode Il delam-
ination than CL1 or CL2, Fig. 9 CL3 (arrow a). The laminae are more
splayed than the first two cones with a large degree of intralaminar
failure in the delaminated portion. There is a large compressive
failure zone on the inside of the fronds, with microbuckling and
shear failure in longitudinal tows (arrow b). The outermost lamina
has been lost to a debris wedge; the outside edge of the sample is
visible only as a trail of debris (arrow e). Overall, this is a more dis-

Fig. 9. Fracture surfaces of samples, set in clear resin, brightfield illumination, 5x
objective.

ordered fracture surface than CL1 and CL2, demonstrating greater
levels of delamination and intra-laminar failure and subsequently
a higher SEA.

CL4 did not fail progressively but by global buckling and form-
ing an unstable crush zone as seen in Fig. 4. Previous work suggests
that for energy absorbing frusta there is a critical ratio of wall
thickness to diameter in order for a progressive and stable crush
zone to form [32]. However, energy was absorbed through mode
I delamination of the two plies, Fig. 9 CL4 (arrow a). Inspecting
the crushed portion of the cone, the plies are completely separated
to the fracture point and relatively intact sections are visible. With
only two plies the energy absorbed through delamination, fibre-
matrix debonding and fibre breakage was limited giving rise to a
low SEA. The force time curve for CL4 (Fig. 5) demonstrates an ini-
tial peak which corresponds to the failure of the cone tip. Force
then falls off briefly before progressive failure begins. In this
instance the tip was not an effective initiator since both plies
extended into it. The CL6 curve exhibits the same peak but then
begins progressive failure immediately as the main body of the
cone was 3 plies and the tip 2 plies.

CL5 failed progressively, demonstrating extensive delamination
with a mixture of mode I and mode II failure (Fig. 9 CL5). The use of
high stiffness UD adversely affected the energy absorption perfor-
mance of the cone. The twill material in other cones was able to
‘roll’ through the failure zone as it met the platen, leading to com-
pressive and tensile fibre-matrix de-bonding failure. By contrast,
the UD appears to have ‘folded’ (rather than rolled) once the dela-
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Table 4
Total manufacturing cost.

Layup Material cost (£) Layup cost (£) Cure cost (£) Total cost (£) Cost ratio (J/g/£)
CL1 35.63 167.50 70.00 273.13 0.210
CL2 35.63 167.50 10.00 213.13 0.268
CL3 35.45 167.50 70.00 272.95 0.221
CL4 19.09 77.50 70.00 166.59 0.212
CL5 59.50 197.50 70.00 327.00 0.155
CL6 23.41 92.35 70.00 185.76 0.251

minated UD reached a critical length, creating points of stress
(arrow f) on the twill it is interspersed with. At these points, multi-
ple tensile and compressive cracks are visible, but between them
there are fewer cracks. A debris wedge is visible Fig. 9 CL5 (arrow
e) and has formed as the outer layers have debonded and been
ejected during the test.

3.4. Cost analysis

Table 4 summarises all of the cost information and adds a cost
ratio — SEA/cost. Layup formed the greatest proportion of total cost
due to the skilled labour required. CL5 proved to be the least cost
effective, with high layup costs due to the increased number of
plies. The use of more expensive UD prepreg failed to improve
SEA and has increased the material cost. The change in ply orienta-
tion between CL1 and CL3 did not greatly affect the material cost.
CL2 was £60 cheaper than CL1 and 3 as a direct result of the differ-
ence in cure process without penalising SEA. While the low SEA of
CL4 is due to its failure mode, the concept of using fewer and
thicker layers still makes economic sense. According to cost ratio
CL2 with an oven only cure provides the best value for money
although CL6 with three 660 gsm plies and autoclave cure was
comparable. From these results it is reasonable to conclude that
a vacuum oven cured sample will perform similar to autoclave
cure. Thus, an oven cured version of CL6 would have a cost of
£125.76 giving it a cost ratio of 0.371 J/g/£ a significant improve-
ment over CL2 at 0.268 J/g/£.

4. Conclusions

A range of conical CFRP layups were impact tested with a mass
of 78 kg at 10 m/s and found to have SEA from 35.27 J/g to 60.25 ]/
kg. Samples with identical layups (8 plies of 200 gsm alternating 0/
90 and +45) one with autoclave cure at 75 psi and one with oven
cure at 15 psi vacuum were found to have near identical SEA at
57.45]/g and 57.18 ]/g respectively even though voidage for the
oven cured sample was higher (2.52% versus 0.17%). Thus, up to
2.5% voidage has no effect on SEA for CFRP structures. This means
that oven cure under vacuum is feasible for energy absorbing
structures helping to reduce cure cost dramatically.

There was a small increase in SEA (60.25 J/g) for a layup with all
laminae orientated at 0/90. This layup had a higher FVF, 58.5% ver-
sus 49.2% for a 0/90, +45 layup because of improved consolidation
between plies. For the 8 ply 200 gsm samples higher FVF results in
higher SEA. However, with only small improvements from higher
FVF it is important to strike a balance between nesting efficiency
for minimal waste versus higher FVF.

The samples with 8 plies of 200 gsm had higher SEA than sam-
ples with 2 or 3 plies of 660 gsm (57-60 J/g versus 35-46 J/g) dem-
onstrating that more plies equals more energy absorption.
However, when cost is considered then fewer plies results in less
layup time and is better value even when considering the lower
SEA.

There is great potential for cost reduction of CFRP energy
absorption structures through the use of heavier areal weight fab-

rics with fewer layers and oven rather than autoclave cure. Alter-
native fabrication techniques such as VARTM will also play a part
in cost reduction since higher voidage has minimal effect on
performance.
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