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Abstract
The present work investigates the compressive properties of SBCF/PA12 commingled
unidirectional composites manufactured by the hot compression moulding technique.
Different forms of failure mechanism have been observed microscopically for different
laminate thicknesses (6, 8, 10, and 12 layers). In addition, fibre-length distribution curves
have been developed at failure points. Thus, failure explanations for the SBCF/PA 12
composite during the compression test could be developed, depending upon microscopic
observations. Moreover, the effect of laminate thicknesses on compressive behaviour;
stress, strain and modulus has been analysed. It was found that by increasing laminate
thickness the compressive stress is decreased, the strain is increased and the modulus is
decreased significantly.
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1. Introduction
Thermoplastic composite materials have received much interest for structural applications over the
last 40 years, particularly in the aerospace field. Advanced thermoplastic composites (ATC) have
recently been introduced as structural composite materials for high-performance aerospace
applications [1].
Among the available thermoplastic polymers, polyamide (PA) is considered a good candidate as a
thermoplastic composite matrix, mainly due to its low cost and easy handling [2]. Nowadays, efforts
have been made to improve the knowledge related to the main factors that affect the interface
properties and allow the intrinsic weakness of the polymeric composites to be overcome, namely
interlaminar crack propagation. Concerning the particular case of standard carbon fibre/epoxy
composite, it has been verified that its major weakness is related to poor resistance to delamination,
due to the brittle nature of the thermoset matrix. As a consequence of such behaviour, studies in
composite science have been carried out aimed at producing composite systems for which the matrix
phase presents higher toughness values. These studies have been directed towards modifying
thermoset matrices or developing tougher and more ductile matrices, most notably by using
thermoplastic materials [3,4,5].
This complex compressive behaviour is very characteristic for fabric reinforced composites, and may
have its origins in the initial material deformation (yarn crimp) caused before material impregnation
and consolidation. Initial yarn crimp combined with manufacture-induced deformation as fibre
misalignment in interlaced layers may lead to instantaneous and catastrophic compressive failure
[4,5]. Thus, the nature and sequence of failure mechanisms occurring in textile composites during
compressive loading is difficult to observe, and it has not so far been fully elucidated [6].
Lightweight, polymer matrix composites (PMCs) are enabling materials for aircraft which provide a
combination of high stiffness-to-weight ratio, as well as improved corrosion and fatigue resistance.
However, PMCs are expensive to manufacture. Considerable savings could be achieved by using
lower cost composite forming, compression moulding, or other automated fabrication processes. The
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limited formability of continuous fibre PMCs, though, has restricted their use in these automated
manufacturing techniques. Recently the Hexcel Corporation has developed an improved aligned,
discontinuous carbon-fibre system, known as Stretch-Broken Carbon Fibre (SBCF). The unique
advantages of the material lie in its combined properties of improved formability (relative to continuous
fibre-reinforced precursor materials) without the large mechanical performance knock-downs typical of
discontinuous systems (i.e. random short fibre composites). It has also been shown that the
mechanical properties of SBCF are comparable to the continuous form of the same material [7,8]. In
addition, parts made using continuous fibres developed greater surface in-plane shears than those
made with stretch-broken reinforcements [9]. Some studies have concluded that using SBCF material
could allow for a substantial improvement in the production of complex shaped parts, and yield the
benefits of lower-cost composite structure fabrication demonstrated for simpler parts made using
continuous fibres [10,11,12].
The aim of the present work is to investigate the compressive properties of stretch-broken carbon fibre
(SBCF) / polyamide 12 commingled yarns unidirectional composites consolidated by the compression
moulding process.

2. Experimental Procedure
2.1. Material
The materials used in the present study are commingled yarns manufactured by Schappes
Techniques (France). The yarn is composed of nylon matrix and carbon reinforcement. The matrix is a
polyamide 12; this particular matrix formulation was selected on the basis of various criteria such as
viscosity, wetting, adhesion, durability and costs [13]. The properties of the matrix are presented in
Table 1. PA12 is a semi-crystalline thermoplastic polymer with a crystallinity of about 41% for
solidification rates between 1 and 100oC/min. For the commingling stage, the nylon filament comes in
a staple fibre form with an average diameter of 20 µm.

Matrix
polymer

Density
3
(g/cm )

Melt
viscosity*
(Pa. s)

Glass
transition
temp. (Tg)

Melting
point (Tm)

Bending
modulus
(Mpa)

Tensile
modulus
(Mpa)

Table 1. Matrix properties

PA12

1.01

250

42

178

1200

1400

-1

* at low shear rates (>1 sec )

The reinforcement of the composite material is carbon fibre. Schappes Techniques transforms the 5-7
µm diameter continuous carbon filaments into stretch-broken filaments which have an average length
of 80 mm. The discontinuous nature of this reinforcement will allow the filaments to move in relation to
one another when pulled in tension or compression, giving the material formability similar to that of a
metal [14].
The density of the carbon filaments is 1.78 g/cm3. The commingling was undertaken by Schappes
Techniques in France. The process uses the carbon fibres and staple nylon fibres and blends them in
commingled yarns with 6000 carbon filaments (6K).
2.2. Unidirectional laminate manufacture
The yarns used for mould winding are an assembly of two 6K commingled tows wrapped together by a
continuous nylon bundle to maintain the yarn’s integrity [15]. Prior to this assembly, nylon wrapping is
also carried out on each of the two 6K yarns to prevent un-commingling during the preforming
operations. It also reduces the friction of the yarn on other yarns and machine elements in the
preforming and manufacturing operations. The fibre volume fraction including the wrapping is 53%,
and the linear density is 0.84 Nm.
The laminates were manufactured by winding the commingled yarns (SBCF/PA12) unidirectionally,
utilising an aluminium mould. The ranges of laminates were produced with different number of layers;
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6, 8, 10 and 12 layers of the commingled yarns arranged unidirectionally. Every layer has 44
commingled yarns (12K).
2.3. Hot compression moulding
The composite laminate consolidation process using the hot compression moulding was carried out in
an aluminium mould with a rectangular cavity (95 mm × 254 mm) and a 50-ton Wabash press. The
mould is designed for vertical pressure on the yarn layers without constraining the sides of the plate,
allowing the resin to flow out if necessary. The thickness of the top and bottom plates is 22 mm.
Firstly, the composite laminate was heated up to 220oC, which is the desired processing temperature.
Afterwards, 20-bar impregnation pressure was applied for five minutes of consolidation time. Finally,
the composite panels were cooled at a cooling rate of 15oC min-1 to room temperature under the
corresponding impregnation pressure. The processing cycle is shown in Figure 1.

Figure 1. Processing cycle for SBCF/PA12 composites

2.4. Consolidation quality
Evaluating the consolidation quality gives a clear idea of the efficiency of the wetting stage of
manufacturing; it is thus also directly related to the mechanical performance of the composite. The
quality of consolidation process was evaluated by determining the void percentage within a range of
samples using the image processing technique. The image analysis system is linked to a microscope
to measure the void content by means of thresholding. The magnification is 200×, and the void content
determination takes 100 analyses per specimen. Table 2 indicates the average value of consolidation
quality for composites manufactured from different layers, while Figure 2 shows the photomicrography.
It is very noteworthy that the fibre volume fraction of all plates manufactured is around 65%.
Compared to the fibre volume content in the raw commingled yarn, which is 53%, it can be stated that
there is virtually no matrix flow out of the unidirectional preforms, ?even though the configuration of the
mould allowed such outflow. This is explained by the high viscosity of the resin, combined with the
network of fibres constraining the resin flow. Moreover, the void content in all samples is very low
(<1%), which in turn reflects the excellent choice of the consolidation parameters.
Table 2. Consolidation quality

No. of layers
6-layer composite

Fibre
volume
(%)

Matrix
volume
(%)

Void
(%)

66.88

32.7

0.1

8-layer composite

71.20

28.36

0.09

10-layer composite

61.56

37.81

0.27

12-layer composite

63.65

35.66

0.69

http://www.autexrj.org/No3-2007/0252.pdf

168

AUTEX Research Journal, Vol. 7, No3, September 2007 © AUTEX

Figure 2. Photomicrography of SBCF reinforced polyamide 12 composite
(a) cross-sectional view of 6 layers unidirectional
(c) cross-sectional view of 8 layers unidirectional
(e) longitudinal view of 10 layers unidirectional

(b)
(d)
(f)

longitudinal view of 6 layers unidirectional
longitudinal view of 8 layers unidirectional
longitudinal view of 12 layers unidirectional

2.5. Compression test
Ranges of SBCF/PA 12 laminates were produced with different number of layers and thicknesses. An
MTS testing machine was used to make the longitudinal compressive mechanical test according to
standard ASTM D 3410. When performing the compressive test, tabs are essential to protect the test
sample from the grips of the MTS machine. Many tab materials were glued to the test sample with
some sort of adhesive; the results acquired will be directly related to the adhesive’s shearing strength.
Moreover, the grit double-sided sandpaper becomes imbedded into the test sample by the pressure
being applied by the grips, and causes the test sample to fail at the grip where the grit has been
imbedded. The successful compressive tests were performed by using a combination of 3000-series
aluminium sheet and 100-count stainless steel mesh as the tab material; they require no adhesive to
the test sample and are very quick and easy to install, as shown in Figure 3. The test sample is
covered firstly by the stainless steel mesh, and the aluminium sheet is placed on top of the stainless
steel mesh. The stainless steel protects the test sample from being crushed and damaged during the
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compressive testing process. Thanks to these tabs, the test sample fails at its maximum value, and
not due to other parameters. Figure 4 presents the assembled compression test fixture with a sample
size of 140 mm length × 6.5 mm width.
stainless steel mesh

aluminum sheet
test sample

dimension in (mm)

Figure 3. Geometry of the specimens to be tested by compression test
6.5 mm
3 mm

test sample

63 mm

collect grip
tapered sleeve

12.7 mm

63 mm

cylindrical shell

3 mm
63 mm

Figure 4. Assembled compression test fixture

3. Microscopic Observations
3.1. Unidirectional laminate
The optical microscopic images of the SBCF/PA12 unidirectional composite cross-section and
longitudinal views are shown in Figure 2. Good infiltration of the polyamide 12 matrix into the carbon
reinforcement can be observed, favouring the production of laminates with few voids and small resinrich regions.
The typical cross-section of unidirectional stretch-broken carbon fibre composites with an initial fibre
volume fraction of 53%, as analysed by optical microscopy, is shown in Figure 5. Good infiltration of
the polymer into the reinforcement is observed, producing a homogeneous thermoplastic composite
with low porosity.
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Figure 5. Photomicrograph of carbon fibre-reinforced polyamide
12 composite with 53% carbon fibre volume

3.2. Failure mechanisms
The SBCF/PA12 composite material fails in a variety of mechanisms at the fibre/matrix (micro) level.
Micro-level failure mechanisms include fibre fracture, fibre buckling (kinking), fibre splitting, fibre
pullout, fibre/matrix debonding, matrix cracking and radial cracks. At the laminate level, micro-level
mechanisms manifest themselves as lamina failure in the form of transverse cracks in planes parallel
to the fibres, fibre-dominated failures in planes perpendicular to the fibres, and delaminations between
the layers of the laminate.

Figure 6a. Surface layers overstep and pullout effect for SBCF/PA12 composite

Transverse fibre fracture, i.e. breaking a continuous fibre into two or more distinct segments, is the
most catastrophic of failure mechanisms, as fibres are typically the primary load-carrying component.
Fibre failure may be the result of tensile or compressive stresses. Fibre fracture occurs under a tensile
load when the maximum allowable axial tensile stress (or strain) of the fibre is exceeded. Fibre pullout
occurs when the fibre fractures, and is accompanied by fibre/matrix debonding. Matrix cracking occurs
when the strength of the matrix is exceeded. Fibre kinking occurs when the axial compressive stress
causes the fibre to buckle. The critical bucking stress for a fibre embedded in a matrix is a function of
http://www.autexrj.org/No3-2007/0252.pdf

171

AUTEX Research Journal, Vol. 7, No3, September 2007 © AUTEX

the properties of the fibre and the matrix, which provides lateral support to the fibre. Fibre splitting and
radial interface cracks occur when the transverse or hoop stresses in the fibre or interphase region
between the fibre and the matrix reaches its ultimate value.
Different forms of failure mechanisms due to compressive stress for the SBCF/PA 12 composite are
shown in Figures 6a, 6b, and 6c.
An explanation for the SBCF/PA 12 composite’s failure during the compression test could be
developed starting from the assumption that the first failure mechanism is due to the matrix cracking
which takes place at the surface of the specimen and propagates towards the middle level. By
increasing the pressure value, cracks start to spread and propagate into the specimen, while the outer
surface layers will have different levelling and kinks, which in turn allow one side level to overstep the
other side, as shown in Figure 6a.

Figure 6b. Fibre layers kinking and middle layer buckling for SBCF/PA12 composite

Figure 6c. Fibre layers delaminating and middle layer buckling for SBCF/PA12 composite
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A mass of disoriented fibres starts to develop in all directions, as shown in Figure 7. The broken
carbon fibre length facilitates the disorientation because of the relatively short carbon fibre length. This
disorientation creates interlaminar shear forces working to introduce delamination between
reinforcement layers superimposed to kinking and micro-buckling effects, as shown in Figures 6b &
6c.
The pullout effect of fibres was observed in some places. This means that shear stresses along the
fibre/matrix interface are not high enough to cause the fibre failure after the matrix fracture. Further
investigation of damage sources led to the detection of zones which contain broken and crushed fibres
which had undergone some local rotations, while the polyamide matrix around these fibres had
undergone shearing. These zones were detected in 10- and 12-layer samples only, at different
locations close to kinking and delamination areas; Figure 7 shows some of these zones.

a) 10-layer laminate

b) 12-layer laminate

Figure 7. Disorientation of SBCFs during compression due to loading

4. Mechanical Behaviour
Schematic diagrams representing the failure mechanisms at the micro-level for the SBCF/PA12
unidirectional composite are shown in Figure 8. The micro-level failure mechanisms include fibre
fracture, fibre buckling (kinking), fibre splitting, fibre pullout, fibre/matrix debonding, matrix cracking,
and radial cracks. Fibre fracture (Figure 8a) occurs under compression load when the maximum
allowable axial compressive stress (or strain) of the SBCF is exceeded. Fibre pullout (Figure 8b)
occurs when the SBCF fractures, and is accompanied by SBCF/PA12 debonding (Figure 8d).
Matrix cracking (Figure 8c) occurs when the strength of the PA12 is exceeded. Fibre kinking (Figure
8e) takes place when the axial compressive stress causes the SBCF to buckle. The critical buckling
stress for carbon fibre embedded in a polyamide-12 matrix is a function of the properties of the SBCF
and the polyamide-12, which provides lateral support to the carbon fibre. Fibre splitting and radial
interface cracks (Figure 8f) occur when the transverse or hoop stresses in the SBCF or interphase
region between the SBCF and the polyamide-12 reach their ultimate value. At the laminate level,
micro-level mechanisms manifest themselves as lamina failures in the form of transverse cracks in
planes parallel to the SBCF, fibre-dominated failures in planes perpendicular to the SBCF, and
delaminations between the layers of laminate (Figure 8g).
To conclude the sequence of events, it is highly recommended to study failure propagation under
compression at micro-level by using the on-line video zooming technique, which is the next aim of our
research. According to the microscopic observations during this work, the sequence of failure events
for all different layers (6, 8, 10, and 12) starts with matrix cracking, fibre fracture, fibre/matrix debonds
and fibre pullout. In contrast, fibre splitting, kinking, and delamination were only observed in 10- and
12-layer laminates. As concluded in previous research works [7,8,9], SBCFs are comparable to
continuous forms of the same material; both have the same failure mechanisms but differ in values,
which means that the diagram shown in Figure 8 could also be used for continuous carbon fibre
composites subjected to compression moulding.
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a) Fiber Fractures

b) Fiber Pullout

c) Matrix Cracking

Interface
Matrix
Fiber Split

Interface
Crack

d) Fiber/Matrix Debonds

e) Fiber Kinking

f) Radial Interface Cracks and
Fiber Splitting

g) Delamination due to Buckling

Figure 8. Schematic diagram for unidirectional composite micro-level failure mechanisms
at compression

Table 3 indicates the different compressive failure mechanism for each thickness of the laminate.
Table 3. Compressive failure mechanisms at different laminate thicknesses
Failure mechanisms
Laminate
thickness Matrix
Fibre
F/M
Fibre
Fibre
Fibre
(mm)
cracking fracture debonds pullout splitting kinking
9
9
9
9
6-layer laminate
2.30
×
×
No. of layers

8-layer laminate
10-layer
laminate
12-layer
laminate

Delamination
×

2.85

9

9

9

9

×

×

×

3.65

9

9

9

9

9

9

9

4.10

9

9

9

9

9

9

9

As the microscopic observations showed previously, by increasing the laminate thickness, different
failure mechanisms could be seen under compressive stress, as indicated by Figures 6a, 6b and 6c.
Four different failure mechanisms, fibre fracture, fibre pullout, matrix cracking, and fibre/matrix
debonds, appeared at all laminate thicknesses (6, 8, 10, and 12 layers). Three other failure
mechanisms, fibre kinking, fibre splitting, and delamination, are only observed in 10- and 12-layer
laminates. The reason for this will be clarified after explaining the fibre length distribution at failure
points.
The reinforced fibre length at failure points is distributed as shown in Figure 9. Fibre lengths were
measured at a range of 5 samples per laminate (6, 8, 10, and 12 layers) using an image analysis
system linked to a microscope. Each sample has 300 fibres at the same place of failure. The lengths
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have been measured from all sample sizes and classified into length classes, as indicated by the
horizontal axis, while the number of fibres that lies at each class has been counted and presented in
the vertical axis. The average from five samples of each laminate has been calculated for every length
class and plotted, as shown in Figure 9. The graphic analysis indicates that the percentage of short
reinforced fibres at failure point is increased by increasing the laminate thickness as the lateral forces
were increased.
Moreover, the fibre length distribution in Figure 9 shows that the maximum peaks are as follows: 10%
of fibres at a length of 0.04 mm, 11% of fibres at a length of 0.032 mm, 16.5% of fibres at a length of
0.03 mm, and 27% of fibres at a length of 0.022 mm for 6,8,10, and 12 layers respectively. Thus,
increasing the number of layers from 6 resulted in an increase of short fibres by 10% in the case of 8
layers, 70% in the case of 10 layers, and 170% in the case of 12 layers.
Compressive strength was determined from compressive tests carried out on the stretch-broken
carbon fibre SBCF/polyamide-12 commingled yarn unidirectional composite. A comparison was
carried out between the same composite materials manufactured with different reinforcement layers or
laminate thickness (Table 3), as shown in Figure 10. The diagram shows that there are different curve
slopes as a result of using different laminate layers, which in turn affects the modulus of elasticity.
6 Layers laminate

8 Layers laminate

10 Layers laminate

12 Layers laminate

Figure 9. Fibre length distribution of SBCF/PA12 composite at different layers
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Figure 10. Actual compressive behaviour of SBCF/PA12 composite samples
with different numbers of layers

The relation between laminate thickness and compressive properties (strength, maximum strain and
modulus at failure for the SBCF/PA12 unidirectional composite) are presented in Figure 11; each point
represents the average of 10 test results.

Figure 11. The effect of laminate thickness on compressive stress, strain and modulus
for the SBCF/PA12 composite

Figure 12. The effect of fibre volume (after consolidation) on compressive modulus
for the SBCF/PA12 composite
http://www.autexrj.org/No3-2007/0252.pdf
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As shown, by increasing the laminate’s thickness, the compressive strength is decreased while the
strain is increased. In addition, the relationship between the modulus of elasticity and the laminate’s
thickness shows that increasing thickness results in a reduction of the elastic modulus. The elastic
modulus increased with the overall fibre volume fraction, as shown in Figure 12.
The graphic analysis indicates that increasing the laminate thickness from 6 to 8 layers reduced the
compressive stress by 5.79%, increased the compressive strain by 1.38% and decreasing the
modulus by 7.34%. In addition, increasing laminate thickness from 8 to 10 layers reduced the
compressive stress by 1.01%, increased the compressive strain by 0.34% and decreased the modulus
by 0.76%. Moreover, increasing the laminate thickness from 10 to 12 layers decreased the
compressive stress by 1.04%, increased the compressive strain by 0.56% and decreased the modulus
by 2.18%.
The statistical analysis were carried out by using a special software program called STATISTICA® to
present and analyse the data with the ANOVA method. The analysis shows (Table 4) that increasing
the laminate thickness affected all the properties (stress, strain and modulus) significantly.
Table 4. Statistical analysis (ANOVA) for the effect of laminate thickness
on stress, strain and modulus at compression
Effect of laminate thickness
on compressive properties:

p-level

1

Compressive stress

0.003532

2

Compressive strain

0.034017

3

Compressive modulus

0.01036

Conclusion
A detailed study of the compressive properties of the SBCF/PA12 commingled unidirectional
thermoplastic composites by means of the hot compression moulding process has been presented in
this paper.
It is very noteworthy that during consolidation, the fibre volume fraction of the manufactured plates is
higher than 53% (see Table 2) which ?[contained in the raw commingled yarn,] virtually no
unidirectional matrix flow-out occurred. In addition, the void content at all plates was very low (<1%),
which in turn reflects the excellent choice of consolidation parameters (220oC, 20 bar, 5 min, and
15oC/min). The photomicrography of the different samples’ thicknesses was analysed and indicates
the good infiltration of PA12 into the SBCF reinforcement.
The compressive mechanical test was carried out according to standard ASTM D3410 by using a
combination of 3000-series aluminium sheet and 100-count stainless steel mesh as tab material.
Different forms of failure mechanisms due to compressive stress were observed microscopically and
simulated schematically for different thicknesses (6, 8, 10, and 12-layer laminates). The micro-level
analysis shows that the failure mechanisms include fibre fracture, fibre buckling, fibre splitting, fibre
pullout, fibre/matrix debonding, matrix cracking and delamination. The analysis showed that by
increasing the laminate thickness, different failure mechanisms could be developed under
compressive stress. Four different failure mechanisms, fibre fracture, fibre pullout, matrix cracking,
and fibre/matrix debonds, were shown at all laminate thicknesses (6, 8, 10, and 12 layers) while three
other failure mechanisms, fibre kinking, fibre splitting and delamination, were only observed in 10- and
12-layer laminates.
Fibre length distribution curves have been developed for different laminate thicknesses in a
remarkable manner. They indicate that the short-fibre content at the failure point is increased by
increasing the laminate thickness. The maximum peaks are as follows: 10% of fibres at a length of
0.04 mm, 11% of fibres at a length of 0.032 mm, 16.5% of fibres at a length of 0.03 mm, and 27% of
fibres at a length of 0.022 mm for 6,8,10, and 12 Layers respectively. Thus, increasing the number of
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layers from 6 resulted in an increase of short fibres by 10% in the case of 8 layers, by 70% in the case
of 10 layers, and 170% in the case of 12 layers.
The compressive behaviour of the SBCF/PA12 composite has been analysed by using the actual
force-displacement and stress-strain curves for different laminate thicknesses. It shows that there are
different curve slopes as a result of using different laminate layers, which in turn affects the modulus of
elasticity.
The paper also studied the effect of laminate thickness on the compressive properties of SBCF/PA12
unidirectional composites; it was demonstrated that by increasing the laminate thickness the
compressive stress is decreased while the strain is increased. In addition, the relationship between the
modulus of elasticity and thickness of laminate shows that increasing thickness results in reducing the
elastic modulus. The elastic modulus increased with overall fibre volume fraction.
Statistical analysis has been carried out to emphasise the significant effect of increasing the laminate
thickness on compressive properties.
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