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Flexural response of polypropylene/E-glass fibre reinforced
unidirectional composites.

Michael 1. Okereke*

Department of Engineering Science, University of Greenwich, Kent, United Kingdom

Abstract

This paper presents a study of the flexural response of continuous E-glass fibre reinforced
polypropylene composites. Experiments were designed to investigate monotonic and cyclic
flexural response using three point bending test for laminates with different angle-ply and
cross-ply arrangements. Results show that the monotonic and cyclic flexural response of the
composites are influenced by the plastic deformation of the matrix. The study observed that
increasing numbers of cyclic loads led to significant energy dissipation, stiffness reduction
and micro-damage accumulation within the composite and especially at the matrix-fibre
interface. Significant energy dissipation and damage were observed to dominate the first
load-unload cycle. With subsequent cycles, the magnitude of energy dissipation and global
damage reduces to a threshold value which is cycle independent. This study has also devel-
oped a phenomenological model to predict the dependence of energy dissipation with number
of cycles. The experimental data generated here will be useful in the development of holistic
macroscale constitutive models and finite element studies of the chosen test composite.

Keywords: A. Polymer Matrix Composites, A. PlytronTM, B. Three Point Bending, B.
Cyclic Flexural Response

1. Introduction

In automotive and aerospace industries, the use of thermoplastics as matrix systems of
fibre reinforced composites has continued to grow steadily. This is largely due to the ma-
terials’ recyclability and ability to be processed rapidly. Higher strength-to-weight ratios,
better chemical and impact resistance, improved fracture toughness over thermosets and
enhanced fatigue strength are some other reasons why thermoplastic composites are becom-
ing the material of choice for replacing traditional materials as steel, aluminum, wood, etc
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[1-4]. Ome particularly promising type of thermoplastic composites is cost-effective, con-
tinuous E-glass fibre reinforced polypropylene-matrix composites. These have potential as
thermoformable automotive body parts [5, 6], and have attracted attention for example as
possible components of composite integral body armours [7, 8], and of fibre-metal laminate
sandwich structures designed for ballistic protection [9-11].

Although the use of thermoplastic composites is growing steadily, its application in struc-
tural components is inhibited by limited set of reliable experimental data about their me-
chanical response, especially the cyclic flexural response [12, 13]. Bending collapse of vehicles
is a dominant failure mode experienced during oblique or side collisions of vehicles hence
the interest in them in this paper [14]. In order to encourage the widespread adoption
of thermoplastic matrix composites in different engineering applications, it is essential to
widen the current understanding of their mechanical response. This demands research on
both experimental investigations and numerical modelling of these composites. This work
aims to generate experimental data on monotonic and cyclic flexural response of a contin-
uous E-glass fibre reinforced polypropylene matrix composites marketed by the trade name
Plytron'  [15, 16]. The interest in Plytron' stems from the fact that it is widely used in
automotive parts and has an unusually high volume fraction of matrix (i.e. 65%) compared
with other thermoplastic composites.

A few authors have carried out experiments on polypropylene-based composites and such
studies were focussed on the effect of processing histories on the mechanical performance
of the test materials. Al-Zubaidy and co-workers [17] investigated the tensile and shear
properties of orthotropic glass-polypropylene composites made under different processing
conditions and found that crossply laminates had excellent tensile and shear properties
with interlaminar shear strength (ILSS) being 2.5 times the ILSS of other thermoplastics
composites made using the same processing history. Al-Zubaidys work also showed that
PlytronTM had comparatively higher fracture toughness compared to similar composites and
this was attributed to the high coupling between the fibre and the matrix components.

Data obtained from impact studies of commingled E-glass fibre polypropylene compo-
sites by Santulli and co-workers [18] were compared with those of Plytron’  and the authors
reported better mechanical properties of PlytronTM than similar polypropylene-based com-
posites. In particular, the flexural response of PlytronTM was comparable to the properties of
the more aligned 4:1 weave Twintex  composite. This observation was attributed to both
the non-crimped form of the fibre reinforcement as well as improved impregnation achieved in
Plytron' " composites. These excellent properties of make Plytron'  an interesting material
to study.

As well as Al-Zubaidy’s [17] and Santulli’s [18] works, another study by Rijsdijk and
co-workers [19] assessed the role of interphase modification on the mechanical response of
polypropylene-based composites. The work concluded that any modifications affected sig-
nificantly those composite properties that depend on the interphase, like transverse, shear
and compressive strength. Thomason and colleagues [20, 21] confirmed this by carrying out
a single-fibre pullout test on composites modified using different interface coatings. The
flexural strength of the glass fibre/polypropylene composite was found to vary by a factor
of two depending on the type of glass fibre coating used.

Most recently, Hagstrand and co-workers [22] investigated the effect of percentage void
volume fraction to the mechanical behaviour of commingled E-glass fibre polypropylene-
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matrix composites. They hoped that by optimizing manufacturing techniques to minimize
formation of voids, composites of improved mechanical responses could be obtained. The
authors found the presence of voids had negative effects on the flexural modulus and strength
except surprisingly the flexural rigidity, EI which was found to increase by 2% with each 1%
increase in percentage void volume fraction. It was thought that the presence of voids led
to increase in dimensions of tested specimen hence increasing the moment of inertia.

Simeoli and colleagues [23] reported that changes to the interface strength of PP /E-glass
fibre laminates affected their low velocity impact behaviour. By incorporating a compatibi-
lizer, the authors found that the flexural modulus and the strength of the composite were
significantly increased. The authors observed that interface failure occurred at low strains
for non-compatibilizer-strengthened composites. The authors explained that the failure re-
sulted from large energy dissipation occurring at the polymer/fibre matrix. This conclusion
was confirmed using what they described as locked-in thermographic analysis of the tested
specimen [24].

This short review into mechanical (especially flexural) response of PP /E-glass fibre com-
posites highlights the sustained research interest in such composites but most significantly
shows the importance of accumulating more experimental data on thermoplastic composites
with dominant matrix composition as Plytron' . The development of micromechanical and
macroscale constitutive models of thermoplastic composites will benefit immensely from re-
liable experimental data generated through uniaxial, flexural, shear and fatigue testing of
such composites. Motivated by this need, this paper presents experimental data on a series
of experiments carried out with specific focus of understanding the monotonic and short
cycle flexural behaviour of continuous E-glass fibre polypropylene matrix composite.

2. Test material

2.1. PlytmnTM : a continuous polypropylene/E-glass fibre composite

The test material under investigation is continuous polypropylene/E-glass fibre reinforced
composite. PlytronTM is the registered trademark for this continuous unidirectional glass
fibre reinforced polypropylene composite made by a Swiss company called Gurit Suprem
but now trades as Gurit. It is a 100% consolidated, thermoplastic composite which is
commercially available as prepreg tapes of 300 mm wide, 0.25 - 0.28 mm thick and roll
length of 400 m. The reinforcement is obtained with continuous unidirectional glass fibres
with a weight ratio of 60-wt% (or 35-vol% fibre)[15, 16]. The matrix phase is a blend of
standard polypropylene and 5% master-batch compound. The master-batch contains carbon
black among other proprietary ingredients, hence giving the composite a black appearance.
Plytron is commonly used in the automobile industries. Table 1 gives the manufacturer’s
data for typical mechanical properties of PlytronTM based on experiments performed on
unidirectional and symmetric cross-ply laminates.!

2.2. Manufacture of test material
Composite laminates were prepared from PlytronTM prepreg tapes through compression
moulding in a heated press. In preparing test specimens, plies of dimensions of 140 x 140

!The n in [0,] and [(0/90),]s within Table 1 represents the number of plies and takes values ranging
from 5 - 12, whilst s represents symmetric.
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Table 1: Physical and Mechanical Properties of PlytronTM [15, 16].

Properties | Units | [0,] | [(0/90).]s
Density, p g/cm?® | 1.48 1.48
Fibre Content gew% 60

vol% 35
Tensile Strength, X, MPa 680 360
Tensile Modulus, F,, GPa 22.5 16
Elongation at break, €f % 2.1 2.5
Flexural Strength, oy e MPa 570 350
Flexural Modulus, F GPa 22 16.5
Thermal Expansion Coefficient,ar | pm/mK | 7 20

mm were cut from the reel of prepreg tapes. The plies were then arranged according to
a desired stacking sequence and placed inside a picture-frame mould specially designed for
the moulding of test specimens. A PTFE spray was applied onto the inside lid and inside
base plates of the mould to help in easy removal of the laminates after moulding. Each
moulding was made under the optimal processing conditions of: (a) temperature of heated
press platens: 22° — 250° C, (b) pressure applied on top and bottom of the mould: 1.5 - 2.0
MPa, (c¢) number of plies per laminate: 12 plies (for a laminate of thickness 3.0mm), and
(d) processing cycle: 25 mins (comprising 10 mins heating up, 5 minutes dwell time and
10 mins cooling period). Typical heating and cooling rates were 15° C/min and 20° C/min
respectively. Successive loading and unloading cycles, over 30-second intervals from start of
heating, were applied to ensure that any trapped air pockets that would cause voiding were
forced out. The mould was cooled from the set platen temperature to room temperature by
water cooling of the heated platens.

2.8. Microscopy of test composite

The microstructure of the manufactured test material was assessed using optical and
scanning electron microscopy studies. These studies were carried out to explore the nature
of the interaction/bonding between the matrix and the glass fibre reinforcement and also
check for the absence of voids in order to ensure the suitability of the test specimens for
flexural tests. The laminates under investigation have a unidirectional layup. They were
cut into specimens of dimensions of 10 x 10 mm? using a band-saw with fine blades. The

and polished for between 40-60 mins using Kemet
self-adhesive cloths diamond compound of grade 6-KD-C2 and a lubricating fluid. Once
satisfactory polishing was achieved, the test specimens were imaged in an Alicona Infinite
Focus profilometer set in 2D imaging mode. Micrographs were obtained in the through-
thickness section of the test materials. This assessment reveals that the microstructure of
PlytronTM consists of clearly defined regions of matrix-rich and fibre-rich zones (see Figures
1(a) to 1(c)) - typical of laminated composites.
to obtain micrographs demonstrating excellent bonding between the matrix and fibre as
shown in Figure 1(d). This confirms that the laminate making process achieved high level
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of consolidation. In all the assessed micrographs, voiding was very minimal.

ogd Oy
,és:‘.!

Matrix-rich region

Figure 1: Optical micrographs of a typical test specimen showing: (a) banded arrangement of fibre (grey
circles) within the matrix (black region); (b) random arrangement of fibres within fibre-rich zone (A); and
(¢) limited distribution of fibres within matrix-rich zone (B); as well as (d) zoomed-in view of two individual
fibres: showing good fibre-matrix consolidation, and absence of voids.

3. Experimental test setup and specimen design

Compression moulded laminates with different fibre orientations were cut into beam spec-
imens and tested by three-point bending test. Symmetric laminates of stacking sequences
were studied where 6 = 0°,15°,30°,45°,60°, 75°, and 90° and n = 5. Also, cross-ply speci-
mens of stacking sequence [(0/90);]s were also tested. Figure 2 shows the geometry of three
point bending test specimens.

According to the ISO 14125:1998 test standard for flexural test of fibre-reinforced plastic
composites, the dimension of the test specimen was chosen as 70 x 20 x 2.8 mm?. All tests
were carried out using an Instron Series IX Automated Materials Testing System 4204. A
three-point bending test rig, shown in Figure 3, was fitted to the Instron machine such
that when tensile load is applied on the end supports of the test specimen, the specimen
responds in bending around a mid-span fulcrum support of radius 2.5 mm. Flexural forces

b}
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Figure 2: Design of a three-point bending test specimen.

were measured using a 5 kN load cell while the deflection of the beam was measured by
crosshead displacement. Tests were carried at crosshead speed of 5 mm/min.

05P 05P

Deformed P

/ specimen | P b

*a0net
oL

Original
~—R=25mm specimen

Span, S

Figure 3: Schematic representation of a three-point bending test rig highlighting the test specimen and
loading arrangement that enforces the bending response of the test material.

4. Test Results

4.1. Monotonic flexural tests

The flexural response of PlytronTM is presented in plots of Force, F' [N] against mid-span
deflection of the beam, § [mm]. The maximum flexural force, F,,,, is identified as the peak
force on the flexural force-deflection plot. Figures /(a) - 4(h) show plots of flexural responses
of Plytron" " laminates for fibre orientations from 0° to 90°. The 0° test specimens refer to
unidirectional composites where the fibre-axis aligns with the longitudinal neutral axis of
the test specimen. The plot for the 0° laminates was dominated by the linear elasticity of
the fibre, as shown in Figure 4(a). Similarly, the flexural response of 90° test specimens was
determined transverse to the fibre’s longitudinal direction. In this later case, the flexural
response was dominated by the nonlinear viscoelasticity of the matrix, as shown in Figure
4(f). Also, three-point bending tests were carried out on cross-ply laminates and the result
is shown in Figure /(g). The comparison showing the full range of the monotonic flexural
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150 response of this class of composite is shown in Figure 4(h) which shows the dependence of
151 the composite flexural response with fibre orientations. These results show, as expected that
12 the flexural response of the thermoplastic matrix composite was linear elastic till yield for
153 fibre-dominated directions (i.e. for fibre orientation, § = 0°,15° and [(0/90)5]s) while for the
152 other fibre orientations, the plasticity of the matrix dominated the flexural response.
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Figure 4: Monotonic flexural response of Plytron’  laminates for the following stacking sequences: (a) [010],

(b) [(£15)5]s, (¢) [(£45)5]s, (d) [(£60)5]s, (e) [(£75)5]s, (f) [9010], (g) [(0/90)5]s, (h) comparison of all fibre
orientations.

155 4.2. Short cycle flexural tests

156 The aim here was to investigate the flexural response of PlytronTM under short cycle
157 loading. Similar specimen design and test rig used in the previous section were used in these
153 tests. The test specimens were tested in the Instron Machine in displacement-control mode.
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A limiting deflection, Oy (herein referred to as cyclic deflection limit (CDL)), was chosen
such that deflection does not exceed 80% of the flexural peak load (i.e. Oymi < 80%) for
each laminate under consideration. This ., also ensures that the loading regime exceeds
the elastic limit of the laminates but not approach the unstable region of onset of failure.
As a result, it was possible to investigate as reported in Section 5.4, the accumulation of
microscopic damage until eventual failure.

All test specimens were subject to cyclic loads of up to 5 cycles and typical force-deflection
plots for a cross-ply and four angle-ply laminates are shown in Figure 5(a) - 5(e). Only 5
cycles were chosen as this study was aimed at short cycle fatigue. Traditionally, during
fatigue tests, tests specimens are subjected to hundreds of thousands of cycles, in order
to assess the cyclic response of the test material. For the purpose of this work, it has
been observed, and reported later in Section 5.3 that after the first three - five cycles, the
composite experiences a cycle independent energy dissipation which is the same irrespective
of increasing number of cycles. As a result, this work has focussed on the short cycle fatigue
of the test composite - in the region within which significant changes in the mechanical
response of the composite - is observed.
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Figure 5: Short cycle flexural response of PlytronTM laminates for the following stacking sequences: (a)
cross-ply [(0/90)5]s; angle-plies: (b) [(£30)s5]s, (¢) [(£45)s5]s, (d) [(£60)5]s, and (e) [(£75)5]s laminates.

5. Discussions

5.1. The mechanics of the composite’s flexural response

At very small deflections, § < ¢t where t = thickness, the principles of classical lamina-
tion theory [25, 26] can be applied to the analysis of the linear elastic flexural response of
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the symmetric laminates tested here. Consider a simply supported rectangular plate of di-
mensions: length, L, width, b and thickness, ¢ subjected to bending. The moment-curvature
relationship [25] of a laminated composite plate is:

Mx(t) Dll(t) Dlg(t) Dlﬁ(t) :‘ix(t)
My(t) | = | Dia(t) Daa(t) Dal(t) Ky(t) | - (1)
M,y (t) Dig(t) Das(t) Des(t) Kay(t)

Here, M,(t) is a rate-dependent bending moment per unit width of the beam about
the plane containing the bar axis; D;;(t) is rate-dependent laminate bending stiffness, for
i,7 = 1,2,6 and k,(t) is the resulting rate-dependent curvature about the x-axis. For
ease of writing, the rate-dependence is assumed and not explicitly written, hence M,(t) is
written as simply M, as well as flexural stress, o(t) becomes 0. In a pure bending test,
Ky = Kgy = 0. Therefore, the moment-curvature expression - based on Equation 1 - for
analysing the three-point bending tests becomes:

bD
M:): = Hlel = M = b/{/xDll — 117 (2)

P

where b = width of beam, M = total bending moment, and radius of curvature, p, = r .

For a simply supported composite beam of span, L subjected to a three-point bending by a
concentrated force, F' - imposed on the middle of the beam, the expression of the force per
unit deflection is:

F 48EI L3 (F
£ _48El El="(%) =Dy
5L ¢ 48(5) " 3)

According to simple beam theory, M, = k,FEI, which implies that the expression for
the D1y element of the bending stiffness matrix, D of the composite becomes equation 3.
The expressions for calculating the flexural strength, o,,,, and flexural modulus, E of the
PlytronTM laminates are given in Fquation 4 . For calculating the strength and flexural
modulus of the test composite, the x-axis moment of inertia for a rectangular cross-section
beam is [, = % and the following equation was used:

PL 1 (L\°F
Strength : 00 = 3 ( >

DR and Flexural Modulus : E; = AT IS (4)

A MATLAB script called LamPower was created based on the principles of the com-
monly used classical lamination theories|25] namely: rule of mixtures, Halpin-Tsai equations,
Spencer’s square array model as well as simplified micromechanics equations of Chamis[27].
Also, the much recently published closed-form micromechanics equations herein called Morais’
self-consistent model[28] was also implemented within LamPower. The script was used to
generate the D-matrix for a given laminated stacking sequence, having specified the elastic
properties and volume fractions of the constituents as well as the ply size and the stacking
sequence of the laminates. The output from LamPower was used to derive predicted flexural
modulus used in the next section.
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5.2. Comparison of experiments with laminate theory predictions

The objective here is to compare experimentally determined laminate bending stiffness
of PlytronTM with predictions based on the classical laminate theory established in Section
5.1 above. In the expression for Dy; in Equation 3, the term £ (unit = [N/mm]) is the
slope (for § < t) of the force-deflection plots of Figure 4. Using the deflection of § = 0.5
mm and the Modulus expression of Fquation 4, Figure 4 data were used to determine the
laminate bending stiffness for all six fibre orientations. The properties of the fibre and
matrix constituents, given in Table 2, were used to determine the D;; term of the D-
matrix. Predicted values of the bending stiffness were determined using the LamPower

implementation of the classical laminate theory.

Table 2: Typical room temperature pTroperties of E-glass fibre reinforcement and isotropic semicrystalline
polypropylene matrix used in Plytron

Property Fibre | Matrix | Units
Density, p 2600 900 | kg/m?
Young’s Modulus, £ 73 1.308 | GPa
Tensile Strength, X | 2250 40 MPa
Shear Modulus, G 31 0.46 GPa

In determining the predicted values, the size of each laminate ply was found to be
0.25+0.002 mm. This was calculated from the plot of number of plies, N used per laminate
against thickness, t of the laminate. Six mouldings of different thicknesses ranging from
t = 2.5 mm tot = 10 mm were used. The ply size: 0.25 4+ 0.002 mm, was determined
by substituting N = 1 (for one ply) into the linear function of plot of number of plies per
laminate versus laminate thickness. Figure 6 shows the comparison of the experimental and
predicted variation of the laminate flexural modulus, £y with ply orientation, 8. The results
in Figure 6 show a good agreement, within experimental error, between the experimental
and predicted E values for all fibre orientations based on the Morais self-consistent model
[28]. According to this result, the Spencer’s square array model[25] and Chamis’ simplified
micromechanics model[27] established upper and lower bounds to the E; values.

5.3. Quantifying the energy dissipation for cyclic flexural response

The stress-strain cyclic profile following a uniaxial fatigue test gives a measure of the
stiffness degradation or energy dissipation experienced by a test material. Similarly, the
force-deflection plot of a three-point bending tests as reported here can give information
of degradation of stiffness or energy dissipation as the uniaxial tests [29-31]. In order to
quantify the cyclic flexural response, let us define an energy dissipation factor, (4 as in
Equation b:

Eun oadin
Energy dissipation factor, (y =1 — —uroading (5)
Eloading

where Ejouging is the strain energy of the loading curve segment whilst Fypioading 1S the
strain energy of the unloading curve segment. These strain energies were determined as the

10
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Figure 6: Comparison of experimental and predicted flexural modulus, Ey. The prediction was based on
selected composite lamination theories. Note: The error bars was determined by calculating the standard
deviation of the slope of the force-displacement plots for all the tested specimens per given fibre orientation

areas under the appropriate curve segment. The areas were calculated numerically using the
trapezoidal rule. For the three-point bending test, the (; parameter represents a quantitative
measure the energy dissipation following successive cyclic loading of the the material[29].

Consider the cyclic flexural response of [(£45)5)]s Plytron’ " laminate, the test specimen
was subjected to 5 cycles of flexural loading as shown in Figure 7(a) . The short cycle
flexural response the Plytron " laminates shown in Figure 7(b) indicates that at the end
of the unloading curve, the laminate does not return to zero deflection but there exists a
residual deflection. For the first cycle of the [(£45)s], Plytron'  laminate, the residual
deflection was 2.1 mm and by the fifth cycle, this has reduced 0.32 mm. Similarly, the area
under the load-unload curves evolves from 504 N-mm to 147 N-mm.

It is customary to represent (; as a percentage, thus providing a measure of energy
dissipation between successive cycles. Using the cyclic plots of Figure 5 and Fquation 5,
the plots of energy dissipation factor, (; against number of cycles, N for both angle-ply and
cross-ply laminates are shown in Figure 8. The plot of Figure 8 shows that for increasing
angle, # between the fibre and the main axis of bending, the percentage energy dissipation
factor, (4 increases. Cross-ply laminates show very small energy dissipation compared with
the angle-ply laminates.

The data in Figure 8 shows the most significant energy loss occurred between the first
two cycles. For example, for the [(£75)5]; laminates, the percentage change in energy
dissipation A{y = 70% — 46% = 24% whilst for the [(0/90)s5]s laminates, A(; = 3%. The
cyclic flexural response of the test composite indicates significant energy dissipation in those
laminate arrangements that experience significant plastic deformation. Therefore, structural
applications requiring significant energy absorption in the first loading cycle can be made
based on the test material with the [(£45)5],] laminate arrangement.
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Figure 8: Plots of energy dissipation for all the tested composites. Note: Solid trend lines indicate model
predictions while markers are experimental data.

To quantify mathematically the dependence of percentage energy dissipation factor, (4
with number of cycles, N, this study established that the numerical fit of the experimental
data of Figure 8 can be expressed by the power law:

o= AN+ Cao (6)

where (4 = energy dissipation factor, N= number of cycles, (50 = threshold energy
dissipation factor and finally A,b are material constants. Typical values of A, b and (g0 for
the laminates arrangements tested here are shown in Table 3.

Equation 3 represents a phenomenological model for characterizing the short cycle flexu-
ral response of PlytronTM laminates. The A-parameter is a measure of first-cycle percentage
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Table 3: Typical values of maTtﬁrial constants for the energy dissipation function associated with short cycle
flexural behaviour of Plytron ~ laminates.

Stacking Sequence | A | b | (40
[(0/90)5], 520 15
[(£30)5]5 15| -2.0 | 26
[(£45)s], 231 -2.0| 35
[(£60)s], 23| -2.0 | 36
[(£75)s), 30 [-2.0 | 40

change in energy dissipation. The A-parameter is high for laminate arrangements that show
dominant plastic deformation (e.g. the [(£75)5]s; and [(£60)s], angle-ply laminates). The
Cao-parameter is a measure of the energy dissipation of the test material that remains con-
stant with increasing number of cycles. Kar and co-workers [31] reported similar observation
for the bending fatigue of hybrid composites.

5.4. Damage accumulation in cyclic flexural response

With increasing number of cyclic loadings, the mechanical properties of composite ma-
terials degrade progressively. The global damage caused by the cyclic flexural loading of
the test composite can be measured effectively by measuring the stiffness degradation of the
material [31-33]. An objective measure of this degradation is the global damage index, D
which can be defined as:

D:[ 1 EDn } (1)

(E1):

where (ET), is the cyclic flexural rigidity after the n —th cycle, and (ET); is the flexural
rigidity after the first cycle for the tested cyclic deflection level, §;;,,::. These flexural moduli
are related to a chosen dy;,,;; and should be differentiated from statically determined flexural
modulus, (ET)y which is a reference value for monotonic flexural test deformed till failure
of the test material. Several microscopic damage mechanisms are assumed to contribute to
the D. For the thermoplastic matrix composites under investigation, these damage/failure
mechanisms are usually matrix-dominated and can include: matrix cracking (or more gen-
erally inter-fibre failure), fibre-matrix debonding, ply delamination, fibre rupture and finally
fibre kinking[34]. Kar and co-workers [31] observed that with subsequent cycles, the micro-
scopic damage continues to localize especially in the matrix and matrix-interphase phases
until eventual failure occurs. The final flexural rigidity at failure, (E1)y is calculated at the
last loading cycle before eventual failure. This will yield a GDI value of D defined as global
damage index at failure of the test material.

Combining Fquation 3 and the cyclic flexural data of Figure 5, the flexural rigidity, E1
for each loading cycle was determined. These EI's were then used with Equation 7 to
calculate the associated global damage index, D for the last n — th cycle (representative of
accumulated damage). The plot of the percentage global damage indez, D against the tested
laminate arrangements is shown in Figure 9.
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The result shown in Figure 9 shows that damage accumulation was the most in the
[(£75)5]s laminates and the least in the [(£60);]s laminates. The high damage accumula-
tion seen in the [(£75)s5]s indicates that for same cyclic deflection level (CDL), 6y, more
microscopic damage occur than in say the [(£60)s5]s laminates. Gamstedt and Talreja [35]
investigated the fatigue damage mechanisms in unidirectional carbon-reinforced composites
with thermoset and thermoplastic matrices. The study showed the fatigue damage is a
cumulative effect of microscopic damage of the matrix and was particularly pronounced
in the thermoplastic (PEEK) matrix composites. These microscopic damages comprise of
widespread propagating debonds and matrix cracks. The authors did not assess the effect
of changing fibre orientation on the evolution of these microscopic damage. This evidence,
amongst several others, support the claim in this work that the observed damage accumula-
tion as shown in Figure 9 is a consequence of progressively accumulating microscopic failure
mechanisms

6. Conclusions

The paper reports on the monotonic and cyclic flexural response of continuous E-glass
fibre reinforced polypropylene composites (marketed as PlytronTM ). By changing the ori-
entation, 6 of the fibre to the main bending axis, the flexural response of the laminates
changed from a linear elasticity dominant response until damage to a plasticity-dominant
response. Therefore, the effect of the matrix is significant in understanding the flexural
response of this type of thermoplastic matrix composite. Experimentally-derived flexural
modulus of all tested laminates were found to agree with predictions of the same based on
classical lamination theories.

Similarly, short cycle flexural response of Plytron' " was investigated for five stacking
sequences of the laminates. The study also developed a phenomenological model that de-
scribes the dependence of energy dissipation with number of cycles. The study observed
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that for all tested laminates, the largest energy dissipation occurred after the first cycle
and thereafter, the energy dissipation converges quickly to a cycle-independent energy dis-
sipation value which is a material constant. This cycle-independent energy dissipation is
thought to be a saturated damaged state (or maximum energy-dissipation) within the test
material. The size of initial and saturated energy dissipation increases as the angle of fibre
orientation relative to the main bending axis increases too.

In conclusion, the flexural response of continuous E-glass fibre reinforced polypropylene
composites has been studied experimentally. It is concluded here that the plastic deforma-
tion of the matrix contributes significantly to the flexural response. To encourage wider
application of this type of material in structural designs, it is imperative that a constitutive
model need to be developed. On evidence from this work, such model development must
consider the contribution of a robust matrix model towards the accurate prediction of the
mechanical response of PlytronTM . The experimental data presented here and the associ-
ated phenomenological models will help in the micro-mechanical modelling for the class of
thermoplastic matrix composites as Plytron' = with a comparatively higher matrix volume
fraction.
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