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ARTICLE INFO ABSTRACT

This study presents a finite element-based micromechanical analysis of woven single polymer composites
(WSPC), prepared by compression molding from polyamide 6 (PA6) woven fabrics powder-coated with PA6
microparticles. Initially, the PA6 microparticles (MP) were synthesized by solution/precipitation activated an-
ionic ring-opening polymerization of e-caprolactam. After the powder coating, the MP fraction upon each textile
ply was transformed into the continuous PA6 matrix by hot pressing at a temperature lower than the melting of
the PAG6 textile reinforcements. Plain and satin PA6 woven fabrics were selected as reinforcements that were
stretched and annealed prior to molding so as to enhance their mechanical performance. The tensile and Izod
impact properties of WSPC were characterized in relation to the reinforcement architecture, fiber content and
ply orientation. Finite element analysis was used for a parametric study of woven reinforcements and to correlate
the deformation and stress distribution of the structures with the tensile failure of the composites. Moreover, to
assess the interfacial matrix-reinforcements bonding state, a study of the surfaces fracture, obtained by SEM
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topography, using image processing was performed.

1. Introduction

Single polymer composites (SPC) are novel promising composite
materials wherein reinforcements are of the same polymer from which
the matrix is made [1]. In SPC, the adhesion between the matrix and
reinforcements is increased due to the possibility of non-covalent or
even covalent bonding across the interface leading to a better stress
transfer in such composites [2]. The key benefit of SPC is their full
recyclability by reprocessing [3], which attracts the interest of high-
value industrial sectors. To produce most SPC types, melt-processing
techniques are frequently used, such as powder impregnation, hot
compaction, partial melting, film-stacking or co-extrusion [4-8]. A ty-
pical drawback of these methods is the narrow processing window,
resulting in partial melting and loss of orientation of the reinforce-
ments, unavoidably leading to insufficient mechanical properties [2].
There are various studies dealing with the tensile properties and
widening the processing window of polyamide 6 (PA6)-based SPC
[7,9-11].

The influence of the reinforcement structural parameters, such as
the geometry of textile fabric, crimp ratio, and aspect ratio, on the
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mechanical properties of composite materials have long taken the at-
tention of many researchers [12-21]. However, the interconnection
between reinforcement’s geometrical parameters and mechanical
properties of woven reinforced PA6-based SPC and precursors have not
yet been investigated.

The influence of crimp in woven reinforcements on the longitudinal
stiffness of carbon fiber composite was studied by Stig and Hallstrom
[22]. Their results revealed that the influence of crimp on the long-
itudinal stiffness is substantial and the stiffness decreases non-linearly
with increasing crimp. Potluri et al. [23] investigated the effect of the
crimp ratio of woven fabrics on the tensile stiffness and strength of
plain-woven glass/polyester composite material. They found out that
the crimp interchange takes place in the direction of the loading. The
crimp value decreases in the loading direction and increases in the
transverse direction whenever the tensile loads are applied uniaxially.

Xu et al. [20] investigated the influence of plain and interlock
woven reinforcements’ geometry on the damping (vibrational response)
of fiberglass-based composites. They found out the strong influence of
woven structure, fiber volume fraction and resin-rich on the perfor-
mance of the composites in vibration. Houshyar et al. [21] studied the
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effect of woven architectures on the mechanical moduli of single-la-
mina polypropylene—ethylene random copolymer-based composites.
Their results depicted that the plain weave composites exhibited sto-
rage moduli about four times higher than those reinforced with satin
structures, which was in accordance with the better viscous behavior
and impact resistance of the former.

This study is focused on the relation between mechanical perfor-
mance and the geometry of plain and satin woven reinforcements in
polyamide 6 based single polymer composites (WSPC). To produce the
WSPC, all textile plies were powder-coated by PA6 microparticles (MP),
previously synthesized via activated anionic ring opening polymeriza-
tion (AAROP) of e-caprolactam (ECL) in suspension and consolidated
under the optimized regime. This production procedure is denominated
by PCCM (powder coating-compression molding). The overall tensile
and Izod impact properties of these WSPC were studied as a function of
the woven architecture, ply orientation and fiber volume fraction. To
connect the effect of woven reinforcement geometry, with the overall
tensile properties of WSPC, a three-dimension real size models of woven
reinforcements were simulated and mechanically analyzed using finite
element analysis. The bonding state at the reinforcement/matrix in-
terface was analyzed using image processing techniques and then re-
lated to the overall tensile properties of WSPC.

2. Material and experimental test method
2.1. Woven reinforcements

Plain and satin woven fabrics made of air jet textured PA6 con-
tinuous filaments (160 dtex) were selected and pre-washed with a non-
ionic detergent solution at 30 °C for 30 min to remove contaminations
and then rinsed with reverse osmosis water for another 15min. All
woven reinforcements were immersed in puriss acetone (Sigma-
Aldrich) for 30 min and then dried for 120 min at 60 °C to eliminate any
non-chemically bonded hydrophobic finish (oligomers) from the sur-
face of the filament. To improve the mechanical properties and geo-
metrical stability, all reinforcements were extended biaxially to 30% of
their original length using a specially designed metal frame and a
screen stretching apparatus (Fig. 1). The extended reinforcements were
then annealed at 170 °C for 90 min with the fixed ends.

The geometrical characteristics of the woven reinforcements in this
study, with and without stretching-annealing treatment, are tabulated
in Table 1.

Satin (5 harness)

Biaxial stretching aparatus
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2.2. Preparation of WSPC

The PA6 MP was synthesized by applying the solution-precipitation
AAROP of ECL, which polymerization procedure is covered in detail in
previous studies [24,25]. To produce the WSPC with different re-
inforcement architectures (plain and satin), fiber volume fractions (15,
20 and 25%) and plies orientation (warp and weft), the PCCM tech-
nique was employed. For composite consolidation, a Moore hydraulic
hot press (United Kingdom) with a 70 x 70 X 2 mm mold dimension
was utilized. Mold pressure and temperature were set to 5MPa and
215°C, respectively, applied for 10 min. The temperature of compres-
sion molding is kept below the T, of the PA6 woven reinforcements and
above that of the MP. Subsequently, the molded laminate composites
were cooled down to 50 °C at a rate of ca. 40 °C/min. Table 2 shows all
samples designation and specifications.

2.3. Mechanical characterization

The method of ASTM D5034 standard (grab test) was selected for
the tensile tests of woven reinforcements (150 x 100 mm), using an
Instron 4505 machine with a standard load cell of 2.5kN and at a
crosshead speed of 2 mm/min.

To study the impact failure mechanism, as well as to measure the
compression stiffness of the WSPC, dynamic mechanical analysis (DMA)
was performed based on ASTM D4065-01 standard on a DMA 8000
apparatus (Perkin Elmer, USA). The following equations were con-
sidered to calculate the viscoelastic parameters, compression stiffness
(EM), elastic (storage) modulus (E'), viscous (loss) modulus (E') and
tangent delta (tan 6) in an isothermal condition (30 °C).

E' =% x coss
€
E'=2 xsiné
€0
E*=E'+iE’ 1)

where the 0y, gy and 8 (rad) are the sinusoidal stress, the resulting strain
and the phase difference between the dynamic stress and strain, re-
spectively [26].

The tensile tests of composites were performed according to ASTM
D638 using the same tensile testing machine equipped with a standard
load cell of 50kN, at a crosshead speed of 2mm/min and a gauge
length of 38 mm. Normalized test specimens were stored for 30 days at
23°C and 65% relative humidity before testing and then cut by laser

Plain

Fig. 1. Stretching-annealing treatment of the woven reinforcements by the combination of an adjustable metallic frame and biaxial stretching apparatus. Structural

deformation of treated woven structures is presented on the images.
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Table 1
Sample designation and properties of plain and satin reinforcements.
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Reinforcement Treatment Sample designation Warp density (filaments/cm) Weft density (filaments/cm) Areal weight (g/m?) Thickness (mm)

Plain No P(0 or 90) 22 16 147.6 + 1.7 0.58 + 0.01
Yes P(0 or 90)-A 20 12 111.0 = 2.1 0.42 = 0.01

Satin (5 harness) No S(0 or 90) 22 16 1424 + 2.3 1.00 = 0.02
Yes S(0 or 90)-A 22 12 106.5 = 1.6 0.46 + 0.01

Note: 0 and 90 stand for warp and weft directions respectively.

Table 2
The designation of WSPC composite laminates reinforced with plain and satin
structures.

Sample designation V§,% Plies Number
PU-P or S” (%)-15 15 3
PU-P or S” (%)-20 20 4
PU-P or S” (%)-25 25 5

? Unidirectional laminating of woven textile reinforcements in which 0° and
90° stand for warp and weft directions respectively.
> P and S represent plain and satin reinforcements respectively.

from one and the same composite plate. At least five specimens of each
sample were tested.

The impact strength of the unnotched WSPC was measured via the
Izod pendulum impact tester, according to ASTM D 256-04 standard.
The strike point was set at 22 mm height. Eq. (3) was used to calculate
the impact strength (IS) of the WSPC.

IS (ﬂ) _ Ewspc — Eo

m? A 2
where A, E, and Eyspc are the area of the sample, the impact energies
registered without and with the sample, respectively [27].

2.4. 3-D real-size simulation of reinforcements

To perform the numerical analysis and geometrical-mechanical
studies, the real-size structures of the treated woven reinforcement
were modeled. The Kemp racetrack model [28] was used as a reference,
in which the base points of reinforcements’ kernel geometry were
drawn via analysis of the technical surface of ten digitalized micro-
scopic images, using MATLAB® software. Subsequently, a CATIA" (V5
R18, Dassault system, France) software was employed to sweep the fi-
laments profile along the kernel geometry. Finally, a virtual clash test

Front view Back view

was performed to evaluate the contact state on each interlacing point
(Fig. 2). To simplify the models, three major assumptions were con-
sidered: (i) The filament cross section was elliptical; (ii) The sweeping
of the elliptical cross-section through the kernel geometry was constant
and (iii) No dimensional deformation occurred at cross-over points.

2.5. Microscopy studies and image processing

The scanning electron microscopy (SEM) studies were carried out in
a NanoSEM-200 apparatus of FEI Nova (USA) using mixed secondary
electron/back-scattered electron in-lens detection. Au/Pd alloy was
applied to sputter-coat the samples to be observed. To visualize and
image analyze the aspect ratio of the embedded filaments, optical mi-
croscopy images of WSPC prepared by microtoming, were obtained by
an Olympus BH-2 light microscope (Japan) equipped with Leica
Application Suite 4 software.

To analyze the fracture surface of WSPC, image processing techni-
ques were applied. The SEM images from the surface fracture of all
composites were imported into MATLAB® program to plot the contour
graphs. The image segmentation techniques were used for better eva-
luation of the reinforcement/matrix bonding state after tensile failure.

2.6. Finite element analysis

A parametric study on von Mises stress distribution along a
15 x 15mm constitutive model of stretched-annealed woven re-
inforcements was performed during tensile straining (5%) using finite
element analysis. The filaments directional properties were im-
plemented using the implicit mode of ABAQUS standard™ (version
6.12, Dassault system, France) software. Through the entire models,
compatible tetrahedral meshes were applied using the four-node tet-
rahedral element (C3D4) with the edge seeding of 0.05 mm [29].

Front view Back view

Interlacing
point

Fig. 2. Simulated real size model of P-A and S-A reinforcements based on Kemp racetrack model [28]. For sample designation see Table 1.
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Table 3
Tensile properties of the treated woven reinforcements. For sample designation
see Table 1.

Specimens Tensile Stiffness Tensile Strength ~ Strain at Poisson
E (MPa) Omax (MPa) rupture ratio”
ebreak (%) v
P(0) 0.8 = 0.1 15.4 = 0.8 67.2 = 0.7 0.97
P(90) 2.2 * 0.2 17.4 = 04 61.1 = 1.8 0.80
P(0)-A 21.7 = 1.1 194 = 1.0 28.1 = 1.0 0.41
P(90)-A 34 = 03 19.0 = 1.0 46.2 + 1.4 0.35
S(0) 09 * 0.1 8.1 = 0.2 65.0 = 1.4 1.16
S(90) 0.8 £ 0.1 9.3 = 0.6 66.9 = 0.8 1.45
S(0)-A 43.2 = 1.7 3.4 = 0.1 10.0 = 0.8 1.08
S(90)-A 1.4 = 0.1 16.5 = 1.0 451 = 1.5 1.23

“The magnitude of v was measured at the tensile strain range between 0 and 5
£%.

3. Results and discussion
3.1. Mechanical properties of woven reinforcements

Table 3 shows the tensile properties of woven reinforcements before
and after the stretching-annealing treatment, in warp and weft direc-
tions. The treatment significantly improved the tensile stiffness and
strength of all reinforcements. The S-A structures showed higher E-
modulus (ca. 99%) than P-A samples in the warp direction (0°). The
reason lies on the larger filamenst’s floats (straight filaments) in S-A
structures as compared to the P-A reinforcements. The tensile strength
of P-A reinforcements was higher than S-A structures, ca. 471% and
15% in the warp and weft directions, respectively. From the obtained
results, it is apparent that the S-A structures depict a more anisotropic
tensile behavior due to the significant differences between their tensile
properties in both directions, which can be explained by the different
structural geometry promoted by the weave pattern.

The compression properties of woven reinforcements were carried
out via dynamic mechanical analysis (DMA) and provided quantitative
information about their influence in the WSPC during the impact test.
Fig. 3 depicts the measured viscoelastic parameters, such as storage
modulus (E’), loss modulus (E’") and the calculated complex compres-
sion modulus (E”) using Eq. (1). As it can be seen in Fig. 3, P-A re-
inforcements show remarkably higher compression stiffness than the S-
A structures. The reason lies on the existence of float filaments (lower
filament’s crimp) in a satin pattern which causes compressive behavior
of these reinforcements.
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Table 4

Tensile properties of WSPC in relation to the reinforcement’s architecture, fiber
content and test direction: i) Elastic modulus, E (GPa); ii) Stress at max, Oy
(MPa); iii) Stress at break, Op.qx (MPa); iv) Strain at break, &y (%). For sample
designation see Table 2.

Specimens E (GPa) Omax (MPa) Opreak (MPa) Epreak (%)

PN 1.73 = 0.02 56.7 = 1.8 56.7 = 1.7 5.2 = 0.1
PU-P(0)-15 2.57 * 0.03 61.7 = 1.1 55.7 £ 1.6 10.7 = 0.5
PU-P(90)-15 1.64 = 0.06 379 + 0.8 379 + 0.8 39 + 0.2
PU-P(0)-20 2.18 = 0.04 51.1 = 1.8 51.1 = 1.8 11.3 = 0.5
PU-P(90)-20 2.25 = 0.05 49.6 = 0.7 46.9 = 0.6 9.6 £ 0.8
PU-P(0)-25 2.41 + 0.05 54.3 + 1.0 53.9 + 0.6 11.3 + 0.8
PU-P(90)-25 2.49 + 0.06 56.4 + 1.3 55.9 + 0.7 7.2 £ 0.3
PU-S(0)-15 2.50 = 0.02 489 = 1.1 46.3 = 1.3 6.6 = 0.1

PU-S(90)-15 2.22 + 0.05 47.8 + 0.1 46.1 + 1.3 6.5 + 0.3
PU-5(0)-20 2.40 = 0.04 54.1 + 1.9 53.8 + 1.8 7.4 £ 0.2
PU-S(90)-20 1.98 = 0.03 38.4 £ 0.5 38.2 = 0.7 45 = 0.4
PU-S(0)-25 2.42 + 0.01 519 + 1.6 51.9 += 0.9 7.0 £ 0.3
PU-5(90)-25 2.27 * 0.02 57.0 + 1.3 57.0 = 1.2 6.1 + 0.2

3.2. Mechanical characterization of WSPC

The representative parameters of the tensile stress-strain curves of
WSPC are shown in Table 4, wherein the influence of reinforcement
orientation, architecture and fiber volume fraction is assessed. In case
of warp direction, the plain and satin reinforced WSPC with 15% fiber
content showed significant improvement on their tensile stiffness, about
ca. 49% and 40% respectively when compared to PN matrix reference.
Regarding the direction of tensile loads, satin reinforced WSPC shows
superior tensile stiffness in warp than weft direction. Although, in the
case of plain reinforced WSPC, regardless to the composites with
V; = 15%, all samples demonstrated higher elastic modulus in weft
direction. Generally, the tensile strength (op,x) of WSPC in warp di-
rection is comparable or slightly lower than PN. However, increasing
the fiber content up to V; = 25% raised the stress at max magnitude for
WSPC reinforced in weft direction (Table 4). It was found that only the
PU-P (0)-15 sample showed higher tensile strength than the PN matrix.
The plain reinforced WSPC demonstrates the higher ductility due to the
greater ey, value as compared with the composites reinforced with
satin structures. As a conclusion, with respect to the tensile moduli and
strength parameters, plain and satin reinforced WSPC performed in a
comparable way and the differences are in the margin of the error.

The longitudinal/transversal ratio of composite’s tensile properties
in relation with the reinforcement’s architecture and fiber content are
presented in Table 5 and designated by the degree of tensile anisotropy

2.5E+06 4 O Storage Modulus (E) [ 20506
OLoss Modulus (E"")
B Complex modulus (E*)
2.0E+06 A I 1.6E+06
- 1.5E+06 A I 1.2E+06
2
< 2
~ =)
M oE+06 I 8.0E+05
5.0E+05 - r 4.0E+05
0.0E+00 0.0E+00

P-A

S-A

Fig. 3. Dynamic mechanical analysis (DMA) of woven reinforcements after stretching-annealing treatment. For sample designation see Table 1.
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Table 5
The degree of tensile anisotropy (DA) in WSPC in relation to the reinforcement’s
architecture, fiber volume fraction.

Specimens DAg DAgax DAy, eak DAgyyoqx
PU-P-15 1.57 1.63 1.47 2.73
PU-P-20 0.97 1.03 1.09 1.17
PU-P-25 0.97 0.96 0.96 1.57
PU-S-15 1.13 1.02 1.00 1.02
PU-S-20 1.21 1.41 1.41 1.64
PU-S-25 1.07 0.91 0.91 1.15

(DA). By comparing DA values, it can be deduced that embedding the
balanced architecture (i.e. P-A structure) causes the isotropic tensile
behavior of WSPC whereas the unbalanced geometry (i.e. S-A re-
inforcement) yields uneven stress distribution along the filaments in
either principal direction which led to orthotropic properties of S-A
reinforced WSPC. A more detailed study is presented in the next section
using finite element analysis.

The impact resistance (IS) of WSPC was studied and compared with
the PN neat matrix reference sample and the results are presented in the
radar chart, shown in Fig. 4. The inner orbit with 0 index (green line)
represents the reference value (Fig. 4). The outer line (red line) displays
the impact resistance improvement factor (%) of the WSPC in relation
to the PN reference. Labels depict the impact resistancés magnitude of
the WPSC. In general, embedding the woven reinforcements improved
the impact properties of WSPC as compared to the PN matrix reference.
The PU-P(0)-15 sample showed the highest improvement in impact
strength (55%), whereas the PU-S(90)-20, displayed the weakest impact
resistance, lower than the PN reference.

The causes of WSPC impact failure can be related to the distribution
of compression and tensile stresses along the test sample during the
Izod impact experiments. According to the mechanical theory of ma-
terial [30], while a beam is bent within the elastic range, the beam
bends so that the inner surface is in compression and the outer surface is
in tension. Moreover, at the neutral plane, the material of the beam is
not under stress, either compression or tension. The Izod impact test is
performed so that the beam test sample is rapidly bent. A parametric
study on tensile and compression stiffness of the woven reinforcements
can provide a logical explanation on how either sides of the neutral
plane, in a beam test sample, tolerate the tensile and compression
stresses. Therefore, the better impact properties of the plain reinforced
WSPC can be connected to the higher tensile (Table 4) and compression

PU-P(0)-15 ISpy=5.93+0.23
60

PU-S(90)-25 920035 PU-P(0)-20
9.11 £0.03
PU-S(90)-20 PU-P(0)-25
6.52+0.36
5014022 7.11+£0.18
PU-S(90)-15 B o PU-P(90)-15
7.57+0.16
6.66 +0.20
PU-S(0)-25 896035 PU-P(90)-20
8.26 £0.47
PU-S(0)-20 PU-P(90)-25

PU-S(0)-15

Fig. 4. Planar Izod Impact resistance improvement factors of unidirectional
WSPC with woven architecture, fiber content and laminate orientation. Labels
present the impact resistance (IS) data of each sample. The inner green orbit
with 0 index represents the reference value. For sample designation see Table 2.
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stiffness (Fig. 3) of plain reinforcements as compared to the satin ones.
3.3. Parametric study on fracture mechanism of WSPC

3.3.1. Finite element analysis of reinforcements

To better explain the influence of reinforcement architecture on
tensile properties of WSPC, the stress distribution through subelements
of the 15 x 15 mm real size 3D plain and satin structures is illustrated
in Fig. 5 and Fig. 6, via finite element analysis. The boundary conditions
were assigned wherein planes of A; and A, were considered free. The
plane A; was restrained merely in the Y direction and a tensile dis-
placement of 2 mm (¢ = 5%) was imposed on the plane A,, in opposite
direction. The stresses were represented by a stress tensor containing 6
components. To express these components in one value, the von Mises
equivalent stress was computed. As it can be seen in Fig. 5a-b the von
Mises stresses are highly concentrated at the interlacing areas.

The von Mises stress distribution through satin reinforcement in the
two principal directions and at the same boundary condition is re-
presented in Fig. 6a-b. As it can be seen in inset of Fig. 6a-b, satin
structures distribute better the stresses than plain reinforcements while
straining is applied in the weft direction. Due to the effect of Poisson's
ratio, satin reinforcements are conteracted inward which buckles the
entire reinforcement’s structure. The longer float yarn is, the more
buckling happens. Therefore, satin reinforcements buckles more while
the tensile loads are applied in weft direction which is resulted from
longer warps float filaments than wefts (Table 3). To release the effect
of buckling, stresses are concentrated more at the interlacing areas in
satin structure [31] causing better tolerating the tensile loads in either
direction (17% and 108%, respectively). As a conclusion, lower tensile
stiffness of satin reinforced WSPC can be associated to the unbalanced
stress distribution in structural elements of reinforcements with satin
architecture (Fig. 6a-b).

3.3.2. Image analysis of matrix-reinforcement interface

The effect of the reinforcements structure on the fracture surface of
WSPC was investigated using image processing techniques. To evaluate
the matrix and reinforcement bonding state, the SEM cross-sectional
fractographs of the tensile tested PU-P(0)-15 and PU-S(0)-15 samples
were imported to MATLAB® software to be converted into greyscale
images (Fig. 7a-b). Then, the matrix data of images, (X and Y pixels), as
well as, gray level (Z level) were extracted and their contour graphs
were plotted. To analyze the tensile stresses distribution at the plane of
stress, color segmentation of the contour plots, shown in Fig. 7c, was
carried out to partition the area of Z level into five divisions such as
0-60, 60-90, 90-120, 120-150 and 150-180 ranges which were ade-
quate for analysis precision. Subsequently, image enhancement tech-
niques were applied to modify the object edges distance via morpho-
logical operations on binary images. The area of Z level, at the
determined ranges, is plotted in Fig. 7d. In case of plain reinforced
WSPC, the higher discrepancies between the area of Z levels is ob-
served. Thus, it can be deduced that the stepwise configuration at
fracture surface of the plain reinforced WSPC can be justified by gliding
monofilaments from matrix component at the plane of stress. As a re-
sult, better tensile behavior of WSPC reinforced with the plain struc-
tures are explained (see Table 4).

At the plane of stress of WSPC, the tensile stresses can be resolved
into the sum of three principal stresses including normal (o), transverse
(0;) and perpendicular (o,) stresses (Fig. 8a). The external and internal
stresses have the same value in an elastic mode. After the yield point
this equilibrium is distorted. Therefore, the effect of filaments’ aspect
ratio on stress distribution at straining becomes crucial. As Fig. 8a
shows, the weft filaments depicted higher aspect ratio than the warp
ones. Accordingly, the stresses are applied on the weft filaments at the
plane of stress while the tensile loads are exerted on the warp filaments.
Hence, stresses are evenly distributed across the fractured surface of
WSPC because of higher weft filaments aspect ratio. On the other hand,
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+2.571e-01
+1.528e-01
+4.351e-02

Fig. 5. Distribution of von Mises stress through subelements (filaments) of plain structure while the reinforcements are strained (5%) in a) Warp; b) Weft directions.

a) 4,

S, Mises
(Avg: 75%)

+4.0024-02

Back face

+113526-03

Fig. 6. Distribution of von Mises stress through subelements of satin structure at 5% straining in a) Warp; b) Weft directions.

while the tensile forces are applied in the weft direction, the stresses are logicly related with dimensional analysis of filament’s aspect ratio at

imposed in the lower aspect ratio warp filaments causing higher loca- the plane of stress of WSPC (Fig. 8a-c).
lization of stresses at interlacing area. Therefore, the stress distribution To measure the aspect ratio of embedded filaments, the image
along sub-elements (filaments) of the woven reinforcements can be analysis techniques were used on cross-sectional cryofracture
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d) B PU-P(0)-15
= [ PU-S(0)-15

Area (A.U)
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90-120 120-150 150-180
Il B e

Fig. 7. a) Contour plot of SEM fracture surface image of a) PU-P(0)-15 sample; b) PU-S(0)-15 sample; c) Image segmentation and image enhancement techniques
applied on the representative contour plot of PU-S(0)-15. d) Comparison the Z level ranges in PU-P(0)-15 and PU-S(0)-15 samples. For sample designation see

Table 2.

microscopic images of WSPC in two principal directions using
MATLAB® program. As it can be seen in Fig. 8b, the warp and weft
filament’s cross-section are transformed from circular to an elliptical
configuration. The major and minor axis of warp and weft monofila-
menfs bundles were indexed by a; and b; in which the appendixes 1 and

Matrix

b)

Warp cross section

2 are designated for warp and weft filament respectively (Fig. 8b).

As it can be seen in Fig. 8c, the embedded filaments in S-A re-
inforced WSPC with 20 and 25 V¢ have relatively identical aspect ratio
in either direction although, the superior aspect ratio in the ones with
15% fiber content was in favor of weft filaments. Thus, greater aspect
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Fig. 8. a) Illustrative stress distribution at the plane of stress; b) Microscopic image capturing of composite cross-section and measuring the aspect ratio of embedded
filaments in two principal directions; c¢) comparison on aspect ratio of embedded warp and weft filaments in WSPC with different fiber content. For sample

designation see Table 2.
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ratio of weft filaments in later case is caused better distribution of
stresses while the tensile loads are applied in warp direction. Conse-
quently, the better tensile behavior of warp-wise WSPC reinforced with
S-A can be explained (see Table 4). In case composites reinforced with
P-A structures, a significant difference between the warp and weft fi-
lamentfs aspect ratio is observed. As Fig. 8c shows, in case plain re-
inforced WSPC, the differences between warp and weft filament’s as-
pect ratio is minimized while the fiber content increases. Due to this
observation, the better tensile properties in weft-wise composites with
higher ply number is predicted. Moreover, the stresses are distributed
better at the surface fracture of warp-wise P-A reinforced WSPC due to
the higher aspect ratio of embedded weft filaments. The lowest tensile
properties of PU-P(90)-15 sample can be attributed with the bottom-
most aspect ratio of warp filaments which raise the stress concentration
at interlacing area while the tensile loads are applied in weft direction
(see Table 4).

4. Conclusions

Woven reinforced PA6 based single polymer composites (WSPC)
were produced by combination of powder-coating and compression
molding techniques (PCCM). Plain and satin weave patterns were used
as reinforcements. The mechanical and geometrical properties of all
woven reinforcements were improved and stabilized by a stretching-
annealing treatment. The microparticles (MP) used in the matrix were
synthesized by solution-precipitation AAROP. The influence of re-
inforcement architecture, fiber volume fraction and reinforcement or-
ientation on the final tensile properties of WSPC was evaluated. A
parametric study via finite element analysis was performed to relate the
effect of woven reinforcement geometry, with the overall mechanical
properties of WSPC. Moreover, image processing techniques were used
to investigate the bonding state at the interface region and then cor-
relate with overall tensile properties of WSPC. Based on the study
performed, the following conclusions can be drawn:

i) The plain reinforced WSPC demonstrated more isotropic tensile
properties and better impact strength than those reinforced with the
satin structures due to the higher tensile and compression stiffness.

ii) The finite element analysis showed that the von Mises stresses were
evenly distributed through the fabric subelements in the plain re-
inforcement which led to the better tensile and impact properties of
plain reinforced WSPC.

iii) The parametric finite element analysis showed that the filaments in
the satin structures had higher tolerance to tensile loads, 17% and
108% in warp and weft directions, respectively, as compared to the
plain ones. However, these reinforcements buckled more due to the
existence of float filaments in their structure, causing an increase of
stress concentration at the interlacing areas and uneven stress dis-
tribution along the reinforcement’s subelements.

iv) The better tensile and impact properties of plain reinforced WSPC
(particularly in warp direction) were also justified using image
processing of the composite’s surface fracture. The difference be-
tween the gray level areas together with the higher indentation on
the surface fracture in plain reinforced composites proved the
gliding of the monofilaments through the matrix component, which
is the main responsible for the better mechanical properties.

v) The slightly equal aspect ratio of the filaments in the satin re-
inforced WSPC, could explain the even distribution of the stresses at
the plane of stress in either direction. This can be linked to the
similiar tensile properties in the warp and weft directions of these
composites.
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