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STOCHASTIC MODELLING OF RANDOMLY ORIENTED
TAPES THERMOPLASTIC COMPOSITES IN NET-SHAPED SPECIMENS

Deniz Ezgi Gulmez®, Jos Sinke®, Clemens Dransfeld®

a: Aerospace Manufacturing Technologies, Faculty of Aerospace Engineering, Delft University
of Technology - D.E.Gulmez@tudelft.nl

Abstract: Discontinuous tape composites have considerable attention due to their high
formability and tailorable structures. Despite their advantages, this discontinuity leads to
complex structures and makes it difficult to predict their mechanical properties. On the other
hand, they have high orientational and dimensional sensitivity, which causes spatial variability
and complexity in the structure to predict the mechanical properties. This spatial variability is
also related to the mould cavity. A constitutive model was improved to explain the relationship
between DT orientations and the mould cavity. According to the modelling technique, a random
DT distribution was generated by Random Sequential Adsorption then, the Set Voronoi
Tessellation was implemented to obtain DT layers. Afterwards, the Classical Laminate Theory
and Finite Element Method were applied to compare the virtual net-shaped DT specimens. The
results of both methods showed high stiffness at the edges of the specimens.

Keywords: Discontinuous reinforcements; cavity edge effect; stiffness model; finite element
modelling

1. Introduction

The tendency to use composite materials in the aircraft industry due to their lightweight and
durable structures causes massive waste such as the out-of-date prepreg rolls, end of life aircraft
structures and manufacturing cut-offs (1). Recycling, reuse and zero-waste manufacturing
technologies have attracted considerable attention in reducing these wastes. Discontinuous
thermoplastic composites minimize waste and offer recyclability. Besides their environmental
advantages, they show high formability due to their discontinuous structure. This discontinuity
helps to tailor mechanical properties such as increasing pseudo-ductility, which retards failure
due to the shear lag between tapes (2).

On the other hand, they have high orientational and dimensional sensitivities, which cause
spatial variability and complexity in the structure to predict the mechanical properties. This
spatial variability is also related to the mould cavity. Experimental results of Discontinuous Tape
(DT) composites have shown higher tensile modulus at the edges of the specimens than at the
centre (3). Therefore, the mechanical properties of DT composites can be enhanced by using the
edge effect of the mould. However, the relationship between mould cavity and tape orientation
hasn't been well defined to understand the mechanical response of the DT composites and to
improve the manufacturing routes.

The study aims to improve a modelling technique to explain the relationship between DT
orientations and the mould cavity. The stiffness of the DT net-shaped specimens is calculated
Classical Laminate Theory (CLT) and Finite Element Method (FEM) to evaluate and compare both
results according to the width of the specimens.
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2. Modelling
2.1 Randomization and Homogenization Algorithm

The Random Sequential Adsorbtion (RSA) algorithm (4) was modified by defining the distribution
frame to generate a random distribution as seen in Fig. 1(a). According to this algorithm, random
seed points and random angles between 0° and 179° in 2D were generated by considering a hon-
overlapped DT distribution inside the frame (Fig. 1(b)). The algorithm was continued for 4000
iterations to obtain a high filling ratio. DTs of 2.5 mm by 10 mm were placed in the virtual
specimen dimensions of 150 by 60 mm in this study.

Dimension
of chips and
specimen

Generate random
seed points and angles

in2D
Chips arc
overlapped?

Continve until

desired number

of iterations is
achieved

Chips
intersect with the
boundary?

No

(a) (b)

Figure 1. (a) Flowchart of the bounded-RSA algorithm and (b) the deposition result

After obtaining a DT distribution, the Set Voronoi tessellation (5) was implemented to define the
local properties of each DTs layer and obtain full coverage of the DTs in the net-shaped frame.
Elastic properties of the DTs were scaled according to the Set Voronoi Tessellation to implement
the local variability to mechanical properties. the ratio between the tape area (A=l*wy) and its
cell area (Ac) was calculated (6). This ratio is called the local packing density (¢#) as given in Eq.

(1).
_At 1
¢—A— €Y)

c

Elastic properties of AS4/PPS unidirectional (UD) prepreg tapes are scaled according to the local
packing density (Table 1) and Eq. (2-5).
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Table 1: Elastic Properties of UD AS4/PPS composite with a fibre volume ratio of 59% (7)

Longitudinal modulus, E11
Transverse modulus, Ex
Shear modulus, G1,

Longitudinal Poisson’s ratio, v1,

¢i
1i 1 ¢avg
¢
20 2 ¢avg
¢i

Gizi = Gz *

¢avg

of
U12i,U21i = V12,V21 * ¢_ (v124,V21; < 0.49)

avg

128 GPa

10.1GPa

5.7 GPa

0.37
(2)
3)
(4)
)

2.2 Laminate Analogy and Finite Element Model
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Figure 2. Convergence analysis for FEM and CLT models

A discretization process is necessary to implement CLT and FEM for each heterogeneous layer.
The grid size is Imm by 1mm. After the discretization of representative layers, the determination
of the number of layers is another parameter to generate a representative specimen. As seen in
Fig. 2, a convergence study was conducted to decide the number of layers for both CLT and FEM.
In addition, the second-order orientation tensors in the two-dimension were calculated (8,9).
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A, B, D matrices in CLT were calculated (Eq. (6-8)) by assuming each grid is an independent
laminated composite:

n

Aif = Zk—l Qij (z — zg-1) i,j=126 (6)
1 n . .

Bij = Ezk=1 QU (Z’% - Z’%—l) L] = 112:6 (7)
1 n . .

Dyj = §zk=1Qij (2 —zi-1) Lj=126 (8)

The laminate compliance matrix (S), the longitudinal (Ex) and the transverse Modulus (E,) were
evaluated regarding (Eq. (9, 10)):

-1
<t 18
B = ts;u ’Ey - tsizz (10)

For Finite Element (FE) modelling of the virtual DT specimen, each partition assumed a FE and
has an orientation angle after the discretization process. However, the elastic properties weren't
scaled according to the tessellation approach to simplify the model. Tape angles are the only
variable parameter for each FE. Therefore, an element size is 1 mm x 1 mm x 0.1 mm. Nodes are
known and 8-node quad continuum shell elements (SC8R) can be obtained easily by using node
data. Continuum shell elements have stacked through the thickness and one lamina is assigned
for each SC8R element. A constant displacement is applied along the y-direction from one edge,
encastre boundary condition is applied at the opposite edge, as seen in Fig. 3. ABAQUS/Standard
(Implicit) input file is generated by using node and element data and defining boundary
conditions and Hashin failure criteria (10) was implemented to evaluate the tensile response of
the virtual specimens. Failure limits and fracture properties are given in Table 2. Viscous
regularization factor was chosen at 0.00075.

Figure 3. Boundary conditions of the representative virtual specimen
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Table 2: Failure Limits and Fracture Properties of UD AS4/PPS composite (11,12)

Longitudinal tensile strength, X: 2045 MPa
Longitudinal compressive strength, Xc 1117 MPa
Transverse tensile strength, Y: 50 MPa
Transverse compressive strength, Y: 90 MPa
Longitudinal shear strength, S1,=S13 77 MPa
Fracture Energy, G| 12.5 kl/m?
Fracture Energy, G 1.0 kJ/m?

A net-shaped specimen was divided into regions as left, centre and right to understand the edge-
orientations relationships as seen in Fig. 4. The size of the specimens was 60 mm by 150 mm.
The width of the specimens at the edges was chosen as 8 mm considering the material loss due
to the blade thickness for potential experimental validation. The width of the centre specimens
was 40 mm. The length of all regional specimens was 150 mm.

150 mm

Figure 4. A representative virtual specimen, its regions and dimensions
3. Results and Discussion

Longitudinal Young Modulus distribution showed a high variability from 15 GPa to 95 GPa.
However, the Young modulus in the longitudinal direction was the highest at the edges of the
specimen, as given in Fig. 5 (a). When we look at Fig. 5 (b), matrix failure at 6.8 % global strain
shows local variability due to the stiffness distribution all over the specimen. However, the result
isn’t related to the region of the specimen.

384/1045 ©2022 Gulmez et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC
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Figure 5. (a) Longitudinal stiffness and (b) Matrix failure (@6.8% strain) distribution in one
virtual specimen

Longitudinal Young Modulus associated with orientation tensor in Fig. 6 (a). It was shown that
the orientations of tapes were aligned length of the specimen. Thus, this alignment increases
the stiffness at the edge of the net-shaped specimens. FEM results agreed with the high stiffness
at the edges compared with the centre of the specimen as seen in Fig. 6 (b). In addition, matrix
damage patterns were similar even though the specimens are cut according to the regions.
However, their global mechanical response was variable. Specimens at the edges showed high
tensile stress but low failure strain while low tensile stress and high failure strain were observed
in the centre of the specimen.
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Figure 6. (a) Orientation tensor and elastic modulus through the width of one virtual specimen
(b) Stress-Strain curve of one virtual specimen

Six virtual specimens were generated by using the modelling technique for both CLT and FEM
evaluations to investigate the results statistically. Normalised stiffness results are given in Fig. 7.
In general, both approaches showed high stiffness and a high range between minimum and
maximum stiffness values at the edges. DTs are placed randomly and aligned at the edges
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whereas DTs are highly random in the centre of the specimens. Thus, this range reduces in the
centre for both CLT and FEM results.
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Figure 7. Comparison of normalized stiffness according to CLT and FEM
4. Conclusion

In this study, a modelling technique to predict the stiffness and strength of DT composites in
net-shaped specimens was improved. The model generation starts with the RSA algorithm which
is a defined frame of the distribution area to define the DT orientations. After that, a tessellation
algorithm is implemented to obtain full coverage in the distribution area for discretization.
According to the discretization, CLT and FEM are applied to evaluate the stiffness and strength
of DT composites in net-shaped specimens. The results showed that stiffness at the edges of
specimens is higher than in the centre of the specimens due to the high local alignment of DTs.
This study demonstrates improving the mechanical properties of DT composites by controlling
the DT orientations with the mould cavity.
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