Composites Part B 239 (2022) 109950

Contents lists available at ScienceDirect composites

Composites Part B |

ELSEVIER journal homepage: www.elsevier.com/locate/compositesb

Check for

Geometrical optimization of thermoforming continuous fibers reinforced e
thermoplastics with Finite Element Models: A case study

Carmelo Gémez?, Daniel Tobalina-Baldeon, Ph.D. ”, Francisco Cavas, Ph.D. ", Felix Sanz-Adan,
Ph.D."

& International School of Doctorate, Technical University of Cartagena, 30202, Cartagena, Spain
b Department of Mechanical Engineering, University of La Rioja, 26004, Logrofo, Spain
¢ Department of Structures, Construction and Graphical Expression, Technical University Cartagena, 30202, Cartagena, Spain

ARTICLE INFO ABSTRACT

Keywords: The manufacturing of thermoformed components of continuous fiber-reinforced thermoplastics (CFRTPs) relies
CFRTPs on an optimization process owing to a demand for quality and the mechanical requirements. Geometrical
FEM

optimization is typically based on trial-and-error processes, and delays due to the manufacturing of different
prototypes increases the development cost of the final product. In this study, the mechanical behavior of a
CFRTPs top mount damping component made of polyamide 6 (PA6) reinforced with long glass fibers (47% in
volume) and installed in an automobile differential system was evaluated. This was achieved by developing ad
hoc tooling for axial testing. The experimental results were used to validate those obtained using a finite element
(FE) model based on the fabricated geometry and mechanical properties of the CFRTPs laminate. Furthermore, a
complete mathematical procedure was implemented to address the lack of information on the mechanical moduli
and Poisson’s ratio in the material datasheet for the FE simulation. This method was based on a Halpin-Tsai
model and classical lamination theory with a 3D expansion for out-of-plane mechanical property calculation,
wherein Tsai’s modulus was obtained for checking purposes. The obtained results were fitted with the test results
to validate the developed FE model. In addition, this model was used to further optimize the component ge-
ometry. The implementation of in silico models based on FE techniques can be useful for accelerating the
development of recyclable CFRTPs for large-scale production, allowing significant weight reduction and lower
greenhouse emission without diminishing their reliability and safety throughout their useful life.

Gear mount
CFRTP Forming process
Tsai’s modulus

accelerated their investigation and application in primary structures in
which safety is a key factor. CFRTP components exhibit good strain
energy absorption, which depends on the impact velocity [4].

Components manufactured with CFRTPs improve comfort because of
their dynamic advantages when they are used as antivibration and
damping elements, such as connecting rods and top mounts, as
demonstrated by Tobalina-Baldeon D. et al. [5] (Fig. 1). Complex ge-
ometries can be thermoformed in these components, enabling the pos-
sibility of local reinforcement introduction, metal component insertion,
and component mass reduction. The obtained components exhibited
good adhesion to vulcanized rubber [6], and the metal insertion
increased the bolted preloads and durability of the bolted connections
along with considerable mass reduction [7]. The data obtained com-
plemented the values included in the material datasheet.

However, there is a lack of information about the mechanical

1. Introduction

The Paris Agreement on Climate Change established a 90% reduction
in global greenhouse gas (GHG) emissions by 2050, compared with
levels reached in 1990. The transport sector produced 24.6% of the total
emissions in EU [1], with road transport being the biggest contributor to
pollution accounting for almost half of this emission. This percentage
can be drastically reduced by introducing new types of vehicles.

The development of eco-friendly vehicles is related to the
manufacturing of lighter and recyclable structures. Thus, composite
components made of continuous fiber-reinforced thermoplastics
(CFRTPs) have been steadily growing. Furthermore, their good anti-
vibration behavior, high specific stiffness, and strength, in addition to
the possibility of using them to develop new architectures [2,3], have
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Nomenclature

CFRTPs Continuous fiber reinforced thermoplastics
CLT Classic Lamination Theory

EU European Union

GHG Greenhouse Gases
TEPEX PA6/47 102 TEPEX® dynalite 102-RG600(x)/47 — PA6-
GF67 Multi-directional tape

Sheet metal gear mount

Sheet CFRTPs gear mount

Fig. 1. Illustration of a differential system with antivibration metal and CFRTPs
top mount.

properties that hinder the optimization process in finite element (FE)
simulation of CFTRPs. In particular, because of the non-isotropic
behavior of CFTRPs components, mechanical properties and strengths
are required in all directions to evaluate each layer of the laminate or the
whole laminate using equivalent properties.

As obtaining material properties using testing is time-consuming and
costly, simplified methodologies have been proposed to reduce the
number of tests required for mechanical property calculations and the
implementation of failure criteria [8]. Therefore, it is crucial to optimize
the complex manufacturing processes and ensure that mechanical
properties present data with less dispersion.

To address this problem, simple 2D mathematical models have been
implemented from a microscale perspective [9] in conjunction within
silico models to evaluate different stacking sequences and textile ar-
rangements using unit cell definition [10]. The development of a com-
plete 3D methodology for component analysis with FE models is needed;
however, this is hindered by the dependency of the material’s properties
on fiber orientation [11], matrix viscoelastic behavior, and hydrother-
mal conditions [12].

The evaluation of fiber orientation, particularly in complex geome-
tries, is a key factor in the manufacturing process of CFRTPs compo-
nents, which are typically based on thermo-stamping techniques with
several trial-and-error processes. For this purpose, Chen et al. [13]
developed a numerical algorithm based on an arbitrary
Lagrangian-Eulerian ~ (ALE)  description to  simulate the
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Fig. 2. Scheme of twill weave configuration in the TEPEX® dynalite 102-
RG600(x)/47 — PA6-GF67 multi-directional layer and a photograph showing
the tape detail.

compression-stamping process by comparing the in silico and experi-
mental tests and obtained accurate results. Zhang et al. [14] proposed a
hybrid lamination model to simulate the thermo-stamping of woven
fabric-reinforced thermoplastic composites.

In silico geometrical optimization has enabled the development of
new CFRTPs architectures for structural applications. Zhang et al. [15]
developed and analyzed a novel panel concept based on a bendable
metal-based composite sandwich structure with a truncated dome core
made of CFRTPs. Moreover, they optimized the percentage and di-
mensions of domes and ply thickness to obtain curved panels.

The use of a thermoplastic matrix in an assembly allows joints to be
welded using ultrasonic, laser, or friction procedures, and several
studies have focused on [16-19] improving the quality of the joints
obtained. Although considerable efforts have been made to obtain joints
using the material heating process, bolted connections continue to be
the most common joint type, owing to the possibility of replacing
components and inspection procedures [20,21].

Composite materials are extensively used in the aerospace industry
and account for over 50% of the total mass of recent aircraft models
[22]. By contrast, their application in the automotive industry has been
limited to high-end and racing cars with monocoque structures [23].
The development of new composite structures for middle-range cars has
been restricted to non-structural components such as dashboards, leaf
springs, and rear-view mirrors using short-fiber composites.

The incorporation of CFRTPs opens a new horizon for composite
applications in primary structures. Several studies have focused on
simplifying their manufacturing process. For instance, Tsai et al. [24,25]
introduced a double-double composite layup. Furthermore, the
component cost must be considered along with the optimal material
combination [26].

In this study, a complete and reliable methodology for the design of
real automotive components is proposed. For this purpose, a FE model of
a CFRTPs core gear mount made of polyamide 6 (PA6) reinforced with
long glass fibers (47% in volume) is developed.

The material properties were calculated using the Halpin-Tsai model
and classical lamination theory (CLT). The proposed methodology could
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Fig. 3. Tension test of PA6/47 coupons. Coupon tested (A), image of clamping in universal testing machine ZWICK®©- serie 1000 (B), image of failure in test coupon 1

(C), and detail images of the failure mode in test coupons (D, E and F).

address the lack of information regarding the mechanical properties
required to simulate CFRTPs materials.

The results obtained with the FE model were found to be consistent
with and the test results, allowing further optimization to reduce the
mass of the component. The results of this study can help avoid the
manufacturing of prototypes, which is costly-and time-consuming.
Furthermore, the development of validated FE models enables further
geometrical optimization processes to obtain lighter and stronger
structures.

Thermoplastic matrix

Fibre

Step 1: Raw materials definition
Subscripts: matrix, fibre

Layer axis z

Step 2: Theoretical UD layer
properties
Subscripts: 1,2, 3

2. Methods, materials, and experimental methodologies
2.1. Material definition

The CFRTPs core gear mount was fabricated using the commercial
layer TEPEX® dynalite 102-RG600(x)/47 — PA6-GF67 multi-directional
layer (LANXEXX Deutschland GmbH, Cologne, Germany). Each layer
had a nominal thickness of 0.5 mm and was made of Polyamide 6
reinforced with E-glass roving 1200 tex with a twill weave configuration
(Fig. 2). The fiber volume content was 47% and the nominal total

Laminate axis
y

Step 3: TEPEX PA6/47 102 layer
properties
Subscripts: x, y, z

Step 4: TEPEX PA6/47 102 laminate

properties
Subscripts: x, y, z

Fig. 4. Calculation procedure for laminate material properties along axis definition and nomenclature.
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Table 1
Average properties for raw materials: polyamide 6 (PA6) and E-glass Fiber.

Raw Materials Average E-Glass Polyamide 6 (PA
Properties Fiber 6)

Young’s Modulus (MPa) Efiber 74 500 Enmatrix 2995

Poisson’s Coefficient (—) Vtiber 0.21 Viatrix 0.28

Shear Modulus (MPa) Gfiber 30 790 Gmatrix 1170

Density (kg/m®) Priver 2540 Pmawix 1140

density was 1800 kg/m>. In this study, the material is referred to as
TEPEX PA6/47 102.

2.2. Material test

PA6/47 102 was tested in an axial test according to ISO 527-4 which
specifies the test conditions for isotropic orthotropic fiber-reinforced
plastic composites. For this purpose, 3 samples with a total length of
250 mm, width of 25 + 0.5 mm, and nominal thickness of 2 mm were
prepared and tested in a universal testing machine (-ZWICKO- serie
1000, Zwick Roell Group, Ulm, Germany) with a maximum load ca-
pacity of 100 kN.

Tensile test coupons were clamped using INSTRON 3 and Serie 2716
grips (Instron, Massachusetts, USA) with a total length of 150 mm + 1
mm. An extension test was performed at a velocity of 2 mm/min.

The average Young’s modulus, strength, and strain obtained in the
axial test (Appendix A: tension test results correlation) are close to the
values in the material datasheet under dry conditions (E = 23 GPa, ¢, =
390 MPa, and &, = 2.2% were used in the study). The difference can be
attributed to the dispersion of data obtained in tests due to
manufacturing process and environmental conditions [27]. As is evident
from Fig. 3, coupons 2 and 3 failed close to the grip. This could be
attributed to the stress concentration due to the load transfer between
the coupon and clamping zone via interlaminar shear stresses, and the
concentration due to the in-plane necking zone owing to the
non-homogeneous distribution of fibers oriented in both directions.

2.3. Estimation of material mechanical properties estimation and
empirical theory

There is a lack of information on the mechanical moduli and Pois-
son’s ratio required for the static analysis of a CFRTPs layer, and not all
the parameters required for the static analysis simulation are provided in
the material datasheet. For a single layer or laminate, the values of
Young’s modulus, shear modulus, and Poisson ratios in all directions
must be calculated from the test results or theoretical models. In this
study, the mechanical properties required for the FE simulation were
obtained using the raw material according to the procedure shown in
Fig. 4, wherein the axis nomenclature is defined. The mechanical
properties of a theoretical unidirectional (UD) layer were calculated
from the raw material properties (Step 1) based on a simple rule of
mixture and the implementation of the Halpin-Tsai model (Step 2). Each
twill-weave layer of the TEPEX PA6/47 102 material was assumed to
comprise a combination of theoretical UD layers disposed at 0° and 90°
with a symmetrical configuration, with the hypothesis that there is no
interaction between the fiber families (Step 3). The mechanical prop-
erties of a layer made of TEPEX PA6/47, and the mechanical properties
of laminates fabricated from these layers were calculated using lami-
nation theory and a rule of mixture for the out-of-plane mechanical
properties. The in-plane Young’s moduli in the X-and Y-directions
calculated for a single layer were validated by comparing them with the
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Table 2

Mechanical properties of a theoretical unidirec-
tional layer of Polyamide 6 reinforced with long
glass fiber (47% in volume) calculated using rule of
mixture and Halpin-Tsai theory.

Density (kg/m>) 1800
E; (MPa) 36 240
E, (MPa) 9380
Es (MPa) 9380
G2 (MPa) 2780
Gy3 (MPa) 2780
Gos (MPa) 3225
Vi 0.30
Vi3 0.30
Va3 0.46

values provided in the material datasheet.

The calculation procedure for single layer of TEPEX PA6/47 102 is as
follows.

The average material properties of the raw material used in the
layers is listed in Table 1. These values are based on typical values re-
ported in the literature [28-30].

The properties of the layer were obtained from the mechanical
properties of the raw materials according to the Halpin-Tsai model [31]
and Hull and Clyne [32], based on the hypothesis that each layer is built
with symmetrical individual unidirectional layers at 0° and 90° angles
(fiber interaction in the twill weave configuration was not considered).

Young’s modulus in the fiber direction E; and the mayor Poisson’s
ratio v;2 were calculated using Equations (1) and (2), which are
expressed in the form of a simply rule of mixture.

Here, f = 0.47 is the ratio between the volume fiber fraction and total
volume, Eg,, is the Young’s modulus of the fiber, Epqrix is the Young’s
modulus of the matrix, v13 fper is the major Poisson ratio of the fiber, and
V12 matrix 1S the major Poisson ration of the matrix.

El :f'Efibm‘ + (1 7f)'Emmrix (1)

Vi2 :.f'vﬁber + (1 7.f)'vmalr[x (2)

Young’s modulus in the direction perpendicular to fibers E; and
shear modulus in plane G;, were calculated using Equations (3) and (4).

L+ Cp g f)
Ey = Eparie | ————2- ), 3
’ ( I - ﬂEz'f
1+ 86, M6,y
G12 = Gmmrix <M>7 (4)
L = ng,f

where 7, and 7 , are empirical parameters that consider the relation-
ship between the corresponding fibers and matrix modulus, whereas (x,
and {;,, are empirical corrector factors that consider the geometry of the
reinforcement used and the fiber volume fraction [33]. The expressions
used for the parameter calculations can be found in Appendix B (ma-
terial parameter calculation).

According to Hull and Clyne [32], the value of the transverse shear
modulus in the plane perpendicular to the fibers direction Go3 can be
expressed as follows.

— EZ
% = (zrvm) ©

where the Poisson’s ratio in the plane perpendicular to the fiber, vo3, was
obtained using Equation (6).
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E,
v = 1-— 1y 3K (6)
where vy is the minor Poisson ratio, which can be obtained from the
definition of the major Poisson ratio expressed in Equation (2) using
Equation (7), and K is the bulk modulus. The expression for the calcu-
lation of the bulk modulus can be found in Appendix B (material
parameter calculation).

E
Va1 = (f  Vawer + (1 = f)  Vinarrix) = @]

E
The mechanical properties of the theoretical orthotropic layer can be
obtained using Equations (1)-(7) with the assumption that for ortho-
tropic layers E; , Es = E3, Gia = Gi3, Gaz, V12 = V13, and vs3. The
theoretical properties of the UD layer are listed in Table 2.
The density p was obtained from a simple rule of mixtures, as can be
observed in Equation (8), considering the density of fiber pg, and

MAatrix ppqm- 10 this study, the void content is assumed to be negligible.
P =FPer + (1 =) Prnatra ®

The layer properties are listed in Table 2, and Tsai’s modulus (TM)
[34] can be calculated using Equation (9). This parameter is constant for
all stacking sequences built using this material.

TM = Qi1 + O + 20 = 52.3 GPa 9)

The values of the stiffness parameters Q11, Qa2, and Qgg can be
calculated using Equations (10)-(12), respectively, depending on the
theoretical UD layer mechanical properties.

E,

Qll :m (10)
E;
E
On=;—F an
o
Oss =Gn2 12)

The Tsai normalized modulus in the fiber direction (NM;) is
expressed in Equation (13).

NM, :Q =0.69 GPa (13)
Ty

These values are in the range of the reported values for glass fibers
laminates [35].

The obtained theoretical unidirectional layer properties were
implemented in a laminate comprising four individual layers at 0° and
90° with a symmetrical distribution for the determination of in-plane
mechanical properties using classical laminate theory.

Each theoretical layer can be treated as an orthotropic material, and
the relationship between the strain & and stress ¢ for the layer can be
expressed using Equation (14).

e=Co 14
where C denotes the compliance matrix of the constitutive equation. In
lamination theory, the strain in any layer can be defined as the sum of

the mid-surface strain {€¢} and the product of curvature {x} and the
distance from the midsurface, as expressed in Equation (15).

e=¢+2 K (15)

Furthermore, it is typical to work with the stress and moment
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Table 3
Mechanical properties of TEPEX PA6/47 102 layer
calculated using ampliated lamination theory.

Density (kg/m>) 1800
Ex (MPa) 23 000
Ey (MPa) 23 000
E, (MPa) 9380
Gyy (MPa) 2780
Gy, (MPa) 2980
Gy, (MPa) 2980
Vxy 0.12
Vs 0.36
Vyz 0.36

resultants in the thickness direction, as expressed in Equation (16).

€ _|a b N
{K}_ [b d} {M} (16)
The force {N} and moment {M} vector resultant per unit length were
calculated according to Equations (17) and (18).
h

N= /G-dz, a7)

“h
h

M:/wm, as)
“h

where the total laminate thickness is 2 h and the mid-surface is placed at
z=0.

From the compliance matrix defined in Equation (16) (the fully
expanded form is included in the material parameter calculation in
Appendix B), the effective in-plane mechanical properties were obtained
considering the total laminate thickness (2 h) using Equations (19)-(22).

1

E = 19

2/1'(111 ( )

E, = ! (20)
" Dheay,

vy = -2 (1)
ay

Gy = ! (22)
X"‘72h~a(,6

where E, and E, are respectively the Young’s moduli in the laminate X
and Y directions, vy, and vy, are the major and minor Poisson’s ratios,
respectively, and Gy is the shear in-plane shear modulus.

For 3D analysis, the out-of-plane mechanical properties can be
evaluated using the average value between theoretical layers consid-
ering the transformation of the three-dimensional compliance matrix to
the laminate direction (Equation (23)). Fully expanded compliance and
transformation matrices can be found in Appendix B (material param-
eter calculation).

c=T'.CT (23)

The out-of-plane Young’s modulus E,, shear modulus Gy, and G,
and Poisson ratios v,, and v, for the layer were calculated using
Equations (24)-(28).
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Fig. 5. Schematic of differential system (A) integrated into automobile steering system (B). Magnified view of antivibration top-mount connections to chassis (C) and
components. Central top cover (E) and lower support (D).

2 Holes 0.2
at 1802

|

|
i
>
ol
N
IS
ey
3 0.2
11 20.3

Fig. 6. Dimensions (mm) of the CFRTPs central cover of the fabricated top mount.

Table 4 G — 2h (26)
Thermoforming parameters implemented for central top cover BTN 4.Cs
manufacturing.
Heating temperature (°C) 260 V= 72]1 o 27)
n
Mold temperature (°C) 110 it ( B "Tii)
Transportation time (s) 3
Approach Speed of the press (mm/s) 50 2h
Forming velocity (mm/s) 5 Ve=—"—"7"@a~ (28)
Forming Pressure (bar) 5 Zi:l 1. ( - CTZZ )
Demolding temperature (°C) 110 »
Time to demolding (s) 20 . T . i
Cycle time (s) 40 where t; is the individual layer thickness and CJ‘.k parameters are the

global compliance parameters for each layer.
Considering that each tape of TEPEX PA6/47 102 comprises a sym-

E. =$ 24) metrical laminate of layers at 0° and 90° with equal individual thick-
EEDYSTACS nesses, the obtained mechanical properties are listed in Table 3. The Tsai
normalized modulus (Equation (13)) in the x-and y-directions is NM, =
G,, ZZ"Z# (25) NM, = 0.44, which is in the range of reported values [36].
i=1ti-Cag
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Fig. 7. Main step in the fabrication of the central cover top mount. Detail of laminate support (A), infrared lamps for heating process (B), thermoforming mold (C),
thermoformed component (D), final machined central CFRTPs component (E), and final top mount assembly (F).

Fig. 8. Image of axial tooling (left) and assembly scheme (right) for axial tests. The main dimensions of the developed tooling component is shown in Fig. 9.
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20 20.2

0.2

20

Fig. 9. Dimensions (mm) of the tooling component fabricated for axial tests. Lower support (top) and load application cylinder (bottom).

CFRTPs
central top
cover

Steel
tooling

A,

Fig. 10. Geometry of 2D symmetric FE model generated for central cover top
mount analysis. Steel tooling (upper and lower components) and CFRTPs cen-
tral top cover (central component).

2.4. Case study of a CFRTPs component

A standard steel central core cover of a differential gear mount (CMP
Automotive Group S. L., La Rioja, Spain) was substituted with a CFRTPs
component based on TEPEX PA6/47 102. The CFRTPs cover position
and details are shown in Fig. 5. This component is integrated into the
automobile steering system (B), allowing the wheels on the same axle to
rotate at different speeds. The system was attached to the main structure
using gear mounts (C). These elements are based on a metal-rubber as-
sembly (D, E) connected to the chassis through bolted joints. Gear
mounts reduce the vibration transmission to the main structure of the
automobile. The use of CFRTP in the central core cover (E) was justified
based on the results obtained in previous studies [5,7].

The dimensions of the fabricated CFRTPs components are shown in
Fig. 6, wherein a radius of curvature of 1 mm is considered [37].

The central cover of the top mount was fabricated using a

thermoforming process applied to six layers oriented in the same di-
rection until a total thickness of 3 mm was reached. The thermoforming
parameters were chosen from the average values obtained from the
manufacturer’s datasheet and previous work [38] (Table 4).

The fabrication process is illustrated in Fig. 7. The laminate built
with layers of TEPEX PA6/47 102 material was supported in the corners
by a bush system to hold the component fixed during the thermoforming
process (Fig. 7A). The corners were protected with aluminum foil to
guarantee the geometry during the heating process.

The heating process was performed with two panels of 76 infrared
lamps heating the components on both sides, as shown in Fig. 7B. The
lamps are of Elstein HTS/1-600-230 type, divided into 14 zones where
the temperature is monitored with thermocouples. Panels were used to
heat the layers on both the sides. The layer was loaded into the mold
when the temperature reached 240 °C in less than 3 s and subjected to
compaction pressure.

This step was carried out with an ad hoc mold specifically designed
for application in which the layer is thermoforming with a compaction
pressure of 4 bar (Fig. 7C). The resulting thermoforming central cover
(Fig. 7D) was machined (Fig. 7E) to obtain the top mount assembly
(Fig. 7F).

2.5. Axial test

The CFRTPs central cover of the top mount was tested with a
specially designed tool (Fig. 8) that held the central cover top mount in a
working position during loading of the composite component in the
experiment. As the influence of bolted connections has already been
analyzed [7], it was not considered in this study and only the bending
behavior of the CFRTPs component was analyzed. The test was carried
out at 23 °C with a cyclic load from 500 N to 24 000 N, increasing the
load steeply.

The CFRTPs central cover top mount component was inserted into
the base tooling and compressed with the cylinder. At each load step, the
maximum vertical displacement and maximum permanent displacement
after the load application were measured.
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A 2000 N

0.064 /-0.26 mm

16000 N
C

- -

0.39/-1.71 mm
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B 8000 N
0.23/-0.94 mm
24000 N

0.52/-2.38 mm

Fig. 11. Vertical displacements (mm) for axial test using CFRTPs central top cover for loads of 2000 N (A), 8000 N (B), 16 000 N (C) and 24 000 N (D). Upper
direction (red zone)/Lower direction (blue zone). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

Test results VS Finite element model results
26000

24000 —
p
-
22000 —a=~
20000 Eal
y o -=-TEST_02
18000 T ——-TEST_03
ﬂ,’

16000 ---TEST_04
- b2 7 5
Z 14000 P4 ~==TEST_05
£ g
-] . -~ ~TEST_06
8 12000 -
= ‘l' g = =TEST_07

10000 i - --TEST_08

;" % v -
8000 oo e ~-=TEST_09
e 1 -==TEST_10
6000 /o -
/0 -==TEST_11
4000 o
Ol ~——FEM RADIUS 1 mm
2000 2
X
0

00 03 05 08 1.0 1.3 1.5 1.8 2.0 23 25 28 3.0 3.3 35
Vertical displacement (mm)

Fig. 12. Comparison of vertical displacements between test results (dashed
lines for different tests) and FE results (solid red line) for central cover top
mount (mm). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

2.6. 2.6 simulation of the axial test

The axial tooling test components and central cover top mount were
analyzed based on a FE simulation using the ANSYS software (Swanson
Analysis System Inc., USA). A symmetric half model comprising 29 003
SHELL182 (2D) mesh elements was developed, considering the middle
surfaces and component equivalent thickness (Fig. 9). The material was
oriented using a local coordinate system.

Axial tooling (support and cylinder) was simulated with a steel ma-
terial, whereas the central cover of the top mount was simulated
considering an orthotropic material with the properties obtained pre-
viously for the material TEPEX PA6/47 102. In this study, the visco-
elastic behavior associated with the polymer matrix was not simulated,
and the equivalent material behavior was considered linear.

Mesh size convergence analysis was carried out until the maximum
principal stress variation was less than 2%. A final mesh size of 0.5 mm
was considered in this model, and frictional contact between compo-
nents was defined considering a friction coefficient of 0.2.

Considering the global coordinate system shown in Fig. 10, dis-
placements X, Y, and Z at the lower edge of the tooling component were
constrained, whereas the upper edge of the cylinder was constrained in
the X and Y directions. The rotation around the Z-axis was constrained to
the central cover top mount component of the CFRTPs.

The load on the upper edge of the cylinder was increased from 1000
to 24 000 N in steps of 1000 N.

Maximum shear stress
distribution (MPa)

Manufactured CFRTPs
top central cover
(radius fillet 1 mm)

70 50 30 10
60 40 20 0

Fig. 13. Contour of the interlaminar shear stress for CFRTPs top central cover
(top, MPa) for an axial load of 6000 N (material allowable stress is 64 MPa) and
fabricated CFRTPs top central cover (bottom).

3. Results

The vertical displacements obtained using the FE model showed a
non-linear evolution owing to the adjustment of the central cover top
mount over the lower tooling component. The vertical displacement can
be observed in representative images shown in Fig. 11. The central and
perimetral zones exhibited upward and downward movements,
respectively.

A comparison between the FE model and test results is shown in
Fig. 12, considering the values of the FE model with a fillet radius of 1
mm (red line). Considering the average value obtained in the tests, the
values obtained with the FE model showed an average difference of
0.021 mm with a standard deviation of 0.022 mm until a load of 10 000
N. However, the FE and test results diverged when the load exceeded
this value. This could be associated with nonlinear effects in the CFRTPs
component due to the beginning of interlaminar failure.

The test results exhibited an Shaped evolution curve, which could be
explained by considering the following deformation process: at a low
load level (lower than 500 N), the composite twill configuration, with
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Allowable
64 MPa

Allowable
390 MPa

Fig. 14. Contours of maximum shear stress (MPa) (top) and maximum prin-
cipal stress (MPa; bottom) for configuration with a fillet radius of 1 mm at an
applied load of 6000 N.

fibers in an undulatory distribution, is elongated owing to the defor-
mation of the matrix until the fibers reach a blocking configuration
wherein the composite material behavior shows a change in the load
displacement curve. Furthermore, the accommodation process between
the components produces an extra displacement variation, as identified
in the FE analysis results, which exhibit a non-linear behavior.

The non-linear evolution in the displacements in the FE model was
due to the contact between the components. When the load was
increased, the tooling component deformed the central cover of the top
mount by varying the contact surface, the constraints imposed by the
tooling on the composite component, and the effective bending length.

From the blocking configuration, the laminate exhibited a quasi-
linear behavior. However, the slopes in the incremental load test were
lower, according to the results obtained in Test 6. This can be attributed
to the interlaminar shear failure in the external zone of the component in
the lower fillet zone, as shown in Fig. 13, which shows the transverse
shear stress for Test 6 with an applied load of 6000 N.

In this case, the maximum interlaminar shear strength of 64 MPa was
achieved [39]. Crack initiation at the polymer fibers interface

Fillet radius 1 mm
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contributes to the delamination between the external layers and a worse
behavior in further tests where a more flexible structure is obtained.

Although the maximum shear strength of the polymer matrix is
reached in the external zone at axial loads of approximately 6000 N with
crack initiation in the polymeric matrix, the values of the maximum
principal strength obtained are lower than the maximum tensile of
strength the material, and the composite structure can withstand the
load. This is evident from Fig. 14, which shows the maximum principal
stress for a load of 6000 N (bottom). It reached a value of 167 MPa,
which is lower than the material allowable stress of 390 MPa.

After the validation of the material model by comparing the test
results with those of the FE analysis (fillet radius of 1 mm), a new
geometrical model was developed in which the fillet radius was
increased to 5 mm to reduce the interlaminar stress concentration in the
transition zone (Fig. 15).

Increasing the fillet radius allowed fibers to operate in a more opti-
mized way, reducing the out-of-plane stress concentration in the tran-
sition zones (Fig. 16). The onset of the matrix crack initiation increased
from 6000 N to 8000 N.

In addition to the displacement and stress analysis carried out using
the fabricated components, the remnant displacement was evaluated in
the axial test using the configuration with fillet radii of 1 mm and 5 mm
(Fig. 17). The remnant displacement considers the viscous behavior of
the thermoplastic matrix and can be included in the development of
more accurate FE models with cycle hysteresis integration. Test results
were used for the configuration with a fillet radius of 1 mm, whereas
previous values were corrected by a factor for the configuration with a
fillet radius of 5 mm. This factor considers the relationship between the
maximum principal stress obtained in the fillet radius zone for both
geometries. For equal loads, the remnant values for the configuration
with a fillet radius of 5 mm were lower than those for the configuration
with a fillet radius of 1 mm.

In this study, a maximum remanent displacement of 0.2 mm was
considered. This value is based on the standard flatness tolerance re-
quirements specified in ISO 2768-2 for ranges above 30-100 mm with a
tolerance class K. The combination of the maximum remanent
displacement for the flatness requirements and maximum load allowed
to avoid interlaminar failure was used to define the working zone. The
reduction in the stress concentration with the increment in the fillet
radius allows an increment in the working zone.

4. Conclusions

The development of complex geometries made of continuous fiber-

Fillet radius 5 mm

Fig. 15. Comparison between test configuration with fillet radius of 1 mm (left) and optimized configuration with fillet radius of 5 mm (right).
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Allowable
64 MPa

Allowable
390 MPa

Fig. 16. Contours of maximum shear stress (MPa) (top) and maximum prin-
cipal stress (MPa; bottom) for configuration with a fillet radius of 5 mm at an
applied load of 8000 N.

reinforced thermoplastics (CFRTPs) can be optimized using finite
element (FE) models. However, this is challenging because of the lack of
information in material datasheets regarding the mechanical properties
and strength. Addressing this problem requires the development of time-
consuming and costly tests or theoretical calculations.

In this study, the mechanical moduli and Poisson’s ratio for a com-
mercial CFRTPs made of polyamide 6 reinforced with long glass fibers
(47% in volume) were theoretically calculated based on the Halpin-Tsai
model and 3D expanded classical lamination theory. The Young’s
modulus provided in the material datasheet was used to validate the
results. Furthermore, the novel Tsai’s modulus (composite trace) and
normalized modulus were calculated, and the values were within the
range of known materials.

In addition, the mechanical damping behavior of the fabricated

Composites Part B 239 (2022) 109950

CFRTPs top mount for an automobile differential system was tested
using specially designed ad hoc tooling. The results were used to those
obtained using FE simulation involving models of tooling and CFRTPs.

The obtained results indicated that the geometry cannot be directly
adapted from the metal component because of the interlaminar stress
concentration in the fillet zone, where the allowable material reaches a
low load level.

The geometry of the top damping component of the CFRTPs was
optimized using FE analysis, wherein the fillet radius was increased.
This modification resulted in an increase in the load bearing capacity of
the component, delaying the out-of-plane failure in the fillet zone and
increasing the working zone defined for this component with the load
limitation and flatness tolerance based on ISO 2768-2.

In summary, the use of CFRTPs can contribute to a considerable
weight reduction in automobile components and lower greenhouse gas
emissions without diminishing the reliability and safety throughout
their useful life. Furthermore, their excellent dielectric and isolation
properties can facilitate the incorporation of electronic devices with new
functionalities in the automotive industry [40].

The use of in silico models based on FE techniques can be useful for
accelerating the development of complex structures made of recycled
CFRTPs for large-scale production.

Future research could include the analysis of thermoforming pa-
rameters and the influence of hydrothermal degradation in the poly-
meric matrix [41] to optimize the mechanical performance and life of
the part, which was not considered in this study.
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