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A B S T R A C T   

A feasibility study on a short fibre reinforced Polymer Metal Hybrid (PMH) solution of a car’s suspension control 
arm has been conducted through a simplified demonstrator, representative of the most critical portion of this 
component. It was injection moulded in two versions: an all composite one and a PMH version, in which the short 
fibre reinforced composite was over-moulded on to an aluminium insert. The demonstrator underwent quasi- 
static, creep and impact tests to simulate most of the loading conditions experienced by a suspension arm 
during its lifetime. The mechanical behaviours of the two demonstrator versions were compared to highlight the 
differences introduced by the proposed novel PMH solution. In particular, the ductile metal insert ensured the 
compliance of the PMH demonstrators with the automotive specific safety requirement of avoiding the complete 
separation at failure, which was successfully obtained in all testing conditions.   

1. Introduction 

Complying with the current regulations concerning emissions 
reduction and meeting the growing demand for sustainable products are 
among the greatest challenges that car manufacturers are facing in our 
time. The achievement of these goals calls for a further vehicle mass 
reduction, paying special attention to the design of durable components 
using lightweight recyclable materials. 

The reduction of vehicle weight by replacing metals with high- 
performance polymers has been underway for several decades, and it 
also applies to structural components such as engine mounts, air intake 
manifolds, engine oil pans, valve covers, body in white inserts, front 
ends (PMH solution), etc. However, for safety–critical components such 
as brake pedals, suspension arms, etc., the use of metals is still pre-
dominant [1]. 

In this framework, the suspension system draws particular attention 
of the designers because it builds up to the 25 % of the whole mass of a 
vehicle [2]. Beside the impact on the overall mass of the vehicle, a 
lightweight suspension system would bring benefits in car handling and 
occupants’ comfort, thanks to the reduction of the unsprung masses 
[2,3]. Although over the last two decades suspension control arms have 

been mainly produced from steel, aluminium castings, and ductile iron 
casting [4], several composite suspension arms have been proposed in 
literature, using continuous fibre reinforced thermosetting polymers 
[2,4–7]. 

Carello et.al [5] developed an extended feasibility study for engi-
neering of a suspension upper control arm made by Carbon Fibre 
Reinforced Polymer (CFRP). The component was designed with com-
posite optimization methodology, to take advantage of the CFRP prop-
erties. Although no weight reduction was achieved, an average increase 
of 78 % in stiffness was obtained as compared to other lightweight 
materials. Overall, the car performance was thus significantly improved 
by adopting CFRP solution. 

Kim et al. [6] designed a suspension lower arm for automotive ap-
plications made of high strength carbon/epoxy composite. Through 
stacking angles optimization, the composite lower arm displayed two 
times higher stiffness and buckling strength than a conventional steel 
lower arm, being 50 % lighter. 

Banks [7] designed a composite rear suspension knuckle/tie blade 
consisting of UD prepreg (epoxy resin), SMC (vinylester resin) carbon 
fibre and a steel insert. This solution ensured a weight reduction of 35 % 
compared to serial produced components. The use of chopped strand 
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mats was also proposed for developing suspension arms in [8]. 
Despite the outstanding stiffness and strength to weight ratios 

offered by CFRPs, they are usually prone to brittle and catastrophic 
failure [9]. Ductile failure mechanisms and residual integrity of the 
components are known to be binding requirements for the automotive 
industry, concerning safety-relevant components. Therefore, the unde-
sired failure mode of CFRPs, in addition to their high cost and their end 
life disposal, contributed to restrict their spreading across the automo-
tive sector. 

Polymer Metal Hybrid (PMH) technology, instead, allows the design 
of lightweight structures with improved mechanical behaviour. PMH 
design combines the high ductility of metals and the high specific me-
chanical properties of polymer-based composites. For example, adding 
fibre reinforced polymer layers can improve the bending behaviour of 
metal beams [10] prevent premature buckling failure [11] or improve 
its crashworthiness [12,13]. 

An attempt to develop a multi-material lower control arm of a 
McPherson suspension system was carried out by Messana et al. [3]. The 
mass of an existing steel arm was reduced by applying a hybrid tech-
nology. The thickness of the component was diminished and a CFRP 
tailored cover was added. This hybrid solution showed a stiffness com-
parable with the original arm, achieving a 23 % of mass reduction. 

However, the use of composites poses the challenge of complying 
with regulations about recycling of structures, which call for the sepa-
ration of metals and composites [14]. The use of thermosetting matrices 
and continuous fibres for the manufacturing of suspension components, 
can make recovery and separation more difficult. Conversely, the use of 
thermoplastic-based fibre reinforced polymers appears to make sepa-
ration easier [15], e.g. by grinding, gravimetric separation, remelting of 
the polymer. 

Several applications of injection moulded, short fibre reinforced 
polymer parts can be found in the automotive industry, including load 
bearing applications, e.g. clutch pedals, engine mounts or torque rods. 
However, for many structural components, especially those classified as 
safety-related, the use of engineering polymers is still marginal. Some 
components, like suspension arms, have additional design specifica-
tions, namely no separation after failure, that prevent form the adoption 
of relatively brittle materials like Short Fibre Reinforced Polymers 
(SFRP) only, and suggest the adoption of a PMH solution. For the 
manufacturing of the short fibre reinforced PMH components, the fibre 
reinforced thermoplastic polymer is over-moulded onto a thin metallic 
component. An in-depth analysis of the contribution of injection moul-
ded ribs on the mechanical performance of a channel beam-like struc-
ture [16] demonstrated that the ribs can increase the load-bearing 
capacity of the structure, leading to reduced weight compared to a 
closed box section. The feasibility of this type of construction has been 
thoroughly investigated, with special focus on the adhesion between the 
metallic and polymeric parts [16–20]. Generally, the quality and the 
strength of the adhesion depend on the surface topography and chem-
istry of the metal (resulting from the surface treatment to which the 
metal undergoes), as well as on the viscosity of the melt polymeric 
compound, which is given by the injection moulding parameters as 
temperature and pressure. Several studies have been conducted on the 
direct-adhesion injection overmoulded polymer-metal joints [21]; for a 
comprehensive review of the state of the art the reader can refer to [22]. 

In the automotive sector, the AUDI hybrid front-end [23] was one of 
the first and most popular application of PMH [24–26]. More recently, 
Mercedes and partners developed a PMH front-end module for the B- 
Class car, in which a closed tube-shaped aluminum piece is overmoulded 
with glass-fibre reinforced nylon 6 (PA6-GF) [22]. The Trelleborg Group 
proposed a hybrid brake pedal, in which a metal insert is overmoulded 
with glass fibre reinforced plastic [22]. A PMH engine cradle was pro-
posed [27], and optimized topologically by multi material topological 
optimization [28] and by an integrated finite element/artificial neural 
network multi-objective optimization approach [29]. PHM structures 
with continuous fibre reinforced thermoplastic sheets for energy 

absorbing applications were also proposed [30]. 
The goal of the present work is to demonstrate the feasibility of a 

short fibre reinforced PMH solution for the suspension system of a car. In 
this article, we present a simplified demonstrator, designed to comply 
with the design requirements of a McPherson suspension arm. The 
demonstrator is a tapered I-beam-like structure that replicates in a 
simplified manner the portion of a suspension arm that undergoes 
bending, as in the usual operation of the suspension during vehicle 
riding. The idea is shown schematically in Fig. 1. 

The PMH demonstrator consists of an outer short fibre reinforced 
polymeric shell which embodies a metallic insert. Such a hybrid solution 
was specifically designed so that the composite shell is its actual load 
bearing component. Therefore, the mechanical properties of the PMH 
demonstrator, such as stiffness and strength, are those exclusively pro-
vided by the composite shell itself. This implies that a brittle failure is 
expected for the composite shell, most likely resulting in the complete 
separation in two halves of the demonstrator in a catastrophic fashion, 
unless the metal insert is used. Thus, the metal insert is intended to be 
the structural elements which preserve the residual integrity of the PMH 
demonstrator after failure of the composite shell. 

The preliminary design of the PMH demonstrator was supported by 
quasi-static Finite Element Modelling (FEM) numerical simulations. 
Advanced methods based on state-of-the-art solutions available in 
commercial software packages were employed, to account for the 
anisotropy, the variability of the fibre orientation induced by the 
manufacturing process, and the non-linearity of the quasi-static behav-
iour of the material. 

The demonstrator was manufactured by injection moulding and 
tested statically and dynamically to simulate the everyday working 
conditions of a suspension control arm. A version of the demonstrator 
without the metallic insert was also manufactured and tested. The me-
chanical behaviour of the two demonstrator versions were thus 
compared and the effect of the internal reinforcement of the PMH 
version discussed. 

To the best of the authors’ knowledge, no short fibres reinforced 
PMH solutions for suspension arm proposed in the literature adopt such 
a design concept nor have been tested for a feasibility assessment. 

2. Materials and methods 

2.1. Demonstrators design and manufacturing 

The portion of the car’s suspension control arm, replicated by the 
demonstrator, can be treated as a cantilever beam subjected to a bending 
load. Its wheel-side end is free to deflect, while the rigid connection of its 
chassis-side end is fixed to the remaining part of the suspension lower 
arm, as shown in Fig. 1. Because of the complexity of the structure, in a 
real testing condition it is challenging to constrain the demonstrator’s 
chassis-side end to simulate the material continuity. Moreover, due to 
the presence of elastic bushings in the suspension arm, a rigid clamping 
would not be realistic. Therefore, the demonstrator, was mirrored about 
its chassis-side vertical plane, to test it in Three Point Bending (TPB) 
mode, as schematically shown in Fig. 2. This testing configuration al-
lows the mid span deflection of the structure to be assumed equal to the 
end tip deflection of the structure in the cantilever beam model. 

The PMH demonstrator consisted of two components: the main 
structure, made of a 50 % by weight Short Glass Fibre Reinforced special 
polyamide-66 (SGFR-PA66), provided by RadiciGroup High Perfor-
mance Polymers under the tradename of RADISTRONG A RV 500 W and 
a 6061-T6 aluminium insert, embodied in the main structure. The 
composite main structure is the load bearing element. It must be effec-
tively designed to withstand the same type of loading as the car’s sus-
pension control arm is subjected during its working lifetime. The 
aluminium insert, instead, was meant to meet the specific requirement 
of avoiding the complete separation of the PMH demonstrator at failure. 
The CAD models of the PMH demonstrator, the drawings of the 
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composite main structure and of the aluminium insert are shown in 
Fig. 3, along with their dimensions. 

To assess the crucial role of the aluminium insert in preventing the 
complete separation of the structure at failure, demonstrators without 
the insert (here after referred to as “polymeric demonstrator”) were also 
fabricated and tested. The polymeric demonstrator thus consisted of the 
composite main structure only, reported in Fig. 3.b. 

Both demonstrator versions were injection moulded. A steel mould 
was manufactured specifically for this component. In the case of the 
PMH demonstrator, the insert, laser cut from an aluminium sheet, was 
first placed in the mould, then the short glass fibre reinforced polyamide 
was over-moulded on to it. The injection moulding of the SGFR-PA66 
was performed on an Engel 120 T hydraulic injection moulding 

machine with a screw diameter of 40 mm. The temperature of the melt 
was 280 ◦C, while that of the mould was of 110 ◦C. 

The aluminium insert did not undergo any surface treatment but 
solvent cleaning before the injection process. Since the insert is extrac-
ted from rolled aluminium sheet, it displays a surface roughness of 0.13 
µm and of 0.46 µm. in the rolling and transverse directions, respectively. 
It displays a truss-like structure which allows the component to be light 
and stiff. The holes were created on the insert to keep it in place under 
the action of pressure exerted by the flow of molten material during the 
injection process. Top and bottom flanges of the composite main 
structure were designed with draft angles to facilitate the extraction of 
the demonstrator from the mould at the end of the solidification. 

Flat surfaces were located on the demonstrator’s bottom flanges 
where the contact between the demonstrator and the fixed supports of 
the TPB rig develops. This design choice increases the contact area 
avoiding the development of a single point contact, resulting from the 
design of the flanges with draft angles. 

A cylindrical housing for the TPB loading cylinder was created at 
mid-span of the demonstrator’s top flange. This maximises the contact 
area between the loading cylinder and the demonstrator, reducing the 
contact pressure. 

Vertical ribs were introduced in the main structure. They are located 
at the contact sections between the demonstrator and both the fixed 
supports and the loading edge. The use of ribs increases the stiffness of 
these sections that are subjected to high shear forces during the TPB test. 
Moreover, oblique reinforcement ribs, running from the contact region 
with the loading cylinder to the lower flanges, were also designed to 
induce failure at the end of the oblique rib in the lower flange. 

An injection moulding simulation was performed using the Autodesk 
Moldflow 2019 software [31] to evaluate the Fibre Orientation Distri-
bution (FOD) across the PMH demonstrator (adopting the Reduced 
Strain Closure model). On the demonstrator’s upper flanges, two injec-
tion gates, symmetrically located about its mid-span vertical axis, were 
used to perform the simulation of the injection process. Simulation re-
sults are expressed in terms of the 2nd order orientation tensor [32]. 

Fig. 4 showcases the local maximum eigenvalue of the orientation 
tensor along with the locations of the injection gates used. High values 

Fig. 1. Geometry simplification from the real suspension arm to the analysed demonstrator. Loading conditions of the control arm are also reported.  

Fig. 2. Schematic representation of the demonstrator mirroring for three-point 
bending test, Forces (F) and displacements (δ) are highlighted. 
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are associated to high alignment of the fibre along a preferential direc-
tion, while a random arrangement of the fibre in space is expressed by 
low values. Two weld-lines can be spotted in the lower flange areas, 
symmetrically located about the demonstrator’s mid-span. Those re-
gions result from the meeting of two flow fronts and are characterized by 
a mainly random fibre orientation. Finally, it is assessed that using the 
above-mentioned injection gates, a symmetrical FOD through the 
structure is provided. A non-symmetrical FOD would lead to uneven 
mechanical behaviour of the two halves of the demonstrator. The 
simulated fibre orientations were then used in the finite element 
modelling of the part. 

2.2. Finite element modelling 

A Finite Element Method (FEM) model of the PMH demonstrator was 
built in the Simulia Abaqus 2018 software (Dassault Sistèmes) [33] to 
simulate its static behaviour under the TBP test. The model accounts for 
the variability of the fibre orientation distribution induced by the in-
jection moulding process and its effect on the properties of the SFRP by 
mapping the values of the fibre orientation tensor components obtained 
by process simulations onto the structural mesh (see previous section). 
Based on the local values of the fibre orientation tensor components, a 
macro-mechanical, non-linear behaviour of the composite material was 
obtained by a second order Mori-Tanaka homogenization scheme with 
J2 plasticity, as implemented in the Digimat software package [34]. No 
progressive damage or failure was modelled. A 3D strain-based Tsai-Hill 

Fig. 3. A) CAD model of the PMH demonstrator and drawings of the front and lateral views of the b) main composite structure and of the b) aluminium insert.  

Fig. 4. Representation of the maximum eigenvalues of the fibre orientation tensor resulting from injection simulation of the demonstrator.  
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failure indicator was adopted. 
Due to the symmetry of the demonstrator about its chassis-side 

vertical plane, the FEM model consisted in only one half of the struc-
ture, as shown in Fig. 5. Symmetric boundary conditions were applied 
on the chassis-side surface of the model. Two reference points were 
located and rigidly connected to the composite shell structure at the 
contact regions between the demonstrator and the loading/supporting 
edges of the TPB test set-up. A 10 mm downward displacement was 
imposed to the reference point at the loading edge along the y axis (see 
Fig. 5), while the downward displacement along the y axis and the 
rotation about the z axis (see Fig. 5) of the reference point at the sup-
porting edge were prevented. The mesh used consisted of 2 mm average 
sized 10-node quadratic tetrahedral elements. 

The mechanical behaviour of the 6061-T6 aluminium was described 
by a linear constitutive model up to yielding, then the power law: 

σpl = Kεn
pl (1)  

was used to model its strain hardening. Where K and n are the strength 
and strain hardening coefficients, respectively (reported in Table 1, from 
[35]). The mechanical behaviour of the short glass fibres was simulated 
by an isotropic linear elastic constitutive model, while that of the 
polyamide-66 (PA66) matrix was simulated by an isotropic elastoplastic 
constitutive model. The latter was based on the J2-plasticity model with 
the strain hardening described by the exponential and linear law: 

σpl = Yεpl + σ∞[1 − e− mεpl ] (2)  

where Y is the linear hardening modulus, σ∞ and m are the saturation 
flow stress and exponent, respectively. Two constitutive material models 
were considered for the mechanical behaviour of the PA66: one for Dry 
As-Moulded (DAM) state at 23 ◦C and one for a conditioned state at 
23 ◦C and 50 % relative humidity. A second order Mori-Tanaka ho-
mogenization scheme was applied to evaluate the mechanical properties 
of the homogenized composite. Failure Indicators (FI) of the composite 
were also provided by a 3D strain-based, transversally isotropic Tsai-Hill 
failure criterion, which reads: 
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(3)  

where X and Y are the maximum axial and in-plane tensile strains, 
respectively, while S is the maximum transverse shear strain. The values 
of X, Y and S, considered in the strain-based failure criterion for DAM 
and conditioned SGFR PA66 are reported in Table 2, respectively. The 
material modelling of the SGFR PA66 was carried out by mean field 

homogenization within Digimat-MF package of the Digimat suite by 
MSC Software [34]. All the relevant parameters used in modelling the 
behaviour of the 6061-T6 aluminium and the short glass fibre reinforced 
PA66 are reported in Table 1. The parameters used for the mean field 
homogenization of the SGFR PA66 were extracted from the calibrated 
material’s card provided by the material’s supplier for the Digimat MX 
package. 

The FOD within the composite main structure, resulting from the 
injection simulation, described in section 2.1, was considered in the 
numerical simulation of the PMH demonstrator. The results of the in-
jection simulation were mapped on the FEM structural mesh using 
Digimat-MAP [34] software. This allows for the local anisotropic ma-
terial properties, depending on the local FOD, to be evaluated and 
accounted for in the simulation. 

2.3. Experimental 

An extensive experimental campaign was performed to characterize 
the behaviour of the PMH demonstrator when subjected to a longitu-
dinal load, simulating the typical force transmitted by the wheel to the 
control arm. Quasi-static, creep and impact tests were carried out to 
reproduce the loading scenarios that the suspension control arm nor-
mally faces during its working conditions. 

2.3.1. Quasi-static test 
Load controlled quasi-static tests were carried out on both the PMH 

and the polymeric demonstrators. This allows the different failure 

Fig. 5. FEM model of the PMH demonstrator. Reference points are highlighted.  

Table 1 
Relevant parameters used for modelling the mechanical behaviour of each 
material.  

Material E 
[MPa] 

K[MPa] Y[MPa] σ∞[MPa] n m 

6061-T6 68,900 376.5 – – 0.05 – 
Glass 72,000 – – – – – 
PA 66       
DAM 2600 – 70 46 – 125 
Cond 1300 – 50 36 – 85  

Table 2 
Parameters of the 3D strain-based, transversally isotropic Tsai-Hill failure cri-
terion for DAM and conditioned SGFR PA66.  

SGFR PA66 X Y S 

DAM  0.028  0.033  0.19 
Cond  0.038  0.041  0.3  
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behaviour of the two demonstrators’ configurations to be assessed. The 
demonstrators were tested on an MTS Alliance RF/150 under a TPB set- 
up, with a test speed of 5 mm/min and a span between the supports of 
265 mm. Mid-span deflection was measured by using an MTS 632.06H- 
30 displacement gage. 

Three polymeric demonstrators were all tested in dry as-moulded 
conditions at room temperature, while the PMH demonstrators were 
split in two batches. The fifteen demonstrators belonging to the first 
batch were all tested in as-moulded conditions. Five samples were tested 
for each temperature level considered of − 40 ◦C, 23 ◦C and 85 ◦C, as 
these are within the typical operating temperature range of automotive 
components. The five demonstrators of the second batch were tested 
inside a climatic room at a temperature of 23 ◦C and 50 % of relative 
humidity. Before testing, these latter demonstrators underwent condi-
tioning to attain a moisture content, in equilibrium with the testing 
environment, of 0.9 %. Conditioning allows the moisture content effect 
on the stiffness of the composite main structure to be evaluated. 

The bending stiffness of the demonstrator, k, was evaluated as the 
slope of its load–deflection curve by: 

k =
ΔF
Δδ

(4)  

where the deflection interval, Δδ, between 0.5 mm and 1 mm, and the 
corresponding load interval, ΔF, were considered. Within the considered 
load and deflection ranges, the static responses of the demonstrators 
were linear for any testing conditions. 

2.3.2. Creep tests 
Creep tests were performed to evaluate the possible effects of con-

stant loads, combined with temperature ageing, with a consequent 
reduction of mechanical performance. Moreover, polymer structures 
often show a relaxation behaviour after the load application [36]. This 
could affect the correct assembly operations and, consequently, the 
working conditions. The effect of the applied load level and of the 
temperature was investigated. The tests were performed using the same 
TPB set-up mentioned above. Considering the number of the available 
demonstrators and the timing requested by a single test, in the experi-
mental campaign one load level and two temperatures were evaluated 
for the polymeric demonstrator and two load levels and three different 
temperatures were evaluated for the PMH demonstrator, as shown in 
Table 3. The tests were carried out for a duration of 500 h focusing the 
attention on the primary and secondary creep phases [36] in the ma-
terials behaviour. 

The creep tests were performed using a testing machine developed by 
the authors from the Politecnico di Torino [37]. The testing machine is 
shown in Fig. 6 and Fig. 7. To speed up the tests, the machine was 
designed to test two samples at the same time. During the whole test, the 
demonstrators are positioned inside a climatic chamber as shown in the 
Fig. 6 and Fig. 7. All the tests were performed at controlled temperature. 
The load is applied through a leverage system, and it is measured with a 
strain gauge load cell, whereas the deformation of the demonstrator is 
measured with a LVDT sensor. 

2.3.3. Impact tests 
Impact tests were performed to characterize the dynamic response of 

the demonstrator. The test configuration can be associated to a TPB test 

in dynamic condition. Fig. 8 shows the test set-up. The support was 
specifically designed to fit the demonstrator. It consists of two span 
supports leaning on a guideway screwed on a metal plate that is then 
fixed on the machine chamber’s floor. The two supports are designed to 
slide on the guideway and adjust the span according to the test re-
quirements. The span support has two vertical arms. On each arm two 
screws are inserted to hold the demonstrator during the impact test, 
avoiding undesired lateral movements of the demonstrator. For all the 
impact tests, the distance between the support spans was set to 265 mm. 

The tests were performed using a CEAST Fractovis Plus free-fall drop 
dart testing machine. The impacting energy is adjustable by setting the 
falling height and the impacting mass. The dart had a cylindrical shape, 
with a hemispherical tip having a diameter of 12 mm. The dart impacted 
the demonstrator exactly at its central section. 

A falling mass of 16 kg was used, and the falling height was set at 
different values for each impact test, in order to evaluate the demon-
strator response when submitted to different levels of supplied energy 
E0, in the range from 5 J to 20 J. A piezoelectric load cell was placed at 
the top extremity of the dart and the applied load signal was acquired at 
a frequency of 1 MHz. During the downward travel of the falling mass, 
some potential energy can be lost due to friction, thus requiring the 
energy balance to include the non-conservative term Wf, as illustrated in 
equation (2): 

E0 = mgh =
1
2
v2

p +Wf →Wf = mgh −
1
2
v2

p (5)  

where m is the falling mass, g is the gravity constant, h is the initial 
falling height, vp is the measured dart velocity at the impact and Wf is the 
non-conservative work due to friction. The dart velocity is measured by 
an electro-optical device (photocell). This device is used also to trigger 
the load acquisition. 

The displacement of the dart during the impact is evaluated by the 
double time integration of the acceleration, retrieved by the Newton’s 
law: 

a(t) = g −
F(t)
m

(6)  

v(t) =
∫ tf

t0
a(t)dt + vp (7)  

s(t) =
∫ tf

t0
v(t)dt (8)  

where F(t) is the force signal acquired by the load cell, a(t) is the ac-
celeration time history of the dart, t0 and tf are respectively the first time 
instant of the impact and the time instant at which the load drops to 
zero, v(t) and s(t) are, respectively, the velocity and the displacement 
time history of the dart during the impact. 

The energy Eab absorbed by the demonstrator during the impact 
correspond to the area under the force–displacement curve: 

Eab =

∫ sf

s0

F(s)ds (9)  

where sf and s0 are the dart position evaluated respectively at tf and t0. 

3. Results and discussion 

3.1. Quasi-static tests and simulations 

Fig. 9 shows the load–deflection curve resulting from quasi-static 
tests carried out on the polymeric and PMH demonstrators at room 
temperature in the DAM condition. Both structures displayed a linear 
initial response to the load. Then a progressive, although small, stiffness 
reduction made the structure responses slightly deviate from linearity up 
to failure. The PMH demonstrator resulted slightly stiffer (+16 %) than 

Table 3 
Parameters considered for the creep tests.  

Polymeric demonstrator PMH demonstrator 
Temperature 
[◦C] 

Load 
[N] 

Temperature 
[◦C] 

Load 
[N] 

23 980 − 10 980 
50 – 23 1470 
– – 50 –  
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the polymeric one. Although the aluminium insert was meant only as a 
mean to prevent separation at failure, it contributed to the overall 
stiffness of the PMH demonstrator. 

The polymeric demonstrators consistently failed at a load level of 
about 6.7 kN with a corresponding deflection of about 3.9 mm. A 
catastrophic and brittle failure was observed, resulting in the complete 
separation of the structure in two halves at midspan, as shown in Fig. 10. 
a. In all the polymeric demonstrators the crack onset was located on the 
lower flange at the end of the oblique reinforcement rib. This was the 
targeted location for the failure to occur. Then the crack suddenly 
propagated throughout the structure on a path that follows the oblique 

reinforcing rib. 
On the other hand, the PMH demonstrators failed with larger scatter 

of maximum loads and corresponding deflections. This could be attrib-
uted to the non-uniform bonding between the metal insert and the 
polymeric structure, resulting from the manufacturing process. The 
adhesion between the polymer and the metal was not a parameter 
considered in this work. A proper surface treatment of the metal insert, 
aimed at enhancing the surface wettability and adhesion with the 
polymeric materials, could be considered in future developments of this 
work. 

Moreover, it is likely that the load transfer between the polymeric 

Fig. 6. Rendering of the creep testing machine and description of different components.  

Fig. 7. Creep testing machine before test starting.  
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and the metallic parts was mainly achieved by mechanical interlock of 
the reinforced polymer flowing into the cavities of the metal insert. In 
any case, the first load drop of the load–deflection curves of the PMH 
demonstrators (Fig. 9) did not correspond to a total loss of load carrying 
capability of the structure. Indeed, final failure occurs at a later stage, as 
shown in Fig. 9. 

The failure event was characterized by two subsequent phases: the 
first failure of the composite main structure, which is related to the first 
load drop of the force–deflection curves of Fig. 9, was followed by the 
partial failure of the metallic insert, which caused the ultimate load drop 
of the aforementioned curves. The order of the events is inferred by the 
lower strain at break of the polymer than that of the aluminium, pro-
vided that at the moment of the first load drop, the metal and the 
polymer reached the same local strain value. The load carrying ability of 
the PMH demonstrator did not drop to zero when the composite main 
structure failed, opposite to the polymeric demonstrators, which un-
derwent full separation. After the first load drop, a further increase of 

the load can be observed for the PMH demonstrators, presumably due to 
the load transfer to the aluminium insert. 

A picture of a failed PMH demonstrator is reported in Fig. 10.b. It is 
worth noting that the failure of the composite main structure consis-
tently originated close to one of the weld-lines (see Fig. 4). The crack 
suddenly propagated through the structure but always stopped before 
crossing it entirely from the bottom to the upper flange. The crack stop is 
due to the transfer of the load to the aluminium insert, which deformed 
plastically before its partial failure. It is important to highlight that the 
presence of the insert always avoided the complete separation of the 
structure. At the fracture location, the metal insert appeared as fully de- 
bonded from the polymer. This confirms that load transfer was mainly 
achieved by mechanical interlock. Whether an improved adhesion be-
tween the polymer and the metal insert could improve the overall per-
formance or not should be investigated. Particularly, it would be 
interesting to check if an improved adhesion might even prevent the 
metal insert to undergo large strains, which are fundamental for the 

Fig. 8. Impact test set-up, a) drop dart testing machine; b) demonstrator support.  

Fig. 9. Load-deflection curves of the PMH and polymeric demonstrators tested in dry as-moulded condition at room temperature.  
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avoidance of full separation. 
The average values of initial stiffness, maximum load and deflection 

at failure, along with their standard deviation, of the DAM polymeric 
and PMH demonstrators are reported in Table 4. 

Fig. 11 showcases a comparison between the quasi-static behaviour 
of the DAM and of the conditioned PMH demonstrators (also including 
the simulated load–displacement curves). As expected, the tested 
conditioned demonstrators displayed a more compliant behaviour with 
respect to their as-moulded counterparts. Their quasi-static response is 
characterized by a more extended plastic region before failure. Both 
features are due to the plasticizing effect brought by the water on the 
polymeric matrix of the composite main structure. The failure mecha-
nism of the conditioned PMH demonstrator is similar to that of their dry- 
as-moulded counterparts, as evidenced by the trend of the 
load–deflection curves of Fig. 11. Despite the consistency of the initial 
stiffness of the conditioned PMH demonstrators, they also fail for a large 
scatter of loads and deflections. Their failure load is comparable to that 
of their as moulded counterpart, instead, the deflections at failure are 

larger. 
Fig. 11 shows good agreement between the simulated and the 

experimentally obtained quasi-static behaviour of the PMH demon-
strator in DAM condition. The numerical simulation however tends to 
slightly overestimate the stiffness and the overall response of the 
demonstrator. Conversely, despite a low overestimation of the initial 
stiffness, the numerical simulation largely overestimates the overall 
quasi-static behaviour of the “conditioned” demonstrator. 

In the numerical simulation the FI of each mesh element is computed 
by locally applying the strain-based Tsai-Hill criterion reported in 
equation (3). The element failure condition is reached when its FI ap-
proaches one. However, the numerical simulations did not include the 
deletion of elements whose FI was greater than one. Therefore, from an 
analysis of the FI of the mesh elements two conditions were identified as 
indicators for the failure of the polymer part of the PMH demonstrators: 
when the FI of the first mesh element is equal to 1, and when all the 
elements through the thickness at the most critical location exceed 1, 
respectively. The triangular and square points on the simulated 
load–deflection curves of the DAM and conditioned demonstrators, re-
ported in Fig. 11, identify the first and second damaging conditions, 
respectively. 

For both the DAM and conditioned PMH demonstrators, the first 
critical element which experience a FI greater than one is found near the 
hole of the aluminium insert closest to the supporting edge, as shown in 
Fig. 12. Similarly, for both the DAM and conditioned demonstrators, the 
critical area where the FI of all the elements through the thickness of the 
polymer part exceed one is found close to the first critical element, as 
shown in Fig. 13. 

The location of the failure predicted by the simulations does not 
correspond with the experimental one, which was at the weld-lines. 
However, within the numerical simulations the strength reduction at 
the weld lines regions was not modelled. For a short glass fibre rein-
forced polyamide, Medda and Fisa [38] reported a weld-line strength 
that is close to that of the matrix, irrespectively of the fibre fraction, 
whereas the overall strength reduction of tensile tested specimens, due 
to weld-lines, ranged from 40 % to 55 %. Therefore, the strength of the 
composite shell at the weld-lines was most probably overestimated. 

Moreover, perfect adhesion between the composite shell and the 
aluminium insert was assumed in the structural simulation. This 

Fig. 10. Comparison of the failure mode of a) Polymeric, b) PMH demonstrators.  

Table 4 
Average values of initial stiffness, maximum load and deflection at failure of the 
polymeric and PMH demonstrators both tested and simulated. Standard de-
viations are reported in brackets.  

Demonstrators Stiffness 
[kN/mm] 

Maximum 
load [kN] 

Deflection at 
failure [mm] Tested Simulated 

Dry As Moulded    
Polymeric at 

23 ◦C  
1.892 
(±0.021) 

6.757 
(±0.144) 

3.922(±0.116) 

PMH at 
23 ◦C  

2.187 
(±0.048) 

6.532 
(±2.924) 

3.473(±1.841) 

PMH at – 
40 ◦C  

2.304 
(±0.065) 

6.283 
(±1.556) 

2.901(±0.840) 

PMH at 
85 ◦C  

1.270 
(±0.018) 

5.621 
(±0.482) 

9.679 (±0.964)  

PMH at 
23 ◦C 

2.381 10.1 5.25 

Conditioned    
PMH at 

23 ◦C  
1.659 
(±0.037) 

6.783 
(±0.862) 

6.392(±1.957)  

PMH at 
23 ◦C 

1.878 8.2 5.95  
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prevented the effects of the composite-metal debonding on the demon-
strator’s strength to be considered. Therefore, although the agreement 
between the simulated and experimental curves, on which the design of 
the demonstrator was based, is fairly good, the effect of weld-lines and 
the adhesion between the polymer and the metal remain open issues in 
the modelling of this PMH demonstrator. The comparison between tests 
and simulations suggests that these points should be addressed first, e.g. 
like in [39], before attempting to improve the material’s model of the 
reinforced polyamide using more advanced methods like [40,41]. 

The response of the PMH demonstrator to the quasi-static load at 
different testing temperature is shown in Fig. 14. At all testing temper-
atures, the load–deflection curves show the first load drop typical of the 
composite structure failure, and a load recovery region where the 
aluminium insert carries the load. The complete separation of the PMH 
demonstrator was thus prevented at any investigated temperatures. 

The demonstrators tested at − 40 ◦C showed a linear response up to 
failure, even if a quite large scatter of the failure load is observed, 
ranging from 5.2 to 7.8 kN. They failed for low deflection level that is 
about 3 mm. Conversely, the demonstrators tested at 85 ◦C displayed a 
small elastic region and an extended plastic behaviour. Their failure 
occurred at higher deflections, about 10 mm, under a load in the range 
from 5 to 6 kN. The initial stiffness, the maximum load and deflection at 
failure of the PMH demonstrators tested at different temperatures are 
reported in Table 4. 

The failure of all the quasi-static tested PMH demonstrator occurred 
at the flow weld-lines (Fig. 10.b), regardless of the testing temperature 
or their moisture content. It is well known that the weld-lines are indeed 
the weakest region of a structure [38]. Under the TPB test set-up used, 

the lower flange area of the demonstrator is highly loaded. The stress 
acting in the flow weld regions likely exceeds the local strength in those 
critical regions. Therefore, the crack which develops there caused the 
failure of the PMH demonstrators. It is then suggested to carefully design 
the injection process in order to move the location of the flow weld-lines 
away from critical loaded regions. Martulli et al. [42] reported the 
detrimental effect of the weld surfaces on the strength of an automotive 
component. Moving their location from high stressed to low stressed 
regions led to a beneficial effect on the strength of the component. 
Moreover, weld-lines could also become points of initiation of fatigue 
cracks. The fatigue behaviour of this type of structure needs to be 
addressed in future works. 

3.2. Creep tests 

The results of the creep tests are shown in Fig. 15 in terms of vertical 
displacement of the cross section as a function of the time for the PMH 
demonstrators where the load applied is maintained constant. For both 
types of demonstrators, the temperature is the most influencing 
parameter. Considering the polymeric demonstrators (Fig. 15a), the 
primary creep and the slope of the secondary creep are more pro-
nounced at the lower temperature and for the lower load level. The 
opposite behaviour was obtained considering the PMH demonstrators 
(Fig. 15b), where the behaviour was affected by the presence of the 
metal insert. In any case, the higher the temperature, the higher the 
displacement, being the creep behaviour of the structure governed by 
the creep of the polymer, in this range of temperature. Comparing the 
creep curves at 980 N and 50 ◦C of the polymeric demonstrators 

Fig. 11. Comparison between the simulated and experimentally obtained load–deflection curves of the dry as-moulded and conditioned PMH demonstrators.  

Fig. 12. FI contour map of the mesh elements of the PMH demonstrator when first element in the thickness of the composite structure is greater than one.  
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(Fig. 15a) and of the PMH ones (Fig. 15c), it can be concluded that the 
presence of the metal insert considerably reduces the creep displace-
ment. It is likely that the creep of the polymer causes a load transfer to 
the metal insert, which is not prone to creep in the considered range of 
temperatures. The samples were not tested until failure, however it can 

be reasonably assumed that the metal insert would be capable of pre-
venting separation, as it was demonstrated by the quasi-static tests. 
Furthermore, in the PMH version, the heterogeneity of the materials can 
lead to residual stresses due to the different thermal expansion co-
efficients of the constituents, which could relax over time. This aspect 

Fig. 13. a) FI contour map of the mesh elements of the PMH demonstrator when all the elements in the thickness of the composite structure is greater than one. b) cut 
view of the demonstrator failed section c) detail of b). 

Fig. 14. Load-deflection curves of the PMH demonstrators at different testing temperatures.  
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could be the subject of further investigations. 

3.3. Impact tests 

Fig. 16 shows the results of the impact tests carried out at different 
energy levels in terms of force vs dart displacement. Due to the high 
acquisition frequency and the high dynamics of the test, a lowpass filter 
with a cut off frequency equal to 1600 Hz was used to smooth the os-
cillations of the force signal. The tests were conducted across a range of 
energy from 5 J to 20 J and multiple repetitions were performed for each 
energy level. However, to simplify and enhance the interpretation, the 
results presented pertain to the impact tests performed at E0 of 5 J, 10 J, 

15 J, and 20 J. The bending stiffness of the demonstrator appears to be 
not affected by the value of E0: the slopes until the maximum force are 
well superimposed for all the curves, thus no remarkable strain-rate 
effects are evidenced. The maximum load carried by the demonstrator 
increases of about 1kN every 5 J of provided energy, at least for the 5, 10 
and 15 J tests. Fig. 17 shows the energy versus dart displacement plot. 
Here, the total energy stored in the demonstrator Emax is the maximum of 
each curve, whereas the internally absorbed energy Eab is represented by 
the upper intersection of the considered energy curve with the vertical 
line corresponding to the abscissa value equal to the final dart 
displacement. The difference between Emax and Eab is the elastic energy 
Eel returned to the dart. However, in the case of the 20 J test, a failure of 

Fig. 15. Results of the creep tests in terms of vertical displacement of the demonstrator as a function of the time: a) polymeric demonstrators; b) PMH demonstrators, 
effect of temperature with fixed applied load; c) PMH demonstrators: effect of load at 50 ◦C. 

Fig. 16. Force – dart displacement plot for the demonstrators tested at 5, 10, 15 and 20 J of supplied energy.  
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the structure took place after the load peak and no dart rebound 
occurred. The impact energy in this case is completely dissipated and the 
Eel returned to the dart is null. The resulting relevant values are reported 
in Table 5 for the tested demonstrators. 

Considering the curve at 5 J of impact energy of Fig. 16, the 
maximum force carried by the demonstrator was 3974 N corresponding 
to a dart displacement of 2.7 mm. A residual deformation of 0.74 mm 
implies that an amount of energy was absorbed via plastic deformation 
or fracture. The absorbed energy is well readable in the energy vs 
displacement plot (Fig. 17). In this case, the absorbed energy was equal 
to 2.24 J. This energy includes the energy absorbed by the inelastic 
deformation of the polymeric material, the energy dissipated by friction 
due to contact and sliding of the dart on the demonstrator, the energy 
absorbed by the plastic deformation of the metal insert, and the fracture 
energy of the lateral plastic ribs, as shown in Fig. 18b. Similar consid-
erations hold for the demonstrator subjected to an E0 equal to 10 J. As 
can be seen from Fig. 16, the 10 J curve maintains roughly the same 
shape and proportions as the 5 J curve: the maximum force carried by 
the demonstrator was about 5030 N corresponding to a dart displace-
ment of 3.7 mm. Its residual deformation was 1.2 mm corresponding to 
an Eab of 5.28 J. The fractures, appreciable by a visual inspection, were 
similar to the previous case (Fig. 18.b). At 15 J of supplied energy, the 
maximum force was about 6181 N with a maximum displacement of 4.7 
mm. The shape of the force–displacement curve (Fig. 16) is more splayed 
with respect to the previous two cases. A higher amount of energy was 
absorbed by the fracture that originated and propagated from the lower 
flange up to the side face of the demonstrator (Fig. 18.c). The metallic 
insert did not fracture. However, it is plausible that it absorbed energy 
by plastic deformation, due to the high residual displacement of the 
demonstrator after the impact (about 2.5 mm). A further increase in the 
supplied energy E0 led to the failure of the demonstrator. The crack 
trigger point was always in correspondence of one of the flow weld-lines 
in the lower flange (Fig. 18.b), like in the quasi-static tests. The fracture 

propagated also inside the metal insert (Fig. 18.d). Despite this, the 
complete separation of the structure never occurred. It is worth to notice 
that both for E0 equal to 15 and 20 J, the maximum force was around 
6000 N. This can be considered as the maximum load carrying capability 
of the demonstrator in impact condition. 

Belingardi et al [43] defined the damage degree, η, as the ratio of the 
energy absorbed Eab to the maximum energy Emax that the demonstrator 
can store (as elastic and plastic deformation, fracture, and fragmenta-
tion). Another important consideration regarding the damage assess-
ment can be done by looking at the energy level at maximum load Eblm. 
This represents the amount of energy transferred to the demonstrator 
before the main failure occurs. The β value is defined as the ratio be-
tween Eblm to the critical energy, Ecrit, whose definition is explained in 
the following. These damage assessment indexes are plotted in Fig. 19.a. 

Fig. 19.b shows the Energy Profile (EP) diagram: the absorbed energy 
Eab is plotted as a function of the supplied energy E0. The 45◦ inclined 
Equal Energy Line (EEL) represents the ideal condition in which all the 
E0 is completely converted in Eab. This is not the typical case where the 
absorbed energy is less than the impact energy. When the supplied en-
ergy is totally absorbed by the demonstrator, we identify the critical 
energy value Ecrit and, consequently, the Critical Line (CL), reported in 
orange in Fig. 19.b for sake of exemplification The region on the left of 
the critical line (CL) is called subcritical region. In this region, the 
impact energy does not generate the global failure of the structure and 
all the tested points lie below the EEL. The green vertical segment ob-
tained from the intersection between a tested point and the EEL gives the 
Eel. In the supercritical region, on the right of the CL line, the energy 
provided leads the demonstrator to fail and completely lose its load 
bearing capability. In this region, the red vertical segment, obtained 
from the intersection between a tested point and the EEL, represents the 
excess energy that the demonstrator was not capable to absorb, that is 
transferred and dissipated by the machine dumpers. 

At the lower energy levels (i.e. 5–10 J) the damage index η is rela-
tively small and remains between 0.4 and 0.5: the demonstrator pre-
serves its global structural integrity, and it is capable to store and then 
elastically release at least half of the supplied energy. The other half is 
dissipated by several concurring mechanisms: internal material damp-
ing, plastic deformation of the polymer and metal inserts, composite 
fracture in correspondence of the weld-lines regions and friction be-
tween the dart and the demonstrator (Fig. 18.b). Increasing the E0 to 15 
J the damage index increases to 0.7: the demonstrator is still capable of 
release elastic energy, even if a higher amount of energy is dissipated by 
the polymer fracture (Fig. 18.c). The transition energy (Ecrit) between the 

Fig. 17. Energy – dart displacement plot for the demonstrators tested at 5, 10, 15 and 20 J of supplied energy. The red symbols indicate Emax.  

Table 5 
Results of the impact tests in term of energy indicators and maximum force.  

E0 

(J) 
Force Peak 
(N) 

Eab (J) Eel 

(J) 
Failure 
Location 

Metallic 
insert 

5 3974  2.24 2.76 Rib Not Failed 
10 5030  5.28 4.72 Rib Not Failed 
15 6181  11.35 4.65 Diffused Not Failed 
20 6238  20.09 – Diffused Failed  
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subcritical and supercritical behaviour was estimated to be around 16.5 
J. This value was determined by testing several samples with energies 
ranging from 15 to 20 J, in order to precisely define the energy threshold 
for the transition from subcritical to supercritical behaviour. The dam-
age index is equal to 1, meaning that no elastic energy is released back 
by the demonstrator. In Fig. 19.b, it is worth noting that the tested point 
at this energy level is lying on the EEL: all the supplied energy E0 is 
absorbed or dissipated by the demonstrator by fracture and deforma-
tion. The damage index remains constant to 1 for further increase of E0 
and the tested points fall in the supercritical region. For these test points, 
the maximum load remains about 6000 N. This value can be interpreted 

as the maximum load carrying capability of the structure in impact 
condition and it is close to the quasi-static one. It is worth to notice that 
for an E0 equal or greater than 15 J, the β index is between 0.8 and 0.9. 
This means that, independently from the E0, the energy at which the 
onset of the main failure occurs (i.e. Eblm) is equal to the 80–90 % of the 
critical energy. 

4. Conclusions 

The present work presents a feasibility study on a car’s suspension 
control arm based on PMH technology. A simplified demonstrator of the 

Fig. 18. Overview of the fracture modes. A) CAD model of the specimen and reference fracture regions; b) rib fracture in the region 2 at 5 and 10 J of supplied 
energy; c) polymer fracture in the region 1 at 15 J of supplied energy; d) polymer and metal insert fracture in the region 1 at 20 J of supplied energy. 

Fig. 19. a) Damage assessment indices as a function of E0; b) energy profile plot as a function of E0.  
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component’s critically loaded region was devised in two versions: an all- 
composite version, made of SGFR PA66, and a PMH version, in which an 
aluminium insert was embodied in the SGFR PA66 main structure. Both 
versions were manufactured via injection moulding. In the PMH version, 
the short fibres composite was over-moulded on to the aluminium insert. 

The PMH solution was specifically designed such that only the 
composite main structure carries the applied load. The metal insert only 
delivers the explicit function of ensuring the residual integrity of the 
PMH demonstrator after failure of the composite main structure. 

Quasi-static, creep and impact test were performed on the demon-
strators under a TBP set up to simulate the everyday operating condi-
tions of a suspension control arm. Test results evidenced a well 
reproducible behaviour of the PMH demonstrator under any testing 
conditions. However, the variability of the adhesion between the metal 
insert and the polymeric structure yields the PMH demonstrators to fail 
in quasi-static tests with large scatter of loads and deflections. 

Creep tests showed that the presence of the insert reduces the 
deformation of the polymeric insert under prolonged static loads, 
especially at high temperature (50 ◦C). The temperature, however, 
largely affect the deformation of both the demonstrator versions. 

Impact tests confirmed the independency of the PMH demonstrator 
stiffness upon the impact energy. The structural integrity of the 
demonstrator is maintained up to a maximum impact energy of 15 J. 
However, at this energy the fracture of the lower flanges occurs leading 
to non-negligible values of residual deformation (2.5 mm). In any case, 
complete separation is avoided by the metal insert. 

In almost all the failure events of the PMH demonstrator, the flow 
weld-lines triggered the onset of the crack, regardless of the applied 
loading type. Therefore, considering the injection moulding of a real 
component, the unavoidable weld-lines should be confined in non- 
critical areas, particularly to avoid the risk of initiating fatigue cracks. 
The analysis of the fatigue strength of this demonstrator constitutes a 
possible future development. 

A catastrophic failure was observed for the polymeric demonstrators, 
resulting in the complete separation of the structure in two halves. 
Instead, in the PMH version, no separation of the PMH structure was 
always guaranteed by the metal insert after the failure of the composite 
main structure. Considering these results, this work supports the feasi-
bility of a novel short fibre reinforced PMH solution for automotive 
safety relevant components, like the suspension control arms, where the 
composite part is the main load bearing one and the metal part is used 
only to prevent separation. Nevertheless, to fully demonstrate the 
feasibility of such PMH structure, the following main limitations of the 
present work should be overcome in future works: more advanced 
modelling techniques (progressive damage, role of weld-lines, fatigue, 
temperature and strain rate effects, adhesion between the metal and the 
polymer), more testing, like fatigue tests at different temperatures, and 
improvement of the adhesion between the polymer and the metal. 
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