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1. EXECUTIVE SUMMARY

Innovations in materials development and manufacturing processes (WP3 of Salient project) require all kinds of
characterization activities in order to validate the appropriateness of the developments made. Aligned with that,
the main objective of the deliverable D3.3 from Task 3.2 was to carry out and describe a tailored while
comprehensive set of micro- and macrostructural characterization tests at coupon level for the four materials
considered for the development of the FES concepts within Salient: aluminium, composite (TP/CFRP), hybrid (Al +
TP/CFRP) and SMA/CFRP. Several partners were involved in this task according to their expertise on the
development of materials (link to T3.1/T3.3) and their related manufacturing processes (link to T3.4) and the
simulation of its behaviour (D3.2 from T3.2 and link to T5.2).

The tests were conducted in such a way that the obtained results can be used to corroborate their performance
against the specific demands of each component in the FES, according to the designs being made in WP2. The
main objective of the testing campaign on the aluminium and TP/CFRP materials was to provide the inputs for the
development of material cards for simulation codes. Therefore, a strong focus was put on assessing the
crashworthiness of these materials through a wide variety of quasi-static and dynamic tests and of different load
cases and material orientations. Failure analysis was also a major objective, and consequently specific tests were
implemented for that purpose. In the case of the hybrid material, the main objective was to study its durability in
the long term, when subjected to cyclic loading exposures. The different physical properties of the aluminium and
the TP and the bonding between them imply different response to cyclic loads that needs to be analysed to
ensure the suitability for automotive structural applications. Finally, due to the innovativeness of the SMA/CFRP
material concept, the main objective of the test campaign was to evaluate its potential to modify the behaviour of
the FES in a crash event, while at the same time to assess the quality of the integration of the SMA wires within
the TP/CFRP.

The outcomes of T3.2, D3.2 provide valuable feedback and real data to the partners to enhance the materials
design, the associated manufacturing process, the simulation models at material and component level, as well as
the design of the FES component in further iteration loops.

2. INTRODUCTION

The overall objective of WP3 of Salient is to optimize advanced lightweight materials (aluminium alloys,
thermoplastic continuous fibre reinforced plastic (TP/CFRP), hybrid composite materials and shape memory alloys
embedded in TP/CFRP (SMA/CFRP)) for their application in the design of the FES concepts within WP2, with an
emphasis on sustainability, recycling and reuse. Characterization activities and mechanical testing are essential in
order to gain knowledge on advanced materials behaviour including failure mechanisms, as well as to find the
best application for each material, either individually or in combination with others. The design, planning and
execution of a tailored testing campaign for each of the four aforementioned materials is the main objective of
D3.3 derived from Task 3.2, dated from M5-M13 of the project. Closely linked to it, the results obtained during
the testing campaign feed the development of material cards also within Task 3.2.

As such, a multidisciplinary team has participated in the mechanical testing and characterization activities
described in this deliverable. On the one hand, tPE, FRA, UNN and ASAS manufactured and provided coupons as
required per each test setup and objective. On the other hand, CID, CTAG, CRF and FRA employed their expertise
on testing activities to carry out the tests successfully as per relevant standards in each case, and also proposed
and designed specific testing procedures where needed. In order to generate a comprehensive set of results
suitable to be used for material card development purposes, IDI and VIF provided support through all the process
and established specific requirements for some of the tests executed. Finally, UNN carried out several different
microstructural tests (SEM, SPM, XRD, scattering) to characterize materials’ pre- and post-failure microstructure
and damage.
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The overall planning and the detailed description of all testing procedures and derived results for each material
are provided in the subsequent sections of this deliverable. As such, Section 3 gathers all the information
regarding the aluminium alloy Al6063. In Section 4, the testing campaign for the TP/CFRP is described. The hybrid
material evaluation including durability assessment is reported in Section 5. Finally, the behaviour of different
SMA/CFRP concepts together with the assessment of its potential to modify the pre-defined behaviour of the
composite in or after a crash is detailed in Section 5. A discussion on the test results along with recommendation
for further testing and/or optimizations of the materials design is provided for each material.

3. ALUMINIUM AL6063 CHARACTERIZATION

The testing campaign designed for the Aluminium material developed by ASAS aims at generating a broad while
at the same time comprehensive knowledge about the extruded Al6063 behaviour at micro- and macroscales.
Therefore, not only aspects related to the performance of the material in different static and/or dynamic load
cases are characterized, but also the failure mechanisms and their implications at microstructural level are
investigated through a variety of tests at coupon scale. Also, specific tests requested by IDI and VIF to get data
needed to feed advanced material cards for simulation codes (LS-Dyna) have also been included.

As such, the overall scope of the testing campaign for the Al6063 is summarized in Table 1. In all tests except the
mini-tensile tests (that are aimed to evaluating the anisotropy of the material), the coupons have a 02 orientation
with respect to the direction of extrusion of the profiles from which they were machined. The procedures and
results of each test can be found in the subsequent sections of this chapter.

Table 1: Overview of test campaign performed on Al6063

Test name Scale Goal
=EN Micro Characterize the microstructure of the material before and after failure
Py el Micro Determine the aluminium's crystalline structure
PM Mi . . .
3 icro Investigate the surface properties of the material
rin Mi . . .
Seatis e icro Investigate the internal structure of the material
. . Test the behaviour of the material when subjected to tensile forces, at quasi-static
Static tensile Macro .
velocity
. . Test the behaviour of the material when subjected to dynamic tensile forces, at several
Dynamic tensile Macro .
strain rates
Mini-tensile tests Macro To evaluate anisotropy of the material after the extrusion process
s Test the behaviour of the material when subjected to biaxial stress states, at quasi-
Static biaxial Macro . .
static velocity
. Test the behaviour of the material when subjected to shear stress states, at quasi-static
Static shear Macro .
velocity
. . Test the behaviour of the material when subjected to flexural loads, at quasi-static
Static bending (3P) Macro . ) g
velocity
Creep Macro Characterize the long-term behaviour of the material
DMA Micro Evaluate dynamic properties of the material (frequency domain)

3.1 MANUFACTURING OF COUPONS
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Aluminium coupons were machined by a 5-axis CNC Milling Machine owing to CAM technology. In order to
shorten operation time and energy consumption, the CAD data for CAM programming was designed to maximize
the amount of specimens. Sample designs were taken from the standards. Feed rate, rotational speed, and
cutting depth were assigned regarding the opted optimum stock material and cutting tool. Examples of the
coupons machined for testing purposes are presented in Figure 1 below.

Figure 1: Examples of AI6063 coupons for testing. From left to right: QS tensile, dynamic tensile, shear and biaxial (small
notch) coupons.

Besides, extruded profiles were also used to manufacture coupons for microstructural tests through milling. An
example of this operation and the obtained coupons is shown in Figure 2.

Figure 2: Manufacturing of coupons from extruded profiles for dynamic properties and microstructural characterization. Left:
profile after milling operation; Right: specimens obtained

Further details about the design and manufacturing of the Al6063 alloy can be found in D3.1, here only a brief
description is provided focusing on the close relationship existing between material manufacturing (T3.1) and
material characterization (T3.2).

Deliverable D[3.3] 2022 — 2025 © Copyright by SALIENT consortium Page 15/90



Horizon Europe Grant Agreement N2 101069600 ®

Safer, Lighter, Circular, Smarter

3.2 MICROSTRUCTURAL CHARACTERIZATION

3.2.1 MICROSTRUCTURAL AND FRACTOGRAPHY
CHARACTERIZATION

Microstructural and fractography characterisations were performed to explore the Al alloy's microstructures and
fracture surface details and investigate the topographical features and optical scattering phenomena, including
surface roughness and morphology effects, which are vital for understanding the failure mechanisms under
different loading conditions.

Firstly, the microstructural analysis of the AL6063 surface and fracture surfaces were characterised using a
Scanning Electron Microscope (SEM) at Northumbria University, UK. For SEM analysis, the SEM operation
parameters include an accelerating voltage of 10-20 kV and various magnifications determined per condition to
reveal the details of morphology and compositions. With one example shown in Figure 3, the surface evaluation
reveals the alloy's anisotropic rolling direction and proves surface-free defects.

Rolling Direction

SEM HV: 6.0 kV. WD: 18.95 mm
View field: 1.65mm  SEMMAG: 177x 500 ym
Det: SE Date(m/dly): 09/0523

Figure 3 SEM morphologies for AL6063 surface.

Figure 4 comprehensively presents the fracture morphologies under various loading conditions. Figure 4 (a)
illustrates the fracture morphology resulting from a small notch impact test, offering insights into the fracture
mechanism (i.e., ductile fracture with dimples). Notably, the fracture surface displays a plane inclined at an angle
relative to the plane perpendicular to the specimen's axis. Figure 4 (b), (c), and (d) depict the fracture
morphologies observed during tensile testing for specimens with anisotropic orientations of 0, 45, and 90
degrees, respectively. In all the cases, a multitude of sizable and deep equiaxed dimples were observed on the
fractured surfaces, a characteristic of the typical ductile fracture. Figure 5 shows one example of the fractography
of the Al6063 alloy under the biaxial loading. We can observe a much flatter fracture surface compared to Figure
4 (a-d). In Figure 5, many dimples are indicative of an intergranular mode, and good ductility is still evident on the
fracture surfaces, albeit with shallower depths and a higher number of voids.
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equiaxed dimples

e Shsar dlmples =)
» :l\t‘w 0 N

SEMHV: 200KV WO: 1469 mm
View fieid: 424mm  SEMMAG:83x  1mm
Det: SE Date(midy): 08112123

SEMHV. 2000V WO: 1200mm
View fleld: 1.67 mm  SEM MAG: 228 x

MHV:200KY  WD: 15.03 mm

Figure 4. SEM for the fracture surface of the AL6063 alloy under different loading conditions, (a) for small notch test, (b - d) for
tensile testing for samples with different anisotropy orientations 0, 45, and 90- respectively.

SEM Y, 2004V WO 4568 e
Veewfekd. 200w BEMMAG: 3803 500 pem

SEM HV: 10.0 kV WD: 15.50 mm

SEM HV: 20.0 kV ‘WO: 14.69 mm View field: 334 pn  SEMMAG: 8.79 kx 10 pm

View fieid: 5.87 mm SEM MAG: 60 x

Figure 5. SEM fracture morphology of Al6063 under Biaxial loading.
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3.2.1 STRUCTURE AND SURFACE CHARACTERIZATIONS

UNN conducted a comprehensive analysis of structural and surface characteristics of the as-received Al6063
obtained from CID, with some of examples for the corresponding test outcomes presented in Figure 6.
Information regarding to the crystalline structures of aluminium 6063 was obtained through X-ray diffraction
(XRD) analysis (Northumbria University, UK). One of the examples of XRD profiles of the Al6063 sample from CID
in its as-received state is depicted in Figure 6(a). This pattern reveals the presence of fundamental diffraction
peaks associated with a-Al, possessing a face-centred cubic (FCC) crystal structure. The XRD patterns confirm a
single-phase structure, with a notable preference for the a phase’s (111) peak at approximately 26 = 38.3
degrees. The presence of other prominent peaks corresponding to (200) a, (220) a, and (311) a substantiates a
random distribution of grain orientations [1].

To assess the damping characteristics of Al6063, a Dynamic-Mechanical Analyzer (DMA) from PerkinElmer® (DMA
8000), located at Northumbria University, UK, was utilised. Figure 6(b) displays examples of the DMA test results
concerning damping properties. It is worth noting that these results did not yield substantial information for
temperature ranges up to 350 degrees Celsius, primarily because, at this temperature, the machine is better
suited for assessing thermoplastics and elastomers.

An optical scattering test was conducted using a laser interferometer at Northumbria University, UK, and one of
the obtained results is presented in Figure 6(c). The laser interferometer generates light scattering and
interferometric effects. Also, it shows morphology and roughness profiles with concave—convex structures in
different directions, indicating an Al6063 smooth surface with a maximum roughness value of approximately 8.2
micrometres.

(a) (b)
8000
] 0.04
(311)
7000 |
0.035
Al 6063
6000 | 0.03
2 coook 0.025
o 5
- c 0.02
.‘? 4000 | K]
] 0.015
o
E 3000 |- 001
2000 0005 + e
1000 | 0
L 0 50 100 150 200 250 300 350
ok Sample Temperature (°C)
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Degree (2 theta)

(c)

4.086 um I

0.944

1.258 W

Figure 6.Aluminum 6063 Structural and surface characterisations results, (a) X-ray diffraction profile of Al 6063, (b) Dynamic
mechanical analysis (DMA) test results, and (C) Scattering by laser interferometer.
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3.2.2 CREEP RECOVERY AND STRESS RELAXATION TESTS

A tension clamp was employed to conduct a creep/ recovery and stress relaxation tests using a PerkinElmer®
DMA 8000 instrument, Northumbria University. The test specimens had a dimension of 10 mm x 2 mm x 0.5 mm.
Figure 7 displays one example of the strain-time and stress-time curves which illustrate the creep/recovery and
stress relaxation characteristics of Al6063 alloy. The results example depicted in Figure 7(a) involved a creep and
recovery cycle conducted at an operating temperature of 85°C. To ensure thermal equilibrium, the specimens
were allowed to stabilize at this temperature for a 5-minute period before subjecting them to a consistent
temperature and stress level. A constant load of 4N was then imposed on the material for a duration of 15
minutes at the 85°C temperature, followed by an identical 15-minute recovery phase. These specific creep testing
conditions were maintained for a total duration of 30 minutes to observe the material's creep and recovery
behaviours. Notably, the specimens did not experience creep rupture during the tests due to the relatively lower
stress levels and shorter durations employed. Furthermore, the recovery phase showcased the material's ability
to partially regain its original shape once the stress was removed, highlighting its viscoelastic properties.

The stress relaxation characteristics of AL6063 were explored utilising a DMA8000 dynamic mechanical analyser.
The experimental setup involved applying a predetermined stress level of 0.5 N to a 10 mm x 2 mm x 0.5 mm
AL6063 sample, followed by monitoring its response as it gradually eased over a 10-minute duration. The stress
relaxation profile typically exhibits two distinct phases: an initial variable-rate relaxation phase marked by rapid
stress reduction and a subsequent steady-rate relaxation phase characterised by a slower and more consistent
decrease in stress levels. In accordance with Figure 7(b), our observations for the shown example indicated the
presence of the steady-state relaxation phenomenon. Stress relaxation assessments serve as a valuable tool for
evaluating the formability of aluminium alloys, with higher stress relaxation values indicating improved
formability efficiency and reduced spring-back tendencies.

(a) (b)
0.04 8.8
——— Al 6063- Creep/recovery
0.035 ——Al - Stress relaxation

8.75 + _

X = I e
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‘G S 87+

et o
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y N y N y 86 + + + + +
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Figure 7. Creep/recovery and stress relaxation curves of Al6063 at constant temperature of 85°.

3.3 TENSILE TESTS

3.3.1 TEST PROCEDURE

Tensile testing of aluminium samples at room temperature and QS velocity was performed according to the
prescriptions of the standard ASTM E8 [2], using a standard coupon geometry of 2mm thickness (Figure 8).
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Figure 8: Specimen dimensions of the QS tensile test coupons as per ASTM ES8.
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Initially two specimens were employed to fix the boundary conditions of the test. The displacement speed of the
actuator was set to 6 mm/min, in order to get a target strain rate of 0.005s™, measured taking as reference a
global gauge length of 50mm located around the centre of the specimen, in the longitudinal direction. After that,
5 additional specimens were tested in the aforementioned conditions to gather representative results.

Moreover, DIC technique was applied to this test to enhance and maximize the data collection process, with a
view of using this data to enhance the correlation accuracy the material cards. DIC technique is a non-contact
method that allows measuring 2D (setup with one high-speed camera) or 3D (setup with two high-speed
cameras) displacement and strain fields, providing full-field measurements over the entire optically visible image,
in contrast with conventional measurements using extensometers or LVDT sensors that are limited to one single
axis displacement/strain measurements. Furthermore, DIC technique does not have any limitation in what
concerns the material to be measured or the speed at which the test is executed, being able to provide results at
sub-pixel accuracy [3].

To employ DIC technique successfully, a speckled pattern has to be painted on the specimens so that the system
is able to track greyscale patterns throughout the test. An example is shown in Figure 9.

T

Figure 9: Detail of the speckled pattern painted on tensile specimens for DIC analysis.

In the QS tensile tests, DIC was used to measure global (50 mm around the centre of the specimen) and local (10
mm around the failure location) deformations, both in the longitudinal and transversal directions. An overview of
the test setup can be seen in Figure 10.
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Figure 10: Front (left) and side (right) view of the testing equipment used for the QS tests.

Once the QS tests were completed, the next step was to perform the dynamic tensile tests at several strain rates.
To this end, a shorter specimen was chosen, according to the specifications of the standard 1SO 8253 (specimen
type 3) [4]. The dimensions of the specimen used are presented in Figure 11; thickness was kept at 2mm.

96
12
_..-/—
[ee] a4V}
Cor— ] l
R24

Figure 11: Specimen dimensions of the dynamic tensile test coupons as per ISO 8253.

Regarding the target strain rates (nominal values of 1, 10 and 200 s), they were measured taking as reference a
global gauge length of 10 mm located in the centre of the specimen and in the longitudinal dimension of the
coupons. At least five specimens were tested for each target strain rate. Table 2 summarizes the relationship
between the targeted strain rate and the displacement speed of the machine actuator that has to be applied.

Table 2: Target strain rates and resulting displacement speeds to be applied.

Strain rate Displacement speed

1s* 20 mm/s
10s* 200 mm/s
2005s™ 4m/s

For these tests, a different testing machine was needed, as it has to able to introduce the loads needed to
execute the test at much higher speeds (compared with the QS scenario), while at the same time ensure a reliable
measurement of the test variables. The test equipment and setup employed for the dynamic tensile tests is

shown in Figure 12.

Deliverable D[3.3] 2022 — 2025 © Copyright by SALIENT consortium Page 21/90



Horizon Europe Grant Agreement N2 101069600 $

Safer, Lighter, Circular, Smarter

Zwick /Rocll

Figure 12: Front (left) and side (right) view of the testing equipment used for the dynamic tensile tests.

Analogously, in the dynamic tests DIC was employed for the same purposes as in the QS scenario.

3.3.2 TEST RESULTS

Quasi-static tensile tests

The results of the QS tensile tests are presented in Figure 13. The aspect of the samples after the test is shown in
Figure 14.

Y
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Figure 13: Stress-strain curves of the QS tensile samples.
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Figure 14: Specimens after execution of QS tensile test as per ASTM E8

In Figure 15, the failure area of one of the specimens is shown, in which it can be seen that in a very advanced
stage of the test (immediately before failure), there is a certain amount of lateral displacement appearing in the
material, due to the stress concentration effect.

Figure 15: Detail of the failure of the QS tensile coupons. Top: frame before full breakage. Bottom: frame after full breakage

In general, a great repetitiveness across all samples was obtained, both in terms of performance (yield strength,
ultimate strength, strain rate, Young modulus, etc.) and failure mechanism observed. There is a slightly higher
dispersion on the failure strains, albeit it is within the usual values for this kind of materials. All samples present a
brittle failure mode, without any significant development of necking during the tests. The evolution of
stress/strain is quite homogeneous during the test until the latest stages of the test, in which a strain
concentration appears in the failure zone. This strain evolution can be clearly seen in Figure 16 below, in which
full field strain measurements are presented corresponding to an early, intermediate and late stage of the tests.
The global gauge length of 50mm is also included in the pictures to ease the interpretation of the results.
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Figure 16: Strain fields measured during QS tensile test. Left: early stage; Centre: intermediate stage; Right: stage right before
failure

Dynamic tensile tests

The results of the dynamic tensile tests are presented in Figure 17. The aspect of one representative sample of
each strain rate tested is presented as example in Figure 18. The results are presented in an aggregated manner
for the three tested velocities (1s™, 10s™ and 200s™) to ease the comparison and the assessment of results.

Stress (MPa)

-1s-1
-10s-1
- 200s-1

[ L 1 1
0 5 0 15

Strain (-)

Figure 17: Comparative results of the dynamic tensile tests performed on Al6063 coupons.
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Figure 18: Examples of coupons after failure tested at several strain rates.

Looking at the figure above, it can be concluded that failure is hardly influenced by the strain rate at which the
test is conducted; being it in all cases a brittle fracture. It is worth remarking that the area of the coupon affected
by the failure is greater in the coupons tested at the highest strain rates (white marks on the speckled pattern
appear), what is probably associated to the highest energy put in place in this configuration.

Despite it being subjected to an extrusion process that causes grain orientation, it is observed in Figure 17 that
the Al6063 alloy presents only mild sensitivity to strain rate. Theoretically, materials tend to become stiffer and
less deformable when the strain rate increases. Nevertheless, aluminium has traditionally been considered a
material with low strain rate sensitivity below 1000s™. Besides, it has been reported in literature that post-
processing of Al alloys by means of heat treating or cold working can decrease even more the strain rate
sensitivity [5], as happens in this case (a T6 heat treatment was applied after extrusion). Accordingly, examples
can be found in literature of other wrought alloys showing little or no sensitivity to strain rate at moderate values
in the 5xxx and 7xxx series [6], and even also for the AlI6063 alloy [7]. Thus, the results obtained here are
considered perfectly in line with the current state of the art on the subject.

Finally, it has to be remarked that the force (and consequently stress) measurements at the highest strain rate
present a noticeable oscillatory behaviour because of the appearance of resonance effects in the system at the
frequency range of this test. This is due to the fact that no physical extensometers were employed in these tests,
and while it is not considered critical in the sense that it does not entail any significant impact on the
interpretation and use of the results, a post-processing (filtering + smoothing) stage is needed to increase the
quality of the data.

3.4 MINI-TENSILE TEST (ANISOTROPY EVALUATION)

3.4.1 TEST PROCEDURE

The anisotropy that is induced in the material during the extrusion process designed and carried out at ASAS was
characterized by means of an additional set of tensile tests. In this batch of tests, samples extracted from
extruded profiles at 02, 452 and 902 with respect to the direction of extrusion were tested in a QS test setup at RT
using mini-tensile specimens, identical to the ones employed for the dynamic tensile tests (see Figure 11). Further
details about the test setup and main testing parameters can be found in previous section 3.3.1.
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3.4.2 TEST RESULTS

In Figure 19 the results (stress-strain graphs) for the three orientations are presented in an aggregate manner to
ease their interpretations, while in Figure 20 the aspect of the coupons after failure is shown, also for all
orientations.

Anisotropy evaluation results
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Figure 19: Anisotropy evaluation results for the Al6063

Figure 20: Specimens after QS mini-tensile test. Left: 02 coupons; Center: 452 coupons; Right: 902 coupons.

The measured values of stress and strain for all tested coupons (4 valid results per each material orientation)
show that there are no strong signs of anisotropic behaviour in this material, even though it has been subjected
to an extrusion process. If there is any anisotropy, it cannot be clearly distinguished from the inherent scattering
of the coupons tested, in terms of Young modulus, yield strength and ultimate strength. This is aligned with the
observations made at microstructural scale, reported in section 3.2.1, in which it was seen that the same grain
structure appears after failure regardless of the orientation of the material. Apparently there are some
differences in the strain registered in the 902 coupons (in three out of four coupons), that reach higher ultimate
strains than the other coupons from 02 and 452 orientations, and also the stress drop prior to failure appears at
higher strains. This might be related to the failure mode appearing in the coupons (Figure 20).
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Looking at the failure modes of the coupons (Figure 20), it is remarked that the failure mechanisms are to some
extent influenced by the orientation of the material. Coupons at 02 present a brittle failure mode at macroscopic
scale in most cases, less evident than that of the thicker specimens (Figure 14) because of the different coupon
geometry employed. In the 452 coupons, a transition is observed, in which there is still a predominance of the
brittle failure mode, but failure surfaces are not as sharp as in the 02 coupons. Finally, the failure mode is
different for the 902 coupons. Signs of ductile failure mechanisms can be seen in many of the samples, and also
there is a higher amount of necking, although still limited, if compared to the other orientations.

3.5 BIAXIAL TEST

3.5.1 TEST PROCEDURE

Similarly to the case of the QS tensile test, biaxial testing of aluminium samples at room temperature and QS
velocity was performed using a tensile test setup, based on the specifications of ASTM E8, therefore the
procedure and equipment is essentially the same explained in section 3.3.1 for the QS tensile tests and will not be
repeated here for conciseness. DIC is also used to measure the strain fields throughout the tests.

In this case, the biaxial stress state is induced in the coupons by means of the geometry of the coupons, not by
introducing pure biaxial loads as in the tensile test. A notch is machined on the coupons (Figure 21), so that during
the development of the test, longitudinal and transverse loads are induced in a concentrated region of the
specimen between the two notches, that corresponds to biaxial-like stress states (target triaxiality around 0.5-
0.66). Hence, in this test the coupon has a non-standard geometry, defined specifically for the purposes of this
test based on the wide experience of IDI and VIF in the testing of materials for material card development
purposes.
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Figure 21: Dimensions of the biaxial test coupons — non-standard geometry.

3.5.2 TEST RESULTS

The results of the QS tensile tests are presented in Figure 22. The aspect of the samples after the test is shown in
Figure 23.
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Figure 22. Stress-strain curves of the QS biaxial samples.

Figure 23: Specimens after execution of QS biaxial test based on ASTM E8
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Excellent repetitiveness was achieved during the tests in all considered variables (global strain, stress and failure

mode). Failure mechanisms found as expected for this geometry design, proving the appropriateness of the
design employed for this test. A detail of the failure region of a sample is depicted in Figure 24.

Figure 24: Detail of the failure area of a biaxial specimen.

DIC was also used in this test configuration. In Figure 25 it can be seen that deformation during the test is mostly
concentrated in the coupon area between the notches, while the rest of the coupon is essentially unaltered, what
proves additionally the validity of the design. At late stages of the tests, the central area of the coupons becomes
so deformed that is difficult for the system to track deformations with sub-pixel accuracy (Figure 25, right).
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Figure 25: Strain fields measured during QS biaxial test. Left: early stage; Centre: intermediate stage; Right: stage close to
failure.

Several different virtual extensometers were placed in the DIC analysis software to keep track of global
(longitudinal and transversal) as well as local deformations with different reference lengths. Some of the
extensometers used for the analysis are shown in Figure 26.
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Figure 26: Global and local extensometers to monitor deformation during biaxial test

3.6 SHEAR TEST

3.6.1 TEST PROCEDURE

The planning and design of the shear tests follows the same logic as the previous biaxial test. Again, the setup and
test boundary conditions are the same as in the QS tensile and QS biaxial tests and are based on the standard
ASTM E8. Analogously, the (approximately pure) shear stress state is induced on the coupons thanks to their
geometry (Figure 27), although the test itself is executed as if it was a tensile setup. In this case, an ad-hoc slot is
machined on the coupons, so that when the specimen is deformed during the test, a shear stress state (target
triaxiality around 0-0.15) develops in the small area between the slots ends (5 mm region).
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Figure 27: Dimensions of the shear test coupons — non-standard geometry.

Hence, in this test the coupon has a non-standard geometry, defined specifically for the purposes of this test
based on the wide experience of IDI and VIF in the testing of materials for material card development purposes.
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3.6.2 TEST RESULTS

The results of the QS shear tests are presented in Figure 28. The aspect of the samples after the test is shown in
Figure 29.
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Figure 28: Stress-strain curves of the QS shear samples.
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Figure 29: Specimens after execution of QS shear test based on ASTM E8.

Compared to the other QS tests, the shear test presents the highest dispersion, although in any case the
repetitiveness is good and consistent behavior is found across all samples. Due to the shear failure mechanisms, it
is difficult to define precisely the instant in which specimens fail, that explains the dispersion in failure strains that
can be seen in Figure 28. A detailed picture of the failure area is shown in Figure 30, in which the shear
deformations can be clearly seen on the speckled pattern.
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Figure 30: Detail of the failure area of a QS shear coupon.

DIC was also used to track full-field deformations during the tests (Figure 31). At advanced stages of the test, the
most deformed areas of the coupon were lost; nevertheless global deformations can be successfully tracked
throughout the whole duration of the tests as demonstrated in Figure 32.
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Figure 31: Strain fields measured during QS shear test. Left: early stage; Centre: intermediate stage; Right: stage close to
failure.
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Figure 32: Tracking of global deformation on shear specimens after full-field signal is lost.

3.7 THREE POINT BENDING TEST

3.7.1 TEST PROCEDURE

Three point bending testing of aluminium samples at room temperature and QS velocity was performed
according to the prescriptions of the standard ASTM D790 [8], using a standard coupon geometry of 2mm
thickness (Figure 33)

—
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Figure 33: Dimensions of the three point bending coupons as per ASTM D790.

In the setup, the distance between supports was derived using the 16:1 relationship recommended by the
standard; therefore this parameter was fixed at 32mm.

3.7.2 TEST RESULTS

The stress-strain results of the three point bending tests are presented in Figure 34. The aspect of the samples
after the test is shown in Figure 35. Great repetitiveness was found between the samples during the tests. No
failure was reached. Due to the test setup employed (see 3.7.1), the maximum displacement allowed by the
testing equipment is reached before failure occurs.
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Figure 34: Stress-strain curves of the three point bending samples.

Figure 35: Specimens after execution of three point bending tests as per ASTM D790.

3.8 DISCUSSION ON TEST RESULTS

The results of the tests carried out on the Al 6063 alloy proved that the material has predictable and repetitive
behaviour and failure mechanisms in any test condition as expected by the partners. Coupon geometries
proposed worked well in every load case and test condition studied and therefore provided valuable insights
about the behaviour of the material as well as high-quality data for the development of high-fidelity simulation
models (material cards) proposed in Task 3.2 and described in D3.2.

The material presents low sensitivity to coupon orientation and strain rate, which is coherent with the available
literature on the subject. The extrusion process does not have a severe impact on the material properties, and
besides the application of a T6 heat treatment afterwards (see D3.1) mitigates most changes that may have been
induced during the extrusion process, as seen in the microstructural characterization of the coupons after failure.
From a purely technical point of view, it is recommended to use physical extensometers in further tests that may
be performed at higher strain rates (> 200s™) using universal testing machines to avoid potential resonance
effects that can affect the data collection process.

After this testing campaign, it is not identified any specific optimization need in the material formulation and/or in
the testing procedures applied to it in order to enhance either its energy absorption capabilities or its
microstructure.
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4. TP-CFRP CHARACTERIZATION

The testing campaign designed for the TP/CFRP material developed by tPE aims at characterizing extensively the
behaviour of the material at micro- and macroscales. As such, not only aspects related to the performance of the
material in different static and/or dynamic load cases are characterized, but also different failure mechanisms and
their implications at microstructural level are investigated through a variety of tests at coupon scale. Also, specific
tests requested by IDI and VIF to get data needed to feed advanced material cards for simulation codes (LS-Dyna)
have also been included.

The overall scope of the testing campaign for the TP/CFRP (PA6+48%CF) is summarized in Table 3. Specific lay-ups
and thicknesses were produced according to the requirements of each test; details can be consulted in section
4.1. The procedures and results of each test can be found in the subsequent sections of this chapter as well.

Table 3: Overview of test campaign performed on the TP/CFRP material.

Test name Scale Goal
SEM Micro Characterize the microstructure of the material before and after failure
X-ray diffraction Micro Determine the aluminium's crystalline structure
SPM Micro Investigate the surface properties of the material
Scattering Micro Investigate the internal structure of the material
. . Test the behaviour of the material when subjected to tensile forces, at quasi-static
Static tensile Macro . ) .
velocity, at 02 and 902 orientations
] ; Test the behaviour of the material when subjected to dynamic tensile forces, at
Dynamic tensile Macro . .
velocities higher than QS
.. ) Test the behaviour of the material when subjected to tensile forces, in a quasi-isotropic
Quasi-iso tensile Macro
lay-up [09, +459, -459]
. Test the behaviour of the material when subjected to compression forces, at 02 and 909
Compression Macro . .
orientation
. Test the behaviour of the material when subjected to flexural loads, for three different
Bending Macro
lay-ups
Compact

X . Macro Evaluate the translaminar fracture toughness under tensile/compression loads
tension/compression

Interlaminar failure Macro Evaluate interlaminar failure mechanisms (mode I, mode 1)
Creep/stress
p/‘ Macro Characterize the long-term behaviour of the material
relaxation
DMA Micro Evaluate dynamic properties of the material (frequency domain)

4.1 MANUFACTURING OF COUPONS

For the production of the TP/CFRP specimen material, layer structures were formed according to the specified
configurations and the desired characteristic values to be determined.
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Therefore, the following plate configurations (Table 4) were produced for the required tests:

Table 4: Required laminate structures

Layup description Thickness Test name ‘
Laminate ID #1 0],y ~2,5mm (());L/lz;;i;ztr?:;tziir;s:e test, quasi static compression test,
Laminate ID #1 [0]4 ~0,5mm Dynamic tensile test, 0°/90°orientation
Laminate ID #2 ([0]901.)s ~2,5mm Quasi static in-plane shear test, quasi static 3-point bending test
Laminate ID #2 (£45) ~2,5mm Quasi static 3-point bending test
Laminate ID #3 ([0]90]0)s > 4,5 mm Compact tension test, compact compression test
Laminate ID #4 ([0]45]-45]90],), | ~2,5mm Quasi-isotropic tensile test, quasi-isotropic 3-point bending test
Laminate ID #5 ([0]1| PTFE|[0]10) | ~3 mm Interlaminar failure modes

The UD tape based on PA6 and carbon fibers, which was available on a roll, was manually assembled according to
the dimensions of the plate mold used and the required fiber orientation.

The stacks were formed directly in the plate mold with a circumferential dipping edge just before consolidation,
as shown in Figure 36.

Figure 36: Laminate board before (left) and after (right) consolidation

The plates with dimensions of 260 mm x 260 mm were produced variothermally on a Collin press of type P 300
P/M. The heating program used, is shown in the following Table 5.
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Table 5: Heating program used in the press

en 0O 4

Duratio : 1 60 500 400 1000
perature 180 180 255 255 50
8 0 0 20 0 20
e [ba 0 5 20 30 40

The plates were tempered above the melt temperature at 255 °C, held at this temperature for approximately 7
min and then cooled down to 50 °C in the mold. The entire cycle per plate required a total of approximately 33
min. Afterwards the plates were demolded, subsequently trimmed with a tile cutting machine and fed to the
further specimen preparation.

The specimens were removed from the sheets using a Datron Next milling machine to avoid possible crack
initiation points, which can occur with other methods (e.g. abrasive water jet cutting) and reduce the mechanical
properties. Figure 37 below shows the milling process and the finished panel for the ID #4 laminates.

Figure 37: Milling machine during process (left) and milling layout for laminate ID #4 (right)

After the specimens were cut out except for a small remaining material ridge, they were manually detached from
the plates and still finally deburred.
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Figure 38: Test specimens for a variety of relevant tests

Once completed, the samples were appropriately labelled (see Figure 38) and sent to the project partners for
characterization. Further details about the design and manufacturing of the TP/CFRP can be found in D3.1, here
only a brief description is provided focusing on the close relationship existing between material manufacturing

(T3.1) and material characterization (T3.2).

4.2 MICROSTRUCTURAL CHARACTERIZATION
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4.2.1 MICROSTRUCTURAL AND FRACTOGRAPHY
CHARACTERIZATION

The fractography analysis of TP/CFRP was conducted by UNN, utilising the SEM with an accelerating voltage
ranging from 10 to 20 kV, and the magnification was adjusted according to the specific conditions to reveal detail
morphology. Prior to imaging, a platinum coating was applied to the surface of sample to enhance image clarity as
the TP/CFRP shows electro-charging effect. Figure 39 presents the fracture morphology of TP/CFRP subjected to a
quasi-static tensile loading. It highlights the failure mode based on the orientation of the fibres in relation to the
loading direction. These images unveil the heterogeneous nature of TP/CFRP composites when observed at a
macroscopic scale, and composites were broken with many breaking and separation of carbon fibres. When the
fibre orientation is perpendicular to the loading axis, as seen from one example in Figure 39(a), two combined
modes of failure become evident: fibre breakage and separation (debonding). On the other hand, Figure 39(b)
and 36(c) depict the fractography of samples with a fibre orientation tested at 150 degrees. In this case, the
sample exhibits two distinct failure zones, i.e., the first one perpendicular to the loading direction and the second
one parallel to the loading axis, as indicated in Figure 39(b) and 36(c), respectively. These damage zones exhibit
various internal material failures, such as fibre breakage, fibre separation, and tape delamination. These
observations suggest the presence of weak bonding between the tape layers during the manufacturing process.

SEMHV: 100 kY WD: 9.00 mm
(b) View field: 6.34 mm  SEM MAG: 46 x

3
SEMWV. 100KV | WDieT3mm |

’ View fieid: 176 mm | SEM MAG: 168 x 500 pm
WD: 9.02 mm

SEM MAG: 46 x

(c)

a
SEMHV 100KV | WD.10z9mm | |
View ikt 728 mm | SEMMAG: d0x 7

Figure 39: SEM for the fracture surface of the TP/CFRP under QS tensile test, (a) fiber orientation is 90¢, (b) fiber orientation is
150, 1 breakage, and (c) fiber orientation is 150°, 2" breakage.
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4.2.2 STRUCTURE AND SURFACE CHARACTERIZATIONS

UNN further investigated the structural and surface characteristics of the as-received TP/CFRP obtained from CID,
with some of the examples of the test findings illustrated in Figure 40(a) displays the XRD profile of the TP/CFRP
sample, revealing distinctive diffraction peaks corresponding to PA6 a phase’s (200) and o (002) peaks at
approximately 20 = 20.23° and 23.37°, respectively. These peaks confirm the monoclinic crystalline structure of
PA6, which has a melting point of approximately 224+1.5°C [9]. An additional peak, situated around 26°,
represents the (002) peak of graphite, a characteristic feature of numerous carbon-based products with varying
degrees of basal plane alignment [10]. In our examined sample, this peak is attributed to the presence of carbon
fibres (CFs) and appears at 45.2°.

The optical scattering test was carried out by employing a laser interferometer at Northumbria University, UK,
and one of the example outcomes are presented in Figure 40(b). The laser interferometer generated an optical
scattering effect, morphology features, and roughness profile that exhibited concave-convex structures in
multiple directions, indicating that the TP/CFRP surface possesses a maximum roughness value of approximately
24 micrometres.
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Figure 40. TP-CFRP Structural and surface characterizations results, (a) X-ray diffraction profile, and (b) Scattering by laser
interferometer.

DMA test results for the TP/CFRP offer valuable insights into its damping properties and storage modulus. The
selected examples of DMA test results are displayed in Figure 41. Specimen of 10 * 2 mm? with thickness of 0.5
mm from 4-plies laminate all at zero orientation and 48% CF composition was used. Testing was performed with
constant test parameters, including a heating rate of 1 °C/min, temperature range of 35 - 215°C, and frequency of
1 Hz. The test was performed under a tensile loading and the test setup is provided in Figure 41(a). The glass
transition temperature (T,) of composites is taken by the maximum of tans, which implies a relaxation process
and involves the extent of the mobility of small molecular groups and macromolecular chain segments. As one fo
the examples presented in Figure 41(b), the T, of the TP/CFRP is around 85°C. The storage modulus reflects the
material's stiffness and its ability to store elastic energy. A higher storage modulus suggests a larger stiffness and
resilience. As depicted in Figure 41(c), the storage modulus decreases with the increase of testing temperature.
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Figure 41. Dynamic-Mechanical Analyzer (DMA) test results. (a) test setup, (b) tan ¢ versus temperature, and (c) storage
modulus (E’) versus temperature.

4.2.3 CREEP/RECOVERY TEST

A tension clamp was employed to conduct a creep / recovery test using a PerkinElmer® DMA 8000 instrument,
Northumbria University. The test specimens had a dimension of 20 mm x 5 mm x 2 mm. The experiments were
carried out at a temperature of 85°C, and the specimens were allowed to equilibrate at this temperature for 5
minutes prior to the application of a constant temperature and stress. A constant load of 4N was applied to the
material for 15 minutes at 85°C, followed by an identical 15-minute recovery step. The specimens were subjected
to these creep testing conditions for a duration of 30 minutes to observe their creep and recovery behaviours.
Figure 42 displays one example of the strain-time curves which illustrate the creep and recovery characteristics of
TP-CFRP composites. The results show the typical creep behaviour of viscoelastic materials, characterized by
instantaneous elastic deformation, primary creep, and secondary creep. It's worthwhile to note that due to the
lower levels of stress and shorter creep durations in these studies, creep rupture of the specimens did not occur.

The stress relaxation characteristics of TP-CFRP were explored utilising the DMA machine. The experimental setup
involved applying a predetermined stress level of 0.5 N to a 10 mm x 2 mm x 0.5 mm sample, followed by
monitoring its response as it gradually eased over a 10-minute duration. The stress relaxation profile typically
exhibits two distinct phases: an initial variable-rate relaxation phase marked by rapid stress reduction and a
subsequent steady-rate relaxation phase characterised by a slower and more consistent decrease in stress levels.
In accordance with Figure 42(b), our observations for the shown example indicated the presence of both
relaxation stages. TP-CFRP exhibits a unique viscoelastic response due to the combination of its carbon fibre
reinforcement and polymer matrix. When subjected to a constant stress load, CFRP tends to undergo minimal
stress relaxation over time, as the high tensile strength of carbon fibers and the resilience of the polymer matrix
contribute to maintaining the applied stress.
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Figure 42. Creep and recovery and stress relaxation curves of TP-CFRP at constant temperature of 85°.

4.3 TENSILE TESTS

4.3.1 TEST PROCEDURE

Tensile tests on TP/CFRP at 02 and 902 orientations were executed according to the standard ASTM D3039 [11].
Due to the uncertainties that usually entail the testing of UD composites, two different geometries were tested:

- Thick coupons: 250 mm x 25 mm x 2.5 mm
- Thin coupons: 250 mm x 15 mm x 0.5 mm

Coupons of both geometries were extracted from plates manufactured by tPE. DIC was used to monitor the
evolution of strains during the tests.

To determine the optimal setup of the tests, a trial and error procedure was followed employing the thick
coupons, because their bigger dimensions mean that they are able to withstand higher forces during the tests and
therefore potential issues become more evident. Initially, a coupon without tabs was tested; no failure appeared
because of slippage issues (Figure 43).

0E23 ~0%MS3

Figure 43: Coupon tested without tabs after test finished.

After that, it was decided to glue tabs in the standard way to smooth transfer loads from the machine to the
coupon, that is to say, with both ends at 902. In this case, an undesired failure mode was obtained because failure
appeared at the tab ends (Figure 44), which is the weakest part of the coupon in thin configuration because of the
stress concentrations that are induced. Besides, it is necessary to take into account that this laminate is much
weaker in the transversal direction, so any load that is transferred in a non-longitudinal direction may potentially
cause premature failure of the coupon.
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Figure 44: Coupon tested with sharp tabs after failure.

Finally, a configuration using tabs milled at 452 in one end to smooth load transfer even more proved to be
effective, leading to acceptable force values and more appropriate failure modes as shown in Figure 45.

Figure 45: Coupon tested with milled tab ends after failure.

Results of all tests performed are reported in the following section 4.3.2.

4.3.2 TEST RESULTS

QS tensile tests on 02 coupons

Results of the QS tensile tests for the 02 coupons are depicted in Figure 46 and Figure 47 for the thick and thin
coupons respectively.
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Figure 46: Aspect of the coupons (left) and force-displacement values from QS tests at 0° (right), for the thick coupons.
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Figure 47: Aspect of the coupons (left) and force-displacement values from QS tests at 02 (right), for the thin coupons.

Comparing Figure 46 and Figure 47, it can be seen that a more appropriate behaviour is obtained in the thin
specimens. If we convert the data to stress values, thick coupons break at around 1000 MPa, which is below the
limits estimated by tPE. On the other hand thin coupons, even though the present a higher dispersion, reach
values in the range 1600-2000 MPa, much more performing material in this sense. Besides, it can be seen that the
material is able to withstand load even if it partially fails until the ultimate strength is reached. Thus, the thin
geometry was selected as the most appropriate to carry out the dynamic tests reported below in this section.

QS tensile tests on 902 coupons

Results of the QS tensile tests for the 02 coupons are depicted in Figure 48 and Figure 49 for the thick and thin
coupons respectively.
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Figure 48: Aspect of the coupons (left) and force-displacement values from QS tests at 909 (right), for the thick coupons.
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Figure 49: Aspect of the coupons (left) and force-displacement values from QS tests at 902 (right), for the thin coupons.

Looking at the results obtained, transversal failure is obtained for all coupons regardless of the geometry
employed. Also ultimate stress values are in the range 16-18 MPa in both cases, so it is concluded that in this
configuration of the material the geometry of the coupons does not play a role regarding the execution of the
tests and the values obtained from them. It is remarkable to mention that, if these results are compared with the
ones at 02, much less performance (60x to 100x less performance depending on the geometry) is obtained, so this
aspect may be critical for the real performance of the material and has to be carefully considered in the design
stage of the laminates used in the FES components.

Dynamic tensile tests

Dynamic tensile tests were carried out on 02 coupons at 50s™ strain rate. The aspect of the coupons after the test
is presented in Figure 50. Given the nature of this material, the main objective of this test is to determine how
much stiffer the material becomes when subjected to dynamic loads, that is to say, the sensitivity of the Young
modulus of the material at high strain rates.

Figure 50: Aspect of the 02 coupons after dynamic tensile tests at 50s™,

Regarding this tests, two major remarks can be made. Firstly, the failure mode of the coupons, although
longitudinal as in the QS tests, seems much less controllable. Failure tends to appear at the end of the coupons or
even within the clamped length (not at the tabs’ end as could be easily interpreted as potentially improvable from
a technical point of view). Secondly, once the first elements of failure appear, it propagates suddenly in an abrupt
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manner, in such a way that the coupon gets completely broken and consequently is not able to withstand loads
anymore. As a result, force values measured are lower here than in the QS tests previously reported on the thin
geometry.

4.4 QUASI-ISO TENSILE TEST

4.4.1 TEST PROCEDURE

In the development process of a material card for simulation codes representing the behaviour of strongly
anisotropic composites, it is always recommendable to test in tensile condition the same material formulation in a
quasi-isotropic (“quasi-iso”) lay-up (([0]45]|-45|90];), in this case) to cross-check the performance of the material
models, enriching at the same time the tensile analysis reported in section 4.3. So, a series of quasi-isotropic
coupons with the same dimensions as the thick QS tensile tests (250 mm x 25 mm x 2.5 mm) were tested at QS
velocity. To ensure consistency of results, ASTM D3039 was also followed in this characterization, and tabs with
ends milled at 452 were employed. Due to the cross-checking nature of the test, only three samples were tested.

4.4.2 TEST RESULTS

The aspect of the CT coupons after the test is shown in Figure 51. The Force-displacement curves are presented in
Figure 52.

Figure 51: Aspect of quasi-iso coupons after QS tensile test as per ASTM D3039.
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Figure 52: Force-displacement curves of the quasi-iso tested coupons.

Looking at the broken samples, the first feature to highlight is that failure occurs within the clamps as advised in
the standard and not in the tab ends. In this test, the likelihood of this failure location was higher than in the 02
UD coupons with thick dimensions, because the amount of force put in place in the test is significantly lower in
this test (in the range 35-40kN as shown in Figure 52 above). Also, a sharp and sudden decrease in force values is

registered, which indicates that no slipping is taking place; this also correlates well with the fact that all coupons
fail in a brittle and instantaneous manner.

Regarding the failure mechanism of the coupons, in all cases there are some release of material belonging to the
outer layers at 02 right before the coupons broke. After that point, failure is mostly driven by the breakage of the
layers at +459, potentially triggering other failure mechanisms afterwards (to be remarked that all coupons from

Figure 51 present at least a location where layers at 452 are in an out-of-plane position as a consequence of
failure).

4.5 COMPRESSION TESTS

4.5.1 TEST PROCEDURE

Compression tests on the TP/CFRP material were carried out in pure UD configuration (both at 02 and 902) and

quasi-static velocity following the standard ASTM D6641 [12]. Therefore, coupons of 140 mm x 12 mm x 2.5 mm
were manufactured to this end. Five coupons were tested for each orientation.

In compression tests, avoiding buckling is a key issue to ensure the highest quality and validity of the results
obtained. Thus, most of the coupons’ length was clamped, leaving only 12 mm of free length in which
compression effectively took place. A scheme of the test setup is provided in Figure 53. Besides, DIC was also
employed to track strain throughout the test and determine in a robust manner if buckling appears during the
tests; virtual extensometers and tracking areas were defined to this end as depicted in Figure 54.
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Figure 53: Setup of the compression tests including DIC monitoring features.
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Figure 54: DIC was used to track the evolution of compression tests.

4.5.2 TEST RESULTS

Compression tests at 02 orientation

The aspect of the compression coupons after testing is presented in Figure 55. The results are graphed in Figure
56.
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Figure 56: Force vs global area strain measured during the compression tests at 02.

Coupons tested showed consistent behaviour during the test, achieving comparable values in terms of
compressive modulus (98 GPa on average), ultimate compression strength (493 MPa on average) and
compression at break (0.47% on average). Failure mode is repetitive across all samples, as can be seen in Figure
55 (right) the breakage of the carbon fibres occurs at a certain compression level, and the test is stopped
immediately after that event. Thanks to the high stiffness of the material in this orientation, no signs of buckling
appeared during the test, as is also evidence by the shape (straight line) of the curves obtained in Figure 56.

Compression tests at 902 orientation

The aspect of the compression coupons after testing is presented in Figure 57. The results are graphed in a similar
fashion to the previous ones in Figure 58.
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Figure 57: Compression coupons oriented at 90 @ after testing
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Figure 58: Force vs global area strain measured during the compression tests at 90°.

The values obtained for the coupons at 902 orientation are significantly lower than those obtained on 02 coupons,
as the carbon fibres do not play a significant role here and basically what was tested was the polyamide matrix.
Anyway, coupons tested showed consistent behaviour during the test again, achieving comparable values in
terms of compressive modulus (5.4 GPa on average), and ultimate compression strength (79 MPa on average).
There is great dispersion in the compression at break measured, although this is typical of this kind of test and
materials because it is very challenging to determine during the tests the exact point at which the matrix is
collapsing and/or some buckling is appearing and therefore tests have to be stopped. Regarding failure modes,
they are repetitive across all samples and in some cases the oblique failure surface suggests that at least some
amount of out-of-plane displacement has occurred before or during failure.

4.6 TRANSLAMINAR FAILURE TESTS
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4.6.1 TEST PROCEDURE

Translaminar fracture under tension or compression is one of the primary failure modes of UD fibre-reinforced
composites. The engineering objective of Salient to develop an optimized, efficient, sustainable, and damage
tolerant solution employing TP/CFRP requires the characterization of the fracture toughness of the material in
order to maximize its load-carrying performance. Besides, this is particularly relevant when FEM is used to
simulate failure and damage occurring in composite laminates such as fibre failure, matrix breaking, and
delamination. To this end, compact geometries are frequently recommended over other coupon configurations
because these have predominantly bending stress states, which allow smaller specimen sizes to achieve plain
strain states.

Hence, both compact tension (CT) and compact compression (CC) tests were carried out within Task 3.2. A specific
laminate ([0]90],), with thickness of 4.5mm was manufactured to this end, following the recommendations from
IDI. The coupon geometry defined is inspired in the general guidelines provided by ASTM D5045 [13], ASTM E399
[14], and also success stories found in literature [15], and are depicted in Figure 59. The execution of the test
followed the procedure set by ASTM E1922 [16].

1 l
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Figure 59: Coupon geometries for CT (left) and CC (right) tests.

Following the recommendations of ASTM D5045, to ease crack formation and propagation, a 0.4 mm width sharp
notch was sawed in the CT coupons from the notch root. All notches were measured to keep traceability of
results during and after the test, an example is shown in Figure 60. DIC was employed in both CT and CC tests to
keep track of deformations through the tests.
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Figure 60: Sharp notches sewed on CT coupons to ease crack formation and propagation.

4.6.2 TEST RESULTS

Compact Tension (CT)

The aspect of the CT coupons after the test is shown in Figure 61. The Force-displacement curves are presented in
Figure 62.

Figure 61: Aspect of CT coupons after testing.

Deliverable D[3.3] 2022 — 2025 © Copyright by SALIENT consortium Page 52/90



Horizon Europe Grant Agreement N2 101069600 %

Safer, Lighter, Circular, Smarter

I I I T ¥ I I I I
— K52
4000 - "\“ —— kK53
i
3000 4 i
=
£
E
S 2000 4 J
-
1000 - i
0 T T T T T T T T T ¥ T

0 2 4 6 8 10 12 14 16
Displacement (mm)

Figure 62: Force-displacement curves corresponding to CT coupons.

In general, an appropriate and consistent behavior during the tests was observed in all coupons, without
undesired failure locations (e.g. in the holes or perpendicular to the notch) or premature failure signs. Force
increases until cracks appear. Then, cracks develop smoothly and progressively. It is worth mentioning that at
advanced stages of the tests, in some of the coupons evidences of crushing failure by compression forces in the
coupon side opposite to the notch appeared (Figure 63). This has to be taken into account when working with the
data coming out from these tests as they might not be usable from a certain point.

Figure 63: Evolution of CT test for K54 coupon. Left: Intermediate stage of the test. Tight: Late stage of the test showing signs
of crushing by compression.

Compact compression (CC)

The aspect of the CT coupons after the test is shown in Figure 64. The Force-displacement curves are presented in
Figure 65.
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Figure 65: Force-displacement curves corresponding to CC coupons.

Also in CC tests the evolution of the tests was as expected, cracks of different topologies were observed in almost
every coupon tested, appearing in most occasions at high displacements of the actuator as depicted in Figure 66,
in which it can be seen that once cracks are developed, both halves of the coupon are almost in contact. On the
other hand, there is some more dispersion in the results obtained in the CC tests compared to the CT tests, which
is acceptable due to the higher complexity associated to the compression tests.
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Figure 66: Appearance of cracks during CC test.

4.7 INTERLAMINAR FAILURE TESTS

4.7.1 TEST PROCEDURE

Additionally to the characterization of translaminar failure, interlaminar failure is required to have a complete
understanding of the failure mechanisms of TP/CFRP material. This is due to the fact that the strength of CFRP
laminates can be significantly reduced in directions that are not strengthened on purpose, such as the
interlaminar direction. Besides, CFRP laminate may be susceptible to impacts, with out-of-plane impacts causing
internal damage, for instance triggering peeling mechanisms. Hence, a damage tolerant design must determine
how resistant a material is to interlaminar crack propagation, which is in practice done by fracture toughness
testing in various modes. In general, for homogeneous isotropic materials, only fracture Mode | (crack opening
mode) needs to be evaluated. In reinforced composites with anisotropic behaviour, it is advisable to evaluate
other fracture modes. In this task, failure under Mode | and Mode Il (crack sliding mode) is analysed (Figure 67).

p )

hb H— ]
Mode 1 Mode II

Figure 67: Interlaminar fracture tests in Mode | and Mode II.

In both cases, the coupons employed have dimensions 200 mm x 25 mm x 3mm, with a 80mme-long Teflon insert
in the mid-plane to allow controlled fracture, and a pure UD (02) lay-up as schematized in Figure 68.

80+0.5mm

25£0.1mm

200+ 1 mm

Figure 68: Coupon geometry for interlaminar failure tests.

The tests were executed following relevant standards. Interlaminar fracture toughness in Mode | (Double
Cantilever Beam, DCB) were carried out as per ASTM D5528 [17]; tests in Mode Il (Calibrated End-Loaded Split, C-
ELS) were carried out following 1ISO 15114 [18].
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Regarding the execution of Mode | tests, metallic hinges were purchased and glued to the coupons to ensure
proper load transfer from the machine. A detail of the test setup can be seen in Figure 69. Several marks were
painted on the coupon to enable a calibrated post-test measurement of crack propagation in the test videos that
were generated.

Figure 69: Test setup of interlaminar failure tests in Mode | with detail of the hinges employed.

Regarding the execution of Mode Il tests, dedicated tooling was designed and manufactured (Figure 70) following
the recommendations from the standards as well as best practices found in literature [19]

Figure 70: Tooling design (left) and actual tooling (right).

4.7.2 TEST RESULTS

Mode | tests (DCB)

The aspect of the coupons in an advanced stage of the Mode | test is shown in Figure 71. The results (Force-
displacement curves measured by the machine sensors) are presented in Figure 72.

It can be seen that after the mandatory pre-cracking state (not included in the graph) does not introduce
significant dispersion in the results. The loading stage is repetitive and consistent across all tested coupons. From
a certain point around 40-50 mm displacement, crack propagation occurs in a more abrupt manner. After each
delamination step, force values decrease until the end of the test; in this stage more dispersion is observed
between the samples as expected. In Figure 72 also the unloading process is depicted.
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Figure 71: Coupon during Mode | (DCB) test (left) and detail of the crack propagation (right).
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Figure 72: Force-displacement results of Mode | tests.

Mode Il tests (C-ELS)

The aspect of the coupons in an advanced stage of the Mode Il test is shown in Figure 73. In these tests, failure
appeared during the pre-cracking stage of the test as can be seen below. Because of the great amount of bending
deformation that is introduced during this preliminary step, the high compressive forces introduced in the upper
half of the material cause the breakage of the fibres. Simultaneously, there are mild signs of crack propagation
(Figure 73 right), although it cannot be determined precisely how much of the energy put in place is absorbed in
the crack propagation and how much is absorbed in the upper laminate. Hence, it is recommended to redesign
the coupon geometry to minimize bending forces and maximize shear forces during the pre-cracking stage.
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Figure 73: Coupon during Mode Il (C-ELS) test (left) and detail of the crack tip area (right).

4.8 THREE-POINT BENDING TESTS

4.8.1 TEST PROCEDURE

Three-point bending tests on TP/CFRP coupons were carried out following the specifications of the standard ISO
14125 [20]. Consequently, coupons of dimensions 100 mm x 15 mm x 2 mm were produced by tPE for this
purpose (Figure 74).

Y

15+ 0.5 mm

100-0/+10 mm

Figure 74: Geometry of the coupons used in three-point bending tests of TP/CFRP.

About the test setup, the test speed employed was 2 mm/min, with a span between supports of 27 mm. The
radius of the supports and the loading edge were 2 mm and 5 mm, respectively. The test setup can be seen in
Figure 75.
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Figure 75: Test setup for the bending trials.

As in the case of the aluminium, three-point bending tests are used to accomplish a double objective in this
testing campaign: they serve to assess the behaviour of different laminate lay-ups when the TP/CFRP is subjected
to flexural forces; and on the other hand they provide a simple yet robust reference to validate the overall
performance of the material cards in relatively complex load scenarios (tension and compression appear
simultaneously during bending tests). Thus, three different lay-ups have been employed in these trials:

- Default configuration: ([0]901,),
- Shear-like configuration: (+459)
- Quasi-isotropic configuration: ([0|45]-45]90],),

The positioning of the coupons in this test is not critical as the laminates are symmetric in all configurations.

4.8.2 TEST RESULTS

The aspect of the coupons after the bending tests is shown in Figure 76 for all tested configurations.

([0]901,)s (+459) ([0]45]-45]90],),
Figure 76: Aspect of the coupons after bending test.

The results (force-displacement and stress-strain graphs) for each tested configuration are presented in Figure 77,
Figure 78, and Figure 79 respectively.
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Figure 77: Bending test results for the default ([0]90],); configuration.

' i ' ' ' \ _ \ J '
i Tl thll ] i T Bt il ity Kol Sl il bl Bl Sl il iy Bl
1 ! 1 1 ! 1 1 1 1 1
T i I I ] i i i i I
S el el s i v e e
-\
i i | 0 ) i i i i '
I D T O Y B R B
== e T =TT, il i e “r-rT
' i I I 1 | | \ '
' 0 ' ' ] 1 ] 0 ] '
RO A U A SN R 7 O N R A AN S
1l I I 1 ,h 1 1 1 1 1
Al \r\\\_\,\_\x\\iwr JET R U
] i ] 1 I 1 i 1 1 1
| i | | h | | | | |
-1 -r== - “r=-rf--T- il b B -r-r=-e
' ! ' ' ' \ | \ \ '
L I ] T I 1 1 1 1 T
-da -bhole da cdbabhllededa P R P cbhafdad
Ll I Ll 1l I 1 1 1 1 '
(UL P S N (UL N N, YO [ A L Y (N
[} I ] [ I 1 I 1 1 1
1 1 1 1 1 x’ 1 ' 1 1
EE R R CE R R P btk et CE R R e
' i ' ' ' . \ : '
T T T T T T T T T T
S R I R B Ch S
T T v T T T T T
R R e e e i i =

L s L L L L \ ) L
§ 8 8 8 8 8 8 8 g g o
(edIAl) 559435 |ednxa|4
22
888
SRR
B8
Q&
] ] ] | | ] ] ] ]
I I ! ! I I I I
N R R e N R e
] | ' : ! ' | ' | I
N T [ T I I AR AR
I I I ! ! I I I I
I | \ | | | \ I |
I I I 1 ! | | I I I
e A e e R B i e e e e e T B ) S
. | . . . | . . |
N 2 R N R T
\ I | I I ) I I
I I I | ! I I I I I
T T \ T T T T T T T
I I \ 1 1 I I I I
L S R | I P A
d i T ! T h i ,
I I ! | I I I I I
T ;/ N
I I I ! ! I I I I I
R i k(i T S e e B e e B
I I ! ! I I I I I
i | i i i | ' i |
T T q T 0 T T T T
I I ) ! | I I I I I
Y //
I i I I
! I ! D] o ! ! I
-4-r-r -.-.-_.u-uu-u-u,-%uﬂhrwﬂuwu:ﬂu
! 1 ' 1 ' | (B e Y
g 8 8 B E B & B 8 8 o
(N) @104

24

18

16

12

10

15

14

12

10

Flexural Strain (-)

Displacement(mm)

Figure 78: Bending test results for the shear-like (+452) configuration
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Figure 79: Bending test results for the quasi-iso ([0]45[-45]90],), configuration

According to the test results, the greatest performance of the material is obtained in the default ([0]90]4)s

configuration (Figure 77) as expected. This laminate has the highest amount of layers at 02 among the three

configurations tested, and therefore it makes sense that it is able to withstand higher forces before failure. In this
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test, the initial slope is consistent and perfectly repetitive, after which a more noticeable dispersion appears in
the coupons motivated by the progressive failure that develops in the material. A quite similar behaviour is found
in the quasi-iso ([0]45]-45]90]), configuration, although in this case lower forces are achieved as there are less
amount of layers oriented at 02. The presence of layers at 452 contributes to get a smoother development of
failure during the test. Finally, the shear-like (£452) configuration leads to the lowest force values amongst the
three laminates tested, although at the same time the behaviour is the most repetitive and predictable of all of
them. Finally, there is also a clear dependence of the Flexural modulus on the laminate configuration: 5-6 GPa is
obtained for the shear-like configuration, 18-20 GPa is obtained for the quasi-iso configuration, and 26-28 GPa is
obtained for the default configuration.

4.9 DISCUSSION ON TEST RESULTS

The TP/CFRP laminates tested and described in this section of the deliverable are built up by stacking a certain
number of UD plies, as required per each test previously described. This means that the material presents strong
orientation effects, especially in the pure UD configurations of some laminates used for tensile, compression and
interlaminar failure tests. Thus, due to the strong anisotropy of the material, the behaviour of the TP/CFRP was
extremely different depending on the specific lay-up tested, which significantly increased the complexity of the
testing campaign, as in practice different orientations have to be considered as different materials from a testing
point of view (coupon geometry, failure mode, test setup, machines to be employed, etc.)

In general terms, outstanding performance is found in the 02 UD laminate due to the high amount of carbon
fibres inserted in the polyamide matrix. The high forces achieved during tensile tests in this configuration led to
failure appearing in undesired locations (e.g. at the tabs’ end) or following different failure modes than those
recommended in the standards; hence, coupon geometry had to be downscaled in width and thickness directions
to enable a proper execution of the tests. The evolution of tests on 02 UD laminates as well as the triggering of
failure is also determined to some extent on the quality of the adhesion achieved between the carbon fibres and
the polyamide matrix. On the contrary, 902 UD laminates turned out to be really soft compared with the 02
orientation. As mentioned before, this is due to the fact that in this laminate we are mostly testing the
performance of the polyamide matrix without any significant contribution of the fibre material. These
particularities made the testing campaign quite challenging.

Several tests considering different material lay-ups and load cases were carried out in order to get comprehensive
information of the material performance as well as of the main failure mechanisms that may occur in real crash
scenarios (translaminar and interlaminar failure).

Regarding the material development process as feedback to T3.1 for further work within T3.3 and the simulations
of T5.2, any improvements on the adhesion of the carbon fibres and the polyamide matrix will help enhancing the
already good performance of the material for crash applications, especially thinking of its use as local
reinforcements to modify load transfer paths within the FES.

5. SMA/CFRP COMPOSITE CHARACTERIZATION

The testing campaign on the SMA/CFRP material had as main objective the comparative evaluation of different
integration approaches of the SMA wires in the CFRP structure. Due to the complexity of the manufacturing
processes needed to produce the material, the different behaviour of the wires at different temperatures due to
the phase transformations (austenite < martensite) that take place, and the key influence on the effective
embedment of the wires within the CFRP on the overall material performance (see D3.1 for further details on the
design and manufacturing of the material), several different material configurations were tested at different
temperatures (from RT up to 1109C) on different test setups (bending and tensile), specifically:

1. CFRP material without wires = reference material
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CFRP material with non-SMA wires embedded

CFRP material with 50um diameter wires embedded

CFRP material with 200um diameter wires embedded

CFRP material with 50um diameter wires placed at the top of the composite

AW

The testing program executed is also presented in Table 6. Due to material availability constraints, and
considering the nature of this campaign (benchmarking of different integration approaches of SMA wires into
TP/CFRP), it was decided to test only coupon per configuration and test. Besides, all aspects relative to the
manufacturing of the coupons for testing, as well as all testing procedures executed and results obtained are
described in the subsequent sub-chapters.

Table 6: Summary of SMA/CFRP testing campaign.

Coupon

Bending @ RT

Bending @ 752C

Bending @ 1002C

Bending @RT +
Heating up to
1102C

Tensile @RT

Reference material

Reference material

Reference material

Reference material

Reference material

CFRP + non-SMA

CFRP + non-SMA

CFRP + non-SMA

CFRP + non-SMA

CFRP + non-SMA

wires mid wires wires wires wires

CFRP + SMA 50um CFRP + SMA 50um CFRP + SMA 50um CFRP + SMA 50um CFRP + SMA 50um
mid mid mid mid mid

CFRP + SMA 200um | CFRP + SMA 200um | CFRP + SMA 200um | CFRP + SMA 200um | CFRP + SMA 200um
mid mid mid mid mid

CFRP + SMA 50um CFRP + SMA 50um CFRP + SMA 50um CFRP + SMA 50um CFRP + SMA 50um
top top top top top

Test objective

Check influence of
wires when in
austenite phase

Check influence of
wires when in
transition phase

Check influence of
wires when in
martensite phase

Evaluate recovery
potential of SMA
wires

Check influence of
wires when in
austenite phase

5.1 MANUFACTURING OF COUPONS

Through collaboration between UNN and tPE, two manufacturing methods were developed to investigate the
effects of SMA within the composite panels through coupon testing. The first method involves placing the
embroided SMA wires in the middle of the panels. The second method involves placing the embroided SMA wires
onto the top layer of the panels. These two methods allow for a controlled and optimized placement of SMA
within the composite panels, enabling further investigations into their impact on the overall performance and
behaviour of the composite material. Further details on the material design as well as on the manufacturing
methods can be found in deliverable D3.1.

For the mechanical tests, samples were cutted by using the waterjet technology. For a wide range of mechanical
testing bending samples with a length of 100 mm and width of 15 mm as well as tensile specimens with the
dimensions (I x w) 250 mm x 15 mm were cutted. Examples of the coupons cutted from both manufacturing
methods can be seen in Figure 80.
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Figure 80: Cutted samples using waterjet technology placed in the origin plate

5.2 MICROSTRUCTURAL CHARACTERIZATION

5.2.1 MICROSTRUCTURAL CHARACTERIZATION

The UNN further conducted microstructural analysis of SMA/CFRP, utilizing SEM with an accelerating voltage
ranging from 10 to 20 kV. Notably, no pre-preparation was employed in this analysis, and EDX elemental mapping
was used to confirm the presence and location of the SMA wires. Figure 81(a) shows one example of the typical
cross-sectional microstructures of the SMA/CFRP composite. For this specific sample, 200 pm SMA wires were
situated in the middle layer between 14-plies of the laminate, and they were evenly distributed along the length
of the sample.

To enhance the damping and impact properties and to achieve optimal SMA’s recovery upon heating within the
CFRP, it is crucial to ensure efficient load transfer from the SMA to the surrounding matrix. Therefore, the
adhesion or interfacial bonding between the SMA wire and the matrix plays a pivotal role. Figure 81(a) shows
that at a higher magnification, the embroidery fabric and yarn can be clearly observed. However, there are
noticeable gaps between the fibre and the matrix around the SMA wire, indicating the occurrence of interfacial
debonding between SMA/matrix. This debonding explains the decline in the mechanical properties of the
composite which we have obtained. It's worth noting that improving the bonding or adhesion levels needs to
improve the surface properties of the wire, particularly its roughness, and increase the amount of PA6 in the
SMA/fabric layer to enhance the interfacial bonding. Figure 81(b) presents an EDX elemental mapping which
demonstrates the presence of nickel and titanium elements from NITINOL, along with a minimal amount of

oxygen content.
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Figure 81. SEM image for the SMA/CFRP composites where the SMA wires lays in the middle layer of the composites. (a) Cross
sectional image with a zoom in view, (b) EDX elemental map.
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5.2.2 STRUCTURE AND SURFACE CHARACTERIZATION

Figure 82(a) exhibits the example of XRD profiles of the SMA/CFRP samples. In this specific sample with a
dimension of 20 x 20 mm?, the SMA wires are positioned on the top surface, above the 14-ply CFRP laminates.
Within the XRD profile, discernible diffraction peaks corresponding to PA6 a phase of (200) and a (002) are
observed at approximately 20 = 20.23° and 23.37°, respectively. Notably, there are no discernible peaks indicative
of the SMA wires, due to their low quantity.

The optical scattering test was conducted using the laser interferometer at Northumbria University. One of the
typical examples are presented in Figure 82(b). However, the laser interferometer failed to provide sufficient
scattering and morphology information. This is probably due to the rough or dark nature of the sample surface. In
order to address this limitation, surface profile mapping via a Scanning Probe Microscope (SPM) or Atomic Force
Microscope (AFM) was employed. One of the typical examples is shown in Figure 82(c). This SPM analysis
revealed that the surface possesses a maximum roughness value of approximately 1.5 nm.

(a) (b)

5000 |- (002)
4000 |-

13.438 um I'xl,u

3000 |-

2000 |-

Intensity (cps)

1000 |-

0 10 20 30 40 50 60 70 80 90
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(c)

[ 0.9 pm

-0.6 pm

Figure 82. SMA/CFRP composites Structural and surface characterisations results, (a) X-ray diffraction profile, (b) Scattering
by laser interferometer, and (c) Scanning probe microscope SPM surface profile.

5.3 BENDING TESTS

5.3.1 TEST PROCEDURE

Similar to the bending tests carried out on TP/CFRP coupons, three-point bending tests on SMA/CFRP coupons
were carried out according to the prescriptions of the standard I1SO 14125 [20]. Consequently, coupons of
dimensions 100 mm x 15 mm x 2 mm were produced by tPE for this purpose. In all four test configurations (see
Table 6 above), the span between supports was set at 35 mm, and support cylinders of diameter 4 mm were
used. In the coupon that has the wires placed at the top, the wires were put in such a way that they are subjected
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to tensile stresses during the tests. In the other configurations containing fibres, the positioning of the coupons is
not critical as the wires are placed in the neutral fibre of the material.

A non-standard testing procedure was defined to check the effect of the activation of the SMA wires on the
overall composite behaviour. The steps followed for this test were the following:

1. At room temperature, a displacement of 2 mm is applied to the coupons. This entails applying a force on
the material that is well below its limits, but enough to detect and measure any changes that may occur
during or after the activation of the wires.

2. When force and displacement values are stable for a minute, then temperature is steadily and slowly
increased up to 1102C without stops. Displacement is fixed at 2 mm during all the process, and force
signal is tracked.

3. Coupons are kept at 1109C until all test variables are stable. Then, the test is finished.

For the tests at temperatures other than RT, a climatic chamber (Figure 83) was employed.

Figure 83: Climatic chamber used at Cidaut in SMA/CFRP tests.

5.3.2 TEST RESULTS

Results at room temperature (austenite phase of the SMA wires)

The aspect of the tested coupons after failure is shown in Figure 84. The associated force-displacement and
stress-strain curves are depicted for all configurations in Figure 85 and Figure 86, respectively.
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Figure 84: Aspect of SMA/CFRP coupons after three-point bending tests @ RT.
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Figure 85: Force-displacement curves of all configurations tested in bending mode @ RT.
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Figure 86: Stress-strain curves of all configurations tested in bending mode @ RT
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Looking at the figures, it can be seen that placing the wires at the top of the CFRP does not entail any significant
change in the behavior of the material, while embedding them within the CFRP does affect significantly the
outcome of the test, regardless of the type and dimensions of the wires employed. Regarding the Young modulus,
there is a slight drop in the values obtained for the SMA/CFRP coupons with respect to the CFRP reference, and
even a more evident drop is noticed when the non-SMA wires are employed.

Results at 752C (transition phase of the SMA wires)

The aspect of the tested coupons after failure is shown in Figure 87. The associated force-displacement and
stress-strain curves are depicted for all configurations in Figure 88 and Figure 89, respectively.

P e . i |
p‘

Figure 87: Aspect of SMA/CFRP coupons after three-point bending tests @ 759C.
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Figure 88: Force-displacement curves of all configurations tested in bending mode @752°C.
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Figure 89: Stress-strain curves of all configurations tested in bending mode @ 752C.

In this test, the reference material and the coupons with 50um wires (either placed at the top or in the middle)
show similar behavior in qualitative terms, and also similar amount of strength was reached. The coupon with
non-SMA wires showed worse behavior, and also the stress evolution is different due to the higher impact of the
wires used on the behavior. Similar behavior is detected in the coupon with 200um wires, what is therefore
associated to the fact that bigger wires can more effectively modify the behavior of the CFRP. Nevertheless, in
this last case results were greatly affected by the appearance of early delamination in the coupon, very likely
motivated by the different thermal expansion coefficients of the polyamide and the SMA wires that led to
premature failure. This phenomenon is considered a sign of non-optimal embedment of the 200um wires during
the manufacturing process. A detail of the delamination observed is presented in Figure 90.

Figure 90: Early delamination observed in the coupon with 200um wires.

Results at 1002C (martensite phase of the SMA wires)

The aspect of the tested coupons after failure is shown in Figure 91. The associated force-displacement and
stress-strain curves are depicted for all configurations in Figure 92 and Figure 93, respectively.
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Figure 91: Aspect of SMA/CFRP coupons after three-point bending tests @ 100°C.
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Figure 92: Force-displacement curves of all configurations tested in bending mode @100°C.
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Figure 93: Stress-strain curves of all configurations tested in bending mode @100°C.

At high temperature (1002C) it is important to remark that the glass transition temperature (T,) of the polyamide
is surpassed, and therefore this major microstructural change may affect the results obtained. In qualitative
terms, the behavior of the coupons with 50um diameters is somewhat similar to that of the CFRP reference. The
better performance is obtained when the wires are placed at the top, because that is the configuration in which
the wires are undergoing the highest flexural loads, and therefore they are able to compensate at least to some
extent the loss of properties associated to the softening of the polyamide. Again, early delamination was
observed in the coupon with the 200um wires embedded (Figure 94), confirming the fact that a further
adjustment of the manufacturing process parameters is needed in order to allow a better understanding of the
impact of these wires in the overall SMA/CFRP material behavior.

——

Figure 94: Delamination observed in the coupon with 200um wires.

Bending @ RT + heating up to 1102C

The aspect of the tested coupons after the test is shown in Figure 95.
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Figure 95: Aspect of SMA/CFRP coupons after bending + heating test.

In Figure 96, the temperature vs time curves for the different coupons are shown, in which it can be seen that
there is a relatively short period of heating up the coupons, after which temperature is kept constant for a long
time until all test parameters, and especially the force measured, remains stable. This way, it is ensured that the
phase transformation of the SMA wires is effectively occurring, since thermocouples for temperature
measurement were adhered to the surface of the coupons.
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Figure 96: Temperature-time curves of all configurations tested.

Also stress-strain curves were registered (Figure 97). As expected, the limited amount of deflection employed
means that no failure is observed in any of the coupons, even though slightly different maximum stress and strain
values are measured for each coupon. During the heating stage and the subsequent constant temperature period,
a progressive drop in the stress occurs, which is attributed to the softening on the polymer.

Deliverable D[3.3] 2022 — 2025 © Copyright by SALIENT consortium Page 72/90



Horizon Europe Grant Agreement N2 101069600

Safer, Lighter, Circular, Smarter

450.00

== (0E23-02629 Ref

400.00 e 0E23-02630 Ref Wire
= 0QEZ23-02631 M50
350.00 = 0E23-02632 M200

= E23-02633 TS0

300.00

250.00

200.00

150.00

Flexural Strength [MPa)

100.00

50.00

0.00
0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01

Flexural Straln [mm/mm]

Figure 97: Stress-strain curves of all configurations tested.

Finally, the impact of the activation of the SMA wires on the behavior of the material can be preliminarily
interpreted looking at the force-temperature curves presented in Figure 98. According to the properties of the
matrix material (glass transition temperature around 55-702C) and the SMA wires (phase transition in the range
60-802C), all major changes should be detected in the 60-902C approximately. There are almost no differences
between the reference material (blue curve) and the coupon with 50um wires placed at the top (orange curve),
while a less abrupt force drop is observed in the coupon with 50um wires placed in the middle (green curve), .
This effect is even more evident in the coupon with 200um wires placed in the middle (purple curve), in which
force remains approximately constant during and after the heating period. This might mean that the SMA wires
are at least partially capable of compensating the softening of the matrix material, in contrast with the use non-
SMA wires (red curve), that are not capable of mitigating this softening effect. In any case, the two physical
processes (softening of the polyamide and activation of the SMA wires) are happening simultaneously, therefore
the isolated effect of the activation of the wires could not be evaluated using this test.
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Figure 98: Force-temperature curves of all configurations tested.

5.4 TENSILE TEST
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5.4.1 TEST PROCEDURE

Quasi-static tensile tests on SMA/CFRP material at room temperature were conducted in a similar fashion to
tensile tests carried out on TP/CFRP material already described in section 4.3. ASTM D3039 was used as reference
standard, but in this case the recommended coupon dimensions were modified because of the limitations of the
manufacturing equipment. Hence, coupons of 250 mm x 15 mm x 2 mm were provided by tPE for testing.
Coupons were tabbed to ensure a smooth load transfer from the machine to the coupons and therefore avoid
undesired failure modes as much as possible. To this end, one of the tabs’ ends was cut at 452 to minimize stress
concentrations in the transition area. The coupons are shown in Figure 99.

Figure 99: Example of a tensile SMA/CFRP coupon. Top: full coupon. Bottom: detail of the tab area.

5.4.2 TEST RESULTS

The aspect of the tested coupons after failure is shown in Figure 100. The associated force-displacement and
stress-strain curves are depicted for all configurations in Figure 101 and Figure 102, respectively.

Figure 100: Aspect of SMA/CFRP coupons after QS tensile test.
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Figure 101: Force-displacement curves of all configurations tested in tensile mode @ RT.
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Figure 102: Stress-strain curves of all configurations tested in tensile mode @ RT.

The validity of the proposed geometry for this test and material is demonstrated looking at the ultimate stress
values obtained for the reference material (around 1300 MPa), which are comparable to the ones obtained in the
QS tensile tests of the CFRP with the recommended dimensions (see section 4.3). Also failure mode (longitudinal)

is consistent across all coupons.

In Figure 102 it can be seen that 50um wires (green and orange curves) outperform 200um wires (purple curve),
regardless of their positioning within the coupons. There is not a significant modification of the Young modulus of
the material in any configuration. The coupon with 200um wires embedded showed premature failure, at the
lowest stress and strain of all coupons, which is considered a signal of worse integration of the wires within the

polyamide.
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5.5 DISCUSSION ON TEST RESULTS

A series of characterization tests on SMA/CFRP coupons was carried out with two main objectives: assess the
integration of the SMA wires in the CFRP material, and evaluate the potential impact of the activation of the SMA
wires in the overall behaviour of the material. To this end, bending and tensile tests were carried out, and also
different testing temperatures were defined, in order to be able to check the behaviour in different states of both
the SMA wires and the CFRP material (here especially the polyamide matrix). A specific test method was designed
to check the activation effect of the SMA wires. Different concepts of SMA/CFRP materials were tested.

The results obtained were greatly dependent on the SMA/CFRP concept tested. Using 200um wires seems
promising in the sense that bigger wires have more remarkable impact on the material behaviour, nevertheless in
this campaign the integration of the 200um wires within the CFRP was not optimal and led to premature failure of
the coupons due to delamination, especially at high temperatures, and also in the tensile test. This observations
were confirmed in the microstructural analysis, where remarkable gaps were found between the wires and the
matrix material. The effect of 50um wires depended on the placement of the wires, although it is more moderate
than the effect of 200um wires in any case. If placed at the top, the behaviour is essentially similar to the CFRP
reference. If placed in the middle, mild modifications in the material behaviour are seen.

Therefore, it is concluded that further optimization of the material design and the manufacturing process
parameters are still needed to get the maximum performance of the SMA/CFRP material.

6. HYBRID MATERIAL AL/CFRP CHARACTERIZATION

For the use of two different materials in hybrid components, their joining quality must be investigated. In the
case of a two-dimensional bond, the shear strength of the connection is of particular interest. In addition,
the influence of temperature and moisture on the bonding interface must be analysed.

6.1 MANUFACTURING OF COUPONS

As described in Deliverable D3.1, a good bond to the composite (CFRP-PA6) was established with the primer
Vestmelt Hylink® applied to the aluminum (see Figure 103).

Figure 103: Hybrid laminates: result with the Vestamelt Hylink® Primer

The pressed hybrid laminates were cut with waterjet cutting into standard specimens. After cutting, no
delamination of the joining partners was observed, so that the next step was conditioning followed by
testing (see Figure 104).
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Figure 104: Cutting pattern of the specimen (front- and backside)

The layup was chosen to be quasi-isotropic. 13 layers (thickness of the single layer 0.15 mm) were used to
achieve a lamina thickness of 2 mm (see Figure 105).

PP-MAH Primer or

CFPA6 [0°/90°/-45°/45°/0°/90°/90°] Vestamelt
estame

Al (Sandblasted)

| V

Figure 105: Layer stack-up

Aluminum strips supplied by ASAS had a width of 80 mm. Therefore, 3 of these plates had to be placed side
by side in the press tool. Since there is a significant difference in the coefficient of thermal expansion
between aluminum and the composite, the three aluminum plates were inserted with the shorter edge is
aligned in the direction of the fiber direction of the last fiber composite layer (see Figure 106). This
configuration would result in less temperature induced strain at the bond interface.
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Figure 106: Placement of aluminum strips according to the last layer direction

Numbering: Horizontal and vertical specimens were optimally placed in the cutting pattern for efficient
utilization of the hybrid plate material. These specimens were differentiated in the naming convention by
using suffix "h", which stands for horizontal and "v", which stands for vertical according to the 0°-direction of
the fibers. Since three aluminum plates were pressed into one plate, the beginning of the designation P1, P2,

and P3 stand for plate 1, plate 2, and plate 3, respectively. The last number of the coding describes the
consecutive specimen numbering in this group (see Figure 107).
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Figure 107. Numbering of the specimen (blue)
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A few samples were removed from the cut plate (see Figure 108) and reserved for the testing as
unconditioned specimens (reference tests). All specimens that can still be seen in the plate were tested in
the PV 1200 climate change test.

T
4 l;lm
v S

Figure 108. Tested specimens in the PV 1200

6.2 MICROSTRUCTURAL CHARACTERIZATION

The UNN further conducted microstructural analysis of the hybrid Al/CFRP material, employing SEM as an imaging
technique. Before the imaging process, a platinum coater was applied to deposit a conductive layer on the
sample's cross-sectional surface to enhance the conductivity of the layers. Figure 109 shows one of the many
typical microstructures or morphology of this hybrid material. As depicted in Figure 109(a), we can see the Al6063
layer located in the upper portion of the image, while the lower part is comprised of CFRP. Notably, there are no
observable signs of debonding or any discernible volume of void defects. For further verification of the
microstructural details, EDX image mapping was conducted, and a typical image is presented in Figure 109(b).
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Figure 109. SEM image for the hybrid Al/CFRP composites (a) Cross-sectional image with a zoom in view, (b) EDX elemental
map.

Figure 110(a) exhibits the XRD profile of the Al/CFRP hybrid composite, which has a cross-sectional dimension of
20*20 mm?. The diffraction peaks of the PA6 a phases (200) and (002) are observed at approximately 20 = 20.23°
and 25.7°, respectively. The optical scattering test was conducted using the laser interferometer at UNN, and one
of the typical results is presented in Figure 110(b). However, the laser interferometer failed to provide sufficient
scattering or details. This is probably due to the rough or dark nature of the sample surface. The creep tests using
DMA equipment did not obtain any good results, mainly because the Al alloy sample’s high melting temperature
and limit of equipment’s maximum testing temperature. Using the DMA testing, it is expected for the hybrid
material to have intermediate damping properties between the Al, and CFRP materials and increase in the T,
compared to the CFRP [21].
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Figure 110. Hybrid composites Structural and surface characterisations results, (a) X-ray diffraction profile, (b) Scattering by
laser interferometer.

6.3 AGEING + SHORT BEAM THREE POINT BENDING TESTS

6.3.1 TEST PROCEDURE

Climate Change Test

The carbon fibres contained in the composite material would contribute to corrosion of the metal if it came
into direct contact with the aluminium. Therefore, it is necessary that FRA prepares the samples for coupon
level tests, to determine the durability of the Al/composite hybrids under long term climatic and cyclic
loading exposures. Volkswagen's PV 1200 climate change test was found to be the most appropriate for this
purpose since it has been in practice in the automotive industry and defines the temperature and humidity
conditions according to service conditions of a vehicle [22]. The test specification describes a cyclic climate
change test on vehicle parts. One cycle (see Figure 111) lasts for 720 min (12 h) and comprises the following
temperature and humidity profiles:

e 60 min heating phase to +80 °C and 80 % rel. humidity,

e 240 min holding time at +80 °C and 80 % rel. humidity,

e 120 min cooling phase to -40 °C, when freezing point is reached: approx. 30 % rel. humidity, the air humidity
remains unregulated as of T < 0 °C (depending on the system, humidity regulation can also be suspended as
of T< 10 °C),

e 240 min holding time at -40 °C, air humidity remains uncontrolled,

e 60 min heating phase to +23 °C, rel. humidity is regulated to 30 % as of T=0 °C
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Figure 111: Test cycle for PV 1200
Short Beam Method for apparent Interlaminar Shear Strength

In aluminium/CFRP hybrid laminates, there exists essentially an interface between the two materials. With an
early failure of this interface, the potential of the multi-material cannot be fully exploited. Therefore, it is
recommended to assess the strength of this interface — the so-called interlaminar shear strength (ILSS). Testing
standard DIN EN ISO 14130 [23] specifies a method for determining the apparent interlaminar shear strength
(ILSS) of fibre-reinforced plastics using the short-beam three-point bending method (Figure 112).
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Figure 112. Short beam bending test (DIN EN ISO 14130)

In the SALIENT project, the materials provided by tPE and ASAS were used to fabricate hybrid sheets. Since the Al
plate provided by ASAS had a thickness of 2 mm, a composite laminate of the same thickness had to be
applied, i.e. 2 mm. Thus, the combined thickness of the hybrid plates was 4 mm, which is not a standard
thickness for the above-mentioned test standard. In this case, the testing standard specifies a formula for

determination of the specimen dimensions. Using the given relationships, a specimen dimension of 4 mm x 20
mm x 40 mm was determined.

For comparability, tests according to DIN EN 1SO 14130 should be carried out for conditioned (PV 1200) and
unconditioned specimens. The following Table 7 summarizes the test plan for ILSS tests.
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Table 7. Test matrix for ILSS tests as per DIN EN ISO 14130

Reference 5 5
PV 1200 (50 cycles) 5 5
6.3.2 TEST RESULTS

Execution and results of climate change test

The climate change test of the hybrid specimens lasted 25 days (50 cycles, see Annex A). The test serves as a
short-term test with a time-lapse effect. The equipment employed for these test and the test setup are
depicted in Figure 113.

Figure 113. Climate chamber for carrying out climate change test as per PV1200

After the test was finished, the specimens were removed for further evaluation of their bond quality.
However, it was found out, that the aged hybrid specimens were no longer bonded together (Figure 114) and
further testing of interlaminar shear strength was not possible. Cyclic thermal loads induced in the
specimens during the accelerated ageing process act eventually as triggers of the detachment process that
was observed.
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Debonding at Interface

Figure 114. Failure of bonding interface after climate change test
Execution and results of short beam tests

Three-point bending tests were performed for the unconditioned specimens only, since the conditioned
specimens failed the climate change test as reported above. The tests were performed with Zwick/Roell Z5.0
machine with a three-point bending test setup. The supports had a radius of 2 mm and the plunger had a radius
of 5 mm. According to the measured thickness of samples, i.e. approx. 3.5 mm, the support length was adjusted
to 17.5 mm (5 mm x 3.5 mm) as specified by the standard. The specimens were placed on the supports so that the
plunger comes first in contact with the metallic side (Figure 115). This ensures that the CFRP side does not get
damaged before to the bonding interface. All tests were carried out at room temperature.

Figure 115: Test setup with mounted specimen

A representative curve from the test is shown in the diagrams below (Figure 116). The curves show the behavior
of a hybrid specimen under flexural loading. The force vs. displacement behavior rises in a hyperbolic fashion until
a plateau is reached, followed by a sudden drop in the force representing a failure of the bonding interface. The
maximum force indicates the apparent shear strength of the bonding interface.
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Figure 116: Force-displacement curves obtained during short beam bending tests.

From visual inspection of the specimens (Figure 117) shows that one half of the specimen is completely debonded
along its length. This failure mode is characterized as a shear induced failure in DIN EN ISO 14130.

Figure 117: Tested specimen showing shear induced failure

In the diagram below, results of the four tested series are represented. As it can be seen in Figure 118, there is a
large variation within most of the series. Also, the values of the bonding strength are different among the
different series. For example, the values of P3V are much higher than P1V, i.e. 37.78 %. This may be caused by the
variations in the laminate and specimen preparation steps, such as uneven primer application or uneven pressure
distribution in the pressing process. The highest value of the apparent interlaminar shear strength was measured
in the series P3V series, i.e. 45 MPa. The lowest value was measured in series P2H with 23.7 MPa (47.78 % less
than the highest value). For comparison, typical shear strength of adhesively bonded Al/CFRP were reported to be
around 15 MPa in [24]. In another study [25], where the shear strength of adhesively bonded Al and CFRP was
optimized, a maximum shear strength of 23.68 MPa was achieved after laser treatment of the aluminum side.
Another study [26] measured a shear strength of 9.31 MPa after acetone cleaning of Al and CFRP before adhesive
bonding. All above mentioned studies used single-lap shear test for determination of shear strength. Further,
these studies considered CF/EP composites, so the results of tests conducted by FRA cannot be directly compared
with the results of the referenced studies.
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Another important outcome of the results is the fact that the horizontal samples (first ply after primer orthogonal
to specimen’s longer side) appear to have lower apparent shear strength as compared to the vertical samples. A
reason for this behaviour could be the greater contact between dry fibres and the primer in the horizontally cut
samples.

Apparent Inter-Laminar Shear Strength
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Figure 118: Results of the apparent ILSS tests according to DIN EN ISO 14130

6.4 DISCUSSION ON TEST RESULTS

Al/CFRP hybrid laminates mentioned in D3.1 were tested for their weather endurance and bond strength. The
reference series of unconditioned samples show a good bonding strength with a maximum of 45 MPa. However, a
high variation of results could be observed various factors, such as manufacturing technique, sample position and
orientation, etc.

Furthermore, it was found out that after 50 cycles of climate change tests according to PV 1200, the bonding
interface of these laminates failed, resulting in complete debonding. This result implies that such hybrid laminates
are not suitable to be used for FES due to their poor durability.

Also, the additional preparation steps of metallic surface by sandblasting or priming are not well suited for large
series production applications.

Another important factor is the poor recyclability of hybrid crash structures, which can have a negative
environmental impact.

Considering above results as well as economic and environmental aspects, FRA recommends usage of single
material (either CFRP or Al) for crash structures (such as crash box) in the SALIENT project.
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7. CONCLUSIONS

In this deliverable D3.2 belonging to task T3.2 a detailed reporting of the testing activities performed on the four
materials (Al6063, TP/CFRP, SMA/CFRP, hybrid material Al-TP/CFRP) used within Salient to design, manufacture
and test a lightweight FES meeting all crashworthiness, sustainability and recyclability requirements is provided.
In general terms, this work enables the creation of tailored material cards for the simulations to be carried out
within WP5 (reported in D3.2 and to be further optimized within the framework of T5.2) as well as provides some
specific insights about the material performance that can be used by the material manufacturers as basis for the
optimization activities made in T3.4. Specifically, a short overview of the conclusions obtained per material is
provided below:

Al6063: the material performance was as expected for this aluminium grade. Exceptional repetitiveness
and quality of results was obtained in all load cases and test conditions. No evident signs of anisotropy
were found in the tests specifically designed to analyse this feature. Also, a slight sensitivity to strain rate
was observed in the range considered for this applications. All this results are coherent with the available
literature on the subject.

TP/CFRP: the material shows exceptional performance at 02, although failure may be conditioned to the
appearance of delamination. In contrast, it presents a very soft behaviour a 902 due to the fact that in this
configuration only the matrix is withstanding the applied loads. Therefore, the use of purely UD laminates
is not recommended for the design activities. Moreover, a multitude of loading conditions (tensile,
compression, bending) and failure mechanisms (translaminar and interlaminar fracture toughness) was
characterized.

SMA/CFRP: several material configurations were tested under tensile and bending load cases, in the
latter also at different temperatures. Two objectives were pursued in these characterizations: check the
potential of the SMA wires to modify the behaviour of the TP/CFRP, and also to evaluate the quality of the
integration of the SMA wires within the TP/CFRP. Some early delaminations were observed when using
the biggest wire size (200 um), what indicates that the behaviour of this material is essentially depending
on the manufacturing process parameters involved.

Hybrid AI-TP/CFRP: the main objective of the characterization made on this material was to evaluate the
appropriateness of the adhesion between the two base materials by means of short beam bending tests.
Also the long term durability of the material was assessed through and ageing process widely used in the
automotive sector. While the as-manufactured coupons showed a suitable behaviour, none of the
coupons remained unaltered after the ageing process due to debonding. Hence, this material is not
recommended to be used in the FES.
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Figure 119. PV1200 Climate change test performed at FRA
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