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Abstract: The newly-developed thermoplastic-based fibre metal laminates (T-FML) show good
prospects for their application in the automotive industry because of their lightweight potential and
thermal formability. This paper focuses on describing the tensile and bending properties of this hybrid
material as structural components for load-bearing parts in vehicles. For this purpose, the uniaxial
tensile and four-point bending behaviours of steel/glass fibre-reinforced polyamide 6 (GF-PA6)/steel-
laminates are investigated. The effects of cover/core layer thickness ratio and fibre weaving style
on their tensile and bending properties are considered, while the span-to-thickness ratio was kept
constant. Testing of the mono-materials and laminates of Metal/PA6/Metal (MPM) is performed
to be considered as a reference. Further, the analytical method is validated to predict the bending
properties of the laminates. A good agreement between the analytical values and experimental results
regarding the bending strength and modulus is revealed. T-FML showed better tensile and bending
properties with increasing fibre content compared to the GF-PA6 mono-organosheet and MPM.

Keywords: sandwich materials; thermoplastic-based fibre metal laminates; steel; polyamide 6; tensile
and bending properties

1. Introduction
1.1. Sandwich Materials

Sandwich materials have been developed for decades as 1/2 hybrid laminate systems
offering lightweight potential and improved mechanical properties, e.g., the fibre metal
laminates (FML) with advantages like low density, high strength, fatigue insensitivity,
excellent resistance to damage, and high specific load-bearing capacity [1–4]. Different
mono-material combinations and production processes are developed and designed to
meet the desired structural and performance requirements of modern materials, such as
the carbon fibre-reinforced polymer (CFRP), glass fibre-reinforced polymer (GFRP), Mag-
nesium (Mg) alloy, Titanium (Ti) alloy, Aluminium (Al) alloy, etc. The first-developed
FML was ARALL® (Aramid-fibre Reinforced Aluminium Laminates), which is thermoset-
based and introduced to the market by Fokker as a wing structure in the Fokker F-27
Friendship [1]. Due to the disadvantages of Aramid fibres, such as low interfacial bond
strength and insufficient fatigue resistance, improved products such as CARALL® (Carbon-
fibre Reinforced Aluminium Laminates) and GLARE® (Glass-fibre Reinforced Aluminium

Metals 2023, 13, 1291. https://doi.org/10.3390/met13071291 https://www.mdpi.com/journal/metals

https://doi.org/10.3390/met13071291
https://doi.org/10.3390/met13071291
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0001-9330-3913
https://orcid.org/0000-0001-7914-8574
https://orcid.org/0000-0003-2596-3391
https://doi.org/10.3390/met13071291
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met13071291?type=check_update&version=1


Metals 2023, 13, 1291 2 of 23

Laminates) continued to be developed and applied in, e.g., the A380 wing structure [5,6].
However, these thermoset-based FMLs exhibit low formability after curing of the resin
matrix due to its plastic nature, which restricts their application in the automotive industry
in terms of manufacturing cost. Currently, T-FML offers the possibility of mass produc-
tion by using fibre-reinforced thermoplastics, such as the steel/GF-PA6/steel laminates
developed in the LEIKA project, as they can be formed into complex shapes at elevated
temperatures, keeping in mind the possible processing challenges [7]. Similar hybrid sys-
tems of CAPET® (Titanium(Ti)/Carbon fibre-reinforced polyetheretherketone/Titanium)
and CAPAAL® (Al/Carbon fibre-reinforced polyamide/Al) have also been developed
due to the excellent lightweight properties and mechanical properties of Ti-alloys, Al-
alloys, and carbon fibres [8–10]. The approach to developing thermoplastic-based FML
is promising and novel; however, several aspects have to be overcome and understood,
e.g., forming, interface properties, failure, modelling, and simulation. Another sandwich
type, MPM laminates with non-reinforced cores, are not as robust and stiff as FML, but
they also have lightweight properties and gain future benefits in terms of weight saving
and reduction of CO2 emissions and fuel consumption in the automotive sector. Litecor,
for example, developed by thyssenkrupp Steel Europe, is ideally suited to the lightweight
construction of flat components in vehicle construction, such as roofs, doors, tailgates,
and bonnets, as well as interior components such as parcel shelves or vehicle floors [11].
Further products are available such as Hylite® (Al/polypropylene/Al), Dibond® and
Alucobond® (Al/polyethylene/Al), Steelite® (steel/polypropylene/steel) and Usilight®

(steel/polypropylene or polyethylene/steel) [6].

1.2. Tensile and Bending Behaviour of Sandwich Materials

Sandwich materials are usually used as a panel structure in automotive or aircraft
manufacturing, in which the tensile and bending properties are the main two factors influ-
encing their structural performance. They depend on the integral strength of the sandwich
materials, which is determined by the respective properties of the core (pure polymer or
composite) and metallic cover layers and the strength of their interfacial adhesion. The
tensile strength of the sandwich material with or without fibre reinforcement can be prior
estimated by obeying the rule of mixture (ROM), describing a weighted mean to predict
various properties of a composite material [12]. A key factor affecting the integral tensile
strength of the sandwich material is the core layer, the properties of which depend on the
fibre content, fibre orientation, adhesion strength with covers, etc. [13]. For example, the
tensile strength of FMLs is obviously higher than those with pure plastic cores [14]. And
the tensile and impact strength of the unidirectional composite is higher than the twill-
woven composite, which is more beneficial for load-bearing members in the automotive
sector [15]. But it faces the challenge of being highly anisotropic, with high stiffness and
strength values in the longitudinal fibre direction and poor mechanical properties in the
transverse direction [16]. However, it seems difficult to predict the bending properties of
the sandwich materials, which also depends on the material combinations. Furthermore,
based on the current literature survey, no empirical methods like ROM have been found
to calculate their bending strength or modulus, nor has the relationship between tensile
and bending properties been described. One of our previous works has revealed that the
three-dimensional T-FML structures gain good impact resistance, reported in [12], in which
the T-FMLs composed of Steel/Twill-GF-PA6/Steel and Al/Twill-GF-PA6/Al are produced
into single-hat-profiles through the novel one-step thermoforming process. For tailored
designing of FML structures with good structural performance, predicting their tensile
and bending properties through empirical methods or describing their relationship seems
more efficient. Furthermore, the factors influencing their mechanical properties need to be
characterized as well.

Commonly used methods to characterize these properties are the uniaxial tensile
test and the three- or four-point bending tests [17,18]. The four-point bending method
has a clear advantage over the three-point bending method because it offers better load
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distribution and avoids strong local damage under loading rollers [19]. The choice of the
sample size and the test setup is therefore the major concern for the bending tests. Currently,
there is no standard for conducting four-point bending tests on sandwich materials. For
example, for test setup, the span-to-thickness ratio gains more attention, as it affects the
bending properties significantly. The smaller the span-to-thickness ratio of the FML sample,
the earlier the failure during the bending test [20], as the interlaminar shear strength is
significantly lower compared to the in-plane shear strength at the small span lengths.
The sandwich samples are subjected to higher interlaminar shear stresses relative to the
bending stresses, resulting in delamination between their layers. In this respect, the
shear damage mode dominates, resulting in an overestimation of the bending strength
determined analytically or numerically, particularly for the FML samples. Therefore, large
span-to-thickness ratios are recommended for four-point bending tests. For example, span-
to-thickness ratios for unidirectional and cross-ply laminates range from 14 to 24 and 15 to
27, respectively [21].

1.3. Aim and Structure of the Paper

In the last decade, the T-FMLs composed of steel covers and a thermoplastic core (GF-
PA6) or similar material combinations have gained increasing attention in the automotive
industry; their panel structure manufactured via the novel one-step thermal forming
method indicts good impact strength, as mentioned in [12]. The influencing factors that
affect the bending and tensile properties of these FMLs need further investigation. For
the tailored design of an FML structure like the top-hat profile in [12], basic analysis is
still needed. Despite the analytical analysis, some experimental characterization of the
following material combination will be conducted:

• Sandwich material with a glass–fibre reinforced polyamide 6 core, i.e., steel/GF-
PA6/steel;

• Sandwich material with non-reinforced polyamide 6 core, i.e., steel/PA6/steel.

For analytical calculation, material characterization via tensile tests is needed to
characterize.

For this purpose, a systematic investigation starting with mono-materials and MPM
as a reference followed by FML is carried out. This paper is structured as follows. The
materials used and sandwich production process are first described in Section 2.1, while the
test procedure including the bending tool design and the experimental plan are described
in Section 2.2, followed by the description of the analytical method in Section 2.3. The
discussion of the tensile and bending results is given in Sections 3.1 and 3.2. At the end, the
validation of the analytical calculation is given in Section 3.3. A summary will be presented
in Section 4.

2. Experimental and Analytical Work
2.1. Materials

In this study, the electro-galvanised steel grade TS275 (grade 1.0375, thickness 0.4 mm)
from thyssenkrupp Steel Europe, an unalloyed low-carbon steel used mainly in the food
packaging industry and more recently in the automotive industry, was used because of its
thin thickness, good ductility, and moderate strength. The thermoplastic core is made of
PA6 film (0.5 mm) supplied by Infiana Germany GmbH & Co. KG (Forchheim, Germany).
The different PA6 core thicknesses are achieved by laminating and thermal fusing multi-PA6
films, which have a melting point of 220 ◦C. The used mono-materials are summarized in
Table 1. The reinforced organosheets are GF-PA6 from Lanxess with a fibre volume fraction
of 47% and are available in 0.5, 1.0, and 2.0 mm thicknesses. Two kinds of organosheets are
chosen, namely:

• Tepex RG with a twill 2/2 weaving style, 50% of fibres in each weft and warp directions;
• Tepex RGUD with a unidirectional weaving style, 20% of fibres in weft and 80% in

warp directions, accompanied by less fibre undulation compared to RG.
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Table 1. Summary of the used materials.

Materials/
Abbreviation

Thickness
[mm] Coating Fibre Content

[vol.-%] Supplier

TS275 0.4 Zinc –
thyssenkrupp Steel Europe AG

(Kaiser-Wilhelm-Strasse,
Duisburg, Germany)

PA6 0.5 – – Infiana Germany GmbH & Co.
KG (Forchheim, Germany)

RG 0.5, 1.0, 2.0 – 47
Lanxess Deutschland GmbH

(International Business
Park, Singapore)

In order to investigate the tensile and bending behaviours of the sandwich materials,
the semi-finished sandwich panels are first prepared. In this respect, the mono-materials
need to be pre-treated before they are subjected to hot-pressing for the production of the
sandwich panels. On the one hand, the core material is simply cleaned with acetone and
then dried at 80 ◦C for at least 12 h to ensure that the moisture content in the matrix PA6
is as low as possible. The steel sheets, on the other hand, are cleaned, ground (grid size
60: abbreviated as G_60), tempered (1 min at 440 ◦C: abbreviated as HT_440 ◦C/1 min),
and then spread with the adhesion promoter SI-Coating, which is activated at 250 ◦C for
3 min. This preparation scenario is recommended based on a previous study [22]. After
completing the pre-treatment of the individual materials, they are stacked together in the
form of 2/1 and fed into a hot press with manufacturing conditions of 245 ◦C, 3 bar, and
5 min. Under these conditions, sufficient bond strength can be achieved, i.e., lap shear
strength values of 20 to 25 MPa for MPM panels and approx. 16 MPa for FML panels [23].
The entire production process is shown schematically in Figure 1. After cooling under
pressure for 5 min and undergoing consolidation, the sandwich panels were demoulded
at approx. 80 ◦C. The samples for tensile and bending tests were obtained via a punching
and cutting process from the square sandwich panel with a dimension of 200 × 200 mm2.
Further details regarding the surface preparation and sandwich production can be found
in [23,24].
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Figure 1. Surface treatments of cover and core layers and the production of sandwich panels by
means of hot pressing.

2.2. Testing Procedure

The tensile mechanical properties were determined by performing tensile tests at
a constant strain rate of 0.008 s−1 on the samples shown in Figure 2 according to DIN
50,125 [25]. The strain changes in the tensile test samples are monitored from one side
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using the digital image correlation (DIC) system. The aim of the tensile test procedure is to
determine overall tensile properties such as yield strength, ultimate tensile strength, elastic
modulus, strain hardening index, anisotropy, and elongation at failure.
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Figure 2. Sample geometry for the tensile test and the DIC unit.

According to DIN 14125, a four-point bending test is carried out on the sample
according to the setup shown in Figure 3, describing the relationship between the span,
sample length, and thickness. In addition, the radii of the press fins and the support rollers
are kept at 2 mm when the total thickness of the sample is less than 3 mm. The test speed is
2 mm/s. The dimensions of the samples, as well as the span width, are shown in Figure 3.
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Figure 3. Test setup for four-point bending according to DIN 14125.

Furthermore, in order to clearly identify each material combination in the following
diagram, it is necessary to abbreviate the sandwich materials as shown in Table 2 for the
different sandwich panels. In this respect, MPM and FML panels with different core layer
thicknesses were tested, as well as organosheets RG and RGUD with a thickness of 1.0 mm.
The test conditions are given in Table 3.

Table 2. Abbreviation of sandwich panels.

Abbreviation Sandwich Panels

MPM-PAx MPM based on TS275/PA6/TS275 with core layer thickness x
FML-RGx FML based on TS275/RG/TS275 with core layer thickness x

FML-RGUDXx
FML based on TS275/RGUD/TS275 with core layer thickness x,

X: warp direction of RGUD in sample length direction

FML-RGUDYx
FML based on TS275/RGUD/TS275 with core layer thickness x,

Y: weft direction of RGUD in sample length direction

The bending apparatus is shown in Figure 4, in which the press fins have an inclined
angle of 45◦ so that the angle between the outer bevels of the two fins is 90◦, marked with
yellow lines in Figure 4. The bending test is stopped experimentally when the sample
is punched to the end with the supports, indicated by an instantaneous increase in the
bending force. At that time, two sides of the sample are clamped by the fins and rollers with
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the angle considered to be 90◦. The corresponding experimental plan for the different tested
materials is shown in Table 4. It describes the tensile and bending test series including the
mono-materials and the sandwich materials composed of them. For the performed test
regarding different material combinations and test types, the chosen thickness and test are
noted with “x”.

Table 3. The dimensions of the sample in 4-point-bending.

Length l
[mm]

Width b
[mm]

Thickness t
[mm]

Support Span
3L [mm]

Inner Fins Span L
[mm]

RG/RGUD1.0 30 15 1.0 23 8
MPM-PA0.1 27 15 0.9 20 7
MPM-PA0.5 39 15 1.3 30 10
MPM-PA1.0 54 15 1.8 41 14
MPM-PA1.5 69 15 2.3 52 17.5
FML-RG0.5 39 15 1.3 30 10
FML-RG1.0 54 15 1.8 41 14
FML-RG2.0 84 15 2.8 63 21

FML-RGUDX1.0 54 15 1.8 41 14
FML-RGUDY1.0 54 15 1.8 41 14
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Table 4. Test plan for tensile test and four-point bending (with four repetitions each).

Material/
Abbreviation

Cover Sheet Core Layer Test

TS275 [mm] PA6 [mm] RG [mm] RGUD [mm] Tensile Test 4P-Bending

0.4 0.1 0.5 1.0 1.5 0.5 1.0 2.0 0.5 1.0

TS275 x x

PA6 x x

RG
x x

x x x
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Table 4. Cont.

Material/
Abbreviation

Cover Sheet Core Layer Test

TS275 [mm] PA6 [mm] RG [mm] RGUD [mm] Tensile Test 4P-Bending

0.4 0.1 0.5 1.0 1.5 0.5 1.0 2.0 0.5 1.0

RGUD
x x

x x

MPM

x x x
x x x x
x x x x
x x x

FML

x x x x
x x x x
x x x
x x x
x x x x

x: performed.

After obtaining the force-displacement curves, the individual bending properties such
as bending strength σb, bending modulus Eb, and interlaminar shear strength τmax of the
samples can be determined. If the sample fails or plastically yields, the maximum bending
stress is defined as the bending strength σb. The following equations are used to calculate
the bending stress σb and the bending modulus Eb according to DIN14125 [26].

σb =
3FL
bt2 (1)

Eb =
0.21(3L)3

bt3

(
∆F
∆s

)
(2)

where F is the maximum loading force, ∆F is the difference of the bending force in elastic
range, and ∆s is the difference of the bending depth in the elastic range.

If the delamination failure mode dominates in the bent sample, the interlaminar shear
strength τmax can be calculated according to Equation (3) [27].

τmax =
3F
4bt

(3)

In addition to the above-mentioned bending properties, the strain evolution and
failure modes of the bent samples—such as delamination and thickness irregularities—will
be investigated by optical microscopy.

2.3. Analytic Analysis of the Four-Point-Bending Configuration

Moreover, it is of interest to introduce analytical methods to predict the bending
behaviour in terms of the force evolution for bending sandwich samples in different
compositions, sizes, and thicknesses directly. The analytical method could predict the
force evolution of the bent sample under four-point bending conditions according to DIN
14125, as shown in Figure 5, assuming that the sandwich materials of MPM and FML are
homogeneous materials and the equation terms regarding their mechanical properties are
calculated according to the rules of mixing (ROM) for the laminates [28], as no specific
standard is given to characterize the bending behaviour for FML or MPM [26]. In order to
achieve a certain bending angle, the deflection of the punch “s” must be determined. s can
be expressed in terms of the bending angle α according to Equation (4).

s =
(
2rp + t

)(
1 − 1

cos αx

)
+ tan αx·L (4)
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where 3L is the support span of the pressing fins, which depends on the sample thickness.
Moreover, rp is the bending radius of the pressing fin and support rollers, which is kept at
2.0 mm for sample thicknesses up to 3.0 mm. t is the total thickness of the bent sample and
α is the bending angle. The bending force is calculated according to Equation (5) [29]:

F =
2b
{

C1cos2αx+
(

C2+C4
C3

)
[Lsin αx−(2rp+t)]

}
L−(2rp+t)sin αx

+ 2bC1µ(αx+sin αxcos αx)

L−(2rp+t)sin αx

+
2b

{(
C2+C4

C3

)
µ

[
L
(1+sin2αx)

cos αx −2(2rp+t)tan αx

]}
L−(2rp+t)sin αx

(5)

where b is the sample width and m, C1, C2, C3, and C4 are material parameters. The
derivation of these parameters is shown in Equations (6)–(10) [29]:
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4
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24E
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(

t
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− 2

9
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E
)

t2

(
t3

8
− w3

)]
(8)

C3 = σ0

(
1 − m

E

)[ t2

4
− σ0

2

3E2

(
rp +

t
2

)]
(9)

C4 =
σ0

3t3

108E
(10)

m =
σpl − σ0

εpl − ε0

(
σ0 ≤ σpl ≤ UTS

)
(11)

where UTS is the ultimate tensile strength; σ0, σpl are the yield and plastic strength, ε0, εpl
are the yield and plastic strain, respectively, and E is the elastic modulus.
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3. Results and Discussion
3.1. Tensile Test Results

As can be seen in Figure 6a, the tensile stresses of the monolithic steel sheet TS275
and the MPM composed of TS275 and PA6 are presented, in which the strength of MPM
decreases with increasing core layer thickness, which is due to the absolute less strength of
the PA6 core compared to the steel cover sheet. According to the rule of mixing (ROM) for
sandwich materials, their overall strength decreases as the volume fraction of the core layer
increases; the experimentally measured values are summarized in Table 5 together with the
tensile strength and elastic modulus values estimated based on ROM. For the monolithic
organosheets illustrated in Figure 6b, both the UTS and the elastic modulus increase
gradually as the volume fraction of the fibres in the sample length direction increases, due
to the fact that the strength of the fibres is higher than that of the matrix PA6. In addition,
RG and RGUDX essentially showed a linear increase in their elastic deformation range,
fracturing at the highest point with negligible plastic deformation. In contrast, the tensile
stress of RGUDY showed a concave linear trend with a decreasing slope of the curve as the
strain increased. Both the tensile strength and elongation at failure were lower than RG and
RGUDX. The tensile strength is dependent on the fibre content in loading direction, which
is lower for RGUDY as expected. The lower failure strain is due to the easier stress and
strain concentrations in the matrix between the fibres, resulting in an earlier formation of
micro-cracks located at or near the fibre/matrix interface. It was reported that the transverse
failure strain for the unidirectional composite is considerably lower than the longitudinal
failure strain and decreases as fibre content increases in longitudinal directions [16]. The
monolithic PA6, alternatively, has significantly less tensile strength and greater elongation
at failure compared to the organosheets, which is due to its plastic nature.
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Figure 6. Tensile properties of (a) TS275 and MPM and (b) of PA6 and organosheets RG and RGUD
as a benchmark.

Figure 7a depicts the tensile test results of FML with different organosheets. It can be
seen that, the elastic modulus and yield strength of FML-RG and FML-RGUDX/-RGUDY

do not differ from each other significantly. The main difference is observed in UTS, which
increases significantly with the increasing fibre volume fraction in the tension direction.
Moreover, the steel cover sheet provides backing support for the core organosheets RG
and RGUD, showing a higher elongation at failure in the FML than the monolithic ones;
a similar effect was reported in [30]. In Figure 7b, a comparison of FML-RG and FML-
RGUDX for two core thicknesses is depicted. It can be seen that the yield strength of the
FML becomes smaller as the core thickness increases and the UTS increases slightly. The
tensile stress of organosheets is much smaller than the yield strength of the steel cover sheet
at the yield point (Strain = 0.2%), in which the organosheets remain elastic until the fibre
fracture at the end (Strain ≥ 2%).
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Table 5. Summary of tensile test results and values calculated according to the ROM.

Material E [GPa] E* [GPa]
UTS

[MPa]
UTS*

[MPa]
YS [MPa] ef [%]

TS275 204 ± 2 — 363 ± 3 — 317 ± 4 24.5 ± 0.5
PA6 3 ± 0 — 73 ± 3 — 31 ± 8 –
RG 18 ± 1 — 338 ± 22 — 318 ± 9 1.9 ± 0.1

RGUDX 30 ± 1 — 439 ± 25 — 382 ± 35 1.7 ± 0.1
RGUDY 14 ± 1 — 102 ± 8 — 60 ± 6 1.4 ± 0.1

MPM-PA0.4 145 ± 7 137 278 ± 2 266 239 ± 3 23 ± 1
MPM-PA0.5 131 ± 8 127 258 ± 14 247 225 ± 13 23.5 ± 1
MPM-PA1.0 96 ± 11 94 201 ± 3 199 155 ± 10 20 ± 1
FML-RG0.5 132 ± 6 136 400 ± 7 353 233 ± 2 —
FML-RG1.0 113 ± 5 103 425 ± 5 349 202 ± 3 —

FML-RGUDX0.5 140 ± 6 140 450 ± 1 392 252 ± 1 —
FML-RGUDX1.0 113 ± 3 110 468 ± 22 405 209 ± 5 —
FML-RGUDY0.5 130 ± 17 134 301 ± 3 263 231 ± 6 —

*: refers to the values estimated by the rule of mixtures (ROM).
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core thicknesses.

Furthermore, the typical failure mode of FMLs is depicted. After the elastic deforma-
tion stage, the metal layer begins to yield while the composite core layer remains elastic
due to its linear elastic nature, so the bending force displacement curve generally shows
two rising intervals, the latter possessing a smaller slope compared to the prior. At the
end of the second stage of deformation, the monofilaments in the core begin to break and
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gradually form microcracks, where the normal stresses reach their maximum. After the
peak force has been reached, the laminate begins to fail, with localized fracture of the
composite core layer near the outer side and delamination from the metal cover layers.
Similar results have been reported in [31,32], focusing on the inversely layered metal/FRP
members like CFRP/Al/CFRP or multi-layered 3

4 and 7/8-FMLs.
In Figure 8, the tensile sample images are illustrated. It can be seen that the fibre

fracture of RG, RGUDX, and RGUDY varies considerably. In RGUDY, fracture takes
place neatly due to the lower fibre content in the tension direction, therewith more stress
and strain concentration in the matrix and near matrix/fibre interface area, leading to
early fracture. TS275 and MPM-PA0.5 have similar elongations at break and the bond
between TS275 and PA6 is strong during tension, so no delamination occurs before the
cover fractures. However, it is evident that both FML-RG and FML-RGUDX delaminated
after the organosheet core broke, whereas FML-RGUDY did not, with the red rectangle in
the figure marking debonding and the green rectangle marking remaining bonding. This
may be due to the higher interlaminar shear stress between the cover and the core layer
after the organosheet fracture, while the interlaminar shear stress appears to be lower in
FML-RGUDY, as the organosheet fractures earlier and the steel sheet undergoes stress
concentration resulting in local plastic deformation. This phenomenon occurs frequently in
FML-RGUDY, as shown in the forward force-displacement curves in Figure 7a.
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Figure 8. Tensile sample images.

In Figure 9, the DIC images of TS275, RG, MPM, FML-RG, and FML-RGUD for
different strain values are illustrated. Firstly, in Figure 9a, the comparison between TS275,
RG, and FML-RG0.5 is illustrated and has been published previously [12]. It can be seen
that the Lüders bands appeared in TS275 at strain values of 0.5%, while the monolithic
RG shows a strain extension in the 45◦ direction. At a strain value of 2.0%, the steel sheet
continues to deform plastically with the extension of the Lüders bands, while damage
is already present in the monolithic RG, marked by the red arrow. In contrast, the FML
shows damage in the core RG at a strain value of 2.9%. The steel sheet continued to be
tensioned after the core RG fractured, with the fracture occurring at 26% of the strain value,
close to that of the monolithic TS275 [12]. In Figure 9b, the DIC images for the samples
of MPM and FML-RGUDX/-RGUDY are depicted. MPM shows the Lüders bands as the
monolithic steel sheet, indicating the influence of core PA6 on the plastic deformation of
the cover sheet TS275 is neglectable compared to the organosheet core in the FML-RG. In
contrast, the FML-RGUDX0.5 showed similar strain evolution to the FML-RG0.5, except for
the earlier fracture of RGUDX, marked by the red arrow in Figure 9b. Alternatively, the
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FML-RGUDY0.5 showed more pronounced strain evolution in the perpendicular direction
to the sample length before the fracture occurred in the sample middle (marked by the
red arrow). This is due to the higher transverse normal strain in RGUDY in comparison
to RGUDX or RG [33,34]. As mentioned earlier, the plastic deformation of the cover in the
FML-RGUDY is localised and therefore the total elongation of the cover is lower than the
previous FML-RG and FML-RGUDX, see Figure 9b, with an elongation of only 16% for the
FML-RGUDY compared to 26% for the monolithic steel sheet.
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The tensile test results for E-modulus, YS, UTS, and elongation at failure for each
mono-material and laminate are presented in Table 5. In addition, E* and UTS∗ are
calculated based on ROM. It can be seen that the calculated values for E-modulus match
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very well with the experimental values for the MPM and FML. Furthermore, the calculated
UTS values of MPM match well with the experimental values, but this is not the case for
FML, which is due to the backing support of covers on the organosheets RG and RGUD in
the FML, resulting in UTS being greater than the values calculated based on ROM.

3.2. Bending Results
3.2.1. Bending of the Organosheets

Figure 10a illustrates the bending strength σb and bending modulus Eb of the
organosheets with different fibre orientations, in which both of them increase with the
increasing volume fraction of fibres in the longitudinal direction of the sample, as ex-
pected. For instance, the bending strengths for RGUDY1.0, RG1.0, and RGUDX1.0 are
(257 ± 26) MPa, (561 ± 17) MPa, and (675 ± 30) MPa, respectively; and the bending moduli
are (10.5 ± 3.7) GPa, (21.5 ± 1.7) GPa, and (23.8 ± 1.2) GPa, respectively. The measured
bending strength and bending modulus of RG1.0 matches well with the supplier’s technical
data sheet [35], which are 580 MPa and 20 GPa. In addition, both RG and RGUDX samples
exhibited tensile failure at RT, while the failure mode of RGUDY was not recognisable, as
shown in Figure 10b. The black and white stochastic patterns on the sample surface are
sprayed for the DIC analysis.
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Figure 10. Results of (a) σb and Eb for organosheets RG and RGUD at RT and (b) fractures images
for organosheets RG and RGUD.

3.2.2. Bending of the MPM

At RT, the bending forces for MPM increase slightly with increasing core layer thick-
ness. All samples of MPM showed no failure, neither cracking nor delamination, after
four-point bending, but only plastic deformation. The maximum bending stress (i.e., σb)
and modulus of MPM were calculated and compared with experimental values. Both of
them decreased with increasing the core thickness at RT. This is due to the lower bending
strength and modulus of the monolithic PA6. As reported, the bending strength and mod-
ulus of monolithic PA6 is approx. 84 MPa and 2.3 GPa [36,37], which is significantly less
than that of the steel sheet TS275. A linear relationship between the maximum bending
stress and modulus of MPM and the core thickness at RT was found, as can be seen in
Figure 11. From the inverse derivation of the empirical equation in Figure 11, assum-
ing that the y value obtained when x = 0 is the bending strength and modulus of the
monolithic steel sheet TS275 under four-point bending in this study, their values can be
estimated to be (594 ± 10) MPa and (133 ± 10) GPa, respectively. All results obtained by
testing MPM are used as a reference to highlight the differences for the FML in the next
section. In addition, the measured bending strengths and moduli are compared with the
tensile strength UTS − ROM and elastic modulus E − ROM (estimated based on ROM) in
Figure 11. As the deviation between the experimental results and the ROM-based values
is ignorable for MPM, the experimental values were not illustrated in the same figure. It
can be seen that the bending modulus Eb is smaller than the elastic modulus E − ROM, in
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which the bending/elastic modulus ratio ranges from 0.7 to 0.8. The calculated bending
modulus is mainly influenced by the chosen span-to-thickness ratios. As reported in [38],
a 2 times larger span-to-thickness ratio was chosen to determine the bending modulus
of Hylite with a thickness of 1.2 mm under a three-point bending condition, where the
bending/elastic modulus ratio is approx. 1.34 inversely. However, the bending strength σb
is greater than the tensile strength UTS − ROM, which is to be expected [39,40]. The ratio
of the bending strength to direct tensile strength for all test series is approx. 2 based on
the calculated values of each, as shown in the curves for σb and UTS in the figure. A clear
relationship between them is preliminarily obtained; however, further influences, such as
span-to-thickness ratios, may provide more insight into their relationship [41].
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core layer thicknesses at RT.

In Figure 12a, the major ε1—minor ε2 strains on the outer steel sheet (towards die
rollers) after bending at RT are depicted for MPM with different core layer thicknesses.
It can be observed that the maximum major strains in the press fins edge area are quite
identical for MPMs with different core layer thicknesses (solid lines). In contrast, those
in the punch edge region of three-point bending increase significantly with increasing
core thickness [28]. This is due to the fact that the four-point bending method promises a
constant bending between the press fins and the compressive stresses which occurred at the
two centrally engaging press fins, which are lower in comparison to the three-point bending
or V-bending method [19]. In addition, the strain distribution widens with increasing core
thickness and support span, accompanied by smaller strain values between the press
fins due to the compressive stress concentration occurring near the fins. Similarly, the
minor strains (dashed lines) on the outer steel sheet of MPM increase with increasing
core thickness and support width, as thicker core layers generate greater tensile stresses
and more plastic deformation on the outer steel sheet [42]. More details about the strain
distribution of the MPM samples at RT are illustrated in Figure 12b, in which the strain
evolution is more visual for analysis. Clearly, at the edge of the sheet, the stress along the
bend axis is zero at the free surface and plane strain does not exist, as marked with black
arrows. It is usually observed that the edge of the sheet will curl as illustrated in Figure 12c.
This happens because the stress state is approximately uniaxial tension near the edges of
the sheet; the minor strain will be negative near the outer surface and positive near the
inner surface, giving rise to the anticlastic curvature [43], which is accompanied by two
orthogonal curvatures, Rx (i.e., longitudinal, x-direction) and Ry (transverse, y-direction)
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of opposite sign, shown in Figure 12d, having a significant effect on the spring-back
behaviour [44].

Metals 2023, 13, x FOR PEER REVIEW 16 of 24 
 

 

 
 

(a) (b) 

 
(c) (d) 

Figure 12. Strain evolution of the MPM after four-point bending test: (a) major and minor strains 
(die side) at RT with different core layer thicknesses, (b) DIC images: major strain (die side) evolu-
tion of MPM at RT, (c) anticlastic curvature of MPM-PA1.5 at RT, (d) illustration of typical anticlastic 
surface after bending [44]. 

3.2.3. Bending of the FML 
Compared to MPM with a non-reinforced core, the bending forces of FML increase 

significantly with increasing core layer thickness and are greater than those of MPM due 
to the absolute higher stiffness of the organosheet compared to PA6. However, FML-RG1.0 
and FML-RG2.0 showed significant failure at bending depths of approx. 8 and 10 mm, as 
evidenced by the decrease in bending force in Figure 13a. A sample image of FML-RG2.0 
showing significant delamination is illustrated in the figure, while delamination in FML-
RG1.0 is not evident, requiring further microscopic analysis in the next section. The reason 
for different degrees of delamination is that the thicker the core layer, the higher the in-
terlaminar shear stress between the cover and core layers [45]. At RT, all samples showed 
localized strain evolution at the press fins region. In addition, plane strain deformation is 
observed with the minor strain along the axis of the bend close to zero in the sample mid-
dle, where the anticlastic curvature is less significant compared to MPM, as shown for 
FML-RG2.0 in Figure 13b. For narrow, initially flat sheets, the ratio between the longitu-
dinal and the transverse curvatures is given by the Poisson ratio 𝑣, i.e., 𝑅  = 𝑅 /𝑣 [44]. 
The difference between FML and MPM may be due to their different Poisson�s ratios in 
the core, as a lower 𝑣 of GF-PA6 would result in a larger 𝑅 . And Poisson�s ratio is de-
creased with increasing the fibre content [46]. However, the above-mentioned theory 
about the anticlastic curvature is based on a homogeneous material, not on hybrid mate-
rials. 

Figure 12. Strain evolution of the MPM after four-point bending test: (a) major and minor strains (die
side) at RT with different core layer thicknesses, (b) DIC images: major strain (die side) evolution of
MPM at RT, (c) anticlastic curvature of MPM-PA1.5 at RT, (d) illustration of typical anticlastic surface
after bending [44].

3.2.3. Bending of the FML

Compared to MPM with a non-reinforced core, the bending forces of FML increase
significantly with increasing core layer thickness and are greater than those of MPM due to
the absolute higher stiffness of the organosheet compared to PA6. However, FML-RG1.0
and FML-RG2.0 showed significant failure at bending depths of approx. 8 and 10 mm,
as evidenced by the decrease in bending force in Figure 13a. A sample image of FML-
RG2.0 showing significant delamination is illustrated in the figure, while delamination in
FML-RG1.0 is not evident, requiring further microscopic analysis in the next section. The
reason for different degrees of delamination is that the thicker the core layer, the higher the
interlaminar shear stress between the cover and core layers [45]. At RT, all samples showed
localized strain evolution at the press fins region. In addition, plane strain deformation
is observed with the minor strain along the axis of the bend close to zero in the sample
middle, where the anticlastic curvature is less significant compared to MPM, as shown for
FML-RG2.0 in Figure 13b. For narrow, initially flat sheets, the ratio between the longitudinal
and the transverse curvatures is given by the Poisson ratio v, i.e., Ry = Rx/v [44]. The
difference between FML and MPM may be due to their different Poisson’s ratios in the
core, as a lower v of GF-PA6 would result in a larger Ry. And Poisson’s ratio is decreased
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with increasing the fibre content [46]. However, the above-mentioned theory about the
anticlastic curvature is based on a homogeneous material, not on hybrid materials.
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Figure 13. (a) Force evolution of FML with different core layer thicknesses under four-point bending
conditions at RT, (b) DIC images: major strain (die side) evolution of FML at RT.

The effect of fibre volume fraction along the longitudinal direction of the FML sample
on its bending force when using RGUD as a core layer is depicted in Figure 14. Since
RGUD is stiffer in the warp direction than in the weft direction, the bending force of FML-
RGUDX1.0 is significantly higher than that of FML-RGUDY1.0. Also, the bending force of
FML-RG1.0 is, as expected, located between that of FML-RGUDX and FML-RGUDY. From
the DIC images, it can be clearly seen that more stress concentration took place near the
pressing fins for FML-RGUDY1.0 due to its lower stiffness in the transverse direction.
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Figure 15 shows the bending strength and modulus of FML. It can be accordingly stated
that the bending properties of the sandwich materials are determined by the individual
properties of their mono-materials and the bonding properties, too. At RT, the bending
strengths of TS275 and RG were found to be approx. 594 ± 10 MPa and 561 ± 17 MPa
in the previous bending experiments of MPM and RG. According to the ROM theory of
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the sandwich material, the bending strength of FML should decrease with the increase in
core layer thickness. However, in the bending experiments, the bending strength of FML
was found to be higher with increasing core layer thickness. This is similar to their tensile
strength and elastic modulus, as shown in Figure 15a, where the dashed lines represent
the measured bending strength and modulus, and the solid lines show the measured
tensile strength and elastic modulus, respectively; and their values are calculated based on
ROM. It can be seen that the UTS − ROM for the FML decreases slightly with increasing
core thickness. Due to the backing support effect of the steel cover sheet, the measured
UTS − Exp actually increases with increasing core thickness. Similar to UTS − Exp, the
bending strength of FML increases with increasing core thickness. Furthermore, the bending
strength of FML is higher than its tensile strength [47] and shows a linear relationship with
the thickness of the core layer.
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In addition, the bending modulus of FML also shows a linear relationship with
core thickness and decreases significantly with increasing core thickness as the bending
modulus of RG (21.5 ± 1.7 GPa) is significantly less than that of TS275 (133 ± 10 GPa). This
is consistent with their elastic modulus, E − Exp and E − ROM, which tends to decrease
as the tensile modulus of RG is only 18 GPa, compared to 205 GPa for steel sheet TS275.
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However, E − Exp shows a tendency to be greater than the E − ROM value as the volume
fraction of the core layer increases, which is similar to the trend in its tensile strength, also
due to the backing support effect of the steel cover sheet. The ratio of the bending strength
to direct tensile strength for all test series of FML-RG samples is approx. 1.5, and that of the
bending modulus to elastic modulus is 0.75, which is similar to that for MPM. Furthermore,
in Figure 15b it can be seen that the interlaminar shear strength increases with increasing
the core layer thickness, which is consistent with the findings of [45].

Changing the type of organosheet caused a difference in the fibre volume fraction in the
longitudinal direction of the sample. At RT, both the bending strength and modulus showed
an increasing trend with increasing fibre volume fraction, as seen in Figure 15c. The two
dashed lines are the measured bending strength and modulus, the solid lines correspond to
their UTS − Exp and UTS − ROM, respectively. The tensile properties of the FML increase
correspondingly with increasing fibre volume fraction in the tensile direction (longitudinal
direction of the sample), similar to their bending properties. Similarly, the interlaminar
shear strength increases with increasing fibre volume fraction in the longitudinal direction
of the sample, see Figure 15d.

3.2.4. Failure Modes

Regarding the failure mode by delamination, FML-RGUDX1.0 as an example can be
seen in Figure 16a, indicating a microscopic delamination with a gap distance of less than
100 µm and a slight matrix fracture. The delaminated area is invisible without a microscope.
The delamination occurs on the bottom side due to the maximum interlaminar shear stress
caused by the bending process. However, no defects such as delamination are found in
MPM due to the high interlaminar bond strength and lower stiffness of the core layer PA6,
see Figure 16b.
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Another failure mode is the thickness changes. Figure 17 demonstrates the thickness
deflection of the steel cover sheets (original thickness is about 0.4 mm) for different samples.
Micrograph (1) shows the unique non-delaminated sample FML-RG1.0 marked with a
green arrow in Figure 13a, in which the outer steel sheet is significantly thinner, while the
inner steel sheet is thicker due to the large tensile/compressive stresses on the die/punch
side of the sample, respectively. In contrast, FML samples with delamination and MPM
samples showed no significant difference in the thickness of the steel cover sheets, see
micrographs (2) and (3).
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3.3. Validation of the Analytical Model

The analytical calculation results were verified with the experimental ones for MPM
and FML with different core layer thicknesses, see Figure 18a–d for MPM samples and
Figure 18e–g for FML samples. It can be seen that the analytical results match well with
experimental ones for MPM, despite the deviation of the analytical results of MPM-PA0.5
reaching about 10% in Figure 18b. For FML, the analytical values are in good agreement
with the experimental ones for FML-RG0.5 in Figure 18e. However, high deviations of
20–25% were found for FML-RG1.0 and FML-RG2.0 with increasing loading path, although
they were in good correlation at the beginning of plastic deformation, see Figure 18f,g.
The reason is that the variable m of FML used to calculate the material parameters C1 to
C4 in Equation (5) is hard to determine. In contrast to MPM and TS275, the tensile curve
of FML is divided into two linearly increasing stages, see Figure 7c. In the second stage,
the steel deforms plastically while the core layer remains elastic. And then, the core layer
fractures while the tensile force drops steeply. Since the variable of m describes the plastic
deformation of a homogeneous material, the variable of m is not available for the FML
because of the non-homogeneity of the cover and core layers. Therefore, the value of m
from TS275 was used in the calculation of the bending force of FML. As the core thickness
in FML increases, the greater its role in the bending process, leading to a greater deviation
between the analytical and experimental values.
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4. Conclusions and Outlook

In this paper, the mono-materials (cover sheet: TS275-0.4 mm and core layers: PA6,
RG and RGUD) and their sandwich panels (MPM and FML) with different thickness
combinations are used to characterize their tensile and bending properties. The relationship
between the tensile and bending properties is described. Based on the obtained results, the
following conclusions can be made:
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- The tensile strength and elastic modulus of the MPM decrease with increasing thick-
ness of the core layer PA6 due to its lower mechanical properties, corresponding to
the ROM.

- The cover sheet supplies a backing support effect to the organosheet core layer, leading
to a postponed fibre fracture. However, the sample fractures earlier with decreasing
fibre volume fraction in the loading direction.

- For laminates under four-point bending conditions, the anticlastic curvature effect of
MPM is much more significant than that of FML.

- For FML, the bending strength and interlaminar shear strength increase with increas-
ing core layer thickness and the bending modulus decreases with increasing core layer
thickness, which resembles its tensile mechanical properties.

- For both MPM and FML in this study, their bending and tensile properties have a
definitive relationship with each other at different core layer thicknesses:

# The bending moduli are smaller than the elastic moduli: a ratio of approx. 0.75;
# The bending strengths are greater than the tensile strength: a ratio of approx.

2 for MPM and approx. 1.5 for FML.

- The analytical method achieves good agreement with the experimental ones for MPM.
However, further modifications are necessary for FML.
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List of Notations

Symbol Term Unit
α Bending angle [◦]
ε0 Yield strain [-]
εpl Plastic strain [-]
µ Friction coefficient [-]
σ0 Yield stress [MPa]
σpl Plastic stress [MPa]
σb Bending strength [MPa]
τmax Interlaminar shear strength [MPa]
b Sample width [mm]
C1, C2, C3, C4 Material parameter [-]
E Elastic modulus [GPa]
Eb Bending modulus [GPa]
F Force [N]
la Distance between the contact points of the bent sheet [mm]

with the punch & die
L Support width of the pressing fins [mm]
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m Material parameter [-]
s Punch deflection [mm]
t Thickness of the sample [mm]
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