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Abstract

Nonwoven fibre-reinforced thermoplastics (nw-FRTP) are traditionally thermoformed in processes requir-
ing costly moulds. A more flexible approach suitable for prototype and small-batch production could be
incremental sheet forming (ISF). While ISF of metal sheets has long been a subject of research, nonwoven
reinforced organo sheets have not been investigated yet. Therefore, this study uses an incremental punch
test to examine the fundamental characteristics of nw-FRTP in incremental forming. A robot-guided tool
with a hemispherical tip and localisable heating are employed to deform a nonwoven recycled carbon fibre
(nw-rCF) reinforced organo sheet. Supplementary material investigations are carried out to understand the
observed effects. Results indicate successful localization of heating and deformation. Despite challenges
such as temperature gradients and material deconsolidation, the experiments demonstrate promising poten-
tial for the incremental forming of nonwoven organo sheets.

1. Introduction

Fibre-reinforced plastics (FRP) represent a steadily growing market segment [1]. Their high specific stiffness
and strength make them especially well-suited for lightweight applications. The use of a thermoplastic
matrix enables new manufacturing, integration, and joining strategies that are not possible with classic
thermosets [2], [3]. Furthermore, fibre-reinforced thermoplastic (FRTP) parts offer significantly higher
recycling potential [4]. In the field of FRTP, so-called organo sheets, a unique type of pre-impregnated and
pre-consolidated flat semi-finished product, are commonly used.

When it comes to mechanical performance, continuous fibre reinforcements are unmatched. However, in
terms of recyclability and resource efficiency, nonwovens, in particular, hold immense promise as a reinfor-
cing material in organo sheets. The recovery of fibre reinforcements often leads to a substantial reduction
in fibre length [4]. In contrast, nonwovens can be directly produced from recycled staple fibres [5]. The
development of processes for the production of nonwovens with high preferential orientation could further
enhance the mechanical performance of nonwoven-reinforced FRPs, a direction that current research efforts
are focusing on [6].

Parts production from organo sheets is usually realized in the thermoforming process using complex and
expensive moulds [3]. However, a more flexible alternative for prototype and small-batch production would
be desirable. The problem of long lead times and high investment costs resulting from mould-making
applies not only to the forming of organo sheets but also to classic sheet metal. In order to address this
issue, investigations into alternative, more flexible processes have been undertaken since the 1960s [7]—
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[10]. Unlike many alternatives, the incremental forming process has been the subject of extensive research,
particularly over the last twenty-five years [11]. In recent years, incremental sheet metal forming has even
been commercialised [12], [13].

The basic idea of incremental forming has remained mostly unchanged: A geometrically simply shaped tool
that is small relative to the material sheet produces the desired geometry through consecutive local deform-
ations. Although in the past, incremental forming was used primarily for the forming of metal sheets, its ap-
plicability to various thermoplastics has also been demonstrated and investigated [14]. In recent years, some
initial work has also been carried out on the incremental forming of short and continuous fibre-reinforced
organo sheets [11], [15]-[20]. However, to the authors’ knowledge, the incremental forming of nonwoven-
reinforced organo sheets has not yet been investigated.

Therefore, the aim of this work is to gain fundamental insights into the behaviour of organo sheets with non-
woven reinforcement in the context of incremental forming. A punch test setup is developed and employed,
described in section 2. . Supplementary experiments are performed to improve the understanding of the
observed effects. First, insights are gained into the heating and forming behaviour, the failure mechanisms,
and the unique challenges of the investigated material in the context of incremental forming. Significant dif-
ferences are found in comparison to the behaviour of short and continuous fibre-reinforced thermoplastics.

2. Materials and Methods

2. 1. Materials

FRPs allow for a wide range of material combinations. As mentioned in section 1. , this work focuses on
nonwoven reinforced organo sheets. Inorganic fibres are by far the most relevant in the composite market
[1]. From an economic point of view, the recycling of carbon fibres is more sensible because of their higher
production cost [21]. Therefore, the material investigated in this study is a nonwoven recycled carbon fibre-
reinforced polyamide-6 (nw-rCF-PA6). The sheets used in this work have a fibre volume fraction of 30%
and a thickness of approx. 1 mm.

2. 2. Main Experimental Setup

The concept of the main experimental setup is that of a heat-assisted punch test, similar to Okada et al. [15].
A rectangular sample is clamped along a circular edge. It is locally heated from both sides, with the heating
applied in the centre of the sample and orthogonal to its surface. After the target temperature is reached,
the sample is formed with a small hemispherical punch that performs a uniaxial, reciprocating motion. The
temperature on the bottom side of the sample is measured, and the axial forming force and tool displacement
are recorded.

The experimental setup is shown in Figure 1. The sample holder (b7) is fixed on top of an aluminium
profile assembly. It is equipped with a rectangular pocket to allow the insertion of quadratic samples with
an edge length of 100 mm. The holder also features a circular cutout with a diameter of 70 mm below
the sample. Above the holder is the clamping assembly, which consists of several components, including
the stamp (a6) with a ring-shaped shoulder. This shoulder with an inner diameter of 70 mm, together with
the cutout in the holder, results in the samples being clamped along a circular edge. Therefore, the free
surface of the sample is a disc with a diameter of 70 mm. To clamp the specimens, the stamp is activated via
linearely guided tie rods (b5) that are actuated by a pneumatic cylinder with a clamping force of 785 N. The
tool (al) consists of a cylinder with exchangeable hemispherical tips of 5 to 15 mm diameter. This punch is
connected to an ATI 65 load cell, which in turn is connected to the six-axis KUKA KR300 R9000 robot used
to guide the movement of the tool. For the tool movement, a constant downward movement is superimposed
with a reciprocating movement. The resulting motion is one in which the tool iteratively moves to a target
depth, which increments with a step size of 0.2 mm. After reaching the current target depth it retracts a
constant distance of 0.875 mm and moves down again to the next target depth. The movement speed is set

to 1.75 mm s!.
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Figure 1: Experimental setup a) top view b) bottom view

A hot air blower assembly (a3) enables the heating of the sample coaxially to the punch. Another hot air
blower (b2) with its controller (a4) on the opposite side of the sample allows for double-sided heating. The
localisation of the heating can be enhanced by a sheet metal sleeve with insulation material (a5), which
concentrates the airflow of the top blower to a circular surface of 30 mm in diameter. Conversely, placing
similar insulation with air channels around its circumference slightly lifted above the sample is used to
enable a more global heating. In the following, the first configuration will be called ‘local’ heating, while
the latter will be referred to as ‘global’. A ventilation system (b4) is used to remove potential evaporates.
An RGB camera (b3) and a thermal imaging camera (b1) below the sample record the heating and forming
procedure.

2. 3. Supplementary Investigations

Supplementary investigations were performed to better understand the heating behaviour and support the
interpretation of the main experimental results. For the heating behaviour, a thermogravimetric analysis
(TGA) is carried out on two samples.

To investigate the resulting deformed sample geometry, digital and physical cross sections are examined.
Several samples are digitized using a Shining3D EinScan-SP V2. The captured point clouds are meshed,
and digital cross-sections are subsequently generated. One heated but undeformed and one deformed sample
are also physically cut and viewed with a MIRAZOOM MZ902 digital microscope.

3. Results and Discussion

An essential material behaviour, potentially pivotal for this material type, is already observed during heating.
After reaching a surface temperature of about 180 °C, significant deconsolidation and expansion of the
sample can be seen. This effect is clearly depicted in Figure 2.

TGA results do not show significant evaporation of bound water or impurities in the temperature range
around 180 °C, for which the expansion phenomenon can be observed. Therefore, it is most likely that during
the production of the organo sheets, the reinforcement is heavily compressed and elastically deformed. It
is then fixed in this configuration by matrix solidification. Softening of the matrix can release this fixation,
allowing the reinforcement to loft and expand back to its stress-free initial configuration.

Preliminary tests demonstrated the feasibility of localised heat input, evidenced by the localised deconsolid-
ation (Figure 2). Material expansion likely supports localisation, as expanded regions act as insulators. An
analysis of the temperature distribution within the sample plane is depicted in Figure 3a. Temperatures are
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Figure 2: Expanded sample (yellow material detached from the insulation)
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Figure 3: Temperature behaviour of the samples

shown at four equally spaced (17.5 mm) points on the bottom of the sample after a five-minute double-sided
heating period, for both local and global heating. While global heating seemingly leads to a slight overall
temperature increase, the temperature profile in the centre is identical. From the second measurement point
onward, the influence of localisation becomes apparent. In total, the difference in temperature increases
from 4 °C at the centre to nearly 27 °C at the sample’s edge. Thus, temperature localization within the
sample remains evident even after prolonged heating.

However, the apparent low thermal conductivity also results in a substantial temperature gradient between
the top and bottom surfaces. The temperature distribution perpendicular to the sample plane is illustrated
in Figure 3b. Surface temperature is captured using a thermal camera, while temperature slightly below the
surface is measured with a thermocouple. On the one hand, the final temperature at both positions differs
only marginally, with a slightly higher inside temperature, which could be due to a slightly higher heat input
of the upper blower or measurement inaccuracy. On the other hand, the time response of the temperature
convergence differs significantly. Surface temperature reaches its equilibrium within approximately one
minute, while it takes about 5 minutes for the internal temperature. The through-plane heat conductivity
therefore seems to be low as well.

This is reflected in the heat-dependent formability as well. When only employing the upper hot air blower,
plastic deformation is only achievable with airflow temperatures reaching up to 600°C. With double-sided
heating, though, deformation at airflow temperatures well below the decomposition temperature of the mat-
rix becomes possible. Higher temperatures still lead to better formability and lower forces. During the
forming process, an elastic deformation of the entire sample is observed, especially for lower temperatures
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Figure 4: Examples of sample failure
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Figure 5: Incidence of differences between the point of maximum force and visually confirmed failure

and larger tool diameters. Conversely, permanent deformation occurs only locally around the punch. The
remainder of the sample appears flat after tool retraction, with no observable wrinkling, cracks or indenta-
tion. Figure 4 exemplifies the visually confirmable failure after forming. Holes are observed either at the
circumference of the formed cone or directly at the tip of the samples. During deformation, the formation
of the holes is indicated by surface tearing before complete material failure.

Visually capturing the failure of the samples is challenging due to the surface structure of the deconsolidated
samples and the gradual nature of failure. To examine the suitability of maximum force as an alternative
failure criterion, the difference between the visually observable failure point and the point of maximum force
is compared. For visual failure detection, the point is chosen where surface tearing is first evident.

The difference between visually observed failure depth (Z,;s,,) and failure depth measured via maximum
force (Z) AZ, )y, = Zyisu — Z of 12 samples is depicted in Figure 5. While only visual failure detection sig-
nificantly before reaching maximum force occurred only once, visual detection significantly after exceeding
maximum force was more common. However, it becomes evident that visually observed failure and the
point of maximum force often closely align, indicating a strong correlation between them.

The digital cross sections of three samples are depicted in Figure 6. Section a) illustrates a sample formed
with a small tool diameter at a high localised temperature. A large tool diameter was used for samples b) and
¢), and the temperature was not localised. Sample b) was formed at a high temperature (280 °C), and sample
c) at a low temperature (220 °C). The shape of the formed sample surface on the upper side corresponds
to a convex cone for all samples. The resulting dome on the lower side is of a more concave shape. The
forming zone on both sides is significantly larger than the tool diameter. All samples are significantly
expanded throughout the heated area. Overall, the thickness decreases in the formed area towards the tip.
This is particularly pronounced in sample a). For large tool diameters, especially sample c), the thickness
distribution is more uniform. Also, there is a smoother transition to the expanded area at a lower temperature
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Figure 7: Sample cut surfaces a) heated but not formed b) heated and formed

(sample c)). Overall, the expansion on the upper side is less pronounced at lower temperature, but in the
formed area, the thickness difference is minimal.

The microscopy images of the cut samples are shown in Figure 7. The expansion (a)) leads to a quite
homogeneous cut surface. No obvious delamination, larger voids, or defects are visible. In contrast, the cut
surface of the formed sample appears different. While no clear damage is visible from the outside, the cut
clearly shows a significant internal defect. Just below the surface, a layer is torn over a large area, forming
a cavity. At the ends of the torn layer, delamination is visible as well. Failure mechanisms can thus be
identified as delamination and tearing of individual nonwoven layers. It cannot be conclusively determined
whether the layer was first ripped and then detached or vice versa. Such internal failure mechanisms are a
possible explanation for the difference in visual failure detection and the point of maximum force described
earlier. It also implies that visual failure detection on the surface is not well suited for the material studied
in this work.

4. Conclusion

In conclusion, the incremental forming characteristics of the studied nw-rCF reinforced PA6 organo sheets
differ significantly from previous investigations on the incremental forming of short and continuous FRTP.
Global heating, as inevitably used in ISF of continuous FRTP, is not necessarily advised. In contrast, loc-
alised heating can limit the observed deconsolidation effect and can be utilised to precisely localise the
deformation. In conjunction with local heating, the nonwoven-reinforced sheets show the ability for cir-
cumferential clamping, which is not possible for continuous fibre-reinforced sheets. Furthermore, the need
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for sacrificial metal sheets, often used to support globally heated organo sheets in ISF, could be avoided.
Wrinkling and fibre breakage, significant issues with continuous fibres, are not observed. Compared to
short fibre-reinforced organosheets, the matrix does not bleed or drip out even if its melting temperature is
exceeded, due to the adhesion between the matrix and the fibre structure,

However, the incremental forming of nonwoven rCF-reinforced organo sheets also brings unique challenges,
namely low heat conduction and deconsolidation. Because of the low heat conduction, a single-sided heating
system might not be applicable, especially for sheets of higher thickness. Besides the development of an
appropriate heating system, the most significant challenge will most likely be to find a method that avoids
or reverses the expansion and deconsolidation of the sheets. Further investigations of the exact cause and
magnitude of this effect will be necessary. Possible solutions could be found in material selection and
preparation, the production of the semi-finished sheets, and the application of in-process pressure, e.g., by
utilizing a vacuum bag or two opposing tools. When these issues are addressed, nonwoven rCF-reinforced
organo sheets show promising incremental forming characteristics.
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