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Abstract

Reducing the ecological footprint of aviation is a key objective in the development of future
aircraft. This is particularly relevant in the emerging field of Urban Air Mobility, which
demands sustainable yet industrially feasible solutions due to expected high production
rates. As part of the cooperative research project KONKAYV, innovative materials and
manufacturing methods are being explored to meet these demands. One such approach
is the partial consolidation of nonwovens made from recycled carbon fibers, aimed at
producing multifunctional, recyclable components for Urban Air Mobility cabin linings for
high bending stiffness requirements. This study presents the experimental characterization
of various nonwoven architectures, focusing on how different levels of consolidation
affect their specific mechanical properties. The partially consolidated structure enables
tailored stiffness profiles, making it possible to optimize structural performance while
integrating functions such as thermal insulation and acoustic damping directly into the
lining. An analytical material model has been developed by analyzing the experimental
results. The findings demonstrate that partially consolidated nonwovens can achieve
a competitive stiffness-to-weight ratio, with advantages over conventional glass-fiber-
reinforced composites in terms of eco-efficiency and circularity. The proposed construction
method offers potential for cost-effective, lightweight solutions that support closed-loop
material use in aviation interiors.

Keywords: partially consolidated nonwovens; mechanical properties; circularity; recycled
carbon fibers; eco-efficiency; urban air mobility

1. Introduction

Reducing the ecological footprint of aviation is a key objective in the development of
future aircraft. This challenge is particularly relevant in the emerging field of Urban Air Mo-
bility, where sustainable yet industrially feasible solutions are required due to the expected
high production rates [1]. Traditionally, lightweight parts in aviation are produced from
carbon-fiber-reinforced plastics (CFRP). These materials offer excellent specific mechanical
properties, but their production is associated with high CO, emissions and negative im-
pacts on human health, as shown by life cycle assessments [2—4]. The high value of CFRP
products, combined with their environmental footprint, motivates the development of
recycling strategies to extend material lifetimes and enable circular use [2,3]. The recycling
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of CFRP into recycled carbon fibers (rCF) and recycled composites (tCFRP) has been shown
to significantly reduce both costs and CO, emissions [2—4]. However, large-scale industrial
applications remain limited [2]. At present, rCF are not yet used in structural applications,
leading instead to downcycling into products with lower performance requirements. This
downcycling prevents the establishment of a true circular economy in the composites
sector [2,3]. To overcome this barrier, better modeling of mechanical properties, as well as
precise models for costs and life cycle assessments, are needed to provide decision support
in the design process and increase the acceptance of recyclates [2,3].

Several authors have investigated processing routes for rCF nonwovens, exploring
combinations with thermosets, thermoplastics, or hybrid yarns and nonwovens [2,5].
Among the different processing concepts, nonwovens have emerged as a particularly
promising approach for making recycling scalable, as they allow flexible fiber architectures
and enable efficient utilization of recycled material [3].

As part of the cooperative research project KONKAYV, innovative materials and manu-
facturing methods are being explored to meet these demands. One such approach is the
partial consolidation of rCF-based hybrid nonwovens, aimed at producing multifunctional,
recyclable components for Urban Air Mobility cabin linings with high bending stiffness
requirements, as investigated by Nufio et al. [6]. The considered manufacturing process, as
seen in Figure 1, integrates multiple stages:

1.  Use of raw material from externally rCF, supplemented by additional recycled scrap
material from subsequent processing steps.

Creation of a hybrid nonwoven with thermoplastic fibers.

Partial consolidation to achieve tailored mechanical properties.

Integration of additional functions and assembly into a multistack sheet.

ARl

Post-processing of the component.
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external rCF
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Figure 1. Production of a partially consolidated rCF-nonwoven.

This concept not only addresses structural performance but also enables multifunc-
tional integration, such as thermal insulation and acoustic damping, due to the voids in
the material. However, this aspect is not covered in this paper. It represents a pathway
toward scalable and sustainable use of rCF in aviation interiors. Building upon this moti-
vation, the present study experimentally characterizes different nonwoven architectures
and investigates how varying levels of partial consolidation affect their specific mechanical
properties. Furthermore, the experimental findings are used to develop an analytical mate-
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rial model, providing a foundation for design and future structural applications of partially
consolidated rCF-based nonwovens.

2. Materials and Methods

For the material characterization, several rCF-nonwoven variants were produced from
scrap material derived from virgin CFRP wovens; see Table 1. The mechanical properties
of the virgin fibers were not tested. The variants differ in fiber weight fraction, number of
layers and consolidation degree, enabling a systematic investigation of their influence on
mechanical properties. To determine the stiffness and strength of the materials, uniaxial
tensile tests were performed. The measured force-displacement data were used to derive
the normal and bending stiffness, Young’s modulus and tensile strength for each nonwoven
architecture and consolidation state. Based on the experimental results, an analytical
material model was developed to describe the relationship between the consolidation
degree K and the resulting mechanical properties and provides a framework for predicting
effective properties in partially consolidated structures. A sizing and optimization strategy
was formulated to explore structural designs with locally varying consolidation degrees.
This approach enables tailoring of stiffness properties within a component to achieve
multifunctional performance while maintaining lightweight design. Finally, the developed
material solutions were compared against conventional structural materials commonly
used in aircraft interiors, with respect to stiffness-to-weight ratio. This benchmarking serves
to evaluate the competitiveness of partially consolidated rCF nonwovens in the context of
sustainable aviation structures.

Table 1. Variants of produced and tested rCF-nonwovens.

Version Fiber Type Matrix Type  Sheet Thickness K =1  Fiber Mass Fraction  Fiber Volume Fraction
PC-1 SGL-blend fiber length 60 mm  PP-IFG Asota 250 g /m? 30% 19.5%
PC-2 SGL-blend fiber length 60 mm  PP-IFG Asota 250 g /m? 50% 36.1%
3. Results

3.1. Mechanical Tests

The mechanical characterization of the partially consolidated rCF nonwovens was
conducted using uniaxial tensile testing in accordance with DIN EN ISO 527-4/2/2 [7]. Due
to the low thickness of certain nonwoven configurations, specimen thicknesses deviated
from the standard, but all other test requirements were maintained. Specimen variants
(Table 1) were manufactured with different numbers of layers n and consolidation degrees
K, defined as:

_t
K= 1)

where t( is the nominal thickness of the fully consolidated nonwoven and £ is the thickness
of the partially consolidated state. The measured force-displacement curves were used
to derive the normal stiffness EA, Young’s modulus E, bending stiffness EI and ultimate
tensile strength 0y,,¢. Bending tests were carried out on a sample basis and compared
with the Young’s moduli determined from the tensile tests. In addition, micrographs of
the samples were examined. As no significant inhomogeneity was found, the bending
properties are determined from the tensile tests in this paper.

Figure 2 shows the axial stiffness normalized by specimen width b and number of
layers 11, demonstrating a clear increase in stiffness with rising consolidation degree K.
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Figure 2. Normal stiffness EA normalized with number of layers # and width b of partially consoli-

dated nonwovens.

Figure 3 presents the resulting Young’s modulus, which exhibits the same mono-

tonic dependency on K, confirming progressive stiffening through fiber compaction and
improved load transfer.
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Figure 3. Young’s modulus E of partially consolidated nonwovens.

Figure 4 depicts the tensile strength, which follows a similar trend, increasing con-

sistently with higher consolidation levels. Overall, the results confirm that consolidation

significantly enhances mechanical performance and enables tunable stiffness and strength

through controlled compaction of the nonwoven architecture.
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Figure 4. Tensile strength 0,4y of partially consolidated nonwovens.

3.2. Material Model

The material model is based on the idealization shown in Figure 5, where the non-

woven is represented as short, randomly oriented carbon fibers embedded in a polymer
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matrix. In a classical rule-of-mixtures approach by Jones [8], the axial stiffness EA would
remain constant with respect to the consolidation degree defined as

K=" @)

where tg is the sheet thickness of a fully consolidated nonwoven without any voids and ¢ is
defined as the sheet thickness of the partially consolidated nonwoven. In practice, however,
consolidation increases fiber orientation, which leads to a measurable stiffening of the
material, while the absence of cohesion—particularly at K = 0—requires the assumption of
zero normal stiffness. To capture this behavior, an exponential relationship of the form

y = ak’ 3)

is adopted. This function ensures zero stiffness at K = 0 and provides a monotonic increase
consistent with the observed compaction effect. Curve fitting is applied to the experimental
data of the investigated materials by minimizing the L1 objective

nalihn Z‘axf’ -y (4)
b

corresponding to a least absolute deviations fit of the power-law model y = ak?. The
same functional form is employed for both the Young’s modulus and tensile strength, with
distinct parameters determined in each case. The fitted mechanical properties of PC-1 and
PC-2 can be found in Table 2 and are shown in Figures 2—4. The model is phenomenological,
providing an efficient description of the experimental trends and enabling use in structural
design studies with varying local consolidation degrees.

[,] uoneyusLIO I9qI]

Figure 5. Model concept for consolidation of rCF-nonwoven.

Table 2. Material model of different nonwoven variants.

Version Normal Stiffness Young’s Modulus Tensile Strength
PC-1 EA — 2385 K04 E=11,214 K148 Tmax = 99 K141
PC-2 EA — 5450 K087 E = 27,265 K17 Omax = 297 K19

3.3. Sizing and Optimization Strategy

The derived material model may be used for sizing and optimization of structures,
where the section forces in the structure are non uniform and the local change in consolida-
tion degree is beneficial, as a lower consolidation degree yields in higher bending stiffness.
For the structural assessment, the section forces M (bending moment) and N (normal force)
were calculated for the sizing procedure. The maximum allowable stress is defined as

Oallow = UOKb (5)

https://doi.org/10.3390/engproc2026133096
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according to Equation (3) and Table 2. The applied stresses result from two contributions:
the bending-induced stress

6MK?
oM = —> 6
M= g (6)
and the stress due to normal loading
KN
= — 7
N bl’lto ( )

The design requirement is therefore formulated as

oM+ ON < Tallow
KN  6MK? b
2R 20K
bnty bnzt% =00

(8)

For the general case, the sizing problem is a coupled problem that cannot be solved
analytically and instead requires numerical solution strategy. This approach makes it
possible to identify feasible combinations of the number of layers and the local consolidation
degree that satisfy the stress constraints. In the special case of pure bending (N = 0), a
closed-form expression can be derived for the admissible consolidation degree

K< > 9)

This relation enables an analytical determination of the optimal K for a given bending
moment. Figure 6 illustrates the lightest feasible configuration for pure bending, expressed
as the minimum number of layers and the corresponding consolidation degree that satisfies
the stress constraint. A lower bound for the consolidation degree was set to K = 0.1. The
optimization procedure may be expanded to stiffness driven optimizations.

1.2
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= \
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8 h
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Figure 6. Lightest configuration for PC-1 with ty = 0.22 mm optimized for strength requirements.

4. Discussion

The material properties of the nonwovens are shown the Ashby diagram in Figure 7,
comparing the Young’s modulus and density with conventional lightweight structural
materials. At high consolidation degrees, the specific axial stiffness of PC-1 and PC-2
reaches the range of quasi-isotropic GFRP. With respect to specific bending stiffness, the
partially consolidated nonwovens PC-1 and PC-2 outperform aluminum. The beneficial
effect of partial consolidation on bending stiffness is clearly evident.
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Figure 7. Ashby diagramm with conventional materials and partially consolidated nonwovens.

Figure 8 compares the bending stiffness per surface weight of the partially consoli-
dated nonwovens with honeycomb (HC) and balsa-core sandwich structures. The core
thickness is varied between 2 mm and 10 mm, represented by the marker size, and two face
sheet thickness configurations are included. The results show that the bending stiffness of
the honeycomb sandwich exceeds that of the partially consolidated nonwovens by approxi-
mately one to two orders of magnitude. Using denser balsa-core material reduces this gap,
with stiffness values less than one order of magnitude higher than those of the nonwovens.
The comparison indicates that low consolidation degrees can yield structurally efficient
bending configurations, but that the nonwovens do not reach the performance level of
high-efficiency sandwich structures.
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Figure 8. Bending stiffness over surface weight of partially consolidated nonwovens compared to
honeycomb and balsa sandwiches.

5. Conclusions

The experimental investigation confirmed that the consolidation degree has a sig-
nificant influence on the mechanical behavior of rCF-nonwovens. The developed phe-
nomenological material model, based on an exponential relation, successfully describes the
dependence of stiffness and strength on the degree of consolidation and provides a reliable
basis for structural design. The results demonstrate that partial consolidation enables
local tailoring of properties, allowing structural optimization through variation in stiffness
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within a component. In terms of axial stiffness, the nonwovens achieved values comparable
to conventional GFRP. For bending performance, the partially consolidated nonwovens
showed a clear advantage over GFRP laminates, underlining their potential for lightweight
interior applications. However, when compared to sandwich materials, the bending stiff-
ness was found to be significantly lower. In particular, honeycomb sandwiches exhibited
bending stiffnesses one to two orders of magnitude higher, while balsa core sandwiches
were superior by less than one order of magnitude. These comparisons highlight both the
potential and the current limitations of rCF nonwovens: while they cannot compete with
high-performance sandwich structures in bending-dominated applications, they offer a
recyclable, multifunctional, and cost-effective alternative for secondary structural elements
and cabin interior components.
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Abbreviations

The following abbreviations are used in this manuscript:

CFRP  Carbon-Fiber-Reinforced Plastics

GFRP  Glass Fiber Reinforced Plastics

rCF Recycled Carbon Fiber

rCFRP  Recycled Carbon-Fiber-Reinforced Plastics
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