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Abstract

This paper investigates the fatigue and residual strength behavior of recycled carbon fiber
reinforced plastics (rCFRPs) with different fiber architectures in an epoxy resin matrix: a
unidirectional (UD) rCFRP and a non-crimp fabric (NCF) composite. Due to the research
gap in fatigue testing of recycled carbon fiber-reinforced plastics with quasi-continuous
fiber reinforcement, their fatigue properties are investigated in this article. The objective of
the present study is to contribute to the broader goal of integrating recycled carbon fibers
as quasi-continuous fiber reinforcement in structural applications by understanding their
failure behavior. To determine suitable stress levels for fatigue testing, quasi-static tensile
tests are conducted first. Subsequently, fatigue tests are performed with a stress ratio of 0.1.
Damage evolution is documented by a continuous recording of the stiffness degradation.
For the unidirectional material, an S-Nf curve is created based on three stress levels. The
curve can be described with a logarithmic equation. Fatigue testing of the NCF laminate
is performed at a single stress level. Subsequent residual strength tests using standard
specimens show no clear correlation between the number of load cycles of pre-cycling
and residual strength, but indicate a sudden-death behavior for both composites. For
further investigation of the damage behavior, in situ residual strength tests are carried out
using a combination of acoustic emission analysis and micro-computed tomography (µCT)
imaging. This investigation is intended to illustrate crack initiation and propagation three-
dimensionally after pre-cycling and during residual strength tests. The results demonstrate
a significant influence of the microstructure on the failure behavior.

Keywords: recycled carbon fibers (rCFs); staple fiber yarn; epoxy resin matrix; unidirec-
tional rCFRP; non-crimp fabric composite; fatigue testing of rCFRP; non-destructive testing;
acoustic emission analysis; in situ micro-computed tomography (µCT)

1. Introduction
Lightweight materials such as fiber-reinforced plastics are essential in industrially

important sectors (e.g., transportation) [1,2]. Among these, carbon fiber-reinforced plastics
play a key role due to their specific mechanical properties. However, the energy-intensive
production of carbon fibers in particular makes the development of an efficient circular
economy essential [3,4]. Fiber–matrix separation offers the possibility to recover recycled
carbon fibers (rCFs) from production residues or end-of-life components. These recycled
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fibers can be further processed into staple fiber yarns (spun long fibers), which allows
the production of components with a quasi-continuous fiber reinforcement. Compared
to a statistically distributed fiber orientation, e.g., in chopped strand mats, staple fiber
yarns made from recycled fibers offer the possibility of aligned fiber placement. This is
intended to allow the fibers to be placed specifically in the load direction. Furthermore, rCF
staple fiber yarns can be further processed into semi-finished products such as non-crimp
fabrics, enabling bidirectional fiber reinforcement with good handling properties without
undulations (as in woven fabrics) reducing the mechanical properties [5].

This paper investigates two types of recycled carbon fiber-reinforced plastics (rCFRPs):
a unidirectional rCFRP and a non-crimp fabric composite. Both are made from recycled
staple fiber yarns and an epoxy resin matrix. Understanding the mechanical properties of
these materials is essential for component design. While their quasi-static tensile properties
have already been analyzed in other studies [6,7], the fatigue properties have not yet been
investigated. Many structural components are subjected to cyclic loading during operation,
so fatigue properties are also important and must therefore be investigated. This is the first
time that this has been done for the materials under investigation in this study [8].

In non-recycled continuous fiber composites, fatigue in unidirectional laminates typi-
cally starts with matrix crack initiation, preferably at defects (e.g., pores or fiber defects).
This is followed by matrix crack propagation perpendicular to the load direction, leading to
fiber–matrix debonding or the formation of fiber-bridged matrix cracks depending on the
fiber–matrix adhesion and the local fiber orientations. If sufficiently advanced, this leads to
fatigue failure [9–11].

In non-crimp fabric laminates (e.g., [0/90]s), fatigue is initially characterized by the for-
mation of cracks in the 90◦ layers, which propagate to the adjacent 0◦ layers. This is followed
by delamination or fiber fractures in the 0◦ layers, ultimately leading to failure [9–12].

The objective of this study is to conduct the first investigation of fatigue properties
of recycled carbon fiber-reinforced plastics with quasi-continuous fiber reinforcement,
manufactured from rCF staple fiber yarns. Additionally, the aim is to answer the question
of how the fatigue behavior of rCFRP materials differs from that of non-recycled continuous
fiber materials. The findings aim to support the broader goal of integrating recycled carbon
fiber yarns in structural applications by understanding their failure behavior. For this
purpose, fatigue tests and residual strength tests on standard specimens are conducted. To
get a better understanding of the micromechanical processes within the rCFRP materials,
micro-computed tomography examinations are also performed during an in situ residual
strength test with tapered specimens. This should provide detailed information about crack
initiation and propagation behavior in the materials investigated. In addition, the in situ
tests are combined with an acoustic emission analysis.

2. Materials and Methods
2.1. Description of the Manufactured Materials

The materials investigated consist of recycled carbon fibers from carbon fiber scrap
(e.g., spool ends) embedded in an epoxy resin matrix. Two fiber architectures are studied: a
unidirectional architecture made from staple fiber yarn and a non-crimp fabric layup. The
NCF laminate also consists of staple fiber yarns and has a symmetric stacking sequence of
[0/90/90/0]s.

The staple fiber yarn used (Wagenfelder Spinnereien GmbH, Wagenfeld, Germany) for
the unidirectional material consists of 90 wt% recycled carbon fibers fixed by a polyamide
6 yarn wound around the rCF (Figure 1a). Additionally, it also contains polyamide 6 staple
fibers aligned parallel to the rCF to adjust the desired rCF fiber content. The polyamide
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6 content is 10 wt%. The non-crimp fabric (Figure 1b) consists of 80 wt% rCF and 20 wt%
polyamide 6 fibers [13].

 

Figure 1. (a) rCF staple fiber yarn, (b) non-crimp fabric [0/90].

The unidirectional material was produced using a wet winding process, with four
layers of roving applied sequentially. The non-crimp fabric composite was produced using
a hand lay-up method with 4 layers of the NCF, where 1 layer consists of 0◦ and 90◦ fibers
[0/90] fixed by a polymer yarn. Both materials used an epoxy resin matrix (Huntsman
epoxy resin Araldite LY 1135-1, hardener Aradur 917 and Accelerator 960-1 in a mass
ratio of 100:90:2, Huntsman Corporation, The Woodlands, TX, USA). The laminates were
consolidated and cured in an autoclave under pressure between metal cover plates. The
maximum curing temperature of 140 ◦C was applied for 6 h. The rCF volume fractions
(Table 1) were calculated based on the masses of carbon fibers and polymers introduced.
Therefore, the staple fiber yarn was weighed to determine the masses of recycled carbon
fibers and PA 6 fibers. After consolidation and curing, the plate was weighed to quantify
the epoxy resin content.

Table 1. rCFRP materials and investigations.

Plate Mean Plate
Thickness in mm

rCF Volume
Fraction in % Investigation

UD1 2.50 35
Quasi-static tensile test,

fatigue test,
residual strength test

UD2 2.12 40 Quasi-static tensile test,
in situ residual strength test

G1 2.22 37.5 Quasi-static tensile test

G2 2.06 39.5 Fatigue test

G3 2.18 40.5 Residual strength test

G4 2.06 40 Residual strength test,
in situ residual strength test

G5 2.23 37.5 In situ residual strength test

The fiber volume fractions (FVFs) can be found in Table 1, which also shows which
laminates were used for the investigations that follow. As a result of the inhomogeneity
of the fiber materials used (Figures 1 and 2) and the varying plate thicknesses (Table 1),
different fiber volume fractions were observed in the differently manufactured sheets of
the same material. Due to the pronounced differences in the fiber volume fractions of
the two unidirectional materials, the fatigue and residual strength tests with standard
specimens were conducted with material UD1, while UD2 was used for the in situ residual
strength tests. For the non-crimp fabric composites (G), the laminates tested are considered
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mechanically equivalent due to the pronounced inhomogeneities of the rCF non-crimp
fabric, even within one laminate (Figure 2b).

 

Figure 2. Micrographs of the manufactured sheet materials: (a) Unidirectional material UD1, (b) non-
crimp fabric composite G1 (view in 0◦ direction).

Figure 2 shows micrographs of the produced materials. There is no pronounced
porosity evident. However, inhomogeneities in the rCFRP materials are noticeable, such as
resin- and fiber-rich areas and fiber disorientation, due to the structure of the fiber materials
and the manufacturing processes. This leads to locally different fiber volume fractions.
Fiber orientation is further influenced by the yarn undulation (Figure 1a).

2.2. Description of the Mechanical Investigations of Standard Specimens

To determine suitable stress levels for the fatigue tests, quasi-static tensile tests were
first conducted to determine the ultimate tensile strength at static loading rate (UTSs). These
tests were performed in accordance with EN ISO 527-5 [14] and DIN EN ISO 527-1 [15]. The
specimen geometry was 250 mm × 25 mm. Five specimens per material were examined.
The tests were performed at a speed of 2 mm/min. Force was measured using a 100 kN
load cell. An optical measuring system (ARAMIS v6.3.0 digital image correlation system)
was used to evaluate the specimen strain. Images were recorded at 5 frames per second.

Load-controlled fatigue tests were based on ISO 13003 [16] and carried out with a stress
ratio of 0.1 and a test frequency of 5 Hz. The specimen geometry was 250 mm × 15 mm.
Force was measured using a 40 kN load cell. The tests were carried out at room temperature.
For the unidirectional material, three stress levels (80%, 70% and 60% of the UTSs) were
defined, which served as maximum stresses for the fatigue tests. A lifetime diagram
(S/UTSs-Nf-curve) was then created. Due to material limitations, the non-crimp fabric
laminate was tested only at 50% of the UTSs as the maximum cyclic stress. Nevertheless,
the failure behavior and the residual strength could still be investigated and compared to
those of the unidirectional material, providing insights into differences in fatigue damage
evolution and mechanical properties.

The S/UTSs-Nf-diagrams (Figure 6) were evaluated using a procedure based on DIN
50100 (Chapter 10.2.3 of [17]). The following Equations (1)–(4) are taken from Ref. [17]. A
log-normal distribution of the number of cycles to failure was assumed. The evaluation was
carried out at each stress level, starting with the calculation of the mean logarithmic number
of cycles to failure N50% (50% survival probability, Figure 6), according to Equation (1).
For each level, the number of cycles to failure for survival probabilities of 90% and 10%
were determined and marked in the diagram (Figure 6), according to Equations (3) and (4).
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Ref. [17] states that the standard deviation for small sample sizes (less than 10) must be
adjusted using a correction factor (Equation (2)).

N50% = 10
1
n ∑n

i=1 log(Ni) (1)

sc =
n − 0.74

n − 1
·
√

1
n − 1∑n

i=1(log(Ni)− log(N50%))2 (2)

N90% = 10log(N50%)−1.282·sc (3)

N10% = 10log (N50%)+1.282·sc (4)

The stiffness degradation evaluation was performed using the crosshead displacement
of the servo-hydraulic testing machine during load-controlled fatigue testing. Peak-valley
data from the machine was used to determine changes in dynamic stiffness.

Edyn =
peak − valley

εpeak − εvalley
=

Fpeak−Fvalley
A

xpeak−xvalley
L0

(5)

Equation (5) shows the calculation of dynamic stiffness based on the peak-valley
data. This includes the force (F) and the displacement (x) data at the maximum (peak) and
minimum (valley) force at each cycle of the fatigue test. A denotes the unloaded sample
cross-sectional area, and L0 denotes the clamping length between the clamping jaws of
the machine.

Residual strength tests are intended to show how the residual load-bearing capacity of
the materials changes based on different degrees of pre-damage introduced by preceding
cyclic loading. The test parameters corresponded to those mentioned above. The selected
stress levels for pre-cycling were 70% of the UTSs for the unidirectional material and 50% of
the UTSs for the non-crimp fabric composite. To avoid unintentional failure of the specimens
intended for the residual strength testing, specimens were subjected to 25%, 50% and 75%
of the lowest number of cycles to failure at each stress level of the previously conducted
fatigue tests (Figure 6). This means that pre-cycling of the unidirectional specimens was
performed with 1575, 3150 and 4725 load cycles, and for the non-crimp fabric laminate with
1225, 2450 and 3675 cycles. This choice focused on the low-cycle fatigue regime.

2.3. Description of the In Situ Residual Strength Tests of Tapered Specimens

Following the residual strength tests on standard specimens, in situ residual strength
tests were performed in an X-ray microscope. This enabled the observation of microstruc-
tural material behavior after fatigue loading and during the residual strength tests.

An in situ testing device (Deben CT5000, Deben UK Ltd., Woolpit, Suffolk, UK,
Figure 3d) was used to perform in situ residual strength tests within the micro-computed
tomography (Carl Zeiss Xradia 520, Carl Zeiss AG, Oberkochen, Germany, Figure 3e). For
this purpose, tensile specimens similar to the standard specimens, but with a width of
22 mm, were pre-cycled as described in Section 2.2. These specimens were then milled
into a tapered geometry for in situ residual strength testing (Figure 3a). Pre-cycling was
carried out on standard specimens before milling to ensure that any damage introduced
by the milling cutter had no effect during cyclic loading. The standard specimens were
cut using a universal wet-abrasive cut-off machine, which ensured a better quality of the
specimen edges compared to milling. For the in situ residual strength testing, the specimen
edges must be considered separately in the µCT inspection, as additional damage could
be introduced during milling. These tests were conducted with a test speed of 1 mm/min,
with force measured using the built-in 5 kN load cell.
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Figure 3. (a) Specimen geometry for in situ testing (narrowest width: 2 mm for unidirectional material,
2.8 mm for non-crimp fabric composite), (b) clamping device for in situ test device with acoustic
emission sensors, (c,d) in situ test device Deben CT5000, (e) Deben CT5000 in Carl Zeiss Xradia 520
X-ray microscope.

The in situ system was equipped with acoustic emission sensors (Vallen VS150-M [18],
Vallen Systeme GmbH, Wolfratshausen, Germany, see Figure 3c) integrated into the grip-
ping device of the system to record acoustic events in the material while testing. Pre-
amplification was 34 dB (Vallen AEP4 [19]). The detection threshold for the acoustic activity
recording was set to 43 dB.

The recorded AE-signals provide information about the onset and progression of
damage within the specimen. Using the acoustic emissions, the strain levels at which
the tensile test was interrupted (displacement kept constant) were determined, and a
micro-computed tomography scan was performed. After each scan, testing continued. The
interruptions were performed when the following load levels were reached:

• Load Level LL0: Pre-cycled condition, before quasi-static loading
• Load Level LL1: Onset of acoustic emissions during the in situ residual strength test
• Load Level LL2: After a significant accumulation of acoustic emissions
• Load Level LL3: After failure occurs in the in situ residual strength test

For the non-crimp fabric composite, all of the previously mentioned load levels were
examined. For the unidirectional material, the examinations were limited to load levels LL0
and LL1, as the in situ facility, with its maximum testing force of 5 kN, could not completely
cause the unidirectional specimens to fail.

3. Results
3.1. Quasi-Static Tensile Tests

Both materials tested, the unidirectional material and the non-crimp fabric composite,
exhibit a quasi-linear relationship between stress and strain in the quasi-static tensile tests
until failure (Figure 4). The stress–strain data were smoothed using a Savitzky–Golay
filter (window size of 11 and polynomial order of 1) to reduce noise while preserving the
curve shape.

The average tensile properties are shown in Table 2.
The tensile strengths UTSs of UD1 (871 MPa) and G1 (403 MPa) are of particular

interest for defining the stress levels used in the following fatigue tests.
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Figure 4. Stress–strain diagram from the quasi-static tensile tests of the unidirectional material UD1
and the non-crimp fabric composite G1 (for clarity, the graphs of material UD2 are not shown).

Table 2. Quasi-static tensile properties (mean values and standard deviations s).

Plate E in MPa εm in % UTSs in MPa

UD1 68,834
(sE,UD1 = 1800)

1.20
(sε,UD1 = 0.04)

871
(sUTS,UD1 = 47)

UD2 71,940
(sE,UD2 = 2453)

1.09
(sε,UD2 = 0.04)

846
(sUTS,UD2 = 45)

G1 40,374
(sE,G1 = 2457)

1.02
(sε,G1 = 0.10)

403
(sUTS, G1 = 31)

When considering the failure behavior of the materials, it can be seen that the uni-
directional material exhibits pronounced crack formation in the longitudinal direction
of the specimen (Figure 5a), while the non-crimp fabric composite tends to form one or
more cracks approximately perpendicular to the load direction (Figure 5b). It is known
from SEM fracture surface observations in [6,7] that fiber pullouts and inter-fiber frac-
tures (longitudinal cracking as shown in Figure 5a) dominate as failure mechanisms for
the unidirectional material due to the poor fiber–matrix adhesion. Observations of the
damage mechanisms are made in Section 3.4, where the results of in situ residual strength
investigations are considered.

 

Figure 5. Fractured specimens from the quasi-static tensile tests: (a) Unidirectional material, (b) non-
crimp fabric composite.

3.2. Fatigue Testing

To evaluate the fatigue tests, normalized S/UTSs-Nf diagrams (Figure 6) and stiffness
degradations (Figure 7) are considered. For the S/UTSs-Nf diagrams, the applied normalized
stress level S/UTSs is plotted against the number of cycles to failure Nf. S/UTSs is used to
describe a stress level that relates the maximum stress of fatigue loading S to the tensile

https://doi.org/10.3390/jcs10030148

https://doi.org/10.3390/jcs10030148


J. Compos. Sci. 2026, 10, 148 8 of 16

strength UTSs of the material. For stiffness degradation, the relative dynamic stiffness
Edyn/Edyn,1 is plotted over the relative fatigue life N/Nf, where Edyn,1 is the dynamic stiffness
during the first load cycle.

Figure 6. S/UTSs-Nf diagrams of the fatigue tests: (a) Unidirectional rCFRP and comparative mate-
rial [20], (b) non-crimp fabric composite.

The S/UTSs-Nf diagrams resulting from the fatigue tests are shown in Figure 6. The
figure shows the number of cycles to failure for the individual specimens tested as dots.
For the unidirectional material, there is a pronounced FRP-typical scatter of the number of
cycles to failure of approximately one order of magnitude (Figure 6a) [9].

Based on the average data (Figure 6a), a regression line for the unidirectional material
can be described with a logarithmic equation:

S/MPa = 1000.78 − 87.97·log(Nf) (6)

It is not possible to make any reliable statements about the fatigue behavior of
the material outside the investigated range of Figure 6a. Furthermore, no fatigue limit
was determined.

For comparison, Figure 6a also shows a normalized S/UTSs-Nf curve of a unidirectional
continuous non-recycled carbon fiber composite (Figure 6a, green). These data are based
on [20] and refer to a material (vCFRP) with a fiber volume fraction of 30%. The vCFRP
material was produced using a vacuum assisted resin transfer molding process with a
bindered carbon-fiber preform (Angeloni Group S.r.l. HS 15-50) and an epoxy resin matrix
(Huntsman EPIKOTE Resin MGS RIMR135 with EPIKOTE Curing Agent MGS RIMH1366).
The tensile strength parallel to the fiber direction is approximately 1025 MPa [20].

Measurement data for failure load cycles in the range of approximately 103 and 106

are available for both materials: rCFRP and vCFRP (Figure 6a). While the slopes of the
curves are comparable, the reference material’s curve is shifted to approximately 10% larger
S/UTSs ratios, indicating a better fatigue resistance [20].

For the non-crimp fabric composite, the number of cycles to failure at the stress level
investigated is shown in Figure 6b.

The macroscopic failure behavior observed in the fatigue tests occurs during the last
load cycle as sudden failure with similar characteristics as in the quasi-static tensile tests
(Figure 5). Section 3.4 is dedicated to the detailed description of the microstructural damage
during fatigue and residual strength tests for both materials.
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Figure 7. Stiffness degradation during fatigue testing: (a) Unidirectional material (80% of UTSs), (b) non-
crimp fabric composite (50% of UTSs). The graphs have been smoothed using a Savitzky–Golay filter
(window size of 11 and polynomial order of 1) to reduce noise while preserving the curve shape.

The graphs in Figure 7 show the dynamic stiffness development during fatigue tests
on several specimens of the unidirectional material at a stress level of 80% of the UTSs

(Figure 7a) and of the non-crimp fabric laminate at a stress level of 50% of the UTSs

(Figure 7b). They illustrate the individual damage propagation in each test specimen of the
fatigue tests, but follow a comparable pattern for both materials in three distinguishable
phases. In phase 1, there is a rapid decrease in dynamic stiffness up to approximately 98.8%
of the original value. This is followed by an increase in stiffness. For the unidirectional
material, this increase typically exceeds the initial stiffness. In phase 2, a continuous
decrease in dynamic stiffness is observed. Finally (phase 3), the unidirectional material
exhibits a rapid decrease in dynamic stiffness immediately prior to failure, which is not
observed for all specimens. This is due to the spalling of some specimens, which was
observed during the tests. The non-crimp fabric composite shows a gradual acceleration of
stiffness degradation until specimen failure.

3.3. Residual Strength Testing

To evaluate the residual strength behavior of the two materials, the measured residual
strengths are plotted against the number of load cycles applied for pre-cycling at 70% of
the UTSs for the unidirectional material and 50% of the UTSs for the non-crimp fabric
composite, respectively (Figure 8).

The residual strengths are shown in Figure 8. Also included are the mean values
of the quasi-static tensile strengths of the non-pre-cycled rCF specimens, as well as the
standard deviation.

For the unidirectional material (Figure 8a), there is a tendency for the residual strength
to decrease compared to the as-manufactured specimens. However, this does not follow
a logical trend when considering the various degrees of pre-cycling. This inconsistency
is particularly evident in the case of pre-cycling with 3150 load cycles, where the mean
residual strength almost reaches the strength of the non-pre-cycled specimens.

When considering the results of the non-crimp fabric composite (Figure 8b), the mean
residual strengths show almost no deviation from the strength of the as-manufactured
specimens. Only in the case of pre-cycling with 1225 load cycles, a reduction in residual
strength is observed. The specimen with the lowest residual strength exhibits an abrupt drop
in stiffness shortly before the end of pre-cycling, indicating imminent sudden-death behavior.
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Figure 8. Residual strengths of the materials after pre-cycling: (a) Unidirectional material, (b) non-
crimp fabric composite.

3.4. In Situ Residual Strength Testing

To visualize the in situ residual strength tests, stress-time diagrams are considered
(Figure 9). These also include the amplitude of the acoustic activities and the cumulative
number of AE hits.

Figure 9. In situ residual strengths of the materials after pre-cycling: (a) Unidirectional material,
(b) non-crimp fabric composite.

The diagrams show relaxations resulting from interruptions in the tensile tests. These
interruptions occur either to conduct µCT scans or when approaching the next load level.
The times at which the tensile tests were interrupted to conduct a µCT scan are marked in
Figure 9 along with the load level. The acoustic hits and their amplitudes are highlighted
in green. Before being visualized in the diagram, all hits recorded by the AE system are
filtered using a Python (version 3.12) script. The script utilizes the sensor distance and the
material’s speed of sound to calculate the distance between the acoustic emission source
and the sensor based on the arrival times of the acoustic hits at the sensors. This allows
filtering so that only the acoustic hits within a radius of 20 mm around the sample center
remain (Figure 3a). This section of the specimen includes the narrowest cross-section as
well as a part of the transition to the wider cross-section, where damage is suspected to be
predominantly located.

https://doi.org/10.3390/jcs10030148

https://doi.org/10.3390/jcs10030148


J. Compos. Sci. 2026, 10, 148 11 of 16

To analyze the damage mechanisms during the in situ tensile tests, micro-computed
tomography images of the non-crimp fabric composite are shown in Figures 10 and 11,
illustrating different damage states at the previously defined load levels.

 

Figure 10. Micro-computed tomography images of the non-crimp fabric composite: (a) Matrix crack
at near-surface pores at LL0, (b) matrix cracks in the 90◦ layers at LL0, (c) fiber-bridged matrix crack
at LL0, (d) same partly fiber-bridged matrix crack at LL1.

 

Figure 11. Micro-computed tomography images of the non-crimp fabric composite: (a) Crack along
layer interface at LL2, (b) fiber pullouts and fiber breaks at LL2, (c) roving pullout at LL3.

The micro-computed tomography scans of the non-crimp fabric composite show
damage in the form of cracks in the 90◦ layers and resin-rich zones after cyclic pre-damage
(Figure 10a,b). At the observed location, a matrix crack initiates at two near-surface
pores and propagates perpendicular to the load direction until it reaches adjacent 0◦

layers (Figure 10a). Additionally, isolated fiber-bridged matrix cracks are observed, which
propagate with increasing load level (LL1) and lead to fiber fracture of the bridging fiber
(Figure 10c,d).

At load level LL2, a clear progression of damage is seen, characterized by fiber pullout
and fiber fractures in the 0◦ layers, as well as crack propagation at the layer interfaces
(Figure 11a,b). This occurs preferably in areas where 90◦ matrix cracks meet the adjacent 0◦

layers. Micro-computed tomography observation of the specimen after failure indicates
roving pullout as the primary failure mechanism (Figure 11c).

Micro-computed tomography images of the unidirectional material are presented in
Figures 12 and 13, illustrating different damage states at the specified load levels during
the in situ tensile tests.
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Figure 12. Micro-computed tomography images of the unidirectional material: (a) Matrix cracks in
resin-rich zones at LL0, (b) fiber fractures at the specimen edge at LL0.

 

Figure 13. Micro-computed tomography images of the unidirectional material: (a) Inter-fiber fractures
at LL1 (direction of view in the direction of load), (b) inter-fiber and fiber fractures at LL1.

For the unidirectional material, cracks at load level LL0 can be suspected in resin-rich
zones due to fatigue loading (Figure 12a). In addition, areas at the specimen edge suggest
initial fiber fractures (Figure 12b) due to specimen processing (milling). These areas may
favor crack propagation.

After applying load level LL1, clearly identifiable inter-fiber fractures within the
rovings and at the roving interfaces (Figure 13a,b), as well as fiber fractures (Figure 13b),
can be detected by micro-computed tomography. This corresponds to the typical failure
pattern of this material, as already identified from quasi-static tensile testing (Figure 5a).

4. Discussion
The investigation of the quasi-static behavior of the undamaged materials shows that

UD1 (FVF of 35%) and UD2 (FVF of 40%) exhibit comparable tensile strengths, which
highlights the inhomogeneity of the materials tested. Due to the staple fiber yarn used,
the materials contain resin- and fiber-rich areas, as well as other defects (e.g., misaligned
fibers) that can influence the tensile strength. When assessing the failure behavior of the
UD material and the NCF composite, it becomes clear that the unidirectional material fails
due to pronounced inter-fiber fractures in the longitudinal direction of the specimen. In
contrast, the non-crimp fabric composite exhibits one or more cracks perpendicular to the
load direction.
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The comparison of the fatigue properties of the unidirectional rCFRP with the non-
recycled continuous fiber reference material [20] is carried out, neglecting the different
fiber types and matrices of the two materials. Comparing their fatigue behavior reveals the
superiority of the non-recycled fiber composite (vCFRP). The different fiber architectures
play a key role, but so do the matrix properties. While the vCFRP consists of continuous
fibers, the rCFRP was made from a staple fiber yarn. It can therefore be assumed that
the defects in the rCFRP (e.g., resin-rich areas) are significantly more pronounced than
those in the vCFRP, which leads to advantages for vCFRP in terms of fatigue properties.
The staple fiber yarn may promote the propagation of matrix cracks into the 0◦ roving
near fiber ends of the long fibers, which can lead to crack propagation in the 0◦ direction
(inter-fiber fractures) and reduced fatigue life in comparison to non-recycled continuous
fiber composites. Furthermore, yarn undulation leads to excessive stresses due to fiber
disorientation. In addition, further inhomogeneities arise due to resin- and fiber-rich areas.
Comparing the resin properties of the rCFRP and the reference material, the lower strain at
break of the epoxy resin of the rCFRP (5.5–6.5 %) indicates a lower fracture toughness of
the matrix, which represents a further advantage of the vCFRP (strain at break (matrix):
7.25% [20]) in fatigue loading. Compared to vCFRP, it can be noted that the rCFRP is
primarily affected in the quasi-static regime but less in fatigue loading (Figure 6a). This
feature is somewhat unexpected because fatigue loading in the fiber direction is known to
cause a high sensitivity toward inhomogeneities like pores and fiber disorientations [9,11].

The behavior of dynamic stiffness degradation in three distinguishable phases can be
explained by internal damage development in the materials. The decrease and subsequent
increase at the beginning of the test (phase 1) may be a direct result of crack initiation and
reorientation processes occurring within the materials. Due to the undulation, the carbon
fibers are not perfectly aligned in the load direction, which can result in reorientation under
load, leading to an increase in stiffness. The phase of continuous stiffness degradation
(phase 2) can be explained by the propagation of damage within the materials. The last
section (phase 3) follows because of unstable crack propagation and material spalling
immediately before failure. In general, the evolution of stiffness degradation is very close
to the well-known behavior of continuous reinforced CFRP [9].

For the residual strength testing, the findings indicate a sudden-death behavior for the
UD material and the NCF composite, in which the residual strength decreases only slightly
until immediately before failure. Since the residual strength is predominantly influenced
by existing material damage, the inhomogeneity of the materials plays an important role.
The inhomogeneities of fiber-reinforced plastic composites, and especially of the materials
under investigation, result in individual crack initiations and propagations, and thus
varying stiffness degradations while pre-cycling. However, the sudden-death behavior is
specifically supported by a specimen that exhibits a rapid decrease in dynamic stiffness
before the end of the pre-cycling period and a pronounced reduction in residual strength.
Due to the inhomogeneities of the materials, the number of specimens tested is critical,
which reduces the statistical significance of the investigation. Despite this limitation, a
trend can be derived according to which the residual strength behavior is predominantly
influenced by local damage and material inhomogeneities.

Comparing the material strengths from the in situ residual strength tests with the
standard specimens, increased strengths are observed when testing the tapered specimens,
regardless of whether they were previously damaged (Figure 9). This may be a result of the
smaller specimen volume and thus a lower probability of defects, or possibly influenced by
fiber-rich areas.

Similar to non-recycled fiber composites, the pre-damage in the non-crimp fabric
laminate causes cracks in the 90◦ layers due to the low failure strain of these layers. Existing
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pores also have a crack-initiating effect [9]. When loaded in the residual strength test, crack
propagation at the layer interface (delamination) as well as fiber pullout and fiber breakage
in the adjacent 0◦ layers occur. Roving pullout as the primary mechanism before failure can
be favored by the crack propagation at the layer interface. It is conceivable that the roving
structure (spun long fibers) favors this failure behavior. Matrix cracks in the 90◦ layers
could propagate into the 0◦ roving structure, which may lead to stepwise crack propagation
in the 0◦ roving.

This can be taken up for the unidirectional material. There, crack initiation can
be suspected in areas where fiber breaks can occur due to the statistical fiber strength
distribution [9]. Furthermore, the quasi-continuous fiber reinforcement in the rCFRP makes
it possible for cracks to initiate at fiber ends, as the fiber end faces are uncoated due to the
manufacturing process (i.e., cutting of fibers from production residues) [5]. These areas
exhibit reduced fiber–matrix adhesion, which can lead to crack initiation due to the strain
concentration between fiber-reinforced regions and resin-rich zones at fiber ends. This was
suspected in a study by Klimkeit et al. during fatigue testing of short-fiber-reinforced (30%
volume fraction of glass fibers) PBT + PET (polymer mixture) [21].

In addition, areas at the specimen edge that may have been damaged by milling the
specimens appear in the form of fiber fractures. After applying an initial load step in the
in situ tensile test, pronounced inter-fiber fractures are evident in the 0◦ direction. These
correspond to the typical failure behavior of this material, even when testing standard
specimens. The inter-fiber fractures may be the result of transverse contractions or may be
caused by matrix cracks that propagate in a stepped manner along the 0◦ direction. This
can be assumed in Figure 13b and leads to the same question as for the non-crimp fabric
laminate: How do matrix cracks interact with 0◦ staple fiber yarns?

5. Conclusions
The experimental investigations in this paper reveal several key findings regarding

the mechanical behavior and damage characteristics of two recycled carbon fiber reinforced
plastics made from staple fiber yarns. With regard to the unidirectional rCFRP, it is shown
that the S/UTSs-Nf curve exhibits the same slope compared to a vCFRP, despite an overall
higher strength of the vCFRP. The stiffness degradations obtained during the fatigue
tests show three characteristic phases for the unidirectional material and the non-crimp
fabric laminate. However, the failure pattern differs for both rCFRPs, as the UD material
predominantly shows longitudinal splitting, whereas the cross-ply NCF layup shows
transverse cracking prior to failure. The subsequent residual strength tests show little effect
of cyclic loading on the residual strengths of both rCFRPs. In addition, the in situ residual
strength tests show that AE is a viable method to determine the onset of damage in in situ
µCT experiments. The combination of acoustic emission analysis and micro-computed
tomography provides a promising approach for efficiently investigating underlying failure
mechanisms in materials at a microscopic scale.

The findings obtained can be used in future studies to specifically optimize the me-
chanical properties of rCFRP materials made from staple fiber yarns. This can be achieved,
for example, by reducing resin-rich zones in the materials to inhibit crack initiation and
propagation through improved fiber distribution. It would also be interesting to see how
the fatigue properties differ from those of a continuous fiber material when materials
with the same fiber type and matrix are compared. Furthermore, as already described
above, a detailed analysis of the interaction of matrix cracks with staple fiber yarns would
provide further insights into the microstructural behavior of the materials during crack
propagation. Finally, the combination of acoustic emission analysis and micro-computed
tomography already offers the possibility of an efficient investigation. However, this could
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be significantly enhanced by an automated link between acoustic emission analysis and
control of the micro-computed tomography, as well as the in situ testing device. In addition,
the in situ investigation may potentially enable a correlation between acoustic emissions
(frequency contents) and the prediction of damage mechanisms.
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Abbreviations
The following abbreviations are used in this manuscript:

rCFRP Recycled carbon fiber reinforced plastic
UD Unidirectional material
NCF; G Non-crimp fabric composite
rCF Recycled carbon fiber
vCFRP Non-recycled continuous fiber composite
µCT Micro-computed tomography
LL Load level
AE Acoustic emission
FVF Fiber volume fraction
FRP Fiber-reinforced plastic

Symbols
The following symbols are used in this manuscript:

F Force
x Displacement
L0 Clamping length
A Unloaded sample cross-sectional area
s Standard deviation
S Maximum stress
Nf Number of cycles to failure
UTSs Ultimate tensile strength at static loading rate
σ Stress
ε Strain
E Young’s modulus
εm Strain at break
Edyn Dynamic stiffness
Edyn,1 Dynamic stiffness during the first load cycle
N Load cycle
σres Residual strength
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