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Abstract: Due to their lightweight potential, the use of fiber-reinforced polymers is the current
standard for many technical fields of application. Especially, the automotive and aerospace sectors
are to be emphasized. This entails a sophisticated knowledge regarding the material properties,
since the safety standards applied in these fields are of high importance. To ensure the safety of the
components, a detailed mechanical material characterization is indispensable. The aim of this work
was to investigate different influencing factors on the fatigue behavior of carbon fiber-reinforced
polyurethane, which is to be certified for aviation applications. Tensile tests provided a basic
understanding of the material properties, which appeared to be affected by the specimen width,
varied from 3 to 25 mm, by up to 30%. Subsequently, the influence of the cutting direction was
investigated in the course of the fatigue tests. Thus, the fatigue strength of longitudinally cut
specimens was found to be higher than that of transversely cut specimens by 6%. By means of
specific measurement technologies, the material responses were associated with crack initiation
and propagation during the fatigue lifetime. The material properties, such as the thermoelastic
effect, could be examined during the fatigue tests. Furthermore, turning points in the courses of the
characteristic values of the material and correlations with local phenomena were identified.

Keywords: fiber-reinforced polymers (FRP); CF-PU; material characterization; fatigue testing; digital
image correlation (DIC); infrared thermography (IR); crack initiation; crack propagation

1. Introduction

The usage of fiber-reinforced polymers (FRP) is widespread nowadays, due to their
potential in lightweight constructions resulting from the very high specific strength they
provide. They are mainly used in the automotive, aerospace and astronautics sectors, in
which the previously mentioned characteristics are of high importance. FRPs are manufac-
tured from two components, a polymer matrix material and fibers, which can be arranged
in layers to create a laminate structure. Due to the specific alignments of the fibers, some
FRPs can be considered quasi-isotropic, which leads to a differing mechanical behavior in
comparison to, e.g., metals [1]. Therefore, and by means of the very high safety standards
in the mentioned applications, it is inevitable to have an extensive understanding of the
behavior of FRPs under mechanical loading.

This study deals with the fatigue behavior of a quasi-isotropic carbon fiber-reinforced
polyurethane (CF-PU), which is manufactured by means of resin transfer molding (RTM).
The testing strategy implemented computed thermography (CT), which was used for defect
detection in order to characterize voids and cracks inside the specimens as well as their
direction. Following non-destructive investigations, the influence of specimens’ dimensions
and defects on the quasi-static strength was examined. The main focus iwas fatigue testing
in the low-cycle fatigue (LCF) and high-cycle fatigue (HCF) regimes, due to the occurrence
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of failure significantly below the quasi-static determined strengths. Considering that the
failure of FRPs depends on a combination of damage mechanisms occurring simultane-
ously or summing up, the advancing damage does not exclusively depend on the growth
of a single crack, as it can be observed in other materials. There are mechanisms such
as delamination, fiber failure and matrix failure appearing at the same time during the
fatigue lifetime of FRPs [1–4]. In order to detect material responses, there are different
strategies for monitoring a specimen’s condition during fatigue testing. Previous inves-
tigations have shown that testing methods such as digital image correlation (DIC) [5–8],
resistance measurement [9], infrared thermography [6,10–13], high-frequency impulse mea-
surement [14] provide good results regarding FRP testing. Regarding the fatigue testing of
carbon fiber-reinforced polymers, the optimal parameters for a DIC analysis were already
investigated [7]. Giorgi et al. showed that there is a direct correlation between damage
during fatigue life and temperature variation [13].

A high-speed camera system with subsequent DIC was used to observe the defor-
mation of the specimens. This method can be utilized to determine local areas with high
strains which are often an indicator for crack initiation [9]. Furthermore, the recording
of the strain on a specimen’s surface can be used to analyze hysteresis loops to showcase
the advancing damage appearing in the specimen [10,15]. The testing setup is completed
by a high-speed infrared thermography system (IR-system) for the determination of local
hotspots as well as of global changed in a specimen’s temperature. There are previous
investigations describing the thermoelastic effect in FRPs [16,17]. Previous results have
shown that isotropic materials with a positive thermal expansion coefficient tend to cool
down when elastic stresses occur. As a result, the courses of the measured temperature
and other mentioned material properties run phase-shifted in the beginning of the fatigue
tests [17]. After the stress leads to a plastic material deformation, a dissipation of energy
begins, and the material heating increases. With further number of cycles, the heating
prevails, and the temperature recorded by means of the IR system begins to run in sync
with the stress and strain properties [18].

The combination of the mentioned testing strategy with the presented innovative
measurement technologies allowed the correlation of stress, strain, temperature and crack
characteristics on a global and local scale, which led to a substantial progress in knowledge
about the present material. With regard to previous investigations, this work enables
the possibility to simultaneously detect strain, temperature and cracks on a highly local
state geometry- and timewise. This will allow a substantial progress in test methods and
measurement techniques, since this approach can be utilized for further material groups.

2. Materials and Methods
2.1. Material and Specimen Manufacturing

A quasi-isotropic CF-PU was used for all investigations shown in this work. This
type of laminate has a symmetrical structure of 16 layers with the setup [+45/−45, 0/90,
+45/−45, 0/90] s, which results in a laminate thickness of 3.9 mm. The carbon fabric is a
HexForce HS06K with weave style 5H SATIN and a basis weight of 375 g/m2. The matrix
material was made of polyol (puropreg 185/8 L) and isocyanate (puronate 900) by Rühl
Puromer GmbH (Friedrichsdorf, Germany) and was chosen because of the low reactivity
of this combination during processing.

The resin transfer molding (RTM) process was conducted at the Institute for Materials
Technology and Plastics Processing (Eastern Switzerland University of Applied Sciences).
The carbon fabric was cut to size using a cutting table. The geometry could directly be
transferred from a CAD system to the cutting table via the data format DXF. The cut-outs
were then manufactured to a preform. Since the fabrics were provided with a binder,
preforming was performed using a thermoforming process. In order to activate the binder,
the layer structure must be tempered beforehand at 110 ◦C for 1 h. The finished preforms
with the dimensions of 310 mm × 219.3 mm × 4 mm were then placed in the RTM
mold, which was heated to 85 ◦C. After closing the mold, the premixed PU (Isotherm
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PSM90) was injected out of plane. The mixing ratio between polyol and isocyanate was
100/120 g. During the injection, the mass flow was set to 6.97 g/s, which caused a pressure
increase between 3 and 5 bar close to the sprue. The vent was combined with a resin
trap, which was operated with a vacuum of −0.7 bar gauge pressure. For an optimal
result, a post-pressure time of 4 s was used. During the post-pressure period, significantly
higher pressures up to 40 bar could be achieved. After 650 s, the finished plate was
demolded. The previously described parameters were proven to be effective for processing
polyurethane [19]. The resulting average fiber volume content was determined to be 52.1%.
All specimens were manufactured by waterjet cutting from the previously mentioned plates
(310 mm × 219.3 mm) with a tolerance of ±0.05 mm and a roughness Rz = 15 µm in order
to avoid the influence of heat development during material processing.

2.2. µCT Investigations on Void Volume Content and Fiber Undulation

Previous investigations have shown that there is a dependency of a material prop-
erties on laminate fabrication orientation, which leads to a dependency on specimen
orientation [20–22]. Additionally, Spencer et al. showed a dependency of the strain in the
longitudinal and transverse directions by means of DIC measurements [22]. In order to
assess whether there was a preferred direction of specimen cutting, although the layer
setup was meant to be quasi-isotropic, µCT investigations on void volume with regard to
the orientation as well as to fiber undulations for both plane directions (transverse and
longitudinal) of the fabricated laminate were carried out. The CT scans were performed
with a Nikon XT-H 160 system (Nikon Metrology, Tokyo, Japan), with a beam energy of
80 kV, a beam current of 128 µA and an exposure time of 500 ms, which led to a voxel size
of 10 µm. Volume reconstruction and defect detection of the scans were conducted with the
software VGStudio Max 2.2 (Volume Graphics GmbH, Heidelberg, Germany).

Figure 1 presents a 3D CT volume with highlighted defect detection, in which defects
are sorted by their volume in mm3. There is no predominant distribution apparent. How-
ever, it can be said that the defects are oriented in the 0◦, 45◦ and 90◦ directions. In further
investigations, solely the defects in the 0◦ and 90◦ directions were considered, since defects
oriented in the 45◦ direction should have the same influence on both longitudinally and
transversely oriented specimens.
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Figure 1. Defect detection of a CT scan with scaling of the defects by their size in mm3.

Further information gathered from the CT investigations regarded the undulations
resulting from the weaving type of the layers and the occurring misorientations, which were
due to the manufacturing process. As shown in Figure 2, it was possible to differentiate
between matrix and fiber material. On the basis of the distance between the highest and
the lowest point of a single fiber, the undulations were measured.
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Figure 2. Exemplary evaluation of fiber undulations.

2.3. Tensile Testing

At first, quasi-static tensile tests were carried out to determine the influence of the
specimen geometry on the mechanical properties. The tensile tests were performed on
a servo-hydraulic testing system Shimadzu EHF-UV100 (Shimadzu, Kyoto, Japan), with
nominal load of ±100 kN and nominal stroke of ±50 mm in laboratory conditions (23 ◦C
and 50% rH). The testing speed was set to 2 mm/min [23]. The specimen geometry with
bonded tabs made from a glass fiber-reinforced polymer (GFRP), based on DIN EN ISO
527 [23], is shown in Figure 3. The strain measurement was achieved by a single camera
setup and a subsequent DIC analysis. In doing so, the specimens were applied a stochastic
pattern with a black primer and white dotting. The investigation of the influence of a
specimen width is mandatory, since an adapted specimen geometry has to be used for
fatigue testing in order to match the circumstances of the testing machine and additional
measurement techniques. The varied parameter was the width w of the specimen, which
tends to have a great influence on the mechanical performance [24].
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Figure 3. Specimen geometry for tensile testing with varying width w.

2.4. Fatigue Testing

The fatigue tests were performed on a servo-hydraulic testing machine MTS 858 Mini
Bionix II system (MTS, Minneapolis, MN, USA), with a nominal load of ±25 kN. The testing
system had a nominal stroke of ±50 mm and was used for constant-amplitude tests (CAT)
with differing maximum stress levels reaching σmax = 325 to 425 MPa in steps of 25 MPa,
a stress ratio R = 0.1 and a test frequency f = 10 Hz. The test parameters were chosen
according to ISO 13003 in order to ensure a maximum rise in the specimen temperature of
10 K [25].

The tapered specimen geometry for the fatigue tests is shown in Figure 4. The small
geometry enabled a high local resolution for the DIC and thermography measurements,
since a small field of view was required. This underlines the importance of investigating
the influence of the geometry and decreasing widths. Additionally, the specimens were cut
in two directions (Figure 4).

The setup for the fatigue tests is presented in Figure 5, which shows the plan view
with a specimen fixed in the clamping device. By using two high-speed cameras recording
the side and front of the specimen, a subsequent DIC analysis of the deformation of the
specimen was performed. The IR system was used for the determination of temperature
hot spots and the assessment of the global change in temperature on the specimen surface.
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Figure 5. Setup for the fatigue testing; (a) plan view and (b) side view.

The triggering and synchronization of the setup was divided in the individual compo-
nents, the testing machine (master), the DIC system (slave 1) and the IR-system (slave 2).
The communication was conducted via 5 V TTL signals, which provided the applied force
of the testing machine to the DIC system in the first stage. The DIC system then decided
autonomously when to capture pictures. The IR-system again worked as a slave to the DIC
system, capturing information simultaneously to the DIC system.

Each measurement consisted of six peak values, recorded at the highest and lowest
force, resulting in three complete hysteresis loops, which were sampled with a frequency of
115 Hz, which led to a 12-point loop. The position of each measurement is listed in Table 1.

Table 1. Measurement points of the DIC and IR systems.

Number of Cycles Measurement

1 to 6
100 to 10,000 every 1000

10,000 to 600,000 every 10,000
600,000 to 900,000 every 50,000

900,000 to 2,000,000 every 300,000
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3. Results
3.1. Investigations of Multiple Influences on the Tensile Test Properties

At first, quasi-static tensile tests on standardized specimens were carried out to de-
termine the influence of the specimen geometry on the ultimate tensile strength (σUTS) of
the CF-PU. The geometry was varied with regard to the width of the specimens, from 3 to
9 mm. Additionally, the influence of tempering (5 h and 45 min at 120 ◦C) was investigated
with a single test series and the standardized geometry.

Figure 6 shows the results of the mentioned tensile tests. It is obvious that the geometry
had a significant influence on the strength of the CF-PU. With an average σUTS of 530 MPa,
the standardized specimens had the highest strength. The influence of the varying width
was estimated to be near 475 MPa. Solely the specimens with a width of 3 mm showed a
major decrease in strength, with σUTS of 410 MPa. Moreover, the standard deviation of the
3 mm specimen was significantly higher than that of the rest of the specimens. A possible
cause for the described behavior is the number of guaranteed continuous fibers, which
were not cut, especially in the loading direction, since the fiber bundles within this CF-PU
had an average diameter of 2 mm.
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The temperature treatment of the CF-PU did not have a positive influence on the mate-
rial properties. With σUTS of 480 MPa, the strength could not be increased but decreased in
comparison with that of the material state without heat treatment. As a result of the tensile
tests, the specimens for the following fatigue tests were not tempered.

Furthermore, it was analyzed if there was an influence of the cutting direction of the
specimen on the tensile properties. As shown earlier in Figure 4, the specimens were cut in
the longitudinal and transverse directions. When considering the results (Figure 7), it is
obvious that the cutting direction did not have an influence on the tensile properties of the
material, either on the ultimate tensile strength or on the stiffness.
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3.2. Fatigue Testing of Longitudinal and Transverse Cut Specimens

Even though the results did not show a difference in tensile properties, the fatigue
behavior of the material was also investigated for the two cutting directions, since it is
proven for a long time, that fatigue properties are affected in a different way by different
parameters than tensile properties. Figure 8 gives the Woehler curves for the two cutting di-
rections as well as the theoretically determined curves (dashed lines), which were corrected
considering the higher strength of the standardized specimens in tensile testing.
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It can be seen that the Woehler curves for both the longitudinal and the transverse
direction show a plateau in the lower LCF regime, whereas the maximum bearable load
decreased with a number of cycles of about 10,000. In addition, the curve for the transverse
direction was about 6% lower than that for the longitudinal direction, meaning that there
was indeed a dependency on the cutting orientation. The theoretical Woehler curves
showed that the material was probably capable of a better fatigue performance with respect
of the results of the fatigue testi It has to be mentioned that the theoretical Woehler curves
were solely based on the experimental results from quasi-static tensile testing, thus not
necessarily representing the real material behavior. However, previous investigations
showed that there is a specimen width dependency for fatigue testing as well [24].

With regard to Figure 8, Table 2 reports the standard deviations and slopes of the
Woehler curves from approx. 10,000 cycles. This was done since the curves present the
mean values of the number of cycles leading to failure.

Table 2. Standard deviations and slopes as shown in Figure 8.

275 MPa 300 MPa 325 MPa 350 MPa 375 MPa 400 MPa 425 MPa

Nf with standard
deviation

longitudinal / completed 625,872
± 258,687

129,685
± 33,100

59,898
± 2440

28,755
± 2611

6228
± 329

transverse 1,447,704
± 352,296

366,803
± 143,747

123,119
± 32,563

55,457
± 4766

28,519
± 7341

2547
± 1398 /

Slope longitudinal f(N) = 778.21 × N−0.0660

transverse f(N) = 840.11 × N−0.0798

3.3. Microstructural Investigations on Longitudinally and Transversely Cut Specimens

As it became evident that the cutting orientation affected the fatigue properties of
the material, it was necessary to perform further investigations. In order to find sufficient
evidence for this behavior, microstructural investigations via µCT were carried out, since it
is to be assumed that defects as well as fiber undulations affect the fatigue properties [26,27].
In Table 3, the defect volume in seven specimens is shown.

Table 3. Results of microstructural investigations regarding the defect volume content for longitudinal
and transverse specimen.

Defect Volume
Content [%] S1 S2 S3 S4 S5 S6 S7 Average Standard

Deviation

x-direction 34.6 54.9 43.4 37.2 15.6 13.0 35.5 33.5 ±13.7
y-direction 33.2 23.1 31.7 33.8 13.8 11.1 20.0 23.8 ±8.7

The results shown in Table 3 strengthen the assumption that defects in the x-direction
(see Figure 4) could affect the fatigue lifetime of the specimens in the transverse direction
in a more significant way. The approx. 10% higher volume content of longitudinal defects
could represent a potential reason for the worse fatigue behavior observed. Considering that
the defects in the x-direction had a greater influence on the material properties in transverse
specimens, since they tended to open up, the quantitative description of defects seemed to
be expedient. Nevertheless, many studies have dealt with fiber undulations [26–28] and
showed their considerable influence on materials properties, especially, on the stiffness of
CF-PU specimens [26,27].

As shown in Figure 2, the undulations could be determined with the help of the
conducted CT scans. The evaluation was carried out based on the maximum and minimum
deflection of fibers in the longitudinal and transverse directions. The results for the size of
the undulations are shown in Table 4.
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Table 4. Undulations in the longitudinal and transverse directions estimated from µCT-scans.

Undulation Size
[µm] S1 S2 S3 S4 S5 S6 S7 Average Standard

Deviation

Longitudinal direction 487.0 482.2 470.5 372.5 502.0 461.7 473.6 464.2 ±39.3
Transverse direction 521.0 495.5 526.1 516.4 596.8 615.6 540.0 544.5 ±41.2

Regarding the presented results, it can be stated that there was a larger undulation
size in the transverse direction in all seven specimens. This led to the same assumption
that was already made regarding the effect of the defect direction, suggesting a reduced
fatigue lifetime in the transverse direction. However, based on the current status of the
investigations, it cannot be stated how big the influence of the defects versus that of the
undulation size is regarding the fatigue properties.

3.4. Extended Fatigue Charcterization

In Figure 9, the measured data during the fatigue tests are shown, whereas the top
left diagram represents a whole fatigue test with a maximum stress of σmax = 325 MPa. As
mentioned in Section 2.3, the measurement by the DIC and IR systems is not continuous.
As can be seen in the diagrams, the recording was conducted at a defined number of cycles.
Further zooming into the data reveals the expected sinusoidal course of the curves. It is
evident that the strain measured on the front and on the side of the specimen ran in sync
with the applied stress.
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The change in temperature on the specimen’s surface showed a different course. Con-
sistent with the described thermoelastic effect for FRPs [16,17], the curve of the temperature
shoed a phase-shifted course, meaning that at the moment of the maximum stress. the
temperature of the specimen was the lowest. The opposite was observed at the moment of
the lowest stress, when the temperature was maximal. The results demonstrated that the
thermoelastic effect of FRPs is applicable at the beginning of the fatigue lifetime.

As previously mentioned, the maximum stress was changed in the executed CAT
for the examination of the fatigue behavior. Figure 10A shows the results of CAT on the
basis of the measured data and material properties calculated. Regarding the dynamic
Young’s modulus, it is noticeable that for all stress levels, the beginning of the fatigue
tests showed no extinctive material reaction, and the course of the curve was flat, so no
stiffness degradation was present. Solely the σmax = 425 MPa specimen underwent a
constant decrease in Edyn from the start of the test. The presentation in the logarithmic
scale of N indicates a turning point, which is marked in Figure 10A, where all specimens
showed stronger material reactions in the form of degradation. The temperatures showed
comparable courses, which enabled the correlation of the stress, strain and temperature
data. In addition, it is of high interest that the material achieved higher degradation in the
form of Edyn with lower σmax. However, it has to be stated that this type of degradation
is connected to the longer lifetime achieved in the specimens with lower σmax. Regarding
the global parameters of Edyn and ∆T, it can be assumed that the elastic deformation of
the material was exceeded. Following this, dependencies on a local scale should now
be obtained.
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The diagram showed in Figure 10B provides the material properties versus the normal-
ized number of cycles, allowing the comparison of fatigue tests with different maximum
stresses to be more precise. Regarding the Young’s modulus, it is recognizable that in the
beginning of the fatigue tests, all specimens showed a comparable linear stiffness degrada-
tion. However, a turning point, as shown in Figure 10A, could not be identified in this type
of presentation.

Figure 11 presents three snapshots with subsequent strain measurements via DIC of
three exemplary stages of fatigue damage of the CF-PU, which provide local information
about the damage progression. The stages of fatigue life ((1), (2) and (3)) are also marked in
Figure 10A. It can be seen that the described significant drop in the course was due to a crack
developing through the entire specimen length. This is apparent from the crack initiation
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in the middle and at the edges of the specimen (stage (1) and (2)) and the connection of the
initial cracks in stage (3). This behavior was observed in all fatigue tests, regardless of the
maximum stress applied.
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Figure 11. Strain measured via DIC for three different stages of damage.

Figure 12 shows the described thermoelastic effect of the material at the beginning
of fatigue testing, captured with the measurement technology of the DIC and IR systems.
In consideration of the higher numbers of cycles, the behavior of the material switched
from (a) thermoelastic to (b) entropic, meaning the temperature and residual measured
properties were running in sync [18]. It seems obvious that the turning point, identified
by the evaluation of Edyn, could not lead to a change from a thermoelastic to an entropic
behavior of the material. Nevertheless, a significant temperature increase could be detected
for all transition areas.
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Figure 12. Exemplary representation of the transition from (a) thermoelastic to (b) entropic material
behavior.

Figure 13 shows the recordings of the IR system for the previously discussed stages
of the fatigue test (Figure 12). The thermoelastic behavior in Figure 13a shows that the
matrix material exhibited a higher temperature than the fibers. After reaching the turning
point to the entropic material behavior in Figure 13b, the matrix was still the area of highest
temperature. It is clearly visible that at the turning of the material behavior, the temperature
severely increased. However, the difference in temperature between fiber and matrix was
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1 K, regardless of the damage progress, so that a differentiation of the thermoelastic effect in
fiber and matrix could not be highlighted. Nevertheless, these investigations describe the
complete composite material and provide information of high significance for the fatigue
characterization.
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4. Conclusions

Based on the presented investigations on CF-PU with regard to their fatigue properties
in longitudinal and transverse directions, the following conclusions can be drawn.

The standardized specimen geometry provided a higher ultimate tensile strength
(535 MPa) with respect to specimens with smaller widths. In comparison to specimens
with widths of 9 and 15 mm, the ultimate tensile strength of the standardized specimen
geometry was approx. 12% higher. Especially, specimens with widths of 3 mm should not
be used for mechanical testing, since their ultimate tensile strength is decreased to 413 MPa.
The tempering of CF-PU did not produce the desired effect and led to an ultimate tensile
strength of 473 MPa.

No influence of the cutting direction on the tensile properties could be identified.
Regarding the fatigue strength, the longitudinal specimens performed better than the
transverse specimens by about 6%.

Following this, defects and fiber undulations within CF-PU were investigated by
means of computed tomography. It can be stated that both affected the fatigue performance.
This was due to the volume of defects oriented in the x-direction being 33.5%, while that of
defects in Y-direction was 23.8%. Furthermore, undulations were found to be greater in the
transverse direction by 17%.

Additional measurements with digital image correlation and infrared thermography
provided gains in knowledge regarding global characteristic such as the dynamic Young’s
modulus and the surface temperature of the specimens. These enabled a correlation
between further material properties and identified a turning point between 2500 and 3000
cycles in the fatigue lifetime, where severe degradation begins.

Crack initiation and propagation resulted to cause unstable stiffness degradation. This
was due to cracks spreading over the entire specimen length.

Transition areas between thermoelastic and entropic behavior of the material were
identified at about 10,000 cycles for the maximum stress levels of 325, 350 and 375 MPa
throughout the fatigue tests, accompanied with a global temperature increase.
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