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since the combination of fiber and matrix 
materials provides a synergistic effect on 
the overall material properties [3]. The suc-
cessful integration of composites is cur-
rently represented by the aerospace indus-
try and reflected by a proportion of fiber-
reinforced polymers (FRP) in the Airbus A 
350 XWB of 53 % [4]. In such applications, 
cyclic loading occurs and has to be taken 
into account for structural design. Since the 

ready well-known approach is represented 
by lightweight design, which shows an ef-
fective way for reducing CO2 emissions [2]. 
In this context, because of its high specific 
strength, new polymer composites are ideal 
for utilization in transportation industries 
[2]. Further relevant advantages of fiber-
reinforced polymers are based on its multi-
component structure, which can be opti-
mized regarding the specific requirements, 

The EU climate and energy package 2050 
with the objective of a “low carbon econ-
omy” is one of the biggest challenges for 
the energy and transportation industries 
these days. The pathway describes a reduc-
tion of emissions in 2050 by 80 % and in 
2030 by 60 %, respectively, below 1990 lev-
els [1]. Because of this, approaches for en-
ergy efficiency in the aerospace and auto-
mobile sector have to be developed. An al-

Glass fiber-reinforced polymers (GFRP) are highly suitable for use in 
transportation industry in order to achieve the targets of energy and  
resource efficiency. In this context, due to its high specific strength, 
GFR-epoxy (GFR-EP) has already been implemented in a wide range of 
applications. However, in cases of energy efficiency and damage toler-
ance, GFR-EP shows disadvantages compared to GFR-polyurethane 
(GFR-PU). The aim of this study is the comparative characterization  
of the quasi-static and cyclic deformation behavior of GFR-PU and  
GFR-EP with similar layer setup. The mechanical properties have been 
investigated in instrumented tensile, interlaminar shear strength and 
compression after impact tests. In addition, the tests were combined 
with varying temperatures (-30 °C, RT, +70 °C) with respect to aero-
space applications to determine the material property development un-
der low and elevated temperatures. In cyclic investigations, the fatigue 
properties have been estimated by resource-efficient multiple step tests 
and validated in constant amplitude tests. Hysteresis and temperature 
measurements were applied in order to investigate the damage pro-
cesses. It could be shown that polyurethane exhibits improved damage 
tolerance by significantly reducing delamination area under impact 
loading, whereas epoxy leads to optimized properties under elevated 
temperature. Furthermore, epoxy generally underlines higher capabili-
ties under cyclic loading, which is due to void content of polyurethane.
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fatigue performance of FRP is dominated by 
degradation effects rather than by local 
crack propagation, the exclusive determi-
nation of the characteristic values, i. e., S-N 
curve, does not constitute a sufficient meas-
ure [5, 6]. Therefore different approaches of 
nondestructive testing for determining and 
describing the fatigue behavior in terms of 
damage evaluation have been investigated, 
e. g., acoustic emission, hysteresis and elec-
trical resistance measurements [6, 7]. In 
this context, particularly approaches based 
on hysteresis measurements, e. g., stiffness 
and loss energy calculations, are already 
well established and offer multiple values 
for assessing the damage state [8, 9]. How-
ever, fatigue investigations with hysteresis 
measurements are mostly utilized in con-
stant amplitude tests with regard to the S-N 
curve. In this regard, epoxy (EP) already 
has been investigated by various research-
ers and is mostly used for load bearing com-
ponents [10, 11]. However, only very few 
investigations with combined measure-
ment techniques in multiple step tests for 
resource-efficient estimation of the fatigue 

behavior and damage propagation were car-
ried out for GFR-EP, whereas no studies are 
known on GFR-PU. Polyurethane (PU) 
shows advantages in terms of damage toler-
ance and abrasion compared to EP, which 
are of great importance for a number of ap-
plications, e. g., turbine nose cones. Al-
though these optimized properties make 
GFR-PU a high potential alternative to GFR-
EP, the mechanical properties have not 
been sufficiently investigated yet.

Besides mechanical advantages of com-
posites regarding lightweight design, the 
life cycle assessment gets observance with 
respect to the EU climate and energy pack-
age 2050. In various studies, the influence 
of the production on the life cycle energy 
consumption has been investigated and de-
fined with up to 7 % [12]. In this context, 
composites show disadvantages compared 
to metals due to longer manufacturing cycle 
times [13]. Furthermore, the manufacturing 
processes of the aerospace industries, i. e., 
prepreg-autoclave and tape-laying process, 
are costlier in energy resources compared to 
resin transfer molding (RTM) and limited in 

process integration and product quantity 
[14]. RTM instead shows various advan-
tages and is a well-established manufactur-
ing process, which is also compatible with 
fast cure resins by using high pressure 
resin transfer molding (HP-RTM) [15, 16]. In 
this regard, because of higher reactivity, PU 
exhibits great potential for reducing cycle 
time in comparison to EP, which makes it 
suitable for high volume production. In ad-
dition, PU has low viscosities between 50-
200 MPa, which thereby allows fast impreg-
nation of the fibers. Furthermore, the risk of 
local overheating due to cross-linking can 
be reduced by 50 % to comparable epoxy 
systems, due to lower exothermic reaction. 
This makes PU suitable for the production of 
thick laminates (> 5 mm) and has advan-
tages such as high intrinsic toughness, fa-
tigue and damage tolerance [16, 17].

In previous studies [15, 16], various HP-
RTM processes have been developed to manu-
facture GFR-EP structures. As a result, the de-
velopment of a PU compatible HP-RTM pro-
cess for aerospace structures has been taken 
place. In this study, the mechanical properties 
of GFR-PU and GFR-EP were comparatively as-
sessed in terms of quasi-static, dynamic and 
cyclic behavior. In addition, the material prop-
erties were investigated under low and ele-
vated temperature representing service-rele-
vant temperatures from aerospace industry. 
Approaches of hysteresis measurements were 
applied and investigated in multiple step tests 
in order to enable resource-efficient assess-
ment of the fatigue properties.

Materials and 
manufacturing process

Materials. For the material and process in-
vestigations, a two-component polyurethane 
thermosetting system (2K-PU) was chosen 
for HP-RTM process. The 2K-PU can be ac-
celerated by adding catalyst to the polyol 
component to make it even more reactive de-
pending on the size of the desired part. The 
PU includes an internal release agent. The 
multilayer reinforcement was a 16-layers 
quasi-isotropic [45/-45/0/90/45/-45/0/90]s 
glass fiber satin weave setup with a surface 
area weight of 300 g × m-2 and fiber volume 
fraction of 46 vol.-%. The GFR-EP prepreg 
laminate was realized with the same quasi-
isotropic ply orientations and fiber volume 
fraction in a classical autoclave process. The 
fabric is coated with an EP and PU compati-
ble sizing named TF970 from Hexcel. In Ta-
ble 1, the neat resin properties are listed.

Process parameters and equipment. The 
HP-RTM process distinguishes itself from 

Designation Unit Polyurethane Epoxy

Young’s modulus GPa 3.1 3.9

Tensile strength MPa 62.8 47.7

Fracture strain 9.1 × 10-2 1.5 × 10-2

Glass transition temperature °C 130 (DSC) 190 (DMTA)

Table 1: Neat resin  
properties of polyure-

thane and epoxy

Figure 1: Scheme of HP-RTM process

Figure 2: Section cut through HP-RTM tool
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the classical RTM mainly in mixing ma-
chines and higher flow rate. As shown in 
process scheme in Figure 1, a high pres-
sure mixing system (Isotherm PSM90) 
with self-cleaning mixing head (GP600) is 
connected to the project specified designed 
plate tool which is visualized in Figure 2. 
The injection port is located on the lower 
mold in vertical direction. The preform is 
placed in the pre-heated mold (85 °C) and 
compressed to a plate thickness of 4 mm 
(see Figure 2). The applied vacuum of 
0.8 bar increases the impregnation and 
therefore mechanical properties during in-
jection [16]. Two sensors (Kistler type 
6161A) measure and monitor cavity pres-
sure during the process. The PU resin is 
injected within 41 s with an injection rate 
of 7 g × s-1 for accurate part quality. For 
this HP-RTM process, a cavity pressure of 
45 bar was measured and a fiber volume 
fraction of 46 vol.-% was determined.

Quality assessment. Porosity and voids 
in the final laminate decrease quality and 
mechanical properties. Especially, a high 
void content can have a sufficient influence 
on the overall mechanical properties [18, 
19]. GFR-PU and GFR-EP laminates were 
assessed regarding their quality by materi-
alographic investigations using scanning 
electron microscope (SEM) (Tescan Mira 3). 
Therefore, several sections of both materi-
als have been cut out of manufactured 
plates and sputtered with gold. No un-
bonded fiber-matrix areas could have been 
noticed as seen in Figures 3a to 3d. Hence, 
both laminates exhibit great fiber impreg-
nation, whereas GFR-EP indicates higher 
quality due to the autoclave process as 
there are no evident flaws in the matrix 
structure (see Figures 3c and 3d). The 
voids are homogenously distributed in the 
examined PU laminate and are between 
0.2-20 μm in size and show a content of ap-
proximately 2 % (see Figures 3a and 3b). A 
reason for that is volatilization of dissolved 
gas (CO2) in the reactive PU resin [20]. The 
PU resin and mixing system has to be fur-

ther enhanced for quality expectations in 
aerospace industry, i. e void content < 1 %.

Experimental setup

Quasi-static investigations. Quasi-static 
tensile tests were carried out at universal 
testing system (Shimadzu, AG-X Plus, 
Fmax = 100 kN) according to DIN527-4 at a 
displacement rate of 2 mm × min-1 equiva-
lent to a strain rate of 6.7 × 10-4 s-1. Strain 
measurements were performed optically 
(Shimadzu, TRViewX). Acoustic emissions 
were detected by high frequency impulse 
measurements (HFIM) (Qass, Optimizer 4D) 
and displayed in process landscape in order 
to determine the damage propagation and 
separate the damage mechanisms.

The investigations of the interlaminar 
shear strength (ILSS) were executed using 
universal testing system (Instron, 5567, 
Fmax = 30 kN) according to DIN14130-1 at a 
displacement rate of 1 mm × min-1. The 
stop criterion was defined as 4 % drop in 
force. The ILSS strength was calculated for 
each specimen according to Equation (1) 
considering DIN 14130-1.

ILSS = 0.75 × Fmax × A-1 (1)

For the evaluation of the compression 
strength after impact (CAI) with respect to 
ASTM D7136, the manufactured plates 
were first scanned using an ultrasonic de-
vice (Olympus, Omniscan-MX2) to ensure 
an error-free specimen. Afterwards the in-
tact plates were damaged with 30 J impact 
energy, utilizing a drop tower (IWK, in-
house development) under environmental 
conditions of -30 °C, room temperature 
(RT) and +70 °C, respectively. For deter-
mining delamination area, the damaged 
specimens were sized using ultrasonic 
(US). With the aid of a compression testing 
device and a universal testing system 
(Shimdazu, AG-X, Fmax = 250 kN), the spec-
imens were examined at room temperature 
to ascertain the compression strength ac-

cording to ASTM D7136 under a displace-
ment rate of 0.5 mm × min-1.

The investigations of quasi-static me-
chanical properties took place under re-
quired temperatures for aerospace indus-
try. Thus, the tests were executed in cli-
mate chambers at constant temperatures of 
-30 °C, RT and +70 °C.

Cyclic investigations. Instrumented mul-
tiple step tests (MST) as well as constant am-
plitude tests (CAT) were performed using 
servo-hydraulic testing system (Instron, 
8801, Fmax = ± 100 kN) under tension-ten-
sion loading (R = 0.1). A sinusoidal load-time 
function was applied using a frequency of 
7 Hz at room temperature. MST exhibit the 
opportunity of resource-efficient estimation 
of the fatigue properties of various materials 
and has been successfully applied to FRP in 
previous studies [21-22]. As schematically 
displayed in Figure 4, the maximum stress 
amplitude σmax is increased stepwise from 
σmax,start = 60 MPa after each ΔN = 104 cycles 
by Δσmax = 20 MPa until failure and the ma-
terial response was detected. The results of 
MST were validated in CAT, which were fur-
ther used for determining S-N curves.

For the comparative investigation and as-
sessment of the deformation behavior of GFR-
PU and GFR-EP under cyclic loading, strain 
measurements were performed using a me-
chanical extensometer (Instron, l0 = 50 mm, 
Δl = ± 5 mm). Approaches of hysteresis meas-
urements were applied and the results were 
correlated with current assumptions of the 

Figure 4: Scheme of multiple step test

Figure 3: Micrographs of 
the longitudinal sections 
of GFR-polyurethane and 
GFR-epoxy [21]
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damage propagation in FRP [6]. Therefore, the 
hysteresis was used as reference for determin-
ing the stiffness degradation and loss energy 
(Wl). Stiffness was determined by measuring 
dynamic Young’s modulus (Edyn), which is cal-
culated according to Equation (2) and can be 
approximately described by the gradient of a 
linear slope between the reversal points of the 
hysteresis (see Figure 5a).

Edyn = (σmax – σmin) × (εmax – εmin)-1 (2)

Loss energy is defined as the area of the 
enclosed hysteresis loop (see Figure 5b) 
and represents the dissipated energy per 
unit volume during a load cycle [9]. Fur-
thermore, temperature was measured us-
ing thermocouples at three positions on the 
specimen surface as well as a reference 

temperature representing room tempera-
ture. The change in temperature was calcu-
lated by the maximum difference of surface 
to reference temperature. The experimen-
tal setup is shown in Figure 6.

In Figure 7, the specimen geometry for ten-
sile and cyclic tests is displayed. The dimen-
sions are defined with regard to specimen 
type 1B out of DIN527-4 with a total length of 
180 mm due to clamping dimensions.

Results

Quasi-static investigations. In Figures 8a 
and 8b, stress-strain curves of tensile tests 
for both materials are displayed. The curve 
for GFR-PU exhibits a nearly linear slope un-
til fracture, whereas GFR-EP shows a pro-
nounced bend at approximately 0.7 × 10-2 

total strain. Furthermore, GFR-PU exhibits 
lower stiffness and higher fracture strain 
compared to GFR-EP, which corresponds to 
the neat resin properties of polyurethane 
and epoxy (see Table 1). Figure 8c exem-
plarily shows the results of HFIM. HFIM is 
based on acoustic emissions, which repre-
sent the transient energy spontaneously 
released by damage occurring, e. g., delami-
nation or fiber fracture [23]. The detected 
acoustic emissions are displayed in a pro-
cess landscape after fast fourier transfor-
mation (FFT). The energy amplitude (z-axis) 
is plotted time discrete (x-axis) as a func-
tion of frequency (y-axis). In addition, each 
damage mechanism leads to unique charac-
teristics, which can be separated by energy 
amplitude and frequency spectrum [23]. 
However, it can be seen that tensile loading 
on GFR-PU does not result in relevant 
acoustic emissions until fracture (see Fig-
ure 8c), which represents a high layer qual-
ity and great fiber-matrix interface. In con-
trast, tensile loading on GFR-EP causes 
various acoustic emissions. The detected 
signals in Figure 8c1 show a frequency 
spectrum up to 200 kHz, which indicates 
matrix cracking [23]. Instead, after matrix 
crack growth, in Figure 8c2, delamination 
and fiber-matrix debonding occur, repre-
sented by frequency spectrums between 
200 and 350 kHz [23], followed by fiber 
fracture (see Figure 8c3). This stepwise in-
crease of internal damage state in GFR-EP 
can be a reason for the stiffness degrada-

Figure 8: Tensile tests, a), b) nominal stress vs. total strain diagrams,  
c) acoustic emissions at state 1-3 for GFR-polyurethane and GFR-epoxy

Figure 6: Experimental setup for cyclic tests 
showing systems for strain, temperature and 
acoustic emission measurements

Figure 7: Specimen geometry and dimensions 
(mm) for tensile and cyclic tests

Figure 5: Scheme of hysteresis loop including representations of a) dynamic Young’s modulus Edyn,  
b) loss energy Wl
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tion in tensile tests after approximately 
0.7 × 10-2 total strain. The numerical results 
for tensile strength and fracture strain at 
service-relevant temperatures are summa-
rized in Table 2. No significant difference 
in tensile strength can be detected, which is 
due to the similar layer setup and glass fib-
ers, since tensile tests are fiber dominated, 
as the results are basically depended on 
fiber tensile strength rather than on matrix 
properties [24]. In addition, this explains 
the nearly constant mechanical properties 
of GFR-PU at different temperatures, where 
they would be expected to become worse 
with increasing temperature, due to low 
glass transition temperature.

Figure 9a exemplarily shows the mechan-
ical performance of ILSS tests of GFR-PU 
and GFR-EP depicted as a function of force 
against displacement. Based on neat resin 
properties in Table 1, GFR-EP has a lower 
fracture strain that is proven by the rapid 
decrease of the applied force in Figure 9a. 
The very good toughness properties of GFR-
PU are thus visible in the deformation be-
havior in Figure 9a. The ILSS properties for 
both matrix materials against temperature 
are reproduced in Figure 9b. At a lower tem-
perature, GFR-PU shows comparable results 
to GFR-EP, whereas increasing temperature 
leads to loss of interlaminar shear strength. 
Hamidi et al. [25] have referred to several 
papers that describe a significant loss of 
strength due to void content and manufac-
turing process especially in bending and in-
terlaminar shear strength [18, 19]. This the-
sis could be one reason for lower stiffness 
and strength of polyurethane laminates. 
Furthermore, the significant decrease of 
strength at elevated temperatures of GFR-
PU can be attributed to lower glass transi-
tion temperature of polyurethane compared 
to epoxy (see Table 1). 

The compression after impact (CAI) re-
sults are depicted in Figures 10 and 11. 
Figure 10a exhibits CAI strength of GFR-
PU and GFR-EP as well as delamination 
area. The initial strength of nondamaged 
GFR-EP is higher than for GFR-PU lami-
nates. A void content of approximately 2 % 
concerning Figure 3 can be one principle 
for the lower compression strength. 

Suárez et al. have described in their pro-
ceeding, with a void content of 2 %, the com-
pression strength is reduced by 20 %, with 
more than 5 % void content, the strength 
properties became mostly constant and 
were not lower than 50 % of the initial 
strength [20]. Taking into account these re-
sults, the initial compression strength of 
GFR-PU and GFR-EP are almost identical. 

Figure 10: Compression strength after impact tests, a) compression strength for intact and damaged 
specimens, b) delamination areas after impact for GFR-polyurethane and GFR-epoxy

Figure 9: Interlaminar shear strength tests, a) force vs. displacement diagram,  
b) interlaminar shear strength for GFR-polyurethane and GFR-epoxy

Figure 11: Compression strength after impact tests, a) compression strength after impact in  
dependence of temperature, b) twisted GFR-epoxy plate (above) and solid GFR-polyurethane plate  
(below) after impact

Designation Unit Tempera-
ture (°C)

GFR- 
polyurethane GFR-epoxy

Tensile 
strength MPa

-30 389.3 406.7

RT 346.3 333.6

+70 313.2 297.4

Fracture 
strain

-30 – –

RT 2.67 × 10-2 2.49 × 10-2

+70 2.46 × 10-2 2.22 × 10-2

Table 2: Results of  
tensile tests for  
GFR-polyurethane  
and GFR-epoxy
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For damaged plates due to its brittle behav-
ior, EP leads to a 36 % higher delamination 
area (see Figure 10b), which results in 
higher decrease of CAI strength for EP (see 
Figure 10a) and represents the damage tol-
erance of PU. In Figure 11a, the CAI 

strength against delamination area under 
various impact temperatures can be seen 
and was tested at room temperature. The 
delamination area for PU increases with 
lower and higher impact temperature due 
to its brittle behavior or rather its lower 

glass transition temperature (see Table 1). 
In Figure 11a, there is no significant degra-
dation of CAI strength visible with rising 
delamination area. In all cases the delami-
nation area of polyurethane is lower than 
for epoxy. In addition, epoxy has shown 
worse energy absorption behavior after im-
pact due to twisted bearing, which is shown 
in Figure 11b. With the aid of this compre-
hensive investigation, the toughness of PU 
laminates is obvious.

Cyclic investigations. Figure 12 exem-
plarily presents a result of a multiple step 
test for GFR-PU. The curve σmax shows the 
stepwise increase of maximum stress until 
failure at 180 MPa. The measurands in 
terms of dynamic Young’s modulus Edyn, 
loss energy Wl and change in temperature 
ΔT are plotted as function of number of cy-
cles N and maximum stress σmax. The dy-
namic Young’s modulus shows a slow lin-
ear decrease until 100 MPa, followed by a 
further drop and a quasi-linear decrease 
until fracture. In addition, it can be seen 
that within one step, e. g., at σmax = 140 MPa, 
stiffness decreases rapidly at step begin-
ning and slowly until step end, which cor-
responds to the behavior of stiffness degra-
dation in composites under constant cyclic 
loading [6]. Loss energy Wl increases step-
wise depending on maximum stress devel-
opment. However, the stepwise increase 
shows a disproportionately behavior, in-
creasing with each step, which can be at-
tributed to a proceeding damage evolution 
until failure. Within one step, loss energy 
stays nearly constant until 160 MPa maxi-
mum stress, which leads to a rapid in-
crease of Wl until failure. In addition, loss 
energy corresponds qualitatively to tem-
perature increase, which firstly shows a 
significant increase at 100 to 120 MPa, 
since a change in loss energy has a direct 
influence on the temperature develop-
ment, which is due to crack growth and 
internal friction at crack surfaces [26]. The 
oscillating development in change of tem-
perature, as seen in each cyclic test (see 
Figures 12 to 15), is due to a new approach 
of stiffness measurement in included ten-
sile tests, which does not influence the me-
chanical behavior [27], but leads to cooling 
of the specimens. This approach will be 
explained and investigated in detail in fur-
ther publications. 

Comparing the results with a multiple 
step test for GFR-EP (see Figure 13), it is 
obvious that EP leads to higher maximum 
stress at failure. Stiffness degradation 
leads to quantitatively similar residual 
stiffness (about 67 %) compared to GFR-

Figure 12: Multiple step test for GFR-polyurethane

Figure 13: Multiple step test for GFR-epoxy

Figure 14: Constant amplitude test for GFR-polyurethane
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PU, whereas the drop in decrease seems to 
begin later, i. e., at 120-140 MPa. Compa-
rable results can be found for the increase 
in loss energy and change in temperature, 
which result in similar absolute values 
(approximately 0.35 J at failure for Wl; 35 
K for ΔT), but show a difference in develop-
ment. The increase of loss energy occurs at 
200 MPa, two steps later than for GFR-PU, 
but again in the penultimate step. The pro-
cess of change in temperature has also a 
difference of two steps, representing an 
increase of 5 K at 100 MPa (GFR-PU) and 
at 140 MPa (GFR-EP), respectively. It can 
be summarized that the qualitatively be-
havior of GFR-PU and GFR-EP is quite sim-
ilar in terms of development of stiffness, 
loss energy and change in temperature in 
multiple step tests, whereas the significant 
decrease/increase of the measurands for 
GFR-EP starts about 1-2 steps later than 
for GFR-PU, which leads to advanced fa-
tigue properties.

The results of the multiple step tests 
have been validated in constant amplitude 
tests (CAT) at 140 MPa maximum stress 
with similar measurement setup. In Fig-
ure 14, CAT for GFR-PU is depicted. At the 
beginning, each parameter investigated 
shows a rapid decrease or increase in its 
value, which is due to matrix cracking [6, 
26]. In the further course stiffness degrada-
tion as well as loss energy and change in 
temperature represent a slow decrease/in-
crease until approximately 0.8 × 105 cycles. 
Furthermore, loss energy and change in 
temperature show a decrease after reaching 
its first maximum at test beginning until 
0.1 × 105 cycles. This phenomenon can be 
explained by the change of matrix crack 
surfaces, which become smoothen due to 
friction and therefore lead to less loss en-
ergy and change in temperature. In the last 
quarter of life time, a higher amount of de-
crease/increase can be detected for each 
measurand, which can be attributed to de-
lamination and fiber breaking until fracture 
[6, 26]. Especially loss energy and change 
in temperature correspond strictly as al-
ready seen before in the MST. However, 
change in temperature exhibits quantita-
tively higher development in its value than 
loss energy in the last quarter. 

The results of CAT for GFR-EP are dis-
played in Figure 15. Comparing to Fig-
ure 14, it can be recognized that both mate-
rials show qualitatively similar behavior, 
represented by complementary develop-
ment of measurands. This indicates identi-
cal damage mechanisms and damage pro-
cesses for GFR-PU and GFR-EP. However, 

especially loss energy and change in tem-
perature of GFR-EP show quantitive differ-
ences compared to GFR-PU. Values of both 
measurands are reduced about 50 % (at test 
beginning) compared to results in Fig-
ure 14. The reason for this difference may 
be found in the difference of void content. 
As described by Judd and Wright [18] and 
Goodwin et al. [19], void content has a sig-
nificant influence on the quasi-static me-
chanical properties. Although this relation-
ship has not been investigated in detail in 
cyclic tests yet, the significant influence of 
void content on fatigue properties can be 
assumed. Under these conditions, the 
higher void content in GFR-PU seems to 
lead to more matrix cracking at test begin-
ning. It can be assumed that matrix cracks 
may grow immediately due to pores under 
cyclic loading. This results in higher loss 
energy and change in temperature and 
leads to an acceleration of damage develop-
ment, represented by ten times smaller 
number of cycles to failure for GFR-PU 
(1.1 × 105). The advantages of GFR-EP in 

terms of fatigue properties can also be seen 
in Figure 16. The S-N curve of GFR-EP 
shows an increase of number of cycles to 
failure for each stress level.

Conclusions and outlook

A high-pressure (HP-)RTM process has been 
developed for manufacturing newly continu-
ous glass fiber-reinforced polyurethane 
(GFR-PU). The mechanical properties and 
the deformation behavior have been charac-
terized in terms of tensile strength, inter-
laminar shear strength (ILSS), compression 
strength after impact (CAI) and fatigue 
strength, and compared to existing glass 
fiber-reinforced epoxy (GFR-EP) with similar 
layer setup. In addition, quasi-static investi-
gations have been combined with low and 
elevated temperatures known from the aero-
space industry in order to assess tempera-
ture dependency of the mechanical proper-
ties. Following findings can be concluded:

Manufacturing process. The developed 
HP-RTM process shows high potential for 

Figure 15: Constant amplitude test for GFR-epoxy

Figure 16: S-N curve for 
GFR-polyurethane  
and GFR-epoxy
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energy efficient manufacturing of GFR-PU 
compared to the state of the art prepreg au-
toclave process, which is commonly used 
in aerospace industry. The very low viscos-
ity of PU guaranteed very good fiber wet-
ting and fiber-matrix bonding due to high 
pressure injection.

Quasi-static investigations. GFR-PU shows 
high potential for the use in impact-resist-
ant applications due to similar tensile 
strength and smaller delamination area 
compared to GFR-EP. Interlaminar shear 
strength gets degraded, especially under 
elevated temperature, compared to GFR-
EP, which is caused by voids and lower 
glass transition temperature of GFR-PU.

Cyclic investigations. GFR-PU exhibits 
worse mechanical fatigue properties, 
which can be attributed to void content. 
Multiple step test was proven to be suitable 
for estimating the fatigue behavior by com-
bining measurement techniques. The as-
sessment of fatigue performance capability 
in constant amplitude tests can by realized 
by determining loss energy and change in 
temperature rather than stiffness degrada-
tion, as they show quantitative differences 
between GFR-PU and GFR-EP.

In further studies, the manufacturing 
process will be improved in order to re-
duce void content by implementing 
binder, forcing optimized mechanical 
properties for GFR-PU. However, poor me-
chanical properties under elevated tem-
peratures have to be improved by chemi-
cal optimizations aiming an increase in 
glass transition temperature. In cyclic 
tests, the influence of pores has not been 
sufficiently investigated yet. In further 
studies, in intermitting testing proce-
dures, the influence of pores on the dam-
age propagation, i. e., matrix cracking and 
delamination, shall be analyzed. Further-
more, compression tests as well as cyclic 
tests under compression-compression and 
tensile-compression loading are going to 
be carried out in order to apply matrix 
dominated bearing, forcing an advanced 
possibility of assessing the properties of 
polyurethane compared to epoxy.
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Abstract

Vergleichende Charakterisierung des quasistatischen und zyklischen Ver-
formungsverhaltens von glasfaserverstärktem Polyurethan und Epoxid-
harz. Glasfaserverstärkte Kunststoffe (GFK) eignen sich besonders, um die 
gegenwärtigen Ziele in der Transportindustrie hinsichtlich Energie- und Res-
sourceneffizienz zu erreichen. In diesem Zusammenhang werden glasfaserver-
stärkte Epoxidharzsysteme aufgrund ihrer hohen spezifischen Festigkeit be-
reits in einer Vielzahl von Anwendungen eingesetzt. Epoxidharzsysteme (EP) 
weisen im Bereich Energieeffizienz und Schadenstoleranz jedoch schlechtere 
Eigenschaften als Polyurethan (PU) auf, weshalb PU derzeit in den Fokus wis-
senschaftlicher und industrieller Untersuchungen rückt. Das Ziel dieser Arbeit 
ist die vergleichende Charakterisierung des quasistatischen und zyklischen 
Verformungsverhaltens von glasfaserverstärktem Polyurethan und Epoxid-
harz mit identischem Lagenaufbau sowie Fasermaterial. Die mechanischen Ei-
genschaften wurden in instrumentierten Zugversuchen, sowie anhand der in-
terlaminaren Scherfestigkeit und Druckfestigkeit nach Stoßbelastung be-
stimmt. Um die temperaturspezifischen Eigenschaften gegenüberzustellen, 
sind die Untersuchungen bei verschiedenen Umgebungsbedingungen (-30 °C, 
RT, +70 °C) durchgeführt worden. Die zyklischen Untersuchungen dienten der 
Bestimmung der Ermüdungseigenschaften, die in ressourceneffizienten Mehr-
stufenversuchen abgeschätzt und in Einstufenversuchen validiert wurden. 
Hysteresis- und Temperaturmessungen wurden angewandt, um den Schädi-
gungsverlauf zu detektieren. Anhand einer um 27 % reduzierten Delaminati-
onsfläche in Schlagzähigkeits-Versuchen (Impact) konnte gezeigt werden, dass 
Polyurethan über eine erhöhte Schadenstoleranz verfügt, während Epoxidharz 
optimierte Eigenschaften bei erhöhter Temperatur aufweist. Zusätzlich konnte 
ermittelt werden, dass sich Epoxidharz gegenüber Polyurethan durch eine sig-
nifikant verbesserte Ermüdungsfestigkeit auszeichnet, was durch Fehlstellen 
in der Polyurethanmatrix begründet werden konnte.



© Carl Hanser Verlag, München. Der Nachdruck, auch auszugsweise, ist nicht gestattet und muss beim Verlag schriftlich genehmigt werden.

MECHANICAL TESTING/FATIGUE TESTING 117

59 (2017) 2

Technology and Plastics Processing (IWK). There, 
he is responsible for leading projects in the group 
for composite materials and lightweight structures 
in different research projects for aerospace, auto-
motive and mechanical industries. His work in-
cludes process development, design and develop-
ment of tools and prototype machines as well as 
numerical analysis of composite structures.
 Gion A. Barandun, born in 1974, studied Me-
chanical Engineering at ETH Zurich, Switzerland, 
with a focus on composite materials and design 
methods. In his PhD thesis carried out at the 
Center of Structure Technologies at ETH, he  
developed and verified numerical simulation 
methods for resin transfer processes, which were 
coupled with evolutionary algorithms to enhance 
processes and component quality. In 2007, he 
joined the Institute for Materials Technology and 
Plastics processing, where he was elected Profes-
sor for Composite Technologies and Lightweight 
Design in 2016. He is responsible for several  
lectures in this field as well as the cooperation 
with industry partners in multiple public or  
directly financed projects. 
 Prof. Dr.-Ing. Michael Niedermeier, born in 
1962, studied Mechanical Engineering at TU 
Munich, Germany, from 1983 to 1988. Then, he 
was working as a scientific assistant at IKB at 
ETH Zurich, Switzerland. The topic of his PhD 
thesis was the investigation and characterization 
of the diaphragm forming of advanced thermo-
plastic composites. From 1995 to 1997, he was 
employed as R&D engineer in the field of new 
technologies/composites at Schindler Waggon 
AG, Altenrhein, Switzerland. Subsequently, he 
headed the Department Joining and Forming 
with the additional function of program manager 
for lightweight structures at Alusuisse (later  
ALCAN) in Neuhausen, Switzerland, until 2003. 
Since 2003, he is Professor for lightweight de-
sign and composite materials at UAS Ravens-
burg-Weingarten, Germany, Faculty of Mechani-
cal Engineering, and is also Head of the materi-
als testing lab.
 Prof. Dr.-Ing. habil. Frank Walther, born in 
1970, studied Mechanical Engineering majoring 
in Materials Science and Engineering at TU Kai-
serslautern University, Germany, from 1992 to 
1997. There, he finished his PhD on the fatigue  
assessment of highly-loaded railway ICE wheel 
steels at the Chair of Materials Science and Engi-
neering (WKK) in 2002. From 2002 to 2008, he 
headed the research group “Fatigue Behavior” at 
WKK and finished his postdoctoral qualification 
(habilitation) in Materials Science and Engineer-
ing in 2007. Afterwards, he joined Schaeffler AG 
in Herzogenaurach, Germany, and took responsi-
bility for Public Private Partnership within Cor-
porate Development. Since 2010, he has been 
Professor for Materials Test Engineering (WPT) 
at TU Dortmund University, Germany. His re-
search portfolio includes determination of  
structure-property relationships of metal- and 
polymer-based construction materials and com-
ponents, taking the influence of manufacturing 
and joining processes as well as service loading 
and corrosion deterioration into account. He 
published more than 150 reviewed papers and 
conference proceedings and maintains close sci-
entific contact with institutions and industries 
in materials science and engineering field 
worldwide.

23  A. R. Oskouei, H. Heidary, M. Ahmadi,  
M. Farajpur: Unsupervised acoustic emission 
data clustering for the analysis of damage 
mechanisms in glass/polyester composites, 
Materials and Design 37 (2012), pp. 416-422 
DOI:10.1016/j.matdes.2012.01.018

24  Z. Zhai, C. Gröschel, D. Drummer: Tensile  
behavior of quasi-unidirectional glass fiber/
polypropylene composites at room and  
elevated temperatures, Polymer Testing 54 
(2016), pp. 126-133 
DOI:0.1016/j.polymertesting.2016.07.003

25  Y. K. Hamidi, L. Aktas, M. C. Altan: Three-dimen-
sional features of void morphology in resin 
transfer molded composites, Composites Sci-
ence and Technology 65 (2005), pp. 1306-1320 
DOI:10.1016/j.compscitech.2005.01.001

26  F. Orth, G. W. Ehrenstein: Werkstoffauswahl 
bei dynamischer Belastung, Kunststoffe 79 
(1989), pp. 727-731 

27  J. Brunbauer, F. Arbeiter, S. Stelzer, G. Pinter: 
Stiffness based fatigue characterization of 
CFRP, Advanced Materials Research 891-892 
(2015), pp. 166-171 
DOI:10.4028/www.scientific.net/ 
AMR.891-892.166

Bibliography

DOI 10.3139/120.110972
Materials Testing
59 (2017) 2, pages 109-117
© Carl Hanser Verlag GmbH & Co. KG
ISSN 0025-5300

The authors of this contribution

Daniel Huelsbusch, born in 1986, studied Mechan-
ical Engineering with an emphasis on technical 
management and materials science at TU Dort-
mund University, Germany, where he received his 
diploma degree in 2013 after focusing on fiber-re-
inforced polymers at the BMW group. Since then 
he has been working as a scientific assistant and 
group leader “Composites” in the Department of 
Materials Test Engineering (WPT) of TU Dortmund 
University, and has been appointed General Sen-
ior Engineer in 2015. His research is mainly fo-
cused on the fatigue properties of fiber-reinforced 
polymers, including the determination of deforma-
tion behavior, e. g., hysteresis measurements, and 
approaches of life time prediction.
 Michael Jamrozy, born in 1992, studied Me-
chanical Engineering at TU Dortmund University, 
Germany with focus on materials science. Since 
2014, he has been working as a student assistant 
in the Department of Materials Test Engineering 
(WPT) of TU Dortmund University in the field of 
fiber-reinforced polymers.
 Gerrit Frieling, born in 1983, studied Physics 
at RWTH Aachen, Germany. Since 2011, he has 
been working as a scientific assistant in the De-
partment of Materials Test Engineering (WPT) of 
TU Dortmund University, Germany, in the field of 
nondestructive testing.
 Yves Mueller, born in 1988, skilled Design En-
gineer since 2008, studied Mechanical Engineer-
ing at University of Applied Sciences Rapperswil, 
Switzerland, with a focus on design and system 
engineering and he received his bachelor degree 
in 2012. Since then, he has been working as a  
scientific assistant at the Institute for Materials 

alloy used in aerospace structures, Materials 
and Design 108 (2016), pp. 699-706 
DOI:10.1016/j.matdes.2016.07.018

11  N. M. Chowdhury, W. K. Chiu, J. Wang, P. Chang: 
Experimental and finite element studies of 
bolted, bonded and hybrid lap joints of thick car-
bon fibre/epoxy panels used in aircraft struc-
tures, Composites: Part B 100 (2016), pp. 68-77 
DOI:10.1016/j.compositesb.2016.06.06

12  J. W. McAuley: Global sustainability and key 
needs in future automotive design, Environ-
mental Science and Technology 37 (2003), 
pp. 5414-5416 
DOI:10.1021/es030521x

13  American Chemistry Council: Plastics and  
Polymer Composites Technology Roadmap for 
Automotive Markets, American Chemistry 
Council, Washington DC, USA (2014)

14  T. Centea, L. K. Grunenfelder, S. R. Nutt: A review 
of out-of-autoclave prepregs – Material properties, 
process phenomena, and manufacturing consider-
ations, Composites: Part A 70 (2015), pp. 132-154 
DOI:10.1016/j.compositesa.2014.09.029

15  M. Bodaghi, C. Cristiovao, R. Gomes,  
N. C. Correia: Experimental characterization of 
voids in high fibre volume fraction composites 
processed by high injection pressure RTM, 
Composites: Part A 82 (2016), pp. 88-99 
DOI:10.1016/j.compositesa.2015.11.042

16  R. Chaudhari, P. Rosenberg, M. Karcher,  
S. Schmidhuber, P. Elsner, F. Henning: High-
pressure RTM process variants for manufactur-
ing of carbon fiber reinforced composites, Proc. 
19th International Conference on Composite 
Materials ICCM19, Montreal (2013), pp. 1-9 

17  F. Gnädinger, P. Middendorf, B. Fox: Interfacial 
shear strength studies of experimental carbon 
fibres, novel thermosetting polyurethane and 
epoxy matrices and bespoke sizing agents, 
Composites Science and Technology 133 
(2016), pp. 104-110 
DOI:10.1016/j.compscitech.2016.07.029

18  N. C. W. Judd, W. W. Wright: Voids and their ef-
fects on the mechanical properties of composites – 
An appraisal, Sampe Journal 14 (1978), pp. 10-14 

19  A. A. Goodwin, C. A. Howe, R. J. Paton: The role 
of voids in reducing the interlaminar shear 
strength in RTM laminates, M. L. Scott (Ed.): 
Proc. of the 11th International Conference on 
Composite Materials ICCM-11, Vol. 4, Austral-
ian Composite Structures Society, Melbourne 
(1997), pp. 11-19 

20  J. C. Suárez, F. Molleda, A. Güemes: Void con-
tent in carbon fibre/epoxy resin composites 
and its effects on compressive properties,  
A. Miravete (Ed.): Composites properties and 
applications, Proc. of the 9th International  
Conference on Composite Materials ICCM-9, 
Woodhead Publishing, UK (1993), pp. 589-597

21  D. Huelsbusch, Y. Mueller, G.-A. Barandun,  
M. Niedermeier, F. Walther: Mechanical prop-
erties of GFR-polyurethane and -epoxy for im-
pact-resistant applications under service-rele-
vant temperatures, Proc. of the 17th European 
Conference on Composite Materials ECCM-17, 
European Society for Composite Materials 
(ESCM), Munich (2016), pp. 1-8

22  F. Walther: Microstructure-oriented fatigue as-
sessment of construction materials and joints 
using short-time load increase procedure, Ma-
terials Testing 56 (2014), No. 7-8, pp. 519-527 
DOI:10.3139/120.110592




