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conventional CT and in situ CT. While con-
ventional CT records the unloaded state of a 
material, in situ CT offers the possibility of 
recording material information under load.

Conventional CT has been used in a vari-
ety of methods to determine the properties 
of FRP damage development. For GFRP, 
constant amplitude tests (CAT) were per-
formed, using CT scans between the test 
sections [5, 6] and specimen failure [7] to 
determine progressive fatigue damage. An-
other method for characterizing damage 
progress is presented in [8] in terms of 
glass fiber-reinforced epoxy (GFR-EP). Sev-
eral specimens (one for each load step) 
were used to obtain an overview of the in-
cremental damage development. Further 
CT studies investigate the influence of 

are essential for various applications, e. g. 
the nose cone of turbines. To obtain informa-
tion on damage in the internal volume, con-
ventional mechanical testing methods re-
quire support from advanced techniques. In-
vestigating the volume of the material, i. e. by 
X-ray computed tomography (CT), comple-
ments the external perspective and expands 
the possibilities for studying changes in the 
mesostructures of both matrix and fibers.

The potential for portraying detailed in-
ner structures of FRP via high-resolution 
CT and its advantages is shown by various 
studies [2-4]. Although CT requires station-
ary objects for imaging, it is possible to in-
vestigate material behavior and damage 
progress as a function of an applied load. In 
this instance, two techniques are available: 

Fiber-reinforced polymers (FRP) are ideal for 
use in the transportation industry due to 
their high specific strength and adjustable 
multi-component structure. The successful 
integration of composites has been making 
great strides in the aerospace industry and is 
currently exemplified by a 53 % share of FRP 
in the Airbus A 350 XWB. In such applica-
tions, cyclic loading has to be taken into ac-
count during design. There are investiga-
tions on the damage development of glass 
fiber-reinforced polymers (GFRP) under con-
stant cyclic loading [1], whereas by contrast 
fatigue and damage behavior still has to be 
investigated under variable cyclic loading. 
Polyurethane (PU) offers advantages in 
terms of impact strength, damage tolerance, 
and abrasion compared to epoxy (EP), which 

Fiber-reinforced polymers show a continuous material degradation  
under cyclic loading, which is why damage development has to be  
investigated for an exact assessment of fatigue properties. In order to 
obtain information on damage in the internal volume, conventional  
mechanical test methods require accompanying support by further de-
veloped techniques. In this study, a methodology for in situ computed 
tomography has been developed and applied to glass fiber-reinforced 
polyurethane. Polyurethane has advantages over epoxy in terms of im-
pact strength, damage tolerance and abrasion, which are important for 
various applications. Fatigue properties, on the other hand, are largely 
unknown. Optimized imaging parameters for computed tomography 
have been established in order to obtain detailed 3D volume images 
suitable for analysis. The 3D volumes of the damage state were recorded 
according to defined fatigue load steps and used to evaluate and corre-
late the damage development with the mechanical properties. The  
results confirm known damage characteristics of fiber-reinforced  
composites but also show material and structure-related differences in 
crack formation and propagation.
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pores in FRP with respect to their signifi-
cance for mechanical behavior, which rep-
resents the possibility of uncovering the 
relationship between microstructure and 
damage development [9, 10].

In situ CT is used in contrast to conven-
tional CT to investigate material behavior 
more extensively. In this respect, carbon 
fiber-reinforced polymers (CFRP) were 
tested under quasi-static tensile/compres-
sive loading and the mesostructure was 
scanned with in situ CT at different load 
levels [11, 12]. Studies on FRP via in situ 
CT show promising potentials, since they 
lead to significant improvements in the re-
liability of results by minimizing crack clo-
sure effects, which occur due to elastic ma-
terial behavior. In the case of CFRP, CT 
images taken of a quasi-statically loaded 
specimen show a delamination area in-
creased by more than 200 % and 30 % to 
100 % more cracks than the same specimen 
scanned via conventional CT [13]. In this 
way, crack initialization and propagation 
can be successfully monitored. Likewise 
with respect to fatigue testing, the unique 
damage pattern of CFRP is detectable in 
situ, leading to possibilities for comparing 
the influences of different load levels as ac-
curately as currently possible [14].

The aim of this study is to develop a meth-
odology for the in situ CT of FRP to analyze 
fatigue properties, including the determina-
tion of acquisition parameters and testing 
strategies which allow an analysis of the 
damage characteristics and thus a qualita-
tive and quantitative evaluation of contin-
ued damage development. The methodology 
is applied and validated on GFR-PU. The 
damage development of GFR-PU has been 
assessed in previous investigations by con-
ventional techniques [15]. The results of the 
latter study serve as a basis for the damage 
development investigations in this study.

Mechanical testing procedures

Material and specimen geometry. The 
GFR-PU investigated in this study is based 
on a quasi-isotropic layer setup: [45F/ 
-45F/0F/90F]2S. The fiber material is Hex-

Force 07781 1270 TF970 (E-glass, continuous 
fibers, 6 μm diameter, 8H satin fabric). The 
fiber fraction is 46 vol.-%. A newly developed 
polyurethane thermosetting resin forms the 
matrix system. The GFR-PU is produced by 
high-pressure resin transfer molding (HP-
RTM) at the Institute for Material Technolo-
gies and Plastic Processing (IWK, Rapperswil, 
Switzerland) and subsequently tempered (7 h 
at 120 °C). The specimens were cut by water 
jet cutting. Further details on the manufactur-
ing process can be found in [15]. The investi-
gations were carried out with a specimen ge-
ometry corresponding to the in situ CT test-
ing stage given (see Figure 1).

The initial conditions of the specimen 
were determined by CT (see Figure 2) and 
scanning electron microscopy (SEM) (see 
Figure 3). Air inclusions were found in the 
form of pores. Via CT, pores could only be 
detected in a circular form in the following 
characteristic areas, whereby it should be 
noted that the injection during the HP-RTM 
process took place perpendicularly to the 
longer side of the specimens:
• crossing regions of 45°/-45° and 0°/90° 

fiber bundles
• between parallel fiber bundles in 45°/ 

-45° directions
• between the parallel fiber bundles per-

pendicular to the direction of injection, 
at the center of the laminate

While pore distribution tends to increase at 
crossing fiber bundles in the direction of in-
jection (as described in [9]), only small pro-
portions can be found in matrix-rich areas 
between the 0° and 90° layers. Accordingly, 
fiber bundles running perpendicular to the 
injection direction do not seem to lead to high 
pore proportions in the matrix. The CT-detect-
able pore content of the initial state of the 
specimen is less than 0.01 vol.-% for a voxel 
size of 7 μm, and the detected pores mostly 
display a diameter of about 50 μm. The pore 
content determined by SEM is significantly 
higher (2.09 vol.-%), since the majority of 
pores have a diameter of less than 1 μm and 
therefore were not detected by CT. The pores 
with a diameter of less than 1 μm can be cre-
ated by the volatilization of dissolved gas in 
the reactive PU resin during production.

Test setup and strategy. The investigations 
were carried out stress-controlled using a 
servo-hydraulic testing system (Shimadzu 
EHF-UV100, Fmax = ±100 kN) with a sinusoi-
dal load time function under tension-tension 
loading (R = 0.1) in a climate chamber at 
23 °C. Due to the CT specimen geometry, a 
special adapter was used (see Figure 4). With 
the adapter, the specimen is mechanically 
clamped by combining friction and pinning.

Figure 4: Mechanical test 
setup, a) climate chamber, 

b) mounted custom CT 
specimen clamping 

adapter with thermocou-
ples and extensometer

Figure 1: CT specimen dimensions (mm)

Figure 2 : 3D CT visualization of the pore content 
in the initial state of GFR-PU: front view (left) 
and side view (right)

Figure 3 : 2D SEM visualization of the pore  
content in the initial state of GFR-PU
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For the investigation of fatigue behavior, 
multiple amplitude tests (MAT) [16] were 
performed. The stress (σmax,start = 60 MPa) 
was increased stepwise by Δσmax = 20 MPa 
after every ΔN = 1E4 cycles until failure, 
while the frequency was simultaneously 
reduced to keep the induced energy rate 
constant and prevent self-heating. Fre-
quency-dependent temperature increase 
was determined in this way in preliminary 
tests, and stress-related frequencies for the 
MAT so defined, leading to a range of 27 Hz 
(60 MPa) to 1.5 Hz (200 MPa). However, to 
ensure repeatability, the temperature was 
measured on the surface of the specimen, 
and an unloaded reference specimen with 
thermocouples type K, and a change in 
temperature (ΔT) was calculated. The ma-
terial degradation was described by the dy-
namic stiffness (Edyn), measured with a tac-
tile extensometer (Sandner EXA 5-0.5, 
l0 = 5 mm ± 10 %).

In situ computed 
tomography procedures

CT investigations were performed with a 
Nikon XT H 160. The system contains an 

X-ray tube with a maximum voltage of 
160 kV and a maximum power of 60 W and 
allows, with the 10082-pixel detector, voxel 
sizes down to 3 μm.

Acquisition parameters. Acquisition pa-
rameters decisively influence the contrast 
ratios occurring between the irradiated ma-
terials during X-ray transmission and thus 
the image quality and results. Scientific 
studies on GFR-EP show differences in the 
acquisition parameters [2, 5, 8]. Against 
this background, selected acquisition pa-
rameters (tube voltage, current, exposure 
time, number of projections and number of 
superimposed projections) were varied and 
investigated. The results obtained were 
compared using histogram curves and 
cross-sectional images to identify appropri-
ate parameter combinations.

To enable a comparison of the histo-
grams, the gray-value ranges were normal-
ized. Furthermore, the area under each 
curve was qualitatively adjusted with re-
spect to a reference curve. This describes a 
normalization of the gray-values for all his-
tograms as well as a scaling of the number 
of voxels. This step follows from the consid-
eration that the total volumes in the CT im-

ages with the same voxel size and speci-
men geometry must be identical. On this 
basis, the changes in image quality were 
interpreted by changing parameters.

The determination of suitable parame-
ters is supplemented by an insight into the 
CT image quality influenced by creep ef-
fects, since high CT image acquisition 
times can lead to image blur [11]. To deter-
mine adequate start times, CT images were 
therefore generated immediately after ap-
plication of load and after 2 h constant 
loading for a comparison. In this context, 
the creep behavior under static load was 
observed.

In situ damage examination. In situ 
load application was performed using an in 
situ CT testing stage (Deben Uk CT5000, 
Fmax = ±5 kN) (see Figure 5). A glass-like 
carbon tube with a wall thickness of 3 mm 
transmits the force between the lower and 
upper clamping device. X-rays can pass 
through this homogeneously constructed 
tube under a small, uniform damping.

A testing procedure based on the combi-
nation of MAT and in situ CT scans was used 
(see Figure 6). The specimens were succes-
sively tested with a fatigue testing system 
up to the defined steps of the MAT and then 
scanned by in situ CT. To evaluate the stress-
specific damage state, a sequential testing 
procedure was chosen, in which for each 
step of MAT a new specimen was used to 
prevent influences of previous CT scans.

Figure 7 shows the qualitative results of 
damage development determined by an in-
termittent testing procedure (using the 
same specimen for all CT scans) compared 
to a sequential testing procedure. It ap-

Figure 5: Deben CT stage, 
a) with built-in GFR-PU 
specimen, b) integrated 
in the Nikon CT testing 
room

Figure 6: Test strategy: sequential multiple amplitude tests combined with in situ CT imaging

Figure 7: Comparison of damage development 
results with intermittent (one single specimen) 
and sequential (new specimen for each step) 
multiple amplitude test (MAT) procedure
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pears that the intermittent testing proce-
dure leads to accelerated damage develop-
ment and thus to premature specimen fail-
ure. Therefore, the sequential testing 
procedure was chosen for the detailed in-
vestigations of the damage development.

Damage visibility by conventional and 
in situ CT. Polyurethane resin forms a 
more ductile matrix than epoxy resin, and 
the effects on crack-closure phenomena are 
unknown to date. For this reason, a qualita-
tive comparison of the detectable damage 

in GFR-PU was carried out on the basis of 
conventional CT and in situ CT. A contrast 
agent was used to improve the damage vis-
ibility [2, 5, 8] for the subsequent infiltra-
tion of the cracks by capillary action. Com-
position: 30 g zinc iodide, 5 ml distilled 
water, 5 ml isopropyl alcohol and 5 ml 
Kodak Photo-Flo. The specimen was placed 
into the contrast agent for 1 h before the 
load was applied. Cracks not connected to 
the specimen surface are not filled by the 
contrast agent during this procedure and 

are therefore not visible in the CT images. It 
was taken into account that the total dam-
age state can therefore be greater. After the 
application of cyclic load (σmax = 140 MPa, 
N = 1E4), CT images were carried out both 
conventionally and in situ with a stepwise 
increasing static load between 14 and 93 % 
of σmax. Cracks are partly or completely 
closed without load, representing the crack 
closure effect (see Figure 8). With increas-
ing load, the amount of visible damage and 
the extent of cracks detected increase al-
most linearly up to a static load of 86 % of 
σmax

 (see Figure 9). Subsequently, satura-
tion begins, as shown at 93 % of σmax, indi-
cating that the qualitative damage state of 
the specimen is completely represented and 
a further increase of σmax could cause new 
damage through a high static load. There-
fore, 90 % of σmax was selected as a suitable 
static load for the in situ CT investigations.

Procedure of volume analysis regard-
ing damage state. The damage develop-
ment volume analysis was performed using 
in situ acquired 3D CT volumes containing 
the damage states of the specimens. For an 
illustration of the 3D damage volume, the 
specimen material (GFR-PU) is hidden, and 
only the contrast agent is visible (see Fig-
ure 10). Moreover, the contrast agent resi-
dues on the surfaces of the front and back 
are hidden to provide insight into the inte-
rior of the specimen. The front and top view 
of the 3D damage volume are used to ana-
lyze the damage state and distribution with 
the usage of single layer defect analysis for 
all layer orientations, to separate the dam-
age occurring and its locations.

Results and discussion

Multiple amplitude tests. Figure 11 shows 
the characteristic curves (∆T, Edyn) of a 
MAT for mechanical evaluation of the fa-
tigue behavior of GFR-PU. During the first 
two stages at σmax = 60 and 80 MPa, con-

Figure 8: In situ load-dependent crack visibility, crack indication through contrast agent; fibers and 
matrix hidden

Figure 11: Multiple amplitude test (MAT) on GFR-PU at room temperature

Figure 10: CT defect analysis procedure, layer orientation dependent separation of damage

Figure 9: Fraction of detected defects (CT) over 
applied in situ load
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stant curves can be seen after setting an 
initial value, which indicates a mostly dam-
age-free state of the material. In the step 
σmax = 100 MPa, Edyn shows a degradation 
in stiffness, which flattens out during the 
step. Subsequently (σmax = 120 MPa), a 
permanent reduction of Edyn is visible. ∆T 
increases stepwise but constantly stays 
less than 1 K. In the following steps 
(σmax = 140 and 160 MPa), the decrease of 
Edyn and the increase in ∆T accelerate. 
Therefore, critical material damage can be 
assumed in these steps concerning possi-
ble failure of the specimen. The turning 
point, recognizable at N = 5.5E4, repre-
sents the gradient change from decreasing 
to increasing stiffness degradation, point-
ing to a significant increase in damage. As 
a result, the specimen fails directly at the 
beginning of the step σmax = 180 MPa.

Acquisition parameters. Two types of 
parameter variations were investigated: 1) 
variation of tube voltage, current and expo-
sure time and 2) variation in the number of 
projections and number of superimposed 
projections. 
1)  Elevating the X-ray tube current (35 μA, 

53 μA, 71 μA) with a simultaneous re-
duction in exposure time and constant 
tube voltage does not appear to have any 
noticeable influence on the CT histogram 
and the CT sectional image quality. An 
increase in X-ray tube voltage (49, 75, 
100 kV) with a simultaneous decrease in 
exposure time at constant tube current 
shows differences in the noise compo-
nent in the CT sectional image and the 
recognizability of the matrix and fibers. 
Lower tube voltages at higher exposure 
times result in lower image noise, which, 
however, can also be associated with a 
lack of detail recognizability. Also, high 
exposure times increase the duration of 
the CT image acquisition, which has to 
be taken into account because of the in 
situ recording and creep effects.

2)  The investigations regarding the num-
ber of projections (with a constant num-
ber of superimposed projections) lead to 
the following observations: as the num-
ber of projections increases, a reduction 
of image noise and optimization of de-
tail recognizability of the matrix and 
fiber material is noticeable. A reduction 
in the number of projections primarily 
counteracts an accurate separation of 
materials (air, matrix, fibers) through 
gray-value-based surface determina-
tion. Changes in the number of super-
imposed projections show that an in-
crease in the number of projections 

leads to steady improvements both in 
the CT histogram and in the cross-sec-
tion images (see Figure 12). However, 
the number of superimposed projec-
tions indicates a rather early saturation 
behavior. Only slight differences can be 
found in the CT histogram between the 
superimposition of 8 and 32 projec-
tions. The cross-section images show a 
similar result, when comparatively re-
duced image noise and slightly sharper 
contours are taken into consideration at 
32 superimposed projections. The curve 
32 and the associated cross-section im-
age represent the best result of this pa-
rameter analysis both for gray-value-
based analysis and visual image qual-
ity. However, as the numbers of 
projections and superimposed projec-
tions increase, the duration of CT image 
acquisition significantly increases. In 
the case of no superimposed projec-
tions, 37 min are required for a CT im-
age, whereas a 32-fold superposition 
results in a duration of 5 h 27 min.

The following CT acquisition parameters 
were used in this study: tube voltage 
120 kV, tube current 59 μA, exposure time 
354 ms, 1583 projections, 8-fold superimpo-
sition. 8-fold superimposition enormously 
increases image quality, which is why the 

CT image recording time (1 h 42 min) is as-
sessed as a suitable compromise.

During in situ CT examinations under 
load image blur can occur. Creep-induced 
effects on the image quality were examined 
for the CT acquisition parameters (see Fig-
ure 13). To detect possible influences on 
image quality by creep effects, a CT image 
of a specimen was carried out a) without 
load, b) after applying tensile stress of 
160 MPa and c) after 2 h of a static tensile 
stress of 160 MPa. Although clear differ-
ences in strain are visible, nearly no blur 
and consequently no significant differ-
ences between the quality and accuracy of 
the CT images were observed. Figure 14 
shows the creep behavior of the specimen 
in Figure 13 using a stress-displacement 
diagram. After only 10 min, 69 % of the to-
tal creep elongation within 3.75 h has been 
completed. Starting a CT scan at 1) leads to 
an absolute increase in elongation of about 
0.07 mm during CT recording and shows 
no effect on image quality (when compar-
ing Figure 13 a) and b)). Waiting 20 min 
after load application before carrying out 
the first CT scan leads to an increase in 
elongation during the CT scan by 0.014 mm 
(80 % less). At lower stress, lower creep 
strain occurs, so that this result can be 
seen as a reference to the creep strain in 

Figure 13: Influence of 
creep on the CT image 
quality: a) without in situ 
load, b) immediately after 
applying static tensile 
stress of 160 MPa,  
c) 2 h after static tensile 
stress of 160 MPa

Figure 12: Comparison of different numbers of superimposed projections at consistent tube voltage, 
tube current and voxel size
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damage analysis tests up to σmax = 160 MPa. 
Moreover, isochronous stress-strain dia-
grams reveal nearly linear material behav-
ior with almost constant creep progress 
(even at higher loads). In this regard, a 
waiting time of 20 min is used for the dam-
age development investigations to ensure a 
consistent CT image quality. According to 
the results, creep effects can be assessed as 

negligible for the investigations in this 
study concerning CT image quality.

Qualitative damage development. In the 
following, the incremental damage devel-
opment is qualitatively evaluated using 3D 
CT damage volumes and accompanied 
cross-sections of the 0°/90° and 45°/-45° 
fiber bundles. The front and top views of 
the 3D damage volume are displayed for 

each stress level in order to gain an impres-
sion of the damage development and distri-
bution. The contrast agent present at the 
cut edges is displayed and acts as a refer-
ence for the specimen edges. The cross-
sections serve to separate the damage 
mechanisms in detail.

Figure 15 shows the damage state of the 
specimen after each step of the MAT. The 
qualitative damage state already shows 
first cracks in the 90° fiber bundles at the 
beginning of the MAT (see Figure 16). This 
represents the weakest link in the GFR-PU 
composite and confirms that even with a 
fatigue strength of Nf > 2E6 there is no 
damage-free condition as continuous mate-
rial degradation takes place under cyclic 
loading. The cracks multiply and enlarge, 
with cracks also appearing along the 90° 
fiber bundles from step σmax = 80 MPa on-
wards. Even if material reactions are rec-
ognizable in the MAT in Figure 11 and 
damage is visible after σmax = 100 MPa, 
these are not assessed as critical regarding 
fatigue strength considering the small 
changes in characteristic values and the 
flattening out of progressions. This is con-
firmed by the fatigue strength of approx. 
Nf = 2E6 determined in [15] on the GFR-
PU flat specimen for σmax = 100 MPa. Af-
ter step σmax = 120 MPa, the first cracks 
are visible in the 45° fiber bundles as well 
as a significantly increased number of 
cracks in and along the 90° fiber bundles. 
Subsequently, after step σmax = 140 MPa, 
additional cracks appear in and along the 
45° fiber bundles which have significantly 
grown in length. In addition to the propaga-
tion of the 90° cracks, which at this stage 
run partially through the entire specimen 
width, first delaminations can be seen adja-
cent to the specimen surfaces. The last re-
corded step before specimen failure 
(σmax = 160 MPa) shows the most exten-
sive crack growth. At this stage, cracks 
caused by cracks in the 90° fiber bundles 
are visible and penetrate into the matrix 
areas. Delamination growth also increases 
significantly in number and size and oc-
curs only in layers with 90° fiber bundles. 
The top view of the damage shows a gener-
ally evenly distributed damage pattern 
over the specimen thickness for each step.

Quantitative damage development. A 
quantitative analysis of the damaged vol-
ume fraction reveals a more detailed in-
sight into stress-specific crack formation 
and propagation. The quantitative charac-
teristic values for the damage development 
are shown in Figure 17 for the entire layers 
and the individual layer orientations. Up to 

Figure 16: CT acquired cross-sections of damage states of GFR-PU for multiple amplitude test (MAT) steps; 
damage visible through contrast agent; fibers and matrix hidden

Figure 15: CT acquired 3D damage states of GFR-PU for multiple amplitude test (MAT) steps; damage 
visible through contrast agent, fibers and matrix hidden

Figure 14: Stress-elonga-
tion diagram of GFR-PU 

representing creep effects 
under a static tensile 

stress of 160 MPa
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and including the σmax = 140 MPa step, the 
damage volume (see Figure 17a) shows a 
linear increase at a 90° orientation of the 
fiber bundles. However, the damage vol-
ume at a 45° orientation increases signifi-
cantly in comparison to 90° two steps 
later. After the linear behavior, there is an 
exponential increase indicating significant 
damage growth. This correlates with the 
turning point in the curve of Edyn found in 
Figure 11 at step σmax = 160 MPa. Conse-
quently, the assumption of a critical in-
crease in damage is confirmed by the 
higher stress leading to an accelerated re-
duction of Edyn.

The amount of defects (see Figure 17b) 
differs considerably at 90° and 45° orienta-
tion. While the growth in the amount of dam-
age in laminate layers at a 45° orientation is 
exponential and in the course of the investi-
gation overtakes the amount of damage in 
laminate layers at a 90° orientation, a satu-
ration behavior is recognizable at an orienta-
tion of 90° according to σmax = 100 MPa. 
This indicates a further primary develop-
ment of the cracks and only a secondary in-
crease in number. The saturation in the last 
two steps is questionable because in the cor-
responding qualitative results there is a rec-
ognizable increase in the cracks. One possi-
ble reason for this may lie in the methodol-
ogy of defect analysis which counts defect 
quantities. If cracks fuse due to multiple 
crack formation or, perhaps delamination, 
the multiple cracks are recognized as one 
volume and thus as a single defect. Accord-
ingly, results concerning the amount of de-
fects also include the numerous existing 
delaminations which reduce the amount of 
defects detected. Nevertheless, a compara-
tively stronger increase in the amount of 
defects at a 45° orientation can be observed 
which, together with the strong expansion 
of the cracks at a 90° orientation, is the 
main factor for the increase in damage.

This damage development of thermoset 
GFR-PU described with respect to cracks is 
in good agreement with the total damage 
development shown by [17] of thermoplas-
tic GFR-PU, although this study indicates a 
much earlier onset of damage in thermoset 
GFR-PU. This may be due to the examina-
tion technique (CT/acoustic emission), the 
polymer used (thermoset/thermoplastic) 
and the X-ray radiation of the specimen. 
With regard to the latter, [18] proposes an 
exemplary experimental strategy for inves-
tigating the influence of X-ray radiation on 
material properties.

Conclusions

The aims in the development of this in situ 
computed tomography methodology for the 
characterization of glass fiber-reinforced 
polyurethane are i) the determination of a 
suitable in situ CT imaging procedure and 
appropriate CT acquisition parameters 
while considering creep effects and ii) the 
evaluation of the methodology by the in-
vestigation of damage development in-
duced by cyclic loading.

Acquisition parameters for CT imaging. 
The influence of acquisition parameters 
were investigated to determine optimized 
conditions for the CT imaging of glass 
fiber-reinforced polyurethane. The varia-
tion of superimposition projections exer-
cised the greatest influence on the visual 
CT image quality and the CT histogram. 
The 8-fold superimposition allows for a sig-
nificant reduction in image noise and an 
increase in the recognizable level of detail. 
The CT volume generated by the deter-
mined acquisition parameters enabled a 
clear distinction to be made between the 
different materials. Furthermore, no influ-
ence of creep regarding the CT image qual-
ity, i. e., blur, was observed, although an 
increase in total strain was visible.

Damage development. The sequential 
multiple amplitude tests in combination 
with in situ CT images provide an insight 
into the incremental damage development 
of glass fiber-reinforced polyurethane. For 
this purpose, visual representations of 
crack propagation by means of 3D damage 
volumes and cross-sections were used. 
Even at stress levels below the technical 
fatigue strength (Nf > 2E6) of glass fiber-
reinforced polyurethane, an increase in 
damage was noticeable. The results show 
that crack propagation mostly begins in 
the form of inter-fiber cracks (partial fiber-
matrix debonding) in 90° fiber bundles. 
With increasing stress, an overall progres-
sive crack growth was observed. The num-
ber of defects in and along the 45°/-45° 
fiber bundles exceeds the one in and along 
the 90° fiber bundles at higher stress lev-
els which can be attributed to crack cou-
pling in and along the 90° fiber bundles 
and delaminations. Delaminations as well 
as matrix cracks occur only at high stress 
levels indicating a subsequent failure.

The results form a basis for further in 
situ computed tomography studies using 
the methodology presented, especially on 
fiber-reinforced polymers. The influence of 
temperature and specimen geometry as 
well as continuous X-rays on the mechani-
cal behavior has to be evaluated. The inves-
tigation of damage development in con-
stant amplitude tests is a further relevant 
aspect for various applications. Compari-
sons made with existing models of damage 
development should be carried out for 
glass fiber-reinforced polyurethane. At this 
point, the methodology of in situ computed 
tomography combined with digital volume 
correlation is worth mentioning with re-
gard to local volume strain measurement. 
The deformation of the specimen could be 
analyzed to determine the exact location of 
strain-induced cracks.
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