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1. Introduction

The application of computed tomography (CT) in the field of
NDT has proven to be especially useful in the investigation of
micro- and meso-structures of composite materials [1]. Further-
more the realization of a three-dimensional representation of
the structural composition allows, in contrast to traditional radio-
graphic methods, the exact location of failure zones and irregula-
rities. Due to the mostly lightweight composite structures and
therefore the easy penetrability of X-rays several drawbacks of
conventional tomography in material science like artefacts or
sample thickness restrictions can be neglected. Since the funda-
mental mathematics for a simple reconstruction of the absorption
contrast of an object from its 2D projections have been established
in the 1980s [2,3], the implementation into modern computer
hardware today additionally allows for high resolution and wide
field of view imaging. Modern μ-CT-systems with a focal spot size
in the few micrometer range in combination with high dynamic
range flat panel detectors provide a resolution down to 1 μm [4].

The application of a μ-CT-analysis in the field of composite
characterization is widespread. In case of fiber reinforced polymer
matrix composites the spatial distribution and identification of

single filaments, fiber bundles or fabric composition has been
achieved (see e.g. [5]). For single fibers and fiber networks the
fiber orientation and packing can be used to numerically model or
calculate both conductive and mechanical properties of the com-
posite [6,7]. For braided composites it is possible to characterize
the shape and deformation in order to provide a realistic and
micro-structurally exact input into finite element simulations [8].

For foam or resin components in composite matrices or
adhesive joints especially the pore content is regularly analysed
by μ-CT measurements and is implemented as a standard opera-
tion in most μ-CT analysis software packages. Furthermore it is
also feasible to detect the pore shape and position to account for
stress and strain effects beyond simple volumetric descriptions in
the modelling of mechanical properties [9]. Recently even the
in situ characterization of composites has been possible [10,11]
providing the ability of 3D strain field measurements from μ-
CT data.

Nonetheless for sandwich components or hybrid lightweight
structures there have been only few studies investigating the
entire structure and not only single components. The focus in
these studies has been mainly the qualitative assessment of
structural properties as well as the investigation of failure initia-
tion and failure progress [12]. The advantages of μ-CT in the
investigation of the core-face-sheet interface with respect to
porosity could be first outlined in [13]. There the important
advantages of the μ-CT measurement methods have been
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highlighted and applied to different problems concerning sand-

                                               

wich material selection and design. One of these problems is the
field of the non-destructive testing of impact events. The detection
and shape description of deformations and delaminations in the
vicinity of the impact point is essential for the investigation of
damage evolution and damage mechanisms and has been
employed by X-ray and microscopic 2D techniques in the last
decades (see e.g. [14]). Here computed tomography provides a
versatile tool-set for the characterization of the impact zone and
the damage to the internal microstructure and mesostructure on a
representative 3D basis [15,16].

However the analysis of the image data for hybrid material
structures or lightweight composites often lacks the automation
and comparability for a quantitative depiction of micro- and meso-
structures or damage classification. At the same time the role of
processing and handling is often not incorporated into the
evaluation of the sandwich components which may otherwise
reveal a close coupling between geometry, shape and microstruc-
ture formation. In this work we outline three methods with
exemplary applications to honeycomb GFRP-sandwiches from an
integral spray moulding technique. The goal of these methods is
the automatic evaluation of user-defined characteristics and their
representation in a form that explicitly reveals the relations
between process setup and structural properties which determine
the mechanical quality in the field of application.

2. Material and methods

2.1. Material properties, processing and mechanical testing

Sandwich composites are a combination of a stiff face-sheet
carrying the tensile and compression load in the skin layer and a
supporting core component separating the outer layers and bear-
ing shear deformations. This combination offers an optimized
bending stiffness of the entire structure. The sandwich manufac-
turing process is based on the recently developed, fully automated
spray manufacturing of sandwich shell elements for automobile
and railway vehicles. Therein the infiltration of the fiber architec-
ture in the chopped strand mat (CSM) is simultaneous with the
adhesion to the core component due to the penetration of excess
polyurethane (PU) foam from the matrix into the open core
cavities (see Fig. 1). A detailed description of the process para-
meters, polyurethane system and comprehensive mechanical
properties of the sandwich can be found in [17–19]. The sandwich
configurations investigated herein consist of a sinusoidal or
hexagonal paperboard core with a 0.35 mm thick face-sheet layer.

The investigated face-sheet is build up from a CSM with a fiber
volume fraction of 31% and an average strand length of 50 mm.
The investigated core components are sinusoidal paperboard
honeycombs (testliner paper 115 g/m2) with a volume density of

57 kg/m3 and hexagonal Nomex honeycombs ECA-I 4.8-32 [20].
The sinusoidal cell geometry, as provided by the manufacturer, is
8.97�4.97 mm2 with a wall thickness of 180 μm. The core height
in the initial state is 20 mm. For the polyurethane (PU) matrix
deposition on the face-sheet an amount of 1160 g/m2 was suffi-
cient to achieve a rigid connection between face-sheet and core.
The processing steps for the composite sandwich include the
sandwich preforming of the face-sheet on the core and a subse-
quent robot controlled spraying with a low viscosity polyurethane
system. The positioning in the compression mold and curing of the
PU matrix at an elevated mould temperature of 150 1C finalize the
process chain (see Fig. 2).

For the impact testing of the sinusoidal sandwich an Instron
Dynatup drop tower with a drop cage weight of 5.24 kg has been
used. The impact energy was calibrated to 5, 10 and 20 J. The
quadratic (140�140 mm2) sandwich samples were clamped
between two metallic plates with a circular cut-out of 100 mm
diameter. The samples were struck at the center by a hemisphe-
rical indenter fixed on a load cell underneath the drop cage.

2.2. Computed tomography

The measurement process for tomographic data can be divided
into two main tasks. Usually in a laboratory source radiographic
projections are taken for a fixed angle increment over 3601. In a
subsequent step the projections are reconstructed using the FDK
algorithm [2] to obtain three dimensional image data sets. The μ-
CT measurements of different sandwich samples have been con-
ducted on an YXLON Y.CT Precision μ-CT System. The X-ray tube
was operated at an acceleration voltage between 90 and 145 keV
with a target current of 0.03–0.06 mA on a tungsten transmission
target. The scanner gantry was set up in such a way as to obtain a
maximum resolution (20–70 μm) whilst preserving the represen-
tative sample volume according to the characterization tasks.
The reconstructed data sets from 2010 projections have a volume
edge length of 2048 pixels and a varying volumetric picture
element (voxel) size according to Table 1.

The projection data and the reconstructed slices of the 3D
volume are finally stored as 16-bit 2D image stacks providing raw
data with a size of approximately 32 Gb for the visualization and
image analysis on a workstation equipped with four Xeon Quad-
Core CPUs and 96 Gb of RAM as well as sufficient graphics
hardware.

10 mm

Core cavitites

Excess polyurethane

Fig. 1. Micrograph of the infiltrated core cavities for sinusoidal honeycomb cores.

Fig. 2. Illustration of the integral processing steps.

Table 1
Setup of the μ-CT-system for the different measurement tasks.

Application Voxel
size (μm)

Voltage (kV) Current (mA)

Core cell geometry/Wall thickness 20.3 95.0 0.05
Roving orientation 31.0 90.0 0.03
Impact damage 69.0 148.0 0.06
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3. Calculation

                                             

The analysis of the 3D data was carried out with visualization
and measurement routines comprising a combination of commer-
cial and open-source software tools. The structural analysis of
periodicity and build-up for the honeycomb cells in the core
component has been carried out using a combination of VSG Avizo
Fires and Matlabs. The image processing steps include the
identification of the gluing zones of the sinusoidal wall to the
straight liner wall by thickness discrimination in the segmented
image (see Fig. 3). For the hexagonal core geometry the extraction
of the triple points in the lattice using morphological skeletoniza-
tion provides a unique characteristic of the cell extent in combina-
tion with the measurement of the neighbourhood distance
distribution. The centroidal axis of the gluing column shows no
significant directional deviation and therefore the cell deformation
is estimated from the mean distance between neighbouring
centroidal axes (see Fig. 3).

The thickness analysis of the liner in the entire 3D core
structure was accomplished using the ImageJ [21] plugin devel-
oped in [22] which is predicated by the publications of e.g.
Hildebrand [23]. Therein the local thickness is defined and
calculated based on the minimal encompassed sphere of an
arbitrary 3D object. The local thickness information was statisti-
cally concentrated on a distribution of relative frequency where
the minimum voxel size acts as the lower boundary and resolution
limit. The fiber orientation estimation algorithm is based on the
works of Wirjadi et al. [24,25] and has been implemented for the
scope of this paper using the Cþþ 3D imaging library ITK [26].
Therein an anisotropic Gauss filtering process is applied to the
segmented image data and the filter response for different relative
roving and filter orientations is used as a reference for the local
roving orientation in each voxel (see Fig. 4).

The appropriate Gauss filter size has been derived from the
mean roving diameter and has an aspect ratio of 1:3 with a short
half-axis of approximately 10 μm. For the segmentation of all
images the global thresholding method after Otsu [27] is used. The
code is made publicly available under the open source project
Composight [28] by the authors.

4. Results

The results extracted by the image analysis procedure can be
used separately to provide information on the process factors
influencing the component microstructure. Additionally we incor-
porate the information on the raw material state of the sandwich
components into the image analysis of samples altered through
small mass impact events to demonstrate the usefulness of the
extracted information beyond microstructure characterization.
Following the characterization of the core and face-sheet config-
uration during the process we emphasize on the damage detection
aspects of impact loading.

4.1. Core geometry

The definition of cell regularity and cell extent could be
justified via μ-CT measurements on 6 samples with a size of
60�60 mm2 in comparison with measurements based on the
manufacturer data. The cell shapes as well as the adhesive paths
expose a strong deviation resulting in non-optimal arrangement of
the cell walls under pressure loading. This effect can be accounted
for by the extraction of a statistically descriptive distribution
function of the distance between neighbouring adhesive layers
as plotted in Fig. 5.

Herein the relative cell displacement can be as much as half of
the cell size while the deviation of the cell shape from the sine
wave form in the orthogonal direction is only marginally visible.
It is evident from Fig. 6 that a broad variation of non-optimal cell
stacking exists in the core samples. The original μ-CT-data of a low
resolution axial slice of the core then translates into the according
labelled (coloured) gluing zones identified through a thickness
threshold.

Furthermore there is a pronounced peak representing the
targeted cell size of the manufacturer at 8.97 mm. The cell wall
thickness and irregularities are fundamental properties for the
pressure load capacity and damage evolution in the core compo-
nent. This is especially important in the case of adhesive bonding
of paper bulk material without subsequent dipping into polymeric
resin because the columns along the double walled adhesive paths

Centroidal axis

Nearest neighbour
distance
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t

Fig. 3. Schematic of the image analysis algorithms for honeycomb cell geometry.

Fiber A

Fiber B

Fig. 4. Fiber orientation estimation using anisotropic Gauss filters.
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Fig. 5. Distribution functions for all 6 samples and their overall mean.
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can contribute substantially to the overall stiffness and strength of

                                               

the core structure.
With the aforementioned methods the local thickness in a

region of interest (ROI) of the sinusoidal core was detected (see
Fig. 7). The 4 samples for this measurement had a length of
160 mm and a width of 4 complete sinusoidal cells with a core
height of 20 mm. The extracted cumulative distribution function of
the detected cell wall thicknesses in one sample is represented in
Fig. 8.

By this thickness measurement the relative amount of wall
thicknesses present in a sandwich core can be assessed and
implemented into strength calculations which are of particular
importance in the design process and characterization of cell
geometries and cell wall materials [29]. For the hexagonal cell
array a similar approach for the detection of the cell regularity is
applied to quantify the wall length distributions. Because of the

hexagonal symmetry all directions in the lattice can be sampled
and measured by detecting the lattice triple-points (see Fig. 9).

The measurements of the hexagonal cell deviations via triple
points were carried out slice by slice, for each cell triple point as
center of the detection algorithm, along the core thickness direc-
tion. A sample mean value over all slices was calculated for the
detected lengths per cell corner as indicated in the histogram of
Fig. 10. The radial distribution of the next neighbours in the lattice
indicates variations around the optimal distances based on the
manufacturer cell size (see Fig. 10). The broadening of the distance
peaks represents deformations of the cells and the splitting of
peaks around the optimal position indicates an anisotropic defor-
mation introduced during processing or handling.

One important information deduced form the μ-CT-analysis of
the core structure as produced by the manufacturer is the sufficient
regularity along the core height. Therefore the assumption of
insignificant skew of the cell structure at different core heights can
be justified. This is a fundamental fact necessary for the evaluation
of core damage based on the lateral displacement of the cell walls in
the damage zone compared to the undisturbed core regions.

4.2. Face-sheet micro-structure

The microstructure and roving architecture in the CSM indi-
cates a distinct modification during the moulding process. The

5 mm

Fig. 6. Detection of gluing zones defining the geometry and extent of the individual
cells in the periodic arrangement of sinusoidal honeycomb cores.

0 μm

570 μm
10 mm

Fig. 7. Visualization of the liner thickness enabling the detection of the gluing
paths and the measurement of local thickness.
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Fig. 8. Probability distribution of the liner thickness for a core sample of 50 cells
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gluing zone.
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Fig. 9. Edge length detection through triple points in a hexagonal core lattice.
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fiber orientation near the core interface is altered due to the

                                             

indentation of the cell walls into the resilient CSM against the
mould tool wall (see Fig. 11).

The comparison of the infiltrated and the raw CSM additionally
illustrates the foaming of the PU matrix between the strands
which is primarily responsible for the load partition and strength
in the face-sheet (compare Figs. 11 and 12).

The analysis of the out-of-plane orientation component for the
strands in the infiltrated face-sheet can best be visualized by a
spherical orientation distribution function (ODF) as indicated in
Fig. 13.

Therein the relative volume fraction pointing in different
directions can be read from the intensity value on the sphere
surface (see Fig. 14). The comparison of the distribution function
with the expected equatorial plane θ¼901 can be used to deter-
mine the transversely symmetric alignment of strands. A single
parameter indicating the mean out-of-plane angle θ and a con-
stant distribution in the plane (ϕ¼const.) proves to be adequate
for a quantitative description by an analytic distribution function
(see e.g. [30]).

As a result, the mean value of the full width at half maximum is
at θ¼651, with no strand orientations measured below 341 (see
Fig. 14). The orientation analysis has been carried out for different
face-sheet areal weights and shows a strong interaction with the
mould pressure and raw CSM thickness. The influence of the face-
sheet thickness indicates a decreasing overall out-of-plane orien-
tation for thicker CSM. Therefore the rising pressure at the core
wall face-sheet joint for thicker CSM translates into a kinking of

the cell wall edges and shows a reduced subsequent raising of the
strands from their planar orientation (see Fig. 11).

4.3. Impact testing

The evaluation of damage during impact events shows a unique
advantage of a μ-CT measurement in the easy and unaltered
measurement principle compared to the conventional destructive
or tactical damage assessment. The combination of results from
previous sections provides fundamental knowledge for a precise
characterization of impact damage extent due to low velocity
impact events. Therefore the altered roving orientation and cell
geometry variation pose a lower limit of deviations present
in the intact sandwich structure. Stronger deviations of these
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Fig. 10. Corresponding radial distance distribution for the nearest neighbours in a
normalized representation.

θ

Fig. 11. Top view as well as median plane of the spray infiltrated face-sheet.

5 mm

Fig. 12. Detailed axial view on the raw chopped strand mat.
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Φ
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Fig. 13. Definition of the out-of-plane angle θ and in-plane angle ϕ in the face-
sheet plane.
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Fig. 14. Orientation distribution histogram with the relative volume fraction in
percent visualized as intensity values.
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characteristics indicate the damage zones introduced under vary-

                                               

ing impact loading.
For the three tested impact energies the typical load-deflection

curves of the sinusoidal core sandwich are plotted in Fig. 15.
The comparison of the peak loads for both core materials shows an
increasing variance for higher impact energies with a plateau
behavior of the simultaneously rising peak loads (see Fig. 16).

From the image median slices at different impact energies the
onset of damage in the sandwich composite can be assessed (see
Fig. 17). It is obvious that through the PU foam connection
between face-sheet and core the initiation of damage in the core
cell walls is distributed and passed into the inner, PU-free region.
Therefore the damage zone extends substantially further into the

core as expected from the apparent surface indentation and causes
a reduced stiffness and strength of the entire structure already at
small impact energies. A striking characteristic of the damage zone
is the core deformation by buckling and kinking of the cell walls
which is transmitted by the PU grouting well before an indenta-
tion of the face-sheet becomes visible (see Fig. 17).

To account for the introduced damage influencing the overall
stability of the sandwich the boundary of the deformed region was
found by digital image correlation of the 3D volume with an
undisturbed slice of the core material. Therefore the minimum
correlation intensity in Fig. 18 corresponds to deformed cell walls.
The damage boundary can be represented by a surface fit as in
Fig. 19 where the detected defect points are chosen at a correlation
grey value threshold of T¼208 (8-bit scaling, see Fig. 18). For a
closed form descriptor the surface can be enveloped by an
ellipsoidal hull (see Fig. 20).

The extracted geometric values from image analysis are given
in Fig. 21 for the three samples presented in Fig. 17 as a function of
the impact energy.

The caliper ratios of the damage zone extent in x- and y-
direction (see Fig. 20) show a rather constant trend of the radial
size of the zone RX ¼ f x=cx. This indicates that the initial core
damage introduced in the early impact stages is independent of
impact velocity and energy.

The linear increase in the through thickness ratio RY ¼ f y=cy
assigned to the indentation of the face-sheet is directly related to
the rise in peak load for increasing energies. The first drop in the
linearly increasing load-deflection history during the impact event

12 140 2 4 6 8 10 16 18 20
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

Lo
ad

[k
N

]

Deflection [mm]

5 J Impact energy
10 J Impact energy
20 J Impact energy
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Fig. 17. Median plane of three impacted sandwich samples for different impact energies (5–20 J) indicating the onset of damage in the face-sheet and in the surrounding
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in the core structure. Visualization is for one transversal slice as an iso-line plot of
image correlation grey-values with a slice of intact core cells in the same sample.
T indicates the selected grey value threshold for the damage zone surface.
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appears for all impact energies at approximately 0.8–1.0 mm (see

                                             

Fig. 15) and may therefore be directly correlated with the constant
core wall buckling length and constant core damage area cx (see
Figs. 17 and 21).

5. Discussion

The control of manufacturer supplied honeycomb cores for
geometric variations and inhomogeneities was carried out using
core type specific, geometric characteristics whose variations and
distribution could be statistically extracted from tomographic 3D
image data. These measures show broad variations in cell geome-
try and shape in the lateral direction but indicate a uniform cell
position along the core height. Additionally the possibility of a
measurement of thickness scatter in the cell walls expressed

through a Gaussian distribution can be expected to contribute
immensely to the core crush strength prediction as already
indicated by other authors from 2D measurements [29]. Prelimin-
ary simple calculations based on a plate buckling approach for the
cell walls show a rising of approximately 15% in the compression
strength using our realistic geometric distribution functions. The
methods for the quality assessment of core components presented
herein can also be included into a post-processing program where
a random sampling and extensive inspection is necessary (e.g.
aerospace quality assurance). Here the covered μ-CT measure-
ments and image analysis procedures provide a fast and rigorous
data acquisition and handling especially suitable for inaccessible
structural details.

The measurement of variations of strand orientation in the
face-sheet during this study was carried out on a centimetre scale
representing several cells for a global modelling approach. The
view at intra-cell changes however reveals a strong core geometry
dependence not resolved with our measurements. Therefore
further investigations need to be conducted for the correlation
and coupling of single core cell geometry with roving elevation
(see Fig. 22) which would introduce significant local orthotropy of
the face-sheet.

Additionally the three dimensional fiber orientation analysis
simultaneously reveals the flaws in measurement and interpreta-
tion of standard mechanical sandwich testing like e.g. flexure
beam tests on integrally produced sandwich structures. The
properties of the processing chain prohibit the development of a
homogeneous thickness and promote a foamed and graded
geometry of the face-sheet to core transition. Especially for the
material manufactured with the herein mentioned method the
mechanical tests can be revised in order to gain correct material
properties. Due to the high resolution measurements and the
resulting time of data handling and analysis the investigation of
roving properties in the face-sheet qualifies for a comprehensive
process control and material design investigation. The automati-
cally extracted single parameter orientation distribution function
(ODF) can be used in subsequent modelling steps providing
information on real microstructure as the basis of an analytic or
finite element model of mechanical properties (see e.g. [7]). This
structural information is also essential to identify process-
microstructure relations for a correlation of process parameters
with elastic and plastic mechanical properties.

The evaluation of damage in low velocity impact events using
an automated measurement routine for the geometry and shape
parameters of the damage zone in the μ-CT images was possible
for the entire range of impact energies. The reduction of the
analysed surface and bounding area to scalar parameters by fitting
of a geometric primitive (ellipsoid) allows to compare damage
characteristics for impact energies. The μ-CT images emphasize
several mechanisms of the impact damage inherent to the integral
production method. The limits of the damage initiation value
strongly depend on the position of the first indenter contact and
the consequent deformation of the first cell walls which is strongly
correlated with the state of the PU-rich sub-layer. The strength of
the core partition within the outer core damage area mapped on
the crushing strength of the core material from static compression
tests leads to a maximum load of E750 N. For the inner damage
region directly underneath the dented face-sheet the projected
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Fig. 20. Schematic of the definition of the damage zones in the face-sheet and
the core.
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maximum load is E250 N. Both values represent the upper and

                                               

the lower bound for the experimentally measured load drop as
pointed out in Fig. 15. While the lower value coincides well with
static indentation results of the same sample and indenter geometry
indicating a mean value of the load drop around 200 N it is obvious
that for a concise picture of the damage sequence the geometry of
the PU sub-layer and the dependencies of the indenter impact point
location need to be included into the investigation. Therefore the μ-
CT analysis provides a very versatile tool for extensive impact testing
programs. These cover the material sample stage as well as entire
sandwich parts considering the restrictions of geometry and resolu-
tion limit for the μ-CT system and the materials internal structures.

6. Conclusions

In this study several methods for a quantitative analysis and
description of μ-CT results collected to characterize the meso- and
micro-structure of sandwich composites are outlined. In contrast
to traditional 2D techniques the coupling between structural
features can be easily accessed by 3D imaging techniques. None-
theless the comparison of the tomographic images with high
resolution 2D images is imperative to avoid frequent errors of
the image processing and analysis steps. The investigated pro-
blems comprise the cell and wall material variation of honeycomb
sandwich cores, the process dependent formation of irregularities
in the GFRP face-sheet as well as the quantitative assessment of
the failure zone induced during impact. The evaluation through
distribution functions allows for a thorough description of the
different characteristics which can be used both to control and
regulate the production process of sandwich components and
sandwich structures. Furthermore it is possible to use these results
as basis for an exact analytical or numerical analysis of mechanical
features like elastic/plastic deformation, buckling and impact
delamination phenomena. Based on the realistic structural proper-
ties and the extraction of damage zones the tomographic imaging
techniques provide the possibility to support both experiments
and modelling with a comprehensive 3D understanding. The
special focus towards an automated analysis procedure in combi-
nation with the non-destructive sample preparation attains the
goal of an objective and statistically firm investigation of the
material properties at hand. These aspects clearly show the
versatility of μ-CT investigations in process control and design as
well as high-throughput material and damage characterization.
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