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Abstract: Large deformations under in-plane compression
of paperboard appear in forming processes like hydro-
forming, pressforming and deep drawing, but the mecha-
nisms of deformation have not been studied on amicrome-
chanical level. A constrained in-plane compression test
is presented. This test allows for in-plane compression,
buckling, wrinkling and compaction. The constrained
compression test is realized using a DEBEN CT-500 in-situ
tester for laboratory microtomography and synchrotron
microtomography. Experiments with five different materi-
als spanning from laboratory handsheets to commercially
availablemulti-layered paperboards are performed. Image
processing is used to observe the local out-of-plane fiber
orientation and compaction. A phenomenological inves-
tigation of the deformation behavior of these materials is
presented. Delamination is found to be the primary mech-
anismsof failure in themulti-layeredboards. Furthermore,
a porous network structure, created by using long and
minimally refined softwood fibers, is found to facilitate the
formation of uniform wrinkles and compaction.
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Introduction

The formability of petro-chemical plastic materials makes
them very suitable for various types of packaging appli-
cations where complex shapes are required or desirable
for effective performance, shelf appeal, branding, market-
ing, and logistics. Typically, all requirements regarding
barrier layers, sealing layers, stiffness and appearance of
the packaging can be met with plastic materials or with
a multi-layered composite material. However, scientific
progress in the last decade has enabled us to produce ma-
terials made from renewable resources and optimize con-
verting processes so that most of the requirements of de-
manding products can be met with renewable packaging
materials.

In order to further increase the formability of natural
fiber-based packaging materials, we need to improve the
understanding of the micro mechanical deformation be-
havior in various load cases that appear in the converting
processes. In-plane tensile loading has been studied thor-
oughly and theories exist about the load transfer in the
fiber network, the localization of damage and subsequent
failure. In-plane compressive loading, however, has not
been studied to a comparable degree, even though it ap-
pears during creasing and folding, pressforming and deep
drawingÖstlund 2017. The influence ofmaterial properties
on the formability of paperboard in the deep drawing pro-
cess is investigated by Hauptmann et al. Hauptmann et al.
2015. The pore volume is found to play a central role in fa-
cilitating the deformation of the material under the com-
plex loads of the deep drawing process without the forma-
tion of wrinkles. Stiff and long fibers, as well as reduced
wet pressing are used to increase the pore volume. Fur-
thermore, debonding agents improve fiber mobility and
are therefore found to improve the formability.
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In standardized testing of paper and paperboard, in-
plane compression is usually measured using the Short-
span Compression Test (SCT, ISO 9895:2008 2008). Failure
of multi-ply sheets in the SCT is initiated by shearing of
the interfaces and delamination Hagman et al. 2013. This
is, however, pre-determined by the clamps that compress
the sample and induce out-of-plane shear damage before
the start of the in-plane compression Brandberg and Ku-
lachenko 2019. Thedifferentmodesof deformationand the
pre-determination of the deformation by themeasurement
device itself make it difficult to distinguish between the in-
fluence of fibers, fiber-fiber joints and the behavior of the
network structure Fellers and Donner 2002. Different the-
ories have been developed to pinpoint the initial onset of
failure under in-plane compressive load. Sachs and Kuster
1980 claim that failure is triggered by breaking fiber joints
and subsequent fiber buckling. Fellers et al. 1980 state that
the mechanism depends on the density of the sheet. In
low-density papers, fiber segments buckle under compres-
sive loads. In high-density papers, however, dislocations
in the fiber wall occur due to shear stresses. Delamination
in the interfaces of the layers is found to be themainmech-
anismsof failure inmulti-plymaterialsHagmanet al. 2013.
Borgqvist et al. 2016 use post-mortem computed tomogra-
phy (CT) to visualize the shear bands in the sample after
the SCT test and simulate the shear band formation by in-
cluding the clamping effects of the SCT device.

All the above-mentioned experimental studies of in-
plane compression have in common that they include
post-failure analysis of the samples using microscopy or
computed tomography. The onset of failure, however, can
likely only be observed with in-situ tests. Commercially
available in-situ testers usually only perform tensile tests
or compression tests between two plates (e. g. in DEBEN
CT500). Fiber buckling, delamination and kink band for-
mation are observed in in-situ compression experiments
on fiber reinforced plastics (Garcea et al. 2018). Besides the
experimental challenges, methods for the quantification
of micro-computed tomography (μCT) images are still un-
der development. The reader is referred toMaire andWith-
ers 2014 for a summary of the state of quantitative analysis
of CT images. A commonly used method to quantify me-
chanical deformation in 3D images is Digital Volume Cor-
relation (DVC) to compute strain fields. Tran et al. 2013 and
Viguié et al. 2011 have appliedDVC to analyse the deforma-
tion in paper materials. DVC requires a small step-size be-
tween subsequent images. The image regions that are com-
pared by the correlation algorithm need to be sufficiently
similar in subsequent images. In the analysis of forming
processes that include large deformations, the step-size
needs to be carefully chosen to allow the application of

DVC. Besides DVC, Tran et al. 2013 also present methods to
calculate porosity, size distributions of fibre sets and pores
(granulometrics) and local thicknesses from 3D images of
wood-based fibre boards. Borgqvist et al. 2016 use the Im-
ageJ plugin OrientationJ Sage 2018 to analyze the local ori-
entation of the fibers and visualize the shear bands. This
plugin operates on 2D slices of the 3D image. Other meth-
ods that include the 3D information have been developed
(e. g. in Altendorf and Jeulin 2009) mostly for fiber rein-
forced plastics, but rely on uniform convex cross-sections
of the fibers. Schneider et al. Schneider et al. 2016 devel-
oped a method to analyze local orientation of paper fibers
based on a virtually imposed thermal load. The virtual
heat is primarily transported along the fibers and allows
the direction of the fiber to be determined. Single fiber seg-
mentation would provide a large step towards the char-
acterization and quantification of the deformation of the
fibers. Viguié et al. 2013 performed single fiber segmen-
tation using local orientation tensors in sparse fiber net-
works. However, automated algorithms for the segmenta-
tion of hundreds of fibers in a dense network have yet to
be developed.

The approach presented in this publication is based
on two hypotheses:
1. We firstly assume that delamination is the primary

mechanism of failure under compressive load and
that facilitated delamination (potentially using shear-
reduced layers) may improve a material’s potential
to deform into wrinkles under compressive in-plane
loads.

2. Based on the results in Hauptmann et al. 2015, we sec-
ondly assume that a high pore volume enables the
material to deform under compressive in-plane loads
without the formation of wrinkles.

Materials and methods

In-situ device for in-plane compression of
paperboard samples

Applying in-plane compressive loads on a thin paperboard
sample with little initial stiffness poses great difficulties.
The results of Borgqvist et al. 2016 and Brandberg and Ku-
lachenko 2019 show that the clamping in the SCT device
influences the subsequent deformation mechanism and
pre-determines the mode of failure. Long-span compres-
sion tests require complex support structures around the
sample to inhibit geometrical buckling. An in-situ device
for μCT requires 360° accessibility of the sample for the
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Figure 1: Left: Sketch of the principle used in the constrained compression in-situ device. Center: DEBEN CT500 in-situ device with modifica-
tion for in-plane compression. Right: Detailed depiction of the compression part with transparent constraints and the sample (violet).

X-ray beam. The gap between the clamps in the SCT is
typically set to 0.7mm, which is the lowest recommended
distance in the standardization to prevent buckling of
the sample. Therefore, the observable part of the sample
would only be 0.7mm wide. Furthermore, both clamps of
an adapted SCT device for μCT must be connected with a
tube which is transparent to X-rays. Precise alignment of
the clamps is critical not to induce bending stresses in the
sampleduringmounting. Thesedifficulties in the adaption
of the SCT device for in-situ μCT lead to the application of
a constrained compression principle, shown to the left in
Figure 1.

The sample is placed in a channel between two con-
straining half-cylindrical plates made from Polymethyl-
methacrylat (PMMA). The sample has a width of 3mm
and a length of 5mm. Compression is induced with a thin
steel blade from below and the sample is furthermore con-
strained by a solid support at the other end (backstop).
During the initial compression, the samplewill be exposed
to pure in-plane compressive stress. The principle allows
micro-wrinkling similar to deformations that occur in deep
drawing Wallmeier et al. 2014, hydroforming Linvill and
Östlund 2016 and pressforming Leminen et al. 2013.

A DEBEN CT500 in-situ tensile stage for μCT appli-
cations was modified for the novel in-plane compression
test. Renderings of the whole device and the sample con-
straints are displayed in Figure 1 in the middle and on the
right side. Degradation with initial yellow coloration of
the PMMA constraints appeared during the exposure to X-
rays in the synchrotron. Cracks formed in the constraints
due to internal stresses after approximately 12 hours of il-
lumination of the X-ray beam. This degradation appears
because the constraints are located in the focus of the
beam. This can in the future be avoided by use of PEEK
(Polyetheretherketon). However, this was not chosen due

to the requirement to optically inspect the positioning of
the sample after installation.

Materials

The strictly limited beamtime, estimations for the imaging
time and the choice of compression steps resulted in the
scanning of 5 samples. A variety of sample materials was
selected for the first application of the in-plane compres-
sion device. Themainmotivation behind the choice ofma-
terials was to produce significantly different compression
behavior and make initial comparisons between largely
different structures and fiber types possible. Softwood and
hardwood handsheets were chosen, to enable a more sys-
tematic analysis and keep control over all sheet form-
ing parameters. Two commercial boards represented the
group of multi-plymaterials for folding boxes and forming
applications. Finally, one material stemmed from a pre-
vious development program for the improvement of the
material properties for deep drawing of paperboard (re-
sults published in Hauptmann et al. 2015) and has shown
great potential due to being optimized specifically for in-
plane compressibility. This material has been produced
on a laboratory paper machine. The samples are listed in
Table 1. In order to increase the differences between the
handsheets, dry strength agents were used to additionally
strengthen the fiber joints in the hardwood handsheets.

Hand-made paper sheets with an average grammage
of 300 g/m2 were formed by Rapid Köthen sheet former
(PTI, Austria). Thehand-made sheetswere dried in aRapid
dryer at 93 °C and sub-atmospheric pressure of 95 kPa for
10min. For sample 1, starch (10mg/g dry pulp) was added
and mixed for 30 s, then FennoBond 85E (1mg/g dry pulp)
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Table 1: Description of materials.

No Description

1 Hardwood laboratory handsheet 300 g/m2, finish birch pulp with starch and FennoBond
2 Softwood laboratory handsheet 300 g/m2

3 Material 5.2 as described in [2], produced on laboratory paper machine at PTS Heidenau, 350 g/m2

4 Commercial folding box paperboard with coating and 315 g/m2

5 Commercial paperboard for forming applications, 310 g/m2

was added and mixed for additionally 60 s before making
the sheets in the Rapid Köthen.

The birch pulp used in in handsheets was Northern
Bleached Birch Kraft (UPM Kymmene Oyj), refined in a
Voith Refiner to 25 °SR. The following dry strength agents
were used to increase the strength of the fiber joints. Starch
(Raisamyl 50021, Charge density=0.21 meq/g; DS: 0.035;
Potato starch, 10 kg/ton) was supplied by Ciba Specialty,
Chemicals, Inc., Finland. Synthetic polyacrylamide (Fen-
noBond 85E, 1 kg/ton) was provided by Kemira Oyj, Fin-
land. Before use, 1% starch solution was cooked at 97 °C
for half an hour and FennoBond 85E was diluted to 1%
withdeionizedwater.Driedunbeaten fully bleachedvirgin
softwood kraft pulp (SCA Forest Products, Östrand pulp
mill, Sweden) was used for the softwood handsheets. Pre-
liminary tests indicated that staining fibers with a 3% Ce-
sium Iodide (CsI) solution could improve the phase con-
trast and facilitate fiber segmentation. 1% of the softwood
pulp was separated and stained in 0.12mol/L CsI solution
for 12 hours. These fibers were added to the mixing of the
fibers 30 sprior to the sheet forming.However, the increase
of the contrast with CsI was found to be insufficient in the
μCTmeasurements. Analysis of the images showed no sig-
nificant effect of the CsI fiber staining. Additional hand-
sheets without fiber staining were produced to ensure that
the addition of CsI-staining has no effect on the mechani-
cal properties. The force-compression curves recorded for
both softwood handsheets (with or without CsI staining)
were practically identical and showed repeatability and
stability of the compression test.

The paperboard produced on a laboratory paper ma-
chine is described as Material 5.2 in (Hauptmann et al.
2015). It is a two-layer material, both layers contain 90%
northern bleached softwood kraft pulp and 10% “bi-
component fibers consisting of a PET core with a full Co-
PET binder sheath” Hauptmann et al. 2015. Arbocell®,
a modified cellulose fiber powder with 6% AKD (alkyl
ketene dimer) content, was used to include a 0.5% AKD
content. This material was found to have an excellent
formability in deep drawing applications.

Finally, two commercially available multi-layer ma-
terials were tested. Material No. 4 has a grammage of
315 g/m2 and is a typical folding boxboard with a coat-
ing layer. The material has a four-ply structure, the mid-
dle layers consist of a mix of BCTMP (Bleached Chem-
Thermomechanical Pulp) and bleached chemical Kraft
pulp, while the top and bottom layer consist only of
bleached chemical Kraft pulp. Material No. 5 is a paper-
board for forming applications. Top and bottom layer con-
sist of a hardwoodand softwoodmix, themiddle layer con-
tains mostly hardwood and CTMP. This material exhibits
generally smaller differences in themechanical properties
between MD (Machine Direction) and CD (Cross Direction)
than other commercially available folding boxboards.

Experiments

Measurements were performed at the microtomography
end stations at the imaging beamline (IBL) P05 at PETRA
III at DESY which is operated by the Helmholtz-Zentrum
Geesthacht (HZG) (Wilde et al. 2016). Data processing is
implemented in MATLAB employing the ASTRA toolbox
for tomographic reconstructionMoosmann et al. 2014, van
Aarle et al. 2015. The settings are listed in Table 2.

Table 2: Beamline settings at P05.

Parameter Setting

Effective pixel size binned 1.27 μm × 1.27 μm
Photon energy 20 keV
Sample detector distance 0.03m
Camera CMOS
Exposure time 50ms
Number of projections 2401
Tomography volume shape 2560 × 2560 × 1920 voxel

The samples were compressed in the z-direction (ac-
cording to the orientation defined in Figure 2) in six
steps: two compression steps of each 0.2mm, 0.3mm and
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Figure 2: Example for a 3D-image of a compressed sample (sample
5, compression stage 6). Constraints acted in the y-z-plane and the
x-z-plane. The sample was compressed in z-direction. Wrinkles can
be spotted at the surface.

0.5mm. Each compression step was performed with a
speed of 1.5mm/min followed by a μCT-scan, each scan
took an average of 18min.

Figure 2 and Figure 3 show the last compression step
of sample 5. The sample is compressed in the z-direction
and wrinkles are visible in Figure 2. The sample was con-
strained in the y-z-plane on both sides by the sides of
the channel where the sample is placed, see Figure 1. The
edges on the top side of the sample in Figure 2 are shaped
quarter-cylindrically. This shape results from the edges of
the topside constraint. The wrinkled structure in the y-z-
plane is hardly visible in the 3D depiction, aswell as single
fibers.

Figure 3 shows cross-sections of the same sample in
the x-y-plane and y-z-plane. The constraining channel and
the topside of the channel is clearly visible in the x-y-cross-
section, on the right side of the sample. The constraint is
located just outside of the Field of View (FoV) on the left
side of the sample. The sample experienced out-of-plane
compression on the left side of Figure 3 (top) due to the
closing of the constraints using four screws (see Figure 1,
right side). The wave-like fiber structure that results from

Figure 3: Cross-sections from the final compression stage of sample 5. Top: cross-section of the x-y-plane. Bottom: cross-section of the y-z-
plane.
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the in-plane compression can be seen in Figure 3 (bottom)
in the y-z-plane cross-section. All further cross-sections in
this publication depict the y-z-plane.

Analysis of μCT images

The cross sections of the compressed samples in Figure 3
show that the deformations cannot be easily visualized
due to the low contrast between the fibers and the back-
ground. Mathematical operations on the entire 3D image
require enormous computational power. Therefore, two
strategies were used to improve the visualization and en-
able basic quantification of the deformation. The analysis
of the deformation is performed on five slices uniformly
distributed over the depth of the sample, but only themid-
dle slice is depicted. Since the deformation is applied only
in uniaxial compression, the deformation is found to be
representative through a single slice of the network. There-
fore, analyzing individual slices taken from the same posi-
tion was found to provide sufficient accuracy while reduc-
ing the computational effort.

Firstly, the plugin OrientationJ Sage 2018 in ImageJ
was used to calculate local orientation vector field map on
10 × 10 pixel neighborhoods. Most fibers in these materi-
als are band-like structures that are primarily orientated
in the in-plane direction. Therefore, the images of unde-
formed samples display a mostly in-plane orientation of
the fibers. The absolute deviation from the horizontal di-
rection was calculated and represented with gray values.

Neighborhoods with a horizontal orientation were colored
in black, and neighborhoods oriented 90° from in-plane
orientation in white. Secondly, a value for the local fiber
ratiowas calculatedbydividing the image in 5×5pixel sub-
images and determine the percentage of pixels that repre-
sent fibers and background. Otsu’s method Otsu 1979 was
used for the determination of a threshold value for the seg-
mentation in fiber and background.

Results and discussions
The DEBEN CT500 allows recording of the load curves of
the compression experiments, and they are displayed in
Figure 4. The circles plotted on the force curves indicate
the first force measurement value of each compression
step after scanning of a sample. Significant reduction of
the compression force occurred during almost all scans
due to relaxation of the sample. Other drops in the force
curves stem from instability in the sample and the sub-
sequent formation of wrinkles. Pre-tests were performed
prior to the synchrotron experiments using the same ma-
terials. The low number of samples does not allow a sta-
tistically sound analysis of the influence of beam damage
to the sample. However, the repeatability of the measured
force-curves was found to be sufficient and there was no
evidence found that indicates major alterations of the me-
chanical properties of the samples by the x-ray beam.

The different material properties resulting from the
use of different types of fibers, method of production and

Figure 4: Force-compression curves for all experiments. The circles indicate the first points in the force curve scanning of the sample.
Note the drop in the force curve during scanning due to relaxation of the samples. Sample 1, 2: hard and softwood handsheets, Sample
3: laboratory-machine made paperboard, Sample 4, 5: commercially available paperboard.
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layered structure can be clearly observed in the force-
compression curves, even though the curves seem to dis-
play a fair amount of scatter due to the relaxation and
wrinkle formation. Firstly, the hardwood handsheet with
chemically strengthened fiber joints (sample 1) produced
high compressive force. The softwood handsheet (sample
2) induced the lowest force against compression (see Fig-
ure 4). The sample produced by a laboratory paper ma-
chine (sample 3, two identical layers), which was specif-
ically designed for low resistance against wrinkling, pro-
duces only slightly higher compressive forces than the soft-
wood handsheets and does not show large drops in the
force curve due to instability and formation of wrinkles.
Finally, the commercially available multi-ply paperboards
(sample 4 and 5) produce the highest forces over large
parts of the force curve. The product for forming applica-
tion seem to have a slightly lower resistance against com-
pression than the folding boxboard material.

The force curves produced in the constrained com-
pression test device can easily be interpreted based on the
expected material properties of the five widely different
samples. A repetition of sample 2 with the addition of a
staining agent for improved phase contrast showed the re-
peatability of the test. Further investigation and improve-
ments of thedevice arehowever necessary to improve sam-
ple handling and installation, as well as a uniform out-

of-plane compression of all samples. Measurements of the
coefficient of friction between different paperboards and
flame-polished PMMA cannot be found in the literature
and need to be performed to rule out the influence of po-
tential surface effects on the compression force measure-
ments.

X-y cross sections of the last compression stage for all
samples is shown as fiber ratio and local orientation im-
ages in Figure 5. Clear differences between the compres-
sive behaviors of the different materials can be seen. For
sample 1 the local fiber ratio shows the opening of void
sections (Figure 5, g, h) and zones of densification. One
wrinkle on the left side has formed (Figure 5, a) and strong
local orientation also appears on the right side of the sam-
ple while the middle section shows very little out-of-plane
deformation (Figure 5, b). The sample has not yet buckled
in the middle section and the deformation concentrates
mostly on the wrinkled sections were densification can be
observed (Figure 5, a).

In sample 2, three complete wrinkles have been
formed within the field of view and the local fiber ratio
shows no sign of densification or localization of the defor-
mation (e. g. in Figure 5, c). The deformation is less local-
ized than in sample 1, which corresponds with the signif-
icantly lower resistance against compression that can be
seen in the force curve in Figure 4. Sample 3 has formed

Figure 5: Left: Local image orientation in the last compression stage. Right: Local fiber ratio in the last compression stage.
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Figure 6: Local orientation of the samples 3, 4 and 5 in all compression stages.

a long, wave-like wrinkle and a comparably uniform dis-
tribution of the material. Small voids have opened, espe-
cially on the upper and lower boundary of thematerial (ex-
amples i, j). Further compression of the sample seems to be
possible since local densification has not yet set in.

A different behavior is shown for the commercial pa-
perboards, samples 4 and 5. The effects of the multi-ply
construction are clearly visible in sample 4 (the layers
are also indicated in Figure 8, dashed lines in sample 4,
compression stage 0). The outer plies appear significantly
denser in the local fiber ratio. The stiffer outer plies are
kinked (e. g. in Figure 5, k) and experience large local de-
formationswhile voids open in the bulkymiddle plies (Fig-
ure 5, l). The local orientation shows sections of large de-
formation and a nearly no changes in the orientation in
the middle section (Figure 5, d). The optimization of the
material towards bending stiffness is clearly reducing the
in-plane compressive potential. A similar, but less pro-
nounced behavior is shown by sample 5 which displays
strong densification (Figure 5, m, n) and shear deforma-
tion (Figure 5, f) on the left and right side (Figure 5, m, n)
and a small un-wrinkled middle section (Figure 5, e). The
compressive potential of the material seems to be almost
reached.

When evaluating the development of the local orienta-
tion from no compression through all compression stages
strong similarities in the compressive behavior were found
between the hardwood samples 1 and samples 4 and 5, as
well as between the softwood samples 2 and 3. Therefore,
only the sample 3, 4 and 5 aredepicted in the following sec-
tions, and displayed in Figure 6. Striking differences can

be observed in between the highly formable sample 3 and
the two commercially available boards. Out-of-plane ori-
entation in sample 3 appears in the first compression stage
(Figure 6, a). The sample was bent at the right edge dur-
ing the installation in the constraints. First shear bands
appear in Figure 6, b and form subsequently a wave-like
structure that appears clearly within the last two compres-
sion stages. Sample 4 displays almost no out-of-plane ori-
entation in the first four compression stages, after which
buckling appears. Finally, sample 4 forms into a wrinkled
form that does not display any uniform structures. Out-of-
plane orientation appears in sample 5 already in the third
compression stage (Figure 6, c and d), due to delamination
(see Figure 8, j). Sample 5 forms into several shear bands
(e. g. in Figure 6, e)with pronounced edges that underwent
large local deformations.

While the images in Figure 6 give a phenomenological
impression of the development of the out-of-plane orienta-
tion, histograms of the local orientation (Figure 7) canhelp
to confirm the qualitative impressions. Thehistogramsdis-
play the evolution of the local orientations, by showing the
probability for the occurrence of a local orientation angle
through all compression stages. Similar behavior can be
observed for samples 1 to 3. Generally, the orientation an-
gles deviate towards larger angles throughall compression
stages. The distribution curve flattens through the stages
and the probability for the occurrence of large angles in-
creases. Substantial changes in the histograms only ap-
pear in the last two compression stages, indicating that
buckling and formation of macroscopic wrinkles is hap-
pening in all samples within the last two compression
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Figure 7: Histograms of the local orientation of samples 1-5.

Figure 8: Local fiber ratio of the samples 3, 4 and 5 in all compression stages.

steps. The commercial paperboards (sample 4 and 5) ex-
hibit a more pronounced in-plane orientation in the ini-
tial stages than the handsheets. The distributions flatten
in the last two compression stages, which indicates that
large parts of the cross-section experience out-of-plane de-
formation and wrinkling. Therefore, the load carrying ca-
pacity of the deformed samples 4 and 5 is potentially sig-
nificantly reduced.

Figure 8 shows the development of the local fiber ra-
tio through all compression steps for samples 3, 4 and 5.
Sample 3 was bent during themounting process (Figure 8,
a). This favored the formation of the first deformation to-
wards the right side of the sample. A cavity between the

sample and the constraints opens in compression stage 1
(Figure 8, b). Buckling occurred in compression stage 4
(Figure 8, c). The formation of shear bands is apparent
in the compression stages 5 and 6 (e. g. in Figure 8, d).
Compactionand localizationof thedeformationhasbarely
started.

During the manual mounting of sample 4, the sample
wasmisplaced about 0.3mm from the backstop and there-
fore experienced compression only in the second compres-
sion step. It is already visible in the second compression
step that the sample immediately delaminates through the
middle plies (Figure 8, e). The outer plies seem to be signif-
icantly stiffer than the bulky middle plies. Large cavities
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Figure 9: Histograms for the local fiber ratio (0: voids; 1 is pure fiber material). Note the different scaling of the y-axis.

open in the middle plies. The outer plies carry the com-
pressive load until the third compression step, after which
buckling and fractures appear (e. g. in Figure 8, f). Sample
4 shows non-uniform deformation patterns with cavities
(Figure 8, h) and highly compressed section (Figure 8, g)
located in close proximity.

Compressive failure appears in sample 5 in stage 2 on
the right side. A diagonal shear band is clearly visible (Fig-
ure 8, i). In the third compression step, the deformation
localizes further in this shear band and triggers a massive
delamination at the interface between the outer layer and
the middle layer (Figure 8, j). This cavity is filled in com-
pression stage 5 and6. Twoareas of compactionappear left
and right of the center of the sample (Figure 8, k and l). The
amount of delamination and the separation of the outer
layers indicate that the structure could presumably carry
only small loads after this initial deformation.

Figure 9 shows histograms for the local fiber ratio.
The local fiber ratio is defined as the ratio of pixels con-
taining fibers in a 5 × 5 pixel sub-section (approximately
6.4 µm × 6.4 µm) of the cross-section. A local fiber ratio of
0 indicates that no fibers are present in the sub-section.
A fiber ratio of 1 means, that the whole subsection is filled
with pixels that are classified as fibers according to the seg-
mentingusingOtsu’smethod. The softwood samples 2 and
3 display similar behavior. The main changes between the
compression stages only happen within the sections with
a low fiber ratio. Their number is reduced during the last
compression steps due to general compaction of the sam-
ples. Similarities can also be spotted between the hard-
wood sample 1 and the two commercial paperboards 4 and
5. Compaction is indicated by the increase in probability
for the occurrence of areaswith a high fiber ratio in the last

compression stages. Especially sample 5 undergoes mas-
sive changes during the deformation. Cavities opening in
stage 3 which increases the number of sub-sections with a
low fiber ratio. The subsequent compression increases the
number of sub-sections with a high fiber ratio in the last
compression stages.

The constrained compression test was found to in-
duce deformation comparable to the in-plane compres-
sion and wrinkling in pressforming and deep drawing of
paperboard. The test allows initial stable compression,
buckling, wrinkling and compaction in a confined space
under in-plane constraints. However, several changes of
the device are possible to facilitate sample handling and
the sample installation process, as well as improving the
stability of the constraints in the X-ray beam. Addition-
ally, the device needs to be more compact to further de-
crease the distance between the sample and the sensor
to increase resolution in absorption mode. Further exper-
iments to improve the image quality, phase contrast and
resolution are in preparation.

Local buckling and the onset of wrinkling was ob-
served in several samples. However, the step-size, espe-
cially in the last compression stages, was found to be too
large to consistently pinpoint the occurrence of buckling.
The deformation resulting from the large compression
steps was furthermore found to exceed the limits for an
analysis using DVC (Digital Volume Correlation). Clearly
distinguishable behavior in the in-plane compression test
was found amongst the tested materials. However, the
method of production (commercially available machine-
made paper or laboratory produced) and the choice of
fiber material (primarily softwood or hardwood) showed
specific effects on the development of the local fiber ori-
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entation and the compaction behavior and on the force-
compression curves.

Conclusions
We draw following conclusions from the two working hy-
potheses:
– Delamination seems to be in fact the primary mecha-

nisms of deformation under in-plane compression of
materials with a multi-ply layered structure with sig-
nificantly differentmaterial properties (e. g. stemming
fromvarying density or choice of fibers) across the lay-
ers. However, the delamination does not support the
formation of uniform wrinkles, but rather mechani-
cally disconnects the load bearing top- and bottom
plies and hinders a uniform load distribution in the
fiber network. This leads ultimately to an undesirable
state of deformation with large local deformation and
compaction in close proximity to load carrying un-
buckled sections of the sample.

– Generally, the use of softwood, a porous network
structure and a uniform layer structure was found to
be beneficial in terms of achieving uniform compres-
sive behavior, a wave-like shape of the wrinkles and
enable smooth deformation under the compressive in-
plane load

Finally, furthermethodsmust be developed to improve the
quantification of the results. A reduction in the size of the
compression steps could enable the use of DVC. An in-
crease in resolution and image quality will facilitate the
analysis of single fiber deformation and the mechanisms
of local network failure.
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