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A B S T R A C T

With the increasing amount of composite materials used for aircraft structures, structural bonding and bonded
repairs are needed. However, a huge challenge is the availability of reliable material properties for the adhesives.
A common approach for determining the material properties is to use adhesively bonded tubular butt joint
specimens, tested in a biaxial testing system. In order to determine stress-strain curves of the adhesive systems
local strain or deformation measurements needs to be performed. But because of the small bondline thickness of
an e.g. epoxy film adhesive, the resulting deformations are very small. Within this study, two different strain
measurement techniques are used. First a high resolution digital image correlation (DIC) system. Second ca-
pacitive sensors combined in a manner, which allows the decoupled measuring of axial and torsional move-
ments. Both methods and results are compared and discussed. Both have their advantages and the ability to
measure the small deformations.

1. Introduction

With the increasing amount of composite materials used for civil
aircraft structures, joining and repair methods suitable for composite
structures are necessary. Possible methods are structural bonding and
bonded repairs. However, a huge challenge is the availability of reliable
material properties for the adhesives [1–3]. Since the preferred loading
of adhesively bonded joints is to be stressed in shear the main interest is
to characterize the adhesives shear stress - shear strain behaviour. For
high strength structural adhesives systems within the ISO standard
11003-2 single lap joint specimen geometry for shear tests is proposed
(Thick Adherends Shear Test, TAST). Due to the short overlap length
and the thick adherends the stress concentrations at the overlap ends
and the influence to the shear strength are quite small, but still present
at the TAST specimen [3]. Alternative specimen geometry for the de-
termination of the adhesives shear stress - shear strain behaviour is an
adhesively bonded tubular butt joint following ISO 11003-1. When
joining two tubular adherends with the same geometry in terms of inner
and outer diameter by means of adhesive butt-wise together, in the
intermediate circular ring shaped bondline shear stresses can be in-
troduced by torques acting around the longitudinal axis of the spe-
cimen. Due to the circumferential bondline a continuously load flux
alongside the bondline is guaranteed so that no stress concentrations
occur [3,4]. This enables this specimen type to determine the adhesives

shear behaviour very accurate especially in terms of yielding and
strength. However, therefore some requirements need to be fulfilled
which will be discussed below [5]. In addition the bondline can be
stressed not only in shear but also in tension by introducing axial forces
in the tubular butt joint specimen [4,6]. By varying the relationship of
torque and axial loading arbitrary multiaxial stress states can be gen-
erated in the bondline. These results are needed e.g. for the Mahnken-
Schlimmer model [7] and for the design of bonded repairs on aircraft
primary structures were curved surfaces induce through-thickness
stresses as well as shear stresses in the adhesive [8]. By now, for bonded
repairs and structural bonded CFRP aircraft structures mostly epoxy
film adhesives with a high stiffness and strength and less plasticity are
used. Within this study the Henkel Hysol EA9695 AERO 0.05NW film
adhesive (Henkel AG&Co., Düsseldorf, Germany) is used. The epoxy
film adhesive has a typical cured thickness of 50 to 100 μm. The small
thickness and the elevated curing temperature of 130 °C cause manu-
facturing issues. Thus the tubes are bonded with a new joining device,
allowing a pressured and aligned curing in an oven [9]. The thin ad-
hesive between the two bonded adherends means that the occurring
deformations for torsion as well as in tension are very small. Further-
more the bonded tubular butt joint configuration allows a multiaxial
loading of the specimen type. In order to separate the torsional and
axial displacements of the adherends a decoupled measuring of each
displacement vector during testing is necessary.
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Within this study, two different strain measurement techniques are
analyzed and compared. The first is a high resolution digital image
correlation (DIC) system. DIC measuring has the advantage of mea-
suring a complete strain field in each direction within the measurement
area. The second method relies on contactless working capacitive sen-
sors, combined in a manner, which allows the decoupled measuring of
relative axial and torsional movements of the bonded adherends. This
method is easy to use and online applicable also to fatigue testing. But it
gives only global displacement information. Both methods and results
are compared and discussed.

2. Material and methods

2.1. Improved manufacturing of tubular butt joints

As already mentioned above for a multiaxial adhesive character-
isation the use of bonded tubular butt joints, under variable torsion and
tension loads, is an expedient approach. Important for the quality of the
determined material values is the coaxial alignment of the bonded
tubes. Also the bondline has to be free of voids and air inclusion. In
previous work [5] Wölper investigated the effects of coaxial and angle
deviations for the results of material characteristics using FEA. Slight
deviations have a strong negative impact to the results. Particularly for
thin film-adhesives with elevated curing temperatures, the change of
viscosity of the adhesive and the thermal expansion of the tubes must
be considered. Previous investigations regarding the manufacturing of
the specimens showed shortfalls in joining and curing them [10]. Due to
voids, deviations or poorly-bonded tubes, no reliable results could be
achieved yet. Therefore, a new joining-device is developed. To bond the
specimen both tubes have a separate male and female PTFE core which
expands during the increase of temperature in the cure process to the
inner diameter of the tubes. Due to an integrated loose fit bearing of the
cores, a perfectly coaxial alignment of the tubes is ensured. The se-
paration of the core movement also allows to press the bondline by
applying weights on top of the tubes. The constant pressure persists
over the whole curing process [9]. The results show well joined tubular
specimens without a significant angular and lateral deviation of the
adherends. The thickness of the bondline can be adjusted by the
weights and is constant over the whole diameter. The new joining-de-
vice enables the testing of high quality bonded tubular butt joints to
determine the material values of thin elevated-temperature-cured film-
adhesive.

2.2. Measuring principle

Within this section the principle of the two different strain mea-
surement techniques are explained. First the high resolution digital
image correlation (DIC) system, second the contactless biaxial mea-
suring high resolution extensometer.

2.2.1. High resolution digital image correlation (DIC) system
The first measurement technique investigated within this study is

the digital image correlation (DIC). Here the ARAMIS 12M System from
GOM GmbH, Braunschweig, Germany is used. As described in previous
work [11], it is possible to measure very fine displacements with the
right system setup. The DIC measuring has the advantage of measuring
a complete strain field in each direction within the measurement area.

2.2.1.1. Parameters. Based on previous work [11] the following setup is
used for the undertaken testing. A 3D setup was chosen as there is an
out of plane movement of each measuring point during torsional
testing. The camera distance and angle is set up for a measurement
volume of 24 × 30mm, which results in an area of 0.16mm ×
0.16mm for one facet. Using 100mm lenses, a small aperture and
strong light enables a sufficient depth of focus. One more crucial factor
for a good measurement is the speckle pattern. Therefore a combination

of white titanium dioxide and black iron oxide powder which is
dispersed in ethanol and applied with an air brush system was used.
In order to calculate the time-depended strain values during a quasi-
static test a high frame rate is necessary.

2.2.1.2. Post processing. To gain the necessary data to calculate the
material deformation from the DIC measurement several steps are
necessary. The evaluation approach within this study is based on local
coordinate systems in both adherend tubes. Between this coordinate
system the six degrees of freedom (6DoF), see Fig. 1, can be calculated.
In here only the up and down movement, which is the axial strain, and
the yaw angle for the torsional stain are of interest. Especially the roll
and pitch angle should be zero, as a movement in this direction would
mean a misaligned testing setup.

Each coordinate system is based on a fitting cylinder over the ad-
herend surface next to the bondline, on a plane normal to the cylinder
direction and on a fitting point in the center of the surface, see Fig. 2.

The coordinate system generation based on the fitting elements has
the advantage that single facet errors are not critical for the result, but
the bigger the fitting area the more adherend strain is cumulated within
each fitting point. Furthermore the created local coordinate systems are
exactly localised in the middle of the tube and have the right orienta-
tion, as shown in Fig. 3, independently of a misaligned camera setup.
Without correct referenced coordinate system, the distinction in axial
and torsional strain ratios is not possible. The advantage with the cal-
culation of the 6DoF between both local coordinate systems is that the
resulting torsional angle and the axial displacement are directly mea-
sured on the specimen surface. As shown in Fig. 3 there are two cy-
linders within each adherend, one next to the bondline and another in
some distance to the bondline. This enables to calculate the adherend
strains in each tube. Furthermore the axial distance between the sup-
porting fitting points is measured. With both, the adherend deforma-
tions can be calculated for each load step. The measured deformation
over the adhesive is corrected to obtain the pure adhesive strain.

2.2.2. Contactless biaxial measuring high resolution extensometer
The second measuring method within this study is a contactless

biaxial extensometer. Since a main requirement when testing adhe-
sively bonded tubular butt joint specimens under biaxial loading con-
ditions is to measure precisely the expected very small relative dis-
placements (typically in the range of microns). Therefore an
appropriate measuring system with a sufficient resolution and accuracy
has to be chosen. Another crucial requirement is to reliably decompose
the displacement vector of a biaxially loaded, tubular butt joint spe-
cimen into its orthogonal components in axial and tangential directions.
A third requirement aims at the specification that the measurement
shall be performed without significant time delay, such that the test
procedure may be controlled based on local displacement data.
Furthermore, test data may be obtained in real time in fatigue

Fig. 1. 6DoF [public domain].

J. Kosmann et al. International Journal of Adhesion and Adhesives xxx (xxxx) xxx–xxx

2



experiments. The third requirement means, that no extensive post
processing of the measured data is necessary. A physical measurement
principle which transforms a distance change directly into a voltage
output is to measure the capacity of an electric field between an elec-
trode and an opposite conductive metal plate. Since the corresponding
areas of the electrode and the plate as well as the dielectric in-between
the gap are always the same, a change of the gap width delivers a
change of the electrical capacity. By means of an appropriate measuring
amplifier, the change of the electrical capacity can be transformed into
a linearized voltage output. The chosen capacitive sensors, CSH2FL-
CRm1,4 from Micro-Epsilon, Germany, have a measurement range of 0
to 2mm and a resolution of about 1.5 nm. Due to their high tempera-
ture resistance, the sensors may be used in the range from very low
temperatures up to 200 °C. The capacitive sensors and corresponding
target surfaces have been arranged at the adherend surfaces of a tubular
butt joint specimen as schematically shown in Fig. 4. If the specimen is
loaded in tension and torsion at the same time, a displacement vector

consisting of axial and tangential components exists between two re-
ference points on the upper and lower adherends. Due to the contactless
measurement principle, decoupling can be easily achieved by aligning
each sensor precisely perpendicular to the target faces. At least two
sensors are necessary to perform the desired decomposition.

Since the measurement of the tangential displacement takes place
on a circular path with a perpendicular distance of 59mm from the
longitudinal specimen axis, a certain imprecision occurs due to tilting of
the measuring and targeting surfaces with increasing rotation angle.
Both surfaces are perfectly aligned in the starting position and the
maximum expected displacement to be measured is only about 0.2mm.
In this range, the maximum error according to the manufacturer's da-
tasheet is around 0.005% of the measurement range of 2mm, which
leads to a maximum error of approx. ± −e1 4 mm  . This means that the
relative error of a measured tangential displacement of 0.01mm would
be 1%.

As a further consequence of the distance between sensor and sample

Fig. 2. DIC measurement, illustration of both fitting cylinders one each tube, above and below the bondline.

Fig. 3. DIC measurement, fitted local coordinate systems in each cylinder and the calculated 6DoF for each pair.
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axis, the measured tangential displacement needs to be recalculated
with respect to the position of the sample surface. Since the distances of
sample surface and sensor are 30mm and 59mm, respectively, the
scaling factor is =r r/ 30/59specimen torsial sensor     .

In order to fix the sensors and the targeting surfaces at the tubular
butt joint specimen, mounting adapters were designed as shown in
Fig. 5. The upper mounting adapter, which is hosting the capacitive
sensors, is fixed to the upper adherend which is attached to the load cell
of the testing machine. The targeting surfaces are incorporated in the
lower mounting adapter. This adapter is fixed to the lower end of the
specimen into which the axial and torsional loads are introduced. Since
there is only a small gap of about one millimeter between the sensor
and the targeting surfaces, the torsional loading direction must be
chosen such that the gap is increasing with increasing torque. Other-
wise it cannot be guaranteed that the threshold monitoring system will
stop the cylinder movements in time in order to prevent sensor collision
if the sample fails suddenly. When performing fatigue experiments with
a stress ratio of R = − 1, no preferred failure direction of the specimen
can be determined. Therefore, a defined breaking point was in-
corporated in the lower mounting adapter such that the targeting sur-
face of the torsional sensor is released in case of a collision movement.
It needs to be mentioned that the axial specimen deformation is mea-
sured with two sensors on opposite sides of the mounting adapter in
order to detect possible secondary specimen deformations. Those sec-
ondary specimen deformations might arise due to misalignments of
bonded tubular butt joints or misalignments within the load frame of
the testing machine.

Another important topic to be considered in order to determine
reliable adhesive data is the compensation of the adherend

deformation, since the displacement cannot be directly measured at the
bondline. Mounting adapters are fixed with a certain distance to the
bondline, such that a gap pf =2*3 mm 6 mm    exists between the two
opposite, inner edges, as shown in Fig. 5, left. The adherends experience
an elastic deformation by the axial and torsional loads, leading to a
displacement which is superimposed to the bondline deformation and
which depends on the position of the mounting adapters. Since the
adapters do not change the adherend stiffness, significant deformation
also takes place outside the 6mm gap in, left. Therefore, one half of the
thickness of each mounting adapter (3 mm * 2 = 6mm, see Fig. 5,
right) was considered to contribute to the effective distance, which is
finally estimated to be =t 12 mmadh   .

The adherend displacement can be analytically estimated by the
forces acting on the adherends and this material data following Eq. (1)
and Eq. (2). The values uax and utors must be subtracted from the totally
measured axial and tangential displacements, respectively. In order to
perform strain-rate controlled tests it is necessary to perform these
calculations online in the testing software.

Equation 1 Equation 2
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Fig. 4. Arrangement of capacitive sensors for axial and torsional relative displacement
measurement.
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2.3. Testing machine

In order to test the application of the DIC system and the biaxial
extensometer for measuring the bondline deformation of an uni- and
biaxially loaded adhesively bonded tubular butt joint specimen, a pre-
liminary test campaign has been conducted. To compare the two
measurement systems, both systems are used simultaneously for se-
lected specimens. For loading the specimens, a servo-hydraulic biaxial
tension/torsion testing machine from Schenck, Germany, (Fig. 6, left)
was used. It has a digital controlling unit and a maximum static loading
capacity of 250 kN and 1000 Nm. The tests were conducted at room
temperature controlling the piston's position with a constant axial rate
of 1e−3mm/s and a torsional rate of 1e−2 °/s, respectively. For
clamping the tubular specimen, the testing machine is equipped with
hydraulic grips. All relevant test data including the sensor data from the
extensometer were acquired and recorded by the controlling unit. In
addition these data were sent online to the DIC system for storage. The
detailed test set up used for measuring the specimen deformation with
the DIC system and the biaxial extensometer is shown in Fig. 6, right.

3. Results

In the following the measurement results of selected specimens
determined with the DIC system and the biaxial extensometer are dis-
cussed. For this study four specimens have been analysed. Specimen
v06 and V09 are loaded torsionally, V10 axially and V13 with a com-
bined load.

3.1. Contactless biaxial measuring high resolution extensometer

In Fig. 7 the test data of an adhesively bonded torsionally loaded
tubular butt joint specimen is plotted as a function of test time. After 10
seconds of testing time the angle measurement as well as the torque
measurement show some noise which can be explained by a temporary
malfunction of the torque piston of the used testing machine (same at
Fig. 10) which needs to be fixed before continuing the test campaigns.
As can be seen in this plot the rotation angle is increasing linearly with
time until the specimen failed after about 60 s. The measured torque at
this moment is about 800 Nm. Since the movement of the axial piston is
not restricted, no axial force may affect the test. The dashed blue line
represents the torsional displacement of the biaxial extensometer, al-
ready recalculated to the specimen's outer diameter of 60mm. Sub-
tracting the adherend deformation from this data leads to the solid blue
line which is assumed to be the relative torsional displacement of the
adherends close to the bondline. This displacement is during a wide
range of the test time below a value of 5 μm. Just at the end of the test
when the plastic deformation of the adhesive bondline has started this

torsional displacement increased immediately up to nearly 20 μm.
Using the formulas given in Eq. (2) and a determined bondline

thickness of 50 μm, the shear stress and shear strain can be calculated
and plotted as shown in Fig. 8.

An adhesive shear strength of about 55MPa can be determined from
the stress-strain curve. Yielding starts at about 30MPa and the shear
modulus determined up to this nearly linear range is about 670MPa.

In Fig. 9 the test data of an axially loaded tubular butt joint spe-
cimen is plotted vs. the test time. The piston displacement is increasing
linearly with time until the specimen failed after nearly 70 s at about

Fig. 6. Test set up: biaxial tension/torsion testing machine (left), extensometer and DIC system (right).

Fig. 7. Test data vs. time for an adhesively bonded and torsionally loaded tubular butt
joint specimen (V6).

Fig. 8. Shear stress plotted vs. shear strain for the adhesively bonded and torsionally
loaded tubular butt joint specimen (V6).
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19 kN. The two thin dashed blue lines represent the two individual axial
sensor displacements of the biaxial extensometer. It can be noticed that
both of them show a very small decreasing negative displacement over
the testing time up to − 0.5 μm, which means that the two adherends
should approach each other. However, this finding is at the first look in
contradiction with the steadily increasing tensile load. It might be a
strong hint that the axial load path is not perfectly aligned since the
specimen coaxiality is found to be good. Subtracting additionally the
load dependent adherend deformation from the averaged displacement
leads to the thick solid blue line which is assumed to be the relative
axial displacement of the adherends close to the bondline. Since the
base data as well as the averaged displacement are negative, the ana-
lytical correction of the adherend deformation considering the positive
tensile load leads to a further reduction of the determined relative axial

displacement. This averaged and corrected displacement is during a
wide range of the test time negative up to − 1.9 μm at 60 s testing time.
Only at the very end of this tensile test when yielding and plastification
takes place, a small positive averaged displacement of about 2 μm can
be determined. As already said before, these findings are a clear hint to
review once more critically the alignment of the test setup.

In Fig. 10 the test data of a biaxially loaded tubular butt joint spe-
cimen is plotted vs. the test time. The specimen failed after about 41 s at
about 580 Nm and 10 kN. In comparison to the purely torsionally and
axially loaded specimens, these values are clearly reduced due to the
multiaxial loading. Also the locally measured and corrected torsional
displacement is slightly reduced in comparison to the pure torsion test.
However, analyzing the axial data the same issue can be noticed as
already found for the pure axial tensile test. For 25 s of the testing time
both axial sensors of the extensometer did not measure any significant
relative displacement of the adherends. Afterwards, only one axial
sensor is measuring a continuously increasing displacement while the
other sensor stays mostly unaffected until to the very end of the test.
Just 3 s before plastic deformation takes place (which can be seen by
the force reduction) also the second axial sensor measures a positive
displacement signal. Although the averaged displacement is a small
positive value, the correction for the adherend deformation leads again
to a negative (compression) displacement.

The resulting stress-strain plots for the torsional as well for the axial
loading direction are shown in Fig. 11. For the shear behaviour of the
multiaxially loaded adhesive a shear strength of approx. 40MPa is
determined. Yielding starts somewhere between 10 and 20MPa and a
shear modulus of 500 to 600MPa in the elastic region before can be
estimated by a detailed look on the result. For the tensile behaviour of

Fig. 9. Test data vs. time for an adhesively bonded and axially loaded tubular butt joint
specimen (V10). (For interpretation of the references to color in this figure, the reader is
referred to the web version of this article.)

Fig. 10. Test data vs. time for an adhesively bonded and biaxially loaded tubular butt
joint specimen (V13), above: torsional data, below: axial data. (For interpretation of the
references to color in this figure, the reader is referred to the web version of this article.)

Fig. 11. Stress plotted vs. strain for the biaxially loaded tubular butt joint specimen
(V13), above: shear stress - shear strain curve, below: normal stress – strain curve.
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the multiaxially loaded adhesive, a yielding limit of about 10MPa can
be determined. Afterwards plastification takes place and nominal
normal tensile strength of approx. 19MPa can be determined before the
adhesive failed at about 10% failure strain. The determination of the
axial stiffness depends strongly on the measured strain and local axial
displacement, respectively, which is still an issue at this moment.
Without taking into account the adherend deformation the evaluation
of the red stress-stain curve (Fig. 11, below) leads to an axial adhesive
modulus of about 22.8 GPa which is not plausible, even if the restricted
transvers strain of the adhesive in the bondline is considered. On this
account further investigations are necessary, but the capacitive mea-
suring shows that it is possible to measure this small deformation even
if there are still issues with the testing machine.

3.2. High resolution digital image correlation (DIC) system

To discuss the DIC results pure torsional loaded specimens were
analysed within this work due to the issues with the axial alignment of
the test setup. Here two specimens were tested, one only with the DIC
System (V09) and one with both systems (V06).

To validate the measurement the first evaluation was performed on
the purely DIC measured specimen. In Fig. 12 the torsional angle over
the test time is plotted. The light blue and red lines show the torsional
angle within each adherend. The torsional angle over the bondline is
plotted with the dark blue line, calculated with the inner cylinders, and
in green, calculated with the outer cylinder. In order to see the real
measurement capabilities the results are not smoothed or filtered in this
first step.

It can be seen that the results show some random noise, but the
system resolution is good enough to measure the occurring deforma-
tions. Comparing the green and the dark blue line it is crucial for the
results to consider the adherend deformation. The adherend deforma-
tion is plotted with the light blue and red lines for each tube half. The
next step is to normalise the displacement with the distance between
the anchor points and calculate the correction for the adherend dis-
placement. The measurement confirms the in Equation 2 assumed
linear behavior of the adherends. Furthermore the measured correction
factor correlates with the analytical calculated factor. For the specimen
V06 with both measuring systems, the DIC measurement was performed
in the gap between the mounting adapters. Thus only the two inner
cylinders can be measured. The adherend deformation correction is

Fig. 12. Test data vs. time - Influence of adherend strain on the torsional measurement. (For interpretation of the references to color in this figure, the reader is referred to the web version
of this article.)

Fig. 13. Shear stress vs. shear strain for both DIC measurements, with and without ad-
herend compensation. (For interpretation of the references to color in this figure, the
reader is referred to the web version of this article.)

Fig. 14. Shear stress vs. shear deformation for both measurement systems, with adherend
compensation and lowess filter. (For interpretation of the references to color in this
figure, the reader is referred to the web version of this article.)
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taken from the V09 specimen. Furthermore the area for the fitting point
was smaller which leads into more random noise. Fig. 13 plots the shear
stress vs. shear stain for both DIC measurements one without adherend
correction, blue and green, and with the measured correction, in red
and orange. It has to be mentioned that the fitting point distance for
V06 and V09 is different so the green and blue line including a different
amount of adhesive deformation. Furthermore the DIC measuring of
V06 stated later so there are missing values in the beginning. But it can
be seen, that the corrected stress-strain curves fits together up to
48MPa of shear stress. From there the V06 specimen increases a bit
more and V09 stays on a constant stress level. The determined failure
shear strain of specimen V09 is instead of that clearly higher.

3.3. Comparison

To compare both measuring systems, the results measured with the
biaxial extensometer and with the DIC system are shown in Fig. 14. The
biaxial extensometer results for specimen V06 are plotted in green, the
light blue line shows the same specimen measured with DIC and the
blue line is the purely DIC measured specimen. Comparing the DIC
results, it can be seen that the stiffness of the two samples compares
well and the deviation of the two maximum shear stresses from the
mean value is well within 5%, which would be expected for this type of
structural adhesive. The DIC measurement of V06 started somewhat
later than the torsion test, which results in a difference of the two
curves close to the origin. The DIC measurement of V06 ends at a shear
strain of 0.18 while V09 shows a value of 0.26. Although the deviation
of the two values from the average is within 20%, which is typical for
structural adhesives, there is another reason for the deviation: Spe-
cimen V06 was measured using a sampling rate of 2 Hz for the gen-
eration of the digital images, while a frequency of 10 Hz was used for
specimen V09. In both experiments, test data had been Lowess filtered
in order to get a smooth signal. In the test of specimen V06, the last
calculated DIC step for was 0.4 s before the specimen failed. Since
plastic deformation of the adhesive started shortly before the specimen
failed, the sampling rate of the DIC System was too low in order to
reproduce the correct shear strain after Lowess smoothing. Due to the
higher sampling rate in the V09 test, a higher shear strain rate was
calculated after Lowess smoothing as compared to V06. Comparing the
DIC and extensometer results, it can be seen that both measurement
techniques give almost identical stiffness results. The difference be-
tween the maximum shear stress values in the V06 test is a consequence
of the low sampling rate in the DIC measurement. The maximum shear
stress difference between V09 DIC and V06 extensometer tests can be
explained by natural scatter which is to be expected between different
specimens. Due to the higher sampling rate, the maximum shear strain
of 0.26 as measured by DIC in the V09 test is more accurate than in the
V06 test. Comparing this value with the value of 0.38 as measured by
extensometer in the V06 test, a deviation below 20% from the mean can
be estimated. Deviations of up to 20% are typically found in the max-
imum shear strain as measured in structural adhesive torsion tests.

4. Conclusion

The aim pursued within this study was the measurement of epoxy
film adhesive properties in torsion and tension using adhesively bonded
tubular butt joint specimens. Therefore a DIC system and a contactless
working biaxial extensometer with capacitive sensors were used. Both
systems prove within a first test campaign in principle their suitability.
While the issues for the DIC system are widely related to the correct
application of the system to the special application case, the issues to be
cleared for the biaxial extensometer were how to decouple the both
measurement directions, selection of suitable sensors with sufficient
resolution and accuracy, and the mounting to the tubular specimen. The
measurement results for both systems clearly show that measuring with
digital image correlation as well as the biaxial extensometer is suitable
for the adhesively bonded tubular butt joints with epoxy film adhesives.
Both systems offer specific benefits, shown in Table 1. One important
outcome of this first test campaign is that the displacements to be re-
liably measured when testing adhesively bonded tubular butt joint
specimens are in the low micron range. The sensors installed in the
biaxial extensometer fulfil these requirements very well. For the ap-
plication and use of the biaxial extensometer within axial loading ex-
periments, the observed issues regarding the small axial displacements
have to be cleared. This might be not only an issue of the extensometer,
but also of the correct alignment of the testing machine and the
alignment of the tubular butt joint specimens itself.
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