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ARTICLE INFO ABSTRACT
Keywords: In structural bonded joint design, mode I fracture toughness is a key mechanical property. Using a
Wedge driven test sliding wedge driven test to measure the fracture toughness of an adhesive is a good alternative to
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the standardised DCB test. However, with a sliding wedge driven test, the friction between the
wedge and the specimen is difficult to determine and has an influence on the fracture toughness
data reduction. In this work, we present a relatively small and simple mode I fracture toughness
test setup with a roller wedge, which can potentially be used without a test machine to make a
quick and affordable approximation of the mode I fracture toughness. DCB test results of the
specimens are used as a reference to compare the roller wedge driven test method against. Results
show that the friction of the roller wedge is significantly lower than a sliding wedge, and thanks
to the low friction of the rollers the required driving force of the wedge is likewise low. Therefore,
a human hand can apply a high enough force to the wedge by rotating a threaded bar to push
down the wedge. Controlling the displacement rate by rotating a threaded bar by hand is difficult,
therefore this method appears to be only suitable for non-rate sensitive adhesives. By comparing
the roller wedge force and J-integral data reduction method, it has been shown the roller wedge
force data reduction method is less sensitive to measurement errors. The proposed Roller Wedge
Driven test method could potentially be an alternative mode I fracture toughness test method for
bonded joints.

1. Introduction

Structural adhesive bonds are increasingly used in industry as an alternative to mechanical joints [1]. One of the advantages of
structural adhesive bonds is that the need for more traditional fasteners becomes obsolete, consequently making the structure lighter,
smoother and distributing stresses over a larger area (i.e., stress concentrations are limited). Nevertheless, there are some disad-
vantages to using adhesives for structural bonding such as limited capacity for visual inspection, high quality surface preparation being
required, controlling process parameters being important and adhesives are environmentally sensitive. Material characterisation of an
adhesive is essential to design a structural bond for its service load cases.

When designing a bonded joint, one of the key adhesive mechanical properties is fracture toughness. A bonded joint is usually
loaded with a mixed mode which is a combination of mode I and II [1]. Pure mode I and II fracture toughness test results show that, in
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Nomenclature

a crack length

ac corrected crack length

a. crack length with exact contact point

B width of specimen

C compliance

dini initial wedge displacement for fracture toughness calculation
diim wedge displacement limit

E, longitudinal Youngs modulus

E; back-calculated modulus of the substrate

A correction by taking the intercept of C'/3 against a

Dy, diameter of the wedge

E, transversal Youngs modulus

Foush force to push the wedge

Fpushs force to push the wedge simplified data reduction method
G energy release rate

G, critical energy release rate

G, energy release rate with exact contact point

Gy in-plane shear modulus

h thickness of the adherend

J energy release rate with J-integral method

N correction to compensate for the stiffness of the DCB bonding blocks
P opening force

ta bondline thickness

Tw radius of the wedge

By opening displacement

0 adherend tip rotation angle

0. adherend tip rotation angle at critical energy release rate
Oini adherend initial rotation angle

u friction coefficient

b crack length correction factor
CBBM  Compliance Based Beam Method
CBT Corrected Beam Theory

COF Coefficient of Friction

DCB Double Cantilever Beam

LVDT Linear Variable Displacement Transducer

RWD Roller Wedge Driven

WDT Wedge Driven Test

WDT+  Wedge Driven Test simplified data reduction method

general, fracture toughness in mode I is lower than in mode II [2]. To measure pure mode I fracture toughness, the bonded joint is
cleaved or peeled. This can be done with different test methods, the most common of which are standardised test methods based on the
double cantilever beam test (DCB) and are described in ASTM D5528-01 [3] and ISO-25217 [4]. The beams can be separated by load
control, something which is rarely done, or by a constant opening displacement rate [5]. With a constant opening displacement rate of
the beams, the crack growth rate (crack growth over time) will not be constant during the test. On the other hand, applying a constant
load will very likely result in unstable crack propagation.

The data reduction method described in ISO-25217 [4] is based on corrected beam theory (CBT). For the CBT data reduction
method, the measurement of crack length is required, which is preferably avoided since this could introduce significant errors as a
result of the non-objective visual method that is generally used for crack length measurement [6]. Alternative data reduction methods
that do not require crack length measurements are the compliance based beam method (CBBM) [7] and the J-integral method [8]. For
the CBBM method, the flexural modulus of the specimen needs to be obtained. Therefore, testing specimens with different materials
means the CBBM method is labour intensive. The J-integral method, however, only depends on rotation measurements of the adherend
tip and the applied load.

Another method to cleave a bonded joint is by using a wedge. The same type of specimen as in the DCB test is used but in this case a
wedge is introduced in between the two adherends (beams) until crack propagation starts. Then the wedge is retained in its position
and over time the crack will continue to propagate. ASTM D-3762 [9,10-12], also known as the Boeing wedge test, used to be the
standard wedge test method. However, in July 2019 the standard was withdrawn because it had not been updated for the last eight



E. Meulman et al. Engineering Fracture Mechanics 271 (2022) 108619

years. The wedge test was never originally designed to be used for a quantitative measurement of mode I fracture toughness but instead
was meant to be used as a qualitative test to determine if an adhesive properly bonds to an adherend. Authors like Cognard et al. [13]
and Plausinis et al. [14] have tried to use the Boeing wedge test to obtain quantitative properties for bonded joints. Variations on the
wedge test are designed like, for example, the wedge driven test (WDT) [6,15-17]. A significant advantage of the wedge driven test is
that it can be assumed that the crack length during propagation is on average constant. In this case, the crack length is defined as the
distance between the crack tip and the tip of the wedge. As a result, crack measurement is objective since during the crack propagation
phase (only the case for stable crack propagation) the incremental displacement of the wedge, provided by the test setup crosshead,
equals the crack length increase. This principle could also be used for creep or durability testing where a constant load is applied to the
wedge, which then moves, under stables crack propagation, at the same rate as the crack tip. This means for a certain load a constant
crack growth rate could be obtained over the complete crack length. Unlike the Boing wedge test, where the crack growth rate slows
down when the crack is propagating, because the wedge is stationary.

To determine the fracture energy with a test, the total energy that goes into the system and how much of this energy is used for
creating the crack surfaces (energy release rate, G) needs to be known. The critical energy release rate (G.) is a material property and
indicates the resistance to crack growth. In other words, if G > G, crack growth occurs in the material [18]. Considering a WDT, the
wedge is in direct contact with the adherends and slides along them creating friction. The energy that is required to overcome the
friction force is difficult to measure directly. Therefore, determining the fracture toughness based on the total amount of energy put
into the system is not evident unless the friction force can be eliminated. Different authors have shown that, even when using low
friction materials, the sliding friction forces cannot be neglected when determining fracture toughness [19,20]. Likewise, it is also not
evident to determine the friction coefficient as a single value since the friction coefficient is not constant during the test [6]. Glessner
et al. [21] proposed a WDT design that uses a roller wedge to separate the adherends and reduce friction force to a minimum.
Potentially the rollers result in a low enough friction force that the friction force can be neglected. However, the authors did not present

MTS Insight

Offset from center line = 0.5mm

T

20mm

Fig. 1. Top left: RWD test setup. Top right: Roller wedge inserted in specimen. Bottom left: Sketch of roller wedge design with three rollers. Bottom
right: Side view sketch of wedge where the middle roller and the two outer rollers have an offset of 0.5 mm (solid red line) from the wedge centre
line (black dashed line).
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the friction force of the roller wedge compared to a different method to show that the friction force can indeed be neglected when using
aroller wedge. Adams et al. [22] designed the ‘Smart Wedge’ concept which also uses rollers to separate the adherends. The rollers are
directly connected to a load cell, therefore the specimen opening load can be directly measured. With the ‘Smart Wedge’ concept, crack
measurement is not required to be estimated during the test, however, flexural rigidity of the adherends does need to be measured to be
able to calculate the crack length when post-processing the test results.

For the WDT, Renart et al. [20] developed a data reduction method to determine fracture toughness. The data reduction method
requires the measured load to drive the wedge into the specimen and takes the friction coefficient into account. Manterola et al. [6]
simplified the WDT data reduction method by making use of inclinometers to measure the rotation of the adherend tips and, as a result,
obtain the fracture toughness of the bonded joint. This simplified method avoids a coefficient of friction (COF) estimation and the
bondline thickness is taken into account. The proposed simplified data reduction method (WDT + ) has shown to be less sensitive to
displacement rate, bondline thickness, wedge thickness and type of adhesive.

All the Mode I fracture toughness test methods found in literature require a test machine to perform the experimental test. For
quality control, the DCB is the accepted standardized test method in industry. For instance, for preliminary design purposes like
material selection, it could be desired to test some different material combinations to obtain a fracture toughness approximation. The
DCB test, which requires a test machine, can be time consuming and costly to perform. It would be beneficial to have a test method that
can measure the mode I fracture toughness of a bonded joint in a faster and simpler way. In this work, we present the Roller Wedge
Driven (RWD) test setup design which, when compared to the other methods described in this introduction, is a simpler test method.
The RWD test setup is based on a concept design from Glessner et al. [21] and a patent of the Ikerlan Technology Research Centre and
AMADE [23]. The latter proposes a roller wedge with a data reduction method that is based on adherend rotation measurement with
inclinometers. Measuring directly the wedge driving force to obtain fracture toughness properties is likely a better option. This is also
what Glessner et al. did by assuming that the friction of the roller wedge is zero. However, no comparison was made with other
methods to confirm the friction can indeed be assumed zero. The authors of this work believe this deserves further investigation.

Fig. 2. RWD manual test setup configuration with a threaded bar that pushes the loading beam of the wedge down when rotated with a spanner.
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In theory, one could apply the manual load by just pressing the wedge into the specimen by hand, however this will probably result
in unstable crack growth since applying the force by pushing by hand is difficult to control. A manual mechanism is required to apply a
more control displacement to the wedge. As a result making it a quick and easy-to-perform test that can assess many specimens in a
relatively short timeframe.

In section 2, the authors present the RWD test method and setup, as well as the experimental testing campaign carried out in two
different laboratories. The comparison between the DCB and RWD test results are presented in section 3 and the results obtained are
discussed in section 4. Finally, section 5 describes the conclusions of this work.

2. Methodology
2.1. The roller wedge driven test (RWD)

The RWD test setup (Fig. 1, top left) has a wedge that consists of three rollers (Fig. 1, bottom left). A clamp and a linear carriage
system hold the specimen in a vertical position in line with the roller wedge. A bearing connects the roller wedge with the horizontal
loading beam. The bearing makes it possible that the roller wedge can rotate around its longitudinal axis making sure all rollers make
contact with the adherends and preventing potential mode III loading of the specimen. An aluminium block is mechanically attached to
each end of the adherend. These aluminium blocks (Fig. 1, top right) open the ends of the adherends when the roller wedge is pushed
against the aluminium blocks. This makes it possible to smoothly enter the round rollers of the wedge in between the narrow gap
between the adherends [20].

An HBM WA-T-50 linear variable displacement transducer (LVDT) with a precision of 0.2% measures the displacement of the roller
wedge. The LVDT attaches to one of the vertical guiding columns and is in contact with the horizontal support beam of the roller
wedge. The support rod of the roller wedge contains a load cell (HBM U9C-500) with a precision of 0.2% to be able to measure the
applied force that drives the roller wedge into the specimen. An inclinometer (NA3-30 from SEIKA Mikrosystemtechnik GmbH) with a
precision of 0.005° is attached to each of the aluminium blocks at the opening end of the adherends to be able to measure the rotation
angle of the adherend tips (Fig. 1 top right). As explained in section 1, the inclinometers are only required for the J-integral data
reduction methods and therefore used as a reference measurement. We use an MTS Insight 100 kN for the RWD quasi-static mode I
fracture tests. The RWD quasi-static tests are performed with displacement control. All displacement data in this research are measured
with the LVDT. Additionally, it is possible to run the test manually (by hand) by moving the RWD test setup loading beam with a
threaded bar and a support allocated on top of the two guiding columns (Fig. 2).

The calculation of the energy release rate applied to the specimen is based on the WDT data reduction method [20] and reads:

3 ERE:
G== :

4 at

(€Y

where E, is the longitudinal Youngs modulus of the adherend, h is the thickness of the adherend, a. is the corrected crack length and 5,
is the opening displacement at the contact point between the roller and the adherend. It is assumed that the roller wedge rollers are
small enough in diameter that the simplified contact point principle can be applied [20] and additionally taking into account the
bondline thickness (t,) and the diameter of the wedge (D) [6]:

D, —1t,

2 (2)

5, =

The corrected crack length (a.) in the data reduction method (1) takes into account the flexibility of the adherends and corrects the
crack length (a) with the following equation:
a.=a+yh 3

Parameter y is the crack length correction factor [24]:
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where E, and E, are the Youngs modulus in the longitudinal and transversal direction, respectively and Gy, is the in-plane shear
modulus. The crack length correction factor is added to crack length a after multiplication by h, which is the thickness of the adherend.
The crack length correction factor compensates for the rotation of the adherends near the crack tip, since the elastic beam theory does
not take this rotation into account and therefore underestimates the crack length.

Since the simplified contact point between the rollers and the adherends is assumed, the simplified data reduction method can also
be used [20]:
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EBRr, (32 + 1)

2a

2a3(1 — ﬂﬂ)

2a

Fpushs = 5)

In which Fp,gs (the applied force) is measured with the load cell, B is the width of the specimen, h is the thickness of the adherend
and r,, is the wedge tip radius (i.e., the roller radius). The friction coefficient u is assumed to be negligible and therefore taken as zero
[21]. After performing the test, Fp,; is known from the test results. This means only one unknown variable remains: a. Numerically
solving a in equation (5) and substituting that value in equation (3) will provide parameter a.. The value of a. can be used to determine
G with equation (1). By combining equations (1) to (5), the RWD force equation is obtained:

3 EhS;
- Z 35,2 4
(v +ah)

The principle of the J-integral method used for the DCB test can also be used for the RWD test if inclinometers are used and is based
on [6]:

©)

P
J= 2Etan9 ()]

where B is the specimen width, P the adherend opening force and 0 is the adherend tip rotation angle. In the DCB test the adherend
opening force P can directly be measured with the load cell, whereas with a wedge test a conversion needs to be performed to obtain
the adherend opening force P from the measured driving force of the wedge [6]:

E.Bh*S,
p="""0
4a’

®

In case of the simplified contact point between the roller and the adherend, §, can be determined with equation (2). The crack
length a can be estimated based on the opening displacement and the adherend tip rotation angle [6]:

73 5,V

= 2 tand ®
Equations (7) to (9) can be combined into a single equation, RWD J-integral:
4 E.h*tan*@
J= o (10)

27 &

The J-integral method as described is a useful method to be able to compare obtained energy release rates and fracture toughness
from the different test methods used for this experimental campaign.

Qo

ta

Qo

Fig. 3. Specimen geometry, top: for RWD test, bottom: for DCB test including two blocks with holes to attach the specimen to the test machine. Only
the two holes in the block closest to the adherends are used to make the block function as a hinge. The second hole is only there so the blocks can be
re-used for another DCB test.
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2.2. DCB tests

The DCB tests were performed according to the DCB test standard [4]. Both the CBT and DCB J-integral based data reduction
methods were applied to the results to obtain the mode I fracture toughness of the specimens. For the CBT method, the crack length
needs to be measured. We measured the crack length visually with a camera (Canon 550D and macro lens EF100). By marking the side
of the specimen, it is possible to determine what the crack length is at any moment during the test. The DCB J-integral method makes
use of the rotation of the adherends and the applied opening load during the test. The inclinometers measured the rotation angle of the
adherends and are the same inclinometers as used for the roller wedge driven test. The equation for the DCB J-integral is [6,25]:

P

J= Egrd 1)

The load that is measured to open the DCB specimen is P, the width of the specimen is B and 6, is the relative rotation between the
adherends.

2.3. Experimental testing campaign

We manufactured the specimens in the AMADE research group laboratory. Two 200 mm long, 25 mm wide and 3 mm thick
aluminium Al 7075-T6 adherends were bonded with a rigid structural adhesive. The bondline thickness t, was between 0.4 and 0.6 mm
(Fig. 3). The rigid adhesive is a methacrylate-based Araldite 2021-1. Araldite 2021-1 has a glass transition temperature of 80 °C. The
aluminium adherend has a Young’s modulus of 71 GPa, shear modulus of 27GPa and a yield strength of 550 MPa [6,26].

We pre-treated the adherends by sanding them with sandpaper P80, degreasing them with acetone and, just before bonding,
cleaning them with high grade alcohol. The adhesive was cured in an oven set at 60 °C for 16 h. Teflon spacers ensured a constant
bondline thickness of the specimen during its manufacture. The Teflon spacers were removed once the curing process had been
completed. The initial crack length (ay) was 100 mm for the RWD specimens and 37 mm for the DCB specimens. The DCB standard [4]
states that the DCB specimens should be painted white and marked on one side to be able to visually measure the crack length during a
test. Metal blocks with holes bonded to the DCB specimen made it possible to attach the specimens to the testing machine.

We performed all the RWD tests in this research in the ISO17025 and NADCAP certified AMADE research group testing laboratory
at the University of Girona, testing at an ambient temperature (23°+2"C, 50 +5 % RH). A total of five specimens were tested with the
DCB test method: three specimens at the AMADE laboratory (DCB_01 to DCB_03) and two at the IKERLAN Technology Research Centre
(DCB_04 & DCB_05). The test machine applied an opening displacement rate of 2 mm/min to the DCB specimens. Four specimens were
tested with the RWD test setup (RWD_01 to RWD_04) at a wedge displacement rate of 5 mm/min. Additionally three specimens (RWD-
M_01 to RWD-M_03) were tested with the RWD test setup without using the test machine, but by manually applying a load to the wedge
(as described in section 2.1). Table 1 shows an overview of the tested specimens.

3. Results

This section describes the results from the three types of mode I fracture tests. First, we present the DCB test results, followed by the
results from the RWD test method using the RWD force data reduction method to determine the fracture toughness. Then, we describe
the results from the RWD manually-loaded test method using the same RWD force data reduction method. This section also contains
the results from the RWD J-integral data reduction method applied to both test methods. Finally, an overview of all the test methods
and different data reduction methods is visually depicted using a bar plot.

3.1. DCB test

The force-displacement curves of the DCB specimens are plotted in Fig. 4. The initial stiffness of all five specimens is very similar.
The peak force is for all specimens at a similar opening displacement.

The rotation angles measured at the adherend tips are used to determine the energy release rate with the DCB J-integral method
[25] (Fig. 5). The first 5 to 10 mm of the opening displacement after the peak force shows some deviation between the different
specimens in terms of energy release rate. Later during the test, the energy release rate of most specimens converges to range between
2.5 and 3.5 N/mm (considering the range between the peak force and 30 mm of opening displacement).

The CBT method is based on a visual discontinuous measurement of the crack length. All the data points related to the crack length

Table 1
Overview of tested specimens.
Specimen Test method Disp. rate Specimen thickness (mm) t,(mm) No. of specimens
(mm/min)
DCB_0x DCB 2 6.47 £ 0.04 0.47 = 0.04 5
RWD_0x RWD 5 6.46 + 0.04 0.46 + 0.04 4
RWD-M_0x RWD Manual 38.2% 6.48 = 0.09 0.48 + 0.09 3

* Could only be determined after the test and is the average measured displacement rate.
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Fig. 4. Force-displacement curves of DCB specimens.
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Fig. 5. Energy release rate vs. opening displacement of DCB specimens determined with the DCB J-integral method.

measurement are expressed in energy release rate and plotted against the opening displacement in Fig. 6. The same behaviour as the
DCB J-integral method can be observed, where the energy release rate converges to a range between 2.5 and 3.5 N/mm.

In Fig. 7, both the results of the DCB J-integral and CBT method are plotted as comparison. The specimens on the left in Fig. 7 are
those that were tested at the AMADE laboratory and those on the right were tested at the Ikerlan Technology Research Centre. Both
methods show a good correlation as the difference between the two data reduction methods is less than 2% for the average energy
release rate for all tested DCB specimens.

-.
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Displacement (mm)

Fig. 6. Energy release rate vs. opening displacement of DCB specimens determined with the CBT method.
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Fig. 7. Comparison of DCB J-integral and CBT method. Specimens on the left were tested at the AMADE laboratory and those on the right at the
Ikerlan Technology Research Centre.

For all specimens we observed a cohesive failure of the adhesive like, for example, specimen DCB_03 shown in Fig. 8. To the right of
the red line is the fracture surface created during the DCB test. The adhesive is a glassy polymer that forms voids during the fracture
process as can be seen as small black dots in the DCB crack propagation section. To the left of the red line, the fracture surface was
formed by opening the specimen using lab tools to be able to inspect the fracture surface of the specimen (this is not part of the test). It
is observed that the fracture surface changes, this could indicate that this type of polymer is strain rate sensitive, however, the failure
mode remains as cohesive failure.

Table 2 shows the average values obtained from the DCB tests. The average is taken from the peak force until the test was stopped.
The average energy release rate of this range, where stable crack propagation take place, is considered as the fracture toughness of the
specimen. There is some spread in the average values of the energy release rates for the different specimens. The average of all
specimens is 2.719 N/mm with a standard deviation of 0.228 N/mm, and 2.772 N/mm with a standard deviation of 0.184 N/mm for
the DCB J-integral and CBT method, respectively. The averages of both methods correlate well (difference less than 2%) and fall within
standard deviation. The DCB test and the CBT data reduction method are standardised and widely accepted, therefore these results
were used as a benchmark for the other test results presented in the following sections.

Table 2 shows a column indicated with Ef which is the back-calculated modulus of the substrate [27] and is used to check the
stiffness of the substrate against the expected modulus of 71000 N/mm?2. The equation for Ey is [27]:

_8(a+a)’

= e a2

Where a is the crack length, C is the compliance,B specimen width, h adherend thickness, A a correction by taking the intercept of
C'/3 against a and N a correction to compensate for the stiffness of the DCB bonding blocks. In Table 2 the standard deviations in the
column are the standard deviations found for the result of one specimen (i.e. the average value from the propagation points). The

Lab tool specimen opening section DCB crack propagation section

Fig. 8. Cohesive fracture surface of specimen DCB_03, to the right of the red line the adhesive fractured during the DCB test, to the left the specimen
fractured during the process of splitting the adherends with lab tools to be able to inspect the fracture surface (later not part of the test).
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Table 2
Overview of average DCB test results. The standard deviations in the column are the standard deviations found for the result of one specimen. The
standard deviation in the last row is the standard deviation found when taking the average value for all specimens tested.

Specimen G,- J-int G.—- CBT Ef(N/mmz)

(N/mm) (N/mm)

Avg. Std. Dev. Avg. Std. Dev. Avg. Std. Dev.
DCB_01 2.299 0.127 2.461 0.133 61120* 1397
DCB_02 2.676 0.125 2.662 0.189 77,685 2123
DCB_03 2.811 0.130 2.915 0.177 69,586 574
DCB_04 2.951 0.256 2.888 0.252 72,323 1943
DCB_05 2.856 0.154 2.933 0.181 73,113 1234
Average: 2.719 2.772 70,765
Std. Dev. 0.228 0.184 5482

* The back-calculated modulus deviates more than 10% from the expected modulus (71000 N/mm?) and therefore the fracture toughness results of
this specimen should be considered suspect [27].

standard deviation in the last row is the standard deviation found when taking the average value for all specimens tested.

3.2. Roller wedge driven test

The force-displacement curves of the RWD specimens are plotted in Fig. 9 (left y-axis). The initial stiffness of the specimens is very
similar for the four specimens tested with the RWD test setup. This is followed by a peak force where, once the force drops, moves into a
more stable region. Specimen RWD_01 shows a high rise in force - around 40 mm of wedge displacement (dotted line), indicating an
increase in resistance that is likely caused by an external influence. After testing, none of the adherends showed any permanent
deformation. Likely, the resistance changed due to local adherend surface change. In Fig. 8 a thin layer of adhesive is visible on the non-
bonded adherend surface where there is the transition from bonded to non-bonded area. There was a Teflon spacer placed to during
manufacturing to create the adhesively bonded and non-bonded area. Adhesive flowed underneath the Teflon spacer during the
specimen manufacturing process when the adherends were pressed together. This part of the specimen is neglected for the fracture
toughness calculation and in the following plots.

The RWD force data reduction method (equation (6)) is applied to determine the energy release rate of the RWD specimens that are
plotted in Fig. 9 (right y-axis). Since the RWD force data reduction method only uses the measured force from the test results as the
input value, the plot is similar to the force-displacement plot and, therefore, both can be plotted using two y-axes (Fig. 9). To
determine the average fracture toughness of the specimens, the same cut-off criteria as for the DCB J-integral method is used, i.e., after
the crack has initiated. Fig. 10 shows an example of the measured rotation angles where a dashed line named d;,; indicates the initial
wedge displacement where it is assumed that the crack propagation phase already has initiated. The dashed line of d;, cuts out the
spikes in the results caused by the roller wedge being in contact with the adhesive. The section between d;; and dj;;, can be plotted as a
resistance curve (R-curve), as shown in Fig. 11. The average energy release rate of the R-curve is considered as the fracture toughness of
the specimen. About 25 mm is the maximum crack extension that can be measured with these type of specimen before the roller wedge
meets the adhesive, which then influences the measured results by increasing the resistance to the wedge. It seems that, besides the
fluctuations in the R-curve of the different specimens, all converge to an energy release rate of about 3 N/mm.

It must be noted that the average rotation angle as is, for example, plotted in Fig. 10, is not directly used in the RWD J-integral
reduction method. After manufacturing the specimens it was noticed that, besides using Teflon spacers to ensure a constant bondline
thickness, the adhesive shrinks slightly during the curing the process. This results in the adherends not being completely parallel and
showing a minimal V like shape. This initial rotation, 6;,;, of the adherends is calculated based on specimen dimensions and is added as

]
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Fig. 9. Force-displacement and G-displacement curves of RWD specimens.
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Fig. 10. Specimen RWD_04 as an example of how the di, and dj;, cut-offs determine the range over which the average energy release rate is
calculated and is considered as the fracture toughness of the specimen.
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Fig. 11. Resistance curves (R-curves) of RWD specimens.

a correction factor to the average measured rotation angle. At the bonded section of the specimen, 30 mm and 90 mm from the short
side of the specimen, a thickness measurement is taken using a micrometre. Over this distance the difference in thickness is used to
calculate the initial angle (6;,;) of the adherends relative to each other. The average value for 6;,; found for all RWD specimens is 0.042°.

In Fig. 12, the results obtained with the RWD J-integral data reduction method are plotted. The same initial peak is observed after
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Fig. 12. Energy release rate vs. roller wedge displacement of RWD specimens determined with the RWD J-integral data reduction method.

11



E. Meulman et al. Engineering Fracture Mechanics 271 (2022) 108619

which the energy release rate drops to a more stable value. The fluctuations with the inclinometers are less severe compared to using
the measured force to determine the energy release rate. Using the RWD J-integral data reduction method, the energy release rate
converges for specimens RWD_02 and RWD_03 to 2.4 N/mm, while specimens RWD_01 and RWD_04 are lower and converge to 2.0 N/
mm.

For all the specimens, the cohesive failure of the adhesive is observed as being similar to specimen RWD_01 shown in Fig. 13. To the
right of the red line is the fracture surface created with the roller wedge, while to the left is the fracture surface caused by opening the
specimen completely with use of lab tools to be able to inspect the fracture surface of the specimen. This is the same behaviour of the
failure surface as observed in the DCB tests.

Table 3 shows an overview of the average results obtained from the specimens tested with the RWD test method, where Fy,, and 6,
are the average values measured between d;; and dj;,, and are the test results’ output values used in the RWD force and RWD J-integral
data reduction methods to determine fracture toughness.

3.3. Manual loaded RWD test

The force and energy release rate against the roller wedge displacement curves of the two specimens tested with the RWD test setup
loaded by manually driving the roller wedge into the specimen are shown in Fig. 14. The initial stiffness of all three specimens are very
similar. After the peak force, the measured force of both specimens converges to 90 N, and the energy release rates to 3 N/mm. The
same type of plots, as with the RWD test, are plotted in Fig. 15, the energy release rate against crack extension is plotted (R-curve), and
in Fig. 16 the energy release rate calculated with the RWD J-integral method.

Table 4 shows the average values from the crack propagation phase. It can be observed that the average calculated fracture
toughness using the RWD force data reduction method is significantly higher compared to the average fracture toughness obtained
with the RWD J-integral method.

After the test, the displacement data from the LVDT was used to determine the actual displacement rate applied for the RWD
manual test. Fig. 17 shows the slope of the displacement-time plot which equals the displacement rate. For RWD-M_01, this is 41.4
mm/min (0.69 mm/s), for RWD-M_02 and RWD-M_03 this is 36.6 mm/min (0.61 mm/s). A test machine can control a displacement
rate very precisely, it is more difficult to do the manual test at a constant and pre-determined displacement rate using a spanner to
rotate a threaded bar by hand. As can be seen in Fig. 17, the displacement rate over the whole test appears to be constant, but there are
small fluctuations visible in the plotted lines.

3.4. Summary of results for ERR of DCB, RWD and RWD manual load

An overview of the average fracture toughness values for the different test methods and data reduction methods is shown in Fig. 18.
With a similar standard deviation, the CBT and DCB J-integral methods correlate well for the DCB test. For the RWD test, the RWD force
and RWD J-integral data reduction methods do not correlate as well with the benchmark fracture toughness from the DCB test: the
RWD force data reduction method is 11% higher and the RWD J-integral method 15% lower compared to the DCB results. For the RWD
manual test, the difference increases to 20% for the RWD force data reduction method while the difference remains similar at 14%
lower compared to the DCB result for the RWD J-integral method. Looking at the results for both RWD force methods (test machine and
manual), there is a 8% increase in measured fracture toughness measured when the RWD manual test is compared to the RWD machine

Lab tool specimen opening section DCB crack propagation section Teflon insert section

Fig. 13. Cohesive fracture surface of specimen RWD_01. To the right of the red line the adhesive is fractured with the roller wedge, while to the left
of the red line the specimen was fractured post-test by splitting the adherends completely with lab tools to be able to inspect the fracture surface
(later not part of the test).
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Table 3
Overview of average RWD test results. The standard deviations in the column are the standard deviations found for the result of one specimen. The
standard deviation in the last row is the standard deviation found when taking the average value for all specimens tested.

Specimen Fpu(N) 0.(°) G.— RWD force G.— RWD J-int
(N/mm) (N/mm)
Avg. Std. Dev. Avg. Std. Dev. Avg. Std. Dev. Avg. Std. Dev.
RWD_01 88.81 3.76 5.50 0.07 3.020 0.122 2.161 0.114
RWD_02 86.66 5.15 5.64 0.04 2.945 0.167 2.413 0.070
RWD_03 94.56 9.60 5.59 0.13 3.201 0.310 2.574 0.229
RWD_04 85.06 8.58 5.43 0.11 2.896 0.278 2.138 0.177
Average: 88.77 5.54 3.016 2.322
Std. Dev. 3.60 0.08 0.120 0.180
F5.5
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Fig. 14. Force and energy release rate vs. wedge displacement curves of manually loaded RWD specimens.
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Fig. 15. Resistance curves (R-curves) of RWD manually loaded specimens.
test.
4. Discussion
In this section, observations from the test results and the RWD methods are discussed. Some parameters concerning sensitivity on
the fracture toughness data reduction method are discussed. Finally, the RWD manually loaded test is discussed and compared to the
RWD machine loaded test.

4.1. Simplified vs exact contact point for the roller wedge

As mentioned in section 2, the diameter of the roller wedge rollers are assumed to be small enough that the error introduced by
using the simplified contact point and RWD force data reduction method does not result in a significant error in the calculation of the
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Fig. 16. Energy release rate vs. roller wedge displacement of RWD manually loaded specimens determined with the RWD J-integral method.

Table 4
Overview of average RWD manually loaded specimen test results. The standard deviations in the column are the standard deviations found for the
result of one specimen. The standard deviation in the last row is the standard deviation found when taking the average value for all specimens tested.

Specimen Fpusn(N) 0.(°) G.— RWD force G.— RWD J-int
(N/mm) (N/mm)

Avg. Std. Dev. Avg. Std. Dev. Avg. Std. Dev. Avg. Std. Dev.
RWD-M_01 98.36 11.6 5.59 0.11 3.328 0.374 2.324 0.186
RWD-M_02 105.58 16.02 5.57 0.18 3.550 0.511 2.360 0.323
RWD-M_03 84.78 11.35 5.41 0.1 2.878 0.367 2.313 0.161
Average: 96.24 5.523 3.252 2.332
Std. Dev. 8.623 0.081 0.280 0.020

60
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0
0 10 20 30 40 50 60 70 30 30

Time (s)

Fig. 17. Displacement-time plot of RWD manual test with the slope indicated, which equals the displacement rate.

energy release rate. The graph to the left in Fig. 19 shows there is no visible difference for the determination of the energy release rate
using the exact (G,) or simplified contact point (G) [6,20], the blue and orange lines are practically on top of each other. This is also
visible in the graph to the right in Fig. 19, where the numerically solved crack length for the simplified and exact contact point are
shown, a and q, respectively. During the crack propagation phase the difference is less than 1% and, therefore, the simplified method is
used for the RWD test setup. There is a more significant difference between the crack length a and the corrected crack length a,
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Fig. 18. Overview of average fracture toughness (and minimum and maximum values) results for the DCB, RWD and RWD Manual tests when using
different data reduction methods (CBT, RWD J-int and RWD force).
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Fig. 19. Left: Specimen RWD_02 showing the difference between using the simplified and exact contact point for the RWD force data reduction
method. Right: specimen RWD_01 plot of the numerically solved crack length with the simplified contact point a, for the exact contact point a, and
the corrected crack length..a,

(equation (3)), therefore, the correction of the crack length cannot be neglected.

4.2. Overestimation of the calculated ERR when the RWD data reduction method is used

During the crack propagation phase there is a significant difference in the energy release rate determined with the RWD force
reduction method and the RWD J-integral (Fig. 19 left). The roller wedge rollers have a low rolling resistance and it is assumed that this
is much lower compared to, for instance, a sliding wedge which has a typical friction coefficient of about 0.3 (metal on metal) [20].
With the roller wedge, the energy dissipated by the test setup is considered to be low enough to be neglected and therefore the friction
coefficient y in the data reduction method is taken as zero [21] (as described in section 2.1). However, the energy addressed to the
fracture toughness is higher compared to the J-integral, and thus energy has to be dissipated somewhere else in the system. The
assumption of zero friction for a roller wedge, as proposed by Glessner et al. [21] seems to overestimate the calculated fracture
toughness. One of the most likely locations for energy loss are the roller wedge rollers. It is not easy to determine the energy loss caused
by rolling resistance. There could be different factors that influence such resistance, for instance, the type of load, wheel diameter,
roller material/hardness, adherend material/finish and/or adherend surface conditions [28]. During the post-processing of the test
results with the RWD force data reduction method, a value for the friction coefficient p of 0.02 was found. Implementing this value
makes the results of the energy release rate determined with the RWD force data reduction method correlate better with the RWD J-
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integral method, as can be seen in Fig. 20. A friction coefficient of 0.02 is a small value compared to the friction coefficient of a sliding
wedge, although it is clear from the results that the energy loss due to the rolling resistance of the rollers cannot be neglected in the
RWD force data reduction method.

4.3. Sensitivity of the measured rotation angle and force

The RWD J-integral data reduction method presented in section 2.1 (equation (10)) has only the adherend rotation angle 0 as the
required measured value from the test. The average measured angle of the RWD specimens is 5.6°with a standard deviation of 0.11.
The RWD force data reduction only has the measured force Fp,s, as an input value which is required from the test results. The average
measured Fp,g, of the RWD specimens is 89 N with a standard deviation of 3.4. For the RWD J-integral and RWD force data reduction
method the spread measured for 0 or Fpg, is amplified differently when the fracture toughness for a specimen is calculated, due to the
behaviour of the data reduction methods, which is linear for the RWD force and exponential for the RWD J-int. The average measured
force (89 N) and angle (5.6°) are normalized to 1. The same is done for the fracture toughness obtained with both data reduction
methods using the average measured force and angle. This is depicted in Fig. 21, where both data reduction methods are plotted with
the normalized average measured test input value (0 and Fp,y,) against the normalized calculated energy release rate. By using
equation (6) presented in section 2.1, Fig. 21 is plotted over a range from zero to two times the normalized average force measured for
the RWD specimens. Equation (10) from section 2.1 is also plotted in Fig. 21 over a range from zero to two times the normalized
average 0 measured for the RWD specimens. With Fig. 21 it is intended to show the difference of both data reduction methods in a
qualitative way. The standard deviation is used to show the effect of an error or variation in the measurement on the calculation of the
fracture toughness. A range of four times the standard deviation (4*SD) from the average can be applied to check the effect on the
calculated fracture toughness [29]. Expressing the 4*SD as a fraction of the average for 6 and Fpyg,, this becomes 0.08 and 0.15,
respectively, which are shown in Fig. 21 as dotted lines for the 6 and dashed lines for Fp,g. It can be observed that the standard
deviation for the 6 is lower than the standard deviation of Fp,s, measured over all the RWD specimens, but that the spread obtained
when calculating the fracture toughness higher for the RWD J-integral data reduction method compared to the RWD force data
reduction. This means that, compared to the RWD J-integral data reduction method, the RWD force data reduction method is less
affected by spread in the test measurement data and, therefore, is a more robust data reduction method. Another factor that increases
the possible error in the RWD J-integral is the measurement of the 6, as described in section 3.2. The inclinometers are situated at the
adherend tips of the non-adhesive side of the specimen, the initial angle of the adherend tips need to be determined for the RWD J-
integral data reduction method. It is very difficult to measure the correct thickness of the specimen at the adherend tips when there is
no adhesive present. Therefore, it is assumed the adherends are completely straight so the initial angle of 6 can be calculated by
measuring the specimen thickness at two points where there is adhesive located. Since the average found 6, is small, also a small
estimation error on the straightness of adherends has a significant effect on the fracture toughness calculation. Potentially, this could
also explain why there is a difference observed in the results of the RWD J-integral and DCB J-integral data reduction method, because
the DCB J-integral does not require an initial ¢ correction.

4.4. Selecting the location of d;y;

Another factor that influences the calculated fracture toughness of a specimen is where the location of dj,; is selected. As described
in section 3.2 and shown in Fig. 10, the location of d;,; is selected at the infliction point that can be observed in the rotation angle graphs
of the inclinometers, which also correlates with the peak force in the force-displacement curve. However, this infliction point is not
always very clear, especially when the location of d,; is selected based on the force measurement as required in the RWD force data
reduction method. For example, take specimen RWD_02 shown in Fig. 22, in the lefthand plot the dy,; is taken at the first infliction point
but then the rotation angle increases slightly more, followed by a second infliction point. It can also be observed in the

G (N/mm)

0 10 20 30 40 50
Displacement (mm)

Fig. 20. Effect of friction parameter p on the energy release rate G, results from specimen RWD_01 where the RWD J-integral functions as a
reference value.
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Fig. 21. Sensitivity of RWD J-integral data reduction method compared to RWD force data reduction method with the normalized average angle 0
and force Fpys, plotted against the normalized average calculated J and G.
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Fig. 22. Specimen RWD_03. Left: adherend rotation angle plot with di,; and dj, cut-off displacements indicated with dashed lines. Right: force-
—displacement plot showing multiple peaks at maximum force before the force declines.

force—displacement curve, Fig. 22 righthand plot, that there are three peaks at a similar force before the force declines to a more stable
level later in the test. All the specimens tested show an initial high peak and this is very likely to be material-specific behaviour.
However, for the force measurement most specimens show a clearer after-peak phase compared to the example specimen RWD_03.

The difference between the measured peak force and the average force measured later during the more stable phase of the test is
more than 10% for most specimens. Therefore, including part of the peak will have an influence on the average calculated fracture
toughness of that specific specimen. Consequently, a conservative approach could be taken where the d;;; line is selected far enough
from the initial peak. However, this could result in a rather short measuring range for the fracture toughness calculation, and due to the
fluctuations observed it is desirable to have a long crack propagation phase. Since dj;, is limited by the roller wedge encountering the
adhesive of the bonded joint, the available measuring range with this specific wedge and specimen combination could be considered a
limitation.

4.5. RWD test compared with the RWD manual test

The RWD test setup is a rather simple experimental test device that requires a DCB-like specimen, a wedge driving force and a load
cell to measure the wedge driving force during the test. For the tested specimens, the force did not exceed 160 N as can be observed in
Fig. 23. This is an amount of force that can be applied by a human hand. A spanner and a threaded bar are used to apply a certain

displacement rate to the roller wedge. For all the specimens, once the peak force is reached, the force then tends to drop sharply. This
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Fig. 23. Force-displacement curve comparison between the RWD test (RWD_01 to RWD_04) and RWD manual test (RWD-M_01 to RWD-
M_03) specimens.

effect is more significant for the RWD manual test specimens compared to the RWD machine test specimens. Later, during the test, the
measured force of both methods is much more similar, as can be seen in the plotted R-curve in Fig. 24. The overview plot of the
different test methods in section 3.4 (Fig. 18) clearly shows a difference in the calculated fracture toughness for the RWD manual and
RWD machine tests. The difference in calculated fracture toughness between the RWD manual and machine test method is probably
caused by the rate sensitivity of the adhesive. The wedge displacement rate of the manual test is eight times higher compared to the
machine test. Furthermore, the displacement rate of the manual test appears constant over the whole test, but locally it shows fluc-
tuation, which likely influences the results when a rate dependent adhesive is tested. The higher peak force observed for the manual
test, as can been seen in Fig. 23, and the change of fracture surface visible when the specimens are opened with a high rate using lab
tools (Fig. 8 & Fig. 13) also indicate rate sensitivity. If a non-rate sensitive adhesive would be tested, it is possible that the RWD test
could be performed without a test machine and skilled technicians, but this deserves further investigation by testing more and different
materials with the RWD test method.

5. Conclusions

This work proposes a relatively small and simple mode I fracture toughness test setup that can potentially be used without a test
machine to make quick and affordable approximation of the mode I fracture toughness and qualitatively check the bond quality of the
bonded joint, for preliminary design purposes. Using a roller wedge instead of a sliding wedge significantly reduces the wedge
resistance. Reducing the resistance of a wedge also reduces the force required to drive the wedge into a specimen. A human hand is
capable of applying the low driving force to the roller wedge by turning a thread bar with a spanner. This could be done outside a test
machine as long as the adhesive is not rate sensitive, since controlling the wedge displacement is difficult.

At first, the assumption was made that the resistance would be small enough that the friction coefficient can be neglected. However,
test results between the RWD force data reduction method and the RWD J-integral method have shown that an amount of energy is
dissipated by the system and that it cannot be neglected. It is likely that this energy is dissipated by the resistance of the rollers.
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Fig. 24. R-curves of the RWD test (RWD_01 to RWD_04) and RWD manual test (RWD-M_01 to RWD-M_03) specimens.
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The sensitivity of the measured rotation angle (0) and force (Fp,s) as input values for respectively the RWD J-integral and RWD
force reduction methods are discussed. It is observed that a small spread in the measured rotation angle is amplified in the RWD J-
integral method introducing a significant error in the fracture toughness calculation. On the other hand, it has been shown that in the
RWD force data reduction method, spread in the measurement is not amplified for the calculation of the fracture toughness, making the
RWD force data reduction method more robust than the RWD J-integral data reduction method.

The RWD test setup is relatively simple and small, in theory, if a non-rate sensitive specimen is tested, then the RWD manual test
could be performed anywhere as long there is a data acquisition system available to log the force applied to the wedge during the test.
However, the difference observed between the RWD machine and manual test is likely related to the rate sensitivity of the adhesive
used for this research. For rate sensitive adhesives, a small electrical engine that turns the threaded bar, could be introduced to have a
more constant wedge displacement, instead of the need of using a test machine. The RWD test method deserves further investigation by
testing different materials and at different displacement rates.
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