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Abstract
Modern synthetic structural adhesives are finding a place in the drive to improve the fuel efficiency
of automobiles through weight reduction of the structure. One of the most important properties of
the adhesives used in this type of joining is the fracture energy.
A literature study is carried out to gain a broader understanding of the methods used for the
determination of the fracture energy of adhesives. One of the most common experimental methods
relies on the use of the Double Cantilever Beam (DCB) test specimen. International standards for the
DCB test are studied. Prediction of the fracture energy using Linear Elastic Fracture Mechanics and
the J-integral approach, a closed form solution and finite element methods are also seen. Differences
in these methods are attributed in part to the nonlinear behaviour of the adhesive being studied. It is
decided to use the results of a non-standard DCB test and the 40% error calculated by a theoretical
standard method as a point of reference.
A comprehensive comparison of the American Society for Testing Materials (ASTM) and British
Standard Institution (BSI) standards for the determination of the fracture energy of adhesives is
undertaken. Limitations and overlaps in the standards are identified. A DCB specimen is
recommended and an experimental procedure that satisfies elements one or both standards is
suggested along with several small additions such as using a wire to assist in the application of the
adhesive and the use of cameras to track the crack growth. In addition, a new fixture to allow testing
of the recommended DCB specimen according to the standards is designed and manufactured.
Materials for the preparation of tests specimens are ordered and, based on available laboratory
time, a single DCB test specimen is made for the purposes of testing a rubber-based automotive
structural adhesive. The specimen is tested using the recommended experimental procedure using
the new fixture. The data produced during the test are collected and interpreted using the
methodology proposed in the BSI standard for the calculation of the fracture energy of the selected
rubber-based adhesive. Several challenges found during this process are identified. The fracture
energy determined from the standard-based experiment ranges from 140 J/m2 to 1380 J/m2
depending on the methodology used.
The values of the fracture energy determined from the standard-based DCB experiment are then
compared to the fracture energy seen with the nonstandard-based experiment and to the standardbased numerical test seen in the literature. It is shown that when simple beam theory method is
used the difference in the results found in the standard-based experiment and nonstandard-based
experiment can be confirmed to lie within the 40% error observed in the literature.
Finally, the contributions of the project are summarized and recommendations for future work are
made. In particular, the lack of information given in the BSI standard when calculating the fracture
energy and the need for multiple test specimens are required by the standard, must be addressed in
order to support the obtained results and conclusions.
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1 Introduction
In recent years there has been a developing interest in the environment and an associated drive for
improved environmental protection. There are different types of environmental problems, and these
problems are ranked in a list depending on the level of public concerns. According to Ketcham
(2010), five of the most common concerns are: contamination of drinking water, water pollution, soil
contamination, wildlife conservation and air pollution. Apart from these, there are more important
subjects such as the energy conservation, climate change and so on (Ketcham, 2010).
To reduce the contamination the first step is to learn how that contamination is created. As an
example, air pollution has three main causes: emissions from industries and manufacturing activities;
burning fossil fuels and household and farming chemicals (eSchoolToday, 2008). The automotive
industry has contributed to the worsening of the environment through both the manufacture and
circulation of those cars produced. To give an example the Union of Concerned Scientists (2014) says
that, “Transportation is the largest single source of air pollution in the United States”.
The next important step is to do something to reduce the contamination in many fields as possible.
For that reason, governments in many parts of the world have introduced environmental regulations
on original equipment manufacturers. There are many such regulations. For example the
Transformation of the Automotive Industry (2010) proposed new fuel efficiency standards. This, in
turn, iniciated new programs such as the Lightweight Materials Research and Development (The
Transformation of the Automotive Industry, 2010). In this program, the aim is to reduce the weight
by changing the materials used, but always taking into account the effectiveness of that material. By
reducing the weight, improvements in fuel efficiency follow as a consequence.
Many different materials are used in vehicle production. Olorunshola Obielodan (2010) indicates,
that there is a new trend that consists of using different materials in a structure with the purpose of
taking the best property of each one and using them in combination. The difficult part is to assemble
these multi-material structures. Till now, most joining has been made by mechanical fasteners or
spot welding, but the use of modern synthetic structural adhesives has been growing steadily (Gilles,
2006).
Some of the benefits of structural adhesives, when compared to mechanical joining technologies
such as welding and riveting, include the ability to join dissimilar materials, better resistance of
fatigue and lower manufacturing costs. Within automotive sector adhesives offer the additional
advantage of providing water proof seals and corrosion protection. However the brittlenature of
early adhesives limited their use. In some applications, fabricators have noted improved product
quality, reduction in production time, in costs and an overall reduction in pollution (Gilles, 2006).
While in many of the positive aspects of cohesive have been identified, the behaviour of different
types of adhesives in automotive applications is an important area of research (Stigh, 2015).

1.1 Background
Among the multiple properties that the adhesives have, one of the most important is the fracture
energy. The most common method to calculate the fracture energy is using a Double Cantilever Beam
(DCB) (see Figure 1) subjected to three kinds of loads, specifically Mode I; Mode II or Mode III (see
Figure 2). In this project, the fracture energy of the adhesive is calculated using the DCB subjected to
Mode I or opening mode.
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Adherend

Figure 1: Double Cantilever Beam structure.

Figure 2: Different modes for analysing adhesives
(Mixed-Mode Fracture of Human Cortical Bone, s.f.).

Biel and Stigh (2008) studied the fracture energy of an adhesive using a DCB. This study was divided
in two parts. In the theoretical part, the fracture energy was determined based on Linear Elastic
Fracture Mechanics and on the J-integral approach. In the second part, the fracture energy was
predicted using the Finite Element Method (FEM) and a Closed Form Solution. Biel and Stigh (2008)
attributed some of the differences between the results of the two parts to the nonlinear mechanical
behaviour of the adhesive. The estimated error was about 40%.
In another study, Eklind, Walander, Carlberger and Stigh (2014) modelled and simulated as well as
carried out non-standard experiments on high cycle fatigue crack growth of adhesive layers. Two
very different adhesives were compared in order to study crack growth in Mode I. One of the
conclusions made was that if the adherend were stiffer, the crack growth would be faster. In this
study, the correct real fracture energy was calculated. One of the adhesive used was rubber-based
adhesive, and the fracture energy calculated was about 500 J/m2.

1.2 Problem Statement
As can be seen above, there are several ways to gain understanding of an engineering problem. As
shown in Figure 3, these include analytical solutions, numerical methods such as FEM and
experimental methods.
The analysis must be clear as to the underlying assumptions, such as the boundary conditions,
inherent in each case as they are, in essence, different versions of the same reality.

Reality

Experimental
method

Finite Element
Method

Analytical
solution

Figure 3: Different versions of the same reality.

Stigh (2015) proposed that additional studies should be carried out to investigate the sources of the
differences noted by Biel and Stigh (2008). In particular, Stigh (2015) requested that the FEsimulations in Biel and Stigh (2008) be repeated as actual physical experiments, using the
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appropriate specifications from the American Society for Testing Materials (ASTM) and the British
Standard Institution (BSI). This, in turn, means the specifications must be carefully studied and
understood prior to any experimental testing.
1.2.1

Initial and Revised Objectives

At the start of the project three initial objectives were identified:
1. To compare the ASTM and BSI standards in order to find their similarities and differences.
2. To carry out experimental testing of the appropriate ASTM and BSI specifications to obtain
experimental values of the fracture energy of a selected adhesives.
3. To compare the experimental methods to the theoretical and numerical results of Eklind,
Walander, Carlberger and Stigh (2014) and rank them according to several criteria such as
accuracy, cost, ease of use and performance time.
During the early weeks of the project it became clear that due to the complexity of the standards and
complications associated with ordering material, laboratory availability and the need to design a new
fixture that revised objectives were required. For this reason the following revised objectives were
identified:
1. To perform a comprehensive comparison of the ASTM and BSI standards for the
determination of the fracture energy of adhesives and recommend a DCB specimen as well
as an experimental procedure that satisfies one or both standards.
2. To design and manufacture a new fixture to allow testing of the recommended DCB
specimen according to the standards.
3. To carry out, based on available laboratory time, tests of the DCB and a selected adhesive
using the recommended procedure.
4. To determine the fracture energy of the selected adhesive using the recommended
procedure and to make suggestions as to how to properly perform the tests.
5. To compare the value of the fracture energy determined experimentally using the standards
(objective 4) to the non-standard-based experimental results of Eklind, Walander, Carlberger
and Stigh (2014) to determine if the error observed between the standard and non-standard
experiment can be confirmed to lie within the 40% error predicted by Biel and Stigh (2008).
Finally, the third initial objective to rank the various methods (analytical, experimental etc.) was set
aside as future work.

1.3 Overview
A review of the ASTM and BSI standards for the determination of fracture energy of adhesives is
presented in Chapter 2. An explanation of each standard is provided including a detailed table of
comparison of the apparatus, test specimen dimensions, the loading of the fixture, the number of
test repetitions, the adherend material, the preparations of the test joints, the procedure of the
tests, the calculations and the test report. The common information is compared to determine where
overlaps in the standards exist. A recommendation of the test specimen geometry is made.
Recommendations for test procedures including techniques for observing the crack length are
suggested and the design of a new fixture is presented.
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In Chapter 3, the experimental method and procedures are explained in detail. The material
properties, manufacture of the specimen and pin are provided. The calculation of the data collected
from the first DCB test is described. After the completion of the experiment, the fracture energy of
the adhesive is determined in Chapter 4.
The results are discussed in Chapter 5, and are followed by the conclusions in Chapter 6. Finally,
future work is proposed in Chapter 7.

2 Approach
The work has been divided into three phases. In the first phase, the standards have been analysed
and compared with each other to optimize the experimental procedure, the materials are selected
and calculation of crack length has considered. Then a fixture to connect between the specimen and
the machine has been designed.
In the second phase, the experimental testing has been performed. Firstly, the specimen and the
fixture have been made according to the dimensions and materials selected in the first phase. Then
several practice have been undertaken to make sure the procedure was understood. Finally, in the
third phase, the actual test to determine the fracture energy has been performed. The process is
outlined in Figure 4.

Phase 2
•How do the
standards work?

•Trial and Error

Phase 1

•Run the
experiments
and obtain the
results

Phase 3
Figure 4: Phases of the method.

2.1 Review of Standards for Determination of the Fracture Energy of
Adhesives
One of the aims of this project is to analyse and compare two standards, more specifically the BSI
and the ASMT standards as mentioned before. For that, the first step has been to analyse them
separately and then, compare them to determine which elements they have in common and which
differ substantially.
The standards provide information and recommendations such as a theoretical introduction to
fracture energy, the properties of the testing machine, dimensions of the specimens, manufacture of
the specimens, the number of tests that are needed and last but not least, how to obtain and
interpret the results and represent them in a proper way.
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Unfortunately due to copyright issues, the standards cannot be included in the Appendices. For this
reason, the reader is directed to ASTM (1999) and BS7991 (2001). Nevertheless, specific reference to
figures, tables and equations in those references will be made for the convenience of the reader.
2.1.1

American Society for Testing Materials

The ASTM standard provides good information on how to manufacture the specimen. More
concretely, it provides exact measurements and tolerances, and furthermore, it explains how to
obtain the final specimen.
However, it presents some disadvantages; for example, the information on how to perform the tests
is incomplete. Another big disadvantage, when determining the displacement of the testing machine,
the crack length must be estimated. This would give some problems when calculating the fracture
energy, because when estimating the crack length, the adhesive properties are not taken into
account.
2.1.2

British Standard Institution

The BSI standard provides a very good guide about how to apply the adhesive and how to perform
the test. Furthermore, it gives an exact range of the displacement rate of the testing machine and it
explains how to measure the crack length. Last but not least, another advantage of this standard is
associated test report sheet. This test report sheet makes the organization and representation of
results straight forward.
Nevertheless, there are some disadvantages, for example, it does not provide the exact dimensions
of the specimen, the equations to obtain results are more complicated and the steps needed to
calculate the compliance is not stated.
2.1.3

Comparison of ASTM and BSI standard

Table 2.1 presents a detailed summary of the two standards showing how and where the two
standards overlap. This allows, for example, one ASTM test specimen to be used to extract fracture
energy for both ASTM and BSI standards.
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Table 2.1: Comparison between ASTM and BSI standards.
APPARATUS
TEST SPECIMEN
DIMENSIONS
LOADING FIXTURE
NUMBER OF TEST
REPETITIONS
ADHERENT MATERIAL

PREPARATIONS OF THE
TEST JOINTS

ASTM
The pinned fixtures and attachments can move into alignment with test specimen when the force is applied.
Separation rates: The crack will take place about 1 minute from the time when the load starts to increase. See
Equation (A1.5) of the ASTM standard.

The machine used is: Instrom™8872 placed in room G120 of University of Skövde

BSI
Constant cross-head displacement rate between 0.1 mm/min - 5 mm/min.
A fixture for the DCB is needed to load the specimen.
Load-cell to record the values of the experiments.

The specimen dimensions used are the ones specified by the ASTM due to the exact measurements

The dimensions of the specimen are not completely defined in this standard (see Figure 1 of the BSI standard).

The loading fixture proposed for the ASTM can be seen in the Figure 1 of the ASTM standard.

According to use the same specimen for both standards, the common choice had been chosen, using loading
holes drilles through the arms of the substrates.

The loading fixtures proposed for the BSI can be seen in the Figure 1 of the BSI standard.

Test at least 12 specimens, representing four different joints.

Only one specimen is tested, due to the lack of time.

A minimum of four specimens shall be tested.

Brass, Copper, Aluminium, Steel, Corrosion-resistant steel and Titanium.
The surface finish (Ra, arythmetical average of absolute values) has to be less than 4.1 micrometers and must be
flat and free of burrs before the panels are treated and bonded.
Clean the plates and apply the adhesive according to manufacturer´s instructions.
Assemble the sheets in pairs.

The material used is a steel, specifically Rigor Uddeholm (specified by the client).

Allow the adhesive to cure according the manufacturer´s intstructions..

Cut holes for load pins, see Figure 1 of the ASTM standard.
The specimens have to be under an atmosphere of 50 ± 4 % relative humidity and 23± 1ºC a minimum of 10 min and
a maximum of 30 min to ensure the equilibrium.

The minimum permissible thickness in the adherent can be obtained from the Equation (2) of ASTM standard.
Load the specimen according to the Δ calculated.
According to Figure 4 of the ASTM standard, apply the force until point A is reached, this point is where the crack
will begin to grow, then stop and follow the crack curve until a constant value of load is reached, till the crack has
stopped. Repeat the process five times.
The recorded chart has to contain the maximum load, at least 13 mm of the motion has to be represented for each
100 mm of ordinate motion and the slope of the load vs. time is approximate to the specified for load vs. loaddisplacement.

1

COMMON INFORMATION AND DATA TO OPTIMIZE TIME AND RESOURCES

The dimensions can be seen in the Figure 1 and Figure 2 of the ASTM standard.

Cut the sheets as indicated in the Figure 2 of the ASTM standard.

PROCEDURE

1

CALCULATIONS

The ASTM standard proposes two ways to calculate the fracture energy: using the crack load and the arrest load
(see Equations (3) and (4) of the ASTM standard).

TEST REPORT

The report must contain complete information about the adhesive tested, complete information about the metal
tested, applications and bonding conditions, conditions before the test, test temperature and loading rate used.

Metallic substrates shall be used.
The thickness of the adhesive bondline shall be less than 1 mm.

A PTFE (Teflon) film is recomended to apply the adhesive in the correct way.
Measure the specimen from both sides to 30 mm and in the middle and calculate the mean value.
The test specimen is prepared according to both standards. The thickness of the adhesive is of 0.3 mm (specified
The excess of adhesive shall be removed by mechanical means.
by the client).
Repeat the measurements on 30 mm each end and in the middle to calculate the mean value again and see the
adhesive thickness.
The thickness of the bondline shall not vary more than 20% in the same specimen.
Apply marks with white ink every 1 mm from the tip of the insert at least in the first 10 mm, then apply every 5 mm
and in the last 5 mm, apply marks every 1 mm again.
The specimens have to be under an atmosphere of 50 ± 5 % relative humidity and 23± 2ºC a minimum of 24 h prior to
testing.
Support the free end of the specimen to keep the beam orthogonal to the applied force direction if necessary.
Apply the load at a constant cross-head rate (0.1 mm/min to 0.5 mm/min), stop loading as soon as the crack is seen
The testing will be performed using BSI standard due to:
to move on the edge of the specimen, unload it and mark the position of the tip of the precrack on both edges of
• Explanation of positioning the specimen in the testing machine.
the specimen.
• Specified displacement rate.
Reload the specimen at a constant cross-head rate (0.1 mm/min to 0.5 mm/min) and record, on the load• Specified explanation of loading and unloading.
displacement curve. The point at which the onset of crack movement from the insert is observed to occur.
• Clearer information of measuring crack length.
Note as many crack length increments as possible in the first 5 mm (on the corresponding curves, every 1 mm).
Note crack lengths at every 5 mm, until the crack has propagated about 60 mm (note every 1 mm for the last 5 mm
of crack propagation, fifteen propagation points more or less).
Unload the specimen at a constant cross-head rate, up to five times the loading rate (record whether the loaddisplacement curve returns to its initial point).
Measure the crack length to an accuracy of ±0.5 mm, using a travelling microscope or a video camera with a big
magnification.
The calculations of the results will be done according BSI standard due to the procedure followed. Furthermore, The BSI standard proposes three analysis methods: Analysis method 1 (Simple beam theory ), Analysis method 2
BSI standard provides three methods of analysing results (taking into account some correction factors, crack (Corrected beam theory ) and Analysis method 3 (Experimental compliance method of Berry´s method) (see Section
length correction).
8.2.2 of the BSI standard).
The test report shall be written following the template of the standard and shall include: the fracture energy value
of all the calculation types. The initiation points of fracture energy obtained from both the insert and from the
The format of the report is according to the BSI, because this standard provides a model that can be used.
mode I precrack, the propagation of fracture energy determined from the mode I precrack as a function of crack
length a. A resistance-curve, the flexural modulus of the substrate shall be included too.

This table was printed in A3 format provided to both the client and supervisor. Recommendations on retrieving test data are presented in Chapter 6.
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After meeting with the client (Stigh, 2015) and with the laboratory supervisor (Zomborcsevics, 2015)
and according to the Table 2.1, the following observations were made:
•

•

•

The standards give the possibility to evaluate two different kinds of test specimens: DCB
(Double Cantilever Beam) or TDCB (Tapered Double Cantilever Beam). Here the DCB
specimen will be studied.
The same test specimen can be used in both standards, but once the experiment is done, it is
not possible to reuse the material if the ASTM standard is followed, because it states that 6
specimens are made at the same time (see Figure 5).
The test specimen should correspond to the ASTM specifications as shown in Figure 5.

Figure 5: Drawing of the specimen (all dimensions in mm).

•

The ASTM standard proposes the loading connection between the machine and the
specimen, can be made using two holes in the DCB.

Figure 6: ASTM loading method.

•

The BSI standard proposes three different kinds of attachments between the specimen and
the testing machine as shown in Figure 7.

Figure 7: BSI loading method.

As the middle option, using through-pins to load the DCB is the same as proposed in the ASTM
standard, it has been selected.
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•
•
•

The same fixture can be used to load the specimens for the ASTM and BSI standards.
The available testing machine, 8872 Instron™ located in the laboratory of the University of
Skövde, room G120, accomplishes the requirement of the standards.
All tools and machines necessary to carry out the experiments are available in the laboratory
(except the travelling microscope), therefore, the same machine can be used for both
standards.

2.2 Observation of crack length
To calculate the fracture energy of the adhesive, it is not enough to simply perform the experiments.
It is necessary collect the data, interpret the results and make a number of further calculations.
One of the important parameters is the crack length. It is very difficult to get the exact value, but the
BS7991 (2001) standard requires that it has to be measured to within ±0.5 mm. For that, it is
recommended using a travelling microscope or a video camera with high magnification. A travelling
microscope is not available so two video cameras had been used. Good lighting was essential to take
the pictures and the camera clock and computer clock timing had to be coordinated.

2.3 Design of a new fixture
To attach the specimen to the machine, it was necessary to design a fixture. The dimensions of the
fixture were selected in consultation the laboratory supervisor (Zomborcsevics, 2015). The necessary
dimensions were measured. The thickness of the fixture was defined according to the admissible
maximum thickness of the 8872 Instron™. In this case, a constant value of 12.7 mm was defined for
the entire specimen. Figure 8 shows the resulting design.

Figure 8: Design of the fixture (all dimensions in mm).

Taking into account that the material selected is steel and based on experience of Stigh (2015) it was
determined that the fixture did not need to be formally analysed; e.g. FEM model in ABAQUS. Clearly
both the stiffness and strength of the steel are much higher that those of the adhesive, so the
adhesive will fail first.

3 Experimental method
After comparing the standards and learning how the test should be performed the next step was to
manufacture the specimen and the fixture. For that, first materials were selected taking into account
the requirements of the standards and the clients preferences. Then, the material needed was
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ordered and finally, the specimen and the fixture were manufactured following the steps indicated in
the next section.

3.1 Material
One of the most important parts of the project, was the selection of the material needed. In this
case, there are three different materials: the material of the DCB specimen (the adherend) and the
adhesive; and the fixture. The adhesive and the adherend were chosen by Stigh (2015) based on
previous work. Specifically, the adherend used was Rigor Uddeholm steel and the adhesive used
DOW Betamate 5096. The fixture was machine from Formax Uddeholm due to its availability
(Zomborcsevics, 2015). The properties of all materials are presented below in Tables 3.1 to 3.3.
3.1.1

Adherend

Rigor Uddeholm steel was a good option due to its good machinability, high stability after hardening,
good wear resistance and high toughness (Uddeholm Rigor, 2010). Table 3.1 shows the most
relevant mechanical properties (Eklind et al., 2014).
Table 3.1: Mechanical properties of the adherend.

Young´s modulus

190 GPa

Poisson´s ratio (v)

0.3

Flexural Modulus
(Leffler, Alfredsson, &
Stigh, 2006)

216 GPa

When ordering the material from Uddeholm AB, the specified measurements were 200 mm x 12 mm
x 356 mm. The most critical value was the thickness, because the ASTM (1999) standard states that it
has to be 12.7 mm. When ordering, it was confirmed that the thickness of the plate was 12.7±0.3
mm. When the plate arrived, the thickness was measured and while it varied across the surface, it
fulfilled the requirement of 12.7±0.3 mm.
3.1.2

Adhesive

The adhesive used was DOW Betamate 5096, a one-component rubber-based adhesive. This
adhesive is used in automotive industry in vehicle structures. Furthermore, it is possible to say that it
is used to increase the operational durability, the crash performance and the body stiffness (DOW
Automotive Systems & van den Biggelaar). The adhesive was ordered by Stigh (2015). Table 3.2
shows mechanical properties of the adhesive.
Table 3.2: Mechanical properties of the adhesive.

2

Young´s modulus

1.7 GPa

Poisson´s ratio (v)

0.45

Elastic Stiffness

21 TN/m3

2

The properties of DOW Betamate 5096 are confidential; the data were taken from Dow Automotive (2009).
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Before using the plate, it was important to see how the adhesive should be treated before
application. In this case, it was important to heat it to 50℃ before applying it and to cure it at 180℃
for 30 minutes after application (Dow Automotive, 2009).
3.1.3

Fixture

The material used for the fixture was Formax Uddeholm. In this case, it was readily available in the
laboratory, but it was confirmed that this material was appropriate (Stigh, 2015) (Zomborcsevics,
2015). It is possible to say this material was a good option due to its good machinability and its good
mechanical strength. Furthermore, some of the common applications of this material are guide
plates, support plates, fixtures and constructional parts. Table 3.3 shows mechanical properties of
the steel used in the fixture (Uddeholm Formax, 2011).
Table 3.3: Mechanical properties of the fixture.

Tensile strength 560 MPa
Yield strength

320 MPa

3.2 Manufacture of the Specimen
When ordering the plate material, the ASTM dimensions were used. Naturally, the dimensions were
in inches instead of in mm. Fortunately although the dimensions were not those normally used by
Uddeholm AB, the tolerances made it possible to order the plate. For example, a plate of 12.7±0.3
mm of thickness was needed, but the standardized dimensions at Uddeholm AB were 12 or 15 mm.
The laboratory at the University of Skövde could not machine the plate to 12.7 mm, so a plate of 12
mm in thickness was ordered. Before the purchase, thickness of the plate was measured at
Uddeholm AB and the actual thickness was 12.6 mm, so it was admissible according to the standard.
When manufacturing the specimen, the first step was to file down all the edges in order to prevent
any injury. The surface roughness was checked in accordance with both standards. In Figure 9, it can
be seen that the arithmetic average of absolute value (Ra) is 0.99 μm and both standards say that
the surface finish has to be less than 4.1μm. This confirmed the suitability of the adherend material.

Figure 9: Roughness graph, Ra=0.99 µm.

The next step was to cut the large plate into two smaller plates to the desired measurements using a
band saw (see Figure 10), the resulting nominal dimensions for both plates were 200 mm x 358 mm x
12.6 mm.
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Following this, the plates were milled to obtain smooth and perpendicular edges (see Figure 11).
After milling the plates were 200 mm x 356.3 mm x 12.6 mm and within required tolerances.
As it was very important to place the plates in the correct way, two 6 mm diameter holes were drilled
so that the position of the plates could be adjusted using two pins of about the same dimensions (see
Figure 12 and Figure 13).

Figure 10: Cutting the plate with the band saw.

Figure 12: Drilling the holes in the plate.

Figure 11: Milling the plate with the milling machine.

Figure 13: Final configuration of the plates.

Before applying the adhesive, the thickness of the plates was measured in different points to check
the variation. When calculating the thickness, it has been noticed that the thickness differs by about
0.006 mm from both edges parallel to the holes. The difference in thickness of the two plates was
the same and in the same position. This was convenient because it allowed the adherend, top and
bottom to be the same thickness.
Before applying the adhesive, the Teflon layer was prepared, but to ensure that the thickness was
consistent across the specimen, the use of a wire of 0.3 mm diameter was required. It was known
that this could potentially alter the results of the tests, so the wire was placed at the end of the
specimen to have as little impact as possible. This step is a variation from both standards, but is
recommended. As it is possible to see in Figure 14, the position of the holes were located in a specific
place to use them as a reference to cuth the Teflon to the correct dimensions.
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Figure 14: Teflon layer to adjust the adhesive in the correct position.

With the plates ready, it was time to prepare and to apply the adhesive following the manufacturer´s
instructions taking into account previous work with a similar adhesive (Eklind, Walander, Carlberger,
& Stigh, 2014). The adhesive was heated in the oven until the temperature of the adhesive was 50°C,
based on a sensor attached in the wall of the container.
While the adhesive was in the oven, the surfaces of the plates were cleaned to ensure that there was
no dirt that could cause imperfections when the adhesive was applied. This operation was carried
out in a fume hood (see Figure 15), using adequate protection, such as gloves and goggles to protect
against any harmful components.
Once the adhesive was at the correct temperature to be applied and the plates cleaned, the Teflon
and the wires were located into the correct position to ensure that the thickness was the required
0.3 mm (see Figure 16). Figure 17 shows the application of the adhesive. When spreading the
adhesive, it was noticed that it was quite difficult due to the solid state of the adhesive. This could be
because the adhesive was not hot enough. It may be necessary to make a hole in the container and
directly check the adhesive temperature. Care was taken to be certain that the entire surface had
sufficient adhesive to guarantee that the correct thickness was obtained.
After that, the two plates were attached, and to ensure that the adhesive was distributed evenly, the
excess of adhesive ejected, several clamps of different size were placed around the plates as shown
in Figure 18.
After about two hours based on previous experiments (Eklind, Walander, Carlberger, & Stigh, 2014) it
was felt that the adhesive was distributed over the surface. The clamps were revomed, the excess
adhesive was cleaned and the total thickness was measured to check that it was 0.3 mm as required.
It was difficult to obtain the same value of the thickness of the adhesive but with the help of the
Teflon layer, the wire and the pressure applied, the thickness range from 0.28 mm in some points to
0.35 mm in others.
The plate and adhesive combination was then cured in the oven according to the adhesive
manufacturer´s requirements. The oven was first preheated to 210°C. A temperature sensor was
placed on the piece, and the piece was placed in the oven. Once the temperature in the piece was
170°C, the oven temperature setthing was decreased to 180°C, to maintain the required temperature
the whole time. When the piece had reached 180°C, it was left in the oven for 30 minutes. After that
the temperature of the oven temperature setting was set to 10°C, to cool it down faster, and finally
when the piece was at room temperature, it was ready to be cut (see Figure 19). In Appendix 4 it is
possible to see the evolution Time-Temperature relationship.
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Figure 15: The fume hood of the laboratory.

Figure 16: Wire displacement at the end of the plate.

Figure 17: Progress on applying the adhesive.

Figure 18: Plates with clamps to obtain the desired
thickness.

Figure 19: Plates ready in the oven with sensor
attached
attached.
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3.3 Manufacture of the Fixture
During the period in which the plate-adhesive piece was curing, the fixture was machined. A plate of
the Formax steel was selected and was cut to desired dimensions, previously shown in Figure 8. The
edges were filed down and the holes to attach the specimen in the fixture were drilled. Two pins to
join the fixture and the specimen were also made. Figure 20 shows the fixture with the pins. All
machining was carried out by Zomborcsevics (2015). Based on the mechanical properties of the
material used and the mechanical properties of the adhesive, it was thought that it was decided to
simply manufacture the fixture. The material used was steel, with a Young Modulus of about 200
GPa, much bigger than the Young Modulus of the adhesive, 1.7 GPa. These difference was bit enough
to know that the fixture will work in a proper way.

Figure 20: Fixture with pin (dimensions shown in Figure 8).

3.4 Experimental test to determine the fracture energy
Before performing the actual experiment, it was necessary to learn how the machine works and how
the results were recorded. For that, some random tensile tests were made with the material found in
the laboratory.
The experimental set-up is shown in Figure 21. The specimen was attached in the testing machine
with the fixture stand. Two cameras, a Nikon 7200 and a Nikon 3200, were used, respectively, for
magnification and for tracking the crack growth. In this way it was possible to observe where the
crack was and how and where it grew in the adhesive. The BSI standard specified that the end of the
specimen should be supported in order to keep the specimen orthogonal (BS7991, 2001).
Accordingly an extra structure and two springs were used as it can be seen. This extra structure and
springs ensured that the specimen was perpendicular to the machine and that the weight of the
specimen did not affect the final result of the tests.
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Figure 21: Set up of the experiment.

The test procedures outlined in the BSI standard were followed. In this case, the loading was divided
into two phases; first the initial loading or the precracking stage and then the re-loading or testing
from the Mode I precrack (BS7991, 2001).
In the first stage, the specimen was loaded at a constant cross-head rate, of 0.1 mm/min. This
displacement was applied until it was possible to observe the initiation of a crack in the edge of the
adhesive. Once this was observed, the loading was stopped, and the specimen was unloaded at a
rate of five times faster than the loading rate, i.e. 0.5 mm/min.
In the second phase, the specimen was loaded again with the same displacement rate of 0.1 mm/min
until the crack re-appeared. When this happened, the load was stopped and the point was recorded.
In this second phase, rather than unloading the specimen, the loading was continued until the crack
continued to grow. This was repeated until the crack length was 65 mm. The standard specified that
the load should be stopped every 1 mm in the first 5 mm, and then every 5 mm until the distance
was 60 mm from the beginning of the adhesive, and then again stopped every 1 mm for the last 5
mm and once at the completion, the crack length should be recorded 15 different points. In this
experiment, it was not possible to record 15 points due to the lack of visibility of the crack. However,
13 points were recorded for the growth of 65 mm of crack length.
To perform the experiment the following graphs from the BSI standard (Figure 22) were used as
reference:
•
•
•
•
•

NL is the point where the non-linearity starts.
VIS is where the crack becomes visible, i.e. the point of initiation of the crack growth.
C0 line represents the compliance of the specimen.
If 5% of the compliance is increased, MAX/5% point is obtained. In this case, the first point
which occurs first is taken, the 5% intersection or the maximum load (MAX).
PROP refers to the sequence of points along the propagation path, in this case 15 points.
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Figure 22: Figure 2 of BSI standard procedure graphs (BS7991, 2001).

3.5 Load-displacement curves
After testing the specimen, different values were obtained from the machine: the time, the
displacement of the grip and the force. With these values, the standard-required graphs were drawn,
on the basis of all the data collected. These graphs can be seen in Figure 23 and 24.

Figure 23: Load-Displacement graph of the Precrack
stage.

Figure 24: Load-Displacement graph of the Re-loading
stage.

A comparison of the obtained graphs (Figure 23 and 24) with those proposed by BSI standard
(BS7991, 2001) in Figure 22, revealed several differences:
•
•

•

•

The grip does not always start from the same position but measures the displacement from
the position it is in at that moment. In this case, it starts measuring from -43 mm.
There is a period of nonlinearity at the beginning of the test, where there is some
displacement with very little force. This happens while the testing machine first applies the
force and removes any slack in the system, after the adhesive is loaded.
As shown in the Figure 24, unnecessary reloading lines were plotted due to the testing
machine program, in this case, Instron wave matrix program. Every time the test stoped, the
machine recorded the data point and then starting again from the beginning.
As mentioned in Chapter 3.4, the test involves repeated stop-and-reload cylces. While the
machine was stopped, a drop in the load was observed. This could be due to the
viscoelasticity behaviour of the adhesive. When the machine is stopped, the adhesive tries to
return to the initial position, so with this compressive force, the tensile force applied by the
machine is decreased.
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•

When unloading the specimen, it was expected that the final point would go back to the
initial point. In this case, it is possible to observe that in both graphs (Figures 23 and 24) the
unloading does not go back to the first point. According to the BSI standard (BS7991, 2001)
this could be due to plastic deformation of adherends. To ensure that this happened because
of the deformation of adherends, Annex C of BSI standard should be followed (BS7991,
2001). In this case, with steel adherends, the behaviour of the adhesive is more likely to be
the cause of this difference.

To obtain the proper graphs and account for all the problems listed above, the displacement was
moved to start from 0 mm, the nonlinear region from the beginning of the experiment was neglected
and the duplicated data points were omitted.
Prior to analysing the results, all the relevant points were identified. To identify the VIS and PROP
points, it was necessary to take many pictures during the experiment in particular, pictures were
taken as soon as the crack seemed to grow. To connect the pictures to the exact values of the graphs,
the time recorded on the video camera was matched to the time recorded by the test machine along
with its related load and displacement. In the following figures, it is possible to see the evolution of
the crack length (Figure 25, 26, 27 and 28).

Figure 25: Specimen before testing, a=0 mm.

Figure 26: Initiation crack length, a=26 mm (VIS of
precrack).

10 mm

Figure 27: Crack growth in re-loading, a=30 mm (VIS
of re-loading).

Figure 28: Crack length when finishing the testing,
a=65mm (PROP).

Figures 29 and 30 shows the desired graphs with all the significant values.
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Figure 29: Correct representation of the Precracking Stage.

Figure 30: Correct representation of the Re-loading stage.

19

3.6 Summary of Experimental Procedures in Terms of ASTM and BSI
Standards
It is useful at this point, to summarise which elements of the ASTM and BSI standards were used for
the experimental method. Table 2.1 presented a comparison of the two standards. It can be said all
elements of the actual test, even if taken from the ASTM standard, satisfied the BSI standard.
•
•
•
•
•
•
•
•
•
•

•

The apparatus used was InstronTM 8872 found in room G120 of the University of Skövde. This
satisfies both standards.
The wire used was a 0.3 mm diameter wire, this is not required by either standard but
addresses an important issue.
The fixture described in Chapter 2.3 was needed for the BSI standard.
The specimen dimensions were taken from the ASTM standard but satisfy both standards.
The method of loading the specimen using pins is common to both standards.
Only one test was performed, so neither method can be fully satisfied.
The steel adherend was from the BSI standard but satisfies the ASTM standard.
The test joint was prepared according to the ASTM standard but satisfies the BSI standard.
The loading procedure followed was of the BSI standard. There are some differences
between the BSI loading procedure and that called for by the ASTM standard.
The calculations of the fracture energy presented in the Results are from the BSI standard,
however, as will be seen in Chapter 4, some challenges were encountered in the
interpretation of the data of two from three methods presented in BSI standard.
The test report format used the template suggested by the BSI standard.

4 Experimental Results and Discussion
As it was mentioned in Table 2.1, the BSI standard was followed to perform the tests. As
consequence, the analysis of the results was made following the same standard. In this case, three
methods are proposed to obtain the fracture toughness:
• Analysis method 1: Simple beam theory (SBT): In this method, Equation 4.1 was used.
=
•

4
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(4.1)

Analysis method 2: Corrected beam theory (CBT): For this method, the compliance of the
specimen needs to be calculated to find correction value. Equation 4.2 was followed.
3 !
=
'
2 (a + %)
(4.2)
The F value, the displacement correction, was calculated according to Equation 4.3. This value
becomes important if

(
)

> 0.4, in this case, this value is rounded 0.01, so it is possible to say

that is not very relevant. Furthermore, if F<0.9 it is considered a large displacement correction,
so ideally, the test specimen should be redesigned. In this case, the F value was rounded 0.999,
so it is not a large displacement correction and moreover, as it was almost 1 it was not
considered to be relevant (BS7991, 2001).
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Analysis method 3: Experimental compliance method (ECM) or Berry´s method: In this method,
the logarithm of the compliance and the logarithm of the crack length need to be plotted to
obtain the slope value, n. For that, Equation 4.4 was used.
0 !
=
'
3
(4.4)

Table 4.1, shows all the fracture energy values obtained with these three methods.
Table 4.1: DCB Test Report of results.
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DCB TEST REPORT
Experimentally measured values

Text
NL (insert)
MAX/5% (insert)
VIS (insert)
NL (precrack)
MAX/5% (precrack)
VIS (precrack)
PORP
PORP
PORP
PORP
PORP
PORP
PORP
PORP
PORP
PORP
PORP
PORP

a (m)
0
0
0,026
0,026
0,029
0,03
0,032
0,038
0,04
0,043
0,045
0,05
0,055
0,06
0,062
0,063
0,064
0,065

P (N)
1644,544
2134,354
2438,895
1582,906
1962,052
2017,788
1744,447
1667,154
1542,768
1445,822
1331,486
1267,418
1186,762
1126,762
1076,958
1034,982
1000,998
978,5368

d (mm)
0,169584
0,223106
0,371432
0,297776
0,386268
0,434697
0,500876
0,546581
0,621066
0,69024
0,767997
0,82767
0,887364
0,929934
0,979671
1,052308
1,111132
1,160252

GIC (SBT)
eqn.(4)
J/m2
185,473968
78,1280595
147,209777
165,968098
140,189595
177,978379
168,294479
170,074289
157,586423
175,426125
185,439343
198,390687
193,346393
184,296165
177,835513
175,228203

GIC (CBT)
eqn. (5)
J/m2
1110,95567
578,066883
874,777606
992,940078
952,475453
894,012578
909,717717
903,773342
898,410954
857,63191
805,068525
752,195567
739,365207
754,244927
761,294942
768,175765

GIC (ECM)
eqn. (9)
J/m2
1387,97674
722,210083
1041,08791
1164,72313
1087,71506
955,275966
954,23627
924,532105
905,221575
835,758866
762,743389
695,682278
677,897723
688,665526
692,291485
695,799426

With respect to the Simple Beam Method, as is mentioned in Table 2.1, Equation 4.1 for the BSI
standard is the same as in the ASTM standard. It is impossible to say if same results obtained would
also apply to the ASTM method due to differences in the test procedures. Furthermore, in Chapter
1.1 was mentioned that the real fracture energy calculated by Eklind, Walander, Carlberger, & Stigh
(2014) was about 500 J/m2 and the error calculated by Biel & Stigh (2008) was approximately 40%.
Taking into account that the values of the Simple Beam Method are in the range of 200 J/m2 it is
possible to say that the theoretical error could be confirmed. However, to satisfy the BSI standard
how many test specimend must be tested.
3

The rest of the important values obtained to calculate the fracture energy are shown in Appendix 3.
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Concerning the other two methods, Corrected Beam Theory and Experimental Compliance Method,
several problems were encountered due to the lack of information provided by the BSI standard. For
the calculations, the compliance is needed, but the standard does not explain how to calculate the
compliance. In this case, the compliance was calculated based on the advice of Stigh (2015) as
discussed below. Nevertheless, that does not ensure that it was calculated according to the BSI
standard.
The BSI standard explains how to get the first point to calculate the compliance. For that, it was
necessary to calculate the linearity of the beginning of the graph (ignoring any initial deviation) and
then decrease the slope 5%. The intersection point between the load-displacement graph and the 5%
decreased line would be the first point of the compliance. With this intersection point, a value of
displacement and load is obtained, but then the standard does not say anything about how to
calculate the actual compliance of that point. To do so, as can be seen in Figure 31 further
information was needed. Stigh (2015) suggested an approach.

Figure 31: Calculation of the first point to obtain the compliance.

After calculating the first point of the compliance, it was necessary to calculate a compliance for each
propagation point. Again, the standard does not provide sufficient information to proceed. The first
idea, was to follow the same process for the rest of the points but that was not possible with a graph
such as in Figure 22. Instead, the displacement and load values were taken from each recorded crack
length (propagation points) (Stigh, 2015). With these 13 points, the compliance was calculated as
Figure 31 shows.
Even though the compliance was calculated with a non-standarized method, it was possible to
continue with other two methods defined in BSI standard. Based on the results obtained, it is
possible to say, that the highest values of fracture energy following the Experimental Compliance
Method, was 1380 J/m2, and following the Corrected Beam Theory, 1110 J/m2. The values obtained
with the last two methods were much higher than the experimental value calculated by Eklind,
Walander, Carlberger, & Stigh (2014), but there are concerns about the method of calculation of the
compliance. Therefore, there was less confidence in these values than that the results found in the
Simple Beam Method.
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Time did not permit additional experimental tests to be made, however, at this point, the revised
objectives of the project had largely been achieved.

5 Conclusions and Contributions
Based on the progression of the work carried out, conclusions and contributions can be made in
several areas which are associated with the objectives of the project: i.e., the standards, the
experimental method and the interpretation of the results.
1. A comprehensive comparison of the ASTM and BSI standards was carried out as proposed. It
was found that additional information was needed to complete the standards and perform
the tests.
• The same testing machine, same specimen and same material can be used for both
the ASTM and BSI standards.
• The testing procedures are different and so are the equations which are specific to
each standard. Clearly it is imposible to overlap the two standards.
• The BSI standard was recommended due to clear information of preparation of test
and procedure.
• In order to reduce, reuse and recycle the material, the BSI standard is preferred due
to the possibility of reusing the specimens. In contrast, the ASTM specimens cannot
be reused, as they must be manufactured in a batch of six at a time.
• To ensure the thickness of the adhesive, it was necessary to use another method
apart from the Teflon layer. In this case, a wire was used. While not called for in
either standard, it is recommended to ensure the adhesive has the desired thickness
over the entire plate.
2. A new fixture was successfully designed, manufactured and used in the experiment.
• Due to the lack of experience of reserchers, the laboratory supervisor was the one in
charge of the manufacturing.
3. A single tests of the DCB and a selected adhesive using the recommended procedure was
completed.
• With the exception of the wire used to obtain the thickness, the recommended BSI
procedure was used.
• A laboratory supervisor was required at all times in the laboratory due to the danger
and lack of experience of the reserchers.
• The schedule of the laboratory was quite restrictive increasing time required for each
step. Furthermore, the ordering of the material was also delayed.
4. Three BSI standard methods were used to calculate the fracture energy of the adhesive.
• The fracture energy calculated with the Simple Beam Method was 200 J/m2. Eklind,
Walander, Carlberger, & Stigh, (2014) determined that the fracture energy was 500
J/m2 using a real but non-standard experimental method. Taking into account that
just one test was made, this result appears to confirm the 40% of error calculated by
Biel & Stigh (2008).
• Challenges were expereienced with the other two methods, Corrected Beam Theory
and Experimental Compliance Method. While it was straight forward for the first
point, the BSI standard was not clear on what to do with subsequent points. For this
reason, a variation on the standard was required calculating the compliance. Without
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further testing, it is not posible to determine if this approach is correct nevertheless
it appears to be based on sound methodology.
• The fracture energy calculated with Corrected Beam Theory and Experimental
Compliance Method are between 580 J/m2 and 1380 J/m2.
5. It is recommended that the BSI standard be used by the University of Skövde.
• The testing procedure is well explained, the methods to calculate the fracture energy
are thought to be more accurate due to the correction factors included.
• The representation of the results is crearer due to the report template.
• While some though additional information is needed for the calculation of the
compliance of the specimend, the specimens themselves can be reused.
6. Throughout the project, many challenges were encountered. As engineers it was important
to find a way to overcome them. It was learned that sometimes these challenges can even
alter the objectives of the project. This is not necessarily a problem, it is, instead, an
evolution of the project.

5.1 Contributions to Technology, Society and Environment
Using standard-based physical tests to determine the fracture energy of DOW Betamate 5096 it is
possible to say that several contributions were made according to the need of TSE (Technology,
Society and Environment).
•

•

•

•

With respect to technology, it is possible to say that the project has contributed to a better
understanding of the adhesives used in automotive industry and contributed to the
experimental methods to determine the fracture energy of adhesives and find the better
ways on using adhesives. This adds the possibility to enriching the world with new
technological advances.
In terms of society, it is possible to say that the project has contributed to a better world for
future generations since through technological advances contamination can be reduced and
the environment can be protected for the human beings.
The environment in and of itself is an important reason for research. Since the automotive
industry is now more aware of the contamination created due to emissions of the industry
and vehicles, many projects are ongoing to adress these problems. As it is mentioned in the
Introduction, programs like Lightweight Materials Research and Development will result in
lighter structures. One way of reducing the weight, is to use adhesive joining rather than
mechanical joints. In that way vehicles will be lighter and the CO2 contamination would be
lees.
It is important to mention the adhesive used in the project. As it was mentioned in the
beginning, the adhesive and the adherend were selected by the Client. The adhesive has
several environmental advantages compared to other adhesives that are used. For example,
most of the adhesives used in the automotive industry are epoxy-based adhesives which
contain a carcinogenic component called Biophenol A, and are known for other risks factors
(Human Health & Safety, 2003). These make the manufacture of the cars a risk to the
workers. In contrast, DOW Betamate 5096 is a special rubber-based adhesive. It is important
to say that has some health risks too, e.g. a bulk exothermic reaction (Ikram, 2002) but is less
dangerous than many other industrial adhesive.
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•

Finally, when ordering the material for the adherend, only the needed quantity was ordered.
If the BSI standard is selected for future research, the specimens can be re-used many times.

6 Future work
Time did not permit the completion of several tasks. The following future work is recommended:
•
•
•
•

•

Determine the best way to calculate the compliance of the specimen to calculate the fracture
energy successfully with all methods of BSI standard.
Perform the exact number of tests required by the two standards; i.e. 4 tests with BSI
standard and 12 tests with ASTM standard.
Compare the results of each set of tests to see if they are similar or not in terms of their
ability to predict the fracture energy.
Compare the fracture energy of the adhesive as predicted by the ASTM and BSI standards
and rank the results according to different criteria, such as, accuracy, cost, ease of use and
performance time.
Verify the choice of the BSI standard for the University of Skövde based on the completion of
the above work.
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Appendix 1 Division of Labour
The labour was divided as equally as possible. In the early stage such as the literature review, Judith
was more focussed on searching information about previous projects and technology whereas
Francisco, was more focussed on gathering information about the
th adhesive and its behaviour and
environmental impact.
In the examination of two standards,
standards Judith studied the BSI standard and Francisco studied the ASTM
standard. After that,
hat, both worked together to write down the common information and to obtain the
conclusions from it.
For the laboratory work, Judith and Francisco worked at the same
same time together with Stefan,
Stefan the
laboratory manager.. He worked with the machines following the instructions established by Judith
and Francisco.. Regarding to the adhesive and tests, the work was done together in order to make
easier the process.
Finally, the reportss were written jointly although Judith was focused on the format and Francisco was
more focused on doing the Peer Reviews.
Review
In conclusion, the work has been nice, working like a team and enjoying the project.

Appendix 2 Work Breakdown and Time Plan
A week-by-week
week time plan for the project has been prepared but space does not permit its inclusion
in the actual report. Forr this reason, a month-by-month
month
Gantt
tt chart is shown in Figure A.2.1. All
major milestones are shown. The time plan includes different objectives, which in turn are divided in
different tasks as shown in Figure A.2.2 which presents a two-week
week sample of the full Gantt chart.

A.2.1:Gantt
Gantt chart for the organization of the Final Year Project in fracture energy of adhesives.
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A.2.2:: Two-week sample of the complete Gantt chart.

As it is usual in a project, rarely did the estimated time concur with the actual time. In this case, the
primary task changed and evolved
olved throughout.
throughout This
his was due to the complexity of the standards
stan
and
mainly,, because of the complications in
i ordering material,, laboratory availability and the need for
laboratory supervision. For this reason, new tasks were added, and others removed in consultation
with the client and supervisor. In the following graph it is possible to see the difference between the
expectet and real time (see Figure A.2.3).
A.2.3

A.2.3: Comparison graph of real and estimated time (days).
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A.2.4: Comparison graph of real and estimated time (hours).

4

4

All hours in the laboratory were supervised, therefore, 23 hours of laboratory supervision were also required.
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Appendix 3 Complete Results report
In the following Table and Graphs it is possible to see the process followed to obtain the fracture
energy using three methos of BSI standard; Simple Beam Theory, Corrected Beam Theory and
Experimental Compliance Method. The required Tables (see A.3.1, A.3.2 and A.3.3) are defined by BSI
standard.
DCB TEST REPORT PAGE 1 OF 3
Room G120 of University of Skövde
Stefan Zomborvsevics, Francisco Rodriguez, Judith Segurola
20 of May of 2015
1

Laboratory
Personnel
Test date
Test number/code
Specimen data
Adhesive
Substrate
Surface treatment details
Specimen length, l (mm)
Substrate thickness, h (mm)
Specimen width, B (mm)
Insert film material
Insert film thickness (μm)
Insert film total length, A (mm)
Insert length from load-line, ap (mm)
Flexural modulus of substrate, Es (Gpa)
Adhesive layer thickness, ha (mm)

DOW Betamate 5096
Rigor Uddeholm
Specified by the adhesive
356
12,6
25,48
Teflon
300
50,4
25
216
0.28

Joint manufacture and test parameters
Adhesive cure temperature (°C)
Adhesive cure duration (min)
Post cure drying cycle details (°C and h)
Fracture test temperature (°C)
Fracture test relative humidity (%)
Cross-head loading rate (mm/min)
Cross-head unloading rate (mm/min)
End-block dimension, l1 (mm)
End block dimension, l2 (mm)
Crack growth observations
Crack lengths on edge of specimen differ by < 2 mm (yes/no)
Locus of failure (visually assessed)

180
30
23
50
0,1
0,5
-

Value from unloading line (substrate plasticity check)
δoffset (mm)

δmax (mm)

δoffset/δmax (mm)

Substrate deformation?

*After breaking open the join after testing, is any permanent deformation seen? No, the adhesive was applyed in a
correct way.
Measurement of the system compliance (see Annex A)
Ctotal (mm/N)

C cs (mm/N)

Csy eqn. (A.1)(mm/N)

-

-

-

A.3 1: Page 1 of BSI Test Report.
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DCB TEST REPORT: PAGE 2 OF 3
Experimentally measured values

Text
a (m)
P (N)
d (mm)
NL (insert)
0 1644,544 0,169584
MAX/5% (insert)
0 2134,354 0,223106
VIS (insert)
0,026 2438,895 0,371432
NL (precrack)
0,026 1582,906 0,297776
MAX/5% (precrack)
0,029 1962,052 0,386268
VIS (precrack)
0,03 2017,788 0,434697
PORP
0,032 1744,447 0,500876
PORP
0,038 1667,154 0,546581
PORP
0,04 1542,768 0,621066
PORP
0,043 1445,822 0,69024
PORP
0,045 1331,486 0,767997
PORP
0,05 1267,418 0,82767
PORP
0,055 1186,762 0,887364
PORP
0,06 1126,762 0,929934
PORP
0,062 1076,958 0,979671
PORP
0,063 1034,982 1,052308
PORP
0,064 1000,998 1,111132
PORP
0,065 978,5368 1,160252
PORP
PORP
PORP
PORP
*Minimum number of propagation points required

δCOR
eqn. (A.2)
mm
-

Calculated values
GIC (SBT)
GIC (CBT)
GIC (ECM)
eqn.(4)
eqn. (5)
eqn. (9)
J/m2
J/m2
J/m2
185,473968 1110,95567 1387,97674
78,1280595 578,066883 722,210083
147,209777 874,777606 1041,08791
165,968098 992,940078 1164,72313
140,189595 952,475453 1087,71506
177,978379 894,012578 955,275966
168,294479 909,717717 954,23627
170,074289 903,773342 924,532105
157,586423 898,410954 905,221575
175,426125 857,63191 835,758866
185,439343 805,068525 762,743389
198,390687 752,195567 695,682278
193,346393 739,365207 677,897723
184,296165 754,244927 688,665526
177,835513 761,294942 692,291485
175,228203 768,175765 695,799426

Ef
eqn. (8)
Gpa
-

Mean and standard deviations of propagation values

Mean value
Standard deviation
Coefficient of variation (%)

GIC
(SBT)

GIC
(CBT)

GIC
(ECM)

J/m2

J/m2

J/m2

-

-

-

A.3 2: Page 2 ot BSI Test Report.

Ef
GPa
-
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DCB TEST REPORT: PAGE 3 OF 3
(C)

1/3

vs. a

log10(C) vs. log10a
r2
0,9783

Δ mm
0,021922428

r2
0,9809

n
2,0302

Intermediate calculated values
a
mm
0
0
26
26
29
30
32
38
40
43
45
50
55
60
62
63
64
0,065

F
eqn. (6)
0
0
0,99993877
0,99996065
0,99994678
0,99993701
0,9999265
0,99993793
0,99992768
0,9999227
0,99991262
0,9999178
0,99992191
0,99992794
0,9999251
0,9999163
0,99990957
0,99990441

N
eqn. (7)
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

C
mm/N

(C/N)
mm/N

0,00019687
0,00028713
0,00032785
0,00040257
0,0004774
0,0005768
0,00065304
0,00074772
0,00082532
0,00090966
0,00101674
0,00111002
0,0011857

-

A.3 3:Page 3 of BSI Test Report.

log10(C)
mm/N
-3,7058219
-3,5419277
-3,4843216
-3,3951631
-3,3211148
-3,238977
-3,1850628
-3,1262619
-3,08338
-3,0411186
-2,99279
-2,9546676
-2,9260248

log10a
mm
-1,537602
-1,49485
-1,4202164
-1,39794
-1,3665315
-1,3467875
-1,30103
-1,2596373
-1,2218487
-1,2076083
-1,2006595
-1,19382
-1,1870866

m
eqn.(1)
1/mm
79,3650794
79,3650794
1093,17448
1093,17448
1340,62796
1429,11133
1615,07637
2244,95795
2478,91396
2852,34376
3116,29414
3828,66021
4616,01219
5478,35007
5844,28128
6031,74603
6222,21022
6415,67385
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A.3 4: Crack length correction graph.

A.3 5: Slope of the compliance and crack length logarithm.
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Appendix 4 Temperature variation during curing of the
specimen
In the following graph, it is possible to see the time-temperature curve of the specimen while curing
(see Figure A.4.1).

A.4. 1: Time-Temperature curve of the adhesive while curing.

