NPL Report MATC(A)161

Project MMS8
Report No 4

Tests for Strength of Adhesion
Bruce Duncan, Elena Arranz,
Louise Crocker and Jeannie
Urquhart
February 2004

2

NPL Report MATC(A)161
February 2004

Tests for Strength of Adhesion
Bruce Duncan, Elena Arranz, Louise Crocker and Jeannie Urquhart
NPL Materials Centre
National Physical Laboratory
Teddington, Middlesex, UK, TW11 0LW
Summary
The design of adhesively bonded structures requires accurate material property data. These
data are often best obtained from bulk test specimens. Such data can give an indication of the
cohesive strength of the materials but designers also need to consider the strengths of the
interfaces between the adhesive and substrates. Information on interface strengths is normally
obtained from adhesives joint tests, such as lap shear or T-peel. However, the complexity of
stress distributions in such joints leads to difficulties in obtaining quantitative interface
strengths that are applicable to other loading configurations.
As part of a DTI funded Measurements for Materials Systems project, Interfacial Adhesion
Strength, a number of alternative test methods for adhesion strength – pull-off, profiled butt
joint, pull-out and 3-point bend – have been studied as alternative methods for quantifying
adhesion strength. These test methods have been evaluated, in experimental and Finite
Element (FE) studies, for their ability to quantify the strength of adhesion between adhesive
and adherend. Techniques, such as pull-off, pull-out and three-point bend tests, are
superficially easy to perform and interpret using analytical formulations. In principle, these
tests might be suitable for large scale screening of adhesives and surface treatments. Work is
continuing to evaluate the effectiveness of the pull-off and bend methods for durability
assessment.
The tests’ suitability for providing design data on adhesion strengths required evaluation. In
this report, both analytical interpretations of experimental measurements and FE studies have
been undertaken. The results presented indicate that the simple test methods are able to
distinguish between ‘good’ and ‘bad’ adhesion but are relatively insensitive to small
differences in the quality of the surfaces. Care must be taken when evaluating results. The
failure stresses calculated through analytical methods are often considerably lower than those
predicted in the FE stress predictions. Therefore, calculated adhesion strengths will be
conservative and likely to be far lower than the bulk material strengths. Only in the profiled
butt joint test are the analytical average stresses and the FE predicted peak stresses
comparable. However, this test is time consuming in both specimen preparation and
performance, and requires special alignment fixtures for bonding and testing specimens.
FE analyses suggest that residual stress, generated by cure shrinkage or differential thermal
expansion during cooling from elevated cure temperatures, may be a significant factor in
interpreting failure.
This report was prepared as part of the research undertaken for the Department of Trade and Industry under the Measurements for Materials
Systems programme. This is the deliverable for milestone 6MMS08/T1/M05 of Project MMS8 ‘Interfacial Adhesion Strength’.
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1.

INTRODUCTION

The mechanical response of a materials system, such as an adhesive joint, coating or
composite, is influenced by the properties of the bulk materials and of the interfaces within
the system. The design of adhesively bonded structures requires accurate materials data.
Materials property data are often best obtained from bulk test specimens. Such data can give
an indication of the cohesive strength of the adhesive but designers also need to consider debonding at an interface as a potential mode of failure. The strengths of the interfaces between
the adhesive and substrates thus become part of the design parameters. Information on
interface strengths is normally obtained from adhesives joint tests, such as lap shear.
However, the complexity of stress distributions in such joints leads to difficulties in obtaining
quantitative interface strengths that are applicable to other loading configurations. In many of
these joint tests, observed failure modes tend to be mixed – both interfacial and cohesive –
and it can be difficult to detect the point of first failure. As a result, quantitative properties of
the interface are seldom considered in the design process owing to the lack of validated data
and the absence of design models and tools.
Many workers [1, 2] have argued that the statistical improbability of a fracture propagating
solely along a molecularly rough surface means that true interfacial failure never occurs. Thus,
the phenomenon of ‘interfacial failure’ is more accurately described as near surface failure.
However, others [3] have argued that failure at the interface can be thermodynamically
favoured and that the surface energies can be correlated with bond strength; polar components
of the surface energies play a critical role. Whatever the terminology employed,
understanding the behaviour of interfaces throws up many challenges. Stresses in the region
of the interface are difficult to determine accurately owing to the difficulty in modelling load
transfer between dissimilar materials. The properties of surfaces may differ both chemically
and physically from those of the bulk material (e.g. oxide layers on metals). Furthermore,
there is some evidence that the proximity of another surface may further modify the properties
of interface layers of the adhesive through mechanisms such as molecular re-orientation,
preferential diffusion/adsorption of components or altered chemical reactions (e.g. through
catalysis or differences in the thermal history during cure). The concept of an interphase
region has been used to describe material characteristics near an interface [4, 5]. The
properties of the adhesive in this region can be significantly different to the bulk adhesive [47]. The keying of adhesive into surface roughness features can also be considered as forming
an interphase region whose properties affect the mechanical performance of the joint [8].
Accurate characterisation of material properties at interfaces requires sophisticated
instrumentation for measuring at small scales. From an engineering point of view, the most
important property is the ‘strength’ of the interface. Whether the mode of failure is due to a
true interfacial failure or failure in a layer of material bordering the interface probably makes
little difference in an engineering design if the materials properties in the interface region are
unknown. In this report, the term interface is used to encompass the true interface, the
interphase and the near surface area.
A review identified the many test methods available for characterising adhesion of coatings
and adhesives to substrates [9]. However, many of these are qualitative, assessing adhesion
from the appearance of the fracture surface. Some types of joint test such as the tensile butt
joint [10-12] or thick adherend shear [13, 14] can provide good quality engineering data on
1
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adhesives but the stress concentrations near the joint ends make interpretation of local failure
stress and strain values a problem. Thus, the approach was to investigate mechanical test
methods that quantify the strength of the ‘interface’ in order to assess joint strength and
evaluate the effects on adhesion strength of surface pre-treatment or interface degradation.
Lap joint tests, such as the ubiquitous lap shear test [15, 16], are often used in test
programmes to evaluate adhesion performance. However, these tests have recognised
limitations for the accurate determination of joint design parameters. Stresses are concentrated
at the ends of the overlap and failure tends to initiate at the end of the overlap, close to one of
the adherends [17, 18]. However, the stress state in this region is highly complex. The
directions and magnitudes of these stresses depend on many factors related to the joint
geometry and materials.
There are some closed-form analytical solutions for stress at the overlap ends [19, 20] but
these require idealised geometries and experimental verification has proved difficult to obtain.
Finite element (FE) methods can be used to predict stress concentrations for any geometry
[17, 18, 21, 22]. However, results can be sensitive to the method of meshing, the materials
models may lack accuracy and there are problems interpreting the results at interfaces between
materials and at ‘singularities’ such as sharp corners. The thick adherend shear test [13, 14] is
preferred for determining design parameters as the thick, rigid adherends reduce (but not
eliminate) adherend bending. The state of stress is predominantly shear but there are peel
stresses at the end of the overlap. Failure occurs at the end of the bond line and is thus
sensitive to the geometry in this region. The locus of failure tends to be close to the adherend.
Thus, interfacial failure is a possibility. Cracks have been observed to run along the interface.
Higher joint extensions can be realised if the corners of the adherends and the spew fillet are
profiled to remove stress concentrations. Stresses at the overlap ends are complex and difficult
to calculate analytically, although FE approaches have been used [23].
Peel tests [24-26] employing flexible adhesives are commonly used to assess the resistance of
adhesive systems to normal force peel loading. Tests are performed under constant separation
speeds in a standard tensile test machine. The measured force-extension curve yields the
maximum force and the peeling force (for steady state crack propagation). The test is quite
often used for durability assessment and in these tests the peeling force is used to assess the
bonding system. The T-peel joint performance is dependant on joint materials and geometry.
Most of the deformation in the test occurs in the adherends [27]. Therefore, the thickness,
stiffness and plastic yield strength of the adherend material have major influences on the test
results. The deformation of the adherends during the test and the degree of fillet in the joint
influences both the strength and location of initial failure. The flexibility of the adhesive can
alter the location of the stress maximum. The locus of failure and propagation route of the
crack can vary between the interface and centre of the adhesive layer.
The tests outlined above represent a typical cross-section of the methods used for determining
the strength of adhesive joints. However, in these tests the state of stress at the interface is
complex. Interpretation and quantification of the adhesion strength the interface is difficult.
In this report, pull-off tests, butt joint tests, pull-out tests and three-point bend adhesion tests,
identified earlier in the project [28] are evaluated as means of obtaining quantitative data on
adhesion strengths. The results of experimental measurements and FE analyses using
ABAQUS are described.
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2.

MATERIALS

2.1

ADHESIVES

Two epoxy adhesives were used in this study. Their mechanical properties were determined
from bulk test samples in tension and shear (Arcan notched-plate [29]). The test results are
shown in Figure 1.
·

Adhesive A - a single-part, heat-cured, toughened epoxy with high impact resistance.
The tensile modulus is 2970 MPa, the bulk tensile strength is approximately 61 MPa
and the bulk shear strength is approximately 40 MPa.

·

Adhesive B - a two-part toughened epoxy that is formulated to be tolerant of oiled
surfaces. The adhesive cures at room temperature but is formulated to undergo a high
temperature post cure, which is claimed to improve the adhesion strength. The tensile
modulus of the post-cured material is 1365 MPa, the bulk tensile strength is
approximately 22 MPa and bulk shear strength is approximately 13 MPa.
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50

stress (MPa)

Adhesive A - shear
40

30
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Figure 1: Mechanical properties of adhesives
2.2

METAL ADHERENDS

A mild steel (0.9 mm thick) adherend was used in many of the preliminary tests and as a
backing in 3-point bend samples. A hot-dip, galvanized steel sheet (1.5 mm thick Zintec
supplied by Corus), typical of those used in the automotive industry, was used to assess the
influence of lubricant oil films. The steels were degreased by solvent cleaning to produce a
bare surface for preparation. Controlled levels of lubricant oil (Henkel MP404) were applied
using a micro pipette. Samples were ‘oiled’ 24 hours prior to bonding to enable the oil film to
settle to a constant thickness.
Aluminium alloy 5754 samples were supplied by Alcan with six different surface finishes as
described in Table 1. All samples were 2 mm thick. The film thickness values were
3
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confirmed by variable angle spectroscopic ellipsometer (VASE) measurements. An SEM
micrograph of the over anodised surface is shown in Figure 2.
Table 1: Aluminium Surface Finishes
Finish
Mill Finish
Light clean

MF
PC

Full clean

FC

Full clean
anodise

Code

+ FC + 25 nm

Light clean + PC + 25 nm
anodise
Over anodised FC + 25 nm + 75 nm

Description
Untreated aluminium
Lightly degreased to remove oils - most of the
surface structure and oxides still remaining
An extensive electrolytic acid etch - equivalent
of the optimized system without an anodised
layer
Full clean + 25 nm barrier film ("optimised"
system with a full etch and a 25 nm barrier
anodised film)
Light clean + 25 nm barrier film (a variant with a
lower level of etch)
Full clean + over-anodised - braid (a variant with
extended anodisation period to produce a 25 nm
barrier + 75 nm porous anodised film, Figure 2)

Figure 2: Electron micrograph of the over anodised aluminium surface (supplied
courtesy of Alcan)
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3.

PULL-OFF TESTS

3.1

PULL-OFF EXPERIMENTAL

Structural adhesives are required to resist peeling away from substrates when they are loaded.
It is difficult to interpret the results from the various peel tests in terms of stress and strain
components at the interface. Resistance to peel failure can be assessed from tensile pull-off
tests. These tests [30, 31] are used widely to determine the adhesion of coatings to substrates.
This type of test is also used to assess adhesives, for example in the construction industry
where it is used to determine the development of bond strengths, since it is simple to perform
and can be carried out in-situ (either vertically or horizontally) on virtually any type of
surface. The pull-off test is attractive as it is quick and simple to perform, requires low cost,
commercially available equipment and produces a quantified measure of the adhesive strength
from the maximum force applied to the sample.

Force
Adhesive

Pull Stud

(a)

(b)

Figure 3: Pull-off test (a) schematic of substrate, interface and pull stud (b) FE model
showing substrate, stud and ‘restraining ring’
The pull-off sample is prepared by bonding a cylindrical stud (normally aluminium) to the
surface using the adhesive being tested (Figure 3a). The bondline thickness can be controlled
by mixing a small quantity of glass beads into the adhesive. Excess adhesive is wiped off
before the sample is cured. The substrate is clamped with a restraining ring and the stud
pulled-off normal to the surface using a portable tester that applies force to the stud by
pneumatic pressure. The force is recorded and the maximum load obtained is used to
determine the failure stress. The aluminium stud is grit blasted and solvent cleaned to provide
a good surface for bonding and the high rigidity of the pull stub tends to bias the failure away
from the stub.

5
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3.2

FE ANALYSIS OF PULL-OFF TEST

In adhesive joint tests the stress-distribution in the adhesive layer is non-uniform and the
results can be sensitive to the local geometry of the specimen. A three-dimensional finite
element model was made of the pull-off stud, adherend and clamping ring (Figure 3b) to
explore some of these parameters. The system modelled was adhesive A bonded to 2 mm
thick aluminium. The model is somewhat idealised, being symmetrical and having a uniform
fillet around the circumference of the stud. Three different thickness values for the adhesive
bond layer were modelled (0.1 mm, 0.25 mm and 0.5 mm) and Figure 4 shows a plot of the
radial distribution of normalized stress (maximum principle stress at a node divided by the
average stress). The plots show that in each case the centre of the glue layer is under low
stress. The stress increases with distance from the surface until the maximum value of stress
occurs in the fillet. The concentration is approximately 2.5-3 times the average stress in each
case.
4.5
0.1 mm bondline

4.0

0.25 mm bondline

normalised max P stress

3.5

0.5 mm bondline
0.25 mm with fillet

3.0

0.1 mm with fillet

2.5

contour plot for specimen
with fillet (adhesiveadherend interface shown)

0.5 mm with fillet

2.0

0.25 mm non-uniform, fillet

1.5
Edge of
Bond

1.0

Fillet

0.5
0.0
-0.5

0

1

2

3

4

5

6

7

8

-1.0
position from centre (mm)

Figure 4: Distribution of maximum principle stress in pull-off bond line
A source of variability in the test system is minor misalignment of either the specimen or the
applied force that introduce bending/peel forces to the adhesive layer. Any resulting
‘cleavage’ stresses will concentrate at an edge of the specimen and reduce the measured
strength. Also, it may be difficult to control the shape and size of the fillet at the edge of the
stud. The finite element model was modified to investigate the effect of non-uniformity of the
bond layer thickness. The average bond thickness was maintained at 0.25 mm, the top surface
was ‘tilted’ so that the thickness at one edge was increased to 0.3 mm whilst that at the
opposite edge was decreased to 0.2 mm. The FE stress predictions, modelled with fillets,
show that in all the cases the peak stress is in the fillet and the value does not appear to be
affected by non-uniformity, which is somewhat unexpected. When a fillet is included, the
stress concentration does not vary significantly with bond line thickness. However, the results
obtained for models without fillets show a more significant dependence between the size of
the stress concentration and the bond thickness.
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A concern is that failure will occur at the weakest point of the joint – this may not be at the
surface of interest. The maximum stress that can be applied may be limited by the cohesive
strength of the adhesive or the strength of the adhesive-stud bond. In such a case, the test
would give a minimum value for the adhesion strength for the system. Stresses are similar on
the top and bottom surfaces despite the considerable difference in bending stiffness of the
adherends. However, experimentally no failures were observed between the stud and the
adhesive. Most specimens failed cohesively in the adhesive layer. The FE predictions
indicate that the maximum stress should occur at the interface between the fillet and the base
adherend. This would tend to predict that the fillet would detach from adherend. However, in
the samples tested it was observed the fillet tended to remain attached to the base when the
failure mechanism was cohesive in the adhesive (Figure 5).

1

4

2
5

3

6

Figure 5: Pull off samples (2nd batch adhesive A-Aluminium)
3.3

PULL-OFF RESULTS

The pull-off test was used to assess the strength of bonding to a number of surfaces. The data
available from the simple and robust commercial pull-off tester used were restricted to only
the maximum loads. These values were divided by the area of the pull-off stud surface to
determine the average tensile stress at failure. It was not possible to record force-extension
curves. The results shown in Table 1 indicate a reasonable degree of repeatability within each
batch of measurements.
The results, which are average stress values, show reasonable distinction between good and
bad surfaces for bonding. The untreated (mill finish) surface consistently gave the weakest
bonds. In the case of ‘good’ treated surfaces the failure tended to be cohesive in the adhesive.
Greater levels of adhesion failure were seen with the poorer surfaces. At no time was failure
observed at the interface between the pull stub and the adhesive (Figure 5).
7
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Table 2: Pull-Off Test Results
Surface and Treatment
Aluminium
Mill finish
light clean
light clean + anodise
full clean
full clean + anodise
full clean + over anodise
Steel Surface and
Treatment
degreased
light oil
heavy oil

Adhesive A and Aluminium
Pull-Off Strength (MPa)
Guillotined/Sawed Spark Eroded (figure 5 set in brackets)
10.7 ± 0.8
12.1 ± 4.0 (1)
13.0 ± 0.5
21.6 ± 3.8 (2)
14.0 ± 0.5
19.6 ± 0.8 (5)
14.8 ± 0.4
18.1 ± 5.4 (3)
14.3 ± 0.7
24.0 ± 4.8 (4)
13.3 ± 1.3
23.6 ± 4.4 (6)
Adhesive B and Galvanised Steel
Pull-Off Strength (MPa)
13.8 ± 0.9
5.0 ± 0.9
3.4 ± 1.1

There is a large difference between the strengths of adhesion measured for the two batches of
the adhesive A-aluminium systems tested. Although specimens were prepared and tested at
different times, the same procedures were followed in each case. However, two different
batches of aluminium were used. The first batch of aluminium adherends was prepared by
sawing 100 mm by 25 mm strips that had been prepared by guillotining. It is suspected that
the cutting procedure may damage the prepared surfaces and distort the flatness of the
samples. Furthermore, several months elapsed between the surface preparation and specimen
bonding during which the surface will have degraded. The data suggest that treating the
surfaces will still provide some benefit to bond strengths even if the quality of the surfaces
degrade with age or handling. The base samples from the second batch were prepared with
more care by spark eroding. Samples were bonded soon after receiving the aluminium. This
is likely to be the reason why the adhesion strengths of the second batch were much higher
than the first batch.
3.4

FAILURE IN THE PULL-OFF TEST

The ultimate failure strength of Adhesive A measured in this test is around 20-24 MPa with
cohesive failure observed in most cases. However, bulk specimen tests indicate that the
tensile strength of the material is approximately 61 MPa. The FE results suggest that the pulloff test produces substantial stress concentrations at the edges of up to 3 times the average
stress within the adhesive layer. Thus the maximum stress in the specimen is consistent with
the cohesive strength of the adhesive.
The ultimate pull-off strength of the adhesive B-steel samples (14 MPa) is a higher fraction of
the tensile strength of the adhesive (22 MPa) than found for the adhesive A-aluminium
samples. The aluminium adherends experience high levels of deformation in the test (Figure
6) leading to high cleavage stresses. FE models show that the greater stiffness of the steel
adherends over the aluminium adherends reduces these cleavage stresses (the stress
concentration factor is roughly halved) and the peak stress value is comparable with the bulk
8
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material strength. Thus, interpretation of the results of the pull-off test would appear to
depend on the bending stiffness of the adherend. Substrates with high bending stiffness
(whether due to modulus or thickness) will, for equally well-bonded samples, give greater
measurements of pull-off adhesion strength than less rigid substrates. Where the base
stiffness is very high (e.g. thick section steel), FE models show that the maximum stress
concentration factor is close to 1 and peaks within the bond line rather than the fillet. The
stress distribution where there are rigid adherends is more uniform than for flexible
adherends.

Figure 6: Magnified view of failed pull-off sample with aluminium base
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4.

BUTT JOINT TESTS

4.1

EXPERIMENTAL ARRANGEMENT FOR BUTT JOINT TEST

The tensile butt joint test [10-12] provides a test of the strength of bonding under severe states
of stress. One use of this test has been to investigate adhesive yield strengths since the
adhesive layer experiences high levels of tensile and hydrostatic stress but low shear stresses
due to the constraints imposed by the rigid adherends [32]. This severe stress state also
applies at the interface, thus providing information on the interface performance. The buttjoint specimen is prepared by bonding two rods or bars of equal cross-section together end-on.
Therefore, the test is really only suitable for thick section adherends. The joint is pulled in
tension to obtain the butt tension strength.

(a) bonding jig

(b) alignment fixture

(c) extensometry

Figure 7: Tensile butt joint test
Although the butt-joint test appears straightforward to perform, it is challenging to obtain
reliable and accurate data. Alignment of the bonded specimen and the applied force is critical
to avoid bending/peel stresses that will lead to premature failure. Accurate alignment is vital
to obtain the ‘true’ butt tension strength. Fixtures and procedures have been developed that
virtually eliminate alignment errors in the test.
Quality control during specimen manufacture, as in all adhesive tests, is vital to producing
reliable results. The axial alignment of the butt joint specimen is closely controlled during
manufacture using a precision manufactured V-block assembly jig, Figure 7a, to ensure that
the sample is bonded end-on. The adherend ends are precisely machined as 20 mm diameter
cylinders from 25 mm rods. Slip gauges are used to position adherends and control their
separation to obtain the desired bond line thickness (typically 0.5 mm). The specimen is
clamped tightly during cure to prevent movement during this process.
The alignment and rigidity of the test system is also critical. Prior to testing the load train of
the test machine is carefully adjusted using an alignment fixture (Figure 7b). A strain gauged
10
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dummy test specimen is strained and the alignment modified until the outputs of the gauges
agree showing that all bending forces have been eliminated. The fixtures are then locked to
prevent slippage and the dummy specimen replaced with the real specimen. The sample is
clamped in rigid collets.
The deflection in the test is measured using three sensitive displacement transducers
contacting either side of the adhesive layer, Figure 7c. The three extensometers also provide a
check on the linearity of the deformation as bending is detected from deviations between the
individual transducer outputs. The gauge length is equivalent to the bond thickness (with a
small correction to account for the very small deformation of the stiff adherends between the
extensometer contacts). Since the bond thickness will generally be 0.5 mm or less the
displacements applied will be extremely small and the extensometers used must be sensitive
to sub-micron extensions to provide sufficient precision in the measurement. The small gauge
length also implies that machine speeds need to be carefully set to produce the appropriate
strain rates in the adhesive for comparison with other test data.
4.2

FE ANALYSIS OF THE BUTT JOINT SPECIMEN

This test arrangement produces reliable results but is very time consuming for sample
preparation and testing. It has been used to evaluate models for plastic yield functions of
adhesives under high hydrostatic stress levels, generated in the adhesive layer. However, even
with careful alignment control, FE models show that non-uniform stress distributions remain
in the adhesive layer that cause problems in determining the maximum stress in the adhesive
[32-35]. FE predictions show a stress concentration near the outer rim of the adhesive layer at
the sharp edge of the adherends. The outer edges of the cylinders can be profiled (blunted) to
remove sharp edges. This will reduce, but not eliminate the stress concentration.
Investigations using FE predictions indicate that the size of the stress concentration peak
varies with the materials model chosen. This makes it difficult to use the test to evaluate
failure criteria.

(b) Contour plot of bond line

(a) FE Mesh (rotational symmetry)

Figure 8: FE mesh of profiled butt joint specimen
11
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Some more extensive profiling options were proposed to reduce this problem and various
alternative geometries, based around the 20 mm diameter ends, were investigated with FEA.
The most promising profile of those considered was when the butted adherend ends were
interlocking concave and convex hemispheres with 50 mm radii of curvature – producing a
bowl shaped adhesive layer, Figure 8a. Figures 8b and 9 show the tensile stress distributions
predicted in the profiled butt joint specimen. For comparison the radial distribution of stress
in a square ended butt joint is also shown. The region of highest stress in the profiled sample
extends from the centre of the specimen over the majority of the adhesive layer. Stress values
near the rim are lower. The highest stress predicted is only a few percent greater than the
average stress (calculated from the force divided by the bonded area). The modified butt joint
test specimen appears to offer a method for determining reliable values for stress at failure
from measured loads. In order to simulate the generation of internal stress, e.g. in the
adhesive bond layer, due to thermal shrinkage when the sample is cooled following cure at
high temperature, a step was included in the FE model to cool the sample from above the
adhesive’s glass transition temperature (120°C) to room temperature.

3D is approximately 16 kN
Load

Figure 9: FE predicted stress profiles in adhesive butt joints
4.3

EXPERIMENTAL BUTT JOINT RESULTS

Test data for this modified specimen bonded with Adhesive A are shown together with data
for unmodified specimens in Figure 10. There is little difference between the maximum
levels of load achieved in each type of specimen as the maximum load is limited by the plastic
yield of this tough adhesive. Failure in each case appeared to be cohesive in the adhesive
layer showing that the interface exceeds the strength of the material. Average failure stresses
determined by this test were 55 MPa and 28 MPa for Adhesive A and Adhesive B,
respectively, close to the bulk tensile strengths. The force-extension curves predicted by the
FE model are also shown in Figure 8. The adhesive was modelled using the exponent
Drucker-Prager model. This model gives a reasonable prediction of the yield behaviour of the
12
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adhesive. However, a model based upon cavitation of the toughening phase in the adhesive is
being developed to improve the accuracy of predictions of stresses within the adhesive layer
[36]. The FEA predictions show that analyses including the temperature step, which imposes
the internal stresses generated by thermal shrinkage, will have a slightly stiffer response when
the specimen is loaded than models without the extra step but that the ultimate load (limited
by the adhesive yield strength) is essentially unaffected.
Adhesive A butt joints modelled using exponent Drucker-Prager

reaction force (kN)

20

15

Data from buttjoints with original square ends
adherends (thin lines) compared to profiled ball & cup
adherends (bold lines).
Symbols are FEA predictions for profiled specimens.
Diamonds are a basic model; squares include a step
where the sample is cooled to simulate the generation
or internal residual stresses prior to applying load.
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Figure 10: Butt Joint Test Results
4.4

CONCLUDING REMARKS ON THE BUTT JOINT TEST

The tensile-butt joint test provides good quality test data on adhesives if performed carefully.
FEA suggests that the stress distribution in the profiled version is very uniform enabling
accurate estimations of the stress at the interface directly from the measured force with little
need for complicated analysis. Although not evaluated in this work, the butt joint test may
have the potential to provide a good level of discrimination between the adhesive bonding
performances of different surface treatments. However, the limitations on the types of
adherends that can be used and the amount of resource required to prepare specimens and
carry-out tests mean that it is very unlikely to be used except in the most demanding
applications, where costs can be justified.
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5.

TENSILE PULL-OUT TEST

5.1

BACKGROUND ON THE PULL-OUT TEST

In fibre reinforced polymer composites the adhesion of the fibres to the resin is a key
determinant of the strength of the system. Debonding of fibres from the matrix leads to
failure of the composite. Pull-out tests were developed to assess the adhesion fibre-matrix
adhesion in order to optimise fibre properties [37-40]. Micro-pull tests determine the force
required to pull embedded fibres from the resin. In order to provide improved interpretation
of the data, analytical routines, based on elastic shear lag analyses, were developed to
calculate stresses along the interfaces [40]. At first inspection, this test seems promising for
adhesives.
Specimens would be relatively easy to prepare and testing would be
straightforward with a simple fixture. The largest stresses are at the interface, biasing the test
towards interfacial failure and the initiation of failure would be easily identified from the
sharp fall in load.
One of the attractions for adopting the pull-out test for adhesives is the background of
theoretical work existing for analysing the stress in the fibre and along the fibre-resin
interface. However, very few adherends of practical interest have the small diameter
cylindrical cross-sections of the fibres modelled in this work. The closest practical adherend
geometry was thought to be thin strips with rectangular cross-section. An expression for
calculating ti interfacial shear stress (IFSS) values along these adherends, based on shear lag
calculations for cylindrical fibres, was developed.

τi = n
2

F cosh[n (L e - x )/r]
,
wh 2sinh (nL e /r )

n =

(1)

Ea
æRö
E s (1 + ν a )lnç ÷
èrø

In Equation 1, Le is embedded length, E tensile modulus, n Poisson’s ratio, x distance along
shim, w the shim width and h the shim thickness. The subscripts s and a represent shim and
adhesive, respectively. R and r are equivalent radius values for the adhesive block and shim
respectively.
These equivalent radius values were calculated from the equivalent
circumferences of the cross-section surfaces.
5.2

EXPERIMENTAL METHOD

Pull-out test specimens were prepared in a mould (Figure 10a) where rectangular blocks to the
dimensions indicated in Figure 10b could be cast. The channel in the mould keeps the
adherend shim perpendicular to the top face of the adhesive block. Sliding the shim to
different positions in the channel controls the embedded length. The clamps lock the shim in
place once the embedded length has been set. Release film prevents the adhesive bonding to
the mould. The manufactured specimen resembles a lollipop, Figure 10c.
The preparation of the adhesive block becomes more difficult as the thickness of the adhesive
increases. Adhesive cure reactions are generally exothermic and the poor thermal
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conductivity of the adhesives can lead to excessive temperatures being generated in thick
sections. To reduce the likelihood of problems the sample thickness was limited to 5 mm. In
order to achieve a sufficient surround of adhesive the adherend samples must be thin. The
mould used for embedding adherends up to 2 mm thick in a 50 mm by 40 mm by 5 mm
adhesive block is shown in Figure 10a.

Pulled -out

Restrained
Embedded length
40 mm

(a) Mould

5 mm

(b) Specimen dimensions

(c) Adhesive A specimen

Figure 10: Pull-out test mould and specimens

Test specimens were prepared using different 5 mm by 1 mm cross-section metal shims
(including steel and aluminium) and both epoxy adhesives. The shims were degreased and
grit blasted before bonding and with such surface preparation both of these adhesives bond
well to the metals. The samples were prepared initially with an embedded shim length of 15
mm. However, in the tests high loads were applied to the shims and many of these broke
before adhesion failure occurred. Subsequent test specimens were prepared with shorter
embedded lengths (10 mm and 5 mm) to reduce tensile forces on the adherend. These shorter
lengths increase relative uncertainties in the result and there was a fairly high degree of scatter
in pull-out test results.
A slotted plate fixture was made to hold the adhesive sample in a tensile test machine, whilst
the shim was clamped in a normal set of wedged-jaw grips. The constraints in the FE model
indicated by the arrows in Figure 11a match the restraint imposed by the clamping fixture
against which the adhesive block is pulled (Figure 11b).
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Figure 9: Shear stress in pull-out specimen

(c) Shear stress contours

(a) FE mesh showing constraints

(b) clamps

Figure 11: Pull-out test FE meshes and fixtures

5.3

PULL-OUT RESULTS AND ANALYSIS

Figure 12 shows typical results for different lengths of mild steel embedded in adhesive A.
For comparison, the force-extension curve for the shim pulled in tension with the same free
length between the clamps is also shown. It is obvious that the force-extension response is
dominated by the deformation of the shim. The results show that the behaviour of the
adherend is clearly inelastic by the point where the interface fails. The failure of the interface
is clear from the dramatic drop in load.
2500

2000

mild steel, strip only

1500

Load (N)

mild steel, 15 mm

1000

mild steel. 10 mm

500

mild steel. 5 mm

0
0

1

2

3

4

5

Extension (mm)

Figure 12: Pull-out force-extension results
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The inelastic behaviour of the shim is likely to invalidate the elastic assumptions of the
analytical model, Equation 1. Nether less, stress calculations were made for various
embedded lengths of 5 mm by 1 mm cross-section mild steel adherends in adhesive A. The
average loads at failure for 5 mm, 10 mm and 15 mm embedded lengths were 1726 N, 1767 N
and 1856 N, respectively – far from proportional to the embedded length as would be
expected if average shear stress was the failure criterion.
40
35
Le = 15 mm, F = 1856N

30
shear stress

Le = 10 mm, F = 1767 N

25

Le = 5 mm, F = 1727N

20
15
10
5
0
0

0.2

0.4

0.6

0.8

1

normalised length

Figure 13: IFSS values calculated from Equation 1

The IFSS values calculated by Equation (1) along the interface at the measured failure loads
for 5mm, 10mm and 15mm embedded lengths are shown in Figure 13. The stress rises gently
towards the exit of the adherend from the adhesive block. However, there is no consistent
level of maximum shear stress at the interface from the analytical calculations that correlates
with failure. FE predictions of stress show intense stress concentrations near the exit point of
the shim (Figure 11c). Stress near the exit of the adherend is approximately three times the
stress along the centre of the adherend, a higher concentration factor than predicted
analytically. A plot of the shear stress values predicted by FE analyses along the interface for
each embedded length is shown in Figure 14. Whilst the stress levels in the centre of the
fibres are similar to those determined by the IFSS calculations, The FE predicts a non-uniform
stress distribution and higher stresses near the adherend exit. The stresses predicted at the exit
point approach the same approximate values (around 50 MPa) for each of the samples.
Adhesive B specimens were prepared using two different cure conditions - a room
temperature only cure or room temperature cure followed by a high temperature post-cure.
The results shown in Figure 15 indicate a dramatic increase in adhesion strength of the postcured sample over the non post-cured sample. Room temperature cured samples failed at the
interface near the exit of the adherend. The post-cured specimens were so well bonded that
the samples failed either by the adherend snapping or through cohesive failure in the adhesive
17
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block below the end of the shim.
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5mm embedded length, F=1727N
10mm embedded length, F=1767N
15mm embedded length, F=1856N
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Figure 14: FE prediction of stress distribution at shim-adhesive interface
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Figure 15: Pull-out test results for Adhesive B
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The extensive inelastic deformation of the adherend and the resulting complexity of the
interfacial stress distribution appear to lead to problems in the interpretation of results from
this test using the analytical expressions. One potential method for reducing this problem is to
increase the IFSS relative to the tensile stress in the adherend. This can be achieved to a
certain degree by reducing the embedded length. The relative values of the IFSS and tensile
adherend stress can also be altered by altering the shape of the adherend to vary the ratio of
surface area to cross-section area. The optimum shape, to maximise this ratio, is a cylinder
but this is impractical for most adherends owing to the extensive machining that would be
required. Such machining would be expensive and alter the surface properties.
FE models were created to investigate the effects of using different adherend shapes. Square
cross-sections showed an improvement in the ratio of IFSS to tensile stress, for equivalent
tensile stress in the adherend. This shape may provide a reasonable compromise but sample
preparation may prove to be a problem. Although models of the square adherend show an
increase in IFSS over the rectangular adherends at equivalent stress levels in the adherend, the
predicted improvement is not very significant. Even the square adherends would experience a
high degree of inelastic deformation before interfacial failure would occur.
The specimen preparation for the pull-out test is very straight-forward and testing quick and
easy. However, by virtue of the difficulty in interpreting the test data in terms of stress at the
interface, it offers little to recommend it as a method for measuring quantitative adhesion
strengths.
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6.

ADHESION BY THREE POINT BEND

6.1

BEND TESTS

Bend tests are well-established techniques for assessing adhesion of coatings and paints to
surfaces. The four-point bend test is often used for thin coatings and the point of failure can
be detected by visual inspection or acoustic emission. However, four point bend tests may not
produce failure with well-bonded, flexible coatings as peel stresses may not be sufficient to
rupture the bond. The three-point bend test for adhesives, ISO 14679 [41], uses a thick rib of
adhesive that increases the peel forces at the end of the bond. Figure 16 shows a three-point
bend specimen and loading jig.

(b) Unbacked specimen
- interfacial (delamination) failure

(c) Unbacked specimen - cohesive rupture

X
Reinforcing strip

(a) three-point bend test

(d) Backed specimen

Figure 16: Three-point bend arrangements and failure modes

6.2

STANDARD THREE POINT BEND TEST METHOD

Samples were prepared by applying a 25 mm by 5 mm by 3.8 mm thick ‘rib’ of adhesive to
the underside of a thin rectangular beam adherend (50 mm by 10 mm). Moulds prepared from
silicone rubber were used to control the position and shape of the rib, Figure 17. Adhesive is
dispensed into the mould before the beams are placed in position and pressed down using a
flat plate. The samples are then cured according to normal cure schedules before they are
released from the moulds. Excess adhesive is removed after the samples are cured. One
drawback with this method is that the adhesive layer needed is relatively thick and it may be
virtually impossible to make representative samples this thick with some types of adhesive,
for example anaerobics. Furthermore, if the adhesive cures rapidly large temperature rises
may occur in such thick adhesive samples, damaging the material.
The samples are tested in a standard three point bend arrangement with supporting rollers at a
33 mm separation, as shown in Figure 16a. The crosshead is driven at a constant speed and
the test concludes when failure occurs. The adhesive rib imparts considerable stiffening to the
beam and a rapid drop in load accompanies the start of failure in the adhesive layer. Failure at
the interface (Figure 16b) is the desired mode of failure to assess the interface but in certain
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situations failure at the outer surface of the rib, Figure 16c, may occur. This test method is
suitable for mass screenings as tests can be performed very rapidly. The ‘open’ nature of the
adhesive block provides the potential for accelerated ageing of the interface in chemical
environments.
50 mm

3.8 mm
25 mm
10 mm

3.8 mm
5 mm

Figure 17: Sample and specimen manufacture mould

Failure in a three-point bend test is evident from a sharp drop in the force extension curve,
Figure 18. This is very noticeable for high modulus adhesives but can be difficult to detect
with low modulus adhesives. Acoustic emission techniques were used in an attempt to
identify the point of first failure in tests performed on the rigid epoxy adhesive A. However,
the transducers mostly picked up noise from the friction between the supports and the sample
that made identification of the point of failure from the signals difficult. What measurements
were made tended to confirm that the drop in load coincides with the initiation of a crack.
Signal to noise ratios would be even lower for low modulus adhesives.
Analytical calculations [42] have been developed for the shear stress t at the interface based
on the bending moments and elastic properties of the beam and rib:
FE 2 b( h - h 1 ) é h + h1 G1 ù
- ú
ê
G0 û
G 12 ë 2
)
2b1 (G 2 G0
where
τ=

(2)

E 1 b1 h 13 E 2 b( h 3 - h 13 )
E1b1h12 E 2 b( h 2 - h12 )
G 0 = E1b1h1 + E 2 b( h - h1 ) , G1 =
+
, G2 =
+
3
3
2
2
F is the force applied, b width of the adherend, b1 the width of the rib, h total depth of the
adherend plus rib, h1 the depth of the rib, E1 the modulus of the adhesive and E2 is tensile
modulus of the adherend. This formulation predicts the shear stress at the interface in the
centre of the beam. This will underestimate the actual stress, which will vary along the beamdirection (defined in Figure 16a).
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6.3

MODIFIED TEST METHOD

A modification to the test, bonding a stiffener strip to the outer edge of the adhesive rib,
Figure 16d, was made to increase the peel stresses at the end on the rib and thus bias failure
towards the interface. Samples were prepared as before except that a 0.9 mm thick steel
stiffener (25 mm by 5 mm, corresponding to the rib surface) was inserted in the moulds prior
to the adhesive. The resulting rib of adhesive is 2.9 mm thick. These specimens were tested
using the three-point bend fixture. Failure was observed to initiate at the aluminium- rib
interface as desired. The analytical calculation for shear stress (Equation 2) was modified to
account for the presence of the stiffener:
FE 2 b( h - h 1 ) é h + h1 G1 ù
- ú
ê
G0 û
G 12 ë 2
)
2b1 (G 2 G0
where
τ=

(3)

G 0 = E 0 b1 h 0 + E 1 b1 (h 1 - h 0 ) + E 2 b( h - h 1 )
E 0 b1h 02 E1 b1 (h 12 - h 02 ) E 2 b( h 2 - h 12 )
+
+
G1 =
2
2
2
3
3
3
E bh
E b (h - h 0 ) E 2 b( h 3 - h 13 )
+
G2 = 0 1 0 + 1 1 1
3
3
3
F is the force applied, b width of the adherend, b1 the width of the rib, h total depth of the
adherend plus rib plus stiffener, h0 the depth of the stiffener, h1 the depth of the rib plus
stiffener, E0 the modulus of the stiffener, E1 the modulus of the adhesive and E2 is modulus of
the adherend. This formulation predicts the shear stress at the interface in the centre of the
beam.
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Figure 18: Three-point bend results adhesive A-aluminium
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6.4

BEND TEST RESULTS

Experimental measurements using the three point bend method were performed to evaluate
bonding between the two adhesives and the six aluminium surface treatments described
earlier. For adhesive A and room temperature cured adhesive B samples failure occurred at
the end of the rib at the interface between the beam and the rib. However, the post-cured
Adhesive B samples did not delaminate and instead eventually failed at centre of the
underside of the adhesive rib, as illustrated in Figure 16c. This occurred as the adhesive was
too flexible and too well bonded to generate sufficient stress to initiate failure at the interface.
Finite element models (described below) provide an explanation for this by showing that high
stresses are also imposed at the bottom edge of the adhesive under large deflections.
Some results for standard 3-point bend tests on the Adhesive A bonded to aluminium
adherends are shown in Figure 18. Comparison with the results for the substrate only shows
the stiffening effect of the adhesive rib. The shear stresses at failure that were calculated for
various test systems are shown in Table 2. The mean failure shear stress values, calculated by
Equations 2 and 3 respectively, are approximately 5 MPa for adhesive A and 8 MPa for
adhesive B. These seem low in comparison to other test results. The results show similar
trends to the pull-off test results presented in section 3. The untreated adherends have lower
bond strengths than the treated surfaces. Any differences between the treated surfaces are
obscured by the variation in the data.
Table 3: Bend Test Results
Surface

Load (N)
Shear Stress (MPa)
Adhesive A and Aluminium
no treatment (mill finish)
350 ± 30
4.3 ± 0.4
light clean
380 ± 50
4.9 ± 0.6
light clean + anodise
400 ± 80
4.9 ± 1.0
full clean
420 ± 30
5.8 ± 0.4
full clean + anodise
390 ± 30
5.3 ± 0.4
full clean + over anodise
400± 70
4.8 ± 0.8
Adhesive B and Aluminium (+ backing strip)
no treatment (mill finish)
310 ± 10
6.5 ± 0.3
light clean
360 ± 10
7.7 ± 0.3
light clean + anodise
360 ± 60
7.5 ± 1.2
full clean
380 ± 20
8.1 ± 0.4
full clean + anodise
370 ± 10
8.0 ± 0.3
full clean + over anodise
370 ± 5
8.4 ± 0.1

The test results presented in Table 2 suggest that the repeatability in the measurements made
with the backed specimen is better than the repeatability in the measurements made with the
standard specimen. However, as different adhesives were used in each case the differences in
repeatability could also be due to differences in variabilities of the adhesives. In both tests,
the variability in test results is highest for the samples with the light clean + anodise treatment.
This suggests that the surface properties of these samples may be more variable than for the
other surface treatments.
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6.5

FE MODELS

6.5.1 FE Mesh and Fillets
A finite element model of the test was created to predict stress distributions and explore the
sensitivity of the test to variations in the test parameters. Three dimensional eight-node
(incompatible modes) continuum (i.e. solid) elements were used to model the test specimen.
The loading bars of the test jig were described by analytical rigid surfaces. The model used
symmetry of the geometry in the x and z directions to reduce computational costs, Figure 19.
Elements in the higher resolution region at the base of the adhesive rib could be used to
represent either the adhesive or stiffener depending on which version of the test was being
modelled. The model was run in three steps. The first step simulated thermal shrinkage in the
high temperature cured adhesive (ignored for the two part system) by reducing the temperature
from 120°C to 20°C. This introduced residual stresses in the adhesive. The second step
brought the crosshead and restraints into contact with the sample. The third step applied the
deformation to the sample by moving the crosshead down while fixing the support rollers in
position.

Figure 19: FE mesh for 3 point bend specimen

The standard specimen was modelled with and without fillets to investigate possible
alternative geometries for the test specimen. Two different radius of fillet were chosen (1.9
mm and 3.8 mm). Contour plots of stress in the adhesive layer are shown in Figure 20 for (a)
standard specimen, (b) stiffened/backed specimen, (c) 1.9mm radius fillet and (d) 3.8mm
radius fillet. In each fillet case, a significant increase in specimen stiffness is predicted at
large deflections. The magnitude of the stress in the adhesive layer is reduced and the location
of the stress concentration moves from the end of the interface to the outer curve of the fillet.
As the point of failure initiation is not likely to be at the interface this alternative geometry
was not explored further. Square end adhesive ribs are easier to produce.
The FE model predicts that the stress is concentrated at the ends of the interface between the
strip and rib, and failure is likely through delamination (e.g. Figures 16b and 20a). In the
standard specimen, however, at large deflections the tensile stress is high at the centre of the
outer surface of the adhesive rib (e.g. Figures 16c and 20a) and this is another potential locus
of failure when bond strengths are high, as with the post-cured adhesive B specimens.
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(a) standard specimen

(b) stiffened/backed specimen

(c) 1.9 mm fillet

(c) 3.8 mm fillet

Figure 20: FEA contour plots showing locations of stress maximums

For the purposes of comparing different parameters of the test set up, FE results were analysed
for typical deflections at failure in the experimental tests - 0.9 mm deflection for the standard
arrangement and 0.4 mm deflection for the stiffened samples. Figure 21 shows that there is
reasonable agreement between the FE force-extension predictions and the experimental data.
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Figure 22: Effect of materials model on predicted force-extension curves

6.5.2 Materials Models
Both the metal strip and adhesive were modelled as elastic-plastic materials. The metals were
modelled using the (hydrostatic pressure insensitive) von Mises criterion for plastic
behaviour. The adhesive was modelled using three different plasticity models – von Mises
and the pressure sensitive linear and exponent Drucker-Prager models. The predicted forceextension behaviour did not seem sensitive to the choice of model, Figure 22.
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Figure 23: FE predictions of maximum principle stress (SP3)

The analyses show that the predicted stress and strain values within the adhesive layer are
sensitive to the models (e.g. Figure 23). In the standard specimen, the linear and exponent
Drucker-Prager models predict maximum principle stress values approximately 85% and 75%
of the von Mises predictions at increments close to the loads/extensions obtained at failure in
tests. Similarly, the linear and exponent Drucker-Prager models predict maximum stain
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values approximately 122% and 111% of the von Mises predictions. The differences are even
greater for the backed specimen. The predicted levels of maximum principle stress at failure
(0.4mm and 0.9mm extension) are reasonably consistent in the backed and standard
specimens for each model.
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reaction force (N)

It is expected that the pressure sensitive Drucker-Prager models would provide a more
realistic simulation of the epoxy adhesives used in this study than the von Mises model.
However, independent verification of the correct model (e.g. through local strain/stress
mapping) has not yet been performed owing to the technical difficulties in resolving strain
distributions in such small samples. The von Mises model is computationally simpler than the
pressure sensitive models and more likely to achieve convergence in the simulations. Most
subsequent analyses were performed using the von Mises model (which provides the most
conservative estimations of bond strength for stress based failure criteria).
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Figure 24: Effect of rib thickness

6.5.3 Adhesive Rib Thickness
The adhesive layer in the standard specimen was modelled with different thickness values
(3.0, 3.5, 3.8 and 4.0 mm) to simulate variability from the standard 3.8 mm rib thickness.
Although a thickness of 3 mm gives a significant reduction in overall predicted stiffness, the
predicted force-extension results suggest that between 3.5 mm and 4.0 mm, there is only a
limited dependence of the force deflection response on the adhesive thickness, Figure 24a.
Comparisons of maximum principle stress (SP3) levels experienced within the adhesive layer,
Figure 24b, also show a limited dependence on thickness within the 3.5 mm to 4.0 mm range.
The relationship between stress and strain components and rib thickness is approximately
linear (at constant deflection) and, hence, provides a possible means for interpreting data for
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varying rib thickness, Figure 25. However, the specimen manufacture process allows for
tighter tolerances than this to be achieved in the rib thickness and any likely corrections would
be minimal.
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Figure 25: Variation of maximum stress and strain with adhesive rib thickness

6.5.4 Effect of Initial Temperature Step
The first step in the FE models simulates thermal shrinkage in the high temperature cured
adhesive (ignored for the two part system) by reducing the temperature from 120°C (Tg) to
20°C. The differences between thermal expansion coefficients of the adhesive and the
adherend (assumed to be 50 mstrain °C-1 for the adhesive, 50 mstrain °C-1 for aluminium and
12 mstrain °C-1 for steel) lead to residual stress, e.g. in the adhesive layer. This predicted
stress can be quite significant, e.g. approximately 20 MPa in Figures 23 and 24. The system
was also modelled at a constant temperature (i.e. no shrinkage step). The FE results show that
additional stress predicted due to residual stress persists through the loading steps and makes a
considerable difference in the stress values predicted at the failure extensions. If true this
implies that residual stress will have a significant impact on joint strength predictions. The
data used for the adhesive in these analyses were approximate, single-point values of material
properties (modulus and thermal expansion coefficient) that are expected to vary with
temperature. Furthermore, the adhesive is a viscoelastic material and residual stresses would
be expected to relax following cure due to creep mechanisms. Residual stress levels could be
reduced through annealing at above ambient and slow cooling to room temperature.
However, the model also ignores irreversible shrinkage of the adhesive due to densification
during cure as the data were not available. Experiments, using embedded strain sensors to
determine shrinkage in the adhesive, have been planned but not yet performed.
Means of validating residual stress predictions are not straightforward. However, the internal
stress will impose a force on the adherend, bending the beam before the sample is loaded.
The predicted bending can be determined from the location of nodes in the model after the
first step in the analysis. To check these predictions, the shapes of adherends were measured
by surface profiling before and after cure. The change in profile was compared with FE
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height

predictions and, as Figure 26 shows, there is good agreement between experiment and
prediction. This suggests that the internal stress predictions may be fairly robust despite the
assumptions in the FE model.

FEA - original
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measured - original
measured - after cure
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Figure 26: Measured and predicted deformation of 3-point bend specimen due to
adhesive shrinkage (adhesive A-aluminium, standard specimen)

6.6

COMPARISON BETWEEN FE AND ANALYTICAL MODELS

The FE predicted shear stress distribution in the Adhesive A specimen near failure is shown in
Figure 27. The maximum stress at the interface was approximately 25 MPa, far greater than
the analytical value, calculated from Equation 2. The minimum interface stress is
approximately 10 MPa at the centre of the rib, which is more consistent with the analytical
formulation. The modified, stiffened specimen shows less of a variation in shear stress along
the interface but peel stresses are increased substantially.
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Figure 27: Shear stress prediction along adhesive-rib interface
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6.7

SUMMARY OF BEND TESTING

The experimental results for the three-point bend test show similar patterns to the pull-off test
results (i.e. able to distinguish poor surfaces from good surfaces but not differences between
the good surfaces). The results were not sufficiently sensitive to distinguish between different
treated surfaces. The analytical approaches to interpreting the test data can provide
misleadingly low interface strengths. There are large discrepancies between FE predictions
and analytical calculations, with the FE being more consistent with other test methods. The
analytical approach evaluates shear stress at the interface at the centre of the sample but the
locus of failure is generally at the end of the adhesive rib.
Insufficient stress at the interface to delaminate the adhesive rib was a problem in some of the
materials systems investigated. A modified sample, with a backing stiffener, generates more
peel stress at the adhesive rib end and promotes failure via delamination. Finite element
models were created for the new test arrangement. The stress predictions show significantly
enhanced peel stresses at the ends of the adhesive layer.
The FE analyses show some sensitivity to experimental and model parameters. Varying the
materials model for the adhesive makes little difference to the stiffness of the specimen
although stress levels are affected. Fillets move the locus of failure away from the interface
and should be avoided. FE models showed that the predicted results were not particularly
sensitive to the stiffness of the backing. The analyses also suggest that maximum principle
stress values at failure are consistent for the standard and stiffened specimens.
FE analyses indicate that residual stress, generated by cure shrinkage or differential thermal
expansion during cooling from elevated cure temperatures, may be a significant factor in
interpreting failure.
7.

CONCLUDING REMARKS

Pull and bend test methods have been evaluated for their ability to quantify the strength of
adhesion between adhesive and adherend. Techniques, such as pull-off, pull-out and threepoint bend tests, are superficially easy to perform and interpret using analytical formulations.
These tests would appear to be suitable for large scale screening of adhesives and surface
treatments. Work is continuing to evaluate the effectiveness of the pull-off and bend methods
for durability assessment.
The tests’ suitability for providing design data on adhesion strengths required evaluation. In
this report both analytical interpretations of experimental measurements and FE studies have
been undertaken. The results presented indicate that the simple test methods are able to
distinguish between ‘good’ and ‘bad’ adhesion but are relatively insensitive to small
differences in the quality of the surfaces. Care must be taken when evaluating results. The
failure stresses calculated through analytical methods are often considerably lower than those
predicted in the FE stress predictions. Therefore, calculated adhesion strengths will be
conservative and likely to be far lower than the bulk material strengths.
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Only in the profiled butt joint test are the analytical average stresses and the FE predicted peak
stresses comparable. However, this test is time consuming in both specimen preparation and
performance, and requires special alignment fixtures for bonding and testing specimens.
FE analyses indicate that residual stress, generated by cure shrinkage or differential thermal
expansion during cooling from elevated cure temperatures, may be a significant factor in
interpreting failure.
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