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ABSTRACT

This report evauaes the effect of environmenta conditioning and geometric parameters on the
performance of the T-ped test. Finite eement analyses were performed to establish the effects of these
parameters on joint performance and stress digtribution within the adhesive layer. The finite dement
modds presented in this report were constructed and solved using the ABAQUS program with
FEMGV as the pre-processor. The analyses were based on experimental data generated within the
DTI funded ADH and PAJ programmes.

The effect of environmentd conditioning on the joint performance was investigated using a sequentialy
coupled mechanicd-diffusion finite dement mode, which incorporated continuoudy varying adhesve
material properties. The numerica predictions reveded that the stress digtributions become more
uniform aong the adhesve layer when the adhesive contains increased amounts of moisture. Ped

stresses at the edge of the adhesive fillet decrease with increasing moisture content.

Parametric studies on the specimen geometry reveded that stress distributions are sengtive to adherend
materia properties, adherend thickness and flange radius, the flange radius is the least sgnificant. In
generd, dresses were reduced when changes in the T-ped geometry resulted in smdler joint

displacements for the same load.

The report was prepared as part of the research undertaken at NPL for the Department of Trade and Industry funded
project on “Performance of Adhesive Joints- Combined Loading and Hostile Environments”.
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1. INTRODUCTION

Applications of adhesive joints can be found in indugtries ranging from the congtruction industry to the
aerospace industry. They are used as an dternative to conventional mechanica joints, primarily, due to
their light weight and vast desgn opportunities for joining dissmilar maerids and smplifying
components. Among the plethora of test methods, the T-ped test has been an integral part of adhesve
performance specifications. It has been adopted by most standard organisations and has played an
important role in the development of high ped drength adhesves and in rating the environmenta

resstance of adhesive systems.

The ever increasing need for more reliable and cost efficient joints has extended the demand for suitable
ped tests. Test procedures are currently limited to thin flexible adherends with no alowance for large
deformations. Consequently, they have been unsuitable for generating design data. This document
provides recommendations on the use of the T-ped test method to compare different materia systems
and to asess the performance of new designs. For this purpose, the finite eement method has been
employed to perform a series of stress and deformation analyses of the T-ped joint geometry.

The research discussed in this report forms part of the Engineering Industries Directorate of the United
Kingdom Department of Trade and Industry project on “Performance of Adhesive Joints - Combined
Cydlic Loading and Hogtile Environments’, which ams to develop and vdidate tes methods and
environmental conditioning procedures that can be used to measure parameters required for long-term
performance predictions. This project is one of the three technical projects forming the programme on
“Performance of Adhesive Joints- A Programme in Support of Test Methods'.



NPL REPORT CMMT(A) 207

2. BACKGROUND

The primary purpose of the T-ped test is to determine the relative ped resistance of adhesive bonds
between flexible adherends by means of a T-type specimen, depicted in Figure 1. This test geometry
has been adopted by most standard bodies and iswiddy used in the industry to eval uate environmental
durability of adhesively bonded systems [1-3]. The popularity of this method can be atributed to the

ease of use and the physica resemblance to actud in-service debonding problems.

Figurel - T-peel joint specimen

Specimen preparation, testing and data reduction are relaively sraightforward. The specimen can be
readily loaded using standard mechanical test equipment. Ped resistance is defined as the average force
per unit test specimen width, measured dong the bond line that is required to separate progressively the
two adherend members of the bonded joint. The T-ped test has been shown to discriminate between
various combinations of pre-treatment and adhesives, dthough coefficients of variation are typicaly 20
to 30%, or higher [4].

A mgor disadvantage of T-ped tedts is that excessive extenson of flexible adherends contributes to
falure a the adhesve/adherend interface. No account has been taken for the possibility of adherend
deformation in present procedures and ungtable behaviour has caused difficulties in the interpretation
and use of test data. Table 1 summarises the advantages and disadvantages of the T-ped test [5].
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Table 1 - Advantages and disadvantages of the T-peel test

Advantages Disadvantages
Yields peel strength Limited to thin flexible adherends
Straightforward/economic Not suitable for generating design data

- specimen preparation Large uncertainties in measurements

- testing No allowance for large adherend deformation

- datareduction
Discriminates between pretreatments and adhesives
ISO/ATM standards
Suitable for in-situ environmental testing (QA only)
Suitable for fatigue testing
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3. SCOPE

The main objective of this report is to assess the T-ped test method in terms of materid compatibility,
data generation, environmenta conditioning and practicdity of usng the tes method in an industrid
environment. The finite dement method has been employed for the purpose of investigating the effect of
the following parameters on the joint performance.

(i) environmenta conditions (water immersion for up to 12 days);
(i)  adherend materid (sted, duminium, titanium and tufnol);

(i)  adhesvefillet (full or hdf fillet);

(v)  adherend thickness (1.4, 2.5 and 5 mm);

(v)  flangeradius (6.5, 12.5 and 25 mm).

Particular congderation is given to the formulation of the finite dement modd and its vaidation against
experimenta results. Severd additiond issues have been consdered, including the degree of dress

uniformity in the adhesive layer, adherend plastic deformation and non-linear behaviour.

The report is divided into eight sections - including the Introduction, Background and Scope (Sections
1-3). Section 4 covers the numericad modelling of the T-ped test usng the finite dement method and
includes a comparison between the predicted and measured response of the joint. Section 5 coversthe
effect of environmental degradation on the joint performance. Sections 6 and 7 cover the effect of
adherend properties and joint dimensions on the joint performance, respectively. Conclusons are given
in Section 8. Detalled finite dement results for different materid systems and joint configurations are
provided in AppendicesA to F.



NPL REPORT CMMT(A) 207

4. NUMERICAL MODELLING

This section discusses the finite eement modd of the T-ped joint geometry and provides a number of
recommendations on the modelling approach. The finite eement models presented in this report were
congtructed and solved using the ABAQUS [6] program while mesh generation was performed using
the FEMGV [7] pre-processor.

4.1. THREE-DIMENSIONAL JOINT DEFORMATIONS

A three-dimendgond geomericdly linear finite dement andyss of the T-ped joint was initidly
performed to assess the validity of the assumption of plane stress or plane strain to an arbitrary section
of the joint. The reduced geometry of the joint is shown in Figure 2(a), which illugtrates the symmetric
boundary conditions and mesh. The deformed shape of the joint under atensle load is shown in Figure
2(b).

Four second-order solid elements (C3D20 by the ABAQUS convention) were used through the
thickness of the adherend and two eements through the thickness of the adhesve layer. Due to the
large computationa cost involved in running the model no attempts were made to obtain a converged
solution or capture fully the singular solution in the bimaterid region. However, the mesh provided the
globa three-dimensiond deformation fields. Increasing the mesh dengity would give rise to higher values

of stresses at the end of the overlap, but would not change the trends.

Tensileload
z-symmetry plane

(@

(y)

x-symmetry plane| |

(%)
(2)

(y):
L Ax)
“(2)

Figure2 - Three-dimensional finite element joint model

(a) Symmetric boundary conditions and mesh; (b) Deformed shape

5
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The variaion of the direct strain in the width direction of the joint was investigated. Figure 3(a) shows
the z-gtrain digtribution across the adhesive and the adherend at the end of the overlap. Resultant strains
are compressve because of the contraction due to the Poisson effect under tengle loading. This is
graphicaly illugrated in Figure 3(b). The joint is in plane dress a the edge and tends towards plane
grainin theinterior. The trandtion from plane stress to plane strain occurs approximatdly over the same
distance from the edges of the adhesve and the adherend, dthough the former undergoes higher
deformations.
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Figure 3 - Deformation fields across the width of the 3-D model

(a) Adhesive and adherend z-strain distribution; (b) Detail of the deformed adhesive layer

Strain results a locations in the adhesive away from the fillet edge showed that the strain distribution
differs consderably. As the distance aong the yaxis away from the overlap edge increases, the
adhesive tends more towards plane strain conditions. Thisis due to the congtraint imposed by the more
rigid adherend preventing the adhesive from contracting. Suppressing this contraction effectively holds

the adhesive in plane rain.

4.2. TWO-DIMENSIONAL JOINT MODEL

A converged three-dimendgond andyss will give a more accurate solution to the problem of the
sructural assessment of adhesive joints than a two-dimensona andyss. However, the use of three-
dimensond solid dements in complex dructurd andyss research problems has a number of
drawbacks. Consderable increases in computer processng time, mesh generation and results
processng time make three-dimensond anadyses dill rather rare. A two-dimensond andyss is

6
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generdly preferred for comparative studies where a series of finite eement modes are required.
However, the assumptions of plane stress or plane strain will not be vaid a al locations within the joint.
Stiffness changes in the width direction cannot be modelled. The state of stress that should be assumed
when building atwo-dimensiond mode depends on the section through the joint being considered.

A two-dimensiond finite ement modd was condructed to determine the gress fields in the joint and
perform parametric studies. The bond between the adherend and the adhesive was assumed to be
perfect. The adhesve and the interface were asumed to be free of voids. It has been argued that
falure initiation takes place in a plane strain region of the adhesive when the adherend is in plane stress
[8, 9]. Thisis due to cracks propagating more easly in plane strain as the plastic zone is smdler and
thus less energy is absorbed. Consequently, the adhesive was represented by plane strain, while the

adherends were represented by plane stress isoparametric e ements.

Due to symmetry, only hdf the joint needed to be modelled. The congraints and |oads were applied so
as to mimic the tensle loading conditions on the specimen while it was secured in non-rotating clamps.
The load was applied aong the xaxis as a distributed load acting avay from the adherend end. All

nodes of the adherend end were coupled in their first degree of freedom so that they move by the same
amount in the xdirection. These nodes were condtrained againgt movement perpendicular to the load
and againgt rotation around the z-axis. Symmetry conditions were imposed by congtraining the nodes at
the symmetry plane againg movement dong the xaxis. The boundary conditions are illustrated in

Figure4.

U,=0,R,=0

Figure4 - Boundary conditions applied to the 2-D model

7
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The large stress concentrations at the ends of the adhesive required the use of a non-linear materid
model. The Misesyidld criterion was adopted, which corresponds to identical behaviour in tenson and
compression. In view of the tenson component in the test specimen, the yield criterion was based on
the tenson dress-sirain curve obtained from bulk test specimens, prepared to 1SO 527:2 [10]
specifications. Thisis shown in Figure 5(@). The yidd surface was defined by giving the value of the true
uniaxid yied gress as a function of true uniaxid equivdent plagtic srain. The meta adherend was aso
represented by the Mises plagticity mode based on the stress-drain curve in Figure 5(b). The dadtic
modulus and Poisson’s ratio of the epoxy adhesive and the sted adherend were 3.1 MPa and 0.38,
200 GPaand 0.38, respectively.
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Figure5 - Tension curvesfor calibration of elastic-plastic material model

(a) AV119 epoxy adhesive; (b) CR1 mild steel adherend

4.3. MESH DESIGN AND ELEMENT PERFORMANCE

The large thickness differences between the adhesve and the adherend and the very different
mechanica properties of these materids lead to an ill-conditioned numerica problem. A series of
models were andysed examining different mesh densities and element types in order to diminate any
numerica errors. The mesh was refined at the regions of high stress gradients by progressively biasing
the dements, keeping their shape as close as possible to the unmapped shape. Multi-point congtraints
were aso utilised to achieve abrupt changes in the mesh density, outside the region of interest, in order

to further reduce the size of the problem.
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The models used in the mesh convergence study are presented in Appendix A. The coarser mesh
comprises 364 quadrilatera elements and the finer 1960 e ements of the same type. Elements of linear
and quadratic displacement with full or reduced integration were examined. Figure 6 shows the force-
displacement curve for different mesh sizes. A mesh of 1013 linear eements provides a converged
solution with the leest computationd cost. Stress results within the adhesve layer dso showed

convergence for the given mesh dengty.
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Figure 6 - Mesh convergence graph for first- and second-order quadrilateral elements

4.4, COMPARISON OF NUMERICAL AND EXPERIMENTAL RESULTS

The numerica predictions for the joint digplacements under tendle loading conditions were vaidated by
making comparisons with experimentd results. A series of tensile tests were conducted on T-ped joints
bonded with Araddite® 2007 (dso known as AV119), a single-part epoxy paste supplied by Ciba
Specidity Chemicals. The adherend material was CR1 mild sted, supplied by British Stedl. Prior to
bonding, the adherends were decreased with 1,1,1-trichloroethane and then grit blasted using 80/120
adumina. The bondline thickness (0.25mm) was controlled using 250nm balontini glass spheres. A

amal quantity of the glass spheres, 1% by weight, was mixed into the adhesve. Specimens were
clamped in a specid bonding jig and then heated to 120°C for 90 minutes to cure the adhesive. Figure
7 shows the dimengons of the finished specimens.
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Figure7 - Dimensions of T-peel specimens

The tests were carried out on an Instron testing machine under standard laboratory conditions
(23C/50% relative humidity) to BS 5350 [11] specifications. Instron Series IX software was used to
control the machine and to collect the test data. Failure was fully cohesive and centre of bond, as
shown in Figure 8.

Figure 8 - Failed T-peel joint specimen

The numericd solution is compared with the experimental measurements in Figure 9. There was good
agreement between the predicted and the measured force-displacement curve when plastic yielding of
the adhesive and adherend materias was taken into account. The linear-eadtic finite dement mode,
however, over-predicted the stiffness of the joint a high loads by more than 100%. Moreover, linear-
elagtic andyss of the joint resulted in adhesve equivalent stresses reaching 211 MPa at the overlap
end. Thisis far in excess of the maximum sustainable stress, which is a clear indication of the need of a

non-linear analyss.

10
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An important observation is that experimental results were lower than the nortlinear finite dement
modd predictions. This was consstent with results for other joint geometries andysed within the PAJ
programme. Lower gtiffness vaues in test results have dso been reported in the literature [12]. This
may be atributed to a combination of reasons. Possble manufacturing inaccuracies in the fillet
formation or dight defects in the bond line would give giffness vaues on the low sde. Manufacturing
erors are critica in the T-ped joint, which has a high proportion of Mode | loading. It has dso been
shown that for epoxy adhesves the ratio of compresson yied dtress to tenson yidd dress is
gpproximatdy 1.3 [13]. This may suggest the use of a Drucker-Prager materid modd with a yied
surface of ether linear, hyperbolic or exponent form.
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Figure 9 - Comparison of measured and predicted force-displacement response
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5. EVALUATION OF THE EFFECT OF ENVIROMENTAL DEGRADATION

Environmental degradation is the greatest limitation on the widespread use of adhesively bonded
assemblies in practical gpplications. Service conditions can often involve exposure to eevated
temperatures and moist environments that have a direct effect on the properties of epoxy adhesives and
the adhesive-adherend interface. Even in gpplications where there are low levels of moisture, water
absorption and its effects on mechanica integrity can present problems to the designers. It is therefore
essentid that the end user and adhesive manufacturer possess the necessary tools for sdecting and
characterising an adhesive system.

The work presented in this study is concerned with the weekening of the bulk adhesive. Mass diffusion
is conddered to be the primary transport process. Consequently, weakening of the joint due to
moisture absorption is assumed to occur through plasticisation of the adhesive and failure is assumed to
be cohesive in nature. The subject is a very complicated one, primarily due to the coupled mechanical-
diffuson response tha influences the joint behaviour. A scheme is presented below that enables the
redigribution of stresses in bonded joints due to moisture ingress to be assessed. The moddling

procedure consists of two phases:

()  moddling of the moisture absorption in the adhesive layer, and
(i)  moddling of the mechanica-diffusion interaction.

5.1. MODELLING OF MOISTURE ABSORPTION

The firs step in assessing the environmentally degraded response of bonded joints is finding the
tempord and spatid digtribution of moisture within the adhesive layer. Anayticd expressions for the
moisture didtribution as a function of time of homogenous materids exposed on one or both Sdes to
water were presented by Shen and Springer [14]. The problem is pictured in Figure 10, where the
plate is taken to be infinitey long in the y- and z- directions. The moisture content insde the plate varies
only in the x-direction, i.e. the problem is one-dimensiond. Initidly the moisture concentration ¢; ingde
the plate is uniform. The plate is suddenly exposed to amoist environment and the exposed faces reach
ingantaneoudy the equilibrium moisture concentration ¢, which remains congtant.

12
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Figure 10 - Graphical representation of one-dimensional diffusion problem

The moisture uptake is described by Fick’s law [15]:

[[¢ T°c
ﬁ: DXT[? (1)

where Dy isthe diffusvity of the materia and the boundary conditions are;

C=¢C

O<x<h tE£Q0 (29)

c=cC Xx=0;x=h t>0 (2b)

a

It has been observed [16] that the diffusivity changes very little with moisture content and thus the
solution to equations (1) and (2) isgiven by [17]:

a)-c _, 44 1 Sin(2j+1)pxexpg (2] +1)zpzoxtg 3
C,- G pi%(2i+1) h é h f

where N isthe number of summation terms and c(t) is the instantaneous concentration.

Equation (3) was used to compute the moisture distribution a the noda co-ordinates within the
adhesive in the T-ped joint, assuming the only concentration gradient is dong the bond length and ¢; =
0. Figure 11 shows the moisture digtribution for different time periods up to 12 days, usng a diffuson
coefficient of 6.7 10™ nPs". Whilgt this vaue is significantly higher than the diffusion coefficient
generated from bulk samples (6.4 10" nfs?), it agrees favourably with the diffusion coefficient
caculated from equivaent types of joint samples [18]. Comparative studies between the bulk and joint
diffuson process indicate that care needs to be taken if the calculated value of the diffuson coefficient
of bulk adhesives is used to predict the extent of water penetration in an adhesive joint [19]. There are

13
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dgnificant differences between bulk and joint behaviour, which are attributed mainly to interfacid or

capillary diffuson effects.
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Figure 11 - Predicted moisture concentration distributions along the adhesive layer

The resulting moigture distribution aong the overlap, shown in Figure 11, indicates that the joint is far

from the equilibrium moisture content after 12 days of water immerson. The moisture profile is

symmetric and decreases steadily from 10% at the overlap ends to a dry State & the centre of the

overlap. However, the one-dimensond diffuson theory is expected to underestimate the moisture

concentration at the wider end of the overlap. Thisis because one-dimensiond expressions cannot take

into account changesin bond line thickness.

In cases where the geometry is irregular and/or the problem is no longer one-dimensiond, a Smple

andyticd solution isnot available. An improved scheme, utilisng a trangent finite ement technique, has

been recently developed to enable the assessment of three-dimensiond moisture uptake [20]. This

goproach yidds more accurate representations of the moisture concentration field and it can be

sequentialy coupled with a mechanicd andyss.

14
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5.2. MODELLING THE MECHANICAL-DIFFUSION INTERACTION

Modelling the mechanica-diffuson interaction requires the moisture-dependent mechanica properties
of the adhesive to be determined experimentally. These were obtained from bulk tests performed on
the specimens that have been exposed to hot/wet conditions at varying periods of time. The specimens
were immersed in distilled/deionised water a 60° C. Batches of conditioned specimens were withdrawn
at sdected intervals over a 12 day period. Testing was performed under ambient conditions (23C,
50% relative humidity) a a constant displacement rate of 1 mm/min using an Ingron test frame. Two
test specimens, prepared to 1SO 527:2 [10] specifications, were tested for each conditioning time
period. The resulted tensile stress-gtrain data are shown in Figure 12. It can be seen, that the result of
increased exposure time was to reduce the dastic modulus and the yield stress of the adhesive. The
drain-to-falure steedily increased with conditioning time and noticesble plagticisation and necking was
observed in specimens that were conditioned for up to 5 days. Test samples tested after 12 days of

water immerson faled a low drain levels. This brittle faillure mode was éttributed to the chemicdl

degradation of the epoxy resin due to the extended period of environmentd conditioning.
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Figure 12 - Stress-strain curves for different water immersion periods

Weight uptake measurements were carried out for each bulk test specimen, as wdl as, for one
additiond specimen for each conditioning time. All specimens were dried and weight prior to being
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immersed in water. Specimen weight was recorded as a function of time and the percentage moisture
content, M, was caculated using the expression:

M = w 100% (4)

where W, and W, are the initial and find weight of the specimen, respectively. The moisiure uptake is
plotted as a function of exposure time in Figure 13(a). The effect of increased moisture content on the
properties of the adhesive is shown in Figure 13(b). The eastic modulus and Poisson’s ratio were
reduced by 89% and 20%, respectively, over atime period of 12 days.

3300 [ T 0.40
6.0 i E : J
3100 | } —— Young's Modulus
@) — ; ]
T L 2900 —a— Poisson’s Ratio 1038
s 5 _
< 40 // 2700 F ]
= ; \ 1 036
g < 2500 F 1
S 3 ]
8 3.0 o F \,\ ] <
© o 2300 | 1
E : \ 4 034
220 oo | | ]
= [ \ ——e 1
! 1900 f —~— ]
1.0 —=— AV119 - Water Immersion at 60°Cj~—— E 1 0.32
‘ T, ]
I I I 1700 |
0.0 | + } ]
0 50 100 150 200 250 300 1500 0.30
Conditioning Time (hours) 0.0 1.0 20 3.0 40 5.0 6.0

Moisture Content (%)

Figure 13 - Water immersion of AV119 adhesive samples. (a) Moisture uptake as a function of time;

(b) Effect of moisture content on Young’ s modulus and Poisson’sratio

The moisture-dependent stress-strain data, shown in Figure 12, enabled the full non-linear description
of the bulk adhesive properties for use in the finite dement modd. Using the anayticad solution for the
moigture profile dong the overlap, a different materia curve was used for each eement in the adhesive
layer. The materiad properties corresponding to any mass uptake of water were determined by
interpolation between the two adjacent curves. However, experimental data for the fully saturated sate
were not avalable. Therefore, the mechanica properties of the adhesive for the equilibrium moisture
content where determined by extrapolation. For the purposes of andysis, the equivalent plagtic strain

for each conditioning time was extended to 5%.
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5.3. CONDITIONED JOINT ANALYSIS RESULTS

Full nontlinear dadiic-plastic analyses were undertaken for the dry and conditioned sted joints. A
prescribed displacement was applied at the nodes of the adherend end. Figure 14 shows the
undeformed and deformed mesh for the dry joint configuration.

Figure 14 - Deformed and undeformed mesh of dry T-peel joint

The effect of moisture absorption on the stress digtribution within the adhesive layer was investigated.
The results of the finite dement analys's of the conditioned joints were markedly different from those of
the dry joint. In the dry joint the maximum equivalent and ped stresses occurred at the end of the
overlgp. In the conditioned joint, however, the load transfer was no longer concentrated at the end of
the overlgp and the maximum stresses in the adhesive exhibited inboard peegks in the interior of the
adhesive bondline. The Mises equivaent sress at the end of the overlap of the conditioned joints was
reduced to 20 MPa, more than three times lower than the stress in the dry joint. This behaviour was
due to the wetter adhesive a the overlgp end being able to sustain much lower levels of stress and thus
transfer less load. Redigtribution of plagticity zones was aso observed, shown in Figure 15. Significant
increase of the adhesive equivdent plagtic strain was observed after 12 days of water immersion. The
vaiation of adhesve equivaent and ped sress aong the centreine of the adhesive is shown in Figures
16 and 17. Contours of equivalent stresses in both the adherend and adhesive are presented in
Appendix B. Figures B.1 to B.7 (Appendix B) illudrate the trandtion of the maximum stress region
towards the centre of the overlap with increased moisture content. Finite eement results indicated that
moisture absorption had little effect on the stiffness of thejoint, typicaly 10% reduction after 12 days of

water immerson.
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Figure 15 - Equivalent plastic strain: (a) Dry joint; (b) 12 days of water immersion
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Figure 16 - Mises equivalent stress distribution along the centreline of the adhesive layer
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Figure 17 - Peel stressdistribution along the centreline of the adhesive layer

6. EVALUATION OF THE EFFECT OF ADHEREND PROPERTIES

In this study, the effect of adherend properties on the joint behaviour was investigated. The materias
were CR1 mild sted, 6Al-4V Titanium, 5251 Aluminium and Tufnol 10G/40 plain woven glass-fibre
reinforced epoxy laminate, the dagtic constants of which are listed in Table 2. To assess the effect of
the adherend plagticity, the metd adherends were modelled as an eadtic-plagtic materid for which the
Mises yidd criterion was used. Test results from srain-gauged bulk tensile specimens are shown in
Figure 18. The orthotropic properties of the plain woven fabric composite were measured in-house

utilising a series of standardised test methods.

Table2 - Elastic materials properties of adherends

Property CR1 Mild Stedl 6AIl-4V Titanium 5251 Aluminium Tufnol

E. (GPa) 206.0 1200 720 252
E (GPa) 206.0 1200 720 107
Ez (GPa) 206.0 1200 720 252

N 0.38 0.38 035 040



NPL REPORT CMMT(A) 207

Nis 038 033 035 0.14

N 038 038 035 040
Gy, (GPa) 746 435 26.7 325
Gy3(GPa) 746 435 267 441
Gy (GPa) 746 435 26.7 325
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Figure 18 - Stress-strain curves of the metallic adherends
The same finite dement mesh and boundary conditions were used in al cases. A nortlinear solution
agorithm was used. The deformed shape of the joints is shown in Figure 19. Detailed anayss results
are presented in Appendix C.
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Figure 19 - Deformed and undeformed mesh of joints with different adherend material

The composte joint exhibited dgnificantly higher deformations than the metd joints due to the

difference in the elastic congtants of the adherends. As a result, higher stresses were developed within

the adhesive and finite eement results revealed that the equivaent stress a the end of the overlap edge

was 37% higher than in the stedl joint for the same load. Extengive plastic deformation was present

within the adhesive layer in the composite joint, as shown in Figures C.4 and C.8 (Appendix C).

Equivaent and ped dress didributions dong the centreline of the adhesive layer are shown in Figures

20 and 21. Stresses increased rapidly as the overlap end was reached and a large stress concentration

occurred a the adhesive edge. Stress and strain components away from the edge exhibited a flat

digribution. The maximum stress within the adhesve layer decreased with increasing adherend stiffness.

However, this effect was less pronounced between stedl and titanium joints.
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Figure 20 - Mises equivalent stress distributions for different adherend material
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Figure 21 - Peel stressdistributions for different adherend material

22



NPL REPORT CMMT(A) 207

7. EVALUATION OF THE EFFECT OF JOINT DIMENSIONS

A szies of finite dement andyses were conducted in order to evauate the effect of changing the
geometric characterigtics of the T-ped joint. Parametric studies for the adhesive fillet, adherend

thickness and flange radius are presented below.

7.1. ADHESIVE FILLET

In this Sudy, the adhesive fillet occupied either half or dl of the space between the sted subgtrates, as
depicted in Figure 22. Full nontlinear materia properties were used for both the adhesve and the sted

adherends. Boundary conditions were congstent with previous finite e ement models.

@ (b)

Figure 22 - Schematic of the T-peel joint with (a) 50% and (b) 100% resin fillet

The mesh in the full-fillet joint was locdly refined in regions of high stress gradients, using progressively
biased dements and kinematic congtraints, as depicted in Figure 23(a8). Mesh convergence studies
were performed to examine the effect of mesh Sze on the stress digtribution within the adhesve. Thisis
shown in Figure 23(b).
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Figure 23 - Finite element model of full-fillet joint: (a) Mesh detail; (b) mesh convergence graph
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It was found that the joint with the 50% adhesive fillet deformed subgtantidly more than the joint with
the 100% fillet, under the same tendle load. This is shown in Figure 24. As a eslt, dl dress
components were sgnificantly reduced when the whole space between the sted subgrates was
occupied by the adhesve. The equivdent dtress a the end of the overlgp was reduced by
gpproximately 200%, as shown in Figure 25. Detalled finite element results are presented in Appendix
D.

@

L L,

DISFLACEHENT EADNIELGATION FACTOR = .o OI FPLACENENT HACHIFIOATION FACTOR = 1.0

Figure 24 - Undeformed and deformed mesh for jointswith different resin fillet;
(a) 100% resinfillet; (b) 50% resin fillet

Mises Equiwvalent Stress (3Pa)

0. 5 10. 1, 9% 20. 257

Overlap distance from bottom end (mm)
Figure 25 - Mises equivalent stress distribution along the centreline of the adhesive layer
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7.2. ADHEREND THICKNESS

In this study, the effect of adherend thickness on the stress didtributions of sted T-ped joints was
evauated. Cases with 1.4mm, 2.5mm and 5mm adherend thickness were considered, as depicted in
Figure 26. Full nontlinear materid properties were used for both adhesive and adherend materias.
Boundary conditions were congstent with previous finite e ement models.

Figure 26 - Joint dimensions for (a) 1.4mm, (b) 2.5mm and (c) 5mm adherend thickness

Comparison of the finite eement results reveded that, as expected, the overdl displacement of the joint
decreased with increasing adherend thickness, under the same tensile load. This s illugtrated in Figure
27. Increases in the adherend thickness resulted in reductions in sress magnitudes, as well as,
reductions in adhesve plastic deformation. Adherend and adhesive strains were essentidly dastic when
the adherend thickness was set to 5mm. The maximum equivaent stress within the adhesive layer was
reduced by approximately 113% and 215% when the adherend thickness was 2.5mm and 5.0mm,
respectively. Equivdent dress digtributions for the later configurations reveded that the maximum
stresses exhibited an inboard peak, as shown in Figure 25. Detailed finite ement results are presented

in Appendix E.

‘

DLSPLADEMENT MAGHIPIDATION PAOTOR = 5.0

Figure 27 - Undeforned and deformed mesh of joints with different adherend thickness;

(a) 1.4mm, (b) 2.5mm and (c) 5mm adherend thickness
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Figure 28 - Mises equivalent stress distribution along the centreline of the adhesive layer

7.3. FLANGE RADIUS

In this study, the flange radius of the joint was varied, as illustrated in Figure 29. Cases with 6.5 mm,
12.5 mm and 25 mm flange radius were considered. Full non-linear materid properties were used for
both adhesve and adherend materids. Boundary conditions were condstent with previous finite

dement modds.

44,32

P
-

fagwli=gs;
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23,7104
£3.9211
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|-

Figure 29 - Joint dimensionsfor (a) 6.5mm, (b) 12.5mmand (c) 25mmfillet radius

Figure 30 shows the undeformed and deformed mesh of the various configurations. The overdl
displacement of the joint increased with increasing flange radius, under the same tensle load. However,
sress andyses revealed tha the equivdent and ped stresses were not significantly influenced by the
flange radius. The effect was more pronounced for the axia and shear stress components. This is
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shown in Figure 31. Detaled finite dement results are presented in Appendix F. For dl joint
configurations a stress concentration occurred a the end of the overlap. However, the joint with a
flange radius of 25mm did not exhibit a flat distribution away from the adhesive edge, as observed in
other cases, due to the shorter overlap length.

Figure 30 - Undeforned and deformed shape of joints with different flange radius;
(a) 6.5mm, (b) 12.5mmand (c) 25mm flange radius

+—= E= 5, 25mm
B—8 RE= 12. 50mm ;
#—& E= Z5. 00mm

Mize=z Equivalent Stress (GPa)

0.00 '
0. 4. 8. 12. 16. 20.

Overlap distance from bottom (mm)

Figure 31 - Mises equivalent stress distribution along the centreline of

the adhesive layer for different flange radius
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8. CONCLUSIONS

The finite dement method has been employed to perform a series of nontlinear stress and deformetion
andyses of multiple T-ped joints under tendle loading. Three-dimensond finite dement analyses
provided out-of-plane deformation patterns and demonstrated that the adhesive stress and drain
digtribution varied across the width of the joint -direction). However, three-dimensond amdyses
were far more computer intensve than two-dimensiona ones. The work presented in this report
demondtrated that an accurate prediction of joint stiffness can be achieved by using a two-dimensond
finite dement modd, provided that plagticity of the adhesve and adherends is taken into account.

Extensve mechanical testing reveded that consderable degradation of the AV119 adhesive occurs
with environmental conditioning. The effect of moisture was more pronounced for the ultimate strength
then the initid giffness The implications of this observation is that changes in the adhesve modulus
arising from environmenta exposure should not have a mgor effect on the behaviour of the bonded
joint. Testing aso reveded tha the drain to falure increased with increasng moisture content.
However, the adhesve exhibited brittle fracture after extensve environmenta conditioning, primarily
attributed to chemica degradation. The experimental data were utilised to develop a sequentidly
coupled mechanica-diffuson finite dement modd, which incorporated continuoudy varying adhesve
materia properties. The numerica predictions revealed that the digtributions of stresses become more

uniform aong the adhesve layer when the adhesive contains increased amounts of moisture.

Parametric studies reveded that stresses distributions are sendtive to adherend materia properties,
adherend thickness and flange radius, the effect of which is less pronounced for changes in flange
radius. In general, stresses were reduced when changes in the T-ped geometry resulted in smdler joint

displacements for the same load.

The key findings of the work presented in this report are summarised in Table 3, which shows how the
diffness of the Fped joint and the sresses and drains exhibited by the adhesve are affected by
increading individua parameters. Further information on the use of the T-ped test method can be found
in the literature [21].
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Table 3 - Summary of parametric studies’

Property Moisture Adherend Adhesive Adherend Flange

Content Stiffness Fillet Thickness Radius

Joint Stiffness - - - -

Equivalent Stress -

Peel Stress -

Axial Stress -

Shear Stress - -

Plastic strain - - -

" Symbols-, ~ and -, denote increase, decrease and no significant change in the joint properties, respectively.
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