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SUMMARY

The results of sudies of deformation and failure of lap-joint and scarf-joint specimens are reported.
Thelocation in the Igp joint at which failure initiates has been traced to aregion of the bond interface
near the end of each adherend. Finite dement anadyses of the specimen with the adhesive
progressively detached from the adherend in this region show that these cracks sgnificantly reduce
the load bearing capability of the joint. This explains the departure of measured and predicted
forcelextenson curves for the specimen described in previous reports where no account of
premature cracking had been included in the predictions.

A drain-based falure criterion, proposed in earlier work, is seen to be broadly consstent with the
onset of falure in the lap-joint specimen. However, caculated strains in a scarf-joint specimen at
falure are subgtantidly above those a which falure is predicted by this criterion. The cdculated
grain levels and didribution are however shown to be sengtive to the modd used to describe
deformation in the adhesive.

An dternative failure criterion is explored based on acriticd level and sate of stress at the interface
with the adherends. A proper evauation of any failure criterion is not possble without accurate
predictions of sresses and grains in the region of falure initigtion. The accuracy of andyses using
available materials models in finite dement systems is uncertain and these studies should therefore be
continued when the new cavitation modd has been successfully implemented in ABAQUS.
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1 BACKGROUND TO JOINT TESTSON ADHESIVES

Projects PAR2 and PAJex1l have been concerned with the use of finite dement andyss for
predicting the performance of adhesve joints. As part of this work, tests and FE analyses have
been carried out on joint test specimens of different geometry. The first geometry studied was a butt
joint. Measurements of force/extenson curves on butt-joints loaded in tension were compared with
predictions using different eadtic-plastic materids models in ABAQUS. The exponent Drucker-
Prager modd was seen to give sgnificantly better predictions for this test than the linear Drucker-
Prager or von Mises models. Since the stress state generated in the adhesive in thistest is smilar to
that produced locdly in the region of falure initigion in other joint geometries, then falure
predictions based on critica levels of dress or drain are likely to be more accurate using the
exponent Drucker-Prager model. The tests on butt joints were adso andysed in conjunction with
results from tendle tests on bulk specimens of the adhesive to explore possible failure criteriafor the

adhesive. A criterion based on acriticd level and state of strain was proposed (1).

Studies of the deformation and failure of Igp and scarf joints have been made to establish the vdidity
of this failure criterion for predicting falure in different joint geometries. The sudies on lap joints
were a'so amed at assessing the capability of FE analyss for predicting the deformation behaviour
of bonded joints over arange of loading speeds including impact. Early work (2) on the lgp joints
using a very tough, experimenta adhesve formulated by Ciba Ltd reveded sgnificant differences
between measured and predicted force/deflection curves which were observed over a range of
testing speeds.  This discrepancy was considered to be due to differences between the structure,
and hence properties, of bulk and joint specimens of the adhesive. This was feasible owing to the
unusua gructure of the toughening phase in this materid. Studies on lap joints were repested using
another rubber-toughened epoxy supplied by Ford Ltd, and similar differences between measured
and predicted behaviour were observed (3). In more recent work reported here, photographic
evidence has been obtained of the onset and progression of localised failure of the adhesive during
the test. This leads to a reduction in the load that the joint can sustain and an explanation for the

observed departure of measurements from predictions. Attempts to smulate the failure process are
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described in section 3 of thisreport. To achieve this smulaion without the visud evidence, a vdid

falure criterion is needed. The criterion proposed earlier (1) is evaduated through caculations of
drain digributions at the onset of falure in lap joints (section 3) and scarf joints (section 4). A new

criterion isexplored in section 5.

2 RESULTSOF FAILURE TESTSON LAP-JOINT SPECIMENS

Figure 1 shows a diagram of the lgp-joint specimen. The radii on the adhesive fillet and the end of
each adherend within the bond were included to avoid singularities in the stresses determined using
finite dement andyss. Figures 2a to 2e show photographs of the edge of the adhesve a time
intervals during loading at an average strain rate in the adhesive of 0.003 s*. The various stages of
crack initiation and growth are:

fig 2a, plastic deformation (stress whitening caused by cavitation of the rubber phase) near
the region of strain concentretion

fig 2b, crack initiation

fig 2c, crack growth around the radius edge of the adherend

fig 2d, crack emerges from thefillet

fig 2e, crack sartsto propagate through the thickness of the adhesive layer.

Catastrophic failure follows soon afterwards. These dates are corrdlated in figure 3 with locations

on the measured curve of force againg the extenson of a 25 mm gauge length centred around the
adhesive layer.
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3 FINITE ELEMENT ANALYSESOF THE LAP-JOINT SPECIMEN

Finite dement anadlyses of the Iap joint in figure 1 were carried out in earlier work 3). Further
andyses are reported here with the aim of assessing the validity of the proposed failure criterion (1)
for predicting the onset of falure. This criterion invokes a criticd leve and date of drain in the
adhesive a crack initiation, so strain contours were caculated in the adhesive at various stagesin the
loading of the specimen. From previous studies on butt-joint specimens (4), the exponent Drucker-
Prager modd is considered to give the most accurate predictions of strain. Until recently, this model
has only been implemented in Abagus with the standard solver and this solver was used for the
anadyses reported here. The accuracy of drain predictions is so consdered to be higher if a
dynamic andyssis undertaken with rate-dependent hardening datarather than agatic andyds. This
is because drain locdisation, which is caused by enhanced softening of the adhesive in regions of
high drain, is mitigated with rate-dependent data.  This arises because the regions of high strain are
aso subjected to high drain rates which increase the yield stress and reduce the strain softening
asociated with rate independent yidding.

Owing to convergence problems with the standard solver it is not possible, however, to obtain
solutions to the lgp joint a large extensons using the exponent modd with rate-dependent
hardening. The andysis will only converge a smal extensons that are below the onset of falure.
Whilgt solutions at large extensons can be obtained using the linear Drucker-Prager model with
rate-dependent hardening and the explicit solver, these would take an inordinately long time using
the fine mesh illustrated in figure 5. A coarser mesh could be used, but this would lead to larger
uncertainties in caculated strains n the region of strain concentration. It was decided therefore to
use a gatic analyss with the exponent model and the standard solver and to use a hardening curve
derived a an “effective’ dran rae. This “effective-rate’ curve was derived using the function
developed in earlier work (3) to mode the hardening behaviour of the adhesive. The appropriate
rate was selected such that the force/extension curve caculated using the single hardening curve a
this rate with the linear Drucker-Prager modd and the explicit solver was the same as the
forcelextension curve obtained using a full rate-dependent hardening andysis. A loading speed of 1
mmvs was chosen and the associated effective rate was 3.0 §'. The other parameters in the
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exponent modd were derived from tensle and shear tests on bulk specimens as described in

reference (3).

In order to Smulate the effect that the crack in figure 2 and its subsequent growth will have on
forcelextenson predictions, the adhesive has been progressvely disconnected from the adherend
darting a the location of pesk strain and moving dong the radius of the adherend into thefillet. This
was achieved by defining separate, unconnected nodes in the adhesive and adherend aong this
interfacid region. The effect on predictions of forcelextenson curves for sdected node
disconnections is shown in figure 4. Here predictions are compared with the measured curve a the
appropriate loading speed. The effect of the crack is seen to progressively reduce the |oad-bearing
cgpability of the joint and bring predictions in close agreement with experiment.  The agreement
would presumably be even closer if some plastic deformation were dlowed in the adherend by
treating this as an dadtic-pladtic, rather than purely eastic, materid. The decreasing load region of
the measured curve is associated with crack propagation through the adhesive thickness and has not

been smulated in the andlyss.

Cdculated contours of maximum and minimum principa dran in the adhesve are sown infigure 5
a an extensgon of 0.1 mm which is close to the region at which the crack is first evident in figure 2.
The peak vaues of the maximum and minimum principa strainsin the adhesive here are about 0.075
and —-0.045 respectivedly. These give volumetric and deviatoric strains of 0.03 and 0.06
repectivey. These drains lie close to the fallure envelop derived in reference (1) from fallure tests
on bulk and butt-joint specimens and are therefore consstent with the failure criterion.  For
information, figure 6 shows drain didributions caculated using the linear Drucker-Prager and von
Mises materids modds and illustrates the sengtivity of predictions to the model chosen to describe
materids behaviour. The same single hardening curve data were used as derived for the exponent
Drucker-Prager calculations. Vdues for the other parameters are given in reference (3). It can be
seen that the drain levels obtained using the von Mises modd are smilar to those calculated using
the exponent Drucker-Prager criterion but this is coincidental and will not, in generd, be the
gtugtion.
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Figure 7 shows strain magps obtained at an extenson of 0.1 mm when a specimen is loaded with 3
nodes disconnected at the bond interface in the region of maximum strain. These dtrain levels can
not be considered quantitatively accurate because no attempt has been made to represent, in the
mesh, the shape of the crack fronts. With reference to the strain values derived, the failure criterion
is not able to explain why the crack moves towards the fillet before propagation into the thickness of
the bond. In order to further evauate the vaidity of the proposed failure criterion, measurements
and andyses have been carried out on joints of an dternative geometry where stress and strain
dates a falure are likely to be different from the lgp joint. A scaf joint was chosen for this

purpose.

4 RESULTSOF FAILURE TESTSON SCARF JOINTS

41  THE SCARF-JOINT GEOMETRY

Butt-joint and lap-joint specimens were chosen for failure sudies in the adhesive because they
demondtrate behaviour under widdly different strain states. In the buitt joint, the stress and gtrain
dates are predominantly volumetric whilst in the lap joint they are predominantly shear. (Despite
this, it is recognised that falure will initiate in regions of dress or drain concentration where the
dress and drain gates are likely to be quite different). For the scarf-joint specimen, adherends
were prepared with an angle of 65° between the bond face and the side of the adherend. Thisangle
was chosen because it produces an average strain state in the adhesive that is composed of roughly
equa proportions of volumetric and shear components. A diagram showing the dimensions of the
scaf joint and the mesh used for finite dement analyses is shown in figure 8. The ends of the

adherends are curved with a 1.0 mm radius to remove singularities in the andysis.

Specimens were |oaded in the same gpparatus used to test butt-joint specimens (5). Split metd
collars were manufactured to surround the rectangular section of the adherends to enable them to be
rigidly clamped by the circular collets used to introduce load into the butt-joints. The load assembly

was therefore very rigid and dlowed negligible movement transverse to the load direction.

W:CMMTA266/V1.1/LN



NPL Report MATC(A)40

July 2001
4.2 COMPARISONS OF PREDICTED AND MEASURED BEHAVIOUR

Some typicad load extenson curves are shown in figure 9 at a test speed of 0.03 mm/min. The
extenson refers to the displacement of a 25 mm gauge length centred around the bond line. A
predicted curve is dso shown using a Sngle hardening curve determined from tensile data at a grain
rate of 0.002 s*. The exponent Drucker-Prager modd was again used for this prediction. Vaues
for the modd parameters were the same as those used for the lgp-joint anadyses described in section
3 and reference (3). Contours of maximum principal strain are shown in figure 10 caculated at
extensons of 0.018 mm, 0.030 mm and 0.035 mm. These show the development of a localised
zone of high strain that initiates close to the radius at the acute angle of the adherend, grows through
the thickness of the adhesve and is findly concentrated dong the opposng interface. At the
extension of 0.035 mm, which is close to that a which joint falure occurs in figure 9, the maximum
principal srain reaches a peek vaue of over 30%. Contours of minimum principa drain & this
extensgon are shown in figure 11 and indicate that the drain Sate in this zone has a sgnificant
dilatational component which peaks at about 25%.

The drain leves within the zone far exceed the gtrain a which falure of the adhesve is expected
from the failure criterion proposed in report (1). Figure 12 shows a photograph of the scarf joint at
an extenson of 0.035 mm which is just prior to falure. There are no visble sgns of premature
rupture nor of stress whitening in the zone of high strain. The latter observation is particularly difficult
to explain since sudies of cavitation promoted by the rubber particles in this adhesve (6) have
shown that cavities, and hence stress whitening, should occur a volumetric strains of a few percent

at most.

As a further illustration of the sengtivity of strain predictions to the materids mode chosen to
describe the adhesive, cdculated didtributions of maximum principa strain are shown in figure 13 at
an extenson of 0.035 mm using the von Mises and linear Drucker-Prager models. It isinteresting to
note that no plagtic zone through the thickness of the joint is predicted with either of these models,
and the regions of high drain @ the interface are in dightly different locations from that in figure 10.
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Two possible conclusons can be drawn from this work on scarf joints. Firdly, it may be that strain
cdculations are highly inaccurate using the exponent Drucker-Prager model with this joint geometry.
The development of a new materials model has been described in (6) and shows that, athough the
exponent Drucker-Prager model is generally more accurate than other commonly used eadic-
plastic models, there are neverthdess sgnificant errors in the predictions of butt-joint behaviour in
tensgon using this modd. Furthermore, it has been emphasised in section 3 that for accurate strain
predictions, a dynamic anadysis with rate-dependent hardening should be used. Whilst these factors
will influence the accuracy of drain predictions, it is unlikely thet the error in the drain levels in
figures 10 and 11 could be large enough to judtify retaining the proposed falure criterion. We now

therefore consider other possible criteria.

5 EXPLORATION OF A NEW FAILURE CRITERION

51 RESULTSON SCARF JOINTS

Figure 14 shows a photograph of the joint in figure 12 taken &fter catastrophic failure. The location
of crack initition is not evident and further work is needed to identify it. It is possble that it has
initiated in the plagtic zone but, recaling that in the lap joint, the crack initiated at the interface with
the adherend, it may be more probable that, in the scarf joint, the crack hasinitiated at the interface
aong the radius on the acute-angle corner of the adherend. This suggests that a failure criterion
based on a criticad state and magnitude of stress at an interface isworth exploring. Thisis supported
by results from the lgp joint that are reported in section 5.2,

Contours of the 3 components of principd gtress in the scarf joint are shown in figure 15 a an
extenson of 0.036 mm. The dress has reached a maximum here and is condant a larger
extensions. It is necessary to emphasise, as just explained in section 4.2, that dthough the exponent
Drucker-Prager mode is believed to be more accurate than other commonly used models,
ggnificant errors in predicted stress and strain levels may il be present. Until the new cavitation
modd has been successfully implemented in an FE system, the accuracy of dress predictions is
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uncertain. Despite this, it may be possible to draw some broad conclusions regarding criteria for

falure

It can be seen from figure 15 that, whilst the maximum principle dress is highest in the adhesive
away from the radius, the hydrogtatic stress (the mean of the 3 principa components) is highest in a
loca region at the interface around the radius. This region is consgtert with the location of failure
initiation proposed from figure 14.

52  STRESSPREDICTIONSIN THE LAPJOINT

Contours of the 3 components of principa stressin the lgp-joint are shown in figure 16 cdculated at
an extenson of 0.1 mm. The maximum principa stress peeks at the interface with the adherend but
dightly further around the radius on the adherend than the location of the maximum principd grainin
figure 5. The other components of principa stress reach their peak even further around the radius.
This means that the maximum component of hydrostatic stress occurs on the interface dightly further
into the fillet region than does the maximum tensile component of stress. Both of these locations are
close to the point of crack initiation as shown in figure 17. With this joint Soecimen, greater
emphasis was placed on surface preparation than with the joint in figure 2. The location of crack
initiation is therefore more well-defined but Hill insufficiently precise to sipulate whether thisisin the

region of maximum tensle stress or hydrogtatic stress.

53  STRESSANALYSSOF THE BUTT JOINT

The butt-joint test used for this work has been reported el sewhere (5). Some load/extension curves
obtained with this test usng the toughened epoxy being studied here are shown in figure 18. The
loading speed was 0.03 mm/min. The extension here refers to the adhesive thickness of 0.5 mm
since the deformation of the adherend has been subtracted by smple caculaion. The mesh used for
finite dement cacuaionsis shown in figure 19. The adherends are circular cylinders, and the figure
shows the region of the adhesive cdose to its circumference. The mesh shows only haf the adhesive
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thickness. Use of a finer mesh gave problems with solution convergence at extensions above 0.01

mm.

The predicted force/extension curve a a mean strain rate of 0.002 s* is compared with experimental
results in figure 18. As with the andyses of other joint geometries, the exponent Drucker-Prager
materids modd was used. A vaue for the parameter ain the mode was chosen to give the best fit
to the data. This was larger than the value used for the scarf and lap-joint andyses and again
illugrates the limitation of the exponent Drucker-Prager model for describing the kehaviour of
toughened adhesives under different stress states. Contours of principa stress are shown in figure
19 at an extension of 0.029 mm. Except near the circumference of the adhesive layer, the stress
date is uniform and the radid and circumferentia components are nearly the same as the axid

component. This means that the calculated siress state is almost pure hydrogtatic. As explained in
section 4.2, prdiminary andyses usng the new materids moded (6) that includes the influence of

cavitaion on yielding indicate that this prediction is wrong and that the transverse stresses are
typicaly haf the axid component. This means that the hydrogtatic component of sressis not as high
as predicted using the exponent Drucker-Prager model and this conclusion presumably aso applies
to the other joint geometries. It is dso worth noting that, in contrast to the predicted stress
digtribution in the scarf joint (figure 10), there is no indication of a zone of high strain established
through the thickness of the adhesive. This may be rea and result from the different stress
digtribution in the butt joint or it may indicate poor accuracy in the scarf joint calculations that leads
to afdse prediction of the zone of high drain.
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6 CONCLUSIONSAND FURTHER WORK

Premature and locdised falure at the interface with the adherend in the lap-joint specimens has been
shown to be responsible for a reduced |oad-bearing capability of the specimens. This explains the
observed departure of predicted load/extension curves, in the absence of a crack, and measured

Curves.

The predicted strain state in the adhesive near the location and at the extenson where the crack is
observed to initiate is broadly consstent with the failure criterion proposed in earlier work.

With the scarf-joint geometry studied here, there are no indications of premature failure either from
observation of the joint surface or from comparisons of measured and predicted force/ extension
curves. Prior to falure, finite dement calculations predict large strains localised near aradius on the
adherend. The dtrains predicted are sgnificantly above the levd a which fallure is expected with the
grain-based failure criterion proposed in earlier work. It can be concluded therefore that either the

drain predictions are grosdy in error or the failure criterion isinvdid.

An dternative fallure criterion has been explored based on a criticd level and state of stress at the
interface with an adherend. Whilgt stress predictions using the exponent Drucker-Prager model are
more redigic than those obtained with other models in ABAQUS, comparisons with some
preliminary cdculations usng the new cavitation mode reved that sress predictions usng the
exponent mode may be sgnificantly inaccurate. It istherefore not possible, a this stage, to propose

an dternative failure criterion.

In order to asss the development and evauation of an dternative failure criterion, stress andyses
should be carried out on the lap, scarf and butt joints usng the new cavitation modd when this has
been successfully implemented in an FE system. In addition, further photographic studies are
needed on the lap and scarf joints to identify the precise location of failure,
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Figure 1. The lgp-joint specimen showing a coarse mesh used in exploratory anayses only.
The refined mesh is shown in figure 5.

2.1 Locd plastic deformation 2.2 Crack initiation
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Figure 2. Sequence of photographs of the edge of alap-joint specimen showing stages of
failure before rupture.
2.3. Crack growth
2.4 Crack through fillet
2.5 Crack starts through thickness

Figure 2 cont. Sequence of photographs of the edge of alap-joint gpecimen showing stages of
failure before rupture.
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Figure 3. Locations on aforce/extensgon curve at which the photographs in figure 2 were
taken. Lap joint loading speed was 0.4 mm/mim.
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Figure 4. Comparison of a measured force/extension curve for alap-joint specimen tested at
1 mm/sec with predicted curves for different lengths of an interfacia crack near the

ends of the bond.
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Figure 5. Predicted digtributions of maximum and minimum principa grain in the lgpjoint a an

extengon of 0.1 mm.
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Figure 6. Predicted digtributions of maximum principa strain in alapjoint a an extenson of
0.1 mm, using (a) Linear Drucker-Prager (b) von Mises anayses.
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Figure 7. Didributions of maximum and minimum principa srain predicted at either end of a

short interfacial crack in the lap joint (the ¥4 length crack in figure 4).
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Figure 8. Schematic diagram of the scarf-joint specimen showing the dimensons and the
geometry of the adherends.

9.0

8.0 {

7.0 1

6.0 1

5.0

Load (kN)

4.0 1
HRAO0003 (010119YG)

HRA0004 (010119YE)
—— HRAO0005 (010119YB)
— HRAO0006 (010118YC)
—— HRA0008 (010119YA)

3.0 1

2.0 1

1.0 1

—— predicted

0.0 T T T T T T T T
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045

Extension (mm)

Figure 9. Comparison of the predicted |oad/extension curve for the scarf joint at a mean strain
rate of 0.002s-1 with some experimenta curves measured at atest speed of 0.03
mm/min.
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Figure 10. Contours of maximum principa grain in the scarf joint caculated at selected
extensons prior to the measured extenson at failure.
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Figure 11. Contours of minimum principa gtrain in the scarf joint calculated at an extenson of
0.035 mm.

Figure 12 Photograph of the face of ascarf joint at an extenson just prior to failure.
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Figure 13. Contours of maximum principd drain in the scarf joint at an extenson of 0.035 mm
using (@) Linear Drucker-Prager and (b) von Mises andyses.

Figure 14. Photograph of the same joint asthat shown in figure 12 after falure.
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Contours of principd stressin the scarf joint at an extension of 0.036 mm.
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Figure 16. Contours of principa stressin the lap joint at an extenson of 0.1 mm.
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Figure 17.Photograph of a lap-joint specimen, after careful preparation of the side face, showing the
interface crack prior to propagation through the thickness of the adhesive.
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Figure 18. Comparison of the predicted load/extension curve for the butt-joint specimen a a
mean strain rate of 0.002s-1 with experimenta curves measured at atest speed of
0.03 mnvVmin.
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Figure 19. Contours of principd stressin the butt joint at an extension of 0.029 mm
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