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The impact wedge-peel (IWP) test is an International Standard (ISO 11343) method that is
employed to measure the resistance to cleavage fracture of structural adhesives at a
relatively high test-rate of 2 to 3 m/s. In the present work this test has been employed to
evaluate the performance of a range of structural adhesives when used to bond either steel
or aluminium-alloy substrates. Firstly, a novel test arrangement for performing these tests,
using a high-speed servohydraulic machine, is described. Tests were performed at 10~* and
2 m/s and at test temperatures of —40 and 23°C. High-speed photography was also used to
investigate the failure of the IWP test specimens. Both stable and unstable types of crack
growth were recorded, with the crack propagating cohesively through the adhesive layer in
all cases. The methods of data analysis recommended by the International Standard are
critically reviewed, and some shortcomings are highlighted. Secondly, the results from the
IWP test are then directly correlated to the measured values of the adhesive fracture
energies, G;, of the adhesives, which were determined using a fracture-mechanics
approach. Finally, it is demonstrated that, from knowledge of the value of G. of the
adhesive, coupled with a finite-element analysis of the IWP test geometry, the failure
behaviour of the IWP specimen may be successfully modelled and predicted. © 2000
Kluwer Academic Publishers

1. Introduction sistance to cleavage fracture of structural adhesives.
The use of structural adhesives in industry is increastn this part of the work, high-speed photography has
ing steadily, as manufacturers have become aware dfeen used to investigate the fracture behaviour of the
the advantages that adhesives can offer, compared wigpecimen. The results from IWP tests, using a range
conventional joining techniques, in the assembly ofof commercially-available structural epoxy adhesives
engineering components and structures. However, thi® bond either aluminium-alloy or steel substrates, are
toughness of an adhesive joint may decrease consideihen described. Also, the effects of changes in the spec-
ably under impact-loading conditions [1]. This arisesimen geometry on the impact behaviour are considered.
because adhesives are polymeric materials that exhib&econdly, the IWP results are compared with the val-
plastic and viscoelastic deformations, and thus theiues of the adhesive fracture energi€g, of the var-
fracture behaviour may be very dependent upon théous adhesives, measured using continuum fracture-
rate of loading and the test temperature. Hence, fomechanics methods. Finally, a finite-element model is
applications such as in the automotive industry, for ex-developed to predictthe value of the IWP cleavage force
ample, where adhesives are being used increasingly ias the crack propagates through the specimen from the
safety-critical areas, it is necessary to evaluate any posadependently-measured value of the adhesive fracture
sible decrease in performance that may occur when thenergy,G, of the adhesive.
adhesively-bonded joints are subjected to impact load-
ing. The presentwork discusses a test method which has
recently been adopted by the automotive industry [2-52. The impact wedge-peel (IWP) test
to evaluate the fracture behaviour of adhesive jointsA schematic of the IWP test is shown in Fig. 1. This
when subjected to relatively high rates of test at var-design is in agreement with that described in the In-
ious test temperatures. This is the impact wedge-peeaérnational Standard (ISO 11343) [6]. The specimen
(IWP) test, for which an International Standard (ISOis shaped like a tuning fork, and a wedge (of a spec-
11343) test method [6] was recently adopted. ified shape) is drawn through the bonded portion of
The present work firstly discusses in detail the apthe specimen, as indicated in Fig. 1. The International
plication of this IWP test method to measure the re-Standard [6] specifies that specimens should be 90 mm

* Present Addres®uPont Polyester, Wilton, Middlesborough, Cleveland, TS90 8JF, UK.
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work conducted by Davis and Fay [2] has shown that
more consistent results may be achieved by forming
the substrates prior to bonding. This observation arises
because (i) forming the substrates after bonding may
generate a crack in the adhesive; (ii) of the increased
variability of the substrate profile produced by the more
difficult process of forming the substrates after they
have been bonded; and (iii) it may be very difficult to
bend accurately relatively thick substrates by hand af-
ter bonding. Thus, in the present work, the substrates
‘ _ , were formed prior to bonding. The excess adhesive was
Figure 1 The impact wedge-peel (IWP) test specimen. removed from the ‘v’ formed by the shape of the pre-
formed substrates before curing the adhesives, to keep

long and 20 mm wide, and made using sheet-metal sughe bead size at this location to a minimum.

strates of between 0.6 and 1.7 mm thick. The substrates Therefore, the substrates were first guillotined from
should be bonded over a length of 30 mm, the unbondeH'e Mmetal sheet to the required size, i.e420.25 mm
arms being formed to give the ‘tuning fork’ profile. No Wide by 90+ 1 mm long. They were then preformed by
starter crack or notch is used with these specimenglamping the portion thatwould be bonded later in a jig,
The free arms of the specimen are clamped and th@nd tapping a forming-wedge between the free arms to
wedge is drawn through the bonded portion, as showgeparate and plastically deform them, see the Appendix
in Fig. 1. The wedge velocities recommended by thé‘prdetalls. The I_oadmg hole was drilled using the same
International Standard are 2 m/s for steel substratedid, @ Spacer being clamped between the substrates to
and 3 m/s for aluminium-alloy substrates. The meth-Prevent them bending whilst being drilled.

ods of analysis of the test data, as recommended by the Prior to bonding, the surfaces of the substrates were

International Standard, will be discussed later. abraded by grit blasting using 180/220 mesh alumina
grit, and solvent cleaned. Adhesive was then applied

to each substrate, with a loop of copper wire placed in
3. Experimental procedure the adhesive layer to ensure a constant adhesive layer
3.1. Materials thickness of 0.4 mm. Work by Holmes [7] and Davis

A number of rubber-toughened structural epoxy adhe@nd Fay [2] has shown that the presence of this wire
sives were tested, and these are listed in Table . Thedt@s no effect on the measured results. The substrates
were chosen to represent a range of structural adhesiviéere brought together and clamped in individual bond-
which possessed a wide variation in toughness. Théd jigs, and the excess adhesive was removed prior to
conditions used for curing the adhesives, and the recuring. Particular care was taken to remove as much as

in Table I. the substrates before curing of the adhesive was under-

taken. After curing the adhesive, any excess adhesive

present around the sides of the specimen was removed
3.2. The impact-wedge peel (IWP) test with a knifg, or file. Any small bead of cured adhesive
3.2.1. Specimen preparation remaining in the 'V’ formed by the substrates was not

The substrates used for the IWP tests were either a mild€moved, since its removal could lead to the formation
steel substrate (Grade ‘EN3A) or an aluminium-alloy Of & crack in the specimen.

(Grade ‘EN AW-5251"). The International Standard [6]

allows the ‘tuning fork’ profile of the substrates to be

formed prior to, or after, bonding. Forming the sub- 3.2.2. Testing

strates prior to bonding can later result in a relativelyThe tests were undertaken of the IWP specimens us-
large bead of adhesive being present in the bonded joiring a high-speed servo-hydraulic machine, as shown
at the ‘V’ created by the junction where the unbondedschematically in Fig. 2. The basis of the method is to
substrate arms meet the bonded portion. Nevertheleskgep the wedge stationary (via a retaining shackle) and

TABLE | Adhesives used in the current work

Cure Glass
Adhesive Symbdi Manufacturer Form temperatureQ) Cure time transitioy (°C)
‘E32’ <« Permabond Two-part 60 60 min 56
‘AV119’ ] Ciba Polymers Single-part 120 60 min 113
‘ESP110’ O Permabond Single-part 150 45 min 104
‘XW1044’ ] Ciba Polymers Single-part 155 50 min 95
‘XB5315’ A Ciba Polymers Single-part 190 25 min 85
‘AV4600’ » Ciba Polymers Single-part 180 30 min 91
‘EA9309’ + Hysol Dexter Two-part 23 5 days 79
‘LMD1142’ v Ciba Polymers Single-part 180 30 min 98

aSymbols may be filled or open.
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Figure 3 Schematic of testing arrangement for the IWP tests.

was designed to reduce the inertia of the system. An
oscilloscope was used to record the displacement ver-
sus time output from the testing machine and the force
versus time signal, as shown schematically in Fig. 3.
These traces were then transferred to a computer anal-
ysis package to calculate the results. High-speed pho-
tography was also used with some tests, as described
below.

A 2.5 kN piezo-electric load-cell was mounted be-
low the wedge retaining-shackle and was initially used
to measure the force?, on the specimen, as shown
in Fig. 2. However, this system was found to resonate
at approximately 2 kHz. Thus, the force versus time
traces produced were unsuitable for the determination

Specimen grip

Wedge

Specimen

Instrumented wedge shackle

Tosignal of the imposed forces, due to the large oscillations su-
amplifier perimposed onthe specimenresponse. Therefore, strain
gauges were bonded onto the arms of the wedge and

. Piezo-clectric connected into a bridge circuit. Analysis of the signals

To signal load-cell s .

amplifier from individual strain gauges showed that the wedge
exhibited a degree of bending in some tests. This placed

| Static the pairs of gauges into tension and compression. How-

load-cell ever, this effect cancelled out when the gauges were

combined in the bridge circuit. This arrangement of
strain gauges was calibrated by placing a dummy spec-
imen in the fixtures and applying a range of constant
Figure 2 High-rate test apparatus for the IWP tests. forces. A linear variation between the voltage output
of the strain-gauge bridge and the load cell force was
observed. In the present work it was considered to be
pull the specimen, which is connected to the movingimportant not to filter any of the recorded signals, since
ram of the test machine, through the wedge. Four repedhis may lead to valuable and relevant information be-
tests were performed for each combination of adhesiveang lost before the test results are analysed [8, 9].
substrate, test rate, and test temperature. For consis-The signals from the strain-gauge bridge and the dis-
tency and ease of comparison, the present work used@acement, taken from a linear-variable displacement
test rate of 2 m/s for both the steel and the aluminium+ransducer (LVDT) located on the ram of the test ma-
alloy specimens, rather than the 2 m/s and 3 m/s respechine, were recorded. The test (i.e. ram-displacement)
tively as recommended by the Standard. rate was calculated from the gradient of the displace-
The test apparatus used a lost-motion device, whiciment versus time response. The displacement response
allows the ram to accelerate for a short distance savas linear with time, and hence the test rate had a con-
as to reach the required constant test-rate before matant value of 2 m/s, as illustrated in Fig. 4.
tion is imparted to the specimen, see Fig. 2. The con- Room-temperature tests were conducted at 2 m/s, at
tact between the ram and the lost-motion device wag3+ 2°C and 50+ 5% relative humidity, in accordance
damped using rubber washers to reduce any oscillawith ISO 291 [10]. In the present work, tests were also
tions when the lost-motion device made contact withundertaken at a test rate of T0m/s, in order to study
the ram. The specimen grip and lost-motion device weréhe effect of rate. The tests at10m/s were conducted
made from titanium to reduce the inertia of the systemusing the same high-speed servo-hydraulic machine,
In contrast to the recommendation of the Internationalvith the same test fixtures, as for the high-rate tests.
Standard [6], but as noted above, the IWP specimenThe lost-motion device was still used, but the pre-travel
rather than the wedge, was attached to the moving pagvailable for acceleration was reduced from 100 mm to
of the testing machine. Again, this test arrangemeni0 mm.

Fixed base
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2500 50 imen and the crack velocity through the IWP specimen
when stable crack growth occurred (see below) were

2000 r4 _ notsignificantly different.
z 1500 - 30 %
g g .
€ 1000 [, 2 3.3. The fracture-mechanics tests
5 3.3.1. Introduction
500 L 10 The adhesively-bonded double-cantilever beam (DCB)
and tapered double-cantilever beam (TDCB) are both
0 . ———— . . T 0 popular fracture-mechanics test geometries, and have
¢ 2 4 6 s e been used extensively to determine the adhesive frac-
Time, ms ture energy,G., of bonded joints at relatively slow

Figure 4 Force and displacement versus time response from the instruteSt rates [1111112]- An ASTM Standa_rd is avail-

mented wedge. (Steel specimen bonded with ‘XB5315' adhesive; teste@ble (D3433-93) [13] for slow-rate testing and re-

at 2 m/s; stable crack growth was observed.) cently, a new protocol has been drafted by the Euro-
pean Structural Integrity Society (ESIS) for these test
geometries [14]. Following the increased interest in the

Additionally, 2 m/s tests were conducted-a40°C. behaviour of adhesively-bonded joints at high rates, re-
The—40°C tests were performed using an environmen-C€ntwork has concentrated on undertaking DCB [1, 15]
tal chamber mounted on the testing machine. The tim&"d TDCB[16, 17] tests atrelatively high test-rates, but
taken for the specimens to attain the test temperatur@ Présent no standards exist for such high-rate tests.
was measured using a thermocouple embedded in the In the present work, the TDCB test has been em-
adhesive layer of a specimen. It was also necessary f¢Hoyed to measure the adhesive fracture eneggypf
the strain-gauge bridge to reach the test temperaturé2ints consisting of aluminium-alloy substrates bonded
and for the output to stabilise. Thus, after the specimeiVith ach of the eight different structural epoxy adhe-
was placed in the testing fixture, it was allowed to ac-SIVeS listed in Table I. As described below, the rate of
climatise for about fifteen minutes before being tested!€St has been adjusted in order to give a similar value
The broken specimen was removed and the chambd&¥f crack velocity as observed in the IWP tests, so thata
left for a further ten minutes before the next specimeer'reCt correlation between the test results may be made.

was fitted into the grips.

3.3.2. Specimen preparation
. The TDCB substrates were tapered in order to provide
3.2.3. High-speed photography a linear change in compliancg, with crack lengtha.

To investigate the detailed failure of the IWP speci- .
mens at the relatively high test-rate of 2 m/s, a 16 mmThe beams were 310 mm long, 12.7 mm or 10 mm wide

‘Photec IV’ rotating prism high-speed camera (suppliedand_the heighth, was defined by a constamn, such
by Hadland Photonics) was used to film some of thethat'
IWP tests. The tests were filmed at a slight angle, such 332 1
that the wedge retaining-shackle did not obscure the m=-3+ (1)
crack. The camera printed a timing mark on the film
every millisecond, and these showed that a maximumvith a being the crack length. For the beams employed
framing rate of approximately 6000 pictures per secondn the current studyn=2 mnr .
could be obtained. As a typical impact wedge-peel test Two grades of aluminium alloy, both possessing rela-
at a test rate of 2 m/s lasts about 15 milliseconds, aptively high yield stresses, were used for these tests: EN
proximately ninety frames were obtained over the duraAW-5083 and EN AW-2014A. The latter grade pos-
tion of a typical test. The specimens were illuminatedsessed the higher yield strength and it was found to be
with a focused tungsten spotlight. This was activatechecessary to use this grade when bonding the tougher
immediately before testing to prevent any heating ofadhesives, in order to avoid plastic deformation of the
the specimen. substrate beams during the test. (The basis of the DCB
The high-speed films were projected frame by frameand TDCB tests is that the substrate arms deform only
onto a screen, allowing measurements to be made froiim a linear-elastic manner.) Prior to bonding, the sub-
the greatly enlarged image. (The magnification factorstrates were abraded by grit blasting, using 180/220
of the image was calculated from the projected size ofnesh alumina grit, solvent cleaned and then etched [18]
the wedge shackle for each film.) The distance fromn chromic acid for 30 minutes at 68. Adhesive was
the wedge tip to the crack tip was measured from theéhen applied to each substrate, and a double layer of
image, as was the distance from the wedge to the end @fluminium foil was placed on one substrate, extending
the specimen. Thus, the crack lengthand hence the 90 mm from the loading end, such that when the joint
crack velocity,a, could be calculated. The velocity at was formed the double layer of foil would be at approxi-
which the specimen moved over the wedge was also camately the mid-thickness of the adhesive layer. The two
culated. It was found that for a given ram-displacementayers of foil were stepped at the end, providing a foil
(i.e. test) rates, of either 10" or 2 m/s, that the mea- thickness of just 13 microns at the crack tip. Wire shims
sured values of the test rate the velocity of the spec- of diameter 0.4 mm were inserted into the adhesive at
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each end of the beam to control the thickness of thavithin the range 2= 0.5 m/s. All failures were cohesive
adhesive layer. All the joints were then cured accordthroughthe adhesive layer. Thus, in all the present work,
ing to the manufacturers’ instructions, as summarisedhe additional complication of interpreting data associ-
in Table I. Following curing, any excess adhesive wasated with failure along the adhesive/substrate interface
removed from the sides of the beam and the bondedoes not arise.
portion was sprayed with a thin layer of white paintto  For all the tests an oscilloscope captured the load ver-
assist the subsequent measurement of the crack lengtus time signals from the piezo-electric load-cell and
Crack length markers were drawn onto each specimerthese data were transferred to a computer for analysis.
The beams used for testing-a#0°C were shorter than Atthe rather low test rates required for the present work,
those used for room temperature testing. This was to fa-e. values o from 0.03 m/s to 0.12 m/s to achieve the
cilitate testing in the temperature chamber, which lim-average crack velocities of 2 in the different adhesive
ited the beam length to 265 mm. joints, the load traces were not significantly influenced
by dynamic effects. Hence, accurate values of the load
could be directly deduced from the piezo-electric load-
. cell. Therefore, the values & were, in turn, deduced
3.3.3. Tes_tlng _ _ _directly from these measured force values. It is im-
The experimental rig used for testing the TDCB joints portant to note, however, that when higher rate tests
was the same as that used for the IWP tests, except thgfe performed, e.g. with values dfjreater than about
different shackles were employed. The TDCB speci-1 s, then the dynamic effects become very signifi-
mens were coupled to the test machine via titaniumpant and it is not possible to deduce accua¢ealues
shackles with 8 mm diameter holes, which were drilledysing the load traces. In these instances, accurate val-
through to accept the steel loading pins. The stationyes ofG, may be deduced using the measured values
ary shackle was fitted to a 4.5 kN piezo-electric loadaf the crack length and beam opening displacement,
cell. The operating characteristics of this load cellwereis gptained from high-speed photography as reported
70 kHz resonant frequency, 10 microsecond rise tim%reviously [1,16].
and a discharge constant22000 seconds. The oper- ~ Finally, it should be noted that fracture-mechanics
ating temperature range of the load cell was freB¥  tests were also conducted to give a crack velocity of
to 12T'C. Tests were conducted at room temperature g4 m/s, as well as 2 m/s; again so that direct correla-
(i.e. 23C) and at-40°C. _ tions with the corresponding IWP tests could be under-
The TDCB specimens were attached to the loadingaken, To achieve a crack velocity of aboutten/s,

shackles and simply supported at the non-loading enghst rates of about 18 m/s were employed for the
prior to each test. The tests atZ3were filmed withthe  TpcpB tests.

high-speed camera, as described previously, to record
the crack length and the load-line opening displace-
ment during the test. However, it was not possible 103 3 4 petermination of G, values

photograph the tests at40°C due to the temperature The yajues of the adhesive fracture ene@y, have
chamber used which (i) prevented the illumination ofpaan deduced for the TDCB joint specimens using

the test beams, and (ii) prevented adequate line of sighi,ear-elastic beam theory [19] which yields:
for the camera.

In orderto correlate values & fromthe TDCB tests 4Pc2
with the values of the force measured in the IWP tests at Ge = EB? m (@)
2m/s, the same crack velocity should be attained in both
test geometries. The fracture-mechanics tests therefomhereP. is the load at failureEs is the substrate mod-
had to be conducted at a test rate necessary to indu¢éus, B is the width of the beam and the geometry fac-
an average crack velocity of 2 m/s through the adhesivéor, m, equals 2 mm*. The value of the modulus for
layer in the TDCB joint. Since this was the crack ve-the two grades of aluminium alloy used was taken to
locity which was recorded in the IWP tests conductedbe 70 GN/m. Thus, for constant values &, B and
at 2 m/s, when stable crack growth was achieved, a8, the value ofG. depends only upon the values of
discussed in detail below. In the TDCB test, the crackhe measured load?,, at the onset of crack growth.
speed is a function of both the test ratgand the adhe-  (When stick-slip crack propagation occurrégi, was
sive fracture energy.. Hence, the required value &f  calculated from the load associated with crack initia-
to induce a crack speed of 2 m/s is not knaavpriori.  tion, rather than crack arrest.)
Therefore, the appropriate valuedivas found exper-
imentally by ‘trial and error’, and then three replicate
tests were performed for each adhesive. (Some of thé. Analysis of the results of the impact
adhesives tested, especially-at0°C, exhibited stick- wedge-peel (IWP) tests
slip crack growth. In these instances the average crack.1. Introduction
velocity was calculated between the first crack initiationThis Section discusses how the IWP test data were
and the final beam failure.) The valuessohecessary analysed. The method of analysis recommended by the
to achieve an average crack velocity of 2 m/s rangednternational Standard [6] will be critically considered,
from 0.03 m/s for the least tough adhesive, to 0.12 m/fand possible amendments to the method of analysis will
for the toughest adhesive. The values of the averagke discussed. However, before the Standard analysis
crack velocities obtained in the TDCB tests were alway<an be discussed in detail, the general failure behaviour
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of the IWP needs to be considered. Thus, firstly, thea stable manner through the specimen, giving rise to
types of crack growth, and the associated relationshipthe ‘plateau’ region which is observed.
between the measured force and time, observed for the This stable ‘plateau’ region typically lasts for approx-
IWP tests will be discussed. It should be noted that themately 10 ms for a test undertaken at 2 m/s. Analysis
loci of joint failure were always found to be via a crack of the high-speed films shows that the crack velocity
propagating cohesively through the adhesive layer ins equal to the test rate over this region, and there is
the IWP joints. Thus, in all the present work the addi-typically about 20 mm of stable crack growth in the
tional complication of interpreting data associated with‘plateau’ region for the IWP tests conducted in the
failure along the adhesive/substrate interface does ngiresent work. Indeed, for such stable crack growth, at
arise. both the test rates used, i.e.fGand 2 m/s, the crack
velocity is virtually constant throughout the ‘plateau’
region shown in Fig. 4, and is equivalent to the test rate.
4.2. Types of crack growth Observations of tests conducted at40n/s revealed
4.2.1. Introduction _that the crack tip is a constant distance ahead of the
The crack was fou.nd to propagate through the_adheSIV\ﬁ/edge over this portion of the test. Further, the smaller
layer by one of either two types of growth: (i) via a thjs distance, the higher the recorded ‘plateau’ force.
stable form of crack growth, or (i) via an unstable form analysis of the high-speed films confirmed that this
of crack growth. An example of the force versus timeyyas also the case for tests undertaken at a rate of 2 m/s.
trace of an IWP test which exhibits stable crack growth  Towards the end of the test, the distance from the
is shown in Fig. 4, whilst Fig. 5 compares the typical crack tip to the wedge increases, causing a decrease in
traces for both stable and unstable crack growth.  the recorded force. This was observed both visually at
a test rate of 10* m/s, and by analysis of the high-
speed films of the 2 m/s tests. This effect can be seen
A typical IWP force versus time trace, when stable" Fig. ‘Il after an elapshed tlme'of ?]bout 14'|.5 ms, ar]:dr:s
crack growth occurs, consists of one or two initial probaby caused by ¢ anges In the compliance of the
specimen as the crack tip approaches the end of the

peaks followed by a ‘plateau’ region where the mea- .
specimen.

sured force is approximately independent of the time ) - . , L
. L, ; Specimens that exhibit a stable ‘plateau’ region in
axis, as shown in Fig. 4. From the high-speed photog;, " . g
their force versus time trace, as shown in Fig. 4, also

raphy studies, the |n|.t|al peak oceurs when the Wedg?end to exhibit considerable plastic deformation of the
first makes contact with the specimen, and a crack theQubstrates see Fig. 6a. Indeed, itwas noted from the cal-
initiates and propagates through the specimen. How=- ' 9.ba. '

e, s ntalcrack run for oly about 5 mm and SU1°CIESUS (See elon). iy et chsenvatonr
then arrests. This short burst of unstable crack growth 9 P

gives rise to the first peak. Frequently, this process iéomt failure, that a relatively large amount of energy

. ) ; ! is absorbed during stable crack growth, especially in
repeated, which gives rise to a second peak in the forcé . . ; D

: L . comparison with the specimens that exhibited no stable
versus time trace. These initial peaks arise from dy—Crack rowth. Further. as miaht be expected. for those
namic effects, as the wedge first makes contact with . 9 | ' 9 P !

the specimen. and from the formation of a sharp cracIJ<0mt5 that exhibited stable crack growth, there was a

; : eneral correlation between the measured impact resis-
from the blunt edge, or bead, of the adhesive which wa i i .
. g ; . ance of the joints and the degree of plastic deformation
formed in the V' of the specimen, as discussed above,

. - Of the substrates that accompanied failure of the joint.
This sharp crack which is generated then propagates in X )
Many of the above points may also be clearly seenin
the sequence of high-speed photographs shown in Fig. 7
for a specimen which exhibited stable crack growth.
These photographs are for an IWP test of an aluminium-

4.2.2. Stable crack growth

2500

Stable Crack Growth (23°C)

2000 . Unstable Crack Growth (-40°C) alloy joint bonded using ‘LMD1142’ at a test rate of
=8 2 m/s. The camera was placed at a slight angle to the

z 1500 plane of the specimen, so that the full width of the
g 1 specimen was viewed. In Fig. 7, the tuning-fork shaped
€ 10004 IWP specimen is being pulled through the wedge, by

500 the arms of the specimen being pulled from the right-

Start f % hand side of the photographs. The reflective wedge can
odeedd £ B v e be seen as the white object in about the centre of the
End ' ™~ End photographs, and the numbers ‘2’ and ‘4’ are painted

' — T T T T T T on the near-hand and far-hand sides of the wedge sup-
0 2 4 6 8 10 12 14 16 ively. F Fia. 7. it b

Time, ms port arms, respe'ctlve V. ron_1 1g. 7/, It may e seen

that the crack tip is an approximately constant distance

Figure 5 Force versus time responses from impact wedge-peel specighead of the wedge until complete failure of the speci-
mens showing stable and unstable crack growth. The ‘start’ and ‘end’men_ For these IWP joints this distance is about 6 mm.
points of the crack propagating through the specimen, discerned us . ’ . .
ing high-speed photography, are marked on the traces. (Steel specimenA?ISO’ the re_la_tlvely Iarge degree of pIaSt_IC defprmatlon
bonded with ‘XB5315' adhesive; tested at 2 m/s and at 23-a4eC.  Of the aluminium-alloy arms of the specimen is clearly

Failed specimens are shown in Fig. 6.) visible. This observation is in agreement with the above
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(b)

Figure 6 Failed impact wedge-peel specimens showing the extent of plastic deformation of the substrate arms, (steel specimens bonded with ‘XB5315’

adhesive; tested at 2 m/s). (a) stable crack growth showing extensive plastic deformation of substrates, teSt¢t)at@8table crack growth showing
little plastic deformation of substrates, tested-#0°C. (Specimens are clamped in the specimen grip.)

interpretation of the force versus time curve: the plastic From previous work [20, 21], it is suggested that the
deformation occurs early on in the test and is associreason for the unstable crack growth is that the wedge
ated with the presence of a stable ‘plateau’ region inmpacting the specimen initially gives rise to a rela-
the measured force trace. tively blunt crack, or notch, when it first makes contact

with the adhesive bead formed in the 'V’ of the speci-

men. However, in the case of the more brittle adhesives,
4.2.3. Unstable crack growth the blunt crack rapidly sharpens to form a ‘naturally-
Specimens which exhibit unstable crack growth typi-sharp’ running crack. Thus, soon after the onset of crack
cally show a force versus time response similar to thagrowth, the rate of release of energy will be greater
shown in Fig. 5 for a test conducted at 2 m/s and athan that required for a stable crack, so the crack will
—40°C. The response in the initial region of the force rapidly accelerate. Hence, unstable crack growth re-
versus time trace is similar to that seen when stablsults. Indeed, for example, a crack velocity of 30 m/s
crack growth develops, namely the crack initiates, andvas measured, via high-speed photography, for the un-
may then arrest and initiate again. This again gives risstable failure of the IWP specimen tested at 2 m/s and
to one or two initial peaks. However, the crack doesreferred to in Fig. 5. Such high crack velocities result
not now settle into a period of stable crack growth,in a very short time to failure, of the order of 1 to 2 ms,
as described above. Instead, the crack propagates vetpmpared with about 15 ms when stable crack growth
rapidly, and completely, through the specimen. is observed.
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(b) (f)

(© (€

(d) (h)

Figure 7 High-speed photographic sequence of an IWP test at 2 m/s. The adhesive was ‘LMD1142’, the substrates were aluminium alloy, and the
camera was operated at 2000 frames per second with 16 mm llford FP4 black and white film. Frames indicate an elapsed time (in milliseconds) of:
(@) 0ms, (b) 2 ms, (c) 4 ms, (d) 6 ms, (e) 8 ms, (f) 10 ms, (g) 12 ms and (h) 14.5 ms (complete failure of the specimen). (The IWP specimens were
20 mm in width.)

Also, as would be expected, very little energy is ab-plastic deformation of the substrate arms outside of the
sorbed by the specimen during unstable failure, and thisonded area of the joint, i.e. where the wedge first made
is reflected by very little plastic deformation of the sub- contact with the unbonded substrate-arms and tended to
strates being observed, as may be seen from Fig. 6Btraighten somewhat the substrate arms. This represents
(As well as from the calculated energy values whicha comparatively limited degree of plastic deformation
are discussed later.) Indeed, a visual comparison of theompared with that seen in the specimen that exhibited
failed test specimens revealed that the specimen that estable crack growth, where significant plastic deforma-
hibited unstable crack growth only tended to undergaion of the once-bonded area of the substrate arms also
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occurred. Again, this is evident from the photographs 25004 p3% 96%

shown in Fig. 6.
2000 s tar HEnd

4.3. Data analysis Z 1500

4.3.1. Stable crack growth g

The ISO Standard specifies that the average cleavagé™ 1000

force is calculated from the force versus time trace of |

the IWP test specimen, but disregarding the first 25%

and the last 10% of the curve. (This is illustrated in 0

Fig. 8 for a test where stable crack growth occurred.)

The associated energy absorbed during the IWP test is 0 2 4 6 8 10 12 14 16

calculated by integrating over the same portion of the
force versus time curve, and then multiplying by the
test rate. However, to be able to define the first 25%igure 9 Impact wedge-peel test, which exhibited unstable crack gro-
and last 10% of the curve, the ‘start’ and ‘end’ of the Wth,show?ngtheISO Standar'd method of data analysis. (Steel specimen
curve need to be defined. As the ISO Standard do b(_)trrl]d':e_d Vélth ‘XB5315’ adhesive; tested at 2 m/s aml’C. Compare

not define these points, the following definitions are thFig. 8)

suggested for the IWP tests where stable crack growth

is observed. The start of the curve is taken as the time Arack growth occurs, as discussed above. For such a
which the tensile force consistently first deviates fromg;pie crack growth iest the 1SO Standard method of
zero. The end of the curve is the time at which the ﬁrStdata analysis may indeed be readily used, employing
zero or compressive value of the force is recorded aftefg rejevant definitions given above, to calculate with

the ‘plateau’. It should be noted these definitions agre ;fidence the average wedge-cleavage force and en-
with the startand end of the tests as observed using higié—rgy values from within the ‘plateau’ region.

speed photography, which are marked by the onset of
crack growth and the complete failure of the specimen.
These definitions have been used for the force versug,3.2. Unstable crack growth
time trace of the IWP test which is shown in Fig. 8. However, as noted above, some IWP tests do not show
The resulting average cleavage force and energy valughis stable ‘plateau’ region, but fail in an unstable man-
are quoted in Table Il. However, it should be empha-er, as illustrated in Fig. 9. Furthermore, the end point
sised that the trace shown in Fig. 8 is associated witlyf such unstable tests may not be self-evident from the
stable crack growth, i.e. it displays initial peaks butforce versus time response, although it may be obtained
these are followed by a ‘plateau’ region, where stablérom high-speed photography. Unfortunately, if we now
simply apply the ISO Standard method of data analysis
TABLE Il Impactwedge-cleavage force and energy values calculated0 specimens which fail in such an unstable manner,
by the ISO Standard method for steel specimens bonded with ‘XB5315then the initial peaks (associated with the dynamic ef-
adhesive testgd at 2 m/s. (Data from a_single test at each temperaturga~ts and the initiation of a sharp crack) are incorrectly
force versus time fesponses shown in Figs 8 and 9. included in the results. This may be seen from Fig. 9.
ISO Standard method Thus, when unstable crack growth occurs, the ISO Stan-
dard analysis method calculates a large cleavage force,

Time, ms

Test . Type of Cleavage- indicative of a ‘tough’ adhesive, although the joint is
temperature’©) crack growth foree () Eneroy () actually exhibiting unstable, brittle behaviour. Indeed,
23 Stable 570 9.8 the ISO Standard analysis method for the unstable test
—40 Unstable 1170 35 at —40°C gives a value for the average cleavage force
which is far greater in value than that for the stable
2500 specimen tested at 23, see Table Il. Therefore, the

values of the wedge-cleavage force calculated using
Start 25% 90%;End the basic ISO Standard method apparently indicate that
the specimen which exhibits unstable failure at a low
test temperature is tougher than the specimen which
15004 exhibited stable failure at a higher temperature. From
examining Figs 6, 8 and 9, and from examining the val-
ues of the associated energy absorption (see Table II),
VY. SV this is obviously not an accurate reflection of the rela-
¥ i H tive performance of the two IWP specimens. Thus, the

2000

Force, N

1000

500

basic method of analysing the IWP test results proposed
T " by the ISO Standard fails to give an accurate measure
0 2 4 6 8 10 12 14 16 : . .
. of the impact behaviour of the IWP specimen when
Time, ms unstable crack growth occurs.
Figure 8 Impact wedge-peel test, which exhibited stable crack growth, As may be seenfrom Flg' 9, the ISO Standard method

showing the ISO Standard method of data analysis. (Steel specimeRf analysis will probably always produce misleading
bonded with ‘XB5315' adhesive; tested at 2 m/s anti23 results when analysing force versus time traces which
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are associated with unstable failure. The Standard does The two different IWP specimen geometries are
state that “if the material being tested provides forceshown schematically in Fig. 10. One design of IWP test
curves which are highly irregular, then the test re-specimen, used by workers [2] at the Ford Motor Co.,
sult should be discarded”. However, what constitutegapers at a relatively shallow angle from the open end to
a ‘regular’ or an ‘irregular’ trace is not defined in the the adhesive layer, compared with the Imperial College
Standard. One answer to this dilemma is, of course, tdesign used in the present work. (The latter design ac-
interpret ‘highly irregular’ to mean unstable failure— tually follows more closely the steep profile drawn in
but if an operator has only tested adhesives that exhibihe ISO Standard, although both designs are within the
unstable failure, then these will actually all appear tospecification of the ISO Standard.) The differences in
be ‘regular’. the profile arise from the manufacturing process used
Now, several different schemes have been considere preform the substrates. The substrates for the Ford
to overcome these various problems [21]. The followingspecimens are pressed individually, whilst the Imperial
scheme is proposed as the best available option, and h@®llege design uses a forming wedge and jig to preform
been used in the present work. Unstable failure is sai@ pair of substrates, as described in the Appendix.
to occur when there is no ‘plateau’ region observed in A result of the slightly different designs is that the
the associated force versus time trace, or when the timenperial College design of IWP specimens possess
to failure is less than 7 ms. In these cases, a zero forca higher effective stiffness, so the initial gradient of
value should simply be quoted. Thus, in direct contrastthe force versus time response is steeper, as shown in
stable failure occurs when there is a ‘plateau’ regionFig. 11. Thus, less energy is absorbed in the initial por-
observed in the associated force versus time trace arttbn of the force versus time response, i.e. the portion
when the time to failure is more than 7 ms, and in suctwhich is associated with dynamic effects and that oc-
circumstances the values of force associated with theurs before the ‘plateau’ region. The extent of the ini-
‘plateau’ region may be analysed and quoted. tial unstable crack propagation associated with these
Thus, this proposed approach overcomes the probdynamic effects in a specimen with a steep profile is
lem that the Standard method indicates ‘excellent’ jointalso greater. Thus, the remaining length of the IWP
performance when unstable failure occurs and the forcepecimen is shorter when the transition to stable crack
versus time curve is most likely to be dominated by dy-growth does occur. Hence, the ‘plateau’ region is less
namic and associated effects. That is, when the joinéxtensive and less energy is absorbed in this portion of
performance is, in fact, probably relatively poor, andthe test, as shown in Fig. 11 and the results quoted in
accurate values of the force for crack growth throughTable I11.
the IWP test specimen cannot be ascertained.

TABLE 111 Impact wedge-peel force and energy values for the
4.4. Effect of specimen geometry Ford and Imperial College specimens. (Steel specimens bonded with
The ISO Standard does not specify what profiles are to<B5315’ adhesive; test temperature®3and rate of 2 m/s, force ver-
be used for the IWP specimens. Clearly, the shape gi's ime responses shown in Fig. 11.)

the profile may affect the force versus time trace mea- ISO Standard methéd

sured for the IWP test, since the shape of the substrates

will influence the extent of plastic deformation of the SPecimen type Cleavage force (N) Energy (J)
substrates which accompanies failure of the specimen, 5854 40 11.94 0.6
To explore this aspect of the test, two different profiles,imperial College 553 25 8.9+ 0.9

both within the specification of the ISO Standard, were
investigated, as shown in Fig. 10. For these studies afptandard deviations shown.
adhesive, and a test temperature, were selected so as to

give stable crack growth, with an associated ‘plateau’ 1200

. . . Shallow taper
region presentin the force versus time trace. specimen (Ford)
1000
4 ~—————  Steeper taper
% specimen (Imperial)
1 £ s004
—< H
()
] g 600
3
(@ o
E 400
Gradient at contact point steeper 2004
than for Ford specimen )
]
T3 7§ 3 b kLo
— y Time, ms
(d)

Figure 11 Force versus time responses of IWP specimens using Ford
Figure 10 IWP specimen designs used by Ford and by Imperial College,and Imperial College specimen designs. Specimen designs are shown
showing differences in geometry at the wedge contact point. (a) Fordn Fig. 10. (Steel specimens bonded with ‘XB5315’ adhesive; tested at
specimen design, shallow taper, (b) Imperial College specimen desigr2 m/s and 23C. Note that the trace from the Imperial College specimen
steep taper. has been slightly displaced to the right for ease of comparison.)
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TABLE |V Values ofG. obtained from the TDCB tests for the eight adhesives, at various crack velocities and test temperatures

Gc (kJ/m?) [Average+ SD]

Adhesive Symbdl 104 m/s, 23C 2m/s, 23C 2m/s,—40°C
‘E32’ < 0.65+ 0.06 0.56+ 0.07 0.23+ 0.01
‘AV119’ [ ] 0.70+ 0.07 0.66+ 0.03 0.32+0.08
‘ESP110’ O 1.06+ 0.02 0.81+ 0.02 0.38+ 0.02
‘Xw1044’ ° 1.05+ 0.07 1.17+£0.04 1.02+ 0.08
‘XB5315’ A 1.55+0.12 1.44+0.14 0.93+ 0.07
‘AV4600’ | 2 n/d n/d 1.14+0.15
‘EA9309 + 3.76+0.09 3.36+ 0.32 n/d
‘LMD1142’ v 4.59+ 0.05 4.25+ 0.08 n/d

an/d: not determined.

bLocus of failure always cohesive through the adhesive layer.
€Standard deviations are shown.

dSymbols may be filled or open.

The importance of the above effects is that, firstly, thein Table 1V), and to study the effect of test rate, IWP
average cleavage force calculated using the ISO Startests were conducted at the relatively slow test rate of
dard method from the data shown in Fig. 11 is the sam&0~*m/s, at 23C. As discussed above in detail, if stable
for both designs of specimen. Secondly, however, thdailure occurred then all the IWP test data were analysed
calculated energies differ considerably, as revealed by calculating the average ‘plateau’ force between 25%
the results given in Table Ill. Thus, when comparing theand 90% of the total time-to-failure. If unstable failure
results from IWP specimens with different profiles, it occurred, a zero value of the wedge-cleavage force was
is not possible to quote an absolute value of the energguoted. Also, it should be recalled that the locus of fail-
absorbed, since the values calculated by the Standarde for both the IWP and the TDCB specimens was
method may differ considerably from one specimen dealways cohesive in the adhesive layer. This obviously
sign to another. Hence, in the present work, only the avgreatly facilitates any attempt to achieve a direct corre-
erage cleavage forces of the ‘plateau’ region, as defineldtion between the two different types of test. Finally,
in Fig. 8, are quoted. it should also be recalled that the tests on the IWP and

the TDCB tests were undertaken to give similar values

. of the crack velocities in the two different types of test;

Values of the adhesive fracture enerGy, determined  Ap jnjtial comparison between the values of the ad-

using the TDCB adhesive joint specimens, are giverhesive fracture energ@c, (see Table IV) and the corre-

in Tat_)le IV. Thg main use of these data In the presengponding energies dissipated during typical IWP tests

work is to provide a basis for understanding and modvyhere stable crack growth was observed (see Table I1)

points do emerge from the results shown in Table IV. grgies per unit area associated with the IWP tests. For
Firstly, comparing the various structural adheswesexamme, for the ‘XB5315’ adhesive the value @

employed, then a wide range of valuesf were in- s 1 44 kJ/m at 23C whilst the IWP test energy, us-

deed achieved. This was one of the aims qf this Parfhg steel substrates, is about 16 k3/@learly, much

of the study. Secondly, the values@t determined at  f the excess energy has been used in plastic deforma-

2 m/s clearly demonstrate that over this range of tesihe reasons stated previously, the following correlations

rates the values @. are notgreatly dependent uponthe gre yndertaken using values of the IWP cleavage force,
testrates employed. Although a decrease in the value Qhther than the measured energies.)

G is generally seen as the crack velocity is increased.
Thirdly, the effect of decreasing the test temperature is

to decrease the value G, as would be expected.
6.2. Effect of test temperature

and substrate type

6. Correlations between IWP results IWP tests were performed-a?0and 23C, atatest rate
and values of G; of 2 m/s, for both steel and aluminium-alloy substrates.
6.1. Introduction The values of the adhesive fracture energigs,were

As discussed above, IWP tests were conducted at 2 m&dso measured using the TDCB specimens at the rele-
atroomtemperature (i.e. 23), asrecommended by the vant test temperature and at a crack velocity of 2 m/s,
ISO Standard. Additional tests were also performed atvhich was equivalent to the crack velocity during the
—40°C, since this temperature is considered to be théWP tests which exhibited stable crack growth.

lowest likely service-temperature to be experienced by The results for both the steel and aluminium-alloy
these adhesives in automotive applications. For theskVP tests, shown in Fig. 12a and b, respectively, reveal
low-temperature tests, a rate of 2 m/s was again emiinear correlations between the measured IWP cleavage
ployed. Also, to increase the test data available forforce and the corresponding value of the adhesive frac-
comparison with the fracture-mechanics results (giveriure energy,G.. However, the relationships between
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1750 0.66 kJ/n3, for these test conditions and for the IWP

v steel specimens. Thus, as would be predicted from these
1500 4 arguments, since the more brittle ‘E32’ adhesive has a
lower value ofG. of 0.56 kJ/n%, then all of the IWP
tests prepared using this adhesive failed in an unstable
manner and, hence, with arecorded IWP cleavage force
of zero.

In the case of the steel IWP specimens tested at
—40°C, unstable crack propagation was always ob-
served, except for the toughest adhesive (i.e. the
‘LMD1142" adhesive). Thus, apart from the IWP
steel/'LMD1142’ tests, zero values of the wedge cleav-
age forces were always recorded. Hence, from Fig. 12a,
it may be seen that the limiting value of the adhesive
fracture energy., in the case of the IWP steel sub-
strates is significantly higher at40°C, compared to
5 23°C. Indeed, it must be greater than about 1.14 RJ/m

at —40°C, compared with about 0.66 kXt 23C.

This effect is probably due to an increase in the yield
@ stresspy, of the steel substrates at the lower test tem-
perature. The value of, increases by about 10% as the
temperature is reduced from 23 to —40°C, whilst
the modulus of the steel substrates is unaffected by this
temperature change [22, 23]. Now, this increased yield
stress will resultin alarger applied force being required
1250 1 to plastically deform the steel substrates and, hence, a
tougher adhesive is required to enable these higher re-
1000+ quired stresses for plastic deformation of the steel arms
to be attained during the IWP test. Thus, a higher value
of the limiting value ofG; is observed at the test tem-
perature of-40°C.

Fig. 12b shows the relationship between the IWP
cleavage force and the corresponding value of the ad-
hesive fracture energyz., for the IWP tests using
aluminium-alloy substrates. Similar effects may be ob-
served to those described above for the steel IWP tests,
5 except that the limiting value @ appears to be not so
) 5 greatly affected as the temperature is decreased. This

Adhesive Fracture Energy, G, kl/m may be explained by the modulus and yield stress of
(b) aluminium alloy not being so significantly affected by
the change in test temperature [24, 25].
Figure 12 Iwp c‘Ieavage force versus a_dhesive fracture endbgyat Fig. 13 shows a comparison between the results for
—40°C (filled points) and 23C (open points). (a) steel substrates, (b) .
aluminium-alloy substrates. (Crack velocities were 2 m/s. See Table Fhe steel and alumlnlum-alloy WP IQStS at a test tem-
for identification of adhesives.) perature of 23C, and at a crack velocity of 2 m/s. For a
given adhesive, then when stable crack growth occurs,
different values of the IWP cleavage force are recorded,
the IWP cleavage force and the adhesive fracture erdepending upon whether steel or aluminium-alloy sub-
ergy do not pass through the origin. Instead, there is atrates were used to prepare the IWP test specimen. It
lower-limit to the value ofG., below which the corre- should be noted that higher forces were recorded for
sponding IWP cleavage force is zero, due to unstabléhe steel substrates, especially for the tougher adhe-
crack growth occurring in the IWP test. Indeed, thesives. This effect may be explained by the higher stiff-
presence of such a limiting value Gf; was also con- ness and yield stress of the steel arms, compared with
firmed by other observations made during the course afhe aluminium-alloy substrate arms, which means that
these studies, as discussed below. a larger cleavage force is required to separate and plas-

In the case of the IWP specimens made using théically deform the steel substrates to enable the wedge
steel substrates and tested at@3see Fig. 12a), this to pass between them. (The yield stresses of the steel
lower-limit of the value 0fG. is approximately equalto and aluminium-alloy substrates were measured to be
the adhesive fracture energy of the ‘AV119’ adhesive.180 MN/n? and 140 MN/m respectively [21], see
Since, it was observed that several of the ‘AV119'/steelTable V.) Also, the limiting value of5; for the adhe-
IWP specimens failed via unstable crack growth, whilstsive for the steel IWP joints appears to somewhat higher
the remainder failed in a stable manner. This gives ahan that recorded for the aluminium-alloy joints. From
value of the limiting adhesive fracture energy of aboutthe above arguments, the higher yield stress for the steel
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TABLE V Material properties used for finite-element modelling. 1750

(Terms are defined in Fig. 15. Modulus and yield data for substrate
materials are from tensile tests. Epoxy adhesive data are taken from the 1500 v
literature [26]) 7
Z
Steel Aluminium alloy Epoxy g 1250 4
Property ‘EN 3A" ‘EN AW-5251'  adhesive 5
s 9
Modulus E (GN/m?) 206 69 3.0 :5;:) 1000 +
Yield stress oy (MN/m?) 180 140 — z
Fitting stress o (MN/m?) 250 160 — L 750
Plastic strain &, (%) 1.1 0.6 — O
Poisson’s ratio v 0.33 0.33 0.4 g’o
3 500
B
1500 250 -
04
1250 4
Z 0 5
o .
S ! i Adhesive Fracture Energy, G, kJ/m?
s 1000 substrates
= (@
%
2 750 S 1750
2
b 1500
o 500 a iy z
3 Aluminium-alloy o
= substrates © 1250~
- <]
250 S
& 1000 -
g
0 T T T T 3 750
0 1 2 3 4 5 &) 7]
Q
: B0
Adhesive Fracture Energy, G, kJ/m?2 T 500
Figure 13 IWP cleavage force versus adhesive fracture endbgyat 250
23°C and at a crack velocity of 2 m/s. Steel substrates (open points) and .,
aluminium-alloy substrates (filled points) used for the IWP test. (See
Table | for identification of adhesives.) 0
0 1 2 3 4 5
. . 3 2
substrates would indeed be expected to be associate! Adhesive Fracture Energy, G, kI/m
with an increase in the limiting value @ for the ad- ®)

hesive in the case of the IWP steel joints. Thus, the _
relatively higher modulus and yield stress of the stee[!9u'¢ 14 WP cleavage force versus adhesive fracture endsgyat
.. crack velocities of 10* m/s (filled points) and 2 m/s (open points) at

_arms1 cor_npare(_j tc_) f[he alumm'um'a"oy arms, lead to aRzc, (a) steel substrates, (b) aluminium-alloy substrates. (See Table |

increase in the limiting value @, above which stable  for identification of adhesives.)

crack growth is observed to occur. Furthermore, once

stable crack growth does occur, and the substrate arms

now undergo significant plastic deformation, the cleav-6.3. Effect of crack velocity

age force associated with this process will be higher foiThe effect of crack velocity is shown in Fig. 14 and,

the steel, as opposed to the aluminium-alloy, arms. as before, these data have been plotted in the form of
Therefore, to summarise, when the measured IWPRhe values of the IWP cleavage forces versus the corre-

cleavage forces are plotted against the correspondingponding values of the adhesive fracture energigs,

value of the adhesive fracture energi@s, then a note- As may be seen from Fig. 14, for both the steel and the

worthy point is that there is a limiting value &. Be-  aluminium-alloy substrates, the measured IWP cleav-

low this limiting value, the toughness of the adhesive isage forces are somewhat greater for the lower crack

inadequate to enable sufficiently high stresses to be deelocity of 10 m/s, than for the 2 m/s tests. This re-

veloped in the substrates to give rise to extensive plastifiects the trends seen for the valuesxf as discussed

deformation of the substrates. Hence, below this lim-above and shown in Table IV. Thus, the relationship

iting value of G¢, unstable crack growth is seen in the between the cleavage force a@d is also dependent

IWP test specimen and a zero value of the wedge cleawpon the crack velocity attained in the test. However,

age force is recorded. It should be noted that the valuéhe relationship between the wedge cleavage force and

of this limiting G, parameter must clearly be depen- G, is still essentially linear, as shown in Fig. 14.

dent upon the elastic-plastic response of the substrate, At both crack velocities, the gradient of the linear re-

as was indeed observed. lationship between the IWP cleavage force and adhesive
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fracture energy is steeper when steel substrates, as op- G A
posed to aluminium-alloy substrates, are used for the
IWP specimens. As commented above, this difference
may be explained by the higher stiffness and yield stress
of the steel arms compared to the aluminium-alloy sub- Opl————————=
strate arms. This leads to a larger cleavage force being Gy ———— |
required to separate and plastically deform the arms of | |
the steel substrates in order to enable the wedge to pass [ |
between them—which will occur providing the value | |
of G, of the adhesive employed is above the limiting | |
value and hence will allow such relatively high stresses | |
to be attained in the arms of the substrate without pre- | !
mature, unstable, cracking of the adhesive intervening.

-
y €p €
Figure 16 General material model used in finite-element model.

7. Modelling studies

7.1. The finite-element model face of the adhesive and along the unbonded surface
A finite-element (FE) model of the impact wedge-peelof the substrates. Contact between the wedge and the
test was developed using the 'ABAQUS’ commercial syrface was assumed to be rigid-elastic in nature. The
FE package. The unbonded region of the specimen angkfects of friction between the wedge contact point and
the 30 mm bonded length of the IWP specimen wergne substrate or fractured surface of the adhesive were
modelled. In the two-dimensional model used the adheg|so modelled, as discussed later.

sives and substrates were modelled using eight-noded The steel and aluminium-alloy substrates were mod-
quadratic elements. Due to symmetry it was only necg|led as bilinear work-hardening materials, as shown
essary to model half of the specimen, and plane-straigchematically in Fig. 16. Uniaxial tensile tests were
conditions were assumed for all cases. The mesh usegbrformed using the substrate materials at a test rate
consisted of 1400 elements, and is shown in Fig. 15¢f 10-4 m/s, to provide the modulus and yield data,
Contact elements were used along the fractured SUkee Table V. The adhesive was assumed to be a bulk
linear-elastic material, using published data [26] which
are also given in Table V. Insufficient high-rate data
concerning the basic properties of the adhesives and
substrates were available, so all the modelling studies
were based upon an IWP test rate of 4@n/s, and un-
dertaken at a test temperature of@3A velocity of

10~* m/s was therefore applied to the wedge, which
was assumed to be rigid.

The virtual crack closure method was used to cal-
culate values of the strain-energy release-rateas a
crack was allowed to propagate through the specimen.
This method, proposed by Rybicki & Kanninen [27]
utilises the nodal forces at the crack tip and the nodal
displacements at the next node (towards the crack
mouth), see Fig. 17. The total strain-energy release-
rate,G, is calculated from the relation:

1
G= ﬁ(FX(SX + Fy5y) 3)

E

y

JE

Crack Tip
Node

<—B—>

Figure 15 Series of finite-element predictions, from initial contact to fi- F '
nal failure, of an aluminium-alloy impact wedge-peel specimen bonded

with the ‘XB5315’ adhesive being tested atam/s. The initial, unde-

formed, mesh is shown together with the displaced mesh. The elapsefigure 17 General finite-element mesh around crack tip, showing pa-
times are 1, 6, 15, 35, 45, 60 and 85 s respectively, from top to bottomrameters for use with universal crack closure method to calculate the
The ‘+' symbol indicates a reference point on the wedge. strain-energy release-rat®, after [27].
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wherep is the crack-tip element width arfek, Fy, x  of 1.5 kJ/n?, a zero coefficient of friction gave a pre-

andéy are the nodal forces and displacements inthe dicted cleavage force of 500 N, whilst a valugof 0.5

andy directions, respectively. gave a force of 600 N. By comparison, using a value of
The load applied in the model was gradually in-the adhesive fracture energy of 1.3 k3/mather than

creased and, as the applied strain-energy release-ratfe measured value of 1.5 k¥ngave a force of 300 N,

G, at the crack tip reached the measuégvalue for  as opposed to 500 N. (The experimentally measured

the adhesive, the nodes along the centre of the adhgalue of the wedge cleavage force was 600 N.) Thus,

sive layer were released in turn, as shown in Fig. 15. Aneglecting friction has only a relatively small effect on

time step was applied to the model, allowing the wedgehe results from the FE model, compared with changing

to advance a fixed distance, and the valu&ddit the  the value of the adhesive fracture enei@y, The pre-

crack tip was then re-calculated. If the FE model coulddictions discussed below assume that the coefficient of

not reach a solution, or the value Gfwas higher than  friction between the wedge and the adhesive fracture

the measured value @, the time step was reduced surface is 0.5, and use the experimentally measured

and the model run again using the same crack lengthsalue of G, of 1.5 kJ/n?.

Similarly, if G < G, the time step was increased un-

til the calculated value of the strain-energy release-rate,

G, agreed withG to within an accuracy at5%. Once . .

the values of5 andG; agreed within this tolerance, a 7.3. Comp_arlson of modelling and

further set of nodes was released, and the process re- €XPerimental results .

peated. Approximately fifty increments of crack length 1© Predict the IWP cleavage force requires the mate-

were used between the point of initial contact of the'i2! Properties of the adhesive and substrates, i.e. the

wedge and the final failure of the specimen. A series ofidhesive fracture energy of the adhesive, the stress ver-

the FE predictions for the deformed shape of the IWPSUS Strain data and the Poisson’s ratio, to be known.
specimen during a typical modelling run is shown inThe.se.data are given in Table IV and V. A coefficient
Fig. 15. of friction of 0.5 was assumed.

A series of the FE predictions of the deformed shape
of the IWP specimen during a typical test is shown in
. Fig. 15. These results clearly show the extensive plas-
z'.hze; f(;c:\?;;t%fet\r/\ll:g?:he wedge and the fractured suFi-C deformation which accompanies the stable crack
face of the adhesive was initially assumed to be friction-growth of the IWP test specimen. The agreement be-

tween the deformed shape of the specimen predicted
eby the FE model, and that observed experimentally,

force values in the ‘plateau’ region of the IWP force . X i~y
versus time trace than those measured experimentalIg%h;/)'s?sa%%nggg dusézgtugr%iegeg]ghf?;g?r?ghgézf_e

see Table VI. Thus, friction between the wedge and th(-%‘ > . )
. . ailure, predicted shape of the specimen corresponds
fractured surface of the adhesive of the specimen was

included in the FE model. The literature [28] gives val- \r/e?%irvilatsoe;hnaiﬁ‘ %t;sﬁrr]\;?d rg)é?;ganﬁ;l;alley.inTgls rlnSai);
ues of 0.4 to 0.5 for the coefficient of frictiop,, for y b 9 9-

: . .compared with the photograph shown in Fig. 6a.
the unlubricated contact between steel and a relatively ; .
hard, rigid polymer. Values of. of both 0.4 and 0.5 Examples of the predicted IWP force versus time

: I response are shown in Fig. 18, for the steel and
?r:\éeegsggn?gr:te;r:‘eesrxl tgevn\;\i/t(:metﬂgz/;ﬁgozi)décgﬁﬂ angjuminium-alloy substrates bonded using the ‘XB5315’

adhesive. The assumption of purely elastic contact

|_|[1agbt|2evtlzlosest fit to the experimental data, as shown I tween the rigid wedge and the specimen probably

As may be seen from Table VI, the use of a Coeﬁi_Ieads to the predicted initial ‘peak’ response increas-

cient of friction lower than 0.5, for the same value oftheIng somewhat more steeply than was seen experimen-

. ; tally. This is especially pronounced for the aluminium-
adhesive fracture energy, gives somewhat lower valueg
lloy substrates. Nevertheless, the agreement between

of the predicted cleavage force. However, the effect of . e _element predictions and the experimental re-

friction is relatively small. Indeed, for the measuf@g sults is extremely good. Indeed, the important values of
the predicted IWP cleavage forces in the ‘plateau’ re-

TABLE VI The effects of assumed values & and coefficient of gion are in excellent agreement with the experimentally

friction, u, on the IWP cleavage force predicted by the finite-element recorded ve}lues. .

modelling. (Steel substrates bonded with ‘XB5315' adhesive, crack ve- 1 Nn€ predicted IWP cleavage forces in the ‘plateau’

locity of 10~% m/s and test temperature of°Z3 region for a range of adhesives used with both

aluminium-alloy and steel substrates are shown in

f?i‘zzgﬁ'im of ‘;i?ge;'éi 'E[gj;‘:{)e Clgjgécetigr'c\gz\l) Table VII. The agreement between the predicted and

the experimental values of the force is very good
0 1.3 300 for the IWP tests undertaken with both the steel and
0 15 500 aluminium-alloy substrates. Itis noteworthy that the FE
8';‘ ig Zgg model also predicts a smaller IWP cleavage force for

the aluminium-alloy substrates than for the steel sub-
aExperimental values @ and cleavage force were 1.5 k#and 600N Strates, for a given qdheswe fracture energy, as indeed
respectively. was observed experimentally.
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TABLE VII Finite-element predictions of wedge-cleavage force from values of the adhesive fracture €petggether with experimentally-
measured values. (Crack velocity of ¥0m/s and test temperature of’Z3

IWP cleavage force (N)

Aluminium-alloy substrates Steel substrates

Adhesive Ge, (kJ/nt) FE prediction Experimental FE prediction Experimental

‘AV119 0.70 220 260 — —
‘XB5315’ 1.55 450 350 600 600
‘LMD1142’ 4.59 — — 1290 1580

2500 - agation. Hence, a preferred method of analysis has been
""""""""""" Experimental results identified and described. The use of this new method
Finite element prediction has shown that the impact wedge-peel test can provide
good discrimination between adhesives possessing a
range of toughnesses. However, the present work has
shown that the measured IWP cleavage force depends
on both the adhesive and the substrates used. Thus, like
other types of peel test [29, 30], the IWP test has been
found to reflect the fracture behaviour of the adhesive
joint ‘system’, and not simply the adhesive in isola-
4o tion. Thus, the mechanical properties of the substrates,
which form the IWP joint, can greatly influence the
@ results recorded from such tests.

Secondly, a linear correlation between the WP
................... Experimental results cleavage-force and the adhesive fracture endggy,
Fini - measured using fracture-mechanics tests, has been
inite Element Prediction . o . . . .
15004 | identified. The gradient of this correlation is dependent
’ on the properties of the substrate material used. How-
ever, the relationship between the IWP cleavage force
and the adhesive fracture ener@y, does not appear to
pass through the origin. Instead, a limiting value3f
is observed, which represents a lower limit. Below this
limiting value of G, the toughness of the adhesive is
inadequate to enable sufficiently high stresses to be de-
veloped in the substrates to give rise to extensive plastic
deformation of the arms of the substrate. Hence, unsta-
ble crack growth is seen in the IWP test specimen and a
Figure 18 Finite-element predictions and experimental force versusZ€r0 value of the wedge cleavage force is recorded. In
time data for IWP specimens bonded with ‘XB5315’ adhesive. (a) steelcontrast, for adhesives with; values above this limit-

2000

1500

1000

‘Wedge cleavage force, N

5004

2000

Wedge cleavage force, N

substrates, (b) aluminium-alloy substrates. ing value, extensive plastic deformation of the arms of
the substrates did occur, and stable crack propagation
8. Conclusions was observed in the IWP test. For such tests, relatively

The impact wedge-peel (IWP) test is an Internationahigh values of the cleavage force were now recorded.
Standard (ISO 11343) method that is employed to meaFhis limiting value ofG. is dependent on the properties
sure the resistance to cleavage fracture of structural adf the substrate material used.
hesives. In the present work this test has been employed Thirdly, the present work has described the devel-
to evaluate the performance of a range of structurabpment of a finite-element (FE) model to predict the
adhesives, when used to bond either steel or aluminium\WP wedge-cleavage force versus time response, from
alloy substrates. A novel test arrangement for performknowledge of the value oB. of the adhesive and the
ing these tests, using a high-speed servo-hydraulic malastic-plastic properties of the substrate. The mod-
chine, has been described. Tests were performed at rateling work has shown that the effect of friction is rela-
of 10~% and 2 m/s and at test temperatures-df and  tively small, although the accuracy of the FE model
23°C. High-speed photography was also used to inveswas improved somewhat when friction between the
tigate the failure of the IWP test specimens. wedge and the test specimen was included. The pre-
Firstly, both stable and unstable types of crack growthdicted values of the IWP wedge-cleavage force versus
were recorded in the IWP test, with the crack propagattime response were in very good agreement with the val-
ing cohesively through the adhesive layer in all casesues measured experimentally. The modelling work has
The method of analysing the impact wedge-peel teshlso shown that a smaller cleavage force would be ex-
results proposed by the ISO Standard has been foungected when aluminium-alloy substrates are used, com-
to give misleading results in some cases, for exampl@ared with steel substrates, as was indeed seen experi-
when the specimen fails entirely by unstable crack propmentally. Further, the agreement between the deformed
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shape of the IWP test specimen throughout the test
which is predicted by the FE model, is in excellent
agreement with that observed experimentally.
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Appendix—Specimen and forming

specifications

Manufacture of preformed substrateBhe substrates
used for the Ford specimens were cut to size, and the
loading hole was drilled through them. They were then
pressed individually to preform them, using the loading

20

40 20

hole to locate the substrate in the press, and the findigure A4 Imperial College specimen design. (All dimensions in mil-

dimensions used are shown in Fig. Al.

limetres.)

The substrates used for the Imperial College speci-
mens were cut to size and clamped in a forming jig.ghown in Fig. A2. A forming wedge, shown in Fig. A3,

20

-

%
§ I

-
30 25 8
Figure A1 Ford specimen design. (All dimensions in millimetres.)
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D Moveable pieces, for clamping

. Fixed pieces

Figure A2 Forming jig used for Imperial College specimens. Dark shad-

ing on plan view indicates fixed pieces, and light shading indicates movel1.

able pieces used for clamping. (All dimensions in millimetres.)

115
=10
mi /5 | j-57
R=1.0 i
20
Depth 25.5

Figure A3 Forming wedge used for Imperial College specimens. (All
dimensions in millimetres.)

was tapped between the free ends to preform the pair of
substrates. A spacer was placed between the substrates,
and the loading hole drilled. The final specimen dimen-
sions are shown in Fig. A4.
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