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Deformation and failure of adhesive bonds

under shear loading
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National Institute of Standards and Technology, Polymers Division, Gaithersburg,

MD 20899, USA

Experiments have shown that certain mechanical properties can be greatly enhanced when a
material is stressed while under tight spatial constraint. In this work, the post-yield behaviour
of brittle and ductile epoxy resins used as thin adhesive bonds was determined using the
“napkin ring"” shear test. Real-time observations of the deformation in the bond as well as
SEM post-failure analysis were employed to gain information on the failure process. The
complete stress—strain histories of the adhesives were established for bond thicknesses ranging
from the micrometre level up to values large enough to expose the bulk properties. The most
dramatic variations occurred for the ultimate shear strain, vy for the brittle adhesive, y¢
increased by over 30-fold relative to the bulk material when the bond thickness, t, was
decreased to a few micrometres. Experimental evidence and analytical considerations suggest
that the decline of y; with f was due to premature bond failure caused by tensile microcracks
or voids that were formed in the interlayer during loading, with the specific v versus t
relationship being a mere reflection of the variations in the degree of stress concentration at
the tip of the flaws. The astonishingly large value of y; (i.e. 2.8-3.4)found for the brittle epoxy
in the micrometre thickness range, is believed to represent the intrinsic shear strain of this

material.

1. Introduction

The joining of two distinct materials by a third phase
is a practice of long-standing interest in a variety of
industrial and technological applications, including
traditional adhesive bonding, brazing, soldering, wel-
ding and composite materials. More recently,
microlamination concepts have emerged where thin
layers of differing materials are joined to form a
microlaminate whose mechanical properties are
superior to those of the individual components. For
example, the ultimate tensile strain of a microlaminate
made from alternating layers of brittle and ductile
polymers was found to increase by over 15-fold upon
decreasing the layer thickness from 25 um to 1.5 um
[1]. Similar effects were also found in metal-based
(Al-Cu) microlaminates prepared by vapour depos-
ition; for layer thicknesses < 70 nm, the laminate
yield stress was over four times larger and the laminate
ultimate tensile stress approximately three times lar-
ger than the values predicted by the rule of mixtures
for the aluminium and copper [2]. The cause of such
improvements is understood only qualitatively, how-
ever, being attributed 1o suppression of crazing or
cracking in the brittle layer [1] or impedance of
dislocation generation [2]. Unfortunately, because the
laminate performance is evaluated from overall lami-
nate response, the specific contribution of each mater-
ial phase is not easily isolated. It is the purpose of this
work to study the behaviour of each material phase

separately and under well-controlled, unambiguous
and simplified test conditions so as to facilitate a
rational approach fo optimal design.

This work was originally motivated by recent Mode
IT fracture tests on adhesively bonded joints [3]. The
results show that the adhesive fracture energy is
greatly affected by the bond thickness, . In particular,
for an unmodified epoxy resin, several-fold variation
in  led to as much as a 35-fold increase in the fracture
energy, Gyc. Because the latter is directly related to the
deformation capability of the adhesive, it was felt that
the key to understanding such dramatic toughness
variations lies in understanding the effect of bond
thickness on the post-yield behaviour of the unflawed
adhesive. The “napkin ring” shear test (see Fig. 1),
originally proposed by de Bruyne [4], seems ideally
suited for this purpose. This specimen is composed of
two tubular adherends butted coaxially to the adhes-
ive to be studied. Loading is applied by a remote
torque. By making the bond sufficiently narrow, radial
variations are minimized. This leads to a state of
simple pure shear stress within the interlayer.
Other test specimens that have been extensively used
for the intended purpose of measuring adhesive shear
properties include the well known lap-shear, pin and
collar (e.g. [5, 6]), stiff-adherend [7, 8] and the
Chisholm—Jones shear specimen [9]. The main draw-
backs of these tests are that the shear stress and shear
strain vary along the glue line, and that some tensile
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Figure | Schematic drawing of the napkin ring shear specimen. P is the applied axial load and [, is the distance between the load line and the

specimen axis.

stresses are produced at the bond terminus. While
these effects can be greatly reduced by a proper design
(e.g. using a 90 ° opening angle at the bond terminus
[7, 8]), the napkin ring specimen was adopted in this
work because, as will be seen later, it affords a rather
straightforward means to measure accurately the
shear strain for extremely thin bonds.

The effect of bond thickness on adhesive shear
strength was reported by a number of investigators [5,
6, 10-13], the majority of which were concerned with
adhesive bonding applications that call for relatively
thick bonds (typically > 0.1 mm). It was generally
found that the failure stress, 1;, tends to increase
somewhat with decreasing ¢, although no adequate
explanation for this effect was provided. Another
adhesive property of interest is the ultimate shear
strain, y;; the unique significance of this to the struc-
tural integrity of adhesive bonds apparently was first
recognized by Hart-Smith [14]. Despite this, the only
systematic study of the effect of bond thickness on v;
known to this author is due to Stringer [10], who
has generated data for a number of ductile adhes-
ives, either filled or wunfilled, over the range
0.1 mm <t < 1 mm. It is noted that because in the
butt joints employed in [10] the adhesive bond occu-
pied the entire rod diameter, the stress and strain in
the adhesive vary along the radial direction. This
raises concern about the significance of the measured
ultimate shear strain. A number of investigators have
provided stress—strain curves from which v, can be
extracted. The bond thickness used ranged from
100-200 pm. The reported values of y; for ductile

adhesives, either supported or unsupported, range
from 40%-200% (7, 8, 10, 14-17]. The data for brittle
adhesives are more scarce, and the nominal values
reported are in the range of 10%-20% [11, 14, 15, 17].

In this work, the deformation history of the adhes-
ive interlayer was established for brittle and
toughened epoxy systems currently used in composite
materials. In order to be able to address applications
to composites and microlaminates, the bond thickness
studied included the micrometre range. This is in
addition to the sub-millimetre range relevant to tradi-
tional adhesive bonding applications.

2. Experimental procedure

2.1. Apparatus

Details of the test specimen and loading are given in
Fig. 1 together with relevant dimensions. As shown, a
special fixture was designed to convert the applied
axial load, P, into torsional displacement at the bond
region. The specimen was made of two cylindrical
rods which were machined at their edges to a ring
shape. The depth of the ring was 2 mm while the bond
width (i.e. the difference between the outer and inner
radii of the bond, R, and R;, respectively) was 2.5 mm.
Each of the rods is supported by a hollow prismatic
aluminium block. To minimize bending stresses, the
clearance between the surface of the rods and the inner
bore of the blocks was kept below 50 pm. The sup-
porting blocks were firmly bolted to a base plate made
of steel. The latter was fixed to the frame of the testing
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Figure 2 Stress—strain curves for four representative bond thicknesses. Adhesive is Narmco 5208, adherend is 5086 Al alloy. y* is the non-
linear part of adhesive shear strain, given by A"/t The insert shows a typical stress—displacement record; 8,,, is the extensometer output.

machine. One cylindrical rod was fixed to its support-
ing block by means of a 12.5 mm diameter steel pin
while the other was free to rotate. Circumferential
deformations in the rods were induced by applying
axial load to a steel pin which was inserted into the
right-hand side rod. To facilitate free rotation, the hole
in the supporting block which accommodated the
loading pin was made larger than the pin diameter.
This clearance also allowed for a free axial movement
of the rods, which ensured that no axial stress may set
up in the bond during adhesive deformation. To
minimize friction, all moving parts were oiled;
loading—unloading curves in the linearly elastic regime
of the adhesive virtually overlapped.

As shown in Fig. 1, a standard extensometer
(MTS*) was used to record the relative shearing dis-
placement across the bond. The extensometer was
attached to the ends of two long extension arms which
were firmly connected to the cylindrical rods, one on
each side of the bond. As shown in the insert in Fig. 2,
the extensometer output consisted of contributions
from both the adhesive and adherends (i.e. the total
deformation between the two extension arms), and it
was not possible to separate the two with any degree
of accuracy, particularly for thin bonds. However, we

* Certain commercial materials and equipment are identified in
this paper in order to specify adequately the experimental proced-
ure. In no case does such identification imply recommendation or
endorsement by the National Institute of Standards and Techno-
logy (NIST) nor does it imply necessarily the best available for the
purpose.
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were primarily interested here in the non-linear part of
the adhesive deformation across the bond, A™, which
can be easily determined by subtracting from the total
output (A, + A' + A™), the output corresponding to a
straight line tangential to the initial slope of the
stress—strain curve (i.e. the dashed line in Fig. 2). Thus
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where 87 is the non-linear part of extensometer out-

put, v*' the non-linear part of adhesive shear strain,
and L the length of extension arms. In the following,
results will be presented only for y™; the total adhesive
shear strain, v,, can be found from

R @

Yo = G

where 1t and G are the adhesive shear stress and shear
modulus, respectively. Note G may vary with bond
thickness.

2.2. Materials

Two amorphous adhesives were evaluated, namely
Narmco 5208 (Whittaker Co.) and BP-907 (American
Cyanamid Co.). The first 1s a highly cross-linked,
brittle epoxy with approximately 2% ultimate tensile
strain and a G, value of 73 Nm ™! [18] while BP-907



is an epoxy resin toughened by proprietary additives.
This material exhibits a mild degree of ductility, with
5% ultimate tensile strain [18] and a G, value of
500 Nm~! [3]. Note that Narmco 5208 is virtually
identical to the H3502 adhesive used in a previous
work [3]. An extensive study of the effect of bond
thickness on the fracture energy for these adhesives is
given elsewhere [3, 18]. The adherends were either
7075 Al alloy (BP-907) or 5086 Al alloy (Narmco 5208
and BP-907); the detailed usage is specified along with
the data. The 7075 Al alloy was initially used for both
polymers, but it led to adhesive failure when testing
Narmco 5208 at all values of t and when testing BP-
907 at extremely small values of t. It was found that
the 5086 Al alloy, which was purer and less amenable
to oxidation following specimen cleaning, gave rise to
cohesive failure for both adhesives.

2.3. Bond surface preparation

The bonding surfaces were polished with successively
finer grit metallographic papers down to a sub-micro-
metre surface roughness finish. The adherends were
cleaned as follows: degrease in a bath of trichloroethy-
lene for 30 min, immerse in MEK solvent for 30 min,
chemically etch in a bath of sodium dichromate/sul-
phuric acid/distilled water (3/10/30 weight ratio) at
70°C, wash, and dry.

2.4. Bonding

The adhesives were debulked and degassed in vacuum
for 30 min, while at 121 °C. After applying the molten
adhesives to the bonding surfaces, the two specimen
halves were laid on a specially constructed wedge to
ensure good alignment. To facilitate good contact
between the adhesive and adherends, a small axial
compression force was applied to the flat ends of the
cylindrical rods via a specially designed C-clamp tool.
The bond thickness was controlled by inserting cop-
per wires or glass fibres of the desired thickness at
three locations within the bond. For bonds a few
micrometres thick, no spacers were used. Instead, the
thickness was controlled by the axial force applied to
the specimen ends. For yet thinner bonds, a press
machine was used, with the bond thickness being set,
through trial and error, by the level of compression
load, applied along the axis of the rods.

The specimens were cured in an air-circulation oven
in accordance with the manufacturer’s recommended
curing cycle: BP-907, heat to 121 °C and hold for 1 h,
increase temperature to 180 °C over a 30 min period,
hold for 1 h, and slowly cool to RT; Narmco 5208, as
above, except the curing time at 180°C was 2 h. Also,
this material was post-cured at 204 °C for 4 h.

After curing, the bonded specimens were milled in
the area of the bond to a depth of 0.3 mm and a width
of 4 mm so as to produce the final ring configuration
shown in Fig. 1. This operation was undertaken be-
cause of a concern that the bonding surfaces near the
outer edge of the bond may deviate from flatness. The
milled surface was then polished with a strip of fine
grit metallographic paper, and the bond thickness

measured with the aid of an optical microscope at four
locations around the bond.

2.5. Video recording

For some tests, the adhesive deformation was ob-
served using a video camera. The latter was attached
to a stereo optical microscope, which provided magni-
fication up to x 140. The observed bond region was
coated with a diluted typewriter correction fluid. To
facilitate quantitative determination of adhesive shear
strain, an array of line marks paralleling the longitud-
inal axis of the specimen was manually scribed on the
outer surface of the bond using a sharp razor blade;
the slope of the deformed lines provided the total
engineering shear strain. With this technique, good
resolution of shear strains was achieved for bond
thicknesses greater than 25 pm.

2.6. Testing
Torsion tests were carried out on a MTS Servohy-
draulic testing machine operated in a stroke-con-
trolled mode. The specimens were loaded to complete
failure, and the load versus extensometer displacement
recorded on a chart recorder. Although the loading
was stroke controlled, because of the relatively large
strain energy stored outside the bond region, the
actual loading was more “fixed load” type than the
intended “fixed grip”, particularly so for very thin
bonds (e.g. for a 2.5 pm thick bond, the circumferential
displacement absorbed in the adherends may exceed
50 times that of the adhesive). As a result, the actual
strain rate of the adhesive, vy, varied during the defor-
mation, typically increasing with increasing the slope
of the stress—strain curve. To facilitate determination
of v, the evolving stress—strain curve was marked at
specific time intervals; division of the adhesive differ-
ential strain by the elapsed time gave the instantan-
eous strain rate.

The adhesive shear stress was determined from the
following equilibrium condition

T = Pl

= anorrzdr
R;

2nt(R — RP)

or

1.5PI,

T RERI R

4

where P, T and [, are the applied load, the resulting
torque and the distance between the load line and the
longitudinal axis of the specimen, respectively. Over
200 test samples were manufactured. Many were re-
jected because of misalignment, non-uniformity of
bond thickness and joint starvation. Only good-qual-
ity specimens with less than 10% bond thickness
variations were tested. Of these, some failed pre-
maturely (i.e. sometimes well before adhesive yielding
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took place). Some of the specimens with extremely
thin bonds failed upon securing them to their fixture,
apparently because of unavoidable specimen bending
which produced large tensile stresses in the bond. Of
the specimens manufactured, only 19 samples for BP-
907 and 16 for Narmco 5208 resulted in what is
believed to be valid data for ultimate strain and
ultimate stress.

3. Results

3.1. Brittle epoxy (Narmco 5208)

Stress—strain curves for a number of representative
bond thicknesses are shown in Fig. 2. The strain was
determined from the extensometer output and Equa-
tion 1. As mentioned earlier, only the non-linear part
of the adhesive deformation is given. Common to all
bond thicknesses is an initial linearly elastic response
(not shown) which is followed by a non-linear behavi-
our up to final failure. The dependence of failure stress,
1; on t is shown in Fig. 3 for both the 7075 and 5086 Al
adherends. The adhesive strain rate, ¥°, at final failure
was approximately 0.003 s™!. The joint strength ob-
tained with the 7075 alloy appears slightly greater
than that for the 5086 alloy, but the difference is within
experimental scatter. The failure stress seems quite
independent of ¢. This is except for very thin bonds
(¢t < 10 pm), where 1, seems to decrease as ¢ is de-
creased, but the specific relationship is obscured by a
relatively large experimental scatter.

The dependence of ultimate adhesive shear dis-
placement (non-linear part), A™, and ultimate adhesive
shear strain, y?!, on bond thickness is shown in Fig. 4;
the curve for y* was obtained by dividing values from
the fitting curve for A?' by t. For relatively thick bonds
(t > 75 um), the failure strain tends to approach a
plateau, the nominal value (several per cent) of which
is similar to values reported for other brittle epoxies
{11, 14, 15, 17] evaluated at comparable bond thick-
nesses. For ¢ < 75 pm, v increases with decreasing ¢,
first moderately but later sharply, reaching a value as
large as 340% at t = 9 um. Thereafter, v exhibits a
slight reversal in trends, the extrapolated value at zero
bond thickness is 240%.

3.2. Toughened epoxy (BP-907)

Representative stress—strain curves for this material
are given in Fig. 5. As shown, while the data for
relatively thick bonds (Fig. 5a) were generated using
the 7075 Al adherend, those of the very thin bonds
(Fig. 5b) were carried out using the 5086 Al alloy.
Comparative tests showed that the enhanced adhesion
quality of the 5086 alioy became apparent only for
t < 5-10 pm, where the criticality of the metal/matrix
interface is apparently accentuated. The initial re-
sponse of this toughened epoxy at relatively large
values of t (Fig. 5a) is nearly elastic—perfectly plastic.
However, as the strain is increased, additional phases
of either strain softening (Fig. S5a, ¢t = 0.63 mm) or
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Figure 3 Shear stress at failure as a function of bond thickness for Narmco 5208. Adherend: (@) 5086 Al alloy, (O) 7075 Al alioy.
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Figure 5 Stress-strain curves for a number of representative bond
thicknesses. Adhesive is BP-907, adherend is (a) 7075 Al alloy or
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strain hardening (Fig. S5a, t = 14.5 um) occur, the
particular mode of which depended on bond thick-
ness. For very thin bonds (Fig. 5b), the phase of strain
hardening is seen to be followed by yet another phase
of common yielding. The second phase of yielding,
which contributes greatly to the ultimate strain, was
not encountered when using the 7075 alloy as the
adherend, probably because of insufficient adhesion.
The actual strain rate in the adhesive was evaluated as
discussed in Section 2.6. The results for the yield
segment of the stress—strain curve can be described
reasonably well as follows

= 0.025x (1 — 7.5t(mm))s~! ¢ < 0.125mm(5a)
¥ = 0.001557' ¢ >0.125mm (5b)

For bonds which exhibited strain hardening, the strain
rate just before failure was determined to be approx-
imately 0.006 s~ 1, irrespective of ¢.

The dependence of yield stress (taken as the stress at
the flat portion of the stress—strain curve) and failure
stress on t is shown in Fig. 6. While the yield stress
scems independent of ¢, the failure stress exhibits a
complex behaviour; for ¢ > 0.1 mm, 1, decreases with
t while the opposite holds for ¢t < 40 um. t; attains a
maximum at ¢ = 14 um, its nominal value exceeds by
over 40% the yield stress. Similarly to the brittle
epoxy, T; seems to decline when ¢ becomes very small
(< 14 pm).

The variations of ultimate shear displacement
across the bond and ultimate shear strain with bond
thickness are shown in Fig. 7. v/ seems to approach a
plateau when t is increased beyond 0.34 mm. The
corresponding value (70%) considerably exceeds that
obtained for the same adhesive and same bond thick-
ness using the lap—shear specimen (40% [15]). It is
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possible that the reduced value in [15] is due to a
premature failure caused by tensile stresses at the
bond terminus. Similarly to the brittle epoxy, v¥
exhibits a steep rise when the bond thickness becomes
very small ( < 10 um}), reaching a value as large as
340% at ¢t = 1.35 um. Unfortunately, the precise beha-
viour in the micrometre thickness range is not very
well established due to the scarcity of the data. Re-
peated attempts (five) to generate data in the range
t < 5 um were unsuccessful because of recurrence of
premature joint failure. Such failure may be attributed
to the development of tensile stresses in the bond
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which are as a result of bending specimen and/or the
prevalent “fixed load” condition which tend to pro-
mote catastrophic failure. Apparently, a more sophis-
ticated testing approach is needed to establish the
material behaviour for very thin bonds.

Because the behaviour of vy for t < 5um was
assessed based on a single datum point (¢t = 1.35 um),
concern arose as to the accuracy of that segment of the
curve. As indicated earlier, in extracting y* from the
extensometer output, the assumption was made that
the deformation of the adherends is linearly elastic.
However, because of the smallness of the deformations
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involved, even small plastic deformations in the ad-
herends may greatly affect the calculated y?.. An estim-
ate of the former was made by examining the load
versus extensometer output for very thin bonds. It was
concluded that the non-linear displacement in the
adherends in the region contained by the two exten-
someter arms must be less than 0.75 pm. Subtracting
this value from Af' (= 5.3 pm), one finds y* = 2.83.
This i3 20% less than the value depicted in Fig. 7.

Fig. 6 shows that strain hardening and strain soften-
ing occurs for small and large bond thicknesses, re-
spectively; the transition seems to take place at
t =0.04 — 0.1 mm. For a given value of r within each
of these phases, the incipient strain for hardening or
softening can be easily determined from the
stress—strain curves. The results given in Fig. 8, show
that irrespective of ¢, hardening occurs once v ex-
ceeds 77% (Fig. 8a) while softening takes place when
v™ exceeds 52% (Fig. 8b).

Fig. 9 shows a sequence of video records which
provide information on the evolution of damage and
deformations during loading as they appear on the
outer surface of the bond. As indicated earlier, the
distinct dark lines traversing the bond are pre-
produced scratch marks. As shown, during the entire
deformation history the shear strain is quite homogen-
eous (uniform across the bond). This is except around
voids, where local perturbations in the strain field can
be seen. The first large void to appear in the observed
region is identified by point A; the corresponding
shear strain in the bond is 51% of the failure strain.
(Note: the large dark spot seen above point A is an
artefact, not a void.) Although no visible voids were
observed in prior frames, it is likely that smaller voids
unresolved by the camera were formed at earlier
stages. At 85% ultimate shear strain (Fig. 9b), the void
at point A is considerably larger. Also, an additional
large void (point B) appeared approximately three
bond thicknesses away. Immediately prior to failure
(Fig. 9¢), an additional large void appeared (point C).
Final failure occurred by rapid debonding along the
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Figure 9 A sequence of video records showing the evolution of
deformation and damage in the adhesive (BP-907) during loading,
t =0285mm. (a) y"/y = 0.51, (b) y"/y?! = 0.85, (c) y"'/yM = 1.0.
The dark lines traversing the bond are pre-produced scratch marks.
Final failure immediately followed the frame in (c), and it occurred
by debonding near the right-hand side of the metal/adhesive inter-
face. Note that the dark spot appearing above point A in (a) is an
artefact, not a void.

right-hand side of the interface, as can be seen from the
discontinuity of the scratch marks along that interface.

3.3. SEM analysis

3.3.1. Brittle epoxy (Narmco 5208)

Figs 10 and 11 exemplify, respectively, the morpho-
logy for the bond thickness range where A is nearly
constant (10 pm < ¢t < 60 um) or v decreases sharply
with ¢, and for thick bonds where v¥' tends to ap-
proach a plateau. In both cases, the failure surface is
characterized by a consistent array of microcracks
which extend in the radial direction and which spatial
frequency is several times the bond thickness. Final
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Figure 10 (a, b) Scanning electron micrographs for Narmco 5208
showing the failed bond at two magnifications, t = 53 pm. The
sequence of white lines extending in the radial direction are micro-
cracks extending across the bond.

failure occurred at the interface, with no evidence of
extensive plastic deformation or distortion within the
interlayer. Although the bond has separated at the
interface, the failure itself was clearly cohesive; the
texture of the adherend surface seems to be fully
masked by adhesive. This morphology is much the
same as that found in recent mode II fracture tests on
adhesive joints made with essentially the same poly-
meric adhesive as used here [3]. Edge views of the
crack-tip region showed that the microcracks traver-
sed the interlayer, making an angle of approximately
45° with the plane of the interface [3]. It was con-
cluded that these microcracks were formed ahead of
the crack tip as a result of the tensile stress in the
interlayer, which is maximized at the above inclina-
tion. More recent tests [19] have vividly demonstrated
that crack propagation or bond separation occurs by
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Figure 11 (a, b) As Fig. 10, for t = 0.11 mm.

coalescence of interface microcracks that have ex-
tended from the tips of the tensile microcracks.

The micrographs in Figs 12 and 13 represent the
morphology for very thin bonds where A increases
nearly linearly with ¢, or, alternatively, yf' is only little
affected by t. The morphology for both bonds is
characterized by extensive plastic deformation as well
as a dense pattern of microcracks. In contrast to
Figs 10 and 11, however, the deformation seems to
occupy the entire bond thickness. This is particularly
evident from the enlarged photo in Fig. 12, where both
the lower interface region (upper right corner of the
print) and the upper interface (bottom left) can be seen;
between these interfaces the material seems highly
distorted and cracked.

3.3.2. Toughened epoxy (BP-907)
Figs 14-16 show the morphology for three pivotal
bond thicknesses. Similar to its brittle adhesive coun-



Figure 12 {a, b) As Fig. 10, for t = 4.3 pm.

terpart (Figs 12 and 13), the failure of the thin-joint
(t = 5.6 wm) appears fully cohesive, and it is character-
ized by extensive plastic deformation and flaws that
extend throughout the interlayer. The morphology in
Fig. 15 (t = 15 pm) characterizes the bond thickness
for which the strain-hardening effect is maximized (i.e.
1/t, = 1.4). The failure seems to have occurred near
the interface, although it is clearly cohesive. The mor-
phology for this bond is distinguished from those of
the thin or thick bonds (Figs 14 and 16, respectively),
where no strain hardening occurred, by the presence
of a lamellar structure whose spatial frequency is a
small fraction of a micrometre. It is possible that this
texture is due to stretching and orientation of molecu-
lar chains or other microstructural entities of the
matertal.

Fig. 16 (t = 0.285 mm) corresponds to the same test
specimen discussed in Fig. 9. Bond separation is seen

Figure 13 (a,b) As Fig. 10, for t = 9.4 um.

to have occurred near the interface, consistent with the
discussion of Fig. 9c. Moreover, the sequence of white
bands extending generally in the radial direction prob-
ably reflect the interaction with the interface of voids
such as those shown in Fig. 9. As discussed in that
figure, these voids are the precursor to final failure.

4. Discussion

Two possible causes for the variations of adhesive
mechanical properties with bond thickness are mater-
ial changes which may be affected during adhesive
cure and variations in the flaw sensitivity of the bond.
The former argument can be ruled out considering
that the yield stress was independent of bond thick-
ness.

In pursuing the flaw-sensitivity argument, consider a
through-the-width Griffith crack of length a in an
infinite elastic medium subjected to a remote tensile
stress, 6, normal to the crack plane. The plane-strain
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Figure 14 (a, b) Scanning electron micrographs of the failed bond at
two magnifications, t = 5.6 pum. Adhesive is BP-907.

fracture mechanics solution is given by

(1 — v»rota

G =
! 2F

(6)
where E, v and G are the Young’s modulus, Poisson’s
ratio and the Mode I energy release rate, respectively.
It can be easily shown that for the napkin ring speci-
men, the maximum tensile stress in the adhesive, o,
occurs in a plane inclined at 45 ° to the direction of the
applied shear stress. Furthermore, at this inclination,
o, = 7. Neglecting the effect of the adherends, the
critical length for microcrack growth, a., can be
found from Equation 6 by substituting G,c for G; and
1, for o,

2E Gy
= -7 7
or (1 — v¥)mr} @

Equation 7 may be applied to the brittle adhesive

because sharp microcracks oriented at 45° to the
shearing direction were indeed present in the bond
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Figure 15 (a,b) As Fig. 14, for t = 14.7 um.

[3, 19]. Substituting Gic =73 Nm™" [18], 7, = 110
MPa (Fig. 3), E = 4 GPa and v = 0.33, one finds a,
= 17 um. The projection of a, in the thickness direc-
tion of the bond is 12 pm. The closeness of this value
to the transitional bond thickness in which y* begins
to decline with 7 (i.e. t ~9 um, see Fig. 4) supports the
proposition that the latter trend is due to stress con-
centration effects caused by the microcracks. This
seems to be supported also by the SEM results.
As discussed earlier, over the bond thickness range
where yf' no longer increases with decreasing ¢ (i. e.
t <9 um), intense plastic deformation and micro-
cracking occurred throughout the interlayer, which
indicates that the full capacity of the material to
deform has been exhausted. Conversely, for t > 9 pm,
bond separation and extensive plastic deformation
were limited to the interface region. This, together
with other experimental evidence [19] suggest that a
premature failure caused by linkage of adjacent micro-
cracks has preceded the attainment of the ultimate



Figure 16 (a, b) As Fig. 14, for t = 0.285 mm.

straining capacity of the adhesive. Accordingly, the
stabilization of y¥ for large values of ¢ may be at-
tributed to a full development of the elastic stresses at
the tip of the microcracks. Note that the correspond-
ing value of y?* (10%-15%) is similar to that found
when testing the bulk material under special measures
to minimize tensile stresses {207.

Unlike for the brittle epoxy, the video records (see
Fig. 9) show that for the ductile BP-907 adhesive, the
voids have a complex three-dimensional shape so that
the applicability of LEFM to predict flaw sensitivity
for this material is doubtful. Strength predictions
based on void growth models seem more appropriate
in this case. Nevertheless, the decrease in y?! with ¢
shown in Fig. 7 is probably due to the development of
large strains around voids in thick bonds, the effect
that is manifested around Point A in Fig. 9. The
greater ultimate shear strain of this adhesive com-
pared to the brittle epoxy evident at large values of ¢ is
consistent with the greater fracture resistance found in
testing precracked adhesive bonds [19].

Considerable work has been done to clucidate the
effect of bond thickness on the tensile and shear
strengths of adhesive joints. In both cases, the joint
strength is typically found to increase with decreasing
t. For tensile loading, this increase-is generally at-
tributed to the development of a triaxial state of stress
in the adhesive which results from suppression of
adhesive necking by the more rigid adherends (see, for
example, [187]). For shear loading, the triaxiality argu-

ment is less appealing. The improvement in joint
strength with decreasing ¢ in this case was attributed
to the effect of residual thermal stresses [6] or adhe-
sive straining rate [12]. None of these arguments
seems applicable in the present study; for the brittle
epoxy, T; is essentially independent of ¢ while for the
toughened adhesive the increase in joint strength is
clearly due to strain hardening. The latter phenom-
enon occurs also in bulk polymers, e.g. amorphous
polycarbonate subjected to shear [21], and it is gen-
erally attributed to stretching and orientation of mo-
lecular chains {21]. As shown in Fig. 8, this effect
occurred only when v™ exceeds 77%. The results
presented indicate that the lack of strain hardening for
thick bonds (i.e. t > 0.165 mm, see Fig. 6) is due to an
early failure caused by void growth. Conversely, the
rise in 1, as t is decreased from 0.04 mm may be
attributed to a decrease in the flaw sensitivity of the
joint, which allows for a greater material stretching
before flaw-induced failure may take place.

The decline in 7; as t is decreased from approxim-
ately 10 pm, common to both adhesives tested, ap-
pears somewhat surprising given our earlier argument
that the flaw sensitivity diminishes with decreasing .
A possible explanation for this effect is provided by the
SEM results. As shown in Figs 12-14, the failure of
thin bonds is characterized by extensive microcrack-
ing and damage that occupy the entire bond region.
This is in contrast to the behaviour for thick bonds
where the microcracking density is limited. The denser
microcracking damage in thin bonds causes stiffness
degradation in the matrix, which may be responsible
for the observed trend.

5. Conclusion

The post-yield behaviour of a brittle and a ductile
interlayer subjected to shear deformation was studied.
The mechanical properties of the adhesive varied with
bond thickness. In particular, the ultimate shear strain
exceeded 300% when ¢t was decreased to a few micro-
metres. Experiments and analytical considerations
suggest that these variations are controlled by the
degree of stress concentration at the tips of tensile
microcracks or voids that are formed in the interlayer
during the deformation process, not by material
changes that may be induced during processing. While
the specific dependence of these stress risers on bond
thickness has not been elucidated, the limit behaviour
for small and large values of t is reasonably well
understood. For thick bonds, the stress field around
the flaws is fully developed, which leads to the stabiliz-
ation of v; at a small value similar to that of the bulk
material. Conversely, for very thin bonds, the driving
force at the tip of the microcracks becomes less than
the critical value for crack propagation so that the
measured ultimate strain most likely represents an
intrinsic material property.

For the ductile adhesive, the yield stress was inde-
pendent of bond thickness. The initial yield was fol-
lowed by a strain-hardening phase which may be
attributed to stretching and orientation of molecular
chains. This phase always began when the adhesive
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shear strain reached a specific value (77%). For relati-
vely large bond thicknesses, flaw-induced bond failure
has preceded the attainment of this critical value,
which eliminated the strain-hardening phase. Instead,
strain softening occurred once y* reached 52%. For
both adhesives, the failure stress unexpectedly dec-
lined once ¢t was decreased from about 10 pm. SEM
analysis showed that this bond thickness regime was
distinguished by the occurrence of extensive damage
and microcracking that occupied the entire interlayer.
The resulting stiffness degradation in the adhesive
layer may be responsible for the above trend.

The experiments show that over the bond thickness
range used in traditional adhesive bonding appli-
cations (i.e. t > 0.1 mm), the joint performance is not
necessarily the best. The present testing approach
offers a reliable means for designing composites,
microlaminates and adhesive joints for optimal per-
formance. In current damage tolerance analyses of
composites, the properties of the constrained inter-
layer are generally represented by those of the bulk
material. The results presented show that this pre-
sumption may be vastly in error. The data also imply
that very large displacement gradients may develop
within interlaminar resin-rich layers or between adja-
cent fibres in composite structures loaded beyond the
yield point of the matrix. Indeed, this has been demon-
strated for unidirectional composite laminates [22,
237. Unfortunately, current lamination plate theories
ignore this effect.
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