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This paper experimentally investigates adhesive fracture resistance and crack path selection in adhesive joints
containing well-defined localized interfacial defects. Several systematic patterns of localized interfacial defects
were created on base-acid treated aluminum adherends by physical vapor deposition of copper through a mask.
Adhesive joints were prepared using a commercially available, structural epoxy adhesive and the effect of lo-
calized interface defects on the performance of adhesive joints was studied. Under mode-I loading conditions,
the presence of localized weak interfaces influenced the fracture energy of a propagating debond over a con-
siderable distance. For a crack tip approaching a given weak interface pattern, a falling or reverse R-curve type
trend was observed. Within the same DCB specimen, as the crack tip advanced beyond the patterned region, a
rising R-curve type trend was observed as fracture energy increased with increasing crack lengths, which were
recorded visually and were also inferred using compliance and crack length relationship. In addition, the mode-I
fracture energy was found to scale with the area fraction of the weak interfaces according to a rule of mixtures.
For the adhesive system and the joint geometry used in this study, it was observed that cohesive failure in the
adhesive layer can be obtained even in the presence of exceptionally weak interfaces (similar in size to those
detected in mode-I loading) when loaded under mixed mode conditions (achieved through asymmetric loading
of DCB-like specimens), that tended to steer the crack away from the interface. When loaded with the opposite
mode mixity direction, the crack tip propagated through the defects, though the fracture energy did not exhibit
similar R-curve type trends as observed in mode-I tests. The results offer insights into the interaction of pro-
pagating cracks in adhesive layers and their interactions with discrete, localized defects, which could lead to
improvements in surface preparations and bond integrity or even to joint designs having intentionally placed
defects useful in controlled disassembly or for other purposes.

1. Introduction

Identifying the locus of failure in adhesive joints is important for
understanding and interpreting bond performance. The crack path se-
lection process, which determines the resulting locus of failure and the
associated fracture resistance in adhesive bonds, involves a complex
interaction of the spatially varying stress state ahead of a growing crack
tip with the material system's resistance to failure, as demonstrated
theoretically [1] and experimentally, including as affected by thermally
[2] and mechanically induced [3] residual stresses, and with the pre-
sence of a supporting scrim layer [4]. Though a number of studies have
been carried out to understand effects of joint geometry [5,6], fracture
mode mixity [7], and material properties [8] on crack path selection

and the performance of adhesive bonds, several studies have probed
crack path selection and adhesive joint fracture performance in the
presence of localized interfacial defects. Examples include peeling of
tapes from a patterned ink layer on a silicone substrate [9], fracture of
micro-patterned roughness domains for microelectronic encapsulant
adhesion [10] and patterned silane treatments on aluminum (oxide)
surfaces as measured with climbing drum tests [11]. Budzik et al. re-
ported that weak interfaces reduce the overall adhesion more than that
would be expected from a linear reduction in bond area [12]. Chopin
et al. studied the spatiotemporal dynamics of a crack front propagating
at the interface for patterned substrate with a single defect [13]. Cu-
minatto et al. proposed an analytical model to characterize the de-
bonding of patterned substrates, highlighting the role of pattern
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periodicity and line width on interfacial mechanical behavior during
debonding [14]. Dalmas et al. studied the effect of macroscopic uni-
dimensional patterns in the direction of crack propagation on crack
front morphology [15]. Tvergaard et al. studied the role of micron scale
patterning on the interface toughness using patterned wafer level Cu-Cu
bonds wherein 400 nm Cu films were deposited in a variety of patterns
on Si wafer substrates [16]. Reedy conducted a finite element analysis
to determine interfacial toughness dependence of brittle, thin film
material systems on nano-scale interfacial roughness using parallel
rectangular-toothed or rippled cross-section shaped patterns [17].

During the manufacture of adhesive joints, it is difficult to com-
pletely prevent defects in adhesive joints. These defects can be in the
form of voids, improperly mixed or cured adhesive in some locations,
adherend surface contaminations, etc. The presence of such defects can
lead to weakened interfaces with reduced stiffness or load carrying
capabilities or disbonds that are incapable of resisting certain tractions
at the interface of an adhesive joint. In adhesive joints, disbonds with
traction-free surfaces can often be detected using non-destructive
techniques, however, it is difficult to detect weakened interfaces that
retain partial integrity [18].

An improved understanding of fracture resistance and crack path
selection in the presence of localized interfacial defects might lead to
adhesive joints with tunable failure locus and resistance to fracture.
Such joints might be useful in applications that require controlled dis-
assembly of adhesive joints, such as the packaging industry, and per-
haps other fields where recycling and reuse options offer enhanced
sustainability. This paper experimentally investigates adhesive fracture
performance and crack path selection in epoxy-bonded double canti-
lever beam (DCB) specimens containing well-defined and quantifiable
localized interfacial defects created using a physical vapor deposition
technique to deposit copper on aluminum adherends.

2. Experimental
2.1. DCB tests

All DCB specimens were prepared using 6061-T6511 aluminum bars
as adherends, having dimensions of 305 mm X 25.4 mm X 12.7 mm.
Holes were drilled at the midplane on one end of each aluminum bar to
accommodate loading pins. The bonding surfaces of the adherends were
then abraded with #220 sandpaper. Abraded adherends were washed
with deionized (DI) water and treated with a sodium hydroxide (base)
solution and rinsed again with DI water. The adherends were then
immersed in a nitric acid solution and rinsed with DI water again before
being dried for 2 h at 120 °C. This procedure is typically referred to as
“base-acid treatment” and details of which are reported in [8]. The
joints consisted of two such control adherends, but for most specimens,
one of the adherends was subsequently modified to form locally wea-
kened regions on the bonding surface. Several patterns of local weak
interfaces were created on base-acid treated aluminum adherend sur-
faces utilizing physical vapor deposition (PVD) of copper (99.99% pure)
with a Kurt-Lesker PVD-250 instrument. Acrylic masks (1.27 mm
thickness) with desired patterns were prepared using an Epilog laser
cutter (64 W). The acrylic masks were cleaned with compressed ni-
trogen gas and acetone prior to use, then mounted on the adherends to
be treated. The acrylic mask was placed on the adherend such that it
covered the entire area of the bonding surface except for the patterns on
the masks. Physical vapor depositions were carried out at 25 °C in a
clean room environment at 6.6 x 10~ “ Pa pressure and at a deposition
rate of about 0.25 nm/s. The final thickness of the deposited copper
film was about 250 nm. Fig. 1 summarizes the procedure used to create
libraries of patterns containing localized weak interfaces for a given
specimen. As discussed in a later section, each copper deposited region
within a pattern forms a local weak interface due to poor adhesion
between the deposited copper and the aluminum adherends.

Fig. 2 summarizes dimensions of the weak interface patterns for all
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Fig. 1. Procedure used to create patterns with locally weak interfaces on the bonding
surface of base-acid treated aluminum adherends.

tested specimens and the crack grew from left to right in subsequent
DCB testing. The left edge of each schematic diagram represents the
position of loading holes with respect to the first pattern. Except for
specimens of type B (two replicates), one specimen was tested from
each other specimen type. A detailed discussion on the choice of a
particular pattern is included in Section 3.

A commercially available toughened structural epoxy adhesive
(LORD™ 320/322) was used to bond the prepared aluminum adher-
ends. For all specimens, a bondline thickness of 0.2 mm was maintained
by placing spacers at each end of the specimen during assembly. Per the
adhesive manufacturer's recommendation, specimens were cured for
14 h at room temperature and post-cured at 60 °C for 3 h. All DCB tests
(mode-I and mixed mode) were carried out at a net crosshead rate of
0.1 mm/min. A 5800R Instron tensile testing machine was used for
mode-I tests while mixed mode tests were carried out using a dual ac-
tuator load frame and using a global mode mixity angle () of 60° in all
mixed mode tests. Details of dual actuator load frame and mode mixity
calculations are described in [19]. Mode-I and mixed mode fracture
energies were calculated using corrected beam theory as described in
the ISO-25217:2009 standard,

__ 3PS _r
2B(a + a)

e

@

where ¢, is mode-I fracture energy, P is the load measured by the load
cell, a is the crack length, § is the crosshead displacement at crack
length a, F is the large displacement correction, B is the width of the
specimen and of the bond, and 4 is the crack length correction.
During the DCB tests, crack lengths were measured by visual ob-
servation of the crack tip using a magnifying glass. This limits the
number of data points that can be gathered for a given specimen. For a
DCB specimen with drilled holes, the flexural modulus (Ey) relates with
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Fig. 2. Schematic representation and dimensions of weak interface topology in specimens
used in the study.

the compliance of the specimen and the measured crack length as (ISO-
25217:2009 standard)

_ 8(a+a)
T cBW3 2

where, C = é

p

Rearranging Eq. (2) leads to,
8
= — + 4)3

[EfW ](a “ 3)

Since load and beam deflections (crosshead displacements) were
measured automatically every 0.1 s during the tests, from which com-
pliance could be determined, the compliance as a function of visually
observed crack length could be fit using Eq. (3) (typically with
R2 > 0.999), from which one could infer crack lengths over an entire
test. These inferred values are referred to as estimated fracture energies
in subsequent figures; their use permitted a more complete under-
standing of the evolving fracture resistance. Using Eq. (1), fracture
energies were then calculated from visually observed crack lengths as
well as from inferred crack lengths.

2.2. Single edge notch bend (SENB) tests

SENB tests were used to calculate the plane stress fracture toughness
(Kyo) of the bulk adhesive, following the ASTM D 5045-99 standard.

198
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Epoxy specimens were cast using silicone molds and cured at the same
conditions reported above for the DCB test specimens. The SENB spe-
cimens had dimensions of about 57.1 mm X 12.7mm X 6.3 mm
(length x width X thickness). Specimens were pre-cracked by driving
a fresh, sharp razor blade with gentle tapping such that the crack tip
was a few millimeters ahead of the razor blade tip. Crack lengths were
measured using high-resolution images of the pre-cracked specimens
and digital image analysis software (Photron FASTCAM Analysis,
Photron USA Inc., San Diego, CA, USA). Pre-cracked specimens were
then mounted crack down on a 3-point bend fixture in a 5500R Instron
and loaded at a constant crosshead rate of 0.1 mm/min to failure. Plane
stress fracture toughness values were calculated per ASTM D 5045-99
standard utilizing tensile yield strength () ensite) Values estimated from
compression tests as described in the next section. The plane stress
plastic zone size, r,, was estimated using the following expression.

. . 1 K
Plane stress plastic zone size = — ke
2r Oy tensile

(€3]

where K. is the plane strain fracture toughness.

2.3. Compression tests on the bulk adhesive

Dogbone specimens tested in tension to obtain tensile yield strength
values failed in a brittle manner before yielding, precluding the use of
tensile tests for obtaining the tensile yield strength values. For a
toughened epoxy system, it has been reported that the tensile yield
strength is approximately 75% of the compressive yield strength [20].
For compression tests, three cylindrical specimens were cast and then
machined to a height/diameter ratio between 1.5 and 2.0 (ASTM-D695-
10 standard). The specimens were loaded between polished steel pla-
tens in an Instron 5500R test frame at a crosshead rate of 0.1 mm/min.
The compressive yield strength (0 compresion) Was determined by applying
a 1% strain offset to the resulting compressive stress vs. strain curves.

3. Results and discussion
3.1. Mode-I test results

Specimens of type A and B were control specimens having uniform
surface treatments. Fig. 3 shows representative failure modes and a
schematic representation of the observed failure locus for type A spe-
cimens (base-acid treated adherends) and type B specimens (100% PVD
copper coating on one adherend bonding surface). Visual examinations
of the failure surfaces revealed cohesive failure within the adhesive
layer for type A specimens and apparent interfacial failure at the
copper/aluminum interface for type B specimens. Repeatability of the
observed failure modes was confirmed by testing four DCB specimens of
type B and two specimens of type A, with representative mode-I DCB
fracture energy results shown in Fig. 4. For type B specimens, the crack
propagated at relatively high speeds through the copper/aluminum
interface, thus very few data points could be gathered. The collected
data suggested interfacial fracture energy of about 20 J/m? (calculated
using Eq. (1)). These fracture energies were much lower than the
average fracture energy (for multiple points on the same specimens) of
about 460 J/m? obtained for cohesive failures in type A specimens.
When coupled with exposure masks, these results suggest that the PVD
technique could enable the preparation of locally weakened interfaces
having an interfacial fracture energy approximately 4.5% of the frac-
ture energy of an adhesive joint having good interfaces that resulted in
cohesive failures.

As shown schematically in Fig. 2, specimen C had four localized
weak interfaces, separated by control regions, covering the entire width
of the specimen. When tested in mode-I, the specimen C pattern should
offer insights into the performance of an adhesive joint in which a
propagating crack is approaching a localized weak interface of
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Fig. 3. Failure surfaces for mode-I DCB tests (a) cohesive failure
within adhesive layer for type A specimen (control specimen), (b)

Adherend ! apparent interfacial failure at copper/aluminum interface for a
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Fig. 4. Mode-I DCB test results for control specimens, a representative specimen type A
with no copper coating on either adherend and for type B specimens with one adherend
having a PVD copper coating over the entire bonding surface. Red squares denote ex-
perimentally observed crack lengths and blue squares represent estimated crack lengths
inferred from load and displacement results. The inset shows expanded view of the data
from specimen B2. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 5. Failure surfaces of specimen C, suggesting interfacial failures in copper covered
regions.

significant width. Also, the control region length between successive
localized weak interfaces decreased progressively, allowing us to probe
the effect of separation distance between weakened interfaces on the
fracture performance of the adhesive in the control regions. Fig. 5
shows failure surfaces of specimen C when tested under mode-I con-
ditions. Similar to failure modes shown schematically in Fig. 3, the
copper deposited regions in specimen C showed an apparent interfacial
failure at the copper/adherend interface, while regions without copper
depositions (control regions) resulted in cohesive failures. Fig. 6 shows
mode-I fracture results for specimen C with localized weak interface
regions highlighted in light copper red color (Here, the crack length is
based on the visually observed crack tip at the edge of the specimen,
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Fig. 6. Mode-I DCB test results and schematic representation of the weak interface pat-
terns (orange in color) for specimen C, where shaded bars denote nominal locations of
weakened zones, red squares denote experimentally observed crack lengths and blue
diamonds represent estimated crack lengths inferred from load and displacement results.
(For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

though the actual crack length varied somewhat across the width of the
specimen).

To interpret the fracture response, recall that rising crack resistance
or R-curve behavior, results from the growing size of the plastic or
damage zone following crack initiation. Rising R-curve behavior has
been reported in adhesive joints by Papini et al. [21], though the un-
ambiguous identification of crack propagation required for R-curve
construction complicates determination. Crack propagation in tough-
ened structural adhesive joints is believed to begin with energy dis-
sipation mechanisms such as cavitation, micro-cracking, and shear
banding, these mechanisms lead to growth of a cohesive zone that
consists of yielded material and distributed micro-cracks [22]. With
further loading of the specimen, the micro-cracks coalesce and form a
macro-crack, which then propagates with formation of new micro-
cracks and the plastic zone into the adhesive layer [23]. Thus during
initial stages of fracture, the plastic zone may continue to expand,
leading to a progressive toughening of the joint as input energy is
dissipated by the plastic deformation. Depending on how one defines
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the crack length, this process can result in a rising fracture resistance
curve (R-curve) that eventually plateaus when the cohesive zone
reaches a steady-state size and the fracture resistance becomes constant.

Returning to Fig. 6, rising R-curve-like trends are observed as the
propagating crack approached each of the control regions. In Fig. 6 and
in the following sections, fracture energy data based on experimentally
measured crack lengths is shown using red squares (captioned as “Ex-
perimental data”), while the fracture energies calculated using esti-
mated crack lengths (Eq. (3)) are shown using small blue diamond data
markers (captioned as “Estimated data”). In the long initial control
region (crack length of 50-90 mm), the resistance curve plateau value is
similar to that measured for control type A specimens. The fracture
energy of the adhesive joint was not affected until the visually observed
crack tip was within about 8 to 10 mm from the first localized weak
interface. In the next control region (100-127 mm), a rising R-curve
and a possible plateau is observed. This process is repeated in each
subsequent control zone, with drops in fracture resistance initiating
similar distances ahead of each weak zone (except near the end of the
specimen). The shorter subsequent control regions are insufficient for
R-curve plateau development, resulting in successively smaller values
of the peak resistance with shorter control lengths.

Studies have shown that for a thin bondline thickness DCB speci-
mens, where height of the plane stress plastic zone is of the order of or
greater than the bondline thickness of the specimens, local tensile
stresses ahead of the crack tip remain high over a considerably longer
distance than that with bulk adhesive specimens [20]. Based on such
studies, it has been suggested that for thin bondline DCB specimens
bonded with a toughened structural epoxy adhesive, the plastic zone
ahead of the crack tip can be considerably longer in length compared to
the plastic zone length in bulk adhesive specimens [20,24]. The plane
stress plastic zone height in a bulk adhesive specimen can be estimated
using Eq. (4). Table 1 lists the average plane stress fracture toughness
obtained from the SENB tests, results from compression tests, and the
average plane stress plastic zone diameter or height calculated by
doubling the result from Eq. (4).

From SENB tests, the plane stress plastic zone height for bulk ad-
hesive specimens was around 0.17 mm, which is very similar to the
bondline thickness (0.2 mm) used in this study. Thus the onset of re-
verse R-curve trends at 8 to 10 mm prior to weak interfaces might be
due to longer plastic zone that develops ahead of the crack tip. In light
of a longer plastic zone, the reverse R-curve type trends might be due to
plastic zone dimensions ahead of the crack tip evolving towards smaller
steady state dimensions as insufficient tractions at the weak interface
start influencing the development of plastic zone.

Falling R-curve-like behavior is also observed as the crack tip ap-
proaches a weakened interface zone covering the entire width of the
specimen, eventually leading to unstable crack growth as the crack shot
through the remainder of the weakened interface. Similar trends have
been observed analytically and through experimental work around DCB
specimens with heterogeneous interfaces [14,16,26]. As suggested
earlier, the declining resistance results when the tractions integrated
over the remaining ligament are insufficient to maintain the fracture
resistance plateau seen in control specimens. When the crack advances
far enough, the crack suddenly propagates along the weakened

Table 1
SENB and compression test results.
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interface in a rapid release of the available strain energy. This unstable
crack growth could continue until tractions across the next control re-
gion begin building to arrest the crack. Dynamic effects associated with
the unstable crack growth would also affect the distance over which a
crack would grow in an unstable manner. Interestingly, the interactions
of growing cracks with weakened interfaces could offer a means to
study cohesive zones and traction-separation relationships from a new
perspective, using techniques such as those developed by Gowrishankar
et al. [27,28].

These observations indicate that the crack propagation behavior is
influenced over a considerable distance both preceding and in the wake
of weak interface regions that cover the entire width of the specimen.
At this point, the distances mentioned above are tentative as the crack
length is based solely on visual observations of crack tip location on the
free surface. Based on thumbnail shapes observed using a dye-penetrant
ink during separate mode-I DCB tests on control (type A) specimens,
distances from weakened zones at the onset of reverse R-curve could be
about 2 mm shorter than visually observed edge cracks, upon which the
figures are based. (This thumbnail shape is often attributed to plane
strain vs plane stress and anticlastic bending of adherends.) The one-
sided error bar shown (only on a single data point to avoid confusion) in
Fig. 6 and subsequent figures represents this distance uncertainty. Es-
sentially, the crack could be this much longer, thereby affecting the
crack tip position register with respect to the weakened zones.

Specimens D, E and F did not have a continuous weak interface
across the entire width of the specimen, but each had four patterns of
discrete weak interfaces separated by control regions. Details of the size
of the localized weak interfaces (s) within patterns, separation distances
within (d), and between successive patterns are provided in Fig. 2. For
reference, the smallest defects among specimens D, E and F were ap-
proximately 6.5 times the adhesive layer thickness, a relative mea-
surement with a basis in shear lag concepts and used in the literature
[29]. All four patterns in specimen D had identical dimensions. In
specimen E, the separation distance (d) between the local weak inter-
faces within a pattern was increased in successive patterns, while
keeping the local weak interface size (s) constant for all four patterns.
Control regions with similar lengths separated all four patterns in
specimens D and E. In specimen F, the size of the local weak interface
(s) in a pattern was increased for successive patterns, keeping a constant
separation distance (d) between squares for all four patterns within the
specimen. In specimen F the distance between the successive patterns
was not similar as in specimens D and E, but this distance was decreased
in successive patterns.

Fig. 7 shows failure surfaces of specimens D, E and F when tested
under mode-I conditions. It was observed that, similar to failure modes
shown schematically in Fig. 2, copper deposited regions showed ap-
parent interfacial failures at the copper/adherend interface, while re-
gions without copper deposition showed cohesive failures within the
adhesive layer. Specimen D had four patterns of weak interfaces. All
patterns had identical dimensions (s, d) and the length of the control
regions between successive patterns was similar.

Figs. 8-10 show mode-I test results for specimens D, E and F, where
the patterned regions are highlighted as in Fig. 6, along with the 2 mm
estimate of crack length uncertainty on a single data point. The

Compressive modulus Compressive yield strength® Tensile yield strength” Kic (MPam®®) Plane stress plastic zone diameter®
(GPa) (MPa) (MPa) (mm)
Average 2.45 37.77 28.33 1.16 0.17
Standard deviation 0.32 0.63 0.47 0.15 0.13

 Calculated using 1% offset.
b Equal to 75% of the yield strength in compression [25].
¢ Calculated using Eq. (4).
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Fig. 7. Failure surfaces of specimens D, E and F tested in mode-I conditions. For reference,
the smallest defects are approximately 6.5 times the adhesive layer thickness.
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Fig. 8. Mode-I DCB test results and schematic representation of the weak interface pat-
tern regions (shaded columns) for specimen D.

undulating fracture resistance arises as the growing crack grows
through successive patterned and control regions with different areal
fractions of copper present. Specimens D, E and F also suggested re-
versed R-curve behavior, albeit less in magnitude than that for spe-
cimen C, as the crack tip approached a patterned region, where fracture
energy starts to decrease before the crack tip reaches a patterned re-
gion, falling to what appears to be plateaus within each given patterned
region. An R-curve type of behavior is observed as the crack tip leaves
the patterned region and enters the control regions between successive
weak interfaces. The R-curve trend continues in the control region till
the fracture energy reaches a maximum. For specimens D and E, the
maximum fracture energy observed in successive control regions be-
tween patterns was reasonably constant and was similar to the fracture
energy of specimens of type A. In specimen F, the maximum fracture
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energy observed in successive control regions between patterns (strong
interface regions) decreases with smaller lengths of the control regions,
indicating that in such cases, control regions were too short to permit
full development of the R-curve. Also, it was observed that the
minimum or the plateau fracture energy generally correlated with the
fraction of good interface area within a pattern, as also shown in the
figures by noting how the data points approach the solid horizontal
lines showing percent of strong interface area on the right vertical axis,
where 100% was normalized to the measured fracture energy of control
specimens. In specimens D, E and F an appearance of a minimum or a
plateau in the patterned regions having a range of s and d values hints
towards the overall reduction in the fracture energy as the net wea-
kened area increases rather than local contributions that arise due to
micro-mechanisms at the crack tip, as will be discussed in a following
section. Also of note is the fact that crack propagation remained stable
in these specimens, perhaps because the continuous control regions
among the weakened patterns retained sufficient traction capabilities.

In specimen C and for the first pattern in specimen E, a falling R-
curve-like behavior is also observed as the crack tip approaches a
weakened interface zone, eventually leading to unstable crack growth
as the crack shot through the remainder of the weakened interface. This
unstable crack growth could continue until tractions across the next
control region begin building up and arrest the crack. In order to test
this hypothesis, specimen G was prepared such that no long control
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Fig. 11. Mode-I DCB test results and schematic representation of the weak interface
pattern regions (shaded columns) for specimen G.

regions separated the patterned regions. Pattern dimensions (d, s) were
chosen such that the fraction of weak interface area decreased as the
growing crack entered successive patterns, as shown schematically in
Fig. 2. In specimen G the entire bonded area between the drilled holes
up to the first pattern was coated with copper (100% coverage). Two
patterns followed this fully coated area where separation between
patterns was essentially the local weak interface separation distance (d)
for the next pattern. Mode-I test results for specimen G are shown in
Fig. 11. In the test region where the entire bonded area was covered
with copper, the fracture energies were similar to that of specimen B. In
patterns following this region, it was observed that the fracture energy
remained essentially constant within a given pattern and that the
fracture energy increased with decreasing fraction of weak interfaces.

Specimens D, E, F and G patterns contained several discrete loca-
lized weak interfaces along the length of the specimens. Along the
width and the length of the specimens, the localized weak interfaces
within a pattern were separated by good (control) interfaces. In spe-
cimen H, the localized weak interfaces were separated along the width
of the specimens but they were continuous along the length of the
specimens, as shown in Fig. 2. This particular specimen type is similar
to that used by Budzik et al. while studying the effect of weak interfaces
on the fracture energy of an adhesive joint where a continuous weak
interface was created throughout the length of the specimen [30]. As
discussed for Fig. 3, copper deposited regions showed an apparent in-
terfacial failure at copper/adherend interface, while regions without
copper depositions showed cohesive failures within the adhesive layer.
Mode-I test results for specimen H are shown in Fig. 12, revealing si-
milar R-curve type trends as observed for specimens D, E, F and G. Also
the maximum in the fracture energy within control regions correlated
with the size of the control regions between successive patterns in-
dicating that control regions were too short to result in fully developed
R-curves.

The figures above have suggested a correlation between the mea-
sured fracture energies and the fraction of non-weakened bond area.
Fig. 13 compiles this information, showing the minimum fracture en-
ergy values within patterned regions of specimens D, E, F, G, H and
fracture energies of control specimens of type A and B plotted against
the area fraction of good interfaces within the pattern. Also, in speci-
mens D, E, F, G and H, the lengths of patterns were more than twice the
distance between a pattern region and the onset of reverse R-curve type
trends prior to a patterned region. Interestingly, it was observed that
the measured fracture energy at the minimum within patterned weak
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Fig. 12. Mode-I test results and schematic representation of the weak interface pattern
regions (shaded columns) for specimen H.
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Fig. 13. The minimum fracture energy within a patterned region as a function of the area
fraction of weak interface regions and the rule of mixtures according to Eq. (5).

interfaces of various densities with several sizes and separations were
accurately modeled by a rule of mixtures, which is also plotted in
Fig. 13:

()

where Zry is an effective fracture energy, %y.q is an interfacial frac-
ture energy at the Cu/Al interface from Fig. 4, %y.,ne is the cohesive
fracture energy of the adhesive for the geometry used in this study,
Aweax and Aggong are, respectively, the area fractions of the weak and
the strong interfaces within an entire patterned region determined
using mask pattern dimensions.

It is interesting to note that Fig. 13 includes data from all the pat-
terns used in this study. As shown in Fig. 2, these patterns contained
localized weak interfaces of several sizes and several separation dis-
tances. The rule of mixtures agreement is, after all, consistent with the
energy per unit area required to propagate a crack that is the basis of
fracture mechanics. The agreement with the rule of mixtures is in
contrast to results observed by Chan et al. for adhesive joints containing
patterns of weak interfaces and bonded with a soft adhesive [31],
during which higher or lower fracture energies than those predicted by
the rule of mixtures were observed, depending upon the shape of weak
or strong discrete interfaces facing the crack tip. Chung and Chaudhury
et al. [32] studied the behavior of adhesion and crack propagation in
patterned adhesive films. The adhesive films consisted of silicone
elastomer patterned using longitudinal, lateral and crosswise incisions.
Significant enhancement in fracture energy was observed for crosswise

Grotal = Aweak GWeak + AStrong gStrong
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incisions, which was attributed to crack pinning mechanisms at the
incisions. However, it must be noted that the modulus of structural
epoxy adhesive used in the current study is several orders of magnitude
higher than the typical modulus range of a soft adhesive. In this study,
mode-I results even with very small defects approximately 6.5 times the
adhesive layer thickness of 0.2 mm, showed that the growing crack
found most of the defects. Based on numerical studies using a cohesive
zone model (CZM), Guan et al. have shown that detection of weak in-
terface by a growing crack is a function of peak interfacial tractions
available at the interface [28].

3.2. Mixed mode test results

The locus of failure in an adhesive joint and the resulting fracture
energy are often reported to depend on the applied mode mixity [1,3].
Under mixed mode conditions, the stress state ahead of a crack tip often
tends to drive the growing crack toward the adherend whose bonded
surface is in tension. Thus, by using mixed mode loading, cracks can
often be steered preferentially towards one adherend or the other. As
shown earlier in Fig. 8, when the specimen D was tested in mode-I
conditions, R-curve type trends were observed around patterned re-
gions. Also the onset of reverse R-curve trends was observed when the
observed crack tip was within 8 to 10 mm of the patterned regions.
Fig. 14 shows failure surfaces around patterned region of type D spe-
cimen when tested in mixed mode conditions such that the adherend
surface with weak interfaces was in axial tension due to bending. This
leads to a stress state ahead of the crack tip that steers the crack towards
the adherend containing the weak interface patterns (globally y =
+ 60° with reference to the weakened interface).

From Fig. 14, it is observed that, unlike the failure modes observed
for mode-I conditions, 8% weak interface regions within a pattern were
not detected by the propagating crack. Interestingly, the growing crack
debonds fewer of the weakened areas when the crack is steered towards
the weakened interface than seen under mode-I loading. Also, many
local weak interfaces were only partially detected, with a cohesive

Fig. 14. Failure surfaces of specimen D when tested in mixed mode (y = +60°) condi-
tions, where arrows point to undetected weak interface areas.
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presenting mode mixity (degrees) and fraction of strong interface area (%).

failure in the adhesive layer over a portion of these weak interface
regions. This is likely associated with the more complex hackle failure
mode experienced when mode-II loading is present. DCB test results for
specimen D when loaded under mixed mode conditions for a crack tip
approaching and passing through a patterned area are shown in Fig. 15.

Interestingly, when a type D specimen was tested under mixed mode
conditions, no R-curve type trends were observed either preceding or in
the wake of patterned regions. Mode-I test data around the identical
patterns is shown in Fig. 8. As shown in Fig. 10 under mode-I conditions
fracture energy remained reasonably constant as the crack tip ap-
proached and entered an identical patterned region. Thus the same
weak interface pattern when tested in mixed mode conditions did not
show a significant effect on the fracture energy compared to the ap-
proximately 20% drop in the fracture energy in the patterned region
when loaded in mode-I. Interfacial fracture toughness is known to be
strongly dependent upon the mode mixity angle [33-35]. In light of
such reports, higher interfacial resistance often associated with shear
loading might provide sufficient interfacial tractions needed for the
plasticity ahead of the crack to remain fully developed, leading to an
absence of R-curve type trends in mixed mode conditions, at least for
this specimen configuration.

Fig. 16 shows failure surfaces of identically patterned DCB speci-
mens tested in mode-I and under mixed mode conditions (globally y =
—60°) such that adherend bending put the weakened surface in axial
compression, resulting in a stress state ahead of the crack tip which
should drive the crack away from the weak interfaces.

It was observed that almost all the weak interfaces in patterns were
detected by the crack tip in mode-I conditions, while in mixed mode
conditions (y = —60°) very few local weak interfaces were detected by
the growing crack, resulting in predominantly cohesive failures within
the adhesive layer, even in the presence of very weak local interfaces in
the patterned regions, confirming the possibility of diverting failures
away from small but very weak interfaces. The observations reported in
this study under mixed mode loading conditions are similar to that
reported by Guan et al. whose numerical studies indicated that remote
mixed mode loading is capable of either steering the crack into the
weakened area, or away from it [28]. Their results also showed that
defect size and interfacial peak traction were important in determining
the crack path trajectory in linearly elastic materials.

It should be noted that the above results are based on a single set of
pattern dimensions (s, d) and for the geometry and materials used in
this study. Nevertheless, these are interesting outcomes when con-
sidered in terms of potential applications such as controlled dis-
assembly of the adhesive joints. For example, although based on pre-
liminary and limited results, patterned bonds suggest possibilities to
tune the mode-I fracture energy without significantly affecting mixed
mode fracture behavior. Though it should be noted that under actual
service applications, factors such as environmental conditions, fatigue



S.R. Ranade et al.

loading, or other factors could affect trends observed in this study.

4. Conclusions

A technique is reported for creating well-defined and quantifiable
localized weak interfaces on base-acid treated aluminum adherends
using physical vapor deposition of copper. By using this technique to
create several systematic patterns, the effect of the presence of localized
interface defects on the performance of structural epoxy adhesive bonds
was studied. Under mode-I loading conditions, the presence of localized
weak interfaces influenced the fracture energy of a propagating debond
over a considerable distance both before and following a local pattern
of weakened interfaces. A reverse R-curve behavior was observed for a
crack tip approaching a localized weak interface while rising R-curve
type behavior was observed for a crack re-entering a control region.
Furthermore, the mode-I fracture energy scaled with the area fraction
of weak interfaces, according to the rule of mixtures. For the adhesive
system and joint geometry used in this study, it was observed that under
mixed mode loading such that the bonding surface with defects is in
tension, the growing crack tip detects most of the defects but does not
show a significant effect on the fracture energy. In contrast, a crack
could be made to avoid exceptionally weak interfaces when loaded
under mixed mode conditions such that the bonding surface with de-
fects is in axial compression. This possibility combined with an ability
to tune fracture energies in mode-I conditions may offer joint design
options to allow a joint to either tolerate or be more susceptible to
interfacial defects, offering the ability to tailor joint performance, de-
signed failure modes, or easier disassembly. Furthermore, the reverse R-
curve behavior seen as a propagating crack approaches a weakened
material or interface region opens a potential opportunity for further
elucidating cohesive zone tractions in material systems.
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