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Structure and Energetics of Dislocations at Micro-
Structured Complementary Interfaces Govern Adhesion

Congrui Jin, Anand Jagota,* and Chung-Yuen Hui*

Highly enhanced adhesion can be achieved between surfaces patterned

with complementary micro-channel structures. An elastic material,
poly(dimethylsiloxane) (PDMS), is used to fabricate such surfaces by molding
into a silicon master with micro-channel profiles patterned by photolithog-
raphy. For each pair of complementary surfaces, dislocation defects are
observed in the form of visible striations, where ridges fail to fully insert into
the channels, and the rotational misalignment angle was found to be the key
factor controlling the dislocation distribution and adhesion strength. Adhe-
sion between complementary interfaces, as measured by energy release rate
required to propagate an interfacial crack, can be enhanced by up to 30 times
compared to a flat control depending on the misalignment angle. The ability
to control the orientation and periodicity of dislocation patterns by changing
misalignment angle makes this system eminently controllable. This system
could be a useful experimental tool in assisting research on geometry-con-
trolled adhesion, while providing a test-bed for stability theories of interacting

analyzed by Bai et al. and Jin et al..'>1] As
for structural and shape complementarity,
Vajpayee et al.l'” showed that highly selec-
tive adhesion can be achieved between
complementary elastic surfaces patterned
with ripples. Their results demonstrated
that it is relatively simple to destroy adhe-
sion between non-complementary sur-
faces. For example, rippled surfaces with
different amplitudes or wavelengths do
not adhere to each other. It is more dif-
ficult simultaneously to achieve selective
adhesion and the basic question is whether
and how the inevitably present small mis-
matches, either in the dimensions of the
pattern or in alignment of the two sides
of the interface, will be accommodated
over length scales much larger than that

dislocations and crack fronts.

1. Introduction

Adhesion selectivity via complementarity involves endowing sur-
faces with specific properties, such as texture, so that interaction
between all except matching pairs is strongly attenuated. Various
types of complementarity have been widely observed in nature,
e.g., shape, charge, magnetic, and hydrogen-bonding.['-12!
The recent study by Singh et al.'3] provides a comprehensive
list of references, both theoretical and experimental. Although
the physical principles of complementarity in nature are quite
well understood, the deliberate control of adhesion selectivity
of material surfaces by complementarity has not been studied
much as yet.' The possibility of adhesion selectivity between
two flat surfaces with striped patterns of alternating positive and
negative surface charges separated by an electrolyte has been
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of the repeating pattern. Singh et al.l'3]
investigated the adhesion enhancement
between complementary surfaces with
micro-channel structures in a rectangular-
toothed pattern, and observed an interesting phenomenon: the
appearance of defects in the form of visible striations.

In the present study, we examine the observed defect structures
in detail. In particular, we establish their geometrical features to
relate the local and global changes in the distribution and orienta-
tion of defect structures to factors influencing adhesion, such as
misorientation and ridge/channel's geometrical parameters. We
ask the questions: How do defect structures affect the interfacial
adhesion? What is the enhancement due to complementarity and
how is it attenuated by the defects? What is the nature of inter-
facial crack growth? How does the crack interact with the micro-
structure and with defects? To answer these questions quanti-
tatively, we have carried out a series of well-controlled adhesion
tests on complementary surfaces while progressively increasing
the misalignment angle. It is hoped that such an approach will
contribute to a better understanding of the effect of directional
patterned heterogeneities on interfacial fracture energy between
complementary surfaces, with potential implications for their use
as adhesives, binders, coatings and sealants.

2. Experimental Methods

2.1. Sample Fabrication

To fabricate samples with micro-channel structures in a rectan-
gular-toothed pattern on the surface, i.e., parallel channels with
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Figure 1. lllustration of sample fabrication. A typical piece of sample is 610 um thick, 30 mm
long and 10 mm wide. a) The etched silicon masters with parallel micro-channels on the surface
patterned by photolithography. This silicon master contains four patterned areas. b) The cured
PDMS layer was peeled off from the silicon master. This set of samples is called the ridge side.
¢) The channel side was obtained by a second molding and curing of PDMS on the first set of the
samples. This figure also shows the optical micrographs of a pair of complementary surfaces.
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The cured PDMS layer, as shown in
Figure 1b, was then peeled off the silicon
master. A typical piece of sample is 610 pm
thick, 30 mm long and 10 mm wide. This
first PDMS sample is called the ridge side.
The ridge side was coated by a monolayer of
n-Hexadecyltrichlorosilane (C;sH33Cl3Si). A
sample with a complementary surface pro-
file, called the channel side, was obtained by
a second molding and curing of PDMS on
first set of the samples (i.e., the ridge side),
as shown in Figure 1c, which also shows
optical micrographs of a pair of complemen-
tary surfaces.

2.2. Adhesion Testing

a rectangular cross-section, we began by molding an elastomer,
poly(dimethylsiloxane) (PDMS), into etched silicon masters
with parallel micro-channels on the surface patterned by pho-
tolithography, as shown in Figure 1a. The channel width of the
original masters, w, was fixed at 10 pm, the minimum center-
to-center spacing or smallest period, ¢, was varied from 20 to
125 um, and channel depth, d, was varied from 10 to 20 um.
This study is mainly focused on the case d = 10 pm. Liquid
PDMS precursor (silicone elastomer base) was mixed with
curing agent (Sylgard 184 Silicone Elastomer kit, Dow Corning)
in weight ratio of 10:1. The liquid silicone mixture was then
degassed under vacuum for 40 min before applying to the
master and was cured at a temperature of 80°C for 120 min.

The rotational misalignment angle 6, as

defined in Figure 2a, is the key factor control-
ling the geometry and adhesion strength of the two complemen-
tary surfaces. We measured the adhesion of the complementary
surfaces for different values of misalignment angle in the fol-
lowing manner, as shown in Figure 2b.

A small glass sphere of known diameter, 6, typically either
0.3 or 0.4 mm, is placed at the interface. We then press the
two sheets against each other sufficiently, attempting to force
ridges on one sheet to find and insert into the channels of the
other. To simplify the analysis, both ends of the resulting sand-
wich structure are fixed on glass slides so that the expected
debonding zone is freestanding, thereby ensuring that the
two sheets are deflected equally in opposite directions. Imme-
diately upon release of the pressing force, a crack propagates
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Figure 2. a) The rotational misalignment angle 8 is the key factor in determining the rela-
tive orientation of the two complementary surfaces, and hence their adhesion strength. The
interchannel spacing has been exaggerated in the diagram for visual clarity. b) Top view and
cross-section schematic (not drawn to scale) of adhesion test by inserting a small glass sphere
at the interface. ) Precise measurement of misalignment angle by analyzing the optical micro-
graphs taken at the edges of the decohered PDMS strips. The value of misalignment angle was
determined by making ten repeated measurements using the Screen Protractor (commercial
software developed by Iconico, Inc.) with 0.01° resolution. The sample shown above has the
same channel depth and width d =w =10 um, and ¢ =110 um. Ten repeated measurements of
the misalignment angle 6 had a mean of 3.69° and a standard deviation of 0.52° in this case.
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away from the sphere, since the sphere
applies an opening displacement approxi-
mately equal to its diameter, and as a result,
a debonded region forms between the two
PDMS strips. Eventually the crack arrests at
an equilibrium length, which results from a
balance between energy release rate supplied
by the debonded portion of the PDMS strip
and the energy required to increase the crack
area by a unit amount. The crack propaga-
tion was recorded by a Panasonic PV-GS400
3CCD Camcorder during the tests. Each
video was stored together with a time stamp
which allows each frame to be associated
with a specific time. Using the dimensions
of a folding ruler in the video images as spa-
tial calibration, direct dimensional measure-
ments could be made.

Since the solution of a circular interface
crack between two flat elastic plates is known
and consequently provides a baseline to com-
pare against, control experiments were also
carried out on unstructured, nominally flat
samples of the same thickness. For struc-
tured samples, we waited for 2 h for the crack
to achieve its equilibrium position; for flat
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the decohered strips, the misalignment
angle 6 was determined by making ten
repeated measurements using the Screen
Protractor with 0.01° resolution, as shown
in Figure 2c.

3. Results and Discussion
3.1. Dislocation Structures

For any pair of complementary surfaces,
when we try to insert ridges into their com-
plementary channels, even with great care
taken to align the two PDMS strips, we
invariably observe defects in the form of vis-
ible striations tens to hundreds of microns
in width where ridge/channel combinations

3. Core Region

Cross-section Schematic
2

1, 2 3 1
t. Fiature!ss Regi’n | I

2. Partially Debonded Region

are not fully inserted. The striations are vis-
ible because of light scattering from interfa-
cial regions in partial contact. Away from the
striation are featureless regions where the
ridges are perfectly inserted into the chan-
nels, as shown in Figure 3. For additional
examples, see Figure S1 in the Supporting
Information. In the visible striations, ridges
are first partially debonded from their cor-
responding channels, and then extracted
from their channels and shifted over by one
period in the core region, and finally par-
tially inserted into a neighboring channel.
The striations can thus be viewed as “screw
dislocations” that carry a Burgers vector B
with its magnitude equal to the value of

interchannel spacing ¢, i.e., |,8| =c. (The

Figure 3. a,b) Photograph and optical micrographs of dislocation regions in complementary
surfaces. The samples have the same channel depth and width, d =w =10 um, and a mis-
alignment angle 6 < 2°. The interchannel spacing c: a) 40 um and b) 30 um. Clear, featureless
regions are those where ridges have been inserted fully into channels. The striations are dislo-
cation regions where ridges fail to fully insert into channels. The orientation of the dislocation
region is described by the acute angle o.. ¢) Schematic illustration of dislocation structures.
A series of views from different angles show that the dislocation region where the ridges are

dislocation is a pure screw dislocation only
when the Burgers vector is perpendicular to
the channel direction; otherwise, it is a mix-
ture of screw and edge dislocations.) The
dislocation region where the ridges are com-
pletely pulled out and sheared sideways by a

completely pulled out and sheared sideways by a distance of ¢ is clearly dilated.

control samples, a much longer time (up to 4 h) was needed.
It is interesting to note that some samples (both flat and struc-
tured) appear to exhibit an equilibrium crack length after a
relatively short time, although at much longer times, the crack
length continues to increase.

Because the ridge structures have dimensions of order
10 um, and the misorientation in the experiments is usu-
ally very small, adequate care must be taken to accurately
measure the misalignment angle. In the experiments, directly
after the properties (defined in the next section) of a pair of
misaligned complementary surfaces had been measured, a
thin wire was carefully inserted between the surfaces without
changing the relative position between the two sheets, making
the two PDMS strips decohere laterally from the corners.
By analyzing the optical micrographs taken at the edges of
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distance of ¢ is clearly dilated. Supporting
Information Figure S1 also shows that
these dislocation regions become wider as the inter-channel
spacing, ¢, increases, and as a result, some intricate dislo-
cation patterns, such as closed loops, as shown Supporting
Information Figure S2, are only observed in the samples with
small interchannel spacings (¢ < 60 um) because of the lim-
ited sample size (30 mm x 10 mm).

Some of the salient properties of dislocation structures will
be explored in the next section: the local geometric properties,
such as the widths of the dislocation region and the core region
(i-e. a and b, respectively, as defined in Figure 3a), and the dila-
tion of the core region; and a series of general properties, such
as the distance between dislocation regions, the orientation
of the dislocation regions (i.e., the acute angle o between the
tangent to the dislocation curve and the channel direction, as
defined in Figure 3a).
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Figure 4. a) Maximum misalignment angle 6,,, and the fraction of dislocation area in one sample as a function of interchannel spacing ¢ when 8 < 2°.
b) Widths of the dislocation region a and core region b as a function of interchannel spacing ¢ when 8 < 2°. Error bars represent standard deviation
from 7 different samples. All the samples have the same channel depth and width, d =w =10 um.

3.2. Rotational Misalignment

Rotational misalignment is one of the principal reasons that
the dislocation defects occur. The rotational misalignment
angle 0 is defined in Figure 2a. The adhesion reduction due to
a small angular misalignment is surprisingly large. Here we
define 6y, as the maximum angle 6 allowed between two PDMS
strips when featureless regions can still be observed, and thus
when 6 > 0, there exists negligible adhesion between the two
sheets. We found that 6,, < 10° for all the samples tested, and
0,, decreases with increasing interchannel spacing ¢, as shown
in Figure 4a.

3.2.1. Case 1: Nearly perfect alignment when 6 < 2°

When 6 < 2°, only a few dislocation regions are found. Since they
show no regular pattern, no generalizations can be made about the
possible causes for the defect. It could be a mixture of local mis-
match, relative shear, misorientation, non-uniformity in pressing
force and/or material properties, wherein there is no single domi-
nant factor. Nonetheless, some general trends have been observed.
The width of the dislocation region a, the width of the core region
b, and the fraction of dislocation area in one sample, as a function
of interchannel spacing ¢ (when 6 < 2°), are presented in Figure 4.
It shows that the fraction of area covered by defects in one sample
is approximately proportional to c, consistent with our previous
study.*? It also shows that the widths of the dislocation and its core
regions both increase with increasing inter-channel spacing, c.
The surface profile of the resulting sandwich structure, meas-
ured using an interferometric optical profilometer (ZeGage.
Zemetrics, Inc), confirmed the dilation of the core regions.
A typical surface profile is shown in Supporting Information
Figure S3. The region on the surface right above a dislocation
is usually 0.4 pm to 0.8 pm higher than that above a featureless
region. As discussed in the next section, the local geometric
properties of the dislocation region, such as the widths of the

dislocation and core regions, and the dilation of the core region,
do not depend on the misalignment angle. On the other hand,
the fraction area covered by defects will change as the misalign-
ment angle is increased, as shown in Figure 4a.

3.2.2. Case 2: Moderate misalignment when 2° < 6 < 6,,,

As we gradually increase the misalignment angle 6 to about
2.5°, the rotational misorientation plays a dominant role in
the formation of dislocation structures, and as a result, the
initially almost random distribution of dislocation regions
resolves into a periodic pattern, which is the most striking
and reproducible observation of the experiments, as shown
in Figure 5a. The dislocation regions are fairly uniformly
distributed over the entire interface, including the edges and
corners, as shown in Supporting Information Figure S4. The
experimental values for angle o usually fall within the range
of 80° < o0 < 90°, i.e., in most cases, the Burgers vector is per-
pendicular (or nearly so) to the channel direction. The experi-
mental results also show that the local geometric properties
of the dislocation region, such as the widths of the disloca-
tion region and the core region, and the dilation of the core
region, depend only on the characteristic lengths of the rec-
tangular-toothed channel pattern, i.e., the values of w, d, and
¢, and not on the misalignment angle, which means that the
angular misalignment affects only the dislocation density, not
its internal structure.

For a fixed misaligment angle, we observed spatial variation
in dislocation density caused by non-uniformity in rotation,
pressing force, material properties, and/or in-plane stretch,
but the overall trend is clear and consistent that when the
value of misalignment angle 6 is increased, the density of the
dislocation regions increases, and the area of the featureless
region between the lines decreases. This trend is quantified in
Figure 6, which plots the distance between dislocation regions,
D, i.e., the pattern period, as a function of 6.
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Figure 5. a) Optical micrograph of the periodic pattern of dislocation regions in misaligned
complementary surfaces. The sample has the same channel depth and width, d =w =10 um,
and the interchannel spacing ¢ = 30 um. The misalignment angle 6 = 3.59°. b—e): Schematic
diagrams illustrating the formation of the observed periodic dislocation pattern in two rota-
tionally misoriented complementary surfaces. A Moiré pattern is created by superimposing
two sets of parallel and equidistant lines, one set rotated by a small angle with respect to the

other.

0.9

Experimental Data: c=20 um

E o8t o Experimental Data: c=30 pm H
o) < Experimental Data: c=40 um
@ 0.7; — Analytical Solution from Moire Analysis H
2
E’ 0.6} r i
= N
'-og 05| 3\ N
S T A
o
(7] <) -
2 04l 1 —<] 1
= \\ — A
o 03[ T |
§ ‘\\ | 19 i_ﬁ
Q 02t T f“ 4
[t 3 'MHH ;
S ]
@ 01t (E——
[a) \

0 1 1 1 I

2 4 6 8 10

Misalignment Angle: 6 (degree)

Figure 6. Distance between dislocation regions D, i.e., the pattern
period, as a function of the misalignment angle 6. Error bars represent
measurement errors, i.e., standard deviation from 10 repeated meas-
urements within one sample. All the samples have the same channel
depth and width, d =w =10 um, and the interchannel spacing ¢ is varied
from 20 um to 40 um. Some data were obtained from experiments
performed on smaller samples (such as 8 mm x 10 mm in size) to
reduce the effects of non-uniformity in rotation, pressing force, material
properties, and/or in-plane stretch. These data are obtained from the
samples in which the values for angle > fall within the range of 75° <
o < 90°, i.e., when the Burger's vector are nearly perpendicular to the
channel direction.
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The observed periodic dislocation pattern
is actually a direct consequence of the super-
imposition of two moderately misoriented
complementary surfaces. Figure 5b plots
two identical sets of parallel and equidistant
lines as a two dimensional simplification of
a pair of complementary surfaces, one rep-
resenting the channel side and the other
representing the ridge side. When these two
are superimposed with a small angular miso-
rientation, a Moiré pattern!’®2% is obtained
as shown in Figure 5c. As seen from a far
distance, the Moiré pattern gives pale and
dark periodic lines. As shown in Figure 5d,
one can imagine that when the two samples
are pressed against each other, the pale lines
wherein ridges and channels are in close
proximity to each other are prone to forma-
tion of the featureless regions, whereas the
dark lines are prone to formation of the dis-
location region.

A rhombus unit cell of the “net” is shown
in Figure 5e, in which the misalignment
angle is exaggerated for ease of illustration.
Since the spacing between two pale lines is
D, the longer diagonal of the rhombus is 2D,
which is the hypotenuse of the drawn right
triangle. We thus obtain the following equa-
tion relating the spacing of the periodic dislocation pattern D to
the interchannel spacing and the misalignment angle,
2D = ¢/sin(0/2) (1)

The D-6 relationship is plotted in Figure 6, which shows that
the analytical result from Moiré analysis matches closely the
experimental data for all the three types of samples. This result
also demonstrates that local/global misalignment angle can be
estimated through examination of the local/global Moiré pattern.

3.2.3. Case 3: Severe misalignment when 6> 6,,

Under severe misalignment condition 0> 6,,, there exists negli-
gible adhesion between the two sheets. The dislocation regions
are so close-packed that no featureless region exists in between,
and hence the entire sample scatters light. When 6 is slightly
larger than 6,,,, however, the featureless region can be observed
at first, but the defect structure is not stable, and as a result,
the featureless regions in between start to shrink upon release
of the pressing force, and gradually become spotty before they
disappear altogether. Images from a video in Supporting Infor-
mation Figure S5 represent details of two typical sequences.

3.3. Crack Propagation and Adhesion Strength between
Complementary Surfaces

The two complementary strips are opened up by a displace-
ment equal to the diameter of the sphere, §, whose ratio to the
thickness of the strip, 1, is always about 0.6 or less. Thus, the
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its mean radius as crack length, still denoted
by A, such that mA? is equal to area of the
debonded region. The deviation from circu-
larity, typically in the range of 3-15%, varies
from sample to sample, and is not reproduc-
ible, even on the same sample.

3.3.1. Case 1: Nearly perfect alignment when
0<2°

The shape variability is mainly attributed to
the stepwise nature of the crack propagation.
The growth of the partially-debonded crack
front is not continuous; rather, it is observed
to proceed by the formation of new microc-
racks ahead of the moving partially-debonded
crack front, which is followed by microcrack
coalescence and further microcrack forma-
tion along the growth direction of the main
crack. These microcracks consist of small sec-
tions of ridges pulled-out from their channels
and are always initiated at the tip of the teeth
in the rectangular-toothed channel pattern

Figure 7. a) Photograph of a structured sample showing that the crack propagates away from
the sphere and a debonded region forms. Also visible are a series of dislocations. b) Optical
micrographs of the region behind and ahead of the crack front at the interface between two
flat surfaces. c) A structured sample showing a crack advancing through a well-adhered region
of the interface. As the misalignment angle increases, the random distribution of dislocation
regions resolves into a periodic pattern. d,e) Images from a video representing details of typical
sequences of the moving crack front, where nucleation, growth and coalescence of microcracks
take place. d) These images are taken at time intervals of 12 s, while the first frame was acquired
20 s after release of the pressing force. e) These images are taken at time intervals of 8 s. Crack
growth halted at a final crack length in the last frame. f) The influence of pre-existing disloca-
tions on the shape of the debonded region can be substantial. The last frame shows the final
equilibrium shape of the debonded region. All the samples shown above have d =w =10 um.
The interchannel spacing: ¢ =20 um in (a), (c), (d), ¢=30um in (f), and ¢ =40 um in (e). The

and then extend along the parallel channels,
as shown in Figures 7d,e. Presumably, local
stress concentrations determine which tooth
segments crack first. This irregular “stair-
case” pattern of crack growth is also evident
with the fully-extracted crack front, which
immediately follows the partially-debonded
front. This discontinuous nature of the inter-
facial crack growth process is not surprising.
The crack front is trapped as it tries to kink
in a direction perpendicular to its original

3458  wileyonlinelibrary.com

misalignment angle: 6 < 2° in (a), (d), (), and (f), and 8 = 4.65° in (c).

opening strips can be modeled as linearly elastic plates with
Young’'s modulus E and Poisson's ratio v. For flat samples, the
equilibrium shapes of the debonded region are circular with
radius A, which is determined by setting the effective work of
adhesion, W, equal to the energy release rate, G, which was
shown to be:[2122

wog= L% 2
o e(1 = @

For PDMS, the Poisson’s ratio v=1/2.

Figure 7 shows a photograph and microscopic images of
the region near an advancing crack front. It can be seen that
crack propagation on structured interfaces behaves quite dif-
ferently from that on flat interfaces. For structured interfaces,
there are two distinct fronts, one where the ridges have par-
tially debonded from their complementary channels, and a
second one behind which the ridges are fully extracted from
their channels, consistent with observations from the previous
study.'3] For structured samples, the shape of the debonded
region is always close to circular, but never perfectly so, with
or without the influence of dislocations. We therefore refer to

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

path. It is well known that the energy release

rate at the tip of a kinked crack can be sig-

nificantly less than its value prior to kinking.
For example, the energy release rate at the tip of kinked crack,
where the kink angle is 90° from the initial crack plane, is only
25% of the energy release rate that would exist if the crack had
advanced straight ahead.!323] Therefore, even in dislocation-
free zones, the directionally patterned heterogeneous interface
does not simply unzip in a continuous manner.

Experimental results show that dislocations caused by misori-
entation can be a source of strong local perturbations along the
crack path. The direct interaction of a propagating crack with sta-
tionary dislocations can generate substantial crack front deflec-
tions, and as a result, the shape of the debonded region is strongly
influenced by the distribution and orientation of the pre-existing
dislocations, as shown in Supporting Information Figure S6.

We measured the equilibrium crack length, A, and then con-
verted it into effective interfacial adhesion energy, W, using
Equation (2). Figure 8 plots the effective interfacial adhesion
energy normalized by its value for a flat control. For each set
of samples, we made 10 repeated tests. The first striking obser-
vation is that one can achieve a significant enhancement of
adhesion, up to a factor of 30, over the flat control. Second, it
is noticeable that, due to the influence of randomly distributed
dislocations, despite the general trend that the equilibrium

Adv. Funct. Mater. 2013, 23, 3453-3462
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Figure 8. Normalized effective work of adhesion for different values
of interchannel spacing, and two different channel depths (d = 10 and
20 um). Error bars represent standard deviation from seven different
samples. W/Wp, =1 is represented by a horizontal line. The interchannel
spacing ¢ is varied from 20, 30, 40, 60, 70, to 90 um in Sample Set 1; and
from 20, 35, 50, 65, to 80 um in Sample Set 2. All the samples shown
above have w =10 um and 6 < 2°.

crack length increases with increasing c, the values of equi-
librium crack length can differ significantly from sample to
sample, and is not reproducible, even on the same sample. In
a previous work,'}l we have analyzed that adhesion enhance-
ment is mainly attributed to two mechanisms: crack trapping
and frictional pull-out.

To understand the influence of dislocations on crack propa-
gation, two typical crack-dislocation interaction sequences are
illustrated in Figure 9 and Supporting Information Figure S7.
These images are taken at time intervals of 60 s, and the final
equilibrium state of the crack front is shown on the right. It
can be seen that the distance between the crack front and the
dislocation continued to decrease until they coalesced. In the
end, the crack did not cross the dislocation region, but rather
travelled mainly along the orientation of the dislocation region,

Figure 9. Images from a video representing a typical crack-dislocation interaction sequence.

The sample has d =w =10 um, ¢ =40 um, and 6 < 2°.
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Figure 10. Normalized effective work of adhesion for different values of
misalignment angle. Error bars represent measurement uncertainty, i.e.,
standard deviation from 7 repeated measurements. W/Wp,. =1 is repre-
sented by a horizontal line. All the samples have the same channel depth
and width, d =w =10 um, and the interchannel spacing ¢ is varied from
20 um to 40 um.

implying that the presence of dislocations alters the stress field
near the crack front, and deflects the crack path from the pre-
ferred growth direction straight ahead.

3.3.2. Case 2: Moderate misalignment when 2° < 6 < 6,,

As we gradually increase the misalignment angle, the random
distribution of dislocation regions resolves into a periodic pat-
tern, as shown in Figure 7c. Increasing the misalignment angle
increases the dislocation density, which results in a lower adhe-
sion strength, as shown in Figure 10, implying that the pres-
ence of the dislocation regions, while accommodating rotational
mismatch between two complementary surfaces, is actually det-
rimental to adhesion. The concepts and results from the anal-
ysis of semi-coherent interfaces in crystalline solids in material
science are closely connected to our research. We may apply
the formula borrowed from the study of semi-coherent inter-
faces (including small-angle grain bounda-
ries)#+20l to analyze our experimental results
at tens-of-micron scale. For example, the for-
mula for the strain energy density as a func-
tion of misalignhment angle given by Read
and Shockley!?>?¢l can be applied to our case
without much modification.

3.4. Relationship between Local Geometric
Properties of Dislocation Structure and Inter-
facial Adhesion Strength
state
In the previous two sections, we discussed
the local geometric features of the dislocation
structure, e.g. the results shown in Figure 4b,

wileyonlinelibrary.com

3459

dadvd T1TInd



-
™
s
[
-l
wd
=
™

3460 wileyonlinelibrary.com

g
B
3
-
f =
g
=]
B
a
(1]

A Perfect Alignment
Ro-b/2)

Burgers Vector

Screw Dislocation

'a\
MA\M\liié

www.MaterialsViews.com

(32)

where u is the shear modulus of PDMS.
Equation (3a) diverges as b — 0, indicating
failure of the continuum description near
the core. As ¢ increases, eventually its asso-
ciated strain energy will exceed the adhesion
energy of the interface and interfacial failure
(unstable dislocation structure) will occur.
An energy release rate balance between the
work of separating the interface, ¥, = (2R, —
b)W, where W is effective work of adhesion
between complementary surfaces, and the
strain energy from Equation (3a) (both per
unit length) results in a relationship between
b and W as follows:

O

[=1

=
H=H
HHH

—
=,
—
T

1 aw dw, dv,

1 27 % @ O (3b)

b= KO

; > b iw 69

Note that this result is independent of
the choice of R, We compare the predic-
tion of Equation (3¢) with our experimental
measured core widths. The theoretical
core width b in Equation (3c) can be evalu-
ated using the experimentally measured
values of effective work of adhesion, W, in

Width of Core Region b ()

+  Experimental Data

O Theoretical Analysis based on W
%  Theoretical Analysis based on W,

Figure 8 and using a typical value for shear
modulus of PDMS, u = 1.00 MPa,.?8l This
comparison is shown in Figure 11c which
shows that Equation (3c) overestimates the

| 1 1 1 T 1 I I

measured width of the dislocation core. This

20 30 40 50 éil 70 al 1]
Interchannel Spacing: © (pum)

Figure 11. a) A pair of complementary surfaces in perfect alignment. Since the backing layers
are very thick in comparison with the value of interchannel spacing ¢, they can be modeled as
infinite elastic blocks. b) A defect structure viewed as a screw dislocation that carries a Burgers
vector with magnitude of interchannel spacing c. c) The b — ¢ relationship based on Equation

(3¢) is compared against experimental data presented in Figure 4b.

and interfacial adhesion strength between complementary
surfaces, e.g. the results shown in Figure 8 and Figure 10,
respectively, and now we will examine whether there is actu-
ally a relationship between the two. Specifically, we investigate
the relation between misorientation angle, the effective work of
adhesion and interchannel spacing.

First, we note that, because of the disruption of the perfect
periodicity around a screw dislocation, there is a strain energy
per unit length, ¥, in a region bounded by cylinders of radii
b/2 and R, (R, > b/2), as shown in Figures 11a,b. Here b repre-
sents the diameter of the dislocation core and R, a characteristic
distance where the effect of the dislocation is small. The strain
energy per unit length, W depends quadratically on the magni-
tude of the Burgers vector cA1327]

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

I
o0 110 is because during the adhesion tests, all the

elastic energy associated with these dislo-
cations is released to assist crack growth.
Thus the experimentally measured work of
adhesion, W, which already includes a nega-
tive contribution from the defect structures,
has a smaller value than that experienced
by the growing dislocation core, W,. There-
fore, one should replace W in Equation (3c)
by W.. A reasonable value of W, can be estimated using

W, = experimentally measured work of adhesion
. =

1 — (fraction area coveredby defects)% )

Recall that the fraction area covered by defects in typical sam-
ples with small misorientation is approximately proportional
to ¢, as shown in Figure 4a. After this modification, the theo-
retical prediction given by (3c) matches the experimental meas-
urements quite well, as shown in Figure 11c, establishing the
conclusion that the size of the dislocation core is determined by
balance of dislocation energy and interfacial adhesion.

The strain energy stored in the dislocation core has been
neglected in our calculation above. It is possible to account

Adv. Funct. Mater. 2013, 23, 3453-3462
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for this energy by considering a smeared-out dislocation core
instead of the ideal line dislocation where the strain energy
diverges.?>3% A more complete analysis given in SI shows that
Equation (3c) remains correct even if we account for the elastic
energy of the core. The energy release rate due to dilation of the
core region is also addressed in SI, where we show that it may
be neglected for our samples.

The results obtained through these experiments and anal-
ysis can aid the design of such adhesive surfaces. An impor-
tant question is, how does 6, (the maximum angle 6 allowed
between two PDMS strips when featureless regions can still be
observed) depend on geometrical and materials parameters?
This question can be answered based on Equation (1) and
Equation (3), which provide the period of the dislocation pat-
tern D and the width of dislocation core b, respectively. Assume
that the periodic defect structure will not be stable when
D = nb, where n is an integer somewhat greater than unity
(n = 5). See Supporting Information Figure S5 and note that b
represents the width of the dislocation core, not that of the dis-
location region. We obtain the following relationship between
60, and c using Equation (3c),

4 W,

D~c¢/0,~nb— 0, ~ .
nuc

©)

which captures the experimental data provided by Figure 4a.

4, Conclusions

Following experimental indications that rotational misalign-
ment angle is a key factor controlling dislocation pattern and
adhesion strength between two micro-structured complemen-
tary surfaces, we have carried out a series of controlled adhesion
tests on complementary surfaces while progressively increasing
the misalignment angle.

It has been found that as the misalignment angle increases,
the initially almost random distribution of dislocation regions
resolves into a periodic pattern, i.e., the dislocation regions
are fairly uniformly distributed over the entire interface,
including the edges and corners, and as a result local/global
misalignment angles can be estimated through examination
of the local/global Moiré patterns. On the other hand, the
local geometric properties of the dislocation region, such as
the widths of the dislocation region and the core region, and
the dilation of the core region, depend only on the character-
istic lengths of the rectangular-toothed channel pattern, not
on the misalignment angle, which means that the angular
misalignment affects only the dislocation distribution, not its
internal structure.

Experimental results show that direct interaction of a propa-
gating crack with stationary or quasistationary dislocations can
generate substantial crack front deflections, and as a result,
the shape of the debonded region is strongly influenced by the
distribution and orientation of the pre-existing dislocations.
Adhesion between complementary interfaces, as measured by
energy release rate required to propagate an interfacial crack,
can be enhanced by up to 30 times compared to a flat con-
trol depending on the misalignment angle. The relationship
between the local geometric features of the dislocation structure

Adv. Funct. Mater. 2013, 23, 3453-3462
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and interfacial adhesion strength between complementary sur-
faces can be obtained from an energy release rate balance anal-
ysis. The results obtained through these experiments and anal-
ysis form a knowledge base from which geometry-controlled
adhesive surfaces can be designed. The dislocation patterning
process is interesting both as a tool for fundamental and tech-
nological studies of defect structures and for its potential in
applications in material science.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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