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eigenvalue analysis reveals that the stress field near the corner is dominated by two
singular eigenfields having eigenvalues (44, 42) with corresponding intensities (H;, Hz). The
asymptotic stress field o; is of the form oy = Hir*1=1f; (41, 6) + Har*2-f;; (12, 6), where f;
Keywords: describe the angular dependence 0 of ¢, and r is the radial distance from the corner. The
Micropillar detachment stress intensities (Hy, Hy) are calculated numerically, using a domain integral approach, as
F'.b”."ar .adheswn . a function of the elastic mismatch between the pillar and substrate. The singular zone
Bio-inspired adhesion . N . . . R . .
Micro-pillar pull-off extends across gppro?(lmate.ly 10% of the pillar diameter (in 3P) or pillar width (in 21?).
Interfacial fracture mechanics Interfacial failure is predicted for an assumed crack emanating from the corner of pillar
and substrate. For the case of an interfacial crack that resides within the domain of corner
singularity, a boundary layer analysis is performed to calculate the dependence of the
interfacial stress intensity factor K upon (H;, H;). When the crack extends beyond the
domain of corner singularity, it is necessary to consider the full geometry in order to
obtain K. A case study explores the sensitivity of the pull-off stress to the flaw size and to
the degree of material mismatch. The study has implications for the optimum design of
adhesive surface micropatterns, for bonding to either stiffer or more compliant substrates.
© 2015 Published by Elsevier Ltd.

1. Introduction

The recent design and fabrication of bio-inspired adhesive surfaces follows a new paradigm for reversible adhesion (e.g.
Jeong et al., 2009; Gorb et al., 2007; Greiner et al., 2007; Kamperman et al., 2010). Observation of the adhesion organs
exhibited by some creatures of the animal kingdom, for example the beetle and gecko, has shown hair-like compliant
structures at the tip of their limbs that enable them to climb on vertical walls and hang from ceilings. Adhesion is primarily
due to van der Waals forces (Autumn et al., 2002) with a humidity-dependent contribution from capillary forces (Huber
et al., 2005). This has led to the concept of ‘contact splitting’ (Arzt et al., 2003), according to which adhesion is enhanced by
the presence of small, discrete and compliant (‘fibrillar’) contact elements.
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Fig. 1. Arrays of flat-bottomed micropillars with (a) sharp and (b) rounded edges. Pillars have a radius of 10 pm and were fabricated out of poly-
dimethylsiloxane (PDMS). Such ‘artificial gecko structures’ were found to have adhesion properties superior to unpatterned materials. Scanning electron
micrographs adapted from del Campo et al. (2007) and Kaiser et al. (unpublished 2014).

The surfaces of artificial, bio-inspired adhesive surfaces typically have a micropattern comprising an array of short cy-
lindrical pillars made from a soft material such as PDMS or other polymers. The diameter of individual pillars ranges from
sub-micron to sub-millimeter dimensions, with length-to-diameter aspect ratios typically between 1 and 10. These pillars
have been fabricated with a variety of tip shapes (flat-bottomed Greiner et al., 2007 or mushroom-shaped Gorb et al., 2007;
Greiner et al., 2007; Murphy et al., 2009) and geometries (straight Greiner et al., 2007 or slanted Jeong et al., 2009). An
example of an array of flat-bottomed micropillars is shown in Fig. 1. Such adhesive pillars have also been made from shape
memory polymers (Reddy et al.,, 2007) and from flexible nickel paddles coated with polymeric nanorods (Northen et al.,
2008). A switchable adhesion has been achieved in such systems by controlling temperature (Reddy et al., 2007), magnetic
field (Northen et al., 2008) or compressive preload (Paretkar et al., 2013). Especially the latter system is now on the verge of
practical application in industrial robotic systems.

For the optimisation of artificial fibrillar surfaces, a full understanding is required of the micromechanical detachment
mechanisms and the influences of the geometrical and materials parameters involved. When collective mechanisms and
backing layer effects are neglected, the problem can be reduced to the detachment of a single elastic pillar from an elastic
substrate. Furthermore, mechanisms that involve the collective behaviour of many pillars, or that are motivated by the
behaviour of the layer of material backing a pillar array, depend on the manner in which individual pillars detach from the
elastic substrate. This involves a strong interplay between surface energy and elastic strain energy. The detailed push-on/
pull-off behaviour is sensitive to the contact shape and to the elastic mismatch between pillar and substrate. Much progress
has been made for a conforming contact, where the bottom of the pillar is spherical (or cylindrical) in shape. For example,
the Johnson-Kendall-Roberts (JKR) theory (Johnson et al., 1971) considers the elastic-brittle limit such that the traction-
separation law of the interface enters the analysis only via the work of separation G. . In this limit, the process zone (over
which the force-separation law is active) is much smaller than the contact size. The domain of validity of the elastic-brittle
idealisation has been explored (Paretkar et al., 2013; Northen et al., 2008), and found to have widespread application. Much
less is known about the detachment of a non-conforming pillar, such as a flat-bottomed cylinder from a flat substrate.

Arrays of cylindrical pillars have been fabricated from PDMS (e.g. del Campo et al.,, 2007). The tip of such pillars can be flat or
rounded with a prescribed radius at the corner, see Fig. 1. Adhesion studies have been performed by del Campo et al. (2007),
using these arrays, to measure the pull-off stress against a sapphire spherical substrate. They report that the pull-off strength
for an array of pillars with rounded tip is only a fraction that of flat-tipped pillars. Note that the pull-off stress for the array of
pillars is governed by the pull-off stress for an individual pillar and the rounded tip can be considered to be a crack-like flaw.
Consequently, it is important to have an accurate estimate for the pull-off stress for an individual pillar as a function of the
crack length, pillar geometry and elastic mismatch between the pillar and substrate. This is the subject of the paper.

The pillar substrate geometry analysed is shown in Fig. 2. For this geometry, detachment begins at the corner of the pillar
and propagates inwards. The details are made complex by the presence of a corner singularity in the perfectly bonded state,
with the level of singularity sensitive to the degree of elastic mismatch between pillar and substrate. Furthermore, the
geometry shown in Fig. 2(a) is the fundamental shape for a fibril undecorated by a special tip shape such as a mushroom
head or a flange, but perhaps having an edge radius of curvature arising as a natural outcome of fabrication (see Fig. 1(b)).
Such an edge radius can be represented to first order as the crack depicted in Fig. 2(c) with the its length being equal to the
edge radius. Detachment at the tip of the crack/edge radius, shown in Fig. 2(c), is controlled by stresses arising from the edge
singularity in the problem of Fig. 2(a). Solution of the problem depicted in Fig. 12(a) is thus of primary importance in the
characterisation and understanding of the detachment of micro-pillars from an elastic substrate dissimilar or similar to the
material from which the pillar is made.

The purpose of the present paper is thus to present a comprehensive mechanics analysis for the detachment of a 2D flat-
bottomed rectangular pillar of width D, and of a flat-bottomed pillar in the form of a 3D circular cylindrical pillar of diameter
D, from a possibly dissimilar substrate, see Fig. 2(a). We take the 2D pillar to be sufficiently thick in the z-direction of Fig. 2
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Fig. 2. Schematic representation of the problems analysed. (a, b) Problem A: a pillar 1 is perfectly bonded to a substrate 2 and is subjected to a remote axial
stress ¢. (c) Problem B: short crack (¢ « D) embedded within the domain of singularity. (d) Problem C: interfacial long crack of length #.

(a) (i.e. in the through thickness direction) that plane strain conditions apply. Application of a remote axial stress to the
pillar leads to a singularity in the stress field at the interface corner. For both 2D and 3D geometries, the level and intensity
of the corner singularity are determined by our analysis in terms of coordinates r and @, see Fig. 2(b). Both the pillar and
substrate comprise isotropic elastic solids, labelled m=1 and m=2, respectively (shown in Fig. 2 by the labelling #1 and #2).
The materials have shear moduli (44, ) and Poisson's ratios (vy, v2). A reduction in the number of independent elastic
constants is achieved by means of the two Dundurs’ parameters

a:M1(K2+1)—#2(K1+1) :/41(K2—1)—/42(K1—1)
o + 1) + pp(k1 + 1) pr(k2 + 1) + pp(r + 1) (1)

where kp = 3 — 4up. For the practical range of elastic constants, we find that -1 <« < 1 and 0 < 8 < a/4, as discussed by
Hutchinson and Suo (1992).

It is envisaged that crack-like defects pre-exist at the corner of both pillars, and detachment occurs when the energy
release rate attains the interfacial adhesion energy or toughness G.. As noted above, the crack-like defect at the corner can
represent an edge radius naturally present due to fabrication. An asymptotic analysis is thus given for an interfacial crack
embedded within the singular zone at the corner, see Fig. 2(c). Interfacial detachment is also analysed for the case where the
crack extends beyond the domain of the corner singularity, see Fig. 2(d). For completeness, results are also reported in an
appendix for the detachment of a planar pillar subjected to an end moment.

1.1. Outline of paper

The present study considers the practical case of a flaw in the form of a sharp crack embedded within the asymptotic
field of a corner singularity (see Fig. 2(a)), and relates the interfacial stress intensity factor to the remote loading. Akisanya
and Fleck (1997) adopted a similar approach for a bi-material strip. The full range of material mismatch is addressed herein,
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for both plane strain and axisymmetric geometries, and contact is made with analytical formulae where possible. First, we
analyse the corner singularity and determine the level of singularity A and its intensity H as a function of material mismatch,
see Fig. 2(b); we denote this problem A.

Second, we place a short corner crack on the interface between pillar and substrate, with the crack length # taken to be
sufficiently short that the crack is fully embedded within the elastic stress field of the corner singularity, see Fig. 2(c). An
asymptotic analysis is developed in order to give the coupling between the interfacial stress intensity factor for the crack K
and the intensity of the corner singularity H. We label this problem B.

For completeness, the stress intensity factor is obtained numerically for a long interfacial crack emanating from the
corner, as sketch in Fig. 2(d); we denote this problem C. When the crack is sufficiently short the solution converges to the
asymptotic solution for the short crack, as obtained by combining the solutions to problems A and B.

2. Methodology
It is instructive to summarise the overall mathematical framework for the three problems in turn.
2.1. Problem A: the corner singularity

A singular asymptotic stress field exists at the corner of the perfectly bonded 2D (or 3D) pillar (absent the interfacial
crack). This stress field can be written in terms of a polar co-ordinate system (r, 8), centred on the left-hand corner of the
pillar/substrate, see Fig. 2(b). The stress ¢;; and displacement u; fields in the vicinity of the corner can be written as a series
expansion of eigenstates (Knésl et al., 2007; Klusak et al., 2007)

cij= Y. Har*=1f;(2n, 6),
n=1 (2)

and

uj= Hur*ng (An, 6).
21 ! (3)

Here, 4, are the eigenvalues, each term is of intensity H,, and f; and gj are the eigenfunctions that capture the angular
dependence 6 of stress o;; and displacement u;, respectively. An eigenvalue analysis is given in Appendix A in order to obtain
An, f; and g; for any given (a, §). The analysis reveals that, for a given elastic mismatch, there are two leading terms' in the
series expansions of (2) and (3). The eigenvalues (13, 1) both lie within the interval [0.5, 1] and the corresponding stress
intensities for the corner singularity are (Hj, H,). For example, when A, equals 0.5, the level of singularity is identical to that
of a crack in a homogeneous solid.

The scalars (H;, H) give the intensity of the corner singularity and scale linearly with the applied axial stress %, as
shown in Fig. 2(a). The asymptotic normal component of the stress field along ¢ = 0 is given by

g = Hira=1 + Hyr#2~1, (4)
From dimensional considerations we can express H,, for n = (1, 2) in terms of ¢, and the pillar dimension D, according to
Hy = 6=D'-*nay(a, §), (5)

where the coefficient a, (e, ) is determined numerically in Section 3. Note that the magnitude of a, differs for the plane
strain (2D) and axisymmetric (3D) cases.

The asymptotic H-field at the corner of a pillar-substrate interface plays a similar role to the K-field at a crack tip. A crack
propagates in a brittle manner when the magnitude of the applied K-field reaches a critical value. Likewise, it has been
envisaged by Akisanya and Fleck (1997) that the pillar-substrate interface can fail in a brittle manner when the value of the
corner stress intensity H; reaches a critical value H.. The value H. can be measured by performing experiments for any
combination of elastic mismatch.

2.2. Problem B: a short interfacial crack embedded within the corner singularity

Now consider an interfacial crack of length ¢, see Fig. 2(c). The crack is an edge crack, in plane strain, for the 2D pillar, and
is an external annular crack in the 3D case. When the crack is sufficiently short that it is embedded within the corner
singularity, the complex stress intensity factor K for the interfacial crack can be expressed in terms of H,,. As a brief aside and
in order to introduce notation, we recall the definition of K and of related fracture mechanics parameters for an interfacial
crack.

! This contrasts with the asymptotic stress field near a crack, where a single singular term exists near the crack tip.
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Fig. 3. (a) Real eigenvalues (11, 42) versus « for the corner singularity problem, for =0 and g = a/4. (b) Complex eigenvalues, with real part Re(in) and
imaginary part Im (4n), for 0.86 < @ < 1 and g = a/4.

Consider the asymptotic stress field in the vicinity of an interfacial crack in terms of the polar coordinates (R, @) centred
on the crack tip, see Fig. 2(c). Directly ahead of the crack tip, the hoop stress ¢,, and shear stress o, read (Hutchinson and
Suo, 1992)

. K .
6o + lopg = ——=R'¢,

\2aR (6)
where K is the complex stress intensity factor with real part K; and imaginary part K>. The oscillatory index € depends upon
p via

1 1-5
=—1In .
¢ 2 1+ p (7)

The mode mix i is defined via

Ale
tan v’} = w’

Re (KZ) (8)
where 7 is an arbitrary distance ahead of the crack tip.> Upon choosing ? = ¢, the mode mix Y is given by

Im(K¢ic)

tany = —=,
Re(K¢ic) (9)

and consequently the value of i for any other choice of 2 is

p=y—cln (é]
¢ (10)

Typically, the difference between ¢ and y is very small since € is small and there is a logarithmic dependence upon ¢/ 2.The
energy release rate G scales with the stress intensity factor K according to (Hutchinson and Suo, 1992)

1-42 000 12
G=—"(Kf +K3),
i) an
where
E_1+K1+]+K2
Ex M Hy (12)

Now back to the problem of a short corner crack. To extract the interfacial stress intensity factor K, it suffices to analyse
the boundary layer problem as defined in Fig. 2(c). Assume that the crack length ¢ is much smaller than the radius to the
outer boundary r, and prescribe the displacement (3) on the outer boundary. From dimensional considerations K can be
related to (Hy, Hy) according to

K¢t = Hie=112dy + Hyr#2-112d,, (13)

2 For the case /=0, we have ¢ = 0 and the mode mix becomes independent of 2.
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where the complex calibration factors dy(a, ), have real and imaginary components df(a, ) and d}(a, g), respectively, for
each n = (1, 2). We shall determine d,, by evaluation of the complex stress intensity factor Kz in a plane strain finite
element (FE) scheme, as detailed below in Section 3. We emphasise that K depends on the remote loading only via the
loading parameters (Hy, Hy), and the calibration factors d,, depends only on the elastic mismatch. Note that the values of
(dy, d2) are the same for both the 2D and 3D problems as the crack tip and corner singularity are both in a state of plane
strain. Upon making use of (5) and (13), the stress intensity factor scales with the remote tensile stress ¢ according to

Kfie 7l A1-1 z 2-1
w12 = (B) CI]d] + (B) Clzdz.
(2}

(14)
This formula reveals explicitly the dependence of the K-calibration on the level of corner singularity 4,,, and on the product

of the two calibration factors, a,d.

2.3. Problem C: a long interfacial crack emanating from the corner
When the crack extends beyond the H-dominated zone, the stress intensity factor K is extracted by performing FE
simulations using the full geometry as shown in Fig. 2(d). From dimensional considerations we have
Keie = oo=¢112p, (15)

where the complex calibration factor b = bg + ib; depends on the elastic mismatch (a, ), on the geometry (¢/D) and
whether the pillar is 2D or 3D. The function b is evaluated numerically as described in Section 3. We anticipate that, in the
limit of a short corner crack, as # — 0, we have

a1-1 2-1
b— (g) a1d1 + (%) azdz.

(16)
The energy release rate can be written in terms of b, via (15), as
) _ 52
=12k 4 k3| = Lo B (poprmr,
E* E* (17)
and the phase angle y can be written as
_ Im(Kz) _ by
Re(K¢ie)  br’ (18)

3. Numerical analysis
3.1. Prediction of corner stress intensity factor H, in Problem A

We adopt the method of Akisanya and Fleck (1997), in order to calculate the calibration factors (a, az) for (Hy, Hy), as
defined in (5). The method is briefly outlined as follows. A finite element analysis of the geometry shown in Fig. 2(b) is
performed in order to determine the elastic field due to a remote tensile stress ¢%. Write (qj;, u;) as the actual stress and
displacement field, and (3}, uj) as a suitably chosen auxiliary field. The field (s, u}) associated with the choice of 2* = — 1 is
an acceptable eigenfield and satisfies the boundary conditions at the corner. Although this field is too singular to be phy-
sically valid, it provides a useful means of extracting the values of (Hy;, H,) in problem A. We first outline the procedure to
calculate H;.

The reciprocal theorem can be stated as

é (a,jui* - a,.;u,-)n,- ds =0, (19)

where n; is the unit normal to the closed contour C, as shown in Fig. 4. We proceed to take the starred field in the above
equation to be the eigenfield associated with 1* = — 4. This auxiliary field is given by

oif = Hr¥=16:(2%, 0), (20)
and
uj = Hr*'g;(2*%, 0). (21)

It suffices to take H* = 1 for our purposes.
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Fig. 4. Contours used to evaluate the line integrals in (19).

Now subdivide the contour into 4 constituents as shown in Fig. 4, labelled C; through C,. The integrand of (19) vanishes
on C; and Cs since the eigenfields each satisfy the imposed boundary conditions. Consequently,

sz (a,-juj - a,»jui)nj dS = - /C‘4 (a,-ju;f - oi;‘u,-]nj ds. (22)

Now choose the contours C, and C, to have a radius of r, and ry4, respectively, as shown in Fig. 4. We evaluate the line
integral along C, by writing (ay, u;) and (oj, uj) in terms of (5) and (13), where H; and H, are unknown at this stage of
calculation. We emphasise that this integral does not make use of the finite element solution for (sy, u;). In contrast,
evaluation of the line integral along Cy4 uses the finite element solution for (sy, u;) and the analytical auxiliary field (o3, u;).
The values of H; and H, are extracted from (22), in the following manner.

First, consider the line integral over C,. In order to improve numerical accuracy, following Li et al. (1985), we convert this
line integral to a domain integral using the divergence theorem. Towards this end, introduce a linear function q(r), such that
it takes the value g=1 on contour C4 and g=0 on the inner contour C,. Since the traction vanishes on the contours C; and Cs,
we can write

- L4 (aiju} - a,fu,')nj ds = - /c [q(aijuf - a,}‘ui)]nj ds. (23)

Now use the divergence theorem on the right-hand side of (23) to obtain

* * a * £
- ,/C‘4 (m’juj - ojf ui)nj dS=- [4 axj[Q(m'juj - oijui)] dA, (24)

where A is the area enclosed by C4. Application of the reciprocal theorem and equilibrium equations provides the identity

9 # " " . |99
_[\ ale:q(aiju]- —a,-ﬂ,-)]dA:-A[a,-juj —al-ju,-]axj dA. (25)
The area integral on the right-hand side of (25) is evaluated numerically, using the values of (sj, u;) from the FE simulations
and the values of (o, u}) from (20) and (21). Thus we have solved for the integral over C4 in (22).

Second, consider the line integral over the curve G, in (22). The elastic field (e, u;) is given by the eigenfield of (2) and
(3), and the auxiliary field (s, uj) is given by (20) and (21). Consequently, the line integral over contour C, can be written as

Lz (aiju,-* - offui]nj ds = H f_z/z [fy(/h)gi( = 41) = &f( - /11))”1‘ do

H,

r—/l2+/11

S (e - a0 - 50022 = oy o,
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where f; and g; are functions of #. On noting that the above integral is independent of radius r of the contour, we have

,/Cz (D‘;‘jui* - g,-}‘ui)nj dS = ciHp

z/2
€= /_” [fij(/h)gi( - a) = fi( - /h)gi(/h)]”j do. 27)
The value ¢(a, p) is calculated by numerical integration but is not reported here because it is only an intermediate result in
the calculation of a,. Upon equating (25) and (26) we evaluate the corner stress intensity H; as

1 P
H]:—C—]‘/f;[ﬁijuj' —ﬁiJUi]KjdA.

A similar procedure can be invoked to extract H,. Take the auxiliary eigenfield to have value i* = — 1; and take H* = 1, as
before. Then

1 o\
Hz__CZA(Guu] —auul]axj dA,

where c; is given by (27), upon replacing 4; with A, and ¢; by c,. From the calculated values of (H;, H,) we deduce the values
of the calibration coefficients (ay, a;) as defined in (5).

The FE simulation of the problem shown in Fig. 2(a) has been performed using ABAQUS commercial software.® The pillar
has a length L = 40D. For the 2D planar pillar, the substrate is taken to have a rectangular geometry of width 80D and height
40D. For the 3D cylindrical pillar, the substrate is represented by a circular cylinder with a radius and height of 40D.
Numerical experimentation confirmed that these substrate dimensions are adequate to mimic a half-space. Only half of the
geometry is modelled by symmetry. The displacement vanishes at the bottom of the substrate and a normal surface traction,
of magnitude %, is applied to the free end of the pillar. The pillar and substrate are discretised using elements of type CPE8
in 2D and CAX8 in 3D.

3.2. Prediction of interfacial stress intensity factor K for problems B and C

For the case of short cracks (i.e. Problem B), a crack of length # is embedded in the H-dominated zone. The analysis is
performed by prescribing a remote H-field over a boundary layer geometry, as shown in Fig. 2(c), and the challenge is to find
the values of the complex calibration factors (dj, d2). Recall that the stress distribution in the H-dominated zone is identical
for planar and cylindrical pillars, and the simulations are performed under plane strain conditions. To perform a boundary
layer analysis, we choose a circular boundary layer of radius 1, = 100/ and centred on the left corner.

First, an asymptotic displacement field (3) of unit intensity (H; = 1, H» = 0) is prescribed on the outer boundary. Again,
the simulations are performed using ABAQUS software and displacement boundary conditions are imposed via a user
subroutine. The stress intensity factors are extracted via the domain integral method within ABAQUS, and the calibration
coefficient d; is determined using (13). Since the asymptotic stress field is identical for cylindrical and planar pillars (for a
given elastic mismatch, crack length and H), the extracted values of d(a, ) are identical for planar and cylindrical pillars.
Likewise, the values of the calibration coefficient d, are calculated by repeating the above procedure for (H; =0, H, = 1).

For long cracks (i.e. Problem C), the stress intensity factor cannot be extracted using a boundary layer geometry. In this
case, an FE analysis is performed on the entire geometry as shown in 2(d) for both planar and cylindrical pillars. ABAQUS
software is used to perform the analysis and obtain the stress intensity factors. From the extracted values of stress intensity
factors, the complex calibration coefficients (by, b,) are obtained via (15). A mesh sensitivity study was performed in order to
ensure that accurate results are obtained. For example, doubling of the mesh density changes the values of K by less than 1%.

4. Results
4.1. Problem A: corner singularity problem
4.1.1. Asymptotic stress field
As discussed in Section 2, the asymptotic stress distribution is dominated by two eigenfields with eigenvalues 4; and A,.

These are shown in Fig. 3(a). Ata = — 0.99, the eigenvalues A, and A, are far apart (1; = 0.594 and A, = 1), and the asymptotic
stress distribution is dominated by the singular field associated with 4,. For a > — 1, both eigenvalues (44, 1) are associated

3 Dassault Systems, Simulia Corporation, Providence, Rhode Island, USA. Version 6.11-1 is used to perform simulations.
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with singular fields and contribute towards the asymptotic solution. In the limit « —» 1 and =0, the eigenvalues are
1= 42 = 0.5 and give rise to crack singularities, see Fig. 3(a). When g = «/4, the eigenvalues (14, 4,) are real for « < 0.86 and
are complex for @ > 0.86, see Fig. 3(b). For the choice @ = 1and arbitrary g, the complex eigenvalue A is given by the formula
1= 0.5 + ie, as discussed in Appendix B. The results given in Fig. 3(b) for =1 and p=0, /4 support this.

In general, the asymptotic H-field gives rise to a shear traction on the interface in addition to the normal traction. The
significance of the shear traction depends upon the degree to which the detachment mechanism is one of shear decohesion
rather than normal decohesion. We proceed to evaluate the ratio y, of the shear traction to the normal traction for each
eigenfield n=1 and 2. Each eigenfield is normalised such that fy,(4,, 6 =0) =1, and so y, = f, (4, 6 = 0). It suffices to
calculate f, (41, 0) and f,, (42, 0) for various values of & and g = 0, a/4. These results are plotted in Fig. 5 and given in Table 1.
There is significant shear component from each eigenfield to the interfacial traction, but the contributions are of opposite
sign. Now, limit attention to =0 and evaluate oyy/og for « - — 1 and « — 1. For « - — 1, we have 4 = 0.594 and 1, = 1.
Then, as r—-0 we have opylom~f,=0.5 In contrast, for a«—1 we have 1;=1,=05. Then,
orolog = (a1 — a2)f;y (11, 0)/(a1 + az). As a; approximately equals a, (see below) for « — 1 and g=0, the shear stress on the
interface vanishes.

4.1.2. The corner stress intensity H

We proceed to report the values of the calibration coefficients (aj, az), as defined in (5), for a crack-free interface between
a pillar (planar and cylindrical) and substrate. The calibration coefficients are calculated using the method outlined in
Section 3. The values of the calibration factors are obtained for -1 < a« < 1 and =0 and a/4, and are plotted in Fig. 6 and
reported in Table 2. In general, the calibration factor a; decreases with increasing in «, and has only a mild dependence on 4.
In contrast, a, increases with increasing a and displays a maximum at « =~ 0.2 for both =0 and g = a/4. The same qua-
litative features arise for the dependence of (a;, az) upon (e, ) for the cylindrical pillar. However, there is now a more

Table 1
Values of a,, and the fy(1n, 0) for the corner singularity: planar pillar with a remote stress applied.

a p=0 B=ald
a a fro (41, 0) fro (42, 0) @ a fro (41, 0) fro (42, 0)
—-0.99 0.331 0.013 0.505 —0.002 0.416 0.028 0.335 —0.002
—~0.80 0.309 0.057 0.513 ~0.034 0358 0.097 0.373 —0.032
~0.60 0.288 0.109 0.521 —~0.071 0313 0.154 0.412 ~0.067
—0.40 0.268 0.158 0.528 -0.114 0.280 0.193 0.452 —0.108
~0.20 0.250 0.202 0.536 -0.163 0.254 0.219 0.494 —~0.157
0.00 0.233 0233 0.543 —~0.219 0233 0233 0.543 -0.219
0.20 0.217 0.244 0.550 —0.281 0.216 0.235 0.606 —0.302
0.40 0.202 0235 0.557 —0.347 0.202 0225 0.699 0423
0.60 0.187 0213 0.564 —~0417 0.191 0.205 0.881 —0.639
0.80 0172 0.186 0.571 ~0.493 0.182 0179 1.718 —1.442

0.99 0.158 0.162 0.577 -0.573 - - - -




168 S.N. Khaderi et al. / J. Mech. Phys. Solids 75 (2015) 159-183

a b
0.4

0.3

0.2

0.1

0
-1 -0.5 0 0.5 1
a a

Fig. 6. Calculated values of a, versus « for (a) planar pillar and (b) cylindrical pillar.

marked sensitivity of a, upon . When A is complex, (H;, Hy) are replaced by a single complex value H, such that
o + lorg = Hr*=1, (28)

In the limit ¢ — 1, an analytical formula exists for H, see (52) and (53) of Appendix B. The case of complex eigenvalues is
discussed in more detail by Carpenter and Byers (1987), and is not discussed further here.

Now consider the limiting case where the pillar is compliant and the substrate is rigid, such that « = — 1. Akisanya and
Fleck (1997) reported that a real singularity exists at the corner, such that

D 1-21
Oop = Hir-1= Gw(—) ay,

r (29)

where 1; = 11(8) and a; = a;(8). They found that the eigenvalue 4, increases from 0.59 to 0.69, and a; increases from 0.33 to
0.43 as g is varied from O to a/4, in support of the results shown in Figs. 3 and 6 for a — — 1.

It is instructive to compare the normal traction distribution of the full finite element solution with that of the asymptotic
solution (involving the first two eigenvalues) in order to assess the domain of dominance of the two leading eigenfields, for
selected (a, ). This comparison is shown in Fig. 7(a, b) for the planar pillar and in Fig. 7(c, d) for the cylindrical pillar. It is
clear from these results that the full FE solution converges to the asymptotic solution as r/D — 0 in all cases considered. The
convergence is similar for =0 in Fig. 7(a, c) and g = a/4 in Fig. 7(b, d).

Define a cut-off length ry as the distance from the corner at which the asymptotic solution is in error by 10%. We make
use of plots such as those given in Fig. 7 in order to deduce r4/D as a function of (e, g). Typically, the values of ry/D=0.1 for
the range of (o, f) investigated: we conclude that the two leading terms of H-field suffice to describe the stress field near the
corner up to a distance of ry/D ~ 0.1 over the full range of «, for both pillars.

The calibration factors a, for a 2D planar pillar subjected to a remote moment are reported in Appendix C. It is instructive
to compare the relative magnitudes of the calibration factors for bending with that for axial loading. The ratio of the
calibration coefficients for the two problems is plotted as a function of  in Fig. 8(a) for =0 and in Fig. 8(b) for g = a/4 . The
calibration factor for bending and for axial loading are denoted by (an )pena and (an )axiai, respectively. We note that (as)pena is

Table 2
Values of a, for the corner singularity: cylindrical pillar with a remote stress applied.

a p=0 p=ald
ai as a; a
—-0.99 0.278 0.022 0.380 0.051
-0.80 0.254 0.094 0.305 0.174
—0.60 0.231 0.180 0.251 0.272
—0.40 0.208 0.258 0.212 0.330
-0.20 0.186 0.323 0.182 0.362
0.00 0.157 0.374 0.157 0.374
0.20 0.153 0.301 0.150 0.315
0.40 0.148 0.243 0.143 0.260
0.60 0.142 0.193 0.139 0.208
0.80 0.134 0.153 0.138 0.157

0.99 0.125 0.126 - -
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less than (a;)axi and their ratio is only mildly sensitive to the values of @ and g. The ratio (a2 )bend/(a2)axiai decreases with

increasing «, and is only mildly sensitive to the magnitude of g.

4.2. Problem B: stress intensity factor for short cracks

The stress intensity factor for a short crack embedded within an outer H-field is calculated using the boundary layer
analysis, as discussed in Section 3. Since the asymptotic H-field and crack tip fields are both plane strain, the calibration
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coefficients (d;, d2) are identical for the planar and cylindrical geometries. The calibration coefficients are plotted in Fig. 9
(a) and (b) for =0 and g = a/4, respectively. In broad terms the coefficients (d;, d;) have only a mild sensitivity to (a, )
except in the vicinity of @ — 1.

4.3. Problem C: stress intensity factor for long cracks

The stress intensity factor for a long crack is extracted by the domain integral method within ABAQUS. The calibration
factor b is obtained as a function of #/D for planar and cylindrical pillars via (15), and the values of b are given in Tables 3 and
4 for planar and cylindrical pillars, respectively, for selected values of a, with =0 and a/4.

The normalised stress intensity factors (K¢'¢/¢>/¢) for planar and cylindrical pillars are shown in Figs. 10 and 11, re-
spectively (labelled as ‘long crack’). The asymptotic solution for the stress intensity factors (13) is included, and is labelled as

Table 3
Values of the calibration factor b = bg + ib; for long cracks for =0, see (15).

a ¢|D Plane strain Axisymmetry a ¢|D Plane strain Axisymmetry
br by br by br by br by
-0.99 0.01 5.579 1.707 4.720 1.450 0.00 0.01 5.705 1.794 4.534 1.012
0.05 2.923 0.965 2.674 0.863 0.05 3.055 0.708 2.802 0.360
0.15 2133 0.644 2.528 0.570 0.15 2.257 0.390 2.648 0.131
0.25 2.102 0.473 3.445 0.387 0.25 2172 0.255 3.516 0.064
035 2.401 0.328 6.427 0.191 0.35 2.431 0.167 6.483 0.033
-0.80 0.01 5.562 1.758 4.677 1.455 0.20 0.01 5.855 1.706 4.736 1.010
0.05 2.927 0.940 2.688 0.816 0.05 3.129 0.602 2.871 0.335
0.15 2.153 0.603 2.548 0.513 0.15 2.291 0324 2.670 0.114
0.25 2115 0.434 3.457 0.344 0.25 2.187 0.206 3.523 0.058
035 2407 0.297 6.438 0.173 0.35 2.437 0.133 6.480 0.044
—0.60 0.01 5.558 1.801 4.642 1.439 0.40 0.01 6.097 1.536 4,989 0.957
0.05 2.940 0.904 2.709 0.756 0.05 3.227 0.467 2.950 0.294
0.15 2175 0.557 2.569 0.449 0.15 2327 0.252 2.692 0.094
0.25 2.128 0.391 3.470 0.296 0.25 2.203 0.156 3.530 0.051
035 2413 0.265 6.448 0.153 0.35 2.443 0.099 6.476 0.055
—0.40 0.01 5.573 1.828 4618 1.390 0.60 0.01 6.482 1.244 5320 0.820
0.05 2.964 0.855 2.736 0.676 0.05 3.358 0.294 3.042 0.232
0.15 2.200 0.506 2.592 0.376 0.15 2.368 0.172 2.715 0.072
0.25 2142 0.347 3.484 0.243 0.25 2.220 0.103 3.537 0.044
0.35 2419 0.233 6.459 0.130 0.35 2.449 0.065 6.473 0.067
-0.20 0.01 5.618 1.829 4.601 1.281 0.80 0.01 7.089 0.757 5.777 0.533
0.05 3.002 0.791 2.770 0.563 0.05 3.532 0.074 3.150 0.136
0.15 2227 0.451 2.618 0.284 0.15 2.412 0.085 2.738 0.039
0.25 2.157 0.302 3.498 0.177 0.25 2.238 0.049 3.540 0.025

0.35 2425 0.200 6.470 0.098 0.35 2455 0.030 6.456 0.042
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Table 4
Values of the calibration factor b = bg + ib; for long cracks for g = a/4.

a ¢|D Plane strain Axisymmetry a ¢|D Plane strain Axisymmetry
b by br by br by bg by
—0.99 0.01 4.027 1.217 3.718 1.118 0.00 0.01 5.705 1.794 4.534 1.012
0.05 2.510 0.757 2.468 0.723 0.05 3.055 0.708 2.802 0.360
0.15 2.038 0.525 2.501 0.546 0.15 2257 0.390 2.648 0.131
0.25 2.075 0.422 3.464 0.555 0.25 2172 0.255 3.516 0.064
0.35 2.408 0.388 6.511 0.964 0.35 2.431 0.167 6.483 0.033
—0.80 0.01 4.343 1.307 3.869 1.120 0.20 0.01 6.063 1.962 4.856 1121
0.05 2.611 0.746 2.526 0.671 0.05 3.178 0.702 2.900 0.360
0.15 2.079 0.497 2.526 0.477 0.15 2.305 0.368 2.679 0.105
0.25 2.091 0.387 3.468 0.467 0.25 2197 0.225 3.530 0.012
0.35 2.406 0.342 6.492 0.785 0.35 2.445 0.125 6.489 —0.118
—0.60 0.01 4.678 1.409 4.033 1.120 0.40 0.01 6.436 2159 5193 1.247
0.05 2.718 0.735 2.590 0.614 0.05 3.309 0.697 3.002 0.364
0.15 2123 0.469 2.553 0.404 0.15 2.355 0.347 2.713 0.083
0.25 2.108 0.352 3.475 0.375 0.25 2224 0.197 3.548 —0.037
0.35 2.408 0.296 6.479 0.601 0.35 2.463 0.085 6.503 —0.269
—0.40 0.01 5.015 1.522 4.202 1.114 0.60 0.01 6.831 2.391 5.550 1.394
0.05 2.826 0.725 2.657 0.551 0.05 3.452 0.693 3.109 0.375
0.15 2167 0.441 2.582 0327 0.15 2407 0330 2.749 0.067
0.25 2128 0.318 3.486 0.282 0.25 2.254 0.171 3.572 —0.084
0.35 2.412 0.252 6.474 0.418 0.35 2.484 0.044 6.527 —0.420
—-0.20 0.01 5.357 1.649 4.374 1.089 0.80 0.01 7.264 2.665 5.940 1.560
0.05 2.938 0.716 2.728 0473 0.05 3.366 0.731 3.220 0.396
0.15 2.211 0.415 2.614 0.242 0.15 2.463 0.315 2.790 0.057
0.25 2.149 0.286 3.499 0.183 0.25 2.288 0.146 3.602 —0.128
0.35 2.420 0.209 6.475 0232 0.35 2.510 0.004 6.561 —0.574

‘short crack’. There is only a small effect of g value and geometry (planar versus cylindrical) upon the magnitude of K#'. The
magnification in the value of K#¢[s*/¢ at small #/D is due to the presence of the corner singularity. The role of & is mild,
with K7 increasing by a factor of about two as « increases from — 1 to 1. For all material mismatches, the interfacial crack is
close to mode I since Im(K#') is less than 1/2 that of Re(K#'). Finally, we note that for « = 0.8 and g = a/4 the long crack
solution for the imaginary part of K does not converge to the short crack for the range of #/D considered (see Figs. 10(d) and
11(d)). Simulations performed (not shown) indicate that the long crack solution slowly converges to the short crack solution
only for #/D < 0.001.

An analytical solution for b, in the limiting case of « = 1and any g, is given in Appendix B, see (55). The imaginary part Im
(K£'€) vanishes as a — 1 for g=0, recall (54) and (58). The numerical solution for (« = 0.99, g = 0) is in excellent agreement
with the analytical solution (55) for (a« = 1, g = 0), and so there is no need to show the analytical case in Figs. 10 and 11.

Denote by #; the crack length for which the real part of K-value, as calculated by the asymptotic analysis, differs from the
full solution by 10%. Rephrased, #s is the maximum length of crack for which the short crack solution is valid. We find that
ts ~ 1y ~ 0.1D for all (a, p) considered.

4.4. Energy release rate

The energy release rate G and phase angle y are extracted from K via (17) and (18), respectively, and are plotted as a
function of #/D in Fig. 12 for planar and cylindrical pillars, for a« = + 0.99 and a = 0, with =0 and g = a/4. Analytical
solutions are included in the figure for ¢=1, as taken from (56) and (67). Excellent agreement is noted between the nu-
merical prediction for ¢ = 0.99 and the analytical result for « = 1. For the planar pillar, G increases by up to a factor of 2 as &
is increased from —0.99 to 0.99. In contrast, G is only mildly sensitive to the magnitude of « for the cylindrical pillar. For
both types of pillars, G increases with increasing #/D, indicating that the interface will fail in an unstable manner for all
combinations of (a, #) when a sufficient remote stress is applied. This is consistent with the simulations reported by
Spuskanyuk et al. (2008).

Now consider the phase angle y = tan~!'[Im(Kz%)/Re(K#]). For both the 2D and 3D pillars, y is close to zero for
(a =0.99, g = 0) for all #/D; this is anticipated since (« = 1, g = 0) corresponds to the case of a frictionless, rigid pillar (with
zero shear traction on the interface). For any #/D, y increases by up to 20° as « is decreased from +0.99 to —0.99, but y has
only a mild sensitivity on the p-value.
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Fig. 10. Real and imaginary parts of Kz versus #/D for planar pillar: (a) =0, (b) p=a/4.
5. Discussion
5.1. Case study

Recent studies of adhesion (Jeong et al., 2009; Gorb et al., 2007; Greiner et al., 2007; Kamperman et al., 2010) make use of
PDMS pillars on a glass substrate” (a« = — 0.99, #=0) and of glass pillars on PDMS (a = 0.99, g = 0). These pillars typically
have rounded corners with a root radius r. (see Fig. 1(b)). When such pillars are brought into contact with a substrate, the
rounded corner between the pillar and substrate resembles a crack. The crack length can be taken as # = r.. We can now
make use of the above analysis in order to calculate the pull-off stress ¢* as a function of #/D for both planar and cylindrical
pillars. Upon equating the energy release rate in (17) to the interfacial adhesion energy or toughness G., we obtain (for =0)

5°D1/2 _(2 1 ]”2
(E*G. )2 \ 7 (bg + b7) (30)
This is plotted in Fig. 13. We note from Fig. 12 that y/is in the range 0 < y < 20° for both PDMS on glass and glass on PDMS,
and so we can assume that G, is close to its mode I value (pure tensile). Note that ¢* drops with increasing #/D (implying an
unstable response), and is mildly sensitive to the choice of materials for the pillar and substrate at short #/D.

There is recent interest in the adhesion of PDMS pillars to human skin for the attachment of biomedical devices to skin
(Kaiser et al., 2011). Here, we consider the detachment forces for a PDMS pillar from human skin. Skin has a shear modulus
of approximately u, = 0.1 MPa and Poisson's ratio v = 1/3 (Shergold et al.,, 2006). Then, the case of a PDMS pillar detaching
from human skin corresponds to a ~ 0.8 and g ~ 0.2 = a/4. Upon equating the energy release rate in (17) to the interfacial

4 Assuming that the PDMS is compliant compared to glass and that Young's modulus of PDMS E=2.6 MPa and Poisson's ratio z=0.5 (Greiner et al.,
2007).
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Fig. 11. Real and imaginary parts of K¢ versus #/D for cylindrical pillar: (a) =0, (b) f=a/4.

adhesion energy or toughness G, we obtain (for g = 0.2)

oD 2(D1]”2
(E*G. )12 ¢ (bg + b) (31)
The normalised pull-off stress, calculated using (31), is shown in Fig. 13 as a function of #/D. We note that the normalised
pull-off stress for PDMS pillar from human skin is similar to that of a glass pillar from PDMS substrate.

5.2. Implications of the analysis

The above analysis assumes that the pillar detaches from the substrate in a brittle manner when the energy release rate
(as determined from (11)) exceeds the interfacial adhesion energy or toughness G.. Alternatively, the interface can failin a
‘ductile manner’ when the normal stress at the interface reaches the cohesive strength o.. Whether the failure is ductile or
brittle can be determined by comparing the size of the process zone at failure r,, to a characteristic size, which is the pillar
diameter D in our case. If r, <« D, the pillar will detach in a brittle manner. The size of the process zone is given by
1,=AE*Gc[o2, see Wang and Suo (1990). Here, A is a dimensionless parameter that depends on mode mix y and the elastic
mismatch; it takes values ranging from 0.1 to 0.6. Assuming adhesion energy of G.=50 mJ/m? and a cohesive strength
oc = 0.1 MPa for PDMS (Tang et al., 2005), r,, is in the range 1 pm to 5 pm. Hence, pillars of diameter D > 5 pm are likely to
fail in a brittle manner and for such pillars the analysis given herein is applicable.

Figs. 10 and 11 summarise the interfacial K for a crack embedded within the corner singularity. When the crack length #
is small compared to the diameter D, the crack tip is embedded in the corner singularity region and consequently the value
of interfacial stress intensity factor K is magnified. Consequently, the corner singularity reduces the detachment force for an
adhered pillar. A mitigation strategy for this reduction in detachment force is to use a mushroom tip rather than a cylindrical
tip, see for example Aksak et al. (2014) and Gorb et al. (2007). The mushroom tip reduces the magnitude of H, but no
assessment of the reduction in H exists in the literature.

Fig. 13 shows that the pull-off stress for the rigid pillar scales as D-1/2, in agreement with the pull-off stress obtained by
equating the Kendall equation (65) to the interfacial adhesion energy. Thus, small pillars will show higher pull-off stresses.
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Further, there is only a mild sensitivity to defect size. Our analysis also highlights the fact that a stiff pillar on a compliant
substrate gives a smaller pull-off stress than a compliant pillar on a stiff substrate. However, the difference is less than a
factor of 2 and may be masked by the presence of surface roughness or contaminant.

6. Concluding remarks

The present study highlights the role of the corner singularity in promoting the detachment of a micropillar from a
substrate of dissimilar elastic properties. We assume that detachment occurs by the growth of an interfacial crack from the



S.N. Khaderi et al. / ]. Mech. Phys. Solids 75 (2015) 159-183 175

corner. A full asymptotic analysis has been performed for the stress intensity factor for an interfacial crack embedded within
the corner singularity. On comparison with the full field solution, it is demonstrated that the two leading terms of the corner
eigenfields contribute to the stress intensity factor of a short interfacial crack. The domain of singularity from the corner
extends over a length of about 10% of the pillar diameter. As a consequence, the asymptotic analysis is of great utility as it is
a determination of the weakening effects of cracks present at the edge of the contact. In addition, the effect of a pillar edge
radius on the detachment strength of the pillar under tension can be obtained by considering the edge radius to first order
to be a crack at the edge of the contact: the length of the crack is equal to the edge radius. Based on the interface adhesion
energy, and the radius of the edge, we have derived an expression for the detachment strength of the pillar when subjected
to tension. Therefore, our analysis has predictive power in regard to the tenacity of micropillars when one attempts to
detach them from a substrate, whether that substrate is stiff or compliant relative to the pillar material. It remains to
compare such a detachment strength with that of pillars having specialised tip shapes such as mushroom heads or flanges.
An initial study along these lines has been performed recently by Aksak et al. (2014). The present study is limited to the case
where a flat-ended pillar lies perpendicular to the half-space. This is a reasonable idealisation for the case of a long,
compliant pillar. Stubby, tilted pillars will disbond more easily due to the fact that the flat-bottom of the pillar is not adhered
to the half-space but only the corner of the pillar.
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Appendix A. Asymptotic analysis of stress distribution near a corner

The asymptotic solution for the stress and displacement fields near a bi-material corner is derived below. Consider a bi-
material corner as shown in Fig. 2(b). Let (r, ) be a cylindrical polar coordinate system originating at the corner. The
material above and below the interface is numbered 1 and 2, respectively. Both materials 1 and 2 are isotropic, with shear
moduli (4, u,) and Poisson ratios (4, v2). The elastic mismatch can be quantified using Dundurs’ parameters (a, ) as defined
in (1). Introduce m as the index that identifies the material above (m=1) or below (m=2) the interface with xyn = 3 — 4up,.
Following Muskhelishvili (1977), the stress and displacements in materials 1 and 2 can be expressed in terms of complex
potentials @) (z) and Q) (z) as

ol — o = By (2) + Dm)(2) + ZB(m)(2) + 272Q(m)(2), (32a)
o™ + io ") = Bim)(2) + P(m)(2) — Z8(m)(2) — 272Dy (2), (32b)
™ 4 iuf™ = (2p(m)) e (ko ®im) (2) = 2Bm)(2) - 2y (2)), (320)

where z = x + iy = rel’, ()’ denotes the derivative and () represents the complex conjugate, in the usual manner. Each
complex potential can be written as a series expansion in z, where the origin is at the corner between pillar 1 and substrate
2. For example, we can write

Anzjn
1 (33)

Ms

®1(z) =

n

and likewise for @,, £2; and £2,. We make use of the traction boundary conditions on the pillar and substrate and continuity
relations on the interface in order to derive a characteristic equation with roots A,,. Now consider one such root and call it A.
We seek an asymptotic solution of the form

D= AZ;‘, Q1= Bz* (34)
Dy = Cz4, Q) = Dz*, (35)

where A is the eigenvalue and the complex coefficients (A, B, C, D) form an associated eigenvector, to be determined. The
relations (32a) and (32c) provide

o) +ioi) = ﬂri—l[Aei(l—l)H + JAe-iti-1)6 4 gefiun)a] (362)

gtgg) + igr(oz) — Ma-][Ceiu-ne + ACe-iti-1)o 4 De—i(/1+l)6'] (36b)
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A
u® 4 jufV = ;[K]Aeiu-l)a _ Aje-it-1)0 _ ge-iun)a]

H1 (36¢)
u® 4 iuf = “[cheiu-m _ Cre-iti-1o _ De—i(2+1)9:|‘
2y (36d)
The displacements and tractions are continuous on the interface, and the tractions vanish on 6 = z/2 and 6 = — #, hence
A+JA+B-C-iC-D=0, (37a)
xi1A = JA — B — u(kaC - 2C - D) =0, (37b)
Ae™ — JA + B=0, (37¢)
Ce=2n 4 3C + D =0, (37d)
where u = u;/u,. Note that (37a) and (37c) give B and D in terms of A and C, as
B = — (Aei™ — JA) (38a)
D=— (Ce‘?’” + /IC), (38b)
and consequently, (37a) and (37b) can be re-expressed as
A(1 — ei™) + 2A% + C(e~2i" — 1) = 0, (39a)
—(k2 + €72 Cy + A(ky + ei) — 2A4 = 0. (39Db)
We write A = Ag + iA;, and likewise for B, C and D. The real and imaginary parts of the above equations give
(cos (2z4) — 1)Cr + (22 — cos (z4) + 1)Ag + Aj sin (zA) + G sin (2z1) = 0, (40a)
(cos(2z4) — 1)C; — (24 + cos (x1) — 1)A; — Ag sin (z1) — Cg sin (27z4) = 0, (40Db)
—(x2 + cos (224))Cru — Cyp Sin (27z2) + (k1 — 22 + cos (z4))Ar — Ay sin (z1) = 0, (40c)
—(k2 + cos (224))Ciu + Cru Sin (272) + (k1 + 24 + cos (zA))A; + Ag sin (z1) = 0. (40d)
We proceed to solve for Cg and C; using (40a) and (40b) to obtain
Coo (24 — 2 cos (#1) + 1)Ag sin (z2) — ((24 — 1) cos (=A) + cos(271))A;
k= 2 sin (z4) ' (41a)
Ce_ (22 + 2 cos (zd) — 1)A; sin (zd) + ((24 + 1) cos (zd) — cos(2x1))Ar
= 2 sin (z4) ' (41b)

and upon substituting for (Cg, ;) into (40c), and (40d) and equating the determinant of the coefficient matrix for (Ag, A;) to
zero, we obtain the characteristic equation F (1) = 0, where

F() = {[4(x? - 42 + 1) + 8x1 cos (n2) | sinez
- 2[( cos zd + 2% — 1)(4@ cos?zl + (k2 — 1)2)]/42
—4((K2 - ])[4,12 sin?zh — (k1 — 1) COSZIz'/l] + (k12 + 1)(1 = sin 274 sin zd) — (k1 + Kz))y}/{4 sinzml}. (42)

Without loss of generality, choose y; = 1and x; = 0. Then, for a given combination of (e, ), we calculate the values of u,
and x,. Any root of F (1) = 0, which delivers a value of 4 in the range 0 < 1 < 1, gives rise to an unbounded stress asr — 0, and
thence to a singular stress field. It is noted that for, « = — 1, there is only one root that results in a singular stress field. For
larger a, there are two roots that result in singular stress field. The characteristic equation F (1) = 0 is solved numerically for
these two roots for various choices of (a, ). These are labelled (44, 12), with 1; < 1. As discussed in Section 2, we limit our
attention to -1 < a < — 1 and =0 and a/4.



S.N. Khaderi et al. / ]. Mech. Phys. Solids 75 (2015) 159-183 177

The eigenvalues are shown in Fig. 3(a). When =0, a real root for A exists for all values for . When g = a/4, the root 4
becomes complex for @ > 0.86. The real and imaginary values of 1 are given in Fig. 3(b) for « > 0.86 and = a/4. We note in
passing that (i) if A is a solution to the characteristic equation, then —4 is also a solution and (ii) the calculated values of A for
the limiting case of @ — — 1 are in good agreement with those reported by Akisanya and Fleck (1997).

For each eigenvalue A, there exists an eigenfield with non-trivial solution for the coefficients A, B, C and D. Using the
boundary conditions (37a)-(37d), we can solve for these coefficients in terms of any one of the unknown coefficients, say Ag.
It remains to express A in terms of the stress intensity H. Recall from (4) that each value of H,, is associated with an
eigenvalue A,. We continue to consider one representative eigenvalue A and the corresponding intensity H. In order to
obtain the required relation between Ag and H, write the traction o4 (0 = 0) as

o = Re (/WJ(A +A + B)) = Hr -1, (43)
To proceed, we need the expressions for B and A; in terms of Ag. Upon substituting for B, C and D from (38a), (41a) and (38b)
into (37a), we obtain
(2(xk2 — 1) = 2K c0S (wA) + k2 — 1)p sin (zA) — 2(x1 — 24 + cos (z4)) sin (zz/l)A
R

Al =
! (2x2 cos? (ml) + (2(1<2 + 1) -k — 1) cos (ml) — K2+ 1);4 + 2 cos? (ml) -2 (44)

Now make use of (38a) to express B in terms of Ag and A;, and thereby re-write (43) as Ag = y,H, where
(2K2 cos? (ml) + (2(1(2 + 1A -k — 1) cos (ml) — k2 + 1)/4 + 2 cos? (ml) -2

2((K1 + 1)/1 sin? (ml) + ((Kz + 1)/1 sin? (ml) - (Kz + 1)/1 - (2(x2 + 1),13 — (Kz + 1)/1) cos (n/l))y)

Likewise, (44) can be written as A; = y,H, where

(2(k2 = 1)4 = 2k cos (7d) + k2 — 1)u sin (x1) — 2(x1 — 24 + cos (zA)) sin (zA)
2((1(1 + 1)/1 sin? (ml) + ((xz + 1)/1 sin? (ml) - (K2 + 1)/1 - (2(1@ + 1)13 - (Kz + l)/l) cos (ml))y)'

It remains to obtain (B, C, D) as a function of H via (38a), (38b) and (41a), to give

h=-

Y =-

X
[Ar A; Bg Bi Cr G Dr DT =| " |YH
X (45)
where
1 0 X51 Xs52
10 1] _ | X1 Xe2 |, HEa
X = X31 X32 | X2 = X711 X792 | Y= »n
X41 Xa2 Xg1 Xg2 (46)
with
Xx31= (4 — cos (zd)) (47a)
X32 = ( sin (z4)) (47Db)
X41 = (sin (z1)) (47¢)
X2 = (A + cos (z1)) (47d)
1
X571 =14 — COS (ml) +3 (47e)
o — (24 — 1) cos (zd) — 2 sin? (zA) + 1
2= 2 sin (1) (47f)
X (24 + 1) cos (zA) — 2 cos? (zd) + 1
61=—

2 sin (z4) (47g)

Xez = — A — COS (ml) +3 (47h)
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1 1
=—22+2 A+ =4+ =
X71 + 4 COS (ﬂ ) + 5 + 5 (47i)

27 cos2 (zd) + (242 + A — 1) cos (zd) — 1 + 1

X72 =

2 sin (z4) (47j)
2/ cos (A ) — (2,12 —-1- 1) cos (ml) —-1-1
Xg1 = —
5 2 sin (74) (47Kk)
X32=/12+/1C05(m1)+l/1—l
2" 72 (471)

The stresses o™ and displacements u{™ are given by (36), with (A, B, C, D) expressed in terms of H via (45). Thus (36)
can be re-expressed as

o = Hre g™, (48a)
m) = Hrig(m), (48b)
where the functions f{™ and g™ are defined by
[ gim £ £ £ | = NowXom Y, (49)
where

(<m) = 4) cos (4 = 1)8)  (—xem) + 4) sin (4 - 1)0) _cos((4+1)8)  sin((4+1)6)
2u(m) 24 (m) 24 (m) 2 (m)

(komy + 2)sin (2 = 1)8)  (kem) +4)cos ((A=1)8)  sin((4+1)8)  cos((4 + 1)0)
Nim) = 2u(m) 2u(m) 2u(m) 2u(m) ,

—(AZ—BA)COS((/I—I)H) ( )sm( (1=-1) 0) —2cos((A+1)8) Asin((4+1)6)

(2 +2)cos((2-1)0) —(22+2)sin((2-1)8) 2cos((2+1)0) —2sin((A+1)0)

(2-4a)sin((2-1)0) (22 -2)cos((2—-1)0) Zsin((2+1)0) 2cos((4+1)6) (50)

Appendix B. Analytical results for o = 1

We summarise here analytical results taken from the literature for a rigid pillar adhered to an elastic substrate a = 1, first
for the planar pillar and second for the axisymmetric pillar.

B.1. Rigid planar pillar on elastic substrate

First analyse the case of an ideal contact in the absence of a corner crack, #=0, as shown in Fig. 2(a). The problem is
identical to the indentation of a half-space by a sticking punch of width D. The eigenfield at the interface corner is identical
to that of an interfacial crack, and the traction on the interface reads

. Kr'
+ iorg = ——— = Hr#-1,
oo Oro Sl (5] )
An explicit formula for K can be obtained from the literature (Johnson, 1987; Muskhelishvili, 1977) as
K= 1+x2 soD1/2-ie
27K (52)

Upon equating the terms in (51) we obtain

K 1 .
H=— and 1= — +ie.
2z 2 (53)
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Since the stress field at the corner (51) is that of an interfacial crack, we can ask what is the phase angle of this interfacial
crack tip field? In view of the fact that the only length scale that enters (52) is D, we define a phase angle ¢, based on the
choice 7 = D in (8). We obtain directly from (52) the result = 0 for all g.

Consider now the case where an interfacial corner crack is present beneath the sticking punch (#/D and g arbitrary). Since
the pillar is rigid, the portion of the pillar not in contact with the substrate plays no role, and the above solution (52) applies,
provided D is replaced by D — 2¢ and o> is replaced by ¢*D[(D — 2¢), to give

1/2-ie
K=K +iK; = (1 +K2)o‘°° 2 (2 _ 2) F112-ie_
KD ¢ N\7¢

By equating (54) and (15), the calibration coefficient b is

_ (1 +K2) 2 2 ~ —1/2-ie
b= [27c2 [f](f 2) ' (55)

the energy release rate G follows as

GE*__ i[Z_f(l _ z_f)]
(6*2¢ =z| D D ’ (56)
and the phase angle y, now based on #, reads
Y= tan-l(ﬁ] =-—cln (2 - 2),
br 4 (57)

Note that the energy release rate G is independent of g, whereas the phase angle y depends upon g, and vanishes when
p=0.

B.2. Rigid cylindrical pillar on an elastic substrate

First analyse the case of an ideal contact in the absence of an circumferential interface crack, # = 0, as shown in Fig. 2(a).
An analytic solution for the normal and shear stress on the interface is available only in quadrature form as follows. In-
troduce p = 0.5 — r/D, such that pD is the distance from the centre-line of the pillar to the point of interest on the interface
(at a distance r from the corner). Then, Mossakovskii (Mossakovskii, 1963; Kachanov et al., 2003) has derived the result

Goo + lorg e(1 = 2uv3) 2 f/) p €OS (&) + ix sin (&) dx
o® Jk2 In ks tanh(ze) p Jo | ( ’

— 02— x2)1/2(D2 — 4x2) (58)
where ¢ = — e In[(D + 2x)/(D — 2x)]. The corner singularity has the same asymptotic nature as that of the sticking planar
punch, which we know from (52) to be an interfacial crack tip field. It remains to obtain the magnitude and phase of K for
the cylindrical case. Mossakovskii (1963) has given a closed form expression for the compliance C of a rigid pillar on a half-
space,
_ (1 -2)
2Dy, Iniey” (59)

The load on the pillar is P = z6*D?/4, and the energy release rate G is

_lP_Z o _ x (1-2u) 2D
T 2zDo(DJ2) T 16 pylnk; ’ (60)

Recall that IK? = E*G/(1 - $?%), where E* = 4u,/(1 - v2) from (12). Hence

(1 - 217) (0=)2D.

K2 =2
8(1 - 02)(1 -4 Inky (61)

Thus, we know directly IKI but not its phase angle. We shall make use of (58) in order to obtain the phase angle as follows.
The asymptotic stress field at the corner is of the form

ogp + o, KD* ( r )i6
00 0 = = )
J2ar \D

(62)
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Table 5
Summary of results for compliance C = f;(v2)(1 — v4)/DE>, energy release rate G = f,(v2)(1 — v4)D(c%®)2/E2 and phase angle i for 2D planar and 3D cy-
lindrical pillars for « = 1 and arbitrary g.

Punch filv2) f(v2) $(?=D)

2D frictionless 0 1z Mode I

2D sticking ] 1z 0

3D frictionless 1 716 Mode I

3D sticking 1-2u2 7 (1 = 2u2) In 4
_ LI LA 22 In(3 -4
(1 -v2)In(3 - 4u2) 16 (1 — v2)In(3 - 4v2) 1

as r — 0, following (6). Hence,

- . L —ie
KD = lr1£r3(699 + lo‘rg)(D) J2nr. (63)
We pll‘\oceed to substitute (58) into (63) in order to evaluate KD numerically.” Note that KDic = |Klei#, where i is given by (8)
with # = D. A fitting exercise gives

A In4
=—-—1In|3 - 4|
VST ( ”2) (64)
and is accurate to within 5%. Numerical evaluation of (63) confirms the validity of IKI as given by (61).
Previously, the energy release rate and phase angle for a 3D cylindrical pillar has been estimated by Kendall (1971) and
by Gao et al. (2005) by making use of the frictionless punch solution. For the case of a flat-bottomed circular cylindrical
punch, without friction, the energy release rate is

x (=43 e,

G=_r"—""27
16 E (65)

and this corner singularity is identical to that of a mode I crack, with stress intensity factor K = ¢ (zD/8)!/2. The expression
(65) for G is very close to that for the adhered pillar for « = 1 and arbitrary g (that is, arbitrary v,). For example, the
expression (65) is identical to that of (60) for v, = 1/2 (i.e. 5=0), and deviates by only 9% when v, = 0. The mode mixes are
also very similar. For the adhered pillar, 7, as defined by arg(KD'), is given by — In(3 — 4v,) In 4/2z. Thus, = 0 for v, = 1/2
and = — 13.8° for v, = 0. In comparison, the frictionless punch generates a mode I K-field in substrate 2 for all z,.

In similar manner, the indentation solution for a frictionless planar punch (of width D) is very close to that of the 2D
planar pillar for a = 1, arbitrary g. The energy release rate at the corner singularity of a frictionless punch is identical to that
for the adhered 2D pillar, for « = 1 and arbitrary 3,

(A=) e,

c=1
r E (66)

The frictionless punch generates a mode I crack tip field whilst the sticking pillar has § (based on D) equal to zero, recall
(52).

It is useful to collect the above analytical results for compliance, energy release rate and phase angle for a frictionless and
sticking punch, see Table 5. We emphasise that the case of rigid pillar on an elastic substrate (« = 1, arbitrary ) is identical
to the case of rigid, sticking punch.

Now consider the cylindrical pillar in contact with a substrate with a circumferential interface crack of length #. Fol-
lowing the same arguments as for the planar pillar, we replace D with D — 27 and ¢* with 6*D?/(D — 2¢)? in the expression
(58) for the interfacial traction, (60) for G, and (61) for IKI. Thus, the expression for G now reads

_ 2 (1-20) (67D
" 16 pylnky (1-2¢/D) (67)

The phase angle y, as defined in (9), is related to § of (64) according to (10), to give

——eln(ﬂ—l)
= 4 2f

5 The quadrature in (63) is evaluated in Matlab for small but finite r, for any given p.
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Appendix C. Pillar subjected to an end moment M

For completeness, we report the calibration factors for a planar pillar subjected to an end moment M (see Fig. 14(a)). We
again consider the three problems discussed in Section 2. For the crack-free configuration the asymptotic stress field at the
corner is of the same form as that of axial loading, and is given by (2). Hence, A(a, ) and d(a, ) are the same as before. The
definitions (5) and (15) still apply, with ¢* = 6M/D? redefined as the maximum bending stress at the outer fibre of the
planer pillar. However, the calibration functions a and b change.

Problem A: The values of the calibration factor a for various values of (a, g) are obtained using finite element (FE)
analysis, as described in Section 3. The FE simulations are performed by choosing the length of the pillar to be 40D and by
modelling the substrate as a rectangular domain of height and half width equal to 40D. The end moment M is applied to the
top of the pillar, via a linear distribution of normal traction. Since the applied moment is antisymmetric about the neutral
plane, only the right half of the geometry is modelled. The geometry is discretised using plane strain finite elements (CPE8
in ABAQUS terminology). The calculated values of a are reported in Table 6.

Problem C: When the crack is long, the values of the stress intensity factor K have to be extracted by performing finite
element analysis on the entire geometry as shown in Fig. 14(b). The finite element analysis is performed as detailed above,
and the stress intensity factors are calculated using the domain integral method in ABAQUS. From the extracted stress
intensity factors, the values of the complex calibration coefficient b are calculated for selected values of (e, ); these are
listed in Table 7.

Fig. 14. (a) Problem A: pillar perfectly bonded to the substrate with a remote moment M applied. (b) Problem C: interfacial long crack of length ¢.

Table 6
Values of the calibration factor for the corner singularity, see (5): planar pillar with a remote moment applied.

a p=0 f=ald
a; a ai az
—0.99 0.197 0.013 0.283 0.029
—0.80 0.187 0.061 0.237 0.102
—0.60 0.175 0.119 0.203 0.165
—0.40 0.164 0.174 0.178 0.209
-0.20 0.153 0.220 0.159 0.236
—0.00 0.144 0.247 0.144 0.247
0.20 0.135 0.246 0.132 0.241
0.40 0.127 0.220 0.123 0.219
0.60 0.120 0.181 0.117 0.184
0.80 0.113 0.141 0.116 0.139

0.99 0.106 0.108 - -
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Table 7
Values of the calibration factor b = bg + ib; for long cracks when an end moment is applied to a planar punch.

a I/D =0 B =ald a /D =0 B=ald
bg b, bg b, bg b, bg b,
—0.99 0.01 3.450 1.076 2.841 0.838 0.00 0.01 3.912 0.998 3912 0.998
0.05 2148 0.570 2.053 0.493 0.05 2.398 0.367 2.398 0.367
0.15 2181 0.255 2181 0.345 0.15 2.259 0.134 2.259 0.134
0.25 2971 0.120 2.976 0.434 0.25 2.983 0.060 2.983 0.060
0.35 5.417 0.046 5.470 0.998 0.35 5.464 0.023 5.464 0.023
—0.80 0.01 3.501 1.088 3.039 0.867 0.20 0.01 4,090 0.914 4157 1.035
0.05 2187 0.539 2117 0471 0.05 2462 0.310 2474 0.338
0.15 2196 0.232 2192 0.304 0.15 2.275 0.108 2.280 0.091
0.25 2.966 0.108 2.974 0.360 0.25 2.988 0.048 2.991 —0.013
035 5.458 0.041 5.465 0.804 035 5.465 0.018 5.467 —0.169
—0.60 0.01 3.571 1.091 3.248 0.898 0.40 0.01 4317 0.789 4.422 1.073
0.05 2234 0.503 2185 0.446 0.05 2.532 0.245 2553 0.309
0.15 2211 0.208 2.207 0.261 0.15 2292 0.082 2.303 0.048
0.25 2.969 0.096 2.972 0.284 0.25 2.993 0.036 3.002 —0.088
035 5.460 0.037 5.462 0.604 035 5.466 0.013 5.471 —0.362
—0.40 0.01 3.659 1.079 3.462 0.930 0.60 0.01 4.609 0.610 4718 1112
0.05 2.284 0.463 2.255 0.421 0.05 2.609 0173 2.639 0.277
0.15 2227 0.184 2.224 0.219 0.15 2309 0.055 2328 0.004
0.25 2.974 0.084 2.975 0.209 0.25 2.998 0.024 3.015 —0.164
035 5.461 0.032 5.464 0.408 035 5.467 0.009 5.476 —0.558
—0.20 0.01 3.771 1.050 3.684 0.963 0.80 0.01 4986 0.356 5.057 1.148
0.05 2338 0.418 2325 0.395 0.05 2.693 0.091 2.731 0.244
0.15 2243 0.159 2.241 0177 0.15 2326 0.027 2356 —0.040
0.25 2.978 0.072 2.978 0.134 0.25 3.003 0.012 3.030 —0.241
0.35 5.463 0.027 5.465 0.215 035 5.468 0.004 5.483 —0.758
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