This article was downloaded by:

On: 22 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

. The Journal of Adhesion

Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713453635

e Numerical Analysis of the Constrained Blister Test

' Yeh-Hung Lai*; David A. Dillard*
* Engineering Science and Mechanics Department, Virginia Polytechnic Institute and State University,
Blacksburg, Virginia, U.S.A.

To cite this Article Lai, Yeh-Hung and Dillard, David A.(1990) 'Numerical Analysis of the Constrained Blister Test', The
Journal of Adhesion, 33: 1, 63 — 74

To link to this Article: DOI: 10.1080/00218469008030417
URL: http://dx.doi.org/10.1080/00218469008030417

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informaworld. conftermns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this nmaterial.



http://www.informaworld.com/smpp/title~content=t713453635
http://dx.doi.org/10.1080/00218469008030417
http://www.informaworld.com/terms-and-conditions-of-access.pdf

14:37 22 January 2011

Downl oaded At:

J. Adhesion, 1990, Vol. 33, pp. 63-74

Reprints available directly from the publisher
Photocopying permitted by license only

© 1990 Gordon and Breach Science Publishers S.A.
Printed in the United Kingdom

Numerical Analysis of the Constrained
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The constrained blister test is investigated through finite element analysis to determine the
applicabilities and the limitations of the new technique. Numerical results confirm that the strain
energy release rate asymptotically approaches a constant value. These results also show that the test
technique and the approximate solution for strain energy release rate are applicable for some practical
cases.

KEY WORDS Adhesive; fracture test; constrained blister test; blister test; finite element analysis;
strain energy release rate.

INTRODUCTION

Over the years, a large number of test geometries have been devised for
evaluating the properties of in situ adhesives. The use of fracture mechanics has
provided a rational basis for the design of structural components and a number of
tests have been developed for measuring these properties. These include such
tests as the double cantilever beam (DCB) test originally developed by
Mostovoy,' the cone pull-out test developed by Anderson et al.,? and the blister
test originally employed for paints by Dannenberg,’ and later adapted to
structural adhesives by Williams.* Each of these tests has certain advantages and
disadvantages and each may be modified to provide some degree of mixture
between mode I, II and III crack growth. Among these tests, the axisymmetric
blister specimen offers an attractive alternative for environmental exposure
because the diffusion occurs nearly perpendicular to the debond so that
penetration from the sides does not present a problem.’> Also, because of the
axisymmetric nature of the blister specimen, the non-uniformity of the stress field
along the debond front is much less than for a finite width specimen. One of the

t Presented at ehe Eleventh Annual Meeting of The Adhesion Society, Inc., Charleston, South
Carolina, U.S.A., February 21-24, 1988.
 Corresponding author.

63



14:37 22 January 2011

Downl oaded At:

64 Y. H. LAI AND. A. DILLARD

most difficult problems associated with the blister specimen is the determination
of the debond radius. Although several techniques have been proposed to
identify the increments of crack growth and to detect debond initiation,®’
adequate information about actual debond size is still quite difficult to obtain.
Measurement of the debond size is important for two reasons—the determina-
tion of the increments in crack growth and the evaluation of the debond radius
for calculation of the strain energy release rate. Anderson et al.” discuss closed
form and numerical solutions for the strain energy release rate and have identified
regions of applicability for formulae for a penny-shaped crack between two
semi-infinite media and for plate theory. For the simplest case where thin plate
assumptions with small deformations are applicable, the closed form solution is:

3(1-v%)
= e P @

where G is the strain energy release rate, v is the Poisson’s ratio, E is the Young’s
modulus, p is the pressure in the blister, a is the debond radius, and ¢ is the
thickness of the specimen.

Since radius appears to the fourth power, small errors in measuring the debond
will result in significant errors in estimating G. On the other hand, in the case of a
relatively thin specimen with the membrane effect involved, the above solution is
not applicable. For this case, Gent and Lewandowski® proposed a solution for
strain energy release rate with the form: G = 0.65py, where y is the deflection of
the center of the blister, which is proportional to the cube root of pressure and is
also a function of debond radius. Recently, Allen and Senturia proposed models
for the case of thin films in the blister test of annular and rectangular shape with
and without residual stresses.”'® This “island” blister geometry has also been
extended to a constant strain energy release rate “peninsula” blister geometry
while retaining the high strain energy release rate nature of the island blister.'!"'?

More recently, a modification of the blister test called the constrained blister
test which permits nearly constant strain energy release rate testing of adhesive
bonds was proposed independently by Dillard et al."*'* and Moet et al.'* By
placing a flat constraint above the blister to limit its deformation (Figure 1), the
volume displaced is approximately proportional to the debond area. Under
constant pressure loading, this results in a nearly constant strain energy release
rate test. The energy released as the debond grows may be expressed as:

GOA=péV—-6U-6Z 2)
where 6A is the variation of the debond area, 6V is the variation in displaced
volume, OU is the variation of the strain energy, and 8Z is the variation of the
dissipated energy due to bulk viscoelastic and frictional effects.

If one may neglect the energy dissipation due to viscoelastic effects and

frictional slipping, and if the change in strain energy as the blister grows is
negligible, the strain energy release rate is given by:

G =phq (3a)
where h is the constraint height, and q is the correction factor.
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FIGURE 1 Constrained blister test geometry.

For our purposes, it is understood that G represents the total energy dissipated
in the vicinity of the crack tip, and hence includes the thermodynamic work of
adhesion plus near-field viscous/plastic dissipation. If no viscous behavior is
present, the critical value of G is a single value at which failure occurs and below
which debonding does not occur. If viscous mechanisms are present, G is a
function of the debond rate.” If the suspended region of the blister may be
approximated as a linear shape the correction factor becomes:

d d 1\dad
1 (1 2a) * (3a 2) da (3b)
where d is the length of the suspended region.

A series of preliminary tests on adhesive tapes showed the existence of a state
of nearly constant G and suggested the applicability of the constrained blister test
for environmental exposure research.' In this paper, more cases are examined to
verify the applicability of Eq. (3) by using the numerical technique described in
the following section. The necessary assumptions will be shown to be reasonably
accurate for many practical geometries.

FINITE ELEMENT ANALYSIS

In order to model the contact between the blister and the upper constraint, the
finite element program called ABAQUS (version 4-7) was used because of its
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FIGURE 2 Typical deformed mesh of the finite element model for an aluminum specimen.

capabilities to handle contact problems. Since the geometry and boundary
conditions are axisymmetric, an axisymmetric, biquadratic element was used. All
the materials analyzed were assumed to be linearly elastic. Thus, although the
fracture process may involve considerable localized viscoelastic/plastic dissipa-
tion, gross viscoelastic/plastic effects away from the fracture zone are not
considered. ABAQUS has been used to analyze several adhesive systems and
geometric configurations. Only two cases are reported herein: 1) an aluminum
blister and 2) a tape blister for a polyester backing. One of the typical deformed
meshes and the refined mesh near the crack front of an aluminum specimen are
shown in Figure 2.

RESULTS AND DISCUSSIONS

In order to verify the applicability of Eq. (3) for the constrained blister test,
typical cases were analyzed with different parameters. Figures 3-7 are the cases
for aluminum 6061-T6 specimens which have a Young’s modulus of 68,930 MPa
and Poisson’s ratio of 0.3. Figures 8-10 are the cases for adhesive tapes with
polyester backing. In these cases, a Young’s modulus of 750 MPa and Poisson’s
ratio of 0.36 was used. Figure 3 illustrates a typical stress distribution obtained by
a geometrically nonlinear analysis at the lower side of an aluminum specimen
which has a thickness of 3 mm, a constraint height of 2 mm and is subjected to a



14:37 22 January 2011

Downl oaded At:

CONSTRAINED BLISTER TEST 67

350
300 1
250 1 |
200 A ‘;
150 1 !

100 A ;

STRESSES (MPa)

50 - S

-
-
——————

'100 1 L] T T
0 20 40

60 80 100 120 140 160 180 200

RADIAL POSITION, r (mm)

FIGURE 3 Stress distribution along the lower surface of an aluminum specimen using the
geometrically nonlinear analysis.

L1

pressure of 200 kPa. The legends denoted “o,”, “0,” and “0,” stand for the
stresses in the radial, circumferential, and axial directions, respectively. This
convention will be used throughout the following figures. Starting from r =0, a
uniform stress distribution is seen in the area that contacts the upper constraint.
In the suspended region, o, and g, change signs twice because of the sigmoidal
bending and, finally, the stresses begin to grow rapidly or oscillate as one
approaches the singular crack tip region at r =200 mm. Away from the crack
front, the stress in the z direction, which has the same magnitude as the applied
pressure, is very small compared with the other two stress components so that it is
hardly visible in the figure.

Figure 4 illustrates a typical stress distribution obtained by nonlinear analysis at
the mid-plane of the same aluminum specimen as in Figure 3. It is seen that
membrane stretching stresses, o, and oy, obtained from the nonlinear analysis,
remain at the same magnitude within the contacted region but split and decrease
beyond r =b. The small drop of o, at the inner end of the suspended region
indicates the effect of the compressive reaction force from the upper constraint in
this local region.

Figure 5 shows the deformed profiles of the aluminum specimen obtained from
the nonlinear analyses. It should be noted that the z-axis is greatly enlarged. It is
seen that the suspended region is not a straight line. Since the correction fact, g,
is based on the assumption of a linear suspended region, this nonlinearity could
induce error when calculating the strain energy release rate from Eq. (3).
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FIGURE 4 Stress distributions of an aluminum specimen at the mid-plane for geometncally
nonlinear analysis.
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FIGURE 5 Profiles of an aluminum specimen of t=3mm, A=2mm and p=200kPa for
geometrically nonlinear analysis and linear approximation.
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However, by examining the difference of the volume, the error of strain energy
release rate due to this approximation is about 0.5%.

Figures 6-10 give strain energy release information for both the aluminum and
adhesive tape cases. The legend denoted “G = phq” represents the strain energy
release rates which are evaluated from Eq. (3). It is noted that when calculating g
using Eq. (3b), the length of suspended region, d, is not calculated from
analytical expressions, but from the finite element results. It is assumed that
similar values for d would have been observed experimentally; furthermore, small
errors in d do not significantly affect the values of strain energy release rate. The
legends, “J-INT (FEM)” stands for the J-integral curves which are obtained from
the finite element analysis. The legend “G =ph” stands for the strain energy
release rate in the limiting case when ¢ = 1, which corresponds to d/a =0. This
approximation is seen to be substantially in error for most cases considered.

Figure 6 illustrates the strain energy release rates versus debond radius for the
case of an aluminum specimen which has the same dimensions and material
properties as those in the previous figures. Good agreement for total strain
energy release rate is seen between the analytical solution and the FEM results.
The gap between the curves denoted “G =phq” shows the necessity for the
correction factor, g. It should be noted that g is obtained from Eq. (3b) by
neglecting 3d/3a. Justification of this assumption is based on experimental
observations'* and is also demonstrated numerically in the following section.

One concern in developing Eq. (3) and Eq. (2) was whether the blister region
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FIGURE 6 Strain energy release rate versus debond radius for an aluminum specimen of ¢ =3 mm,
h=2mm and p = 2kPa.
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FIGURE 7 Correction factor and the length of suspended region versus debond radius for an
aluminum specimen of £ =3 mm, A =2 mm and p = 200 kPa.

in contact with the constraint would slip as the blister grows, thereby dissipating a
portion of the input work. By changing coefficients of friction from 0.0 to 1.0 for
the ABAQUS contact elements, it is found that only a negligible change
(<0.01%) in the strain energy release rate occurs, which shows that neglecting
the frictional dissipation is reasonable in deriving Eq. (3).

Figure 7 shows the effect of the debond radius on the correction factor and the
length of the suspended region. It shows that d remains nearly constant as a
increases. Therefore, the assumption of neglecting 3d/3da is reasonable and g is
primarily influenced by a only. It is seen that g is smaller than 0.75, thus, the
error between the equations, G = ph and G = phq, would be greater than 25%
and it is important to determine g. However, it should be noted that since @ and d
are to the first order in Eq. (3b), the error of g and, consequently, error of G,
resulting from a measuring error in a or d would be quite small. In the analysis of
the aluminum specimens, the total strain energy release rates considered were in
the range of 210-320J/m? and the maximum principal stress does not exceed
275MPa, a typical aluminum yielding stress, except very near the singular point
(the size of plastic zone is about 0.05% of the thickness). It should be noted that
for an adhesive system with an adhesive fracture energy higher than 320 J/m?,
one can either increase pressure or increase constraint height to study debond. It
should be noted, however, that higher pressure or constraint height could induce
yielding in the blister adherend and thus, induce a large error for the strain
energy release rate. In the analysis of this aluminum specimen case, it is also seen
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FIGURE 8 Strain energy release rate versus debond radius for an adhesive tape specimen of
t=0.3mm, A =1.5mm and p = 100 kPa.

that for a small debond radius (¢ <120 mm), the specimen would not touch the
upper constraint. This indicates that one usually needs large specimens and
equipment to perform the test on aluminum adherends. Special reinforcement of
the constraint may be required to minimize its deflection.

Figure 8 illustrates the relationship between the energy release rates and
debond radius for the tape specimen with an & of 1.5mm and ¢ of 0.3 mm,
corresponding to three layers of adhesive tape in the previous tests.'>'* The
applied pressure is 100 kPa. Although the percentage difference between the
FEM analysis and the Eq. 3a is between 8 and 13 percent in this figure, it is seen
that for the FEM analysis and for the approximate equation (Eq. 3a), the strain
energy release rates increase as debond radius increases. For both approaches,
the slopes of both curves decrease as debond radius increases. It is seen that if the
debond radius is large enough, the test would become a nearly constant strain
release rate test.

From Figures 6, 7, and 8, it is seen that as a becomes larger, the gradient of q,
and thus the rate of increase in G with respect to a, becomes smaller. Since g and
h are held constant if a is large enough, energy release rates would be nearly
constant; i.e., the test would be a nearly constant strain energy release rate test.
The magnitude of the correction factor, however, may not be negligible.

Figure 9 illustrates the strain energy release rate versus pressure for the tape
case. The percentage difference between FEM analysis and the Eq. 3a increases
from 9% to 20% as pressure increase from 80kPa to 350 kPa. Approximate
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FIGURE 9 Strain energy release rate versus pressure for an adhesive tape specimen of 1 =0.3 mm,
h=1.5mm and a =20 mm.
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linearity is seen between G and p. Figures 8, 9 and 10 all indicate that there is
greater deviation between Eq. 3a and the finite element results for the
membrane-like tape case than for the case of a plate-like aluminum adherend.
The tape case required a geometrically nonlinear analysis because of the large
deformation, and convergence was more difficult to obtain. It is possible that
more energy is being stored in the membrane than in the plate, thereby reducing
the energy available for debond propagation. We cannot explain the larger
differences, but suggest that further analysis is necessary to understand the
process better.

Figure 10 illustrates the strain energy release rate versus constraint height. It
should be noted that if & is larger than 3 mm, the specimen does not touch the
upper constraint. It is seen that G increases as h increases; however, the
percentage difference between those two analyses decreases as h increases. An
approximate linearity is also seen for the relation of G and h.

CONCLUSIONS

A series of finite element analysis were performed to verify the applicability of a
simple approximate solution for the constrained blister test, a technique offering a
state of nearly constant strain energy release rate. Two materials, aluminum and
adhesive tape, which were chosen to represent relatively stiff and relatively soft
cases, have been investigated. For the aluminum case, which is basically a plate
problem, the numerical analysis and the approximate solution are in good
agreement. Larger deviation between the numerical and approximate solution for
the tape specimen, which is basically a membrane problem, was observed. The
results from these two specimens indicate that the approximate solution is not
applicable for every material and geometry. Although the numerical analysis does
show possible problems with the approximate solution for membrane cases, it
does verify that the constrained blister test is a nearly constant strain energy
release rate geometry. The numerical solutions also verify that the strain energy
release rate does increase nearly linearly with pressure and constraint height, and
that the correction factor g is necessary to estimate the release rate accurately.
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