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Crack opening displacements close to the front of an interface crack between glass
and epoxy determined from measurements and finite-element solutions are com-
pared. The measurements were made using optical interferometry, and the finite-
element solutions were based on a linear material response and the displacements
that were applied during crack initiation experiments using a blister test configura-
tion. Various load levels, up to initiation, are considered, and the effect of fracture
mode-mix examined by considering different initial crack diameters. The com-
parisons indicate that a relative increase in the mode II component gave rise to a
significant increase in inelastic behavior near the crack front.

KEY WORDS Fracture mechanics; mixed-mode debonding; interface crack initia-
tion; crack opening interferometry, finite-element analysis.

1 INTRODUCTION

Measurements of adhesive fracture energies or critical-strain energy
release rates associated with mixed-mode adhesive crack growth

+ Presented at the Tenth Annual Meeting of The Adhesion Society, Inc.,
Williamsburg, Virginia, U.S.A., February 22-27, 1987.
+ To whom correspondence regarding this paper should be addressed.
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have indicated"? that these quantities increase with relative in-
creases in the mode II component. However, if the adhesive
fracture energy is thought of as an intrinsic material property that
reflects the strength of bonds, then it should be a constant,
independent of the fracture mode mixture. The reasons cited for the
noted increases include the possibilities of non coplanar crack
growth for more brittle materials'? and dissipative effects arising
from inelastic material behavior near the crack front.? Thus, if the
growth of macroscopically coplanar cracks under mixed-mode
conditions is to be predicted in a rational manner, such localized
phenomena must be accounted for. In view of the increasing use of
tougher adhesives, the purpose of the present work is to examine
the effect of inelastic material behavior on crack opening displace-
ments close to the crack front through a comparison of direct
measurements and linear elastic stress analyses.

Although near-tip singular behavior can be examined using the
methods of photoelasticity* and caustics,® they both involve as-
sumptions as to the constitutive behavior of the materials in the
highly stressed crack front region. On the other hand, measure-
ments of displacements are direct, requiring no such assumptions.
Since the near-tip region is of interest, the displacements to be
measured are small and therefore require the resolution of electron
microscopic® or optical interferometric techniques.” '? Of the latter,
crack opening interferometry®'® was chosen for the present study
because the crack front geometry can be examined. The price for
this piece of information is that only the component of crack
opening displacements normal to the plane of the crack can be
measured. However, this was not felt to be unduly restrictive for
the objectives of the present study.

Linear elastic, small deflection analyses of bimaterial bodies
containing interface cracks have been conducted over the years for
various simple geometries and loadings. The main contributions are
summarized in the paper by Piva and Viola."' As is well known and
discussed by now, all predict a complex singularity in crack front
stresses which gives rise to rapid oscillations in the stresses and
interpenetration of crack faces as the crack front is approached. If
finite deformations are allowed,”” the complex nature of the
singularity has been found to disappear, indicating that the anoma-
lous behavior is due to the linearization of the problem. More
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general geometries and loadings have been analyzed by numerical
techniques such as boundary collocation'® and finite-element analy-
sis with hybrid elements'* which retain the complex singularities.
Fracture parameters for interface cracks have also been determined
from finite-element analyses that do not make use of special
interface crack elements.’>7 Such procedures can be justified by
the small size of the region of interpenetration and the conclusions
of Ref. 12. Furthermore, contour integral methods,’>'” which are
relatively insensitive to the exact nature of the stress field at the
crack front, are often used to extract stress intensity factors. The
finite-element code VISTA'® was used for the linear elastic analyses
in this study.

The details of the specimen geometry, loading and measurement
and finite-element procedures are next described in section 2.
Measurements of and finite-element solutions for crack opening
displacements up to crack initiation and under a range of mixed-
mode conditions are then compared in section 3. Conclusions are
given in section 4.

2 EXPERIMENTAL AND ANALYTICAL PROCEDURES

The plate blister test configuration was chosen for this study
because it provides a range of mixed-mode conditions.'®! Further-
more, crack growth for the glass epoxy bimaterial combination
considered here was interfacial and axisymmetric in nature. The
latter feature simplified the subsequent finite-element analysis
because edge effects did not have to be considered. The specimen
geometry is shown in Figure la where a modified bisphenol A
epoxy, Araldite 502,1 that had been mixed with a liquid amido~
amine hardener, Araldite 955, was cast directly to the glass. Initial
debonds between the glass and Araldite were formed by a circular
piece of Teflon tape that was stuck to a flattened screw head which
formed the base of a punch. Driving the punch through applied
displacements, A, produced circular debonds having a diameter, 2a.
The punch base was designed so that plastic deformations in the
contact region were avoided. The thickness, A, of the Araldite

t Products of CIBA-Geigy, Inc.
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FIGURE 1 Specimen geometry and apparatus.

varied from specimen to specimen but in all cases was uniform to
within 0.127 mm. The details of the specimen fabrication and the
compact blister loader are given in Ref. 20.

The stress—strain behavior of the epoxy was determined from
uniaxial tension tests that were conducted on coupons that were
obtained from the delaminated blister specimens. Elastic properties
were determined from strain gage measurements of axial and
transverse strain. The plastic response of the material was deter-
mined using an extensometer. The data were fit (Figure 2) to the
Ramberg—Osgood relation.

e-3[13 () ] 0
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where E is the Young’s modulus of the material, o, is the yield
stress, and n is the hardening exponent.

For the values of the parameters noted in Table I, it can be seen
that Eq. (1) fits the data well up to 3% strain, after which the
material behaves in an essentially perfectly plastic manner. The
manufacturer’s values for the elastic properties of the glass and the
punch base, which was actually embedded in the Araldite, are also
listed in Table L.

TABLE 1
Material properties
Young’s Poisson’s Yield Hardening
modulus ratio stress exponent
Material E (GPa) v 0, (MPa) n
Araldite 1.56 0.36 3.45 3.5
Glass 68.95 0.20 — —
Steel 206.85 0.30 — —

Measurement of normal crack opening displacements

The normal crack opening displacements (NCOD) were measured
using crack opening interferometry.”’® A schematic of the ap-
paratus that was used for this study is shown in Figure 1b. The
coherent light of the laser is reflected by the crack faces to produce
two beams which interfere with one another, giving rise to light and
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dark interference fringes. The fringes are loci of constant NCOD,
Aw, and are resolved by a microscope focussed on the crack plane.
The changing fringe patterns, as the specimen is loaded, are
recorded through a video system which consists of a camera, timer,
cassette recorder, analyzer and monitor. The components are used
to determine the NCOD at various applied displacement levels up
to and including the instant of crack initiation. For the particular
arrangement used here,”® the NCOD are given by

Aw=mi/2 m=0,1,2,... ()]

where m is the order of the dark fringes and A is the wavelength of
the illuminating beam.

An Argon lon laser, having a wavelength A =0.5145 ym, was
used and thus provided a resolution of 0.2573 um in NCOD. In
regions of higher displacement gradients, resolution was easily
increased to 0.1287 um by considering bright fringes in addition to
the dark ones. The fact that fringes were formed at all indicates that
cracks were coplanar to at least the same (0.1287 um) degree. The
fringes could be located to within 5 ym over a 500 pm field of view,
a somewhat closer view of the crack front region than is provided by
a number of other techniques.

The measurements of NCOD up to and including initiation were
made over a range of fracture mode mixtures by conducting a series
of experiments at various crack diameters. The displacement-
controlled tests provided stable crack growth so that cracks, once
initiated, could be arrested, thus allowing several experiments to be
conducted on the same specimen. Very circular debonds were
produced and radial profiles of NCOD at various levels of applied
displacement are shown in Figure 3 for an intermediate crack
diameter. A reliable indication of crack initiation was provided by
comparing a number of profiles around an approximate initiation
time. The values of NCOD and applied displacements at initiation
are denoted by Aw, and A, respectively, and it can be seen that
there is some crack blunting associated with initiation. In all
experiments there was initially some non-zero value of NCOD due
to residual stresses and a small preload which was applied to ensure
that, at all times, the crack was fully open right up to its front.”’
These were lumped into an equivalent residual applied displace-
ment, Ag, whose determination is now described.
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FIGURE 3 Radial profiles of NCOD at various levels of applied displacement.

The dependence of the NCOD on the applied displacements at
various distances from the crack front can be examined by
cross-plotting the data of Figure 3. The response determined in this
way is shown in Figure 4 at 250, 150 and 25 um from the crack
front. As was indicated above, there was an initial crack opening for
zero measured applied displacement. For relatively low levels of the
applied displacement, the response is linear at all locations and can
be extrapolated back to zero NCOD. Although the linear portions
of the responses were chosen to pass through the same point at zero
NCOD as they should, it can be seen that this was accomplished
without unduly compromising the rest of the data. More weight was
given to the response at 250 um in selecting the point of intersection
of the responses which was then considered to be the true zero
state. A second abscissa originating from this point was then drawn
to reflect the total applied displacements. All values of applied
displacements quoted in the paper are referred to this measure.
Thus, for example, the residual and critical values of applied
displacement were, respectively, Agx =0.25mm and A, = 0.96 mm.
[t can be seen that, as the applied displacements approach A, the
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FIGURE 4 NCOD response at various locations from the crack front.

response departs from linearity with the extent of departure
increasing with decreasing distance from the crack front.

Finite element analyses

Although it is clear from the results depicted in Figure 4 that
non-linear effects are occurring close to the crack front, the analyses
here were based, as a first step, on a linear material response using
the finite-element code VISTA.'® Regions removed from the crack
front were modelled using eight-node isoparametric quadratic
quadrilaterals, while the crack front itself was surrounded (Figure 5)
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{a) CRACK TIP MESH

(b) SINGULAR ELEMENT

FIGURE 5 Finite-element mesh close to the crack front.

by eight triangular elements of the variable singularity type.?' The
element is conformable with isoparametric quadrilateral elements
and also contains constant strain fields making it complete with
respect to globally linear displacement fields. In the present study,
the square-root singularity associated with cracks was selected so
that the element captured the square root and linear terms in the
expan<ions for displacements near the crack front. The degree of
mesh refinement in the crack front region should, therefore, be
chosen to reflect these effects and was thus the first consideration.
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Mesh refinement studies were made for the 8.89 cm crack diameter
considered in Figures 3 and 4. Axisymmetric analyses were con-
ducted using the elastic properties listed in Table 1 for the Araldite
layer, the glass substrate and the steel punch base. The total applied
displacements, as derived from Figure 4, were considered to act
uniformly over the steel punch. As can be seen from Figure S, the
off-hypoteneuse sides of the singular elements were of the same
length, I. The singular elements were surrounded by three rings of
square quadrilateral elements with side lengths that were also equal
to I. The element size outside this region was gradually increased.
Four levels of mesh refinement were considered in which the side
length, /, was a quarter, an eighth, a sixteenth and a thirty-second
of the Araldite layer thickness, h. In some cases / was greater than
the 500 um field of view, and the NCOD, Aw, were derived from
the shape functions, N;, of the singular element and nodal point
displacements, w;, through the equation

6
Aw = Niw?® - w)] 3)
i=1

where the superscripts 1 and 2 refer to the Araldite and the glass,
respectively. The shape functions are given in the Appendix and
reflect a change in nodal numbering from the original.*’

The NCOD near the crack front for the different levels of mesh
refinement are compared with the measured values in Figure 6. The
applied displacements that were required to produce these displace-
ments were A =0.227A,, which were well within the region of
linear response defined by Figure 4. It can be seen that, at larger
distances from the crack front, the coarsest mesh gave rise to the
largest crack opening displacements. The NCOD predicted by the
two finest levels of mesh refinement were exactly the same,
indicating that convergence was obtained for the mesh refinement
level of at least h/l=16. The measured NCOD are less than all
solutions for distances from the crack front less than 100 um and
agree most closely with the mesh refinement level of A//=8
thereafter. A cross plot of the comparisons is shown in Figure 7
where the NCOD at 25, 100 and 250 um are plotted against the
applied displacements. The differences are small, but it is interest-
ing to note that at 250 um from the crack front the largest NCOD
are predicted by the coarest mesh, whereas the situation is reversed
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at 25 um. The mesh refinement level in subsequent analyses was
taken to be h/l = 8.

3 COMPARISON OF RESULTS

Crack initiation experiments were conducted over a range of crack
diameters. For short cracks, there was little evidence of crack
blunting at the instant of crack propagation. However, the extent of
crack blunting did increase with increasing crack diameter and
occurred at applied displacement levels that were lower than the
critical value. In the region of blunting, double logarithmic plots of
NCOD wvs. distance from crack front*® indicated a power law
dependence with exponents that decreased from 0.5 as the crack
diameter was increased. On the basis of clastic analyses, the
increase in crack diameter is associated with a relative increase in
mode II component. The following comparisons between measure-
ments and finite-element solutions for NCOD were made for
representative cases of short, intermediate and long crack dia-
meters. The intermediate case is considered first since it has formed
the basis of considerations so far.

A series of NCOD profiles are shown in Figure 8 for applied
displacements ranging from the initial value up to the critical value.
It can be seen that there is excellent agreement between measure-
ments and predictions for applied displacements up to 0.5A.. At
higher applied displacements, the finite-element solutions predict
larger values of NCOD far away from the crack front. However,
very close to the crack front there is some evidence of crack
blunting in the measured NCOD, making them larger than the
finite-element predictions. When the results are compared in the
cross plot (Figure 4) depicting NCOD as a function of applied
displacements for various distances from the crack front, the slope
of the fitted linear portion of the measured response is always less
than the finite-element predictions. The cause of this difference
could be due to errors in the measurement of crack diameter,
NCOD and applied displacement, uncertainties in the modulus of
the Araldite and assignment of A, and, finally, the choice of mesh
refinement level. Crack diameters were measured to within 25 um
and, during load application, changes of crack front location up to
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15 um were sometimes observed. However, such variations did not
change the predicted NCOD when accounted for in a check case.
Uncertainties in NCOD are introduced in locating the fringes rather
than through Eq. (2). However, the maximum possible error in
fringe location is 1% which would not give rise to the noted
differences. The measured value of the Araldite tensile modulus
was 1.560 GPa. Some differences could arise from specimen to
specimen. In order to obtain bounds on the effect of modulus,
Araldite moduli of 0.693 and 6.93 GPa were considered. The effect
on the response in the crack front region is shown in Figure 9 where
it can be seen that the larger modulus gave rise to a larger slope.
The factor of 10 difference in Araldite modulus produces similar
differences in slope as were observed in Figure 4. However, it is
unlikely that such variations in modulus would occur in practice.

2a =8.89cm
3.0 ¢ h = 4.45mm
EROXY MODULUS
(GPa)
O 693
O 0.693
E
2
[a)
<}
o
7
J
1.0

Applied Displacement « mm )

FIGURE 9 Effect of Araldite modulus on NCOD response.
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The results of the mesh refinement study (Figure 7) indicate that the
measurements and finite-element analyses would have been in
slightly closer agreement had a mesh refinement level of k// =16
been used. The assignment of Ag in attempting to obtain the best
linear fit to the measurements clearly affects the slopes of these
lines. However, an assessment of the error in Ay is difficult to make
because it was determined from a crossplot and therefore subject to
a degree of arbitrariness. An attempt to remove arbitrariness was
made by fitting lines having the slope given by the finite-element
analysis to the measured values. Such a procedure did not give rise
to a consistent value of Ay at the three locations from the crack
front at which evaluations were made. However, the agreement
between predicted and measured NCOD for A=Ay (Figure 8)
indicate that Ag was well chosen. The final possibility in accounting
for the noted differences in slopes arises from the measurement of
applied displacements. The resolution of the applied displacements
was 0.1% of full scale which would not produce a notable
difference. However, the increasing difference between predicted
and measured NCOD with increasing applied displacement (Fig. 8)
in regions far removed from the crack front leads us to suspect that
the loading device was not sufficiently stiff. The suspicions are
strengthened by later comparisons of the results from a short-
diameter crack which presents the stiffest specimen to the loading
device. A compliant loading device would give rise to measure-
ments of applied displacements that were higher than those that
were actually applied to the Araldite layer. Thus, since the
predicted values of NCOD were obtained from the finite-element
analyses based on the measured applied displacements, predicted
NCOD would be higher than the measured NCOD. Thus, of the
potential reasons for difference noted above, loading device com-
pliance appears to be the most likely cause.

The slope differences are not the only differences in response that
can be observed in Figure 4. There is some curvature to the
measured response, indicating the presence of nonlinear effects. In
this case, the departure from linearity starts at 0.85A, and is most
apparent closer to the crack front. Nonetheless, when all effects are
combined the comparisons in Figures 4 and 8 indicate a rather good
(fortuitous) agreement between measured and predicted values of
the critical NCOD up to 150 um from the crack front.
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Similar comparisons are made in Figures 10 and 11 for a
short-diameter crack. NCOD profiles at various load levels are
compared in Figure 10, where it can be seen that there is quite close
agreement up to 0.62A.. There is, however, a large difference
between measurements and predictions of the critical NCOD. The
reason for this difference can be seen more clearly when the results
are cross-plotted in Figure 11. The departure of the measured
NCOD from their linear fit initially follows the same pattern as
before with an increase in slope. However, at initiation there is a
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large jump in applied displacement for a relatively small change in
NCOD, so that the slope decreases. Since the shortest crack
presents the stiffest specimen to the loading device, it is suspected
that the large apparent applied displacement is due to insufficient
stiffness in the loading device. The initial nonlinearity in the crack
tip response was due to some highly localized crack blunting.

The scale of crack blunting was much larger for the large-
diameter cracks as can be seen from the examples of NCOD profiles
shown in Figure 12. In this case, for distances greater than about
35 um from the crack front, the finite-element solutions for the
NCOD were consistently higher than the measured values for all
load cases. The foregoing was also true closer to the crack front
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FIGURE 12 Comparison of measured and predicted NCOD profiles for a large
crack diameter.

except at the critical load where the blunting at the crack front
reversed the situation. In the cross plot of the data (Figure 13), the
slopes of the predicted responses are higher than those of the linear
fits to the measurements except at 25 um from the crack front. The
increased level of crack blunting is manifest in a higher degree of
nonlinearity than was evident in the other two crack-diameter cases
that were considered.

In all three cases, it can be concluded that, at load levels
approaching the critical values, the finite-element solutions for the
NCOD are higher than the measured values except in regions of
crack blunting. The main reasons for this behavior are loading-
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FIGURE 13 Comparisons of NCOD response for a large crack diameter.

device compliance and non-linear effects in the material behavior in
the crack front region. In the first case, excessive loading-device
compliance leads to measurements of applied displacement that are
higher than those that are actually applied to the Araldite layer.
Since these overestimates of actual applied displacement are then
used as the boundary conditions in the finite-element analyses, the
finite-element solutions for NCOD will be correspondingly higher
than the measured NCOD. In the case of material non-linear
behavior, a plastic zone is produced in the crack front region. In the
simplest way of accounting for this, an effective crack is considered
whose diameter is made up of the actual crack diameter plus the
plastic zone length. The larger crack diameter results in a more
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compliant layer which leads to measured NCOD and slopes that are
larger than those obtained on the basis of linear analyses.

However, the higher loads are of most interest, particularly for
examining mixed-mode fracture parameters and criteria for crack
initiation. While the confidence in the measured NCOD is high,
they do not, by themselves, provide enough information to deter-
mine mixed-mode fracture parameters. On the other hand, al-
though the finite-element solutions provide not only the NCOD but
also tangential crack opening displacements (TCOD), stresses and
strains for the examination of any fracture parameter, they were
based on overestimates of applied displacements and linear material
behavior, and were not in agreement with measured NCOD at the
critical load. Nonetheless, for purposes of examination of linear
elastic fracture mechanics parameters, a hybrid approach is sug-
gested wherein the NCOD from the finite-element solutions are
matched with measurements of NCOD outside the plastic region
through a simple scaling. The finite-element solutions thus scaled
can then be used to examine any mixed-mode fracture parameter of
interest.

In order to effect the scaling, the measurements of and finite-
element solutions for the critical NCOD were fit to the relation

Aw, = Ar"? + Br Y]

through a least-squares procedure where the measurements were
taken in the region r>25um. The coefficients A and B thus
determined are noted in Table II for the three crack diameters
considered here. The correlation coefficients for the measured
NCOD are also noted and indicate that Eq. (4) is a reasonable
representation. The ratios of the coefficients of the square root and

TABLE 1T
Comparison of coefficients in near tip expansions for critical NCOD
Crack Measurement Finite element
diameter Ap By  Scale
(cm) Ay By, r? Ap B Ay By factor

530 |1.228E-1 3.287B-3 096 | 1.872E-1 2.836E3| 2.524 0863 0.753
889 |1204E-1 2.162E-3 099 |1.337E-1 4.073E-3| 1.118 1.884 0.782
1189 [1.486E-1 1707E-3 095 | 1.503E-1 4393E-3| 1.011 2.574 0799

? r is the correlation coefficient.
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FIGURE 14 Comparison of scaled finite-element solutions and measurements of
critical NCOD for three crack diameters.
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linear terms based on the finite-element solution and the measure-
ments are also noted in Table II. It can be seen that, as the crack
diameter becomes larger, the agreement in the square root
coefficient improves while the ratio Br/B,, also becomes larger. The
shapes of the NCOD profiles are therefore different. For distances
from the crack front less than 5 um, the contribution to the NCOD
from the linear term in (4) was less than 5% of the square root term
in all cases. However, at 500 um, the contribution from the linear
term was as high as 50%. Thus, a simple scaling of the finite-
element solution by the ratio Ag/A,, for example, would not
produce a good match with the measured NCOD over the whole
field of view. Since the NCOD response was linear for distances
from the crack front greater than 250 um (and linear elastic fracture
parameters are often evaluated in this region using other methods),
the NCOD were matched at this point. The scale factors that were
applied to the finite-element solution in order to match the NCOD
are noted in Table II. It can be inferred from the scale factors that
the original finite-element solutions were 20-25% higher than the
measured critical NCOD at this point. The matched finite-element
solutions are compared with the measured critical NCOD in Figure
14 for the three crack diameters considered here. Based on the fit to
the measurements, the scaled finite-element solutions are first lower
and then higher than the measured NCOD for the intermediate and
larger crack diameter. The situation is reversed for the short-
diameter crack, but the difference in all cases was less than 8%. The
difference between the scaled finite-element solution and the actual
displacements in the blunting region is, of course, even greater.

4 CONCLUSIONS

The results of crack initiation experiments for mixed-mode interfa-
cial crack growth that were reported in a previous paper® were
compared with analyses that were made using the finite-element
method. The circular cracks resulting from a point-loaded blister
configuration allowed axisymmetric analyses to be conducted. The
analyses were based on the measurements of applied displacements
that were made during the crack initiation experiments. The
stress—strain behavior of the epoxy layer was considered to be
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linearly elastic, and singular elements were used around the crack
front. The optimum size of the singular element and surrounding
eight-node quadrilaterals was found to be one-sixteenth of the
epoxy layer thickness.

The basis of comparison between the finite-element solutions and
the experiments was the normal crack opening displacements
(NCOD) near the crack front which had been measured using
optical interferometry. The comparisons were made for three
different crack diameters and at various applied displacement levels
up to and including crack initiation. Short, intermediate and long
crack diameters were chosen because increasing amounts of crack
blunting had been associated with them during the experiments.
The closest agreement between finite-element solutions and measu-
rements was obtained at the lower levels of applied displacements.
Various potential causes of the differences noted at higher load
levels were considered. The most likely causes were found to be
loading-device compliance and nonlinear material behavior in the
crack front region. The feasibility of a matching procedure was
explored that would allow the finite-element solutions to be used to
examine mixed-mode fracture parameters and criteria.
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ppendix

INTERPOLATING SHAPE FUNCTIONS FOR SINGULAR ELEMENTS

For singularities of strength A, the shape functions for the singular
element are given by the equations below. The nodal numbering is
shown in Figure 5.

2-21 1,
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214 1
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