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ABSTRACT

The elasto-optic effects are mapped as (o + 0,) contours near interfacial cracks in polymer-metal
bimaterials using Mach-Zehnder interferometry. The stress fields are investigated when the crack
planes are subjected to dominant tensile stresses and pure shear stresses. The optical measure-
ments are examined in conjunction with companion finite element simulations for estimating the
regions of dominant three dimensional stress variations near cracks. Results suggest that in the
domain (z,y > 0) the size of the region of dominant three dimensional effects is significantly smaller
for the case of pure shear (for both positive and negative shears) when compared to the tensile
stress dominated case for oscillation index € > 0. The optical data analyzed by incorporating these
observations improve the accuracy of crack tip parameter estimation.
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INTRODUCTION

One of the issues that has drawn attention in recent years is related to 3-D deformations near inter-
facial cracks. This has particular relevance when field quantities are used along with 2-D solutions
for fracture parameters estimation. Due to the material property mismatch along an interface,
three dimensional effects may be significantly different near the crack tip when compared to the
homogeneous counterparts. Further, since interfacial cracks inherently undergo mixed-mode de-
formations, understanding the interaction between mode-mixity and the size of three dimensional
zone is important. Recently, Nakamura (1991) performed 3-D finite element computations to inves-
tigate stress fields near interface cracks for the special case of oscillation index € = 0. He examined
stresses very close to the crack front to determine the existence and the size of the so-called K -field.
Barsoum and Chen (1991) numerically investigated the 3-D field near the an interface crack. They
showed that the crack tip singularity at the free surface corner to depend on the Poisson’s ratio. Lee
and Rosakis(1993) numerically analyzed the extent of the near-tip 3-D zone in a tensile stress domi-
nated bimaterial system. Their results indicate severe near tip three dimensionality around most of
the near tip region (up to half of the specimen thickness) and extend all along the interface of width
equal to one half sheet thickness. Pidaparti and Pontula (1995) have found that the rubber materi-
als have much larger 3-D zones compared to their linear counterparts. They observed that the size
of the region of dominant 3-D effects increase with material mismatch up to 3-6 times the thickness.

The current work is motivated by the fact that these 3-D interfacial crack investigations reported in
the literature have been generally numerical and experimental investigations are currently lacking.
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MACH-ZEHNDER INTERFEROMETRY (MZI)

MZI i 3 . ; .
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Ey = A,elikD), E; = A, elikli+61+(no~1)B)) (1)

h . :
(\;’iﬂirrzécree;;;esentt}i tlhe nominal geometric length of the two paths 1 and 2, 8l represents a constant
path lengths that may exist during the initial alignment, k(= 27/)) is the wave

I =2A21 + cos k[6l + (n, — 1)B)), (2)
where (-)* is the complex conjugate. For constructive interference on the image plane
k(61 + (n, — 1)B) = 2N or, 814+ (n,—1)B =N (3)
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e ndex change). Thus, the intensity distribution for the deformed specimen
. =2A42%(1+ cos k[l + (no —1)B +65)). (4)
Again, for constructive interference,
k6l + (n, — 1)B + 65] = 20" or, 85 = (N'—= N)A =N (5)
wh =(N'- = ’
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¢ being the elasto-optic constant for the material. For PMMA ¢ = -0.92 x 10-1° m2/N

INTERFACIAL CRACK TIP FIELDS

Specimen Preparation: For this investigati i i i i
J gation, bimaterial specimens with a relativel 1 i
Fésttﬂmv;erg made from model materials namely PMMA and aluminum. Two iqs;getliltéfg:::
pieces were bonded along an edge using an adhesive consisting of methyl-methacryl;;te
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monomer (MMA) and a polymerizing agent at room temperature. The choice of the bond material
provides a nominally bimaterial joint. The metallic surface was sand blasted prior to bonding
to enhance bond strength. A soft, pliable Teflon tape was (approximately 50 um thick) used to
produce a sharp edge discontinuity by squeezing together the two halves of the specimen by an
externally applied pressure during curing. Before testing, each specimen was optically examined in
the MZI set-up under no-load condition to ensure that the interface was free from residual stresses.

Crack plane subjected to dominant tensile stress: First, crack tip stresses (o, + o,) were mapped
using MZI for the case when the crack plane was subjected to dominant tensile stresses. A three-
point-bend configuration, as shown in Fig.2(a), was used for the purpose. The beam height (W)
was 80 mm, the distance between the two supports was (L) 165 mm and crack length a was 25.4
mm (a/W=0.32). In view of the experimental difficulty for applying the load exactly on the inter-
face, the load was applied at a small distance 12.5 mm away from the interface. The corresponding
interference patterns for an applied load of 335 N is shown in Fig.2(b). Note that the interference
patterns were seen only the y > 0 region. Each fringe increment corresponds to an optical path
length change of 633 nm or a change of 1.1 MPa. The contours shown as dotted lines will be

discussed later in this section.

To obtain an estimate of the size of the zone of dominant 3-D deformations near the crack tip, a
complementary plane stress finite element analysis was carried out using ANSYS software package.
The finite element model consisted of 2712 eight node plane stress quadrilateral elements and 8405
nodes (see Fig.3a). The crack tip region was discretized using a fine mesh with 1056 crack tip
clements within 0.55B radius and 1776 elements within 2B radius from the crack tip. The inner
most ring of elements were as small as 0.001a, a being the crack length. The near tip mesh is
shown in Fig.3(b). Singularity elements were not used near the crack tip. The elements in the
region y > 0 and y < 0 were assigned material properties of PMMA (material-1) and aluminum
(material-2). The model was subjected to three-point bending as was done in the experiments.
A plot of non-dimensional (¢, + oy) from computations and singular field description are plotted
as a function of (r/B) in Fig.3(c) along two directions. The match between the two results is
within 2% of each other and demonstrates that the finite element discretization is fine enough to
adequately capture the full-field singular behavior near the crack tip. Next, The (o, + o) contours
with levels corresponding to the optical fringe orders were generated from the numerical results. A
direct superposition of the experimental fringes and finite element contours around the crack tip
is shown in Fig.2(b) (broken lines) in the region y > 0. As can be seen, the match between the
two results is good in certain regions around the crack tip while significant departures are observed
close to the interface, ahead and behind the crack tip. The agreement between the two results.
suggests that in those regions optical data adequately (£10% error) represent the plane stress
behavior. On the other hand, disagreement between the two suggests the potential influence of 3-D
variations in the stress fields, not captured by the plane stress FE simulations in the immediate
vicinity of the crack tip. The agreement between the two results is seen to be good in the region
approximately r/B > 0.3 (estimated nonlinear zone size is of the order of r/B = 0.02 in PMMA)
and 65° < ¢ < 135°, where (7, ¢) represent the crack tip polar coordinates. In fact, the fringes
and the numerical contours are in excellent agreement between 90-130° at much smaller radial
distances. These observations are similar to the ones recently reported by Lee and Rosakis (1993)
using finite element computations for a large stiffness mismatch bimaterial system. Next, these

observations were quantified by defining error E, as,
E, = (052 - oFE4) fozP,  a=az,y, (7)

and 0% and o£EA correspond to experimental and and finite element values of stresses at a generic
point in the field (summation over a is implied). The optical data was gathered along discrete di-
rections where sufficiently large number of fringe intersections occur with a radial line drawn from
the crack tip. The corresponding numerical data was also generated from the finite element output.
Since finite element nodes do not generally coincide with the fringe locations, the two sets of data
were fitted with curves and the fitted functions were used to calculate E, at different (r/B,¢)
values. In Fig.4(a) E, is plotted as a function of normalized distance 7/ B from the crack tip along
discrete directions. As observed earlier, the error plot suggests that the data along 120° and 90°
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are within £10% error band in the region beyond r/B > 0.3 while the error along 30° and 150°
are in the range of 25-30%. Based on these observations in Fig.4(b) a region of dominant three
dimensional effects (unshaded region) is shown. The shaded region in Fig.4(b), however, adequately
represents plane stress behavior to within £10% in (z,y > 0). It should be emphasized that in the
shaded region K -dominant assumptions may still not be valid and will be discussed later on.

Crack plane subjected to pure shear stress: The bimaterial specimens were loaded in asymmetric
four-point-bending configuration to simulate pure shear conditions on the crack plane. The schematic
of the specimen and the loading configuratien is shown in Fig.5(a). In this configuration, by simply
varying the distance s between the interface and the loading axis different applied loading mixities
can be realized. When s = 0, the crack plane is under pure shear. Since, the crack tip deformations
and the failure responses are distinctly different for the cases when the crack plane is subjected to
‘negative’ and ‘positive’ pure shears (see, Xu and Tippur, 1995), experiments were conducted for
both +s and —s arrangements. The schematic in Fig.5(a) corresponds to —s configuration (net
shear force on the crack plane is in the —z direction). Also, in this geometry the the mode-mixity
of the applied loads on the interfacial plane is independent of the dimensions C and D (Xu and
Tippur, 1995).

The asymmetric four-point-bend samples were subjected to pure negative and positive shear load-
ings. The corresponding optical maps of (o; + 0,) were obtained in the crack tip vicinity and are
shown in Fig.5(b) and (c). As before, sensitivity of stress measurement is 1.1 MPa change between
two successive (dark or light) fringes. Evidently, crack tip stress fields when pure shear is applied
are quite pronounced behind the crack tip and relatively less spread-out ahead of the crack tip.
Next, the previously described finite elemert model was subjected to asymmetric four-point-bend
loading and the corresponding finite element fringes representing contours of (o + o,) were synthe-
sized from the numerical data. The two contour maps were superposed for negative and positive
shear cases and are shown in Fig.5(b),(c) (broken lines). As in the tensile stress dominated case, the
agreement between the two results are excellent in certain regions while significant departures are
evident in others. The agreement between the two results validates plane stress assumptions used
in the computations while disagreement suggests zones where 3-D variations are significant. In both
instances, in the region r/B > 0.3 and 30° < ¢ < 150° good agreement between the experimental
results and computations exist while the departures are significant elsewhere in (z,y > 0). Once
again, along the interface, 3-D effects are pronounced and hence a plane stress behavior has not
taken hold in the neighborhood of the interfice. These are further quantified in Figs.6(a),(b) where
error E, is plotted as a function r/B along dscrete directions. Clearly, most of the radial directions
outside r/B > 0.3 and ¢ = 30 — 120° clearly fall within +£10% error band. This suggests a much
smaller zone of 3-D effects in case of pure shear (positive or negative) acting on the crack plane in
y > 0 region. When the sense of the shear is positive on the crack plane, the interference patterns
were such that only limited data could be gathered ahead of the crack and hence the error plots
are limited to fewer directions. Based on th:se observations, a schematic of the region of potential
3-D effects is shown Fig.6(c) (unshaded regon). As in Fig.3(b), the shaded region corresponds to
locations where plane stress assumptions are satisfactory.

From the above it is clear that the estimated region of dominant 3-D effects based on tensile stress
dominated simulation is rather conservative. However, the accuracy of crack tip parameters esti-
mation using least-squares approach typically improves when the data are gathered from a larger
region near the crack tip. In view of this, the current results are encouraging as it suggests that
one could gather data from a much larger region when the imposed shear component on the crack
plane is increased.

An independent verification of the same hasalso been carried out using 3-D FE simulations of the
above cases. To quantify three dimensionaliy Rosakis and Ravi-Chandar (1986) have defined the
so-called plane strain constraint C = 0,/v(¢z + 0y). Under plane stress conditions this parameter
is zero and is equal to +1 under plane stran conditions. Three dimensional stress analyses were
performed separately for the tensile and shear dominated cases and the results are reported else-
where (Sinha, et al., 1996). The three dimensional computations of C, support the experimental
observations described earlier.

Extraction of Crack Tip Parameters from Optical Data:

Role of Mode Mixity on 3D Stress Variations

Considering the material above the interface

(0 < ¢ < ), and following Rice (1988), the asymptotic expression for MZI fringes ca

Il

cB(oz + 0y)

8cBc;

where ¢; = (ki+ 1)/, Ki -
and /' = 0,1, +2.... denote fringe orders. Aq
the asymptotic expansion. Here p and v represent shear modulus and Poi

and,

is the oscillation index. For the bimaterial under consideration €=0.098 for plane stress. Note t

€1 + €2 n=24,6...

n=1,3,5...

€ = —

= (3-v;)/(14v;) for plane stress (
( ) and B, (n=1,2,3..
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the complex stress intensity factor is related to A; and B; as follows,

(Ka'**) = 2v/2r cosh(me)(Ay + iBr).
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n be derived:

oo . T
4cB Z ec(9-m)p(3-1) {A,l cos[(g -1)¢p— eln(%)] + B, sm[(% —1)¢ — cln(;)]}

r(3-1) {A,. cos(y ~ 106+ Basin(§ - 1)¢} = NA, (8)

i = 1 for PMMA and =2 for aluminum)
..) are the constant coefficients of
sson’s ratio respectively,

hat,

The phase of (K a*) (= tan~' Im(Ka*)/Re(Ka*)) is the crack tip mode-mixity ¥(a).

The fringe patterns in Figs.2 and 5 were
order (V) data. Only the data correspon
The fracture parameters were extracted
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beyond the anticipated 3-D zone. For example, nce |
(a) (for shear dominated case shown in Fig.5(
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(1996). The crack tip parame-
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hasized that least-squares analyses of
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t exist when dealing with pointwise data in the field and
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CONCLUSIONS

An optical-finite element investigation of interface cracks in a
system suggests that mode-mixity affects the size of the re
extreme cases of applied load mixities namely,
(positive and negative), acting on the crack pl
the size of the region of 3-D effects in the latt
That is, estimated zones of dominant 3-D e

large elastic mismatch bimaterial
gion of three dimensional effects. The
predominantly tensile stress and pure shear stress
ane suggest that there is a significant reductjon in
er when compared to the former in y > 0fore> 0.
ffects based on former tends to be conservative for
general situations of mixities for an interfacial crack. This is encouraging from the view point of
experimental evaluation of fracture parameters using near tip measurements wherein data gathered
from a larger region near the crack tip often improves the accuracy of parameter estimation. The
regions where plane stress assumptions are adequate have been identified. By incorporating the
experimental observations into the optical data analysis, fracture parameters have been accurately
measured. Importance of avoiding data from the regions of dominant 3-D stress variations in ex-
perimental evaluation of crack tip parameters is demonstrated.
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(c) Comparison of stress fields between computations and singular descriptions.
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tours of g, + 0,) around the interfacial crack tip. (1.1 MPa/[ringe; optical path change
s

of A/2 produces one-half fringe). Dotted lines from plane stress finite element simula-

Figure-2: (a) Bimaterial specimen and 3-point bending configuration; (b) MZI fringes (con-
tion.
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