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a b s t r a c t

A six-step phase-shifting method is applied to calculate the whole-field shear stress of an adhesively

bonded aluminum alloy-to-epoxy joint containing an initially debonded interfacial crack for studying

shear transfer behavior. For a well-bonded interface, the isochromatic fringe order and the interfacial

shear stress (ISS) distribute continuously and increase with compression. The epoxy corner formed at the

right-angle edges of the bonded interface during specimen preparation exhibits more than eight orders of

dense fringes and a maximum shear stress of 1.4 MPa under a load of 3.0 kg. The load is transferred by a

shear band that connects the bonding interface to the support.

A denser isochromatic pattern occurs at the crack-tip than at the right-angle edge from the partially

debonded interface. The crack-tip displays about seven fringe orders, 1.3 MPa of ISS under a load of 3.0 kg,

and an increase of about 3 mm in the interfacial crack length. The shear stress decreases rapidly at the

debonded interface but takes 26% of the shear force of the entire interface, indicating that the debonded

interface obstructs and decreases the load transfer capability from the bonding interface to the support.

As the curing temperature decreases to 20 1C, a thermal residual shear stress appears on the interface

because of the discrepancy in the coefficients of thermal expansion between the aluminum alloy and the

epoxy. The residual shear stress redistributes on the bonded and debonded interfaces due to the

formation of the initial crack induced by an external load. The calculated effective stress intensity factors

(SIFs) of the interface crack are identical to theoretical prediction.

& 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The adhesive bonding of dissimilar or similar materials is used
in numerous primary aircraft structures. Shear failure easily
happens to the bonding interface of multilayer and metal-to-
polymer joints. The maximum load has interesting correlations
with different surface preparation procedures, interface formation,
and interface aging conditions [1]. Complex geometry and material
properties make the direct measurement of interfacial mechanical
property and bonding edge singularity difficult to perform. Numer-
ical simulation, therefore, is a useful tool for the prediction of the
failure mode of a given bonding system [2–4].

The discrepancy of thermal mechanical properties at the inter-
face of adhesive bonding structures of different materials can
directly induce thermal stresses that are self-balanced [5,6].
Adams’ research shows that thermal stresses coupled with the
external load influence the mechanical behavior of the adhesive
bonding system [7,8]. In a mixed adhesive joint of titanium/
composite with a gap on the adhesive interface, the dissimilar

adhesive system affects the mechanical properties exhibited under
low and high temperature environments. The difference in the
coefficients of thermal expansion (CTE) of the specific dissimilar
systems is responsible for this thermal effect [9,10]. More impor-
tantly, there is a need to study further the effects of interfacial
debonding and cracking on the mechanical properties of the bond
interface of a partially debonded adhesive joint.

Aside from the standard testing methods like flexure, lap shear,
torsion and peel tests [7,8], optical methods such as photoelasticity
and the Moiré interferometry have been used to assess the
strength, load transfer and edge singularity of an adhesive bonding
interface [11,12]. Photoelasticity is the most direct technique to
measure interfacial adhesive bonding [13]. A phase-shifting auto-
mated polariscope is especially useful in measuring ISS and stress
concentration at the fiber-end. The instrument can simultaneously
capture four images to produce whole-field maps of isochromatic
and isoclinic parameters. The automated polariscope obtains real-
time shear stress data in the matrix and at the interface during fiber
fracture and interface debonding [14].

Isochromatics and isoclinics, the basic parameters in photo-
elastic stress analysis, can be obtained by many phase-shifting
methods. However, the ‘‘uncertain’’ isoclinic phase map generally
includes the first and the second principal stress directions
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simultaneously [15,16]. The ‘‘uncertain’’ isoclinic property causes
some ‘‘ambiguity’’ to appear in the wrapped phase map of
isochromatics and results in an incorrect unwrapping procedure
[17,18]. The four-step color phase-shifting method based on a
white-light plane polariscope is a more effective process because it
needs only four images to determine the principal stress direction
with a complicated unwrapping procedure [19]. Based on the four-
step color phase-shifting method, a six-step phase-shifting method
was proposed to calculate the whole-field shear stress and to avoid
the ambiguous isochromatic phase map. The technique was then
applied to an aluminum alloy/epoxy joint for studying shear
transfer behavior [20].

In this paper, the phase-shifting digital photoelasticity experi-
mental technique was introduced and applied to measure the
whole-field shear stress in a heterogeneous adhesive joint of
aluminum alloy (AL) and epoxy with a partially debonded interface.
To investigate the stress transfer behavior, the maximum shear
stress at the interface crack and its crack length was obtained from
experimental data. Finally, the effective stress intensity factors of
the interface crack were calculated and compared with the
theoretical prediction.

2. Digital phase-shifting photoelasticity

Automated stress analysis using photoelasticity requires iso-
chromatic and isoclinic parameters specifically in the first principal
stress direction [16]. In this study, the first principal stress direction
with an interval (�p/2, p/2] is defined as the angle of the first
principal stress and horizontal reference axis.

2.1. Four-step color phase-shifting method

Fig. 1(a) shows a normal-plane polariscope with rotation angle
b, where the polarizer and analyzer are oriented at a¼p/2+b and b
from the reference axis x, respectively. The denotations of d and y
are the phase retardation and the direction of the first principal
stress in the model, respectively. When the angle b is synchro-
nously rotated to 0, p/8, p/4, and 3p/8, four images are acquired,
and a corresponding phase-shifting algorithm is expressed as [19]

y¼ p=8�0:25tan�1 J1�J3

J2�J4

� �
, and sinda0: ð1Þ

Using white light incidence to reduce the effect of the isochromatic
parameter, the intensities in Eq. (1) is equal to the average grey-
values of RGB color channels, i.e., Ji¼(Jir+ Jig+ Jib)/3, i¼1, 2, 3, 4.

The isoclinic wrapped phase interval [0, p/4] can be obtained
from Eq. (1) and extended to the wrapped phase interval [0, p/2] or
(�p/4, p/4]. In fact, the automated determination of isoclinic

property is a phase unwrapping process, i.e., converting the
wrapped isoclinic phase to the interval yuA(�p/2, p/2]. The basic
concept has been reported in a Ref. [19].

2.2. Improved six-step phase-shifting method

Fig. 1(b) shows a general-circle polariscope. The polarizer and
the first-quarter waveplate subtend angles p/2 and p/4 to the
reference axis x, respectively. The second-quarter waveplate and
the analyzer subtend angles g and b from the reference axis x,
respectively. Adapting homochromatic radiation, six images are
acquired in different configurations of g and b, (Ii, i¼1, 2, y, 6. see
details in Ref. [21]), and the six-step phase-shifting algorithm is
obtained as

y¼ 0:5tan�1 I5�I3

I4�I6

� �
, and sinda0, ð2Þ

d¼ tan�1 ðI5�I3Þsin2yþðI4�I6Þcos2y
I1�I2

� �
: ð3Þ

The isoclinic phase interval (�p/4,p/4] and the isochromatic phase
interval [�p, p] can be obtained from Eqs. (2) and (3), respectively.
However, the isoclinic phase map obtained from Eq. (2) simulta-
neously includes the areas of the first and the second principal
stress directions. The ‘‘uncertain’’ isoclinic phase causes some
‘‘ambiguity’’ to appear in the wrapped isochromatic phase map
using Eq. (3). To avoid this ‘‘ambiguity,’’ an unwrapping isoclinic
interval yuA(�p/2,p/2] was determined and extended by the four-
step color phase-shifting method. This was then substituted to the
‘‘uncertain’’ isoclinic phase interval (�p/4, p/4] in Eq. (3). The
equation was transformed to [20]

d¼ tan�1 ðI5�I3Þsin2yuþðI4�I6Þcos2yu

I1�I2

� �
: ð4Þ

The improved equation avoids the ambiguous isochromatic
wrapped phase and is useful in the next unwrapping procedure.

2.3. Automated determination of whole-field shear stress

Using the unwrapped isoclinic phase interval yuA(�p/2,p/2]
from the four-step color phase-shifting method and the unambig-
uous wrapped isochromatic phase acquired from the improved six-
step phase-shifting method, an unwrapped isochromatic phase, du,
is obtained. The whole-field shear stress, t, can then be conveni-
ently calculated by [22]

t¼ dufs
4ph

sin2yu, ð5Þ

θ

Model

Polarizer
x

y
White light

β

Analyzer

σ2

σ1
σ2 θ

Model

π/4

 Fast axis

Second 1/4 waveplate

π/2

Polarizer

x

y Sodium light

 Fast axis

Second 1/4 waveplateβ

Analyzer

σ1

γ

α = π/2+β

Fig. 1. (a) Normal-plane polariscope at rotation with the angle of b and (b) general-circle polariscope with an arbitrary analyzer and second-quarter waveplate.
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