Chapter 2

THE EFFECT OF THE T-STRESS ON CRACK PATH SELECTION IN
ADHESIVELY BONDED JOINTS

(Paper prepared for submission to the International Journal of Adhesion and Adhesives)

ABSTRACT

This paper investigates the effect of the T-stress on crack path selection in adhesively
bonded joints. Fleck, Hutchinson, and Suo [1] concluded that, similar to the situation in
homogeneous solid media, the directional stability of cracksin adhesive bondsis also significantly
influenced by the magnitude of the T-stress. Cracks tend to be directionally stable when the T-
stress is negative (compressive) and directionally unstable when the T-stress is positive (tensile).
This T-stress dependence of crack path selection in adhesively bonded joints is demonstrated
experimentally in this study using double cantilever beam (DCB) specimens with various levels of
the T-stress. The technique reported to vary the T-stress involves a mechanical stretching
procedure of the specimens and is able to continuoudly alter the T-stress level over afairly wide
range. Using the finite element analysis (FEA) method, the T-stress for DCB specimens is
calculated and comparison is made with the analytical solution obtained by Fleck, Hutchinson,
and Suo [1] for the bi-material sandwich geometry with semi-infinite adherends. The FEA results
show that the T-stress increases as the thickness of the adherends decreases, indicating a mild
effect of adherend thickness on the directional stability of cracks. This prediction is verified in
this paper using DCB specimens with different thicknesses adherends.

KEYWORDS
Locus of failure, crack path selection, adhesively bonded joints, T-stress, interfacial failure,
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INTRODUCTION

Identifying and interpreting the locus of failure and crack propagation behavior are significant
aspects in evaluating the mechanical properties of adhesively bonded joints, and have been of interest for
many years. While conventional wisdom suggests that materials always fail at the weakest location,
Dillard et al. [2] indicated that the locus of failure, while closely related to material properties such as
tensile strength, quality of adhesion at the interface, and fracture toughness of the bonds, depends also on
the stress state at the crack tip. Supportive information can also be found in Cao and Evans [3], and
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Akisanya and Fleck [4] where both the locus of failure and the crack propagation behavior were shown to
be dependent on the mode mixity of externa loads. Although a number of important results have already
been obtained [1-4] to interpret different crack path selection phenomena, further study in this areais still
needed.

As shown in Fig. 1, four types of failure have been observed in mode | tests of double cantilever
beam (DCB) specimens using aluminum adherends and an epoxy adhesive (details of materia
specifications and specimen fabrication are given in the next section). These modes are: a) cohesive
failure, where the crack propagates along the middle of adhesive layer; b) interfacial failure (visually),
where the failure occurs at the interface between adhesive and adherends; c) oscillatory failure, where the
trajectory of the crack oscillates about the midplane of the bond but remains within the adhesive layer; and
d) alternating failure, where the crack alternates between the two adhesive/adherend interfaces. Similar
phenomena had also been observed by Wang and Suo [5], Cao and Evans [3], and Chai [6-8] in different
systems such as 420 stainless steel/epoxy, plexiglass/epoxy and fiber-reinforced epoxy |aminates.

Fig. 1 shows different failure locations, either within the adhesive layer (a and c) or at/near the
interface (b and d), as well as different crack trajectories, either directionally stable (a and b) or
directionally unstable (b and d). This information leads to two important issues closely related to the
fundamental mechanism of crack path selection in adhesive bonds: locus of failure and directional stability

of cracks.

The locus of failure is closely related to the direction of cracking. Over the years, severa criteria
have been developed to determine the direction of crack propagation for cracks in brittle homogeneous
isotropic solids. Among these criteria, three primary ones have been widely discussed in the literature;

namely,

1 Maximum opening stress criterion (by Ergodan and Sih, (1963) [9]). This criterion
dictates that the direction of cracking is perpendicular to the direction of maximum
opening stress at the crack tip.

2. Maximum energy release rate criterion (by Palaniswamy and Knauss, (1978) [10]).
By applying this criterion, the direction of crack propagation can be obtained by
maximizing the energy release rate as a function of the angle of crack kinking.

3. Mode | fracture criterion (by Goldstein and Salganik (1974) [11] and Cotterell and
Rice (1980) [12]). According to this criterion, a crack will propagate along a path such
that pure mode | fracture is maintained at the crack tip, i.e. K, = 0 at the growing crack

tip.
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Although the three criteria specify different aspects, they al yield similar results and no experimentally
distinguishable differences have been observed [4, 13, 14].

These criteria, although developed primarily for cracks in homogeneous materials, can be readily
extended into bi-materials systems such as adhesively bonded joints. However, care should be used when
applying these criteria to determine the direction of cracking for cracks located at a bi-material interface
due to differences in fracture toughness in the vicinity of an interface. For adhesively bonded joints, Chen
and Dillard [15] provided an example showing how to use these criteria to determine the direction of
cracking when the crack islocated at the interface.

According to these criteria, a crack in an adhesive bond can be steered to different locations if the
local stress state at the crack tip isin mixed mode. Consequently, various failure locations can result and
failure does not necessarily occur at the weakest site within the material, which conflicts with conventional

wisdom.

The issue of directional stability of cracks in adhesively bonded joints was first discussed by Chai
[6-8], who observed a unique form of crack tragjectory in the mode | delamination failure tests of graphite
reinforced epoxy composite laminates and aluminum/epoxy bonds. As the crack advanced, the crack
propagated along one interface and then gradually deviated away with an increasing slope until the other
interface was approached. An abrupt kink then occurred when the crack approached the opposite interface
and stayed at the interface for a distance about 2-3 times the thickness of the adhesive layer before leaving
the interface. As a result, the crack trajectory appeared to be periodically alternating between the two
interfaces, which obviously reflected avery directionally unstable crack propagation.

Fleck, Hutchinson, and Suo [1] and Akisanya and Fleck [4, 16] later investigated this directional
stability issue in adhesive bonds. In their analyses, for the geometry shown in Fig. 2, the adherends were
assumed to be semi-infinite, the adhesive was assumed to be linear elastic, and a semi-infinite straight
crack was present within the adhesive layer. According to the coordinate system in Fig. 2, the stress state
at the crack tip can be expressed in the asymptotic form [17] as

O
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where r and 6 are the polar coordinates, and K, and K|, are the stress intensity factors at the crack tip. The

third term in Equation 1 with stress T is non-singular and acts in the direction parallel to the crack plane.
By convention, thistermisreferred to as the “T-stress”.

In investigating slightly curved or kinked cracks in homogeneous materials under mode | loading,
Cotterell and Rice [12] concluded that the T-stress plays an important role in the directional stability of the
crack propagation. The crack is directionally stable if the T-stress is negative, whereas is directionally
unstable if the T-stress is positive. Through considering higher order terms in the William’s asymptotic
stress expansion for a crack in homogeneous materials [17],eClhq18, 19] further investigated the
effect of the T-stress on the crack propagation manner and indicated that the transition point between the
directionally stable and unstable cracks is slightly influenced by the T-stress levels. For this study,
however, the criteria developed Bptterell and Rice [12] is still found to be satisfactory and therefore is
used. Feck, Hutchinson, and Suo [1], and Akisanya and Fleck [4, 16] indicated that, similar to the
situations in homogeneous materials, the directional stability of cracks in adhesive bonds also depends on
the magnitude of the T-stress, which in this case can be calculated as [1]

T‘i+_aT +0,+C (¢/t,a B)—+C||(C/t a B)— Equation 2

whereg, is the residual stress in the adhesive and t is the thickness of the adhesiveKlayeK |/, and

T in Equation 2 are solutions for the homogeneous case obtained by neglecting the adhesive layer and
here they are used as far field loading. The manner in V\Hﬁﬂ’éhand KT,’ are related to a specific applied
loading can be found in Tadh al. [20]. T° has been obtained by Larsson and Carlsson [21] for several
commonly used testingeometries. (Cc/t, a, B) and G (c/t, a, B) in Equation 2 are non-dimensional

functions tabulated in Fleck, Hutchinson, and Suo [1], ¢ is defined as shown in Fig. @,aad are

Dundurs’ parameters reflecting the material mismatch, and are defined as

Ul(Kz"'l) M (ky +1)
Hl(K2+1)+H2(K1+1)
:H1(K2 ~1)-p,(ky -1)
ua (ko +2)+ 115k, +2)

where the subscripts 1 and 2 refer to the materials for the adherends and adhesive, respeGtv/Ely2)

Equation 3

are shear modulik; =3-4v; for plane strain and; = (3-v, )/(L+v;) for plane stress; ang (i = 1, 2)
are the Poisson’s ratios. The valueoofs between — 1 and 1, and according to Setga. [22] and

Hutchinson and Suo [14], the valuepis between 0 and/4 for most material combinations.
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Consistent with the results obtained by Cotterell and Rice [12] in homogeneous solids, Fleck,
Hutchinson and Suo [1], and Akisanya and Fleck [4, 16] aso concluded that under predominantly mode |
loading, the crack propagation in an adhesive bond is directionally stable if the T-stress is negative and is
directionally unstable if the T-stress is positive. This argument revealed the threshold of the transition of
the directional stability of cracks in adhesively bonded joints and provided an important foundation for the
experimental work in this paper. However, since the analyses were based on the assumption that the
adherends were semi-infinite, the effect of adherend bending on the T-stress was excluded. In adhesively
bonded DCB specimens, since the thickness of the adherends is finite, the T-stress is predicted to be higher
than that predicted by Equation 2 and will increase as the thickness of the adherends decreases due to the
effect of adherend bending. This adherend bending effect on the T-stress induces a mild influence of the
thickness of the adherends on the directional stability of the cracksin the DCB specimens as discussed later
in this study.

In this paper, the T-stress effect on the directional stability of cracks in adhesive bonds was
demonstrated through achieving various levels of T-stress mechanically in DCB specimens. The technique
reported herein to alter the T-stress level involves a mechanical stretching procedure of the specimens and
has several advantages as compared to other techniques discussed in the literature. Through numerical
analyses using the finite element method, the effect of adherend bending on the T-stress, and therefore on
the directional stability of cracks, was investigated. The results show that the T-stress increases as the
thickness of adherends decreases, and therefore the crack tends to be more directionaly unstable.
Experimental results of specimens with different adherends thicknesses were consistent with the numerical
predictions.

EXPERIMENTAL SECTION

Specimen Fabrication

To understand the effect of the T-stress on the directional stability of crack propagation, standard
double cantilever beam (DCB) specimens were made. The specimen dimensions are shown in Fig. 3
except that the thickness of the adherends varies. The adherends were aluminum 6061-T6 alloy cleaned
with acetone, which was used simply to provide surface uniformity among specimens. The resin used was
Dow Chemical epoxy resin D.E.R. 331, alow molecular weight, liquid bisphenol A-typeresin. The curing
agent used was dicyandiamide (“dicy”). A tertiary amine accelerator, 3-phenyl-1, 1 dimethyl urea
(PDMU) was used to accelerate the curing. M-5 silica, a hydrophilic fumed silica manufactured by the
Cabot Corporation, was used as a filler. The toughener used was Kelpoxy G272-100, a concentrate of an
epoxy-terminated elastomeric copolymer designed by Reichhold Chemicals as an additive or modifier to
toughen epoxies, epoxy novalacs, and PVC plastisols. The details of the adhesive formulation procedure
can be found in Vranet al. [23]. The final product contains about 69.3% D.E.R. 331, 4.1% DICY, 1.6%
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PDMU, 4.7% Silica, and 20.3% Kelpoxy in weight. The final rubber concentration in this model system
was approximately 8.1%. The specimens were cured at atemperature of 170°C for 90 minutes.

The material properties of the cured adhesive were characterized using differential scanning
calorimetry (DSC), therma mechanical analysis (TMA), and dogebone tensile tests. The results showed
that the adhesive has a glass transition temperature T, = 112 °C, coefficient of thermal expansion (CTE)

a, = 62><10'6/°C, and Young’'s modulus & 2.97 GPa at room temperature. The Poisson’s ratio of the
adhesive is estimated as= 0.33 at room temperature. The material properties for the aluminum 6061-T6

substrates are Young's modulus£E70 GPa, Poisson’s ratig = 0.33, and CTH; = 26><10'6/°C [24].

Due to the mismatch of the coefficients of thermal expansion, an equal bi-axial residualstress

is induced throughout the adhesive layer from the specimen fabricétithe adherends are assumed to be
thick and rigid as compared to the adhesive, the residua stressis then given by

Ex

(0‘2 _al)(Tsft _Tt) Equation 4
1-v,

Op =

where T (about 108°C) is the stress free temperature, which is very close to the glass transition
temperature for this particular material system, arid the testing temperature, which is room temperature

in this study. The residual stress estimated using Equation 4 is about 13 MPa, which is consistent with the
experimental result obtained using a curvature measurement technique. Details of the residual stress
measurement technique can be found in Dilehma. [25].

According to Equation 2, for a straight crack within the adhesive layer of a DCB specimen, the T-
stress depends on the residual stogssThis relationship indicates that changing the residual stress in the
adhesive layer can alter the T-stress level. In this study, to alter the residual stress and consequently the T-
stress, DCB specimens were loaded uniaxially in an Instron machine until the substrates were plastically
deformed as shown in Fig. 4. An MTS extensometer was attached to the specimens to monitor the strain.
Upon unloading, the plastic deformation remaining in the substateas recorded as shown in Fig. 5.
According to the tensile test results for neat adhesive dogbone specimens shown in Fig. 5, the adhesive did
not yield at the strain levels investigated. Due to the plastic deformation, the residual stress in the adhesive
layer was increased (and so was the T-stress level). According to the coordinate system shown in Fig. 3,
the total residual stress can be calculated as

E E
Ox = 1_\2} (CPRE) _Tt)+—1 25 (1_V1V2)5p
z V2 Equation 5
E E
2= 1_\2)2 (05— 0y XTg ~T)+ 1_\2)3 (v _Vl)Ep

18



This result is consistent with what Dillard et al. [26] found in studying the stress state in polymer coatings
subjected to similar combinations of biaxial residual plus uniaxial extension stresses.

Concerns have been raised whether any microcracks in the adhesive layer were induced during the
stretching procedure. Thisissueis critical because the crack propagation behavior and resulting trajectory
might be influenced by the microcracks. To further investigate the stretching processes, blue fountain pen
ink was applied to both sides of the DCB specimens while they were being stretched. Due to the surface
energy, the ink should wick into the microcracks as soon as they formed. The experiments showed no
evidence of ink wicking before the maximum strain approached 2.1% and when the maximum strain was
beyond 2.1%, ink wicking was observed in some specimens. This experimental result indicated that no
microcrack should be induced during the stretching process as long as the total strain is controlled to be
less than 2.1% for this particular material system, and the highest strain level reported herein is about 1.9%.

Besides the mechanical stretching method, the residual stress and consequently, the T-stress level
can aso be atered thermally. By bonding epoxy (GY 260 + 2% rubber) adhesive to different substrates
such as aluminum alloy and carbon fiber/epoxy composite, Daghyani, Ye, and Mai [27] achieved different
residual stresses in DCB specimens due to different CTE mismatches, 11 MPa if the substrate was
aluminum aloy and 26.9 MPa if the substrate was carbon fiber/epoxy composite. However, since the
material system is completely different, the validity of comparing testing results between different
specimens and concluding the T-stress effect based on the results must be carefully considered.

Different levels of residual stress and consequently, the T-stress, have also been achieved in our
study by submerging the DCB specimens in liquid nitrogen or dry ice for one hour right before the tests
were conducted. This is due to the fact that the coefficient of thermal expansion (CTE) of the epoxy
adhesive (62x10°/°C) is greater than that of the aluminum alloy (26x10°°C). Therefore, the residual
stress in the adhesive layer (and consequently the T-stress) is increased when the specimen is cooled.
However, since the properties of epoxy changes with temperature, care should be used when relating the
experimental results obtained at low temperature with those obtained in room temperature.

The stretching method provides a convenient way to alter the residual stress and consequently, the
T-stress level, in the adhesive bonds. First, with delicate control of the testing frame achieved through
operating the GPIB interface using LabVIEW[O [28] software, the expected plastic deformation level can
be achieved within a 3% error; therefore, the expected T-stress level can be achieved rather precisely.
Second, using this method, the T-stress can be continuously varied over a wide range (47 MPa for the
material system studied). Third, since the stretching method is purely a mechanical method, no material
properties have been atered after stretching, permitting direct comparison of the test results. Last, the
availability of tensile test frames provides a relatively convenient way to alter the residual stress and the T-
stress state.
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DCB Testing

After stretching, the DCB specimens were then tested quasi-statically in a screw-driven Instron
4505 machine. The loading rate was controlled to be 1 mm/min and the |oad-displacement and load-time
curves were recorded. A 10 power magnifying glass was used to measure the crack length from time to
time as the crack arrested. From the load-displacement curve and the crack length information, the relation
between the compliance of the specimen and the crack length could be obtained, from which, the effective
stiffness of the DCB specimens could be calculated. The applied fracture energy or the strain energy
release rate is given by

G ()

Equation 6
4B(@+x)* q

where, Elg is the effective stiffness of the DCB specimens, B is the width of the specimen, A is the
specimen’s opening displacement, a is the crack length, and the x is the apparent crack length offset which

is obtained also from the compliance-crack length relation. Details of the DCB analysis and testing
procedure can be found in Blackmetral. [29] and Parvataredd al. [30].

FRACTURE ANALYSIS

The T-Stressfor Double Cantilever Beam Specimens
As discussed earlier, in the analysis of Fleck, Hutchinson, and Suo [1], the adherends were
assumed to be semi-infinite. In the adhesively bonded DCB specimens, the T-stress is expected to be
higher than that predicted by Equation 2 due to the effect of adherend bending. To quantify the T-stress in
the DCB specimens, numerical methods must be used since the theoretical solutions are only available for
a few geometries.

Over the years many numerical methods have been proposed [21, 31-35] to calculate the T-stress
in general geometries and among them, finite element analysis (FEA) is the most direct one. According to
Equation 1, the T-stress can be calculated by substituting theslresg, and the stress intensity factors
obtained from finite element analysis into the equation [33, 35]. In this paper, to further simplify the
calculation, the T-stress specimen was obtained as follows:

When the fracture is in pure mode | as with the mode | loaded DCB specimers0OKn

Equation 1. Then the T-stress along the crack pwred(andt 1) can be obtained from Equation 1 as

T=0, —0y Equation 7

If the fracture is in mixed mode, as with asymmetric DCB specimens, in which one adherend is thicker

than the other, Kdoes not equal to zero. Then along the crack plane ahead of the créick @ip the T-
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stress can be still calculated using Equation 7; however, behind the crack tip (86 = + 1), the T-stress is now
given by,

T=0XX+K,”/£ Equation 8
™

where oy is obtained from the finite element analysis, and K,, can be calculated from fitting the oy, data,
which is also obtained form the finite element analysis, as

K, = (GXy\/ZTlT )9:0 Equation 9

In this study, the finite element analysis was conducted using ABAQUSO [36]. The double
cantilever beam (DCB) model analyzed is shown in Fig. 6. An adhesive layer (material #2) is sandwiched
between two adherends (material #1). The thicknesses of both the adhesive and the adherends vary in the
analysis. A straight crack is located in the middle of the adhesive layer, and the displacements of one end
of the model are totally constrained. The finite element mesh around the crack tip is shown in Fig. 7;
eight-node, plane-strain elements were used with reduced integration. Quarter point singular elements
were constructed around the crack tip. Both the adherend and adhesive were modeled as linear elastic
materials with material constants E; = 70 GPa, E, = 2.97 GPa, and v; = v, = 0.33. The coefficients of
thermal expansion (CTE) used for adherend and adhesive, respectively, are o, = 26x10%°C and a, =
62x10°/°C. Since the measured fracture toughness of the adhesive bonds appeared to be independent of
the crack propagation behavior for this material system as will be discussed later, the adhesive bonds were

assumed to have an iso-fracture toughness value of 310 Jm?, which was obtained from the quasi-static
testing results of DCB specimens.

Analysis Results
Shown in Fig. 8 is the T-stress distribution along the x-axis (the coordinate is shown in Fig. 6 and
Fig. 7) obtained from the FEA analysis for symmetric DCB specimens with zero residual stress. The
adhesive thickness in the analysis was 0.5 mm and various adherends thicknesses (H = 20 mm, 6 mm, 4.8
mm, and 3.2 mm) were analyzed. The T-stress converges to the bending stress of the composite beam as x
decreases behind the crack tip and converges to zero as x increases in front of the crack tip. Fig. 8 also
shows that the T-stress is non-singular at the crack tip and increases as the adherend thickness decreases.

Shown in Fig. 9 isthe relation between the T-stress and the thickness of the adhesive layer for the
DCB specimens with zero residual stress. The figure shows that the T-stress decreases with the thickness
of adhesive. The relationship between the adhesive thickness and the T-stress indicates that directionally
unstable crack propagation is more unlikely to occur if the thickness of adhesive decreases. More details
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about the adhesive thickness effect on the directional stability of crack propagation can be found in Chen et
al. [37]. As for the effect of adherend bending, Fig. 9 shows that the T-stress obtained by Fleck,
Hutchinson, and Suo [1] is the lower bound since the adherends were assumed to be semi-infinite in their
analysis. Asthe adherend thickness decreases, the T-stress increases and the difference is not negligible if
the adherend thickness is less than 6 mm for the configuration studied. Therefore, for this particular
material system, when the adherend thickness is less than about ten times the thickness of the adhesive, the
effect of adherend bending on the T-stress level is no longer negligible and the crack propagation is
predicted to be more directionally unstable as the adherend thickness decreases.

If the residual stressin the adhesiveis not zero, the T-stressis then given by

1E2 (02 =0 T T+ 2, -y, e, Equation 10
V2 1-v5

T=Ty+

where T, is the T-stress under zero residua stress state. According to Equation 10, the T-stress increases
linearly with the plastic deformation, &, in the adherends. Consequently, cracks propagating in the DCB

specimens are predicted to be more directionally unstable as the plastic deformation in adherends increases.

TEST RESULTSAND DISCUSSION

T-Stressand Directional Stability of Cracks
To demonstrate the T-stress effect on the directional stability of cracks, DCB specimens with
adherend thicknesses 4.8 mm and various levels of the T-stress were tested quasi-statically. After failure,
the failure surfaces of the specimens were carefully examined and three representative specimens were
selected as shown in Fig. 10, from which, the effect of the T-stress on the directional stability of cracks
could beinferred.

The initial residual stress based on thermal mismatch in all three specimens shown in Fig. 10 was
13 MPa. However, each specimen was stretched to a different level of plastic deformation in the
adherends. As aresult, the T-stress varied among these three specimens. Specimen a) was an as-produced
specimen, no plastic deformation was introduced in the adherends, and the consequent T-stress was - 3.0
MPa. The failure surfaces of specimen a) appeared cohesive (except for afew spots along the edges where
the debond had arrested) and the crack was directionally stable. On the other hand, specimen b) was
stretched to about 1.1% plastic deformation. Consequently, the T-stress increased to 29 MPa and an
oscillatory crack trajectory was observed on the failure surfaces, indicating a tendency toward directionally

unstable crack propagation. When the plastic deformation reached the level €, = 1.3% as with specimen

¢), the corresponding T-stress was 35 MPa. The crack in this specimen alternated between the two
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interfaces and failure occurred at or very close to the interfaces. This aternating crack trajectory is avery
directionally unstable crack propagation.

To further investigate the characteristics of the directionally unstable cracks, a more careful
surface examination including scanning electron microscopy was conducted on the representative areas of
the failure surfaces of specimen b) and ¢). As shown in Fig. 11, the oscillatory features of the crack path
were observed clearly in the magnified picture of specimen b) and the SEM micrograph of the failure
surface further reveals that the failure occurred within the adhesive layer and the failure surfaces were
relatively smooth. Fig. 12 shows the failure surfaces of specimen c), which shows that the crack
propagation was directionally unstable. The crack tragjectory aternates between the interfaces (sub-
interfaces, to be exact) with a characteristic length, which was measured from the spacing of the adhesive
blocks on the failure surfaces, to be 3 — 4 times the thickness of the adhesive layer. The SEM micrograph
in Fig. 12 further reveals the characteristics of the morphology of the failure surfaces and the crack
propagation behavior. First, the micrograph shows that the failure occurred at the sub-interface rather than
at the interface, which was verified by the post-surface analysis results in reference 37. Second, this figure,
along with Fig. 13, where the longitudinal cross-section of specimen c) is shown and from which, the crack
trajectory is fully observed, suggested that as the crack advanced, the crack propagated along one interface
and then gradually deviated away with an increasing slope until the other interface was approached. An
abrupt kink then occurred when the crack approached the opposite interface and stayed at the interface for
a distance about 2-3 times the thickness of the adhesive layer before deviated from the interface gradually
again. Theseharacteristics in the directionally unstable crack trgjectory are very similar to what Chai [6-
8] observed.

The experimental results demonstrate that the magnitude of the T-stress controls the directional
stability of crack propagation in adhesively bonded joints and the magnitude of the oscillation of the crack
trajectory appeared to increase with the T-stress in the tests. On the other hand, for this material system,
the fracture toughness of the bonds appears to be independent of the crack propagation behavior. Fig. 14
shows the fracture toughness measured in the quasi-static tests for three sets of specimens with different
plastic deformation level in the adherends. Since the crack is more directionally unstable as the plastic
deformation increases, Fig. 14 indicates that the crack propagation behavior has an insignificant effect on
the fracture toughness of the bonds. This result confirms the iso-fracture toughness assumption discussed
earlier in the numerical model and the phenomenon can be explained through investigating the energy
balance in the system. Details of the discussion can be found in Chen and Dillard [15].

The Effect of Adherend Bending on the Directional Stability of Cracks
As predicted by the finite element analysis results shown in Fig. 8 and Fig. 9, the T-stress level
increases as the thickness of the adherends decreases, which indicated that crack propagation in specimens
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with thin adherends tends to be more directionaly unstable as compared to specimens with thick
adherends. To verify the prediction, two groups of DCB specimens with adherend thickness of 4.8mm and
3.2mm, respectively, were prepared and stretched until 1.1% plastic deformation occurred in the adherends
in order to alter the residual stress level (and the T-stress) as described in previous section. Then the quasi-
static DCB tests were conducted on the specimens. After failure, as shown in Fig. 15, two typica
specimens from each specimen group were selected based on visual examinations of the failure surfaces of
the specimens, from which, the conclusions could be inferred.

The residua stress in al the four specimens was 13 MPa. However, due to the differences either
in the adhered thicknesses or in the plastic deformation levels in the adherends, the T-stress among these
four specimens varied. Specimens a) (H = 3.2 mm) and ¢) (H = 4.8 mm) were as-produced specimens and
the T-stresses were relatively low (1 MPafor specimen a) and -3 MPa for specimen c)). Although failure
in those two specimens was both cohesive, dlight differences in crack trgjectories were still apparent,
indicating that crack propagation in specimen a) is more directionally unstable compared with specimen c).
This adherend thickness effect on the directional stability of cracks became more pronounced in comparing
stretched specimens b) (H = 3.2 mm) and d) (H = 4.8 mm), in which, the T-stress is relatively high (34
MPa for specimen b) and 29 MPa for specimen d)). The aternating crack trgjectory in specimen b)
indicates a much more directionally unstable crack as compared to specimen d) where the crack trajectory
is characterized by a small magnitude oscillation.

SUMMARY AND CONCLUSIONS

This paper investigated the T-stress effect on the crack path selection in adhesively bonded joints.
Through the study, the following conclusions are made:

1. The dependence of the directional stability of cracks on the T-stress level was demonstrated.
A crack is directionaly stable if the T-stress is compressive (negative), and tends to be more
directionally unstable as the T-stress increases.

2. Theresidual stress and consequently, the T-stress, in a double cantilever beam specimen can
be altered by stretching the specimen uniaxially until the adherends are plastically deformed.
This method is convenient; the T-stress can be varied over a fairly wide range, and no
material property alteration will be induced during the stretching procedure.

3. The T-stress in a DCB specimen can be caculated using the finite element method.
Compared to the solution obtained by Fleck, Hutchinson, and Suo [1] for semi-infinite
adherends, the results obtained using the finite element method are higher due to the effect of
adherend bending.
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4. The adherend bending effect on the directiona stability of cracks was studied. The T-stress
level increases as the adherend thickness decreases and consequently, a crack in specimens
with thin adherends tends to be more directional unstable compared to specimens with thicker
adherends.

5. For the particular material system studied, the T-stress level and the directiona stability of
cracks did not significantly affect the measured fracture toughness of the adhesive bonds.

25



ACKNOWLEDGMENTS

The authors wish to thank the National Science Foundation - Science and Technology Center for
High Performance Polymeric Adhesives and Composites #DMR-912004 for supporting this research. The
authors would aso like to acknowledge the interdisciplinary forum provided by the Center for Adhesive
and Sealant Science as well as facilities provided by the Engineering Science and Mechanics Department
and the Chemistry Department. We also wish to thank Charlie Berglund and the Dow Chemical Company
for providing the epoxy resin.

26



REFERENCES

1

10.

11.

12.

13.

14.

15.

16.

Fleck, N. A., Hutchinson, J. W., and Suo, Z., Crack path selection in a brittle adhesive layer,
Int. J. Solids and Structures, Vol. 27, No. 13, pp 1683-1703, 1991.

Dillard, D. A., Chen, B., Parvatareddy, H., Lefebvre, D., and Dillard, J. G., Where does it
fail, and what does that mean? J. Adhesion. (in preparation).

Cao, H. C., and Evans, A. G., An experimental study of the fracture resistance of bimaterial
interfaces, Mechanics of Materials 7, pp. 295-304, 1989.

Akisanya, A. R. and Fleck, N. A., Brittle fracture of adhesive joints, International Journal of
Fracture, 58, p93-114, 1992.

Wang, J. S. and Suo, Z., Experimental determination of interfacial toughness curves using
brazil-nut-sandwiches, Acta metall. mater. Vol. 38, No. 7, pp. 1279-1290, 1990.

Chai, H., The characterization of mode | delamination failure in non-woven, multidirectional
laminates, Composites, Vol. 14, No. 4, pp. 277-290, 1984.

Chai, H., On the correlation between the mode | fracture of adhesive joints and laminated
composites, Engineering Fracture Mechanics, Val. 24, No. 3, pp. 413-431, 1986.

Chai, H., A note on crack tragjectory in an elastic strip bounded by rigid substrates, Int. J.
Fracture, 32, pp. 211-213, 1987.

Ergodan, V. F. and Sih, G. C., On crack extension in plates under plane loading and
transverse shear, Trans. ASME, J. Bas. Engng, 85, pp. 519-527, 1963.

Palaniswamy, K. and Knauss, W. G., On the problem of crack extension in brittle solids
under general loading, in Mechanics Today, S. Nemat-Nasser, Editor, Vol. 4, Pergamon Press
pp. 87-148, 1978.

Goldstein, R. V. and Salganik, R. L., Brittle fracture of solids with arbitrary cracks.
International Journal of Fracture, Vol. 10, No. 4, 1974.

Cotterell, B. and Rice, J. R., Slightly curved or kinked cracks. International Journal of
Fracture, Vol. 16, No. 2, 1980.

Geubelle P. H., and Knauss, W. G., Crack propagation at and near bimaterial interfaces:
linear analysis, J. Applied Mechanics, Vol. 61, pp. 560-566, 1994.

Hutchinson, J. W. and Suo, Z., Mixed mode cracking in layered materials, Advances in
Applied Mechanics, Vol. 29, pp.63-191, 1992.

Chen, B. and Dillard, D. A., Numerical anaysis of the directionally unstable crack
propagation in adhesively bonded joints. Int. J. Solids and Structures. (in preparation)
Akisanya, A. R. and Fleck, N. A. Analysis of a wavy crack in sandwich specimens,
International Journal of Fracture, 55, p29-45, 1992.

27



17.

18.

19.

20.

21,

22,

23.

24,

25,

26.

27.

28.

29.

30.

31.

Willams, M. L. On the stress distribution at the base of a stationary crack, J. Applied
Mechanic,s 24, pp. 109-114, 1957.

Chao, Y. J, and Liu, S., On the failure of cracks under mixed-mode loads, International
Journal of Fracture, 87, pp. 201-223, 1997.

Chao, Y. J, Liu, S., and Broviak, B., Brittle fracture: constraint effect and crack curving
under mode | conditions, 1999. (to be published)

Tada, H., Paris, P. C. and Irwin, H. R., The stress analysis of cracks handbook. Del Research
Corporation, Hellertown, Pennsylvania, 1985.

Lasson, S. G. and Carlsson, A. J., Influence of non-singular stress terms and specimen
geometry on small-scale yielding at crack tips in elastic-plastic materials. J. Mech. Phys.
Solids, 21, pp. 263-277, 1973.

Suga, T., Elssner, E., and Schmander, S., Composite parameters and mechanical compability
of material joints, J. Composite Materials, 22, pp. 917-934, 1988.

Vrana, M. A, Dillard, J. G., Ward, T. C., Rakestraw, M. D., and Dillard, D. A., The influence
of curing agent content on the mechanical and adhesive properties of Dicyandiamide cured
epoxy systems. J. Adhesion, Vol. 55, pp. 31-42, 1995.

Beer, F. P., and Johnston, E. R. Jr., Mechanics of materials, Second Edition, McGraw-Hill,
Inc, 1992.

Dillard, D. A., Park, T. G., Zhang, H., and Chen, B., Measurement of residual stresses and
thermal expansion in adhesive bonds. (in preparation)

Dillard, D. A., Chen, B., Chang, T., and Lal, Y. H., Analysis of the notched coating adhesion
test. J. Adhesion. Vol. 69, pp. 99-120, 1999.

Daghyani, H. R., Ye, L., and Mai, Y. M., Effect of thermal residua stress on the crack path in
adhesively bonded joints. Journal of Materials Science. 31, 2523-2529, 1996.

LabVIEW — Graphical programming for instrumentation, National Instruments, Version 5.0,

1998.

Blackman, B., Dear, J. P., Kinloch, A. J., and Osiyemi, S., The calculation of adhesive

fracture energies from double-cantilever beam test specirdaeumsial of Materials Science
Letters, 10, pp. 253-256, 1991.

Parvatareddy, H., Dillard, J. G., McGrath, J. E., and Dillard, D. A., Environmental aging of
the Ti-6Al-4V/FM-5 polyimide adhesive bonded system: implications of physical and

chemical aging on durability, Adhesion Sci. Technol., Vol. 12, No. 6, pp. 615-637, 1998.

Leevers, P. S., and Radon, J. C., Inherent stress biaxiality in various fracture specimen

geometrieslnternational Journal of Fracture, 19, pp. 311-325, 1982.

28



32.

33.

34.

35.

36.
37.

Kfouri, A. P., Some evaluations of the elastic T-term using Eshelby’s methothternational

Journal of Fracture, 30, pp. 301-315, 1986.

Sladek, J. and Sladek, V., Regularized integral representation of thermal stresses,
Engineering Analysis with Boundary Elements, 8, pp. 224-230, 1991.

Olsen, P. C., Determining the stress intensity factors Kl, Kll, and the T-term via the
conservation law using the boundary element method, Engineering Fracture Mechanics, 49,
pp. 49-60, 1994.

Sherry, A. H., France, C. C., and Goldthoppe, M. R., Compendium of T-stress solutions for
two and three dimensional cracked geometrieatigue and Fracture of Engineering
Materials and Sructures, 18, pp. 141-155, 1995.

ABAQUS, Version 5.8, Hibbitt, Karlsson & Sorenson, Inc, 1998.

Chen, B., Dillard, D. A., Dillard, J. G., and Clark, R. L., Crack path selection in adhesively
bonded joints: the roles of external loads and specimen geordairmal of Adhesion. (in

preparation)

29



