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ABSTRACT—An integrated experimental and numerical in-
vestigation was conducted for removing the free-edge stress
singularities in dissimilar material joints. A convex inter-
facel/joint design, inspired by the shape and mechanics
of trees, will result in reduced stress singularities at bi-
material corners for most engineering material combinations.
In situ photoelasticity experiments on convex polycarbonate—
aluminum joints showed that the free-edge stress singularity
was successfully removed. As a result, the new design not
only improves the static load transfer capacity of dissimilar
material joints, but also yields more reasonable interfacial ten-
sile strength evaluation. For convex polycarbonate—aluminum
and poly(methyl methacrylate)-aluminum joint specimens,
the ultimate tensile load increased up to 81% while the to-
tal material volume was reduced by at least 15% over that of
traditional butt-joint specimens with severe free-edge stress
singularities.
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toelasticity, stress singularities

Introduction

Dissimilar material interfacesjoints can be found in nu-
merous modern engineering and science fields, for exam-
ple, adhesive bonded interfaces of two dissmilar mate-
rials, fiber/matrix interfaces of composite materials, thin
film/substrate interfaces in microelectromechanical systems
(MEMS), to name afew. One major research effort in inter-
face studies has been the interfacial strength evaluation of
dissimilar materials.'™" Meanwhile, numerous studies have
shown that failure often occurs along the interface/joint be-
tween two types of material with high property mismatch
(e.g., free-edge delamination in composite laminates and
debonding between thin films/substrates), and that improv-
ing the interfacia properties (especialy reducing the in-
terfacial stress level) can modify overall material/structural
behavior.8~10 Recent efforts also reveal that the chemical
and mechanical aspects of interfacial bonding are essential
for nanostructured material development.!! Indeed, interfa-
cial bonding between the nanoscale reinforcement and the

meatrix is one of the most important research subjects in the
development of nanocomposite materials.1?

However, macroscale interfacial strength measurement
is still a major challenge due to the stress singularity
problem,13715 e, the theoretical stresswill beinfinite at the
free edges. On the other hand, modern numerical tools, such
as the cohesive element method, have an urgent need for in-
terfacial strengths and toughnesses as important data input.
Hence, it is necessary to develop reliable quantitative mea-
surements in order to characterize interfacial properties. As
interfacial mechanical properties areintrinsic in nature, they
are solely determined by the atomic structure and chemistry
of the interfacial region.'® However, the interfacial strength
based on current measurementsisnot amaterial constant due
to the free-edge stress singularity, according to some recent
investigations.!® Recently, Tandon et al.1* have proposed a
novel specimen design to measure the interfacial strength of
fiber/matrix bonding. The key issue in measuring intrinsic
interfacial strengths is the creation of a uniform interfacial
stress state. So, the first important step for intrinsic interfa-
cial strength measurement is the elimination of stress sin-
gularities. Actually, elimination of stress singularitiesis also
very valuable for structural/material joints subjected to fa-
tigue and dynamic loading, since failure often occurs from
the bi-material free edge due to stress singularities.” 1

The objectives of this investigation are to propose novel
specimen designs to remove the stress singul arity, and there-
foreto provide reasonable interfacial strength measurements
and suppressedge debonding of dissimilar material joints. We
review theorigin of stresssingularities, and we proposeagen-
era solution inspired by the mechanics during formation of
trees, abiologically inspired design.18 Typical metal/polymer
jointswill be selected for demonstration of the proposed new
design through an in situ photoel asticity experiment.

Theoretical Background

Free-edge Stress Singularities in Dissimilar
Material Interfaces/joints

Asillustrated in Fig. 1(a), a butt-joint specimen was used
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corners using the coherent gradient sensing (CGS) tech-

nique, which was developed by Tippur et a.2° for full-field
mechanical—optical measurements. The CGS fringe patterns
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Fig. 1—(a) CGS photograph showing a strong stress con-
centration (associated with fringe pattern concentrations) at
the free edges of a bonded metal and polymer subjected to
tensile load.2® (b) Angular definition of a bi-material wedge

correspond to the gradients of o, 4.5, . It isindeed this con-
centration/singularity that leads to free-edge debonding, es-
pecially when the joint is subjected to dynamic and fatigue
loading.

For some specific bi-materia corners or edges,
Williams,2! Bogy,?2 Hein and Erdogan,?® Munz and Yang,2*
Pageau et al.,>> Akisanyaand Meng,?® Klingbeil and Beuth,?’
and Labossiere et al.,? to name afew, have shown that stress
singularitiesexist. The asymptotic stressfield of abi-material
corner can be expressed by

N
oij(r0) = > r MK fin® (.j=123 (1)
k=0

where f;;(6) isan angular function and K isalso known as
the“ stressintensity factor”. Thefracture mechanicsterminol-
ogy “stress intensity factor” is used in interfacial mechanics
to characterize asimilar stress singularity problem. It should
be noticed that, for an interfacial fracture problem (assuming
initial debonding), thestresssingularity at acrack tipisintrin-
sic and cannot be removed. However, the stress singularity in
an interfacial strength investigation (assuming perfect bond-
ing) can be removed through appropriate designs; akey issue
in this investigation. The stress singularity order A may be
real or complex. Here, we did not use other singularity order
forms such as \ — 1, because the value of \ can be easily
ascertained by the readers. Also, it is conveniently compared
to the singularity order —0.5 of a crack based on linear elas-
tic fracture mechanics (LEFM). Hence, the theoretical stress
values will become infinite as r (defined in Fig. 1(b)) ap-
proaches zero, if '\ has a positive real part. This leads to a
problem referred to as the “stress singularity problem”. It is
the presence of this stress singularity that |eads to erroneous
resultsin current interfacial strength measurements, besides
being responsible for free-edge debonding or delamination
indissimilar material joints. However, if A hasanon-positive
real part, then the stress singularity disappears. Our major
research effort is focused on producing a non-positive rea
part for \ using anew interfacial design approach.

Bogy?? found that the stress singularity was purely de-
termined by the material property mismatch and two joint
angles of the bi-material corner 61, 6 (defined in Fig. 1(b)).
Generally, the material property mismatch can be expressed
in terms of the Dundurs parameters o and B, which are two
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non-dimensional parameters computed from the elastic con-
stants of two bonded materials:2

o= pamp — pomsg
l1m2 + pomsa
_ Ra(m2 —2) —po(mi —2)
wam2 + pomsg '

B @)
Here, 1 isthe shear modulus of material 1, 2 isthe shear
modulus of material 2, m = 4(1 — v) for plane strain, v is
the Poisson ratio, and m = 4/(1 + v) for generalized plane
stress.

The stress singularity order isrelated to material and geo-
metric parameters, and isdetermined by acharacteristic equa-
tion of coefficients A (61, 62, p) through F (61, 62, p):

f(01,62,a, B, p) = AP? + 2Bap + Ca® + 2DB

where p = 1 — . A, B, C, D, E, and F have been de-
fined by Bogy.?? Therefore, our basic idea is to vary these
four independent parameters (61, 62, a, B) in order to obtain
anegativereal part of the stress singularity order \.. Thus, the
stress distribution close to the free edge will be smooth.

Convex Interfacial Joints for Uniform Interfacial
Stress Distribution

The first step to establish a uniform stress state at the in-
terface is to reduce or eliminate the stress singularity at the
bi-material edge. Mattheck®® analyzed an interesting prob-
lem of atree/stedl railing interface, as illustrated in Fig. 2,
where it may be seen that the railing predates the tree. Ini-
tialy, the intrusion caused by the railing gives rise to high
stressesinthetreetrunk. Thenatural instinct of thetreeisthen
to grow around therailing in aconvex manner and thereby to
reduce the stress. Thisbiological explanation was verified by
Mattheck’s finite-element analysis (FEA) where he showed
that for atotal joining angle 61 + 62 = 270°, the Mises stress
has avery high concentration value at thejoint corner. A bet-
ter design is the naturally formed convex shape, which cor-
responds to the optimized case shown in Fig. 2. As recently
noticed by Mohammed and Liechti,3 an appropriate joining
angle design at the bi-material edge is apossible approach to
reduce the stress singularity. Thisis clearly indicated in the
determinant (61, 62, a, B, p) introduced by Bogy.%? Since
we can choose appropriate angular combinations according
to different material combinations, it is possible to obtain a
negativeor zero R \]. Interpreted, thismeansthat the degree
of singularity can be reduced or removed. From this step, we
can determine two joint angles.

After several numerical case studies, we have chosen an
interfacial design with two joint angles, 6; = 65° and 6, =
45°, and we assume that material 1 is atypical hard mate-
rial and that material 2 is a soft materia. Thus, there will
be no stress singularity for a wide range of current engi-
neering materials (the small deviation of this pair of joint
angles will not change the result).32 This result isillustrated
in Fig. 3 within the entire possible range of two Dundurs
parameters.2 We can see that for this specific pair of joint
angles, the stress singularity is limited to a very small zone
near « =1. These extreme material joint combinations are
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Fig. 2—Finite-element stress analysis and corner optimiza-
tion of a tree—steel railing interface/joint.30 The natural convex
joint shows no stress concentrations/ singularities

quiterarein engineering applications since they represent ex-
tremely high mismatch in Young's moduli. Recent examples
include nanotube/nancfiber reinforced polymer composites
since theYoung's modulus of carbon nanotubesis as high as
1000 GPa. Xu et . have reported avalue of o = 0.99 for
a new nanofiber/epoxy composite. To demonstrate the zero
stress singularity of proposed convex interfacial joints, anin
situ experimental validation is necessary.

Experimental Investigation

The major purpose of the experimental study is to ver-
ify that the new convex joints are effective in removing
stress singularities. In situ photoelasticity experiments will
be employed in conjunction with FEA in Part 1l of this
investigation.32

Specimen Design and Preparation

Two types of specimen were designed and prepared for
comparison, as seen in Fig. 4. The straight edge specimen is
the baseline for comparisons. All the designs were analyzed
using the commercia finite-element method (FEM) software
ANSY S.3? Besides the joining angles, other parameters of
the convex specimens, such as the convex extension distance
and the material elastic properties, were varied in the simu-
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Fig. 3—Stress singularity order A as a function of two
Dundurs parameters for a proposed pair of joint angles
(45° and 65° for soft and hard materials, respectively).
A very small singular zone implies the given pair of joint
angles is applicable for a wide range of engineering material
combinations

lations. The test materials were PMMA, polycarbonate, and
aluminum. Two groups of material combinationsweretested:
(i) PMMA and aluminum; (ii) polycarbonate and aluminum.
The nominal specimen thickness was 6.35 mm (0.25 inch).
In order to obtain more fringes in the photoel asticity experi-
ments, thick specimens (9.35 mm) of polycarbonate and alu-
minum were used. A commercial epoxy (Weld-on 10, Meyer
PlasticsInc., SantaAna, CA) was used as the bonding agent.
The reason to choose this particular adhesive isthat its prop-
erties are very close to those of PMMA or polycarbonate.?°
Hence, the possible involvement of athird material in atypi-
cal bi-material problem was removed. The adhesive had two
components, A and B. They were mixed before bonding and
cured at room temperature for at least 4 h. After 24 or 48 h,
it reached the design strength. Before the adhesive bonding,
bonding areas were sand blasted and cleaned using acetone.
A specia fixture was designed to bond these specimens. The
alignment of these specimenswas carefully examined during
the bonding process.

Experimental Setup

A mechanical—optical systemwasusedto record thein situ
fringe pattern devel opment during loading process, as shown
in Fig. 5. The whole setup consists of an optical system, a
mechanical testing system, and an imaging system. The me-
chanical testing system included an MTS 810 test machine.
The optical system was utilized to capture the in situ fringe
pattern development (related to in-plane stress devel opment)
during tests. A laser beam was transmitted through the trans-
parent polymeric specimen, and the resulting fringe pattern
was recorded by a camera. Photoel asticity experiments were
performed for polycarbonate specimens. The isochromatic
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Fig. 4—Pictures of two types of aluminum-polycarbonate
joint specimens with the same bonding area but different
joint angles: (a) straight edges (baseline); (b) shaped edges
with least stress singularities
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Fig. 5—Experimental setup of a mechanical-optical system
to record in situ stress development during loading process
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fringe patterns observed are the contours of the maximum
in-plane shear stress

Nfs
Tmax = (01 0-2)/2 = o (4)
whereo1 and o arein-planeprincipal stresses, N isthefringe
order, fo isthe stress-fringe constant, and  is the specimen
thickness.33
The optical system included an He-Ne laser source
(17 mW), alaser collimater, areflection mirror, and two cir-
cular polarizer sheets for photoelasticity experiments. The
function of the collimater was to provide a large and colli-
mated laser beam (diameter 50 mm) sincethefield of view of
our specimenswas at least 10 mm. The purpose of the mirror
wasto adjust thelaser beam to adesired position for aspecific
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Fig. 6—Comparison of numerical and experimental photoe-
lasticity patterns for different PC/AI joints with straight edges
under the same applied load, P = 1000 N

experiment. The imaging system included a high-resolution
digital camerato capture the fringe development, and a den-
sity filter in front of the camera to reduce the laser intensity
sincethe laser beam entered the cameradirectly. Because the
laser beam diameter was about 50 mm, a convex lens (focal
length 150 mm) was added to the system to record the whole
image. An important issue in obtaining good-quality photos
isthat the digital cameramust be focused at infinity, and that
thedistance between the convex |ens and the specimen should
be dlightly larger than the focal length of the convex lens.

Results and Discussion

Straight-edge Specimens With Severe Stress
Singularities

An aluminum—polycarbonate interface with apair of join-
ing angles of 90°—90° (both aluminum and polycarbonate
parts are rectangular shaped) was chosen as the baseline for
comparison and the results are illustrated in Fig. 6. FEA
showed that the value of stress singularity order \ ranged
from 0.216 to 0.223, based on interfacia normal and shear
stress distributions.®? The analytical value of % based on
egs (3) and (4) is 0.225 for this specific material and an-
glejoint. Figure 6 is a direct comparison of numerical and
experimenta fringe patterns, and bears the most conclusive
testimony to the stress singularity at the free edges of dis-
similar material joints. After the fringe order N was com-
puted at every node using eq (4), a corresponding gray-scale
value was cal cul ated by associating agray-scale value of 255
with full-fringe orders (e.g., 0, 1, 2, etc.) and a value of 0
with half-fringe orders (e.g., 0.5, 1.5, 2.5, etc.). Tecplot 9.2
plotting software was then used to plot these gray-scale val-
ues, and the numerical fringe patterns shown in Fig. 6 were
generated for stress field visualization and comparison with
experimental results.

It is rather interesting to note that a clear fringe concen-
tration originates at the interface corner of the straight-edged
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specimen, as shown in Fig. 6. Thistype of fringe concentra-
tion is aresult of the free-edge stress singularity and is very
similar to the fringe concentration caused by a bi-material
interfacial crack.” We notice that the stress singularity order
for Al/PC joints is around —0.2 and can be eliminated, but
for interfacial cracks the stress singularity order is—0.5 + ie
(see Rice®*) and isintrinsic. A direct comparison of the nu-
merical fringe pattern (Fig. 6(b)) and the experimental pattern
(Figs. 6(c) and (d)) of the different specimens subjected to the
same applied load of 1000 N verifies the existence of stress
singularity at the free edge. In the next section, we demon-
strate that our simple joint angle design can remove thistype
of stress singularity/concentration.

Convex Joints Without Stress Singularities

The accumulation of fringes at the bimaterial interfacial
corner, seenin the straight-edged specimens, completely dis-
appeared in the photoelastic fringe patterns of the shaped
specimen asseenin Fig. 7. For different load level sfrom 500
to 1500 N, no fringe pattern concentration was observed in
aconvex joint, as seen in Figs. 7(b), (d), and (f). The numer-
ical fringe pattern (applied load 1000 N) also validates this
result, asshown in Fig. 7(c). Fig. 7(e) isanother picture from
a different specimen with the same AI/PC interface under
the same load of 1000 N. The highest fringe order actually
went up to 23.5 for the straight-edged specimens, whereasthe
highest fringe order in the shaped specimens under the same
500 N applied load was only 6.5 (see Xu and Sengupta®?).
Thisisaclear indication that the stressintensity hasdecreased
by several orders in the proposed convex joint. It is noticed
that the higher fringe orders signifying larger stress inten-
sity move away from the interface towards the polycarbonate
curved edge. This stress redistribution isindeed very impor-
tant in interfacial joint designs since the bonding strength
of the interface is generally lower than that of the bulk mate
rial (adherend).3>36 For example, the tensile strength of bulk
polycarbonateis at least 60 M Pa, whereas the nominal inter-
facial tensile strength of PC/Al jointsin thisinvestigation is
around 5-6 MPa.

Moreinteresting results are revealed using FEA:3? thein-
fluence of the convex extension distancer onthenormal stress
distribution at the interface. Four cases have been examined:
t = 0 (straight-edged or baseline specimens), 0.5, 1.0, and
3.0 mm (shaped specimens). For zero extension distance,
i.e., straight-edged specimens, a prominent stress singular-
ity was seen at the intersection of the bimaterial interface.
However, for increasing extension distances, the interfacial
normal stress has afinite value at the interface corner and the
stress distribution is seen to smoothen out over the interface
to auniform value. From thisanalysis, we find that the stress
singularity has been successfully removed. Since the stress
singularity directly contributesto the free-edge delamination
or debonding, this resultsin a corresponding increase of the
load transfer capability of the new joint.

Obviously, since we have reduced the maximum interfa-
cial stresslevel inshaped specimensand moved the maximum
stress|ocation away from theinterface, we expect to push the
envelope of failure load for the proposed convex joints sub-
jected to in-plane load. The increase in tensile load capacity
of the convex interfacial joints of aluminum—polycarbonate
and aluminum—-PMMA combinationsisrecorded in Tables 1
and 2, and is illustrated in Fig. 8. All shaped specimens
showed a marked increase in nominal tensile strengths (ul-
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Fig. 7—Development of photoelasticity patterns for load (b) P
=500 N, (d) P =1000 N, and (f) P = 1500 N in a typical PC/Al
joint with shaped edges. (c) is a numerical photoelasticity
pattern under P = 1000 N and (e) is an experimental pattern
from a different specimen

timate load/interface area) over that of straight-edged spec-
imens. The proposed convex joint is indeed very efficient
sincethetensileload capacity hasincreased up to 81% while
the total material volume has reduced by at least 15%. The
influence of specimen thickness has also been considered. It
was noticed that thicker specimens with athickness of 9 mm
showed lesstensilestrength increasethan thin specimenswith
a thickness of 6 mm. This phenomenon raises an interest-
ing question for reasonable interfacial strength and fracture
toughness characterizations.

Comparison of Traditional Strength and Interfacial
Strength Measurements

The strength definition of ahomogeneous material isquite
straightforward: it is the failure stress of the specimen with
a uniform stress state across the cross-section, asillustrated
in Fig. 9(a). Since the fina failure of the material is associ-
ated with the initial defect distribution at the cross-section,
specimens with different sizes will yield different strength
data (e.g., Weibull strength distribution) although there is
no length-scale involved in the stress distribution of these
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TABLE 1 —TENSILE TEST DATA OF PMMA—ALUMINUM JOINTS

Joint Tensile Change Standard Specimen
Specimen Angles Strength of Deviation Thickness
Code (PMMA-A1) (MPa) Strength (MPa) (mm)
TP10A90-90 90°-90° 5.9 0% 1.2 6
(baseline)
TP10A45-65 45°—65° 10.1 +71% 1.4 6

TABLE 2—TENSILE TEST DATA OF POLYCARBONATE—ALUMINUM JOINTS WITH DIFFERENT SPECIMEN

THICKNESSES

Joint Tensile Change Standard Specimen
Specimen Angles Strength of Deviation Thickness
Code (PC-A1) (MPa) Strength (MPa) (mm)
TC10A90-90 90°-90° 2.6 0% 0.7 6
(baseline)
TC10A45-65 45°-65° 4.7 +81% 2.0 6
TC10A90-90T 90°-90° 53 0% 1.4 9
(thick specimens) (baseline)
TC10A45-65T 45°—65° 5.6 +6% 1.5 9

(thick specimens)

specimens. This phenomenon may be defined as “the ma-
terial size effect”. As discussed before, interfacia strength
measurement is quite complicated because of the possible
stress singularity and highly non-uniform interfacial stress
distributions, asshownin Fig. 9(b). Therefore, any interfacial
strength experiment must be carefully examined, otherwise
it may yield meaningless data.

For a tensile specimen constituted of the same materia
illustrated in Fig. 9(a), the normal tensile stress at any cross-
section is always uniform. Although the size effect of this
type of specimen still exists due to initial material defects,
specimens made of the same material have no length-scale
involved in terms of their stress states. However, for aten-
sile specimen fabricated from two dissimilar materials with
straight free edges (atypical example of current material test
standards) shown in Fig. 9(b), the normal stress distribution
acrosstheinterfaceisnot uniform, according to previousthe-
oretical analysis and experimental verification. The asymp-
totic stress field at the bi-material corner is related to a sig-

nificant length-scale r, Obvioudly, this type of specimen
will provide data with a strong size effect in the context of
mechanical behavior. Moreover, the mechanics size effect
(related to the free-edge stress singularity) will be coupled
with the material size effect, and thus lead to complexitiesin
measurement data, which cannot betreated asintrinsic mate-
rial properties. Therefore, the measured nominal interfacial
strengths based on current test standards cannot be used in
mechanics predictions because the interfacial properties ob-
tained from laboratory tests are quite different from the real
values of structuresin service. For example, the two types of
PMMAV/AL joint specimens with the same material interface
and cross-section areaas seenin Table 1 and Fig. 9(a) should
yield the sametensile strength if theinterfacial strengthisin-
deed amaterial constant. However, in actuality, thedifference
of these two nominal tensile strengthsis 71%.

Dueto the stress singularity at the free edge, failure of the
bi-material specimen aways initiated at the specimen edge
rather than at the center in our previousexperiments.1® Hence,
the interfacial strength from the current measurement stan-
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dard is directly related to the singular stress state and initial
defects at the edge only, rather than to a uniform stress state
and all initial material defects at the wholeinterface. In order
to measure an intrinsic interfacial strength, a uniform stress
distribution across the interface should be created. Thus, all
initial defects will have equal probability of leading to final
failure (breaking the interface). This type of strength data
should be very close to intrinsic tensile strengths when the
interface isloaded to failure. It is naturally expected that the
convex joint specimen should yield a reasonable interfacial
tensile strength value since the interfacial normal stress is
quite uniform. The above strength analysis is based on the
assumption of aperfectly bonded interface. However, during
thebonding process, initial debonding or defectsalwaysexist.
Figure 10 showsthat theinitial defectsbecame macroscalein-
terfacial cracks(at least 1-2 mmin crack length) in both base-
line and shaped specimens before final failure. This raises
another important issue of interfacial fracture.

Role of Interface Strength in Interfacial Fracture
Investigation

Theintrinsic interfacial strength (perfect interfacia bond-
ing/no cracks) isalso necessary to solveaninterfacial fracture
mechanics problem. Besides the interfacia strength, another
important parameter for interfacial mechanical property char-
acterization is the interfacial fracture toughness/stress inten-
sity factor. In general, an interfacial crack between two dis-
similar materials can be characterized by a complex interfa-
cia stress intensity factor, K = K1 + iK». The stress field
can be expressed as®-34

G)ry + tiy —_ — Krfl/2+|8 (5)

1
27
where the oscillatory index ¢ depends on only one of the
Dundurs parameters, B:

1 /1-8
s_§ln<m>. ©)
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Fig. 8—Bar charts depicting comparison of measured nomi-
nal tensile strengths for baseline and shaped specimens: (a)
Al/PMMA joints; (b) AI/PC joints. Significant ultimate tensile
load capacity was achieved in shaped specimens with least
stress singularities

Here, we notice that the stress singularity order (-1/2 + ig) at
acrack tipisintrinsic and cannot be removed, whilethe stress
singularity from free edges can beremoved through appropri-
ate designsin this investigation. For homogeneous materials
with no material property mismatch, thetwo Dundurs param-
eters, o and B, arezero. So K1 and K, can beinterpreted asthe
classical model and 1 stressintensity factors. Bothinterfacial
strength and fracture toughness are necessary to characterize
aninterfacial fracture problem. This can be clearly explained
using animportant numerical tool: the cohesive crack model.
In order to simulate an interfacia crack, three parameters
including the interfacial strength and cohesive energy, etc.,
are needed asdatainput.®37-38 The cohesive energy (fracture
toughness) aloneis not enough for a cohesive crack model.

Conclusions

Convex interfacia joints prove to be quite effective in
eliminating free-edge stress singularity in dissimilar materi-
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Fig. 9—Normal stress distributions of typical tensile spec-
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Fig. 10—Interfacial cracks originated from initial defects
before the final tensile failure in (a) shaped specimens and
(b) straight-edge specimens

alsand structures. An integrated experimental and numerical
investigation showsthat aspecific convex interfacial joint not
only produces reasonable interfacial strength measurement,
but also improves the ultimate tensile load capacity of hy-
brid joints. For convex polycarbonate—aluminum joint spec-
imens, the tensile load capacity increased up to 81% while
the material volume reduced by at least 15% over that of
traditional butt-joint specimens with severe free-edge stress
singularities. Indeed, our new solution to a long-term prob-
lem in mechanics of materials (free-edge stress singularities)
was inspired from the mechanics principles underlying tree
shapes. Thisinvestigation just presents a simple example of
biologically inspired design to enhance scientific and techno-
logical understanding, i.e., naturemay have provided efficient
solutions for certain difficult technological problems.
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