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ABSTRACT: A comprehensive investigation of the fiber pushout test reveals that
the existence of free-edge stress singularities hinder the accurate measurement of
interfacial shear strengths. An integrated analytical, numerical, and experimental
investigation is conducted to remove the free-edge stress singularities by modifying
the edge design in a model fiber pushout test. The proposed interfacial joint angles
are applicable to most composite material systems. The microdroplet test is recom-
mended over the fiber pushout test since the convex shape of the microdroplet matrix
makes it a natural choice.

KEY WORDS: adhesion, fiber pushout, interfacial strength, stress singularity,
microdroplet test.

INTRODUCTION

D
ISSIMILAR MATERIAL INTERFACES/JOINTS can be found in numerous modern
engineering and science fields. One major research effort in interface studies has

been the evaluation of the interfacial strength of dissimilar materials [1–6]. Numerous
studies have shown that failure often occurs along the interface/joint between two
materials with high property mismatch (e.g., free-edge delamination in composite
laminates and debonding between thin film/substrate), and that improving the interfacial
properties (especially reducing the interfacial stress level) can modify the overall material/
structural behavior [7–13]. Recent efforts also reveal that the chemical and mechanical
aspects of interfacial bonding are essential for the nanostructured material development
[14]. In fact, the interfacial bonding between the nanoscale reinforcement and the matrix
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is the most important subject in the development of nanofiber composite materials [15].
For example, covalent binding is essential for the polymeric matrix nanocomposite
material development. However, one important question is: can we evaluate the interfacial
shear strength of nanofibers and the matrix using fiber pushout or pullout to examine the
quality of covalent binding?

Since the interface plays an important role in the mechanical properties of fiber-
reinforced composites, the role of the fiber–matrix interface in composite materials
has been the focus of numerous investigations [7,16–28]. Single-fiber pullout and
pushout tests, indentation techniques [29], microdroplet tests, and fragmentation tests
are often employed to characterize the mechanical properties of the fiber–matrix
interface. For example, Greszczuk [30] reported an early work conducted on the
interface behavior using pullout and push-in tests. However, wide variations exist in
experimental techniques, specimen processing, and assumptions used in constructing
the models employed to derive interface properties from the above-named experiments.
Consensus on the qualitative behavior and quantitative property estimates for interface
properties [31,32] is often elusive due to the apparent scatter in the experimental data
obtained from simplified mechanics models. Most difficulties in modeling arise from
dealing with the conditions of adhesion, friction, and growth in debonding at the fiber–
matrix interface [33]. Pitkethly et al. [34] reported a round-robin program carried out
by 12 laboratories to assess the comparability amongst these various test methods, but
the experimental results of interfacial shear strength differ depending on the particular
laboratory and the test method. Therefore, explanations for the discrepancy and a
reevaluation of the existing test methods for interfacial shear strengths were conducted
extensively.

Originally, the interfacial shear strength tests were simply designed to ensure that the
interface was mainly subjected to shear load. However, it is very important to examine the
stress state at the interface ends since the theoretical linear elastic stress might be infinite at
the free-edge (free-edge stress singularity). Beckert and Lauke [35] noticed that one of the
most apparent problems of the single-fiber pullout test was the inhomogeneous interface
stress state as a consequence of the geometrical discontinuities (fiber entry and fiber end
point) acting as stress-concentrating elements. Ji et al. [36] introduced a method based
on the singularity theory to discuss the micromechanics test specimen. It was concluded
that the discrepancy amongst the different experiments arose from the stress singularity
near the interface end. This was reconfirmed by Zheng and Ji [37], who employed the
methods of asymptotic expansion and separation of variables to study the stress
singularity near the interface ends of the specimens in push-in, pullout, and microdroplet
tests. The existence of stress singularity at the interface ends hinders the accurate
evaluation of interfacial shear strengths. This conclusion motivates us to investigate the
existing test methods and, furthermore, to develop a more suitable test for interfacial shear
strength evaluation.

From the above review, it is apparent that the macroscale interfacial strength
measurement is still a major challenge due to the stress singularity problem [38,39].
Simultaneously, modern numerical tools such as the cohesive element method have an
urgent need for interfacial strength and toughness values as important data input [40].
Hence, it is necessary to develop reliable, quantitative measurements in order to
characterize the interfacial properties. Recently, Tandon et al. [41] proposed a novel
cruciform specimen design to measure the interfacial tensile strength of fiber–matrix
bonding, which was effective in reducing the free-edge effects. The key issue in measuring
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intrinsic interfacial strengths is the creation of a uniform interfacial stress state. Hence,
the first important step is the elimination of stress singularities. The objective of this
investigation is to propose a new interfacial joint design for removing the stress
singularity, which yields reasonable interfacial strength measurement for fiber pushout or
pullout tests. In order to highlight the free-edge stress singularity and its modification,
a model fiber pushout specimen, rather than an actual fiber pushout test (which is not
convenient for in situ stress visualization), was employed to reveal the mechanics nature
through an integrated numerical and experimental investigation. Similar model experi-
ments were often employed [6,42,43], since the direct stress measurement around the actual
fiber scales is still quite difficult and not easy for stress visualization. It should be noticed
that under the same continuum interface mechanics scope, the scaling issue between
the model fiber pushout tests and the actual fiber pushout test is not a concern for stress
or failure visualizations. However, the size effect should be given enough attention if the
failure strength values from the model fiber pushout test and the actual fiber pushout test
were compared.

THEORETICAL BACKGROUND

Free-edge Stress Singularities in Dissimilar Material Interfaces/Joints

As illustrated in Figure 1(a), an Iosipescu shear test [44] was used to determine the
interfacial shear strength of steel 4340 and Plexiglas (PMMA) joints [45]. Significant
stress concentrations (caused by the free-edge stress singularity) were found at the
bimaterial corners using the Coherent Gradient Sensing (CGS) technique, which was
developed by Tippur et al. [46] for full-field mechanical–optical measurements. The CGS
fringe patterns correspond to the gradients of �xxþ �yy. It is this concentration/singularity
that leads to a nonuniform interfacial stress distribution. It needs to be clarified here that
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Figure 1. (a) Coherent Gradient Sensing (CGS) photograph showing a strong stress concentration
(associated with fringe pattern concentrations) at the free edges of a bonded metal and polymer joint
subjected to shear load [45] and (b) Angular definition of a bimaterial wedge.

Free-edge Stress Singularities and Edge Modifications 1105



the stress singularity is a mathematical phenomenon encountered in elastic stress solutions
(infinite). On the other hand, the stress concentration is a physical phenomenon and
refers to stress amplifications (finite), which is induced by the stress singularity in this
investigation.

The existence of stress singularities for some specific bimaterial corners or edges was
shown by Williams [47], Bogy [48], Hein and Erdogan [49], Genestedt and Hallstrom [50],
Klingbeil and Beuth [51], Labossiere et al. [52], to name a few. The asymptotic stress field
of a bimaterial corner can be expressed by:

�ijðr, �Þ ¼
XN

k¼0

r��kKk fijkð�Þ ði, j ¼ 1, 2, 3Þ ð1Þ

where, fijk(�) is an angular function and Kk is also known as the ‘stress intensity factor.’
Although the fracture mechanics terminology ‘stress intensity factor’ is used in interfacial
mechanics to characterize a similar stress singularity problem, it should be noticed that
for an interfacial fracture problem (assuming initial debonding), the stress singularity at a
crack tip is intrinsic and cannot be removed. However, the stress singularity in interfacial
strength investigation (assuming perfect bonding) can be removed through an appropriate
material design; a key issue in this investigation. The stress singularity order � can be a
complex number. Hence, the theoretical stress values will become infinite as r (defined in
Figure 1(b)) approaches 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 leads
to erroneous results in current interfacial strength measurements [38,41], besides being
responsible for the free-edge debonding or delamination in dissimilar material joints.
However, if � has a nonpositive real part, then, the stress singularity disappears. Our
major effort is focused on producing a nonpositive real part for �, using an interfacial
design approach.

Bogy [48] found that the stress singularity was purely determined by the material
property mismatch and the two joint angles of the bimaterial corner �1, �2 (defined in
Figure 1(b)). Generally, the material property mismatch can be expressed in terms of the
Dundurs’ parameters � and � – two nondimensional parameters computed from four
elastic constants of two bonded materials [53]:

� ¼
�1m2 � �2m1

�1m2 þ �2m1
� ¼

�1ðm2 � 2Þ � �2ðm1 � 2Þ

�1m2 þ �2m1
ð2Þ

where, �1 is the shear modulus of material 1, �2 is the shear modulus of material 2, � is
the Poisson’s ratio, m¼ 4(1� �) for plane strain, and m¼ 4/(1þ �) for generalized plane
stress.

The stress singularity order is related to the material and geometric parameters, and is
determined by a characteristic equation of coefficients A(�1, �2, p)–F(�1, �2, p):

f ð�1, �2,�,�, pÞ ¼ A�2 þ 2B��þ C�2 þ 2D�þ 2E�þ F ¼ 0 ð3Þ
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where, p¼ 1� �. A, B, C, D, E, and F are expressed as follows [48]:

Að�1, �2, pÞ ¼ 4Kð p, �1ÞKð p, �2Þ,

Bð�1, �2, pÞ ¼ 2p2 sin2ð�1ÞKð p, �2Þ þ 2p2 sin2ð�2ÞKð p, �1Þ,

Cð�1, �2, pÞ ¼ 4p2ð p2 � 1Þ sin2ð�1Þ sin
2
ð�2Þ þ K ½ p, ð�1 � �2Þ�,

Dð�1, �2, pÞ ¼ 2p2½sin2ð�1Þ sin
2
ð p�2Þ � sin2ð�2Þ sin

2
ð p�1Þ�,

Eð�1, �2, pÞ ¼ �Dð�1, �2, pÞ þ Kð p, �2Þ � Kð p, �1Þ,

Fð�1, �2, pÞ ¼ K ½ p, ð�1 þ �2Þ�

ð4Þ

where the auxiliary function K( p, x) is defined by:

Kð p, xÞ ¼ sin2ð pxÞ � p2 sin2ðxÞ: ð5Þ

Our basic idea is to vary these four independent parameters (�1, �2,�,�) in order to
obtain a negative real value of the stress singularity order �. In such a scenario, the stress
distribution close to the free edge is not expected to be very sharp.

Convex Interfacial Joints for Uniform Interfacial Stress Distribution

Indeed, nature has already provided us with a nice solution to reduce or eliminate the
stress singularity at the bimaterial edge. Mattheck [54] analyzed an interesting problem of
a tree–steel railing interface. His finite element analysis showed that for a total convex
joining angle �1þ �2¼ 270�, the Mises stress has a concentrated value at the joint corner.
The optimization of his problem proved that a convex joint would be a better design.
The mechanics foundation of such a joint could be explained by Bogy’s work. Since
appropriate angular combinations (�1, �2) can be selected depending on different material
combinations, it is possible to obtain a negative or zero value for Re(�). This means that
the degree of singularity can be reduced or removed. We start from a simple example to
illustrate the general principle.

The model interface used in this investigation was a polycarbonate (PC)–aluminum (Al)
interface/joint. Generalized plane stress conditions were considered in computing
the Dundurs’ parameters, �¼� 0.935 and �¼� 0.308. According to our numerous case
studies, if we choose an interfacial design with joint angles: �1¼ 45� and �2¼ 65�, and
assumed material 1 to be a typical soft material and material 2 to be hard, then, no stress
singularity exists for a wide range of engineering materials. This result is illustrated in
Figure 2(a) for the entire possible range of the two Dundurs’ parameters [8]. It can be seen
that for this specific pair of joint angles, the stress singularity is limited to a very small
zone near � ffi 1. Such extreme material joint combinations are quite rare in engineering
applications since they represent extremely high mismatch in the Young’s moduli
(Young’s moduli relation: E2>E1). Recent examples include nanotube/nanofiber-
reinforced polymer composites – the Young’s modulus of carbon nanotubes is as high
as 1000GPa, while the Young’s modulus of general polymer matrices is around 5GPa
[15]. Since the brittleness of the fiber resists machining, we proposed another combination
of convex joint angles, as illustrated in Figure 2(b), which could be easily adopted by the
tests at hand. Although this joint angle combination has a relatively larger singular
zone than the one shown in Figure 2(a), it is still applicable since � is less than 0.8 for most
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composite systems [8]. The advantage of the proposed 90–40� angular combination will be
further analyzed by the finite element method.

SPECIMEN DESIGN AND NUMERICAL ANALYSIS

The purpose of numerical analysis is to provide guidance for the determination of
specimen design parameters and to compare the stress fringe patterns with those obtained
from experimental investigation.
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Figure 2. Stress singularity order � as a function of two Dundurs’ parameters for two proposed pairs of joint
angles (materials 1 and 2 are soft and hard materials, respectively). A small singular zone implies the given pair
of joint angles is applicable for a wide range of engineering material combinations.
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Finite Element Modeling

The linear elastic finite element analysis of the proposed convex aluminum–
polycarbonate fiber pushout specimen, under plane stress condition, was carried out,
employing the commercial software ANSYS. In this investigation, two different interfacial
joints, with the same material combination and bonding area, were subjected to the same
pushout load and their results were compared, as shown in Figure 3. One was used
to simulate the traditional pushout specimen with straight free-edges (Figure 3(a)). It was
expected that severe stress singularity would be observed in this baseline specimen. The
modified specimen had convex edges with proposed specific interfacial joint angles, as seen
in Figure 3(b). The dimensions of the baseline specimen are shown in Figure 3. In order to
obtain more in situ fringes during the loading process, the specimen thickness was adopted
as 9.2mm. In the finite element analysis, taking advantage of symmetry, only half of the
specimen was modeled. For the edge-modified specimen, the transition from the straight-
edge to the curved edge at the interface corner was achieved by means of a circular arc
of radius R¼ {t � tan(45þ �/2)/cos(�)}, where � is the joining angle and t is the convex
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Aluminum
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Figure 3. Plane-stress model fiber pushout specimens (a) baseline straightedged; (b) only matrix-shaped
(width of the aluminum model fiber 2Rf¼9.1mm; distance of the support away from the center line
Rs1¼ 16.5mm, Rs2¼ 63.5mm). Thickness of specimens¼ 9.2mm.
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extension distance as illustrated in Figure 3(b). Roller boundary conditions were applied
along the midplane of the specimen, i.e., at x¼ 0. Besides, supports were provided along
the bottom edge of the specimen by specifying zero vertical displacement from distances
Rs1 to Rs2, the values of which are given in Figure 3. It may be noticed that in contrast
to modeling of the actual fiber pushout test, contact elements were not used along the
interface, since the focus of this investigation is to analyze the interfacial stress distribution
before the interface crack initiation.

The finite element mesh consisted of PLANE 42 elements (2D four-noded elements) and
h-version refined elements were employed in the regions where the stress gradient was
expected to be high. A total of 23,090 elements were used in meshing the shaped matrix
specimen of which 3671 elements were used in meshing the model aluminum fiber. The
element length along the interface varied from a maximum of 0.33mm (0.0026H) to a
minimum of 0.0013mm, where H is the height of the specimen (127mm). Maximum
refinement, of course, was employed at the interface corner. The meshes used in the
baseline and the modified specimens were almost similar. For the straightedged baseline
specimens, the element length ranged from a maximum of 0.1W to a minimum of
0.000407W, where W is the specimen width (127mm). While the maximum element edge
length was retained in meshing the shaped specimens, the smallest element length was
changed to 0.000794W in order to utilize the same meshing pattern for both modified
and baseline (straightedge) specimens. The model fiber (aluminum) and the model matrix
(polycarbonate) were defined as linearly elastic and isotropic materials, and their stiffness
properties for aluminum were chosen as E¼ 71GPa, �¼ 0.33 and for polycarbonate,
E¼ 2.4GPa, �¼ 0.34. The finite element simulations were run for different load levels
ranging from P¼ 1000 to 4000N to verify the reduction of the free-edge stress singularity.
As such, the specimen was not loaded till failure and hence, no failure criterion was defined.

Influence of Geometric Shapes

The main parameters that have been varied in our finite element analysis are (a) the
convex extension distance t and (b) the interfacial joining angles. The influence of these
geometrical parameters, on the stress distribution at the interface, has been illustrated
in Figures 4 and 5. Four cases have been examined viz. t¼ 0 (straightedge or baseline
specimens), 1.0, 3.0, and 5.0mm. For zero extension distance, i.e., straightedged
specimens, a prominent sharp stress distribution is seen at the intersection of the
bimaterial interface as shown in Figure 4. However, for increasing extension distances, the
interfacial shear stress distributions are seen to smoothen out over the interface to uniform
values. From this analysis, we find that the free-edge stress singularity is successfully
removed and the convex extension distance t mainly affects local stress distributions close
to the free-edges.

However, the proposed specimen dimensions may not be accurately machined. So a
question naturally arises: should we use the exact 90�–40� combination only? Figure 5 is
significant in that while only the 90� angle of the fiber material was retained and the joint
angle of polycarbonate was varied from 40� to 90�, the stress singularity was effectively
removed for the 90�–40� and 90�–60� combinations (as per Figure 5(b) and (c)). This
essentially points to the fact that, a conclusive solution for the stress singularity reduction
has been arrived at, as long as the sum of two joint angles is less than 180� and each joint
angle is less than 90� [55].
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As mentioned before, the brittleness of the fiber does not afford machining and hence,
the finite element analysis was used to determine whether both the fiber and the matrix
needed to be given a convex shape or whether only a convex-shaped matrix would serve
the purpose. Figure 6 illustrates the effectiveness of our simple modification. As seen in
Figure 6(a), there was very little difference in global interfacial shear stress distributions
for the three different types of interfacial edge combinations, i.e., (a) baseline straight-
edge case, (b) only matrix-shaped case, and (c) both the fiber and the matrix-shaped case.
Indeed, if the local stress states were examined as seen in Figure 6(b), the stress
distribution difference between the two edge-modification cases (b) and (c) is small enough
to be neglected. Both convex joint cases could successfully remove the free-edge stress
singularity. Based on this numerical result and the inconvenience in machining of the fiber,
only the matrix-shaped fiber pushout test is recommended in this investigation.
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EXPERIMENTAL INVESTIGATION

The major purpose of this experimental study is to verify that the new edge design is
effective in removing the free-edge stress singularity for fiber pushout/pullout experiments.
In situ photoelasticity experiments of plane polymer–metal specimens are employed.

Specimen Preparation

Two types of specimens were designed and prepared for comparison, as seen in Figure 3.
The straightedge specimen was treated as the baseline for comparison and our focus was
on the modified pushout specimen as illustrated in Figure 3(b). For all the specimens, the
test materials used were polycarbonate, to simulate the matrix material and aluminum
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to simulate the fiber material. Weld-on-10 adhesive (Meyer Plastics, Inc.) was used as the
bonding agent since its properties are close to those of PMMA or polycarbonate [46].
Thereby, the possible involvement of a third material in a typical bimaterial problem was
eliminated. 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, the adhesive bonding
reached the design strength. Before bonding, the bonding areas were sand blasted and
cleaned. A special fixture was designed to bond these specimens. The alignment of these
specimens was carefully examined during the bonding process.
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Experimental Setup

A mechanical–optical system was used to record the in situ fringe pattern development
during the loading process, as shown in Figure 7. The entire setup consisted of an optical
system, a mechanical testing system, and an imaging system. The mechanical 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 development) during the tests.
A laser beam was transmitted through the transparent polymeric specimen, and the
resulting fringe pattern was recorded by a camera. Photoelasticity experiments were
performed for the polycarbonate specimens. The isochromatic fringe patterns observed
were the contours of the maximum in-plane shear stress,

�max ¼ ð�1 � �2Þ=2 ¼
Nf�

2h
ð6Þ

where, �1 and �2 are in-plane principal stresses, N is the fringe order, f� is the stress-fringe
constant and h is the specimen thickness (Kobayashi, 1987).

The optical system included a He–Ne laser source (17mW), a laser collimator, a
reflection mirror, and two circular polarizer sheets for photoelasticity experiments. The
function of the collimator was to provide a large and collimated laser beam (diameter
50mm) since the field of view of our specimens was at least 10mm. The purpose of
the mirror was to adjust the laser beam to a desired position for a specific experiment.
The imaging system included a high-resolution digital camera to capture the fringe
development and a density filter in front of the camera to reduce the laser intensity, since the
laser beam entered the camera directly. Because the laser beam diameter was approximately
50mm, a convex lens (focal length 150mm) was added to the system to record the full
image. An important issue in obtaining good-quality photos is that the digital camera
should be focused at infinity, and that the distance between the convex lens and the

Laser source 

Reflection
mirror 

Circular polarizer 1 

Circular 
polarizer 2

Test machine and 
specimen 

Convex lens

Density filter 

Camera

Laser collimator

Figure 7. Experimental setup of a mechanical–optical system to record in situ stress development during
loading process.
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specimen should be slightly larger than the focal length of the convex lens. Each specimen
was loaded to a certain level such as 1kN, 2kN, and then in situ fringe patterns were
recorded. The specimen was not loaded to failure since our major focus was to examine the
elimination of the free-edge stress singularity in the model fiber pushout experiments.

RESULTS AND DISCUSSIONS

Comparison of Numerical Analysis with Experimental Results

Full-field photoelasticity results can be employed to make a direct comparison with the
finite element simulation. In order to calibrate the stress-fringe constant of polycarbonate
used in this investigation, an indentation experiment was conducted and the experimental
fringe pattern was directly compared to the numerical pattern generated by finite element
analysis, as shown in Figure 8. Figure 8(a) is a photoelasticity picture of a polycarbonate
plate subjected to pushout load from an indenter as illustrated in Figure 8(c). Figure 8(b)
shows the corresponding fringe patterns under the same applied load 1000N. After
the fringe order N was computed at every node using Equation (6), a counterplot was

N=3.5

N=4.5

N=5.5

N=6.5

h 

P

(a) Experimental pattern (b) Numerical pattern

Figure 8. Comparison of the photoelasticity fringe patterns of a polycarbonate specimen subjected to
pushout loading (a) experimental pattern and (b) numerical pattern for P¼ 1000N. Low support is symmetric
along the center line of the specimen; distances of the support away from the center line are 16.5–63.5mm.
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obtained for a numerical fringe pattern. Excellent agreement was obtained. Therefore, in
other more complicated pushout experiments involving model fibers and matrices, more
theoretical fringe patterns were generated for comparison with experimental investigation.
After the fringe order N was computed at every node using Equation (6), a corresponding
gray-scale value was calculated by associating a gray-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).
The plotting software Tecplot 9.2 was then used to plot these gray-scale values, and the
numerical fringe patterns shown in Figures 9 and 11 were generated for stress field
visualization and comparison with experimental results.

(a) P = 1000N (b) P = 2000N

(c) P = 3000N (d) P = 4000N

p 

Matrix-fiber
interface

Fringe pattern concentration 

(mm)

(mm)

Figure 9. Numerical simulation of fringe pattern development in a straightedge specimen under different
applied load levels.
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It is rather interesting to note that a clear stress fringe concentration originates at the
interface corner for straightedged specimens with increasing load, as shown in Figure 9.
This type of fringe concentration is a result of free-edge stress singularity and is very
similar to the fringe concentration caused by a bimaterial interfacial crack [56]. 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 �0.5þ i" [8,57] and is intrinsic. A direct
comparison of the numerical fringe pattern (Figure 9(d)) and the experimental pattern
(Figure 10(d)) of the same specimen subjected to the same applied load of 4000N verifies
the existence of stress singularity at the free edge. It should be noticed that the fringe

(a) (b)

(c) (d)

Indenter

Matrix-fiber 
interface 

Edge of a laser beam

Fringe pattern concentration

Figure 10. In situ pictures of fringe pattern development in a straightedge specimen under different applied
load levels.
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pattern concentration is not very clear for small applied load (e.g., 1000N in Figure 9(a)).
Similar results were reported by Bechel and Sottos [24] and Tandon et al. [41]. The
accumulation of fringes at the bimaterial interfacial corner, seen in the straightedged
specimens, completely disappeared in the photoelastic fringe patterns for the shaped
specimen as seen in Figure 11. The experimental fringe pattern also validates this result as
shown in Figure 12. This is a clear indication that the stress singularity has been removed
in the proposed convex joint. Therefore, a more general question arises regarding the

(c) P=3000N (d) P=4000N

(a) P=1000N (b) P=2000N

p

Matrix-fiber
interface

(mm)
(mm) 

Figure 11. Numerical simulation of fringe pattern development in an edge-modified specimen under different
applied load levels.

1118 L. R. XU ET AL.



definition of the interfacial strength measurement for composite or dissimilar materials. It
should be noted that our experimental observation and finite element analysis all showed
that our specimens and the actual fiber pushout specimens failed in tension (not shear)
from the lower interface, due to the bending effect of the lower support. So the measured
data (failure force/interface area) were not actual interfacial shear strengths.

Matrix-fiber 
interface 

Indenter

(a) P = 1000N (b) P = 2000N

(c) P = 3000N (d) P = 4000N

No fringe pattern concentration

Figure 12. In situ pictures of fringe pattern development in an edge-modified specimen under different
applied load levels.
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Comparison of Traditional Strength and Interfacial Strength Measurements

The strength definition of a homogeneous material is quite straightforward: it is the
failure stress of the specimen with a uniform stress state across the cross section. Since the
final failure of the material is associated 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 specimens. This phenomenon may be defined as ‘the material size effect.’ As
discussed before, the interfacial strength measurement is quite complicated because of the
possible stress singularity and the highly nonuniform interfacial stress distributions
as shown in Figure 4(b). Therefore, any interfacial strength experiment must be carefully
examined, otherwise it may yield meaningless data.

For a specimen constituted of the same material, the size effect still exists due to initial
material defects, although these types of specimen have no length-scale involved in terms
of their stress states. However, for a specimen fabricated from two dissimilar materials
(a typical example of current material test standards) shown in Figure 4(b), the shear stress
distribution across the interface is not uniform according to previous theoretical analysis
and experimental verification. The asymptotic stress field at the bimaterial corner is
related to a significant length scale r��. Obviously, 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 stress singularity) will be coupled with the material size effect,
and thus lead to complexities in measurement data, which cannot be treated as intrinsic
material properties. Therefore, the measured nominal interfacial strengths based on
current test standards cannot be used in mechanics predictions because the interfacial
properties obtained from laboratory tests are quite different from the real values of
structures in service. For example, two kinds of PMMA/Al bimaterial specimens, with
the same interface area but different joint angles, should yield the same final failure load,
if the interfacial strength is assumed to be indeed a material constant. However, our
experimental results show that the difference of these two failure load values was up to
58% [55]. The influence of the stress state on the failure strength is further illustrated in
Figure 13. Figure 13(b) is an Iosipescu shear specimen for the shear strength measurement
for composite materials, and other materials. Figure 13(a) is its original beam counterpart
without the V-notch modification subjected to the same applied load. It should be noticed
that the transverse shear stress states of these two kinds of specimens are quite different.
For the straightedge beam specimen in Figure 13(a), the shear stress distribution will be
a parabolic distribution and is not uniform. So the final shear failure will generally not
initiate from the upper and lower edges of the beam specimen due to a very low shear
stress. On the other hand, a uniform shear stress distribution could be achieved in the
Iosipescu shear specimen so the final shear failure might occur at any location. Indeed, the
experimental results showed that the average shear strengths from these two specimens
were quite different although the same material was used in these specimens [55].

Owing to the stress singularity at the free edge, failure of the bimaterial specimen always
initiated at the specimen edge rather than at the center in all our earlier experiments [45].
Hence, the interfacial strength from the current measurement standard is directly related
to the singular stress state and initial defects at the edge only, rather than to a uniform
stress state and taking into account all initial material defects at the whole interface.
In order to measure an intrinsic interfacial strength, a uniform stress distribution across
the interface should be created. Thus, all initial defects will have an equal probability of
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leading to final failure (breaking the interface). This kind of strength data should be very
close to intrinsic tensile strengths when the interface is loaded to failure. It is naturally
expected that the current convex joint specimen should yield a reasonable interfacial
strength value since the interfacial shear stress is quite uniform as seen in Figure 4.
A possible problem is how to achieve the convex interfacial joint for a microscale fiber
pushout specimen. It was then noticed that another interfacial shear strength test, the
microdroplet test, just satisfied the requirement of our suggested convex interfacial joint.
As seen in Figure 14, a matrix drop just forms a convex joint with the fiber. Free-edge

Parabolic shear stress
distribution 

Uniform shear stress
distribution 

(a) Joint beam specimen

(b) Iosipescu shear specimen 

Figure 13. Interfacial shear stress distributions of (a) joint beam specimen – parabolic distribution and
(b) Iosipescu shear specimen – uniform distribution.

Fiber

Knife

Matrix

Figure 14. Schematic diagram of a microdroplet test.
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stress singularities, commonly seen in all kinds of fiber pushout or pullout tests, are thus
not encountered in the microdroplet test. It is not surprising that the interfacial shear
strength values measured from the traditional fiber pushout tests and the microdroplet
tests are quite different. According to this investigation, interfacial shear strength values
measured from the microdroplet test are more reasonable.

CONCLUSIONS

It has been concluded that convex interfacial joints are quite effective in eliminating
free-edge stress singularities in fiber pushout tests after an integrated analytical, numerical,
and experimental investigation. The proposed interfacial joint angles are applicable to
most composite material systems. The microdroplet test is recommended over the fiber
pushout test since the convex shape of the microdroplet matrix makes it a natural choice.
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