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a b s t r a c t

The toughness of fiber-reinforced composites largely relies on crack bridging. More specifically, intact
fibers left behind the tip of a propagating crack are progressively pulled out of the matrix, dissipating
energy which translates into toughness. While short fibers are traditionally straight, recent work has
showed that they can be shaped to increase the pullout strength, but not necessarily the energy to pull-
out. In this work we have modeled, fabricated and tested short fibers with tapered ends inspired from a
high-performance natural material: nacre from mollusc shells. The main idea was to duplicate a key
mechanism where a slight waviness of the inclusion can generate strain hardening and energy dissipa-
tion when the inclusion is pulled out. We have incorporated a similar feature to short fibers, in the form
of tapered ends with well defined opening angles. We performed pullout tests on tapered steel fibers in
epoxy matrices, which showed that the pullout of tapered fiber dissipates up to 27 times more energy
than straight fibers. The experimental results also indicated the existence of an optimum taper angle
to maximize work of pullout while preventing the brittle fracture of the matrix. An analytical model
was developed to capture the pullout mechanism and the interaction between fiber and matrix. The ana-
lytical model can guide the design of tapered fibers by providing predictions on the influence of different
parameters.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Stiffness, toughness and strength are highly desirable properties
for structural materials. In short-fiber reinforced composites
(SFRCs), these properties are largely controlled by the interfaces
between the fibers and the matrix. These interfaces must be strong
enough to transfer stresses between the matrix and the fibers to
promote high modulus and strength, yet weak enough to allow
for fiber debonding and fiber pullout, which are critical for tough-
ness [1,2]. The toughness of well-designed short-fiber composites
is mainly produced by fiber pullout. In the ideal scenario, when
the material endures extreme stresses a crack may propagate in
the matrix and will intersect some fibers which remain intact be-
hind the crack front, exerting a closure force on the crack. As the
crack faces spread apart these fibers debond from the matrix,
and energy is dissipated through frictional sliding of the fiber on
the matrix [3]. The amount of frictional force is a function of the
friction coefficient and of the normal force at the matrix–fiber
interface, which is provided by residual compression in the matrix
from the curing and cooling process. Successful toughening is
therefore conditional on these mechanisms, which will only occur
with proper design of the material (alignment and density of the
fibers, aspect ratio of the fibers, interfacial strength, and residual

stresses) [4,5]. Ultimately the improvement in toughness is con-
trolled by the energy dissipated in the pullout process, which is
typically measured from a single fiber pullout test [6,7].

Careful design of the fiber–matrix interface is therefore critical
and it can be achieved, for example, by fiber sizing or chemical
functionalization [8,9]. Another approach to tailoring the pullout
response of individual fibers is fiber shaping. Residual compressive
stresses in the matrix impose a normal pressure on the interface,
which generate frictional forces that are partially controlled by
the surface roughness of the fibers [10]. Another approach is to al-
ter the macroscopic shape of the fiber by introducing enlarged
ends [1,11,12], flat and ripple ends [13,14] which effectively an-
chor the fibers in the matrix and enhance their overall mechanical
performance. Fracture mechanics applied to composite materials
demonstrates that the energy to pullout of individual fibers has a
direct impact on the overall toughness of a composite made of such
fiber. This principle has been demonstrated experimentally in the
past, including for shaped fibers. For example, Zhu et al. [15] stud-
ied polyethylene fiber/polyester matrix systems and found that
composites with shaped fibers were 9 times stronger and 17 times
tougher than composites with straight fibers. Likewise, Bagwell
and Wetherhold [16] conducted four-point bending tests on an
end-shaped copper fiber/epoxy matrix composites and found an
improvement in fracture toughness of 49% compared to straight fi-
ber composites. These two studies demonstrated how shaped
fibers, by altering the transfer of load between fiber and matrix,
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can significantly improve the overall strength and toughness of
composites. The most interesting feature is the observed pullout-
hardening, which is defined as the slope of the load–displacement
curve after debonding. The steeper the slope the more the fiber re-
sists pullout at a crack plane and therefore exhibits crack-bridging
and crack-closure forces that reduce the stress intensity factor at
the crack tip [17]. The displacement over which the hardening oc-
curs is also of great importance, as it determines the pullout-dis-
tance that the fiber can travel without complete pullout leading
to failure of the material. However, a too large end-shape can have
deteriorative effects, since the fiber ends have a tendency to initi-
ate matrix cracks [15]. If properly designed, intact tapered fibers
can transfer sufficient load after first cracking to allow the compos-
ite to undergo multiple cracking and spread debonding and pullout
over larger volumes [18]. This would allow a significant amount of
deformation before a crack localizes and the composite fails. In
these systems the geometry of the fiber was significantly altered,
which firmly anchored the fiber to the matrix and increased the
pullout force. However, the locking between fiber and matrix is
so strong that sliding and energy dissipation was limited. Interest-
ingly, a similar design problem was solved in nature in mollusk
shells, a five million year old natural composite material. In partic-
ular, nacre (mother of pearl) is made of microscopic mineral tablets
which provide stiffness and hardness. Under tensile stress the tab-
lets can slide and pullout from one another, dissipating a tremen-
dous amount of energy which translates into toughness: Nacre is
3000 times tougher than the mineral it is made of [19]. An impor-
tant requirement for this behavior is hardening. As tablets slide a
mechanism must make it slide further so that tablet sliding
spreads over large volumes. The structural feature which generates
strain hardening in nacre was recently identified as dovetail-like
features at the ends of tablets (Fig. 1a) [20]. This feature generates
progressive locking as the tablets are pulled out (Fig. 1b), which
generates hardening, makes pullout stable and generates tough-
ness at the macroscale [20].

The waviness of the tablets – a very simple geometrical feature –
is therefore a key mechanism for the high toughness of nacre, lead-
ing to stable crack propagation and crack-arresting capabilities. This
type of insights into the performance of natural materials can inspire
similar designs in engineering materials, through a process called
biomimetics [21]. For example, in recent work the waviness of the
tablets has been successfully implemented into macro-composites
which duplicated the remarkable behavior of nacre in tension
[22,23]. In this work we applied the concepts of dovetail, progressive
locking, hardening and energy dissipation to short fibers.

2. Tapered fiber geometry: overview and impact on toughness

Incorporating short fibers with tapered ends into a ductile ma-
trix is expected to alter the deformation and fracture mechanisms

significantly (Fig. 2). In the presence of a macroscale crack the ta-
pered fibers bridging the crack will pull out of crack faces and
‘‘plow’’ through the ductile matrix, adding viscoplastic energy dis-
sipation to frictional dissipation. In terms of force response the ta-
per is expected to greatly increase the force and energy to pullout,
which will result in enhanced toughness at the macroscale. In addi-
tion, the pullout force will rise progressively to its maximum value
as the pullout distance increases, generating deformation harden-
ing. As a result, fibers will start debonding in other sites in the
neighborhood ahead of the main crack, generating secondary
cracks. In the optimum case, we anticipate that the locking of the
fiber can be strong enough to develop a ‘‘process zone’’ ahead of
the main crack, consisting of micro-cracks that are stabilized by
the tapered fibers. While such material is not available yet in engi-
neering form, a natural material like nacre demonstrates that this
mechanism is feasible.

3. Pullout experiments

As a first step to developing the material described above, we
performed pullout tests on short stainless steel fibers with differ-
ent tapered angles. Millimeter size stainless steel shaft and hollow
truncated cones with five different opening angles (0�, 2�, 5�, 10�
and 20�) were machined. The ends of the shafts and the inner cav-
ity of the cones were threaded so the cones were mounted at the
ends of the shafts to form the required tapered fibers. This two-
step fabrication process was found to be the most efficient and
accurate approach to machine small fibers with high aspect ratio,
with dimensions showed in Fig. 3a. The fibers were cleaned with
acetone prior to embedding in the matrix.

The matrix was prepared from a two component room-temper-
ature cure epoxy (Miapoxy 100/95, MIA Chemicals Inc., Avon, Ohio,
USA) mixed in a weight ratio 100:24 and stirred thoroughly until
the resin appeared clear and transparent. The mixture was sub-
jected to vacuum at room temperature for 10 min for degassing,
and was immediately poured into cylindrical molds with a diame-
ter of 26 mm. The fiber was then partially embedded in the matrix
over a length of about 8 mm, and positioned with a custom-made
holder to ensure that the axis of the fiber was aligned with the axis
of the cylindrical matrix. The system was cured at 24 �C ± 2 �C for
24 h, followed by applying a post cure at 65 �C ± 2 �C for 6 h to
achieve full cure. The resulting samples consisted of an epoxy cyl-
inder with a partially embedded fiber emerging perpendicularly to
the top surface. The embedded length was measured on each sam-
ple and was found to be 8.3 mm ± 0.2 mm. The sample was then
extracted from the mold and mounted in a universal testing ma-
chine (MTS Insight, 5 kN load cell, MTS Systems Corp., USA). The
epoxy cylinder was held with a custom-made aluminum fixture,
while the lower end of the fiber was mounted in a coupling nut
and in the jaws of the loading machine (Fig. 3b). The upper cross-
head was moved at a constant speed of 1 mm/min, while pullout

Fig. 1. (a) SEM-picture of nacre revealing the waviness of the aragonite tablets. Under tensile load (b) this geometry creates compressive stresses that prevent further sliding
of the platelets and delay crack-localization.
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