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Abstract Micrometer-sized surface corrugations pro-

duced on Kevlar fiber surfaces by laser ablation were found

to dramatically enhance the mechanical adhesion between

the fibers and the epoxy matrix in a fiber-reinforced com-

posite. Symmetric and asymmetric corrugation structures

were produced by irradiating the fibers with high-fluence

UV laser pulses at various incidence angles. The interfacial

shear strength (IFSS) between the fibers and the matrix was

measured using the microbond fiber-pullout method. Upon

laser ablation treatment, the IFSS increased by 120% with

symmetric corrugation profiles obtained with laser irradi-

ation normal to the fiber axis, and 5-fold with asymmetric

corrugation profiles obtained with the laser incidence angle

at 45� to the fiber axis. A similar enhancement was

observed in pullout tests under wet conditions. A simple

model based on an elementary analysis of the expected

strain field in the presence of interface corrugation is found

to provide a quantitative explanation of the observed

strength enhancement factors.

Introduction

High-strength fibers are widely used as reinforcements in

fiber-reinforced composites to enhance their mechanical

properties. The high strength of the fibers and their shape

ratio contribute to the increase in the strength under both

static and dynamic loading, and also prevent failure. The

fiber–matrix adhesion, a key parameter for achieving this

goal, is typically improved by electrochemical surface

treatments [1], by the use of a specific compatibilizer [2],

and by irradiation [3]. In one study, polyethylene fibers

were laser-ablated to alter their surface chemistry, resulting

in enhanced interfacial shear strength [4, 5]. Here we

explore the use of laser ablation to create a rough surface to

increase the interfacial shear strength by mechanical

interlocking of ablation-induced interface corrugations.

Previous work emphasized the effect of such self-lock-

ing in civil engineering materials structures [6]. While laser

ablation can be used to produce microstructured surfaces

on a relatively small scale, similar structures could be

produced on larger scales using scalable methods such as

template indentation techniques, with potential applications

in many fiber-reinforced materials. Another intriguing

potential application of self-locking adhesion due to

asymmetric surface corrugations is in the field of surgery,

where miniature self-locking sutures could be developed

similar to the barbed sutures that have been use for certain

surgery application [7].

To quantify the fiber–matrix adhesion, various methods

have been used, including single-fiber fragmentation [8],

micro-indentation [9], and the microbond or microdeb-

onding technique [10, 11]. The advantages and the

disadvantages of the various methods have been summa-

rized by Herrea-Franco and Drzal [12]. The microbond

technique seems to be the most appropriate for our appli-

cation because of its simplicity and acceptable accuracy.

This technique consists on pulling a single fiber out of a

bead of cured epoxy while measuring the pullout force and

displacement. This method has been used with Kevlar 49
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fibers by Miller and Gaur to study the regeneration of

adhesive bonding in fiber–resin systems [13]. In this article

we present fiber pullout tests data from Kevlar fibers

embedded in epoxy to demonstrate the enhancement of

fiber–matrix adhesion due to laser-ablated fiber surfaces.

Experimental

Kevlar-29 fibers (DuPont Co.) were chosen for this study

because Kevlar is one of the most widely used reinforcing

materials in fiber-reinforced composites. The samples were

laser-ablated using a frequency-quadrupled Nd:YAG laser

with 266 nm wavelength. The pulse energy was measured

using a pyroelectric laser power meter. The average pulse

fluence was 20 mJ/cm2. The samples were exposed for 20 s

at a pulse repetition rate of 10 Hz. Some fibers were

ablated with the laser incidence direction perpendicular to

the fiber axis, and others at 45� to the fibers axis.

The surfaces produced upon ablation were examined

using a scanning electron microscope (AMRAY 1830 I).

Prior to electron microscopy, the samples were sputter

coated with gold-palladium using Balzers SCD 004

equipment.

Fiber pullout tests based on the microbond technique

[11] were carried out to quantify the effect of ablation on

the fiber–matrix adhesion. This technique is based on

measuring the force necessary to pull a fiber out of the

matrix. An epoxy resin, produced by reacting 4:1 (by

weight) mixture of end-capped poly(Bisphenol A-co-epi-

chlorohydrin) glycidyl with a curing agent (4,40-diamino-

diphenylmethane), was used as the matrix. A 100–200 lm

drop of epoxy was deposited on the Kevlar fiber and cured

for 4 h at 75 �C to form a bead. The embedded length and

the fiber diameter were measured using an optical micro-

scope (Nikon Optiphot-pol).

A tensile testing machine (MTS, Sintech 5/D) was used

to pull a single embedded filament out of the epoxy with

the aid of a device shown in Fig. 1a. The fiber was attached

to the MTS grip on the top. The epoxy bead was positioned

beneath two adjustable blades. The blades were positioned

such that they did not contact the fiber but prevented the

bead from slipping through between the blades. Pullout

tests were performed at a displacement rate of 0.3 mm/min.

The effect of water on the fiber–matrix adhesion was

studied by soaking the samples (fiber with cured epoxy

drop) in tap water for 24 h. The shear stress vs. displace-

ment curve for a typical pullout test is shown in Fig. 1b. An

average length of 10 mm was used for all the tested fibers.

The large increase in the maximum supported stress in the

test with the ablated fiber reflects the increased fiber–

matrix adhesion (slope are different probably because of

the differences in the size of the epoxy droplet). The effect

of the ablation on the chemical composition of the fiber

surface, which could influence the adhesion strength

(Fig. 1b), was not studied in this paper.

The interfacial shear strength s is determined from the

maximum force Fmax using the equation

s ¼ Fmax

pdl
ð1Þ

where d is the diameter of the fiber and l is the length of the

embedded fiber measured by optical microscopy.

Results

Figure 2 shows some of the morphologies obtained by

irradiating Kevlar fibers with UV light from an excimer

laser. Such patterns are presumed to be due to the rapid

melting and solidification as the polymer fragments are

ablated [14]. It is estimated that in strongly UV absorbing

polymers such as Kevlar, the thickness of the pool of

molten material is about 0.1 lm and the mean temperature

gradient is *6 9 103 K/lm [15]. Cones and ripples are

typically produced when flat surfaces of the polymers in

which no orientations are present are irradiated. These

Fig. 1 (a) Schematic of the pullout test equipment. (b) A typical

interfacial shear stress (pullout force normalized to the interface area)

vs. displacement curve obtained in a pullout test
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features are explained by invoking Marangoni convection

that result from instabilities as a result of local temperature

fluctuations [14]. When the local temperature on the free

surface is higher than the equilibrium temperature, its

surface tension decreases, and the surrounding cooler

regions with a higher surface tension pull the liquid away.

As the melt is ejected radially from the heated region to the

colder regions, to preserve mass, hot fluid ascends from the

lower plane. A system of Marangoni cells is thus develops

wherein fluid ascends near the center of the cells and

descends around the periphery. In addition to these con-

siderations, in the case of fibers we must take into account

the fact that in fibers, the polymer chains are highly ori-

ented and are under considerable internal stresses. When

the highly stressed layer is melted, in addition to convec-

tive instabilities due to viscosity gradients perpendicular to

the surface, we expect lateral instabilities as the polymer

chains recoil and the internal stresses are released in the

molten layer. Comparing the images [16] shown in Fig. 2

with those of Bahners and Schollmeyer [15] and Yip et al.

[17], it is evident that the patterns obtained from drawn

fibers are quite different from those obtained from isotropic

films. The scale-like structures that are observed are

thought to be due to coupling of thermal and mechanical

fields [15]. Different patterns such as the ones shown in

Fig. 2 may arise depending on which of the mechanisms,

temperature- or and stress-induced instabilities, dominate

the melting and solidification process.

Figure 3 shows scanning electron micrographs (SEM) of

ablated surfaces of Kevlar fibers. When the laser pulses

impinged on the surface perpendicular to the fiber axis,

symmetrical ripples were produced, with a depth of

approximately 0.25 lm and a periodicity of approx. 1.5 lm

(Fig. 3b). When the laser pulses impinged on the surface at

an angle of 458 with respect to the fiber axis, the ripples had

a saw-tooth-like waveform with a depth of approx. 0.5 lm

and a periodicity of approx. 3 lm (Fig. 3c). Morphologies

similar to the symmetric corrugations observed here have

been produced by laser ablation of nylon fibers [15, 17] and

widow spider silk [16]. These ripples were erased by a

second ablation at an angle of 708 resulting in a smooth

ablated surface [16].

Pullout tests were carried out in both directions to

measure the effect of the self-locking feature due to the

asymmetry of the ripples. The adhesion increased by about

120% in 908-ablated fibers under dry condition (Fig. 4). In

the 458-ablated fibers, the adhesion increased by 90% when

the fiber was pulled along the ripples as shown in Fig. 4,

and about five-fold when the fiber was pulled against the

ripple direction. Figure 5 shows the result for the adhesion

in the case of the ablated fibers with laser incidence angle

of 45�, pulled out in the direction opposite to that of

Fig. 2 Different types of

structures seen in laser-ablated

Kevlar fiber. Structures in (a)

and (b) are similar to Fish scales

and were produced using a KrF

Excimer UV laser (248 nm). (c)

Shows one of the corrugated

structures investigated in detail

in this report; the fiber in this

micrograph was ablated with a

frequency-quadrupled Nd:YAG

laser (266 lm) at 45� incidence

Fig. 3 Scanning electron micrographs of ablated surfaces of Kevlar

fibers. (a) Control fiber; (b) Ablated fiber with the laser perpendicular

to the fiber; and (c) Ablated fiber with the fiber axis at 45� relative to

direction of the laser. The fiber in these micrographs were ablated

with a frequency-quadrupled Nd:YAG laser (266 lm)
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ablation, after immersion in water for 24 h. Under wet

conditions, the adhesion strength for the ablated fibers was

four times as large as for the wet, unablated controls, and

still twice as large as for the unablated fibers under dry

conditions.

Figure 6 presents a comparison between ablated fiber

surfaces before and after the pullout tests, for two different

fibers. In the post-pullout micrograph, the corrugations are

still visible, but they appear to have been abraded, and

abraded matrix material appears to be present in some of

the troughs of the corrugation. We note that while valuable,

images like Fig. 6b do not give direct clues about the initial

failure mechanism, since the violent pullout process sub-

sequent to initial failure, which is associated with large

frictional forces and frictional heating, may result in the

observed abrasion, while the initial failure was in fact

interfacial debonding.

The adhesion is expected to be stronger with ablated

fibers that have surface corrugations than with smooth,

unablated fibers because of the larger surface area, and

because the saw-tooth-like profile is intuitively expected to

produce an additional self-locking effect, which we model

below. The observed asymmetry in the shear strength could

potentially be exploited in a self-locking suture, which

would offer little resistance to insertion, but the asym-

metric ripples would prevent the fiber from slipping back

out.

Model

While a realistic description of the stress and strain fields

and the debonding mechanics in a fiber pullout experiment

requires sophisticated analytical or numerical techniques

[18–20], we have found that a very simple model is suffi-

cient to explain the observed strength enhancement and its

dependence on the corrugation topography and asymmetry

with respect to pullout direction in laser corrugated fibers.

Despite the model’s simplifications, we believe that it

captures the essential physics involved.

We begin with a fiber of radius r embedded in a matrix,

with a pulling force F applied in the axial direction. The

force gives rise to a shear stress near the interface of

magnitude r0 = DF/2prDl, where DF/Dl is the force per

unit length at a given position along the fiber. This shear

stress is expected to vary along the length of the fiber due

to elastic deformation of the fiber and the matrix. We focus

our attention on a particular spot along the fiber where the

Fig. 4 Comparison of the interfacial shears strengths of the ablated

and unablated under wet conditions. Fibers with cured epoxy beads

were immersed in water for 24 h prior to the pullout tests

Fig. 5 Comparison of the interfacial shears strengths of the ablated

and unablated fibers under dry conditions

Fig. 6 Scanning electron

micrographs of: (a) the control

ablated fiber before the pullout

test and (b) the ablated fiber

surface after pullout test
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applied shear stress r0 should be considered as the inde-

pendent variable. For a smooth fiber, debonding will occur

when the applied stress r0 exceeds the interfacial shear

strength Zk.
To derive an expression for the maximum supported

shear stress in the presence of laser-induced interface

corrugation, we first approximate the observed corrugation

profiles (Fig. 3) as a symmetric or asymmetric triangular

wave with a rising portion d1 and a falling portion d2 and a

peak-to-trough height h as shown schematically in Fig. 7.

By fitting such idealized triangular waves to the profiles of

Fig. 2, we estimate the aspect ratio of the fitted triangular

profile c ¼ d1 þ d2ð Þ=h � 4:5 for both the symmetric and

asymmetric corrugations. The asymmetry of the corruga-

tion may be quantified by the asymmetry parameter

a ¼ d1 � d2ð Þ= d1 þ d2ð Þ: From Fig. 3b, we estimate that

a = 0 for normal laser incidence, while a � þ1=3 in

Fig. 3c for oblique incidence ablation. The reversed profile,

resulting from the laser beam tilted the other way, then

corresponds to a negative asymmetry parameter, a �
�1=3: With the model interface geometry thus defined, we

may express the local interface tilt angles (with respect to

the fiber axis) via tanh1 = h/d1 and tanh2 = h/d2 for the

rising and falling portions of the profile, respectively.

In our (simplified) model, the applied pulling force

along the x-axis is thought to give rise to a uniform stress

tensor r near the interface with shear components

rxy = ryx = r0, while all other components are zero. (We

have placed the x-axis along the fiber axis, and the y-axis

perpendicular to the interface plane, averaged over corru-

gations.) If the microscopic interface has a local tilt angle h
with respect to the fiber axis, with an interface normal unit

vector n̂ ¼ ðsin h; cos h; 0Þ; the force vector (per unit area)

acting on the interface is given by s ¼ r � n̂ ¼
r0 cos h; r0 sin h; 0ð Þ: The component of this force vector

perpendicular to the interface (along n̂) has magnitude

s? ¼ n̂ � s ¼ 2r0 sin h cos h; while the component parallel

to the interface sk ¼ s� s?n̂ has magnitude sk ¼
r0ðcos2 h� sin2 hÞ A simple delamination criterion that

accounts for weakening of the interfacial shear strength due

to tensile normal stress, and strengthening of the interfacial

shear strength due to compressive normal stress is given by

[21, 22]

sk
Zk

� �2

� s?
Z?
¼ 1 ð2Þ

where Zk is the shear debonding strength (in the absence of

normal stress), and Z? is the normal (tensile) debonding

strength (in the absence of shear stress).1 Equation 2 results

from the quadratic stress criterion of Kim and Soni [21] for

infinite compressive strength (z0 ! 1 in the notation of

Kim and Soni [21]). The minus sign in Eq. 2 reflects our

sign convention of s?[ 0 for compression, and s?\0 for

tension. Applying this criterion to the perpendicular and

parallel interface force components of our model, and

solving for the maximum applied pulling stress r0, we

obtain rc ¼ Zk
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þ 4q

p
þ p

� �.
2q; with q ¼ ðcos2 h�

sin2 hÞ2 and p ¼ 2 Zk
�

Z?
� �

sin h cos h: The above result

applies if the surface tilt is in the direction of the pulling

force, i.e., the normal component of the surface force is

compressive. In the opposite tilt geometry, if the normal

component is tensile, the maximum supported pulling

strain is rt ¼ Zk
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þ 4q

p
� p

� �.
2q: As one would

expect, the model predicts that the debonding strength in

the compressive case is enhanced compared to the uncor-

rugated surface, while the debonding strength is weakened

in the tensile geometry. As we increase the applied stress in

the fiber pullout experiment, the stress thus exceeds the

(weakened) debonding limit in the tensile regions first,

upon which the tensile regions are thought to debond.

However, this does not lead to failure since the compres-

sive regions are still stressed considerably below their

(corrugation-enhanced) debonding strength. The applied

force, however, at this time no longer remains uniformly

distributed among the tensile and compressive regions, but

becomes concentrated on the compressive regions of length

d2, leading to an enhancement of the local shear stress in

the compressive regions by a factor of (d1 + d2)/d2. The

failure criterion thus becomes rfail ¼ rcd2= d1 þ d2ð Þ: In

Fig. 8 we have plotted the predicted strength enhancement,

rfail

�
Zk; as a function of asymmetry parameter, for the

observed aspect ratio c = 4.5 and Zk
�

Z? ¼ 2:2: The

experimentally observed strength enhancement is also

plotted in the figure, for the three observed asymmetry

parameters of -1/3, 0, and +1/3. Evidently, the simple

model can satisfactorily explain the observed strength

enhancement factors, and their asymmetry. The only

parameter in the model, which was not known, and was

thus adjusted to optimize the fit to the data, is the interface

strength ratio Zk
�

Z?: The obtained value of 2.2 is within

Fig. 7 Schematic representation of the corrugation morphology

depending on the laser incidence

1 Equation 2, solved for s?, may be interpreted as the power series

expansion of the exact (but unknown) dependence of the normal

interface strength s? on the applied shear stress sk up to second order

in sk. Since a reversal of the sign of sk should have no effect on the

perpendicular strength, s? is an even function of sk, i.e., the linear

term in the power series expansion vanishes.
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the range of values (ranging from 1.63 to 2.25) measured

by Brewer and Lagace for graphite fiber/epoxy laminates

[22]. In light of this numerical agreement (albeit for dif-

ferent interfaces), the fitted value appears physically

reasonable.

Conclusion

The interfacial shear strength of the fiber–matrix compos-

ites increases dramatically when surface microcorrugations

are created on the fiber surface by laser ablation. A simple

model based on mechanical interlocking explains the

enhancement. Large strength enhancement factors persist

even in the presence of water that weakens the interfacial

shear strength. Thus, this laser ablation technique could be

a useful method to strengthen the fiber–matrix adhesion in

the presence of solvents that degrade adhesion. The shape

and symmetry of the created surface corrugations can be

controlled by the angle of incidence of the laser beam

relative to the fiber axis. A 458 incidence angle produces an

asymmetric saw-tooth-like profile that due to mechanical

self-locking enhances the shear strength in one direction by

a much greater factor than in the other direction.
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