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Abstract. To reduce secondary processing such as sanding or chemical etching in the manufacture of composite structures,
we present an in-mold surface preparation process using imprint lithography on carbon/epoxy composite adhesive joints. In
the proposed in-mold process, microstructures are designed and fabricated on the surface of the mold to form composites.
Through the formation of composites on the mold at an appropriate temperature and pressure, the shapes of the microstructures are imprinted onto the surface of the composite. Because molding and surface preparation can be performed simultaneously, the time and costs required are reduced compared to conventional surface preparations. In this paper, concavo-convex microstructures were fabricated on the surface of carbon/epoxy composites using in-mold surface preparation, which
improved the apparent mode I fracture toughness of the composite/adhesive interface. From double-cantilever-beam tests,
we confirmed that as the aspect ratio of the concavo-convex microstructures increased, the steady-state fracture toughness
increased by up to 113% compared to structures without in-mold surface preparation, and the fracture mode changed from
interfacial failure to complex cohesive adhesive failure.
Keywords: polymer composites, processing technologies, adhesion, in-mold surface preparation, imprint lithography

1. Introduction

The use of composite materials such as carbon-fiber
reinforced plastics (CFRPs) within the automotive
industry is increasing. In these mass-production
industries, composite structures need to be efficiently manufactured [1]. The efficiency with which
composite structures can be produced depends on
the molding process and secondary fabrication
processes such as trimming or surface preparation.
Short-cycle resin transfer molding (RTM), which
enables the formation of CFRPs in only 10 min, has
been developed for the mass production of CFRP
parts [2]. This short-cycle RTM was made possible

by the development of rapid-cure resin and the
rapid-impregnation method.
Secondary fabrication processes that involve conventional surface preparations such as sanding,
sand blasting, plasma treatment, or chemical etching,
are too time consuming to be applicable to mass
production, especially for the production of largescale structures. Furthermore, workers who are not
properly protected may be exposed to carbon particulates suspended in the air or to the harmful chemicals used in surface-preparation processes [3]. To
improve the production of CFRP structures, it is
essential to reduce the number of secondary fabrication process.
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Thus, we have proposed an in-mold surface preparation process using imprint lithography to produce
bonded butt joints [4]. Imprint lithography was first
proposed as nanoimprint lithography (NIL) by
Chou and coworkers [5–6]. In this process, nanometer-scale structures on a mold are pressed onto
melted polymeric material at appropriate temperature and pressure and the shape of nanostructures is
transferred to the surface of the polymer. Because
the nanostructures can be easily fabricated at low
cost and with high throughput and resolution, the
process has been applied in the semiconductor
device industry to, for example, produce nanometer-scale metal–oxide–semiconductor field-effect
transistors [7], a nanofluidic chip for DNA stretching
[8], and optofluidics for environmental monitoring
applications [9]. In our previous study [4], we performed the in-mold surface preparation of composite materials with imprint lithography using a silicon wafer as a mold; the surface of the wafer was
photo-lithographically fabricated with the designed
microstructures. This imprint technique can be used
to imprint the shape of microstructures onto the surface and obtain an adherent surface for adhesive
joining without the need for harmful sanding or
sand blasting. Because the formation of composites
and surface preparation can be performed simultaneously, this technique is faster and less expensive
than conventional surface treatments. We fabricated
pyramidal microstructures using in-mold surface
preparation and experimentally determined the
effect of the process on the tensile bonding strength
of butt joints. The tensile strength of butt joints was
found to be 67% higher than that of untreated joints.
Although it has been reported that interfacial properties such as interfacial strength and fracture toughness are highly dependent on the surface topography
of adherends, the effect of the shape and size of the
microstructures created by in-mold surface preparation on the joint strength has not been studied [10–
19]. Moreover, the resistance to crack propagation
at the imprinted interface has not been investigated,
although the fracture of bonded joints is likely to be
caused by crack initiation and propagation at this
interface.
Therefore, the present study investigated the effect
of the shape of imprinted microstructures on the
steady-state mode I fracture toughness of the CFRP/
adhesive interface, with the goal of controlling the

interfacial properties of composites by appropriately designing and fabricating microstructures on
the mold surface. The concavo-convex microstructures were fabricated on the CFRP surface and the
effect of the shape of the microstructures on the
mode I fracture toughness was investigated using
double-cantilever-beam (DCB) tests. Crack propagation behavior was also investigated with in situ
microscopic observations.

2. In-mold surface preparation using
imprint lithography
2.1. Concavo-convex microstructures

The driving forces of two-dimensional (2D) crack
propagation are divided into mode I forces, which
open a crack perpendicular to the crack surface, and
mode II forces, which open the crack parallel to the
surface. Generally, the fracture toughness is a measure of not only the energy required for surface generation but also the energy required for plastic deformation or to overcome friction during crack growth.
The latter energy is called dissipation energy, and
the dissipation energy of mode II is usually higher
than that of mode I [20]. From the above observation, a concavo-convex shape, as shown in Figure 1,
was selected for microstructures to improve the
apparent mode!I fracture toughness GIA of an adhesive joint; GIA indicates the resistance to macroscopic crack propagation when the macroscopic
mode!I load is applied to the CFRP/adhesive interface. In this calculation of the apparent fracture
toughness, the concavo-convex microstructures are
assumed to be a flat interface. It is also noted that this
GIA contains a microscopic mode!II component as
well as a microscopic mode!I component. Here, the
shape of concavo-convex microstructures is characterized by the aspect ratio given by Equation (1):

Figure 1. Schematic of concavo-convex microstructures
and the fracture mode transition as the aspect
ratio A is changed
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(1)

where w is the summation of the widths of one convexity and one concavity and h is the height (see
Figure 1). Note that A = 0 indicates a flat surface
without concavo-convex microstructures.
Because the fracture toughness of cohesive failure
is usually higher than that of interfacial failure [16],
a crack may propagate along the interface of concave-convex microstructures. In this fracture mode,
the actual length of microscopic cracks increases
near concave-convex microstructures and mode!II
interfacial failure also occurs at the lateral faces of
the microstructures. Because the mode!II fracture
toughness is usually higher than that of mode!I in
practical adhesion, higher energy is required for
crack propagation. Thus, the crack resistance may
increase as a result. As the aspect ratio of the concavo-convex microstructures becomes high enough,
as shown in Figure 1, cohesive failure inside the
adhesive or CFRP may occur, accompanied by interfacial failure. The fracture toughness of this fracture
mode is not affected by the interfacial property but
is influenced by the fracture toughness of the adhesive or of CFRP; thus, this mode is preferable for
the realization of stable bonding. Because the ratio
of the mode!II fracture region increases in proportion to the aspect ratio of the concavo-convex
microstructures, we evaluated the fracture toughness by changing this ratio.

2.2. Process of in-mold surface preparation
Concavo-convex microstructures were fabricated
on the CFRP surface by in-mold surface preparation. This surface preparation follows the NIL procedure, which is a pattern-transferring technique in
which microstructures of a mold are pressed into
low-viscosity plastics at high temperature and patterns are transferred by demolding at low temperature. The technique was introduced during the curing of composites. Figure 2 shows a schematic of the
application process to the adhesion layer between
the CFRP panel and the stiffener. The steps in this
process are as follows:
(1) Concavo-convex microstructures were fabricated on an aluminum plate using a milling
machine. After coating the mold surface with
releasing agent (ChemTrend, Chemlease #70),
carbon/epoxy prepregs (Mitsubishi rayon, Pyro-

Figure 2. Process of in-mold surface preparation and application to the adhesive surface of a carbon-fiber
reinforced plastic (CFRP) panel and stiffener

fil #380) were stacked on the mold. The stacking sequence was [90/±45/0]S in this study,
with the concave and convex directions set to
90°; thus, the fiber direction in the top layer
must be identical to the convex direction.
(2) Prepregs were cured in two steps over the glass
transition temperature under a pressure of
0.6 MPa (85°C for 2 h and 135°C for 3.5 h),
which allowed, the melted matrix resin to flow
into the microstructures of the mold.
(3) Microstructures were transferred to the CFRP
by demolding at room temperature.
Figure 3 shows a schematic and a photograph of the
mold. In the present study, microstructures of several sizes were fabricated on an aluminum plate.
This enabled us to simultaneously fabricate CFRP
laminates with microstructures of several aspect
ratios, which increased the efficiency with which
specimens were prepared for the experiments
described later.
Figure 4 shows images of the surface of the imprinted
CFRP taken with a scanning electron microscope
(SEM; Keyence, VE-8800). In this study, five micro295
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Figure 3. Schematic and photograph of the mold with microstructures

Figure 4. Scanning electron microscope images of microstructures on the surface of CFRPs treated by in-mold surface preparation: (a) images of the microstructures on CFRPs; (b) image of the enlarged view of a microstructure (A = 0.25)

structure shapes were fabricated on the CFRP using
aspect ratios (A) of 0.13, 0.15, 0.19, 0.25, and 0.33.
At aspect ratios ranging from 0.13 to 0.25, the
height was set at a constant value of 150 µm as the
width was changed to 600, 500, 400, and 300 µm;
for A = 0.33, the height was 200 µm and the width
was 300 µm because the milling machine can create
a line no narrower than 300 µm. From the images in
Figure 4, we confirmed that all of the microstructure shapes were successfully transferred to the
CFRP surface. The convex microstructures were
observed to contain a number of carbon fibers, and
thus behave as composites at this scale.

3. Experimental procedures
3.1. DCB specimen

We conducted DCB tests to investigate the resistance to crack propagation along the CFRP/adhesive
interface under macroscopic mode!I loading. The

DCB testing and data processing follow Japan Industrial Standards (JIS) K 7086, the testing method
used to evaluate the interlaminar fracture toughness
of CFRPs [21]. Figure 5 shows the DCB specimen
configuration. After cutting the imprinted CFRP
[90/±45/0]S into specimens 100 mm in length and
15 mm in width, the CFRP was cleaned off with a
surface-active agent (Kao, Kitchen Haiter). Note
that the specimen size is somewhat smaller than the
size prescribed in the JIS protocol, due to limitations in fabricating the imprinted area. The proposed in-mold surface preparation was applied to
one adherend, and the surface of the other adherend
was treated using emery paper #240. In the range of
the tested aspect ratio, we confirmed the crack propagates between the adhesive and in-mold prepared
surface. The fracture toughness of the adherend
treated with emery paper and that of the adherend
treated using the proposed method are compared in
296
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4. Results and discussion
4.1. Evaluation of crack-propagation
resistance

Figure 5. Configuration of a double-cantilever-beam (DCB)
specimen

Section 4.2. Two CFRP adherends were bonded
together using an epoxy adhesive (3M, DP-105)
under pressure (about 0.01 MPa) using two aluminum plates as well as a plummet for 48 h at room
temperature, with Teflon sheets (0.1 mm thickness)
inserted between two adherends at both edges to
introduce an initial crack and to control the thickness of the adhesive layer. Thus, the thickness of the
adhesive layer was 0.1 mm, and the thickness of the
fabricated DCB specimen was about 3.4 mm. After
bonding, the excessive adhesive flowing out of the
specimen was removed using emery paper. Before
tests were conducted, a starter crack was fabricated
by inserting a cutter knife. To evaluate the effect of
the shape of the microstructures on the resistance to
crack propagation and crack-propagation behavior,
six kinds of adherends including a flat surface were
prepared: A = 0, 0.13, 0.15, 0.19, 0.25, and 0.33.
For each aspect ratio, three specimens were tested.

3.2. DCB tests for mode!I fracture toughness
DCB tests were performed using a tensile testing
machine (Shimadzu, AG-I) under crack opening
displacement (COD) control at 0.2 mm/min. The
COD is defined as the relative displacement between
two attached pin blocks. During DCB tests, load,
crack length, and COD as a function of time were
recorded. The crack-propagation behavior at the
CFRP/adhesive interface was observed using a digital microscope (Scholar, M3), and the crack length
was measured with a measuring microscope (Pikaseiko, PRM-2). After the crack had propagated sufficiently (forming a crack about 25 mm long), the
specimen was fully unloaded and the permanent
offset displacement, !offset, was measured to check
the quantity of plastic deformation. Our procedure
to calculate fracture toughness is discussed in the
next section.

Because the proposed surface preparation produces
a concavo-convex bonding interface, the crack-propagation resistance varies microscopically depending on the crack position within the concavo-convex shape. However, the objective of this study was
not to obtain the precise crack-propagation resistance on a microscopic scale but to evaluate the
macroscopic crack-propagation resistance, as a practical indicator of the effect of using the proposed
surface preparation instead of conventional treatments. Therefore, we first investigated the method
used to examine this resistance.
Figure 6 shows representative load-COD curves of
the DCB tests for various aspect ratios ranging from
0 to 0.33. For all specimens, the load increases linearly up to the critical value to propagate the crack;
the load then decreases smoothly as the crack length
increases, although concavo-convex microstructures exist along the crack path. The observed !offset
was within the 10% of the maximum COD suggested in JIS, implying that no permanent deformation of the adherend had occurred. It is normal for
small ﬁnal offsets to be observed because of the
presence of the deformed adhesive slightly propping open the crack [22]. Note that the low gradient
of the initial slope of A = 0.33 is the result of the
slightly longer initial crack length fabricated manually by the cutter knife, which increases compliance. It is noted that we did not implement any specific control process for fabricating a constant and
fine starter crack for simplicity. Thus, we use the
crack propagating resistance when the crack stably
propagates for some length in instead of using the
initial crack propagating resistance for evaluation.

Figure 6. Representative load-crack opening displacement
curves of DCB tests for various aspect ratios
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Figure 7. Microscopic image of cohesive zone ahead of the
main crack tip during DCB tests

Figure 7 shows the microscopic image around the
crack tip obtained during DCB tests of the A = 0.25
specimen, and shows the formation of multiple
microscopic cracks ahead of the macroscopic main
crack tip (the red circle in Figure 7), which penetrated from the left edge. We refer to this zone of
multiple micro-cracks, ahead of the main crack, as
the cohesive zone in this study; in this region, a
cohesive force exists in the closure direction of crack
surfaces [23, 24]. In this cohesive zone, mode I fracture occurred at the horizontal interfaces, whereas
the lateral interfaces remained bonded. This was
attributed to the fact that the fracture toughness of
mode!I is lower than that of mode!II. This crackpropagation behavior was observed for all specimens, with the exception of the flat specimen, A =
0. It is also noted that the crack does not propagate

along a straight interface rather than the concavoconvex interface because the apparent fracture
toughness of the A = 0.25 surface was lower than
that treated using emery paper #240 (as mentioned
in Section 4.2).
When the size of the concavo-convex microstructure is sufficiently larger than that of the cohesive
zone, the crack-propagation resistance may vary
depending on the crack-tip position, as shown in
Figure 8a. However, if multiple concavo-convex
microstructures are included in the cohesive zone,
as in the present study, energy dissipates more uniformly owing to the presence of the multiple microscopic cracks that allow the propagation of cracks
that are independent of the main crack position in the
concavo-convex microstructures, and the crackpropagation resistance has a more uniform value
(Figure 8b). In the DCB experiments, the load
decreased smoothly after crack propagation and
variation in microscopic load due to the presence of
the microstructures, such as stick-and-slip behavior,
did not occur. Therefore, the uniform crack-propagation resistance of the concavo-convex microstructures was evaluated using the ‘apparent fracture
toughness’ by assuming a flat interface. The apparent fracture toughness corresponds to the total
energy dissipation including the cohesive zone,
divided by the macroscopic crack length.

Figure 8. Schematics of cohesive zone ahead of the main crack tip and effects of crack-tip position on crack resistance:
(a) large-scale structures (on the order of millimeters); (b) microstructures (on the order of micrometers)
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The apparent mode!I fracture toughness GIA was
calculated by Equation (2) in the same manner as
JIS K 7086 [21]:
2

3
P 2 1Bl 2 3
a b
GIA 5
a1
212H 2 B

(2)

where 2H and B are the thickness and width of the
specimen, respectively; P is the applied load; and "
is the compliance of the specimen, calculated
according to Eqution (3):
d
l5
P

(3)

where ! is COD. #1 is a coefficient associated with
the flexural rigidity of the adherend, which is
obtained by least-squares approximation from the
following Equation (4):
1
a
5 a1 1BH2 3 1 a0
2H

(4)

where a is the macroscopic clack length, which corresponds to the distance between the crack tip and
loading point in the longitudinal direction of the
specimen. It should be noted that because the permanent offset displacement "offset for all specimens shown in Figure 6 was less than 10% of the
maximum COD, the effects of plastic deformation
can be ignored [21].

4.2. Apparent fracture toughness and crack
propagation behavior
Figure 9 shows a representative R curve indicating
the apparent mode!I fracture toughness GIA as a
function of the crack length. Although GIA was
unstable during the initial stage of crack propaga-

Figure 10. Apparent mode I fracture toughness GIA as a
function of A. The dashed line indicates GIA of a
specimen treated by conventional sanding treatment

tion, it became constant as crack propagation progressed. The initial instability was caused by the
unstable configuration of the starter crack fabricated by a cutter knife. The dashed line shows the
steady-state fracture toughness, which was obtained
by averaging the five points.
Figure 10 shows the steady-state GIA as a function
of the aspect ratio A. It is noted that the GIA is
apparent macroscopic mode!I fracture toughness
including the effect of the presence of a microscopic mode!II component. It can be seen from Figure 10 that the GIA after in-mold surface preparation
was enhanced compared to that of specimens with a
flat interface. Furthermore, GIA became higher as the
aspect ratio A increased and improved by up to 113%
at A = 0.33 compared to samples without in-mold
surface preparation. The dashed line shows the
mode!I fracture toughness of the composite bonded
joint treated by a conventional sanding surface
preparation using #240 emery paper [25]. Table 1
lists the average and standard deviation of GIA of inmold preparations (A = 0.33) and sanding preparations (#240). Although the average GIA of the inmold preparations is somewhat lower (91%) than
that of the sanded preparation, the in-mold preparation achieves almost the same effect as sanding
Table 1. Apparent mode I fracture toughness GIA of composite bonded joints treated by in-mold surface
preparation and by conventional sanding treatment

Figure 9. Representative relationships between the apparent mode I fracture toughness GIA and crack length
for various aspect ratios

GIA [J/m2]
SD [J/m2]
GIA/GIA (A = 0)
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In-mold surface
preparation
(A = 0.33)
383
33
2.13

Sanding by #240
419
49
2.33
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Figure 11. Microscopic images of CFRP/adhesive interfaces (A = 0.19): (a) digital microscope image
during the DCB tests; (b) field-emission scanning electron microscope image after the DCB
tests

(91%), but without the need for adverse secondary
processes, which enables fast and cost-effective
mass production.
Figures 11a and 11b show microscopic images of the
CFRP/adhesive interface with A = 0.19, obtained
using a digital microscope (Scholar, M3) during
DCB tests and with a field-emission SEM (FE–
SEM; Hitachi, s4500) after the DCB tests, respectively. The microscopic images show that the crack
propagates along the interface of the concavo-convex microstructures whereas no crack was observed
within either the adhesive or the CFRP (no cohesive
failure). The specimens with A <#0.19 show the same
interfacial failure mode along the concavo-convex
interface. This fracture behavior implies that as the
aspect ratio A increases (up to A = 0.19), the mode
II interfacial failure area per unit length in a specimen’s longitudinal direction increases; this is attributed to the increase in the apparent fracture toughness.
Figures 12 and 13 show microscopic images of the
failure interface in the A = 0.25 and 0.33 specimens,
respectively. As shown in Figure 12, cohesive failure of the adhesive was observed near the corners
of microstructures at the aspect ratio A = 0.25, in
addition to interfacial failure. A comparison of Figure 13 with Figure 12 shows that cohesive failure

Figure 12. Microscopic images of CFRP/adhesive interfaces (A = 0.25): (a) digital microscope image
during the DCB tests; (b) FE-SEM image after
the DCB tests

Figure 13. Microscopic images of CFRP/adhesive interfaces (A = 0.33): (a) digital microscope image
during the DCB tests; (b) FE-SEM image after
the DCB tests

was more complex at A = 0.33. This agrees qualitatively with the expectation, shown in Figure 1, that
interfacial failure is dominant at a low aspect ratio,
whereas cohesive failure occurs and enlarges as A
increases, although the cohesive fracture mode is
more complex. This is attributed to the complex
stress distribution at the convex corner, and the rel300
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ative difference in the fracture toughness between
the cohesive failure of adhesives and the interface
failure.
In the range of A = 0–0.19, the fracture mode, which
is basically interfacial, is accompanied by the formation of cracks in the cohesive zone or microscopic crack creation involving multiple concavoconvex microstructures ahead of the main crack tip.
In this fracture mode, energy is consumed independent of the microscopic crack-tip position
within the concavo-convex microstructure during
crack propagation; thus, GIA, which is the average
energy consumption per unit crack area, is expressed
as shown by Equation (5):
GIA 5

wGIC 1 2hGIIC
5 GIC 1 2GIICA
w

(5)

where GIC and GIIC represent the pure mode!I and
mode!II fracture toughness, respectively. This equation indicates that the increase in GIA is caused by
two factors: the presence of higher mode!II fracture
toughness (GIIC) and an increase in the actual crack
length or the aspect ratio (A). Thus, GIA increases in
proportion to the increase in the aspect ratio A,
where the proportionality factor corresponds to
2GIIC.
Figure 14 shows the experimentally obtained GIA and
estimated GIA calculated by Equation (5). The values
of GIC and GIIC in Equation (5) are 179.6±28.17 and
513.8±69.06 J/m2, respectively, which were obtained
by preliminary DCB and end-notched-fracture
(ENF) tests of the flat interface (A = 0) specimens.
The ENF tests were conducted by following JIS K
7086 [21]. The crack propagation in a single ENF
test is unstable; thus, the span length was changed

after unloading and the ENF tests were repeated to
obtain mode!II R curves.
The dashed line in Figure 4 indicates the approximated line of experimental GIA values of the interfacial fracture cases from A = 0 to 0.19. In the range
from A = 0 to 0.19, the experimental results confirm
a linear increase as A increases, as estimated in
Equation (5), although the proportionality factor in
the experimental results is lower than that of the
estimation. This may be because Equation (5) does
not take into account the effect of the stress concentration at the corner of the microstructure. The presence of this stress concentration enhances crack
propagation, thus lowering the fracture toughness
in the experiments compared to the value estimated
in Equation (5).
Figure 14 also shows that the GIA values of the
cohesive failure modes of A = 0.25 and 0.33 are
somewhat higher than the approximated line of the
interfacial fracture mode. The higher GIA is attributed to the higher energy dissipation due to the
presence of cohesive failure, in addition to the complete interfacial failure of the microscopic regions
of mode!I and II. It is expected that in the case of
cohesive failure accompanied by the partial interfacial failure of only the microscopic mode!I region
(such as in the case of a high aspect ratio, as shown
in Figure 1), the energy required is less than needed
for interfacial failure; thus, GIA may be lower than
the approximated dashed line. However, because
the crack propagation was determined by a microscopic stress field and not by total energy dissipation, the cohesive failure mode, above the dashed
line, occurred. In future research, a crack-propagation simulation using the finite-element method and
a quantitative investigation of the fracture mode
transition should be done, as well as investigations
of the mode!II and mixed-mode loading conditions,
and the influence of thermal residual stresses on the
fracture behavior.

5. Conclusions

Figure 14. Comparison of estimated and experimental
results of the apparent mode I fracture toughness
GIA as a function of aspect ratio

In-mold surface preparation using imprint lithography was proposed for polymer composite materials
and applied to the adhesive joints of CFRPs. Because
this method allows surface treatments to be done as
composite materials are forming, it reduces time
and costs compared to those required in conventional techniques. Concavo-convex microstructures
fabricated on the surface of CFRPs enhanced the
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resistance to mode!I crack propagation at the CFRP/
adhesive interface and induced microscopic mode II
interfacial failure and cohesive failure, which require
high energies for crack propagation. DCB tests for
assessing mode!I fracture toughness confirmed that
the steady-state apparent fracture toughness GIA
became higher as the aspect ratio of the concavoconvex microstructures increased, and was 113%
higher than that without in-mold surface preparation, which was nearly the same as that achieved by
sanding treatment. Thus, replacing the conventional
treatments with the proposed method can eliminate
the need for adverse secondary processes, enabling
fast and cost-effective mass-production. Observations
of interfaces during DCB tests revealed that the
improvement of GIA was caused by the increase in
the microscopic actual crack length and microscopic mode!II fracture area per unit length on the
lateral side of the concavo-convex microstructure,
as well as a fracture-mode transition from interfacial to cohesive failure.
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