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Conventional fastening technologies using rivets or bolts are facing limitations


1) Technological: 

        a) stress concentrations

        b) weight increase


2) Economical: drilling requires extensive labor

3) Lifecycle:      maintenance and repair
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Conventional fastening technologies using rivets or bolts are facing limitations


1) Technological: 

        a) stress concentrations

        b) weight increase


2) Economical: drilling requires extensive labor

3) Lifecycle:      maintenance and repair

Adhesive bonding is attractive but:


1) Confidence is limited:

a) difficult to measure/inspect initial strength 

b) brittle response


2) Performance is sensitive to adherent surface preparation


Mechanical treatments:  operators introduce dissimilarities across treated surfaces


Chemical treatments:     large volume of chemical waste, health, safety and ecological concerns 

   (EU/200/53/EC)
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Introduction and motivation 
Literature on crack arrest features

Tserpes, K. I., et al. "Crack stopping in composite adhesively bonded joints through 
corrugation." Theoretical and Applied Fracture Mechanics 83 (2016): 152-157.

simulation, the linear elastic/linear softening (bilinear) traction–
separation law was adopted. Fig. 4 shows the bilinear constitutive
model in tension for mode-I. The region until point 1 is the elastic
part of material’s response. Until point 1 (peak of the graph) the
material has not suffered any damage and any unloading that
could start until point 1 would follow the elastic line. The region
from point 1 to point 2 represents the material softening (damage
growth) area. Once the loading has progressed beyond point 1 the
material has suffered some damage (damage parameter is greater
than zero, but less than one), but the adherents have not been sep-
arated yet. At point 2, the adherents separate permanently (dam-
age parameter has reached unity). The total area under the
triangle (points 0, 1, 2) represents the energy it takes to disbond
the adherents and is known as the fracture energy. In LS-DYNA
[13], the fracture energy is an input parameter. It has units of
energy/area (energy density). In addition, the elastic stiffness
(slope) and the peak stress (point 1) are required for complete def-
inition of the bilinear law. For the initial stiffness (penalty stiffness)
the constant value of 7E + 3 was used. Then, in order to keep the
fracture toughness (area under the triangle) correct, the peak stress
has to be adjusted accordingly.

The constitutive law described in Fig. 4a is for tension loading
and separation of the adherents in the normal direction. The
mixed-mode behavior is described by the mixed-mode bilinear
traction shown in Fig. 4b. The ultimate displacements in the nor-
mal and tangential directions are the displacements at the time
when the material has failed completely, i.e., the tractions are zero.
The linear stiffness for loading followed by the linear softening
during the damage provides a simple relationship between the
energy release rates, the peak tractions, and the ultimate
displacements:

GIC ¼ T " dFI =2 ð1Þ
GIIC ¼ S " dFII ð2Þ

The subscripts I and II refer to the normal and shear, as before,
and the subscript C refers to ‘‘critical”. The critical values are input
to LS-DYNA [13]. The ratio GI=GIC is the ratio of the shaded triangle
to the whole triangle in Fig. 4b. If the peak tractions are not spec-
ified, they are computed from the ultimate displacements.

In this cohesive material model, the total mixed-mode relative

displacement dm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2I þ d2II

q
where d1 ¼ d3 is the separation in nor-

mal direction (mode-I) and dII ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d21 þ d22

q
is the separation in tan-

gential direction (mode-II). The mixed-mode damage initiation
displacement d0 (onset of softening) is given by

d0 ¼ d0I d
0
II

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ b2

d0II
" #2

þ bd0I
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where d0I ¼ T=En (En is the stiffness normal to the plane of the cohe-
sive element) and d0II ¼ S=Et (Et is the stiffness in the plane of the
cohesive element) are the single mode damage initiation separa-

tions and b ¼ dII
dI
is the mode mixity. The ultimate mixed-mode dis-

placement (total failure) for the power B–K law is:
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4.2. Progressive damage modeling

For simulating damage in the composite adherents of the CLS
specimen, which could be developed at the corrugated area due
to stress concentration, the progressive damage modeling method
was adopted. To this end, the material model MAT_162 [13] of the
LS-DYNA was used. The specific material model implements auto-
matically the progressive damage modeling method by combining
a set of strain-based Hashin-type failure criteria for predicting ten-
sion/shear fiber failure, compression fiber failure, perpendicular
matrix failure and delamination and a damage mechanics property
degradation module for simulating the damage effects. Theoretical
details as well as an evaluation of the method, can be found in [13].

4.3. FE model

In the FE model of the specimens, the composite adherents
were modeled using the Element Formulation (ELFORM) 1 [13]
which refers to a constant stress 8-noded solid element with 3
DOFs per node. The adhesive in both FE models was modeled using
the ELFORM 19 which refers to an 8-node cohesive element with 3
DOFs per node. For the composite elements of the CLS and DCB
specimens, an enhanced composite damage behavior and an ortho-
tropic elastic behavior was used, respectively. For the elements of
the adhesive, the MAT_138 cohesive mixed mode material model
was used. In the model the CLS specimen, contact was also modeled
between the composite plates using the AUTOMATIC_SURFACE_
TO_SURFACE option. A typical FE mesh of the CLS specimen is
shown in Fig. 5. A similar FE mesh was used also for the DCB
specimen.

5. Results and discussion

5.1. DCB specimen

The experimental and numerical load–displacement curves of
the corrugated DCB specimen are compared in Fig. 6. Inside the
graph area the predicted disbonding progression is also shown.
In the graph, the numerical curve of the flat (no corrugation) DCB
specimen has been also added. The comparison shows that the
model reproduced accurately the entire experimental curve (initial
stiffness, crack initiation and propagation). Disbonding predicted
to initiate early at the applied displacement of 0.822 mm at the
edge of the adhesive, due to high normal stresses, and propagated
toward corrugation to arrive at 21.2 mm. At the corrugation, the
disbonding growth was stopped due to the shift of normal rz stress

Fig. 3. The two sides of corrugation.
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Fig. 3. (a) Details of the experimental setup used to apply a quasi-static (!̇ = 0.1 mm/min) opening displacement on a DCB specimen with A/λ = 1/2. (b) Typical load vs.

applied displacement (P–!) curve divided into the initial elastic part (stage I) and the crack propagation part (stage II). Unloading that takes place in stage II would follow

the red arrow enclosing the gray region, denoted as !Wf(as). (c, d, e) Test sequence wherein the DCB specimen is progressively pulled apart causing a crack to grow along

the sinusoidal interface. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

Fig. 4. (a) Image post-processing software is used to measure as (as the line integral following the white sinusoidal line running from the initial crack tip to the current

crack tip) and ax (as the projection of as on the x-axis). (b) Close-up view of the A/λ = 1/3 failed interface showing cohesive failure (i.e. crack propagation within the

adhesive layer).

Cordisco, F.A.  et al. “Mode I fracture along adhesively bonded 
sinusoidal interfaces”, IJSS (2016), (83), 45-64.

corresponding mechanical response.

2.2.1. ALM production of DCB specimens with flat interfaces
For the case of the nylon coupons, the first printing position under

investigation corresponded to the material deposition layer-wise along
the specimen thickness direction (printing in horizontal direction), see
Fig. 7. In this graph, a residual deformation at the corners of the part
was identified during the printing process due to the occurrence of the
so-called warping effects, which stemmed from the existing thermal
cycle. These effects led to undesirable specimen definition, and

therefore this printing option was discarded. Fig. 8 shows the details of
the warping effects and the thickness of the specimen when the printing
procedure was concluded.

Since the warping effects did not allow the manufacturing of the
specimens, according to the previous orientation, to be performed, the
subsequent coupons were printed along the width direction of the
specimen (printing in vertical direction), as shown in Fig. 9. Un-
fortunately, in line with the previous printing option, the part started to
warp when it reached a thickness value of around 5mm, and therefore
the printing procedure was once again interrupted (see Fig. 10). Notice

Fig. 4. Amplitude and wavelength errors in Fig. 3
for (a) = =A λ1 mm, 6 mm, (b) =A 1 mm,=λ 8 mm and (c) = =A λ1 mm, 12 mm.

Fig. 5. Sketch of the first specimen for GIc test.

Fig. 6. Identification of horizontal and vertical
printing directions of DCB coupons.

Fig. 7. Nylon DCB specimen according to Fig. 5 printed in horizontal direction: (a) 3D
view by Eiger software and (b) in-plane view (xy plane) of the printing result.

L. García-Guzmán et al. &RPSRVLWH�6WUXFWXUHV���������������²���

���

Garcia-Guzman  L. et al. “Fracture resistance of 3D printed…” 
Composite Structures (2018), (188), 173-184.
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the micropattern width increased. They showed that the crack resis-
tance is largely affected by the fracture toughness of the adhesives
in addition to the configuration of the microstructure of the adher-
end surface.

Many fracture criterion models based on the mixed-mode ratio
have been proposed according to specific adherend types and frac-
ture behaviors [15,16]. Whitcomb’s power law [17] is generally
applied [15] for constant fracture behaviors whose fracture crite-
rion can be described by a linear or ellipsoidal form. However, once
cohesive failure occurs when the mixed-mode ratio increases, the
fracture criterion based on the power law cannot fit the experi-
mental value of GC because the mode I component of GC may
become greater than the pure mode I fracture toughness GIC

[18,19]. Recently, some new fracture criteria have been proposed
to consider the change in fracture behavior from interfacial to
cohesive failure [20–22]. In particular, the Benzeggagh–Kenane
(B–K) criterion [23] is often applied to a composite/adhesive inter-
face in which cohesive failure occurs [24–27].

However, the studies have not yet clarified the effects of the
mixed-mode ratio and microstructure shape fabricated on an
adherend surface on the crack resistance and fracture behaviors
because they have been limited to simple conditions such as mode
I or II for the evaluation of the adhesive properties of microstruc-
tures on an adherend surface. In addition, few studies have evalu-
ated the failure criteria of a composite/adhesive interface with
micro pattern structures when including fracture transition under
the mixed mode. The fracture behaviors of a CFRP/adhesive inter-
face with microstructures may change depending on the dimen-
sions of the microstructures in addition to the mixed-mode ratio.
Thus, the failure criteria for a CFRP/adhesive interface with micro-
structures have to be investigated by simultaneously considering
the effects of the mixed-mode ratio and the dimensions of the
microstructures.

With this background, we investigate the effects of the dimen-
sions of the step-shaped micro patterns and the mixed-mode ratio
on the crack resistance and fracture behaviors of a composite/
adhesive interface modified by in-mold surface modification. In
the experimental evaluation, we used single leg bending (SLB) tests
under mixed-mode ratio GII/G to obtain the crack resistance of the
CFRP/adhesive interface with microstructures with various aspect
ratios A. In addition, by observing the crack propagation of the
CFRP/adhesive with the step-shaped micro patterns, we considered
the effects of the mode ratio and aspect ratio of the step-shaped
micro patterns on the transition of the fracture behaviors and the
crack propagating resistance. Finally, the applicability of the B–K
criterion for step-shaped micro patterns surface is discussed.

2. Materials and methods

2.1. In-mold surface modification

Step-shaped micro patterns were fabricated on the CFRP surface
by in-mold surface modification following the nanoimprint lithog-
raphy procedure [28,29] used for forming a mold with micropat-
terned structures. Fig. 1 shows a schematic of the in-mold
surface modification process. First, after coating a releasing agent
(ChemTrend, Chemlease #70) on the Al mold surface, carbon/
epoxy prepregs (Mitsubishi Rayon, Pyrofil #380) were stacked on
the mold. The unidirectional ply properties have been introduced
in our previous study [10]. Second, the prepregs stacked on the
mold were pressed by a flat Al plate. A vice was used to apply pres-
sure to the two Al molds packed in a vacuum bag, and the in-mold
surface modification for composite molding was conducted in a
drying oven (Isuzu Cosmos VTN-114) under vacuum produced
using a vacuum pump (ULVAC, G-10DA). The prepregs were cured

in two steps over the glass transition temperature under a pressure
of 0.6 MPa (at 85 !C for 1 h and at 135 !C for 3 h), which allowed
the molten matrix resin to flow into the microstructures of the
mold. Finally, the microstructures were transferred to the CFRP
by demolding at room temperature.

The step-shaped micro patterns of the mold for in-mold surface
modification were manufactured on an Al plate by milling, as shown
in Fig. 2(a) and (b). Different sizes of the step-shaped micro patterns
were prepared on a single mold. Therefore, all micro patterns on the
mold can be transferred to a composite during composite molding
at the same time. Here, the carbon fibers of the surface layer with
microstructures must be oriented parallel to the step-shaped micro
patterns so that they can be transferred to the CFRP exactly. This
fiber orientation was set to avoid forming defects in the transcrip-
tion of the step-shaped micro patterns on a composite, because
the height of the step-shaped micro patterns is comparatively high.
Forming defects such as void nucleation actually occurred, as shown
in Fig. 2(c), when the fibers of the surface lamina were oriented ver-
tically to the step-shaped micro patterns on the mold. Therefore, the
transcription of the microstructures will worsen because they will
not be filled with resin. As a result, the carbon fibers on the surface
layer with microstructures are oriented at 90!, which is parallel to
the lines of the step-shaped micro patterns to distribute resin and
carbon fibers uniformly. In this study, the stacking sequence of
adherents applied to the in-mold surface modification was set to
[90/0]2S.

To distinguish the size of the step-shaped micro patterns fabri-
cated by in-mold surface modification, the aspect ratio (A) is
defined as the ratio of the step-shaped depth h to the sum of the
widths w1 and w2 (shown in Fig. 2(d)) and is expressed by Eq. (1).

A ¼ h
ðw1 þw2Þ

ð1Þ

The aspect ratio was adopted as the representative parameter of
adherends with step-shaped micro patterns, because the fracture
behaviors and fracture toughness of the adhesive interface with
the step-shaped micro pattern changes largely depending on the
aspect ratio compared with the sizes of the step-shaped micro pat-
terns [8–10]. The step-shaped depth was set to a constant value of
150 lm. In addition, the ratio of the width of a dent w1 to the width
of a bump w2 was set as 1:1, i.e., w1:w2 = 1:1, and the values of w1

and w2 were in the range of 300–600 lm. Therefore, four types of
microstructures were simultaneously fabricated on the CFRP with

Al plate

Al mold with 
microstructures

(1) Stacking

(2) Pressing & Curing

(3) Releasing of mold

Prepreg Panel/s!ffener bonding

Fabricated microstructures of 
composites on its adhesive surface

Fig. 1. Schematic illustration of in-mold surface modification by imprint lithogra-
phy for composite materials.
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same prepregs (Mitsubishi Rayon, Pyrofil #380) as in the SLB tests
were used in the DCB and ENF tests. The DCB tests were performed
based on JIS K7086 [36] with the crosshead rate set to 0.5 mm/min.
The macroscopic crack resistances of the CFRP/adhesive under
mode I were obtained by the critical load at four or five crack
locations, because the representative value of the apparent mode
I fracture toughness GIC was determined as the average of the
crack resistances under mode I [9]. In addition, to determine the

macroscopic crack resistances of the CFRP/adhesive under mode
II, ENF tests were performed with a compression rate of 1.5 mm/
min at the loading point based on JIS 7086 [36]. With repeated
loading and unloading, ENF tests were performed four or five times
by changing the location of the loading point in each test [10]. As
shown in Fig. 14(a), the experimental values of the mode I compo-
nent GIC at GII/G = 0.42, 0.61, and 0.76 were larger than GIC in pure
mode I as obtained by DCB tests. This can be seen from the mixed-
mode fracture criterion of the power law for A = 0.13, indicated by
a solid line in Fig. 14(a), which does not simulate the increasing
mode I component GIC under mixed mode. Although Yuki et al.
[39] considered the failure criterion of an Al/epoxy interface as
obtained by the power law, plots of GC were not fit to the failure
criterion curve when the fracture behavior of Al changed from
interfacial to cohesive failure. Then, some failure criteria were
described for each fracture behavior. Instead of the power law,
we have considered alternative failure criteria in this study.

To model the failure criterion of the CFRP/adhesive interface
with step-shaped micro patterns, we applied the B–K criterion
[23]. This criterion is widely applied to the interlaminar fracture
of a unidirectional, woven fabric composite and the interfacial frac-
ture of a composite/adhesive interface [19,25,40,41]. The B–K crite-
rion can be used to consider the effect of fiber bridging and
cohesive failure of fibers or matrix resin. Although the obtained
experimental fracture toughness was limited to several mode
ratios and aspect ratios of the micro patterns on CFRPs, it was
found that the B–K failure criterion can be applied to the failure
criterion of the CFRP/adhesive with step-shaped micro patterns.
This means that the fracture toughness of the CFRP/adhesive with
step-shaped micro patterns can be calculated at any mode ratio
using the aspect ratio A. Therefore, because we can design the frac-
ture toughness in advance, disassembling and recycling the adhe-
sive bonded structures can be feasible in addition to enabling
tough adhesive joints.

The mode-partitioned B–K criterion for each A value was indi-
cated by a dashed line in Fig. 14(a). In Fig. 14(b), the relationship
of GC and GII/G is shown according to each A value. The error bars
indicate the standard deviation of GC. The B–K criterion is calcu-
lated by Eq. (19).

GC P GIC þ GIIC " GICð Þ GII

G

! "g

ð19Þ

(a)

(b)

300 µm

Adhesive

CFRP

Crack propaga!on

Lower plate

Upper plate

Adhesive

Load

Main crack !p

Interfacial failure

Load
Cohesive failure

Crack propaga!on

CFRPAbrasive interface

Fig. 10. (a) Microscopic image of crack propagation under mixed-mode loading of
CFRP/adhesive interface at GII/G = 0.42 for A = 0.25 and (b) schematic illustration of
failure behaviors under mixed-mode loading with partial cohesive failure of the
CFRP micro patterns from the corner of the bumps (GII/G = 0.42 for A = 0.13–0.25).
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

(a)

(b)

Crack propaga!on

CFRP

Adhesive Main crack !p

Lower plate 300 µm

Adhesive

Load

Main crack !p

Interfacial failure

LoadCohesive failure

Crack propaga!on

Abrasive interface CFRP

Upper plate

Fig. 11. (a) Microscopic image of crack propagation of CFRP/adhesive interface
under mixed-mode ratio at GII/G = 0.61 for A = 0.25 and (b) schematic illustration of
failure behaviors under mixed-mode loading with cohesive failure of the CFRP
micro patterns from the corner of the dents (GII/G = 0.61 for A = 0.25). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

(a)
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CFRP

Adhesive

Crack propaga!on

300 µm

Upper plate

Lower plate

CFRP

Adhesive

Crack propaga!on

300 µm

Upper plate

Lower plate

Fig. 12. Microscopic image of crack propagation of CFRP/adhesive interface under
mixed-mode ratio at GII/G = 0.76: (a) A = 0.19 and (b) A = 0.25. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)
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the micropattern width increased. They showed that the crack resis-
tance is largely affected by the fracture toughness of the adhesives
in addition to the configuration of the microstructure of the adher-
end surface.

Many fracture criterion models based on the mixed-mode ratio
have been proposed according to specific adherend types and frac-
ture behaviors [15,16]. Whitcomb’s power law [17] is generally
applied [15] for constant fracture behaviors whose fracture crite-
rion can be described by a linear or ellipsoidal form. However, once
cohesive failure occurs when the mixed-mode ratio increases, the
fracture criterion based on the power law cannot fit the experi-
mental value of GC because the mode I component of GC may
become greater than the pure mode I fracture toughness GIC

[18,19]. Recently, some new fracture criteria have been proposed
to consider the change in fracture behavior from interfacial to
cohesive failure [20–22]. In particular, the Benzeggagh–Kenane
(B–K) criterion [23] is often applied to a composite/adhesive inter-
face in which cohesive failure occurs [24–27].

However, the studies have not yet clarified the effects of the
mixed-mode ratio and microstructure shape fabricated on an
adherend surface on the crack resistance and fracture behaviors
because they have been limited to simple conditions such as mode
I or II for the evaluation of the adhesive properties of microstruc-
tures on an adherend surface. In addition, few studies have evalu-
ated the failure criteria of a composite/adhesive interface with
micro pattern structures when including fracture transition under
the mixed mode. The fracture behaviors of a CFRP/adhesive inter-
face with microstructures may change depending on the dimen-
sions of the microstructures in addition to the mixed-mode ratio.
Thus, the failure criteria for a CFRP/adhesive interface with micro-
structures have to be investigated by simultaneously considering
the effects of the mixed-mode ratio and the dimensions of the
microstructures.

With this background, we investigate the effects of the dimen-
sions of the step-shaped micro patterns and the mixed-mode ratio
on the crack resistance and fracture behaviors of a composite/
adhesive interface modified by in-mold surface modification. In
the experimental evaluation, we used single leg bending (SLB) tests
under mixed-mode ratio GII/G to obtain the crack resistance of the
CFRP/adhesive interface with microstructures with various aspect
ratios A. In addition, by observing the crack propagation of the
CFRP/adhesive with the step-shaped micro patterns, we considered
the effects of the mode ratio and aspect ratio of the step-shaped
micro patterns on the transition of the fracture behaviors and the
crack propagating resistance. Finally, the applicability of the B–K
criterion for step-shaped micro patterns surface is discussed.

2. Materials and methods

2.1. In-mold surface modification

Step-shaped micro patterns were fabricated on the CFRP surface
by in-mold surface modification following the nanoimprint lithog-
raphy procedure [28,29] used for forming a mold with micropat-
terned structures. Fig. 1 shows a schematic of the in-mold
surface modification process. First, after coating a releasing agent
(ChemTrend, Chemlease #70) on the Al mold surface, carbon/
epoxy prepregs (Mitsubishi Rayon, Pyrofil #380) were stacked on
the mold. The unidirectional ply properties have been introduced
in our previous study [10]. Second, the prepregs stacked on the
mold were pressed by a flat Al plate. A vice was used to apply pres-
sure to the two Al molds packed in a vacuum bag, and the in-mold
surface modification for composite molding was conducted in a
drying oven (Isuzu Cosmos VTN-114) under vacuum produced
using a vacuum pump (ULVAC, G-10DA). The prepregs were cured

in two steps over the glass transition temperature under a pressure
of 0.6 MPa (at 85 !C for 1 h and at 135 !C for 3 h), which allowed
the molten matrix resin to flow into the microstructures of the
mold. Finally, the microstructures were transferred to the CFRP
by demolding at room temperature.

The step-shaped micro patterns of the mold for in-mold surface
modification were manufactured on an Al plate by milling, as shown
in Fig. 2(a) and (b). Different sizes of the step-shaped micro patterns
were prepared on a single mold. Therefore, all micro patterns on the
mold can be transferred to a composite during composite molding
at the same time. Here, the carbon fibers of the surface layer with
microstructures must be oriented parallel to the step-shaped micro
patterns so that they can be transferred to the CFRP exactly. This
fiber orientation was set to avoid forming defects in the transcrip-
tion of the step-shaped micro patterns on a composite, because
the height of the step-shaped micro patterns is comparatively high.
Forming defects such as void nucleation actually occurred, as shown
in Fig. 2(c), when the fibers of the surface lamina were oriented ver-
tically to the step-shaped micro patterns on the mold. Therefore, the
transcription of the microstructures will worsen because they will
not be filled with resin. As a result, the carbon fibers on the surface
layer with microstructures are oriented at 90!, which is parallel to
the lines of the step-shaped micro patterns to distribute resin and
carbon fibers uniformly. In this study, the stacking sequence of
adherents applied to the in-mold surface modification was set to
[90/0]2S.

To distinguish the size of the step-shaped micro patterns fabri-
cated by in-mold surface modification, the aspect ratio (A) is
defined as the ratio of the step-shaped depth h to the sum of the
widths w1 and w2 (shown in Fig. 2(d)) and is expressed by Eq. (1).

A ¼ h
ðw1 þw2Þ

ð1Þ

The aspect ratio was adopted as the representative parameter of
adherends with step-shaped micro patterns, because the fracture
behaviors and fracture toughness of the adhesive interface with
the step-shaped micro pattern changes largely depending on the
aspect ratio compared with the sizes of the step-shaped micro pat-
terns [8–10]. The step-shaped depth was set to a constant value of
150 lm. In addition, the ratio of the width of a dent w1 to the width
of a bump w2 was set as 1:1, i.e., w1:w2 = 1:1, and the values of w1

and w2 were in the range of 300–600 lm. Therefore, four types of
microstructures were simultaneously fabricated on the CFRP with

Al plate

Al mold with 
microstructures

(1) Stacking

(2) Pressing & Curing

(3) Releasing of mold

Prepreg Panel/s!ffener bonding

Fabricated microstructures of 
composites on its adhesive surface

Fig. 1. Schematic illustration of in-mold surface modification by imprint lithogra-
phy for composite materials.
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same prepregs (Mitsubishi Rayon, Pyrofil #380) as in the SLB tests
were used in the DCB and ENF tests. The DCB tests were performed
based on JIS K7086 [36] with the crosshead rate set to 0.5 mm/min.
The macroscopic crack resistances of the CFRP/adhesive under
mode I were obtained by the critical load at four or five crack
locations, because the representative value of the apparent mode
I fracture toughness GIC was determined as the average of the
crack resistances under mode I [9]. In addition, to determine the

macroscopic crack resistances of the CFRP/adhesive under mode
II, ENF tests were performed with a compression rate of 1.5 mm/
min at the loading point based on JIS 7086 [36]. With repeated
loading and unloading, ENF tests were performed four or five times
by changing the location of the loading point in each test [10]. As
shown in Fig. 14(a), the experimental values of the mode I compo-
nent GIC at GII/G = 0.42, 0.61, and 0.76 were larger than GIC in pure
mode I as obtained by DCB tests. This can be seen from the mixed-
mode fracture criterion of the power law for A = 0.13, indicated by
a solid line in Fig. 14(a), which does not simulate the increasing
mode I component GIC under mixed mode. Although Yuki et al.
[39] considered the failure criterion of an Al/epoxy interface as
obtained by the power law, plots of GC were not fit to the failure
criterion curve when the fracture behavior of Al changed from
interfacial to cohesive failure. Then, some failure criteria were
described for each fracture behavior. Instead of the power law,
we have considered alternative failure criteria in this study.

To model the failure criterion of the CFRP/adhesive interface
with step-shaped micro patterns, we applied the B–K criterion
[23]. This criterion is widely applied to the interlaminar fracture
of a unidirectional, woven fabric composite and the interfacial frac-
ture of a composite/adhesive interface [19,25,40,41]. The B–K crite-
rion can be used to consider the effect of fiber bridging and
cohesive failure of fibers or matrix resin. Although the obtained
experimental fracture toughness was limited to several mode
ratios and aspect ratios of the micro patterns on CFRPs, it was
found that the B–K failure criterion can be applied to the failure
criterion of the CFRP/adhesive with step-shaped micro patterns.
This means that the fracture toughness of the CFRP/adhesive with
step-shaped micro patterns can be calculated at any mode ratio
using the aspect ratio A. Therefore, because we can design the frac-
ture toughness in advance, disassembling and recycling the adhe-
sive bonded structures can be feasible in addition to enabling
tough adhesive joints.

The mode-partitioned B–K criterion for each A value was indi-
cated by a dashed line in Fig. 14(a). In Fig. 14(b), the relationship
of GC and GII/G is shown according to each A value. The error bars
indicate the standard deviation of GC. The B–K criterion is calcu-
lated by Eq. (19).

GC P GIC þ GIIC " GICð Þ GII
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Fig. 10. (a) Microscopic image of crack propagation under mixed-mode loading of
CFRP/adhesive interface at GII/G = 0.42 for A = 0.25 and (b) schematic illustration of
failure behaviors under mixed-mode loading with partial cohesive failure of the
CFRP micro patterns from the corner of the bumps (GII/G = 0.42 for A = 0.13–0.25).
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 11. (a) Microscopic image of crack propagation of CFRP/adhesive interface
under mixed-mode ratio at GII/G = 0.61 for A = 0.25 and (b) schematic illustration of
failure behaviors under mixed-mode loading with cohesive failure of the CFRP
micro patterns from the corner of the dents (GII/G = 0.61 for A = 0.25). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 12. Microscopic image of crack propagation of CFRP/adhesive interface under
mixed-mode ratio at GII/G = 0.76: (a) A = 0.19 and (b) A = 0.25. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)
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the z-pinning process, particularly accurate insertion of the
z-pins in the orthogonal direction, swelling of the laminate
that reduces the fibre volume fraction, and fibre damage
[15,19]. Changes to the laminate microstructure during
z-pinning that degrade the mechanical performance and
durability are described in Section 3. Good quality control
and consistent reproducibility of z-pinned parts can be
achieved by fixing the ultrasonic horn to a moving gantry
system rather than manually operating the horn.

z-Pins can be inserted into prepregs using vacuum bag-
ging inside an autoclave without the need for the ultrasonic
tool. Pressure applied by the bag and autoclave can com-
press the foam carrier and thereby force the z-pins into

the prepreg [17]. However, this process is only suitable in
specific circumstances, and is not commonly used. Vaidya
et al. [20] and Mouritz et al. [21] have shown it is possible
to manufacture z-pinned laminates from non-prepreg
materials. However, more research and development into
the manufacture and processing of z-pinned laminates
using non-prepreg materials is required. In particular, the
ability to make z-pinned composites with resin infusion
processes, such as vacuum-assisted resin transfer moulding
and resin film infusion, needs further investigation.

3. Microstructure of z-pinned composites

3.1. Fibre waviness, crimp and breakage

The microstructure of laminates is changed in several
ways by z-pinning, which may have beneficial and adverse
effects on the damage tolerance and mechanical properties.
Understanding the microstructural changes is essential to
understanding the property changes to laminates caused
by z-pinning. One obvious change to the microstructure
is fibre waviness near the z-pins, as shown in Fig. 4. The
waviness occurs because the fibres, which are very thin
compared to the z-pins, are forced aside during the pinning
process [22–24]. The waviness angle (h) is greatest on the
flanks of the resin-rich region. Steeves and Fleck [24] found
that the fibres are not usually deflected symmetrically
around the pin; and instead there is an asymmetric distri-
bution of waviness angles caused by irregularities in the
z-pinning process and random pre-existing fibre waviness.
Fibre waviness alters the in-plane mechanical properties
of z-pinned laminates, as discussed later, and therefore

Fig. 3. Schematic of the UAZ! process.
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Fig. 4. Region of wavy fibres and resin-rich zones at a z-pin.
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damage tolerance and joint strength. Delamination tough-
ness is without doubt the most studied property of z-pinned
laminates [17,20,29,32–63]. A large body of theoretical and
experimental research has led to a thorough understanding
of the delamination properties and interlaminar toughen-
ing mechanisms of z-pinned laminates for the modes I, II
and mixed I/II load conditions. The only outstanding frac-
ture problem is the delamination resistance of z-pinned
laminates under mode III loading, although for most engi-
neering structures this is not an important load condition.

z-Pinning is not effective at resisting the initiation and
growth of short delamination cracks [28,35,51,63], but is
remarkably effective at resisting the propagation of long
delamination cracks (typically larger than 2–5 mm).
Numerous experimental fracture studies have shown that
z-pinning increases the interlaminar toughness of long
cracks under modes I, II and mixed I/II loads [17,32–
37,43–45,50,51,53]. For example, Fig. 10 shows improve-

ment to the apparent modes I and II delamination tough-
ness values for carbon/epoxy laminates when reinforced
with z-pins [17,50]. The apparent delamination toughness
values rise at a linear rate with the volume content of z-
pins, and the improvement to the mode I delamination
resistance is particularly impressive with the toughness
doubling for every 0.5% increase in the pin content. The
mode II delamination toughness also increases steadily
with z-pin content, although often at a slower rate than
the mode I toughness. This is because z-pins are more effec-
tive at suppressing mode I crack opening displacements
than mode II sliding displacements.

z-Pinning not only improves the delamination tough-
ness, but has the added benefit of transforming the crack
propagation from an unstable (i.e., fast fracture) to stable
process in brittle matrix laminates, which is a desirable
property in damage tolerant structures. Preliminary
research by Graftieaux et al. [34] indicates that z-pinning
is also effective at slowing the delamination crack growth
rate under mode I fatigue loading, which is an important
property because most interlaminar cracks in aircraft com-
posite structures grow due to cyclic loading. Further
research is required to determine the effects of the volume
content and diameter of z-pins on the delamination fatigue
resistance under modes I, II and mixed-mode conditions
[64].

The delamination toughening mechanisms of z-pinned
laminates have been determined by experimental observa-
tion using interlaminar fracture, lap shear, single pin pull-
out, single pin shear, and multiple pin pull-out tests
[33,36,37,50,52]. Under mode I loading the main toughen-
ing mechanisms are elastic deformation, debonding, and
frictional pullout of the z-pins. The debonding mechanism
is absent when the z-pins have already detached from the
host laminate due to cure stresses, and the two mechanisms
are then elastic stretching and pullout of the pins. Pullout
of the z-pins forms a bridging zone along the delamination
that extends many tens of millimetres behind the crack
front (Fig. 11). A large amount of strain energy is needed
to overcome the frictional resistance of the z-pins during
pullout. This generates a traction force in the bridging zone

Fig. 11. Large-scale crack bridging by z-pins.
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Fig. 10. Plots of the effect of z-pin content on the apparent modes I and II
delamination toughness of carbon/epoxy composites. Modes I and II data
from Freitas et al. [17] and Cartié [50], respectively. Modes I and II
toughness values determined by the double cantilever beam and end notch
flexure tests, respectively.
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results from standard delamination fracture tests can be used in the design and failure prediction of generic
composite sub-elements containing 3D reinforcement. A finite element model of the T-joint is combined with
a linear elastic fracture mechanics crack propagation criterion in order to predict the effect of Z-pinning on the
response to a pull-off loading of the prepreg T-joint.

2. Manufacturing techniques and materials

2.1. Z-Fiber! reinforcement

Z-pinning is best suited to the reinforcement of composite structures manufactured using the conventional
lay-up of pre-impregnated plies and cure in an autoclave. Conceptually, Z-pinning is the insertion of rigid
cured carbon fibre/BMI resin rods (Z-pins) into the laid up uncured plies, effectively ‘nailing’ the different plies
together. The raw material for the process is a double layer carrier foam containing the Z-pins arranged in an
orthogonal square array (see Fig. 1). This foam allows an accurate location of the pins over the area of the
structure to be reinforced and multiple pin insertion. It also offers enough support to prevent the pins from
buckling during the insertion process. The Z-pins are pushed through the thickness of the lay-up using a spe-
cially designed ultrasonic machine. Once inserted to the desired pin length, the next steps consist of cutting the
excess pin length and removal of the collapsed foam. Insertion, cutting and removal steps are carried out on
the curing tool after final lay-up but before the cure [1].

2.2. Tufting

Tufting is best suited for the reinforcement of dry fibre composite structures, prior to liquid resin infusion.
A hollow needle carries the thread totally through the thickness of the preform. When the needle retracts, the
thread is retained within the preform by simple friction, forming a loop (see Fig. 2). This process is simpler
than conventional stitching as it does not require the use of a second thread and does not lock the threads.
As in the case of Z-pinning, access to only one side of structure is required. However, this operation usually
cannot be performed on the infusion tool as the preform structures to be reinforced need to rest on a support
that allows the needle to pierce through and offers an additional frictional holding force to ensure uniform and
secure loop placement. Fig. 2 shows the equipment in use at Cranfield University. The T-joint to be reinforced
is supported by blocks of expanded foam. After completion of the tufting, the preform panel is transferred
into an RTM mould, infused and cured.

2.3. Materials

For both manufacturing cases, five harness satin woven fabrics made with T300 carbon fibre were used for
the manufacture of the stiffened panels. Some additional 0" fibres were used to increase the bending stiffness of

Fig. 1. Schematic of the Z-Fiber! insertion process (left) and hand held ultrasonic insertion unit (right).
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the z-pinning process, particularly accurate insertion of the
z-pins in the orthogonal direction, swelling of the laminate
that reduces the fibre volume fraction, and fibre damage
[15,19]. Changes to the laminate microstructure during
z-pinning that degrade the mechanical performance and
durability are described in Section 3. Good quality control
and consistent reproducibility of z-pinned parts can be
achieved by fixing the ultrasonic horn to a moving gantry
system rather than manually operating the horn.

z-Pins can be inserted into prepregs using vacuum bag-
ging inside an autoclave without the need for the ultrasonic
tool. Pressure applied by the bag and autoclave can com-
press the foam carrier and thereby force the z-pins into

the prepreg [17]. However, this process is only suitable in
specific circumstances, and is not commonly used. Vaidya
et al. [20] and Mouritz et al. [21] have shown it is possible
to manufacture z-pinned laminates from non-prepreg
materials. However, more research and development into
the manufacture and processing of z-pinned laminates
using non-prepreg materials is required. In particular, the
ability to make z-pinned composites with resin infusion
processes, such as vacuum-assisted resin transfer moulding
and resin film infusion, needs further investigation.

3. Microstructure of z-pinned composites

3.1. Fibre waviness, crimp and breakage

The microstructure of laminates is changed in several
ways by z-pinning, which may have beneficial and adverse
effects on the damage tolerance and mechanical properties.
Understanding the microstructural changes is essential to
understanding the property changes to laminates caused
by z-pinning. One obvious change to the microstructure
is fibre waviness near the z-pins, as shown in Fig. 4. The
waviness occurs because the fibres, which are very thin
compared to the z-pins, are forced aside during the pinning
process [22–24]. The waviness angle (h) is greatest on the
flanks of the resin-rich region. Steeves and Fleck [24] found
that the fibres are not usually deflected symmetrically
around the pin; and instead there is an asymmetric distri-
bution of waviness angles caused by irregularities in the
z-pinning process and random pre-existing fibre waviness.
Fibre waviness alters the in-plane mechanical properties
of z-pinned laminates, as discussed later, and therefore

Fig. 3. Schematic of the UAZ! process.
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Fig. 4. Region of wavy fibres and resin-rich zones at a z-pin.
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damage tolerance and joint strength. Delamination tough-
ness is without doubt the most studied property of z-pinned
laminates [17,20,29,32–63]. A large body of theoretical and
experimental research has led to a thorough understanding
of the delamination properties and interlaminar toughen-
ing mechanisms of z-pinned laminates for the modes I, II
and mixed I/II load conditions. The only outstanding frac-
ture problem is the delamination resistance of z-pinned
laminates under mode III loading, although for most engi-
neering structures this is not an important load condition.

z-Pinning is not effective at resisting the initiation and
growth of short delamination cracks [28,35,51,63], but is
remarkably effective at resisting the propagation of long
delamination cracks (typically larger than 2–5 mm).
Numerous experimental fracture studies have shown that
z-pinning increases the interlaminar toughness of long
cracks under modes I, II and mixed I/II loads [17,32–
37,43–45,50,51,53]. For example, Fig. 10 shows improve-

ment to the apparent modes I and II delamination tough-
ness values for carbon/epoxy laminates when reinforced
with z-pins [17,50]. The apparent delamination toughness
values rise at a linear rate with the volume content of z-
pins, and the improvement to the mode I delamination
resistance is particularly impressive with the toughness
doubling for every 0.5% increase in the pin content. The
mode II delamination toughness also increases steadily
with z-pin content, although often at a slower rate than
the mode I toughness. This is because z-pins are more effec-
tive at suppressing mode I crack opening displacements
than mode II sliding displacements.

z-Pinning not only improves the delamination tough-
ness, but has the added benefit of transforming the crack
propagation from an unstable (i.e., fast fracture) to stable
process in brittle matrix laminates, which is a desirable
property in damage tolerant structures. Preliminary
research by Graftieaux et al. [34] indicates that z-pinning
is also effective at slowing the delamination crack growth
rate under mode I fatigue loading, which is an important
property because most interlaminar cracks in aircraft com-
posite structures grow due to cyclic loading. Further
research is required to determine the effects of the volume
content and diameter of z-pins on the delamination fatigue
resistance under modes I, II and mixed-mode conditions
[64].

The delamination toughening mechanisms of z-pinned
laminates have been determined by experimental observa-
tion using interlaminar fracture, lap shear, single pin pull-
out, single pin shear, and multiple pin pull-out tests
[33,36,37,50,52]. Under mode I loading the main toughen-
ing mechanisms are elastic deformation, debonding, and
frictional pullout of the z-pins. The debonding mechanism
is absent when the z-pins have already detached from the
host laminate due to cure stresses, and the two mechanisms
are then elastic stretching and pullout of the pins. Pullout
of the z-pins forms a bridging zone along the delamination
that extends many tens of millimetres behind the crack
front (Fig. 11). A large amount of strain energy is needed
to overcome the frictional resistance of the z-pins during
pullout. This generates a traction force in the bridging zone

Fig. 11. Large-scale crack bridging by z-pins.
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Fig. 10. Plots of the effect of z-pin content on the apparent modes I and II
delamination toughness of carbon/epoxy composites. Modes I and II data
from Freitas et al. [17] and Cartié [50], respectively. Modes I and II
toughness values determined by the double cantilever beam and end notch
flexure tests, respectively.
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results from standard delamination fracture tests can be used in the design and failure prediction of generic
composite sub-elements containing 3D reinforcement. A finite element model of the T-joint is combined with
a linear elastic fracture mechanics crack propagation criterion in order to predict the effect of Z-pinning on the
response to a pull-off loading of the prepreg T-joint.

2. Manufacturing techniques and materials

2.1. Z-Fiber! reinforcement

Z-pinning is best suited to the reinforcement of composite structures manufactured using the conventional
lay-up of pre-impregnated plies and cure in an autoclave. Conceptually, Z-pinning is the insertion of rigid
cured carbon fibre/BMI resin rods (Z-pins) into the laid up uncured plies, effectively ‘nailing’ the different plies
together. The raw material for the process is a double layer carrier foam containing the Z-pins arranged in an
orthogonal square array (see Fig. 1). This foam allows an accurate location of the pins over the area of the
structure to be reinforced and multiple pin insertion. It also offers enough support to prevent the pins from
buckling during the insertion process. The Z-pins are pushed through the thickness of the lay-up using a spe-
cially designed ultrasonic machine. Once inserted to the desired pin length, the next steps consist of cutting the
excess pin length and removal of the collapsed foam. Insertion, cutting and removal steps are carried out on
the curing tool after final lay-up but before the cure [1].

2.2. Tufting

Tufting is best suited for the reinforcement of dry fibre composite structures, prior to liquid resin infusion.
A hollow needle carries the thread totally through the thickness of the preform. When the needle retracts, the
thread is retained within the preform by simple friction, forming a loop (see Fig. 2). This process is simpler
than conventional stitching as it does not require the use of a second thread and does not lock the threads.
As in the case of Z-pinning, access to only one side of structure is required. However, this operation usually
cannot be performed on the infusion tool as the preform structures to be reinforced need to rest on a support
that allows the needle to pierce through and offers an additional frictional holding force to ensure uniform and
secure loop placement. Fig. 2 shows the equipment in use at Cranfield University. The T-joint to be reinforced
is supported by blocks of expanded foam. After completion of the tufting, the preform panel is transferred
into an RTM mould, infused and cured.

2.3. Materials

For both manufacturing cases, five harness satin woven fabrics made with T300 carbon fibre were used for
the manufacture of the stiffened panels. Some additional 0" fibres were used to increase the bending stiffness of

Fig. 1. Schematic of the Z-Fiber! insertion process (left) and hand held ultrasonic insertion unit (right).
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Strategy #4: hybrid materials (thermoset/thermoplastics)

microfibers (700–1000 nm fibre diameter) rather than nanofibres
(400–700 nm fibre diameter) as used in Panel 8. Panel 9 consisted
of a PA66 veil containing silver nanoparticles (nano-scale AgNO3

precipitates) distributed throughout the polymer nanofibres.
After the layup, panels were cured in a vacuum bag within an

autoclave using a stepped cure cycle with a dwell step of 80 !C
for 60 min followed by a cure temperature of 120 !C for 90 min.
A full vacuum and an autoclave pressure of 3.5 bar were main-
tained during curing of the panels. Test specimens were cut from
the cured panels by means of water jet cutting. Cured panel thick-
nesses were found to be approximately 3.6 mm for all panels. SEM
Images of transverse sections of typical laminates interleaved with
PA66 nanofibre veils are provided in Fig. 2(a)–(c). It can be seen in
the images that the thermoplastic nanofibres are not visible in the
matrix resin at these magnifications and the interlayer regions
increased slightly in thickness when the veil areal weights were
increased. Typical interlayer thicknesses of 28 lm, 34 lm and
50 lm were observed for laminates interleaved with PA66 veils
of 1.5 g/m2, 4.5 g/m2 and 9 g/m2, respectively. The interlayer thick-
ness increases associated with increasing the veil areal weight
were thought to have had a negligible effect on cured laminate
thickness. Another observation from Fig. 2 is that the toughened
interlayers appear homogenous and do not show any evidence of
voids. These veils are made from PA66 which is considered some-
what hygroscopic, and it is thought that any water absorbed into
the PA66 would vaporise during the cure process resulting in void
formation in the resin. This does not appear to have occurred, and
it seems as though the amount of water introduced into the

laminate by means of the PA66 veils is insufficient to cause visible
void formation.

Double Cantilever Beam (DCB) test specimens (Fig. 3) were pre-
pared from the cured laminate panels in accordance with ASTM D
5528 [19] using the following dimensions: width b = 20 mm, nom-
inal thickness h = 3.7 mm, and initial crack length ao = 50 mm . The
piano hinges (used to hold the specimens in the jaws of the test
machine) and the specimen outer surfaces were scuffed to assist
adhesion and were bonded together under pressure using a cyano-
acrylate adhesive. The artificial crack ends (insert end) were
located and marked on the sides of each specimen. White correc-
tion fluid was then applied to one side of each specimen and
1 mm interval markings were then made from the start of the
insert film up to a distance of 50 mm.

End Notch Flexure (ENF) test specimens (Fig. 4) were prepared
using the following dimensions: width b = 20 mm, nominal thick-
ness 2h = 3.7 mm, and initial crack length ao = 40 mm. The half
span length, L, was 50 mm. The end of the insert was located and
a mark was made on one side of the specimen at distance
a0 = 40 mm from the insert end. Additional marks were made on
the specimen at distances of +10 mm and !10 mm from this mark
to use as guides for positioning the specimen in relation to the sup-
ports during compliance calibration loadings.

2.4. Double Cantilever Beam test

Double Cantilever Beam tests were performed using an Instron
33R4204 universal test machine fitted with a 5 kN load cell, and
the method used was based on the ASTM D 5528 standard test
method [19]. Four control specimens were tested, and three spec-
imens were tested for each type of nanofibre veil. Test specimens
were clamped in the jaws of the test machine via the bonded piano
hinges, and specimens were loaded at a rate of 1 mm/min whilst
the load–displacement data was recorded. Each specimen was ini-
tially loaded to the point of failure, and the crack was allowed to
propagate a short distance (generally around 3–5 mm) before the
specimen was unloaded. The load and displacement at which the
straight line part of the load–displacement plot starts to deviate
were recorded for the first loading, and these values were used

Table 1
Polymer solutions and nanofibre diameters.

Nanofibre
polymer

Polymer/solvent solution (% w/
w)

Fibre diameters
(nm)

PA66 15% PA66 + 68% FA + 17% AA 150–300
PVB 10% PVB + 90% ETH 400–700
PVB 10% PVB + 85% ETH 700–1000
PCL 13% PCL + 70% FA + 17% AA 150–300
PES 20% PES + 80% DMA 150–300
PAI 15% PAI + 77%DMA + 8%DMF 150–300

Fig. 1. Scanning electron micrographs of electrospun nanofibre veils: (a) PA66, (b) PVB, (c) PCL, (d) PES, and (e) PAI.

Table 2
Test panels and interleaving veils.

Panel number Carbon fibre volume fraction (%) Veil polymer Veil areal weight (g/m2) Comments

1 54.9 Control – Non-interleaved
2 55.2 PA66 1.5 1 ply veil
3 55.1 PA66 4.5 3 ply veil
4 55.1 PA66 9 6 ply veil
5 54.5 PA66 and PVB 9 6 ply veil, alternating layers of PA66 nanofibres and PVB microfibres
6 53.9 PA66 and PVB 9 6 ply veil, PA66 nanofibres in core, PVB micro fibres on outside
7 55.1 PVB 4.5 1 ply veil, microfibres
8 55.2 PVB 4.3 2 ply veil, nanofibres
9 54.9 PA66 + AgNO3 3.8 3 ply veil

10 55.1 PCL 4.2 2 ply veil
11 55.4 PES 3.6 2 ply veil
12 54.8 PAI 4.1 3 ply veil
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to determine the onset Mode I failure at the insert, (GIc-onset Insert).
Thereafter, without removal from the test machine jaws, the spec-
imen was reloaded until a final delamination length of 50 mm was
reached. The load and displacement at which the straight line part
of the plot starts to deviate were recorded for the second loading,
and these values were used to determine the onset Mode I failure
after the specimen had been pre-cracked, (GIc-onset Pre-crack). As the
crack propagated past each mark on the side of the specimen
(Fig. 5), the load and displacement from the test machine were
recorded so that the propagation ILFT could be calculated at each
point. The Mode I propagation ILFT, (GIc-Prop), was then determined
by taking the average of these points.

The Modified Beam Theory data reduction method as stated in
the ASTM standard [19] was used to calculate the values for
‘‘GIc-onset Insert’’, ‘‘GIc-onset Pre-crack’’ and ‘‘GIc-Prop’’ using Eq. (1):

GI ¼
3Pd

2bðaþ jDjÞ
ð1Þ

where GI is the Mode I interlaminar fracture toughness, P is the
applied load, d is the load point displacement, b is the specimen
width, a is the delamination length (crack length), D is a value that
is determined experimentally by generating a least squares plot of
the cube root of compliance (C1/3) as a function of delamination
length.

2.5. End Notch Flexure test

End Notch Flexure tests were performed using an Instron
33R4204 universal test machine fitted with a 5 kN load cell. Six
control specimens were tested, and five specimens were tested
for each type of nanofibre veil. Specimens were not pre-cracked
prior to testing. The method is based on previous work done by
O’Brien et al. [20] and Zhu et al. [21] using a 3-point bend fixture

Fig. 2. Scanning electron micrographs of laminate cross sections showing inter-
layers reinforced with: (a) 1.5 g/m2 PA66 veil, (b) 4.5 g/m2 PA66 veil, and (c) 9 g/m2

PA66 veil. Interlayer positions are indicated with an arrow.

Fig. 3. Double Cantilever Beam (DCB) specimen.

Fig. 4. End-Notched Flexure (ENF) specimen.

Fig. 5. Double Cantilever Beam test showing specimen markings and crack
propagation. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

14 G.W. Beckermann, K.L. Pickering / Composites: Part A 72 (2015) 11–21

PA66 nanofibers

Mechanics of
Composites
for Energy 
and Mobility



Introduction and motivation 
Literature on crack arrest features

Löbel, T., et al. "A hybrid bondline concept for bonded composite joints." 
International Journal of Adhesion and Adhesives 68 (2016): 229-238.

Beckermann, G. And Pickering, K. “…fracture toughness of composite 
laminated interleaved with electrospun nanofibre veils…”, Composites: 

Part A, 72 (2015): 11-21.

Strategy #4: hybrid materials (thermoset/thermoplastics)

microfibers (700–1000 nm fibre diameter) rather than nanofibres
(400–700 nm fibre diameter) as used in Panel 8. Panel 9 consisted
of a PA66 veil containing silver nanoparticles (nano-scale AgNO3

precipitates) distributed throughout the polymer nanofibres.
After the layup, panels were cured in a vacuum bag within an

autoclave using a stepped cure cycle with a dwell step of 80 !C
for 60 min followed by a cure temperature of 120 !C for 90 min.
A full vacuum and an autoclave pressure of 3.5 bar were main-
tained during curing of the panels. Test specimens were cut from
the cured panels by means of water jet cutting. Cured panel thick-
nesses were found to be approximately 3.6 mm for all panels. SEM
Images of transverse sections of typical laminates interleaved with
PA66 nanofibre veils are provided in Fig. 2(a)–(c). It can be seen in
the images that the thermoplastic nanofibres are not visible in the
matrix resin at these magnifications and the interlayer regions
increased slightly in thickness when the veil areal weights were
increased. Typical interlayer thicknesses of 28 lm, 34 lm and
50 lm were observed for laminates interleaved with PA66 veils
of 1.5 g/m2, 4.5 g/m2 and 9 g/m2, respectively. The interlayer thick-
ness increases associated with increasing the veil areal weight
were thought to have had a negligible effect on cured laminate
thickness. Another observation from Fig. 2 is that the toughened
interlayers appear homogenous and do not show any evidence of
voids. These veils are made from PA66 which is considered some-
what hygroscopic, and it is thought that any water absorbed into
the PA66 would vaporise during the cure process resulting in void
formation in the resin. This does not appear to have occurred, and
it seems as though the amount of water introduced into the

laminate by means of the PA66 veils is insufficient to cause visible
void formation.

Double Cantilever Beam (DCB) test specimens (Fig. 3) were pre-
pared from the cured laminate panels in accordance with ASTM D
5528 [19] using the following dimensions: width b = 20 mm, nom-
inal thickness h = 3.7 mm, and initial crack length ao = 50 mm . The
piano hinges (used to hold the specimens in the jaws of the test
machine) and the specimen outer surfaces were scuffed to assist
adhesion and were bonded together under pressure using a cyano-
acrylate adhesive. The artificial crack ends (insert end) were
located and marked on the sides of each specimen. White correc-
tion fluid was then applied to one side of each specimen and
1 mm interval markings were then made from the start of the
insert film up to a distance of 50 mm.

End Notch Flexure (ENF) test specimens (Fig. 4) were prepared
using the following dimensions: width b = 20 mm, nominal thick-
ness 2h = 3.7 mm, and initial crack length ao = 40 mm. The half
span length, L, was 50 mm. The end of the insert was located and
a mark was made on one side of the specimen at distance
a0 = 40 mm from the insert end. Additional marks were made on
the specimen at distances of +10 mm and !10 mm from this mark
to use as guides for positioning the specimen in relation to the sup-
ports during compliance calibration loadings.

2.4. Double Cantilever Beam test

Double Cantilever Beam tests were performed using an Instron
33R4204 universal test machine fitted with a 5 kN load cell, and
the method used was based on the ASTM D 5528 standard test
method [19]. Four control specimens were tested, and three spec-
imens were tested for each type of nanofibre veil. Test specimens
were clamped in the jaws of the test machine via the bonded piano
hinges, and specimens were loaded at a rate of 1 mm/min whilst
the load–displacement data was recorded. Each specimen was ini-
tially loaded to the point of failure, and the crack was allowed to
propagate a short distance (generally around 3–5 mm) before the
specimen was unloaded. The load and displacement at which the
straight line part of the load–displacement plot starts to deviate
were recorded for the first loading, and these values were used

Table 1
Polymer solutions and nanofibre diameters.

Nanofibre
polymer

Polymer/solvent solution (% w/
w)

Fibre diameters
(nm)

PA66 15% PA66 + 68% FA + 17% AA 150–300
PVB 10% PVB + 90% ETH 400–700
PVB 10% PVB + 85% ETH 700–1000
PCL 13% PCL + 70% FA + 17% AA 150–300
PES 20% PES + 80% DMA 150–300
PAI 15% PAI + 77%DMA + 8%DMF 150–300

Fig. 1. Scanning electron micrographs of electrospun nanofibre veils: (a) PA66, (b) PVB, (c) PCL, (d) PES, and (e) PAI.

Table 2
Test panels and interleaving veils.

Panel number Carbon fibre volume fraction (%) Veil polymer Veil areal weight (g/m2) Comments

1 54.9 Control – Non-interleaved
2 55.2 PA66 1.5 1 ply veil
3 55.1 PA66 4.5 3 ply veil
4 55.1 PA66 9 6 ply veil
5 54.5 PA66 and PVB 9 6 ply veil, alternating layers of PA66 nanofibres and PVB microfibres
6 53.9 PA66 and PVB 9 6 ply veil, PA66 nanofibres in core, PVB micro fibres on outside
7 55.1 PVB 4.5 1 ply veil, microfibres
8 55.2 PVB 4.3 2 ply veil, nanofibres
9 54.9 PA66 + AgNO3 3.8 3 ply veil

10 55.1 PCL 4.2 2 ply veil
11 55.4 PES 3.6 2 ply veil
12 54.8 PAI 4.1 3 ply veil
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to determine the onset Mode I failure at the insert, (GIc-onset Insert).
Thereafter, without removal from the test machine jaws, the spec-
imen was reloaded until a final delamination length of 50 mm was
reached. The load and displacement at which the straight line part
of the plot starts to deviate were recorded for the second loading,
and these values were used to determine the onset Mode I failure
after the specimen had been pre-cracked, (GIc-onset Pre-crack). As the
crack propagated past each mark on the side of the specimen
(Fig. 5), the load and displacement from the test machine were
recorded so that the propagation ILFT could be calculated at each
point. The Mode I propagation ILFT, (GIc-Prop), was then determined
by taking the average of these points.

The Modified Beam Theory data reduction method as stated in
the ASTM standard [19] was used to calculate the values for
‘‘GIc-onset Insert’’, ‘‘GIc-onset Pre-crack’’ and ‘‘GIc-Prop’’ using Eq. (1):

GI ¼
3Pd

2bðaþ jDjÞ
ð1Þ

where GI is the Mode I interlaminar fracture toughness, P is the
applied load, d is the load point displacement, b is the specimen
width, a is the delamination length (crack length), D is a value that
is determined experimentally by generating a least squares plot of
the cube root of compliance (C1/3) as a function of delamination
length.

2.5. End Notch Flexure test

End Notch Flexure tests were performed using an Instron
33R4204 universal test machine fitted with a 5 kN load cell. Six
control specimens were tested, and five specimens were tested
for each type of nanofibre veil. Specimens were not pre-cracked
prior to testing. The method is based on previous work done by
O’Brien et al. [20] and Zhu et al. [21] using a 3-point bend fixture

Fig. 2. Scanning electron micrographs of laminate cross sections showing inter-
layers reinforced with: (a) 1.5 g/m2 PA66 veil, (b) 4.5 g/m2 PA66 veil, and (c) 9 g/m2

PA66 veil. Interlayer positions are indicated with an arrow.

Fig. 3. Double Cantilever Beam (DCB) specimen.

Fig. 4. End-Notched Flexure (ENF) specimen.

Fig. 5. Double Cantilever Beam test showing specimen markings and crack
propagation. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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propagation Gc decreases, whereas the transverse crack density stabi-
lizes. Noted that the large increase in Gc, more than 60% between its
minimum and maximum values, is expected to play a major role in the
propagation of macroscopic delamination. Therefore, understanding
this coupling mechanism between in-plane loading and delamination
properties is key for designing accurate predictive modeling tools. The
parabolic trend in the propagation Gc was unexpected and we present in
the following sections a possible explanation based on the competition
between the transverse-cracking-induced fiber bridging and transverse-
cracking-induced local delamination.

3.2. Analysis of the side-view morphology

We investigated the fracture morphology of DCB samples from the
side view using an optical microscope to understand the cause of this
parabolic evolution of Gc as described above. Fig. 5(a)–(c) show the side
view of a representative sample selected from various in-plane strain
levels (i.e., 0%, 0.4%, and 0.8%). It shows that various fracture modes
may occur for different in-plane strain levels. For example, in samples

with a low in-plane strain level (i.e. below 0.2%), the delamination
crack propagates along with the 0/90 interface, leaving a smooth
fracture surface. There was no migration observed during the delami-
nation process. We observed limited transverse and °0 bridging. Here
we defined a transverse bridging as fibers connecting upper and lower
surface in a °90 (transverse to loading) direction.

For samples with an in-plane strain of 0.4%, there were several mi-
grations observed during the delamination propagation due to the in-
itiation of transverse cracks introduced during the tensile tests. Such
bridging is probably due to the transverse cracks, introduced in °90
plies, which promote random strength (defect) distributions. This opens
possibilities to form bridging, which results in an increase of Gc.

At higher in-plane strain levels (from 0.4% to 1.0%), the density of
transverse cracks increases dramatically, and thus, the spacing between
the two adjacent transverse cracks becomes smaller. More migration
attempts and random damage are introduced, which finally resulted in
more opportunities to form transverse bridging. Thus the propagation
Gc increases with the growth of transverse crack density. With a further
increase of the in-plane strain (above 1.0%), the transverse crack density

Fig. 9. Different angles to show the transverse bridging of sample W20S0.8#3. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 10. Original P – δ curve of two representative samples with in-plane strain of 0% and 0.8%. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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properties of laminated composites “, Composites: Part A, (131), 2020, 105783
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propagation Gc decreases, whereas the transverse crack density stabi-
lizes. Noted that the large increase in Gc, more than 60% between its
minimum and maximum values, is expected to play a major role in the
propagation of macroscopic delamination. Therefore, understanding
this coupling mechanism between in-plane loading and delamination
properties is key for designing accurate predictive modeling tools. The
parabolic trend in the propagation Gc was unexpected and we present in
the following sections a possible explanation based on the competition
between the transverse-cracking-induced fiber bridging and transverse-
cracking-induced local delamination.

3.2. Analysis of the side-view morphology

We investigated the fracture morphology of DCB samples from the
side view using an optical microscope to understand the cause of this
parabolic evolution of Gc as described above. Fig. 5(a)–(c) show the side
view of a representative sample selected from various in-plane strain
levels (i.e., 0%, 0.4%, and 0.8%). It shows that various fracture modes
may occur for different in-plane strain levels. For example, in samples

with a low in-plane strain level (i.e. below 0.2%), the delamination
crack propagates along with the 0/90 interface, leaving a smooth
fracture surface. There was no migration observed during the delami-
nation process. We observed limited transverse and °0 bridging. Here
we defined a transverse bridging as fibers connecting upper and lower
surface in a °90 (transverse to loading) direction.

For samples with an in-plane strain of 0.4%, there were several mi-
grations observed during the delamination propagation due to the in-
itiation of transverse cracks introduced during the tensile tests. Such
bridging is probably due to the transverse cracks, introduced in °90
plies, which promote random strength (defect) distributions. This opens
possibilities to form bridging, which results in an increase of Gc.

At higher in-plane strain levels (from 0.4% to 1.0%), the density of
transverse cracks increases dramatically, and thus, the spacing between
the two adjacent transverse cracks becomes smaller. More migration
attempts and random damage are introduced, which finally resulted in
more opportunities to form transverse bridging. Thus the propagation
Gc increases with the growth of transverse crack density. With a further
increase of the in-plane strain (above 1.0%), the transverse crack density

Fig. 9. Different angles to show the transverse bridging of sample W20S0.8#3. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 10. Original P – δ curve of two representative samples with in-plane strain of 0% and 0.8%. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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(example: copper) Metal to CFRP CFRP to CFRP

Laser irradiation: promising ecological alternative/suited to industrial automation

• large amount of energy over short time scale and spatially confined region

• fast and controllable processing 

• infrared-range light source
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Fig 2

atomic % concentration % of functional 
groups

Treatment C O Si C-O 
alkoxy

C=O 
carbonyl

O-C=O 
carboxyl

PP 75.46 16.50 1.40 25.34 8.58 10.01

T 71.14 16.60 3.74 44.46 3.08 1.50

SB 76.38 16.68 0.74 51.32 0.94 2.39
L1 73.98 14.24 1.24 45.96 2.12 5.35

L2 82.98 12.34 0.36 52.90 4.11 7.97

Figure 2: Atomic concentration of elements and concentration of polar groups as obtained

from XPS analyses. PP : peel-ply; T : Teflon; L1: laser irradiation at Fp = 1.2 J/cm2
; SB:

sandblasting; and L2: laser irradiation at Fp = 3.6 J/cm2
.
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(1) Removal of Silicon contaminant originating from technical fabrics

Fig 6
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Figure 6: Optical observations of fracture surfaces and experimental fracture toughness de-

termined from the DCB tests as a function of the atomic concentration of Si. Concentration

of total polar functional groups (C-O, C=O, and O-C=O) are shown in the brackets. Crack

propagation is from left to right.
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• 2D DCB joints are simulated using two layers of ABAQUS built-in cohesive elements 

• Arrest features with different properties are investigated to understand how ligaments are created

190 mm60 mm

a0=50 mm

4.
1 

m
m

adhesive layer (thickness: 100 µm)

y

z

x

cohesive layer (thickness: 0.1 µm)

adhesive layer

interface

interface

substrate

substrate

gb10 mm

K

arrest interfacenominal interface

K

�
<latexit sha1_base64="nhdLYs8ym8QzpSQf67O+Ng4IYIM=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGC/YA2lM1m067dbMLuRCih/8GLB0W8+n+8+W/ctjlo64OBx3szzMwLUikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3A2q4FIq3UKDk3VRzGgeSd4Lx7czvPHFtRKIecJJyP6ZDJSLBKFqp3Q+5RDqoVN2aOwdZJV5BqlCgOah89cOEZTFXyCQ1pue5Kfo51SiY5NNyPzM8pWxMh7xnqaIxN34+v3ZKzq0SkijRthSSufp7IqexMZM4sJ0xxZFZ9mbif14vw+jGz4VKM+SKLRZFmSSYkNnrJBSaM5QTSyjTwt5K2IhqytAGVLYheMsvr5J2veZd1ur3V9WGW8RRglM4gwvw4BoacAdNaAGDR3iGV3hzEufFeXc+Fq1rTjFzAn/gfP4AjXCPDg==</latexit> �

<latexit sha1_base64="nhdLYs8ym8QzpSQf67O+Ng4IYIM=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGC/YA2lM1m067dbMLuRCih/8GLB0W8+n+8+W/ctjlo64OBx3szzMwLUikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3A2q4FIq3UKDk3VRzGgeSd4Lx7czvPHFtRKIecJJyP6ZDJSLBKFqp3Q+5RDqoVN2aOwdZJV5BqlCgOah89cOEZTFXyCQ1pue5Kfo51SiY5NNyPzM8pWxMh7xnqaIxN34+v3ZKzq0SkijRthSSufp7IqexMZM4sJ0xxZFZ9mbif14vw+jGz4VKM+SKLRZFmSSYkNnrJBSaM5QTSyjTwt5K2IhqytAGVLYheMsvr5J2veZd1ur3V9WGW8RRglM4gwvw4BoacAdNaAGDR3iGV3hzEufFeXc+Fq1rTjFzAn/gfP4AjXCPDg==</latexit>

G0
<latexit sha1_base64="TS1CM7Q83TdM8wIAAVarWm+SM9A=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCBz1WtB/QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfjm5nffkKleSwfzSRBP6JDyUPOqLHSw23f7ZcrbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwms/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdKqVb2Lau3+slJ38ziKcAKncA4eXEEd7qABTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QO7W41g</latexit>

Ga
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<latexit sha1_base64="F64lrjTBBkciWiq7Z2rvaAiWxhk=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHgxWME84BkCb2T2WTIzOw6MyuEkJ/w4kERr/6ON//GSbIHTSxoKKq66e6KUsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TZJpyho0EYluR2iY4Io1LLeCtVPNUEaCtaLR7cxvPTFteKIe7DhlocSB4jGnaJ3U7ho+kNjze6WyX/HnIKskyEkZctR7pa9uP6GZZMpSgcZ0Aj+14QS15VSwabGbGZYiHeGAdRxVKJkJJ/N7p+TcKX0SJ9qVsmSu/p6YoDRmLCPXKdEOzbI3E//zOpmNb8IJV2lmmaKLRXEmiE3I7HnS55pRK8aOINXc3UroEDVS6yIquhCC5ZdXSbNaCS4r1furcs3P4yjAKZzBBQRwDTW4gzo0gIKAZ3iFN+/Re/HevY9F65qXz5zAH3ifP8Alj7g=</latexit>
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<latexit sha1_base64="p1YgQDiubeCmt/a38potstndtZs=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHgxWME84BkCb2T2WTIzOw6MyuEkJ/w4kERr/6ON//GSbIHTSxoKKq66e6KUsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TZJpyho0EYluR2iY4Io1LLeCtVPNUEaCtaLR7cxvPTFteKIe7DhlocSB4jGnaJ3U7ho+kNjDXqnsV/w5yCoJclKGHPVe6avbT2gmmbJUoDGdwE9tOEFtORVsWuxmhqVIRzhgHUcVSmbCyfzeKTl3Sp/EiXalLJmrvycmKI0Zy8h1SrRDs+zNxP+8Tmbjm3DCVZpZpuhiUZwJYhMye570uWbUirEjSDV3txI6RI3UuoiKLoRg+eVV0qxWgstK9f6qXPPzOApwCmdwAQFcQw3uoA4NoCDgGV7hzXv0Xrx372PRuublMyfwB97nDwp4j+k=</latexit>
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Objective: to understand how contrast in interface properties can trigger ligaments

Simulating a crack-arrest feature 
Heterogeneous interface properties

Mechanics of
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and Mobility
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Case 1: crack stayed on the bottom interface and no ligament was triggered

Typical responses 
Depending on interface and ligament properties…
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Typical responses 
Depending on interface and ligament properties…

Case 2a: transition of delaminated interfaces but non-broken ligament
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Typical responses 
Depending on interface and ligament properties…

Case 2a: transition of delaminated interfaces but non-broken ligament
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- adhesive ligament detached from the arrest interface

- ligament was not break during the whole process

- after point 5, both two interfaces detached, and thus dissipated energy approached 2G0
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<latexit sha1_base64="IUapU9tD9uid6Cg+ukyrPO9Kpig=">AAAB63icbVBNSwMxEJ31s9avqkcvwSJ4Ktkq6LHgQY8V7Ae0S8mm2TY0yS5JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvTAQ3FuNvb219Y3Nru7RT3t3bPzisHB23TZxqylo0FrHuhsQwwRVrWW4F6yaaERkK1gknt7nfeWLa8Fg92mnCAklGikecEptL9bsBHlSquIbnQKvEL0gVCjQHla/+MKapZMpSQYzp+TixQUa05VSwWbmfGpYQOiEj1nNUEclMkM1vnaFzpwxRFGtXyqK5+nsiI9KYqQxdpyR2bJa9XPzP66U2ugkyrpLUMkUXi6JUIBuj/HE05JpRK6aOEKq5uxXRMdGEWhdP2YXgL7+8Str1mn9Zqz9cVRu4iKMEp3AGF+DDNTTgHprQAgpjeIZXePOk9+K9ex+L1jWvmDmBP/A+fwAssI2c</latexit>
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<latexit sha1_base64="EIL74mhD1+aNT05g0fa7/nzF5LI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCBz1WtB/QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfjm5nffkKleSwfzSRBP6JDyUPOqLHSw22f9ssVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmnVqt5FtXZ/Wam7eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AEFro2R</latexit>
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<latexit sha1_base64="EIL74mhD1+aNT05g0fa7/nzF5LI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCBz1WtB/QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfjm5nffkKleSwfzSRBP6JDyUPOqLHSw22f9ssVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmnVqt5FtXZ/Wam7eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AEFro2R</latexit>
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<latexit sha1_base64="IUapU9tD9uid6Cg+ukyrPO9Kpig=">AAAB63icbVBNSwMxEJ31s9avqkcvwSJ4Ktkq6LHgQY8V7Ae0S8mm2TY0yS5JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvTAQ3FuNvb219Y3Nru7RT3t3bPzisHB23TZxqylo0FrHuhsQwwRVrWW4F6yaaERkK1gknt7nfeWLa8Fg92mnCAklGikecEptL9bsBHlSquIbnQKvEL0gVCjQHla/+MKapZMpSQYzp+TixQUa05VSwWbmfGpYQOiEj1nNUEclMkM1vnaFzpwxRFGtXyqK5+nsiI9KYqQxdpyR2bJa9XPzP66U2ugkyrpLUMkUXi6JUIBuj/HE05JpRK6aOEKq5uxXRMdGEWhdP2YXgL7+8Str1mn9Zqz9cVRu4iKMEp3AGF+DDNTTgHprQAgpjeIZXePOk9+K9ex+L1jWvmDmBP/A+fwAssI2c</latexit>
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Typical responses 
Depending on interface and ligament properties…

Case 2a: transition of delaminated interfaces but non-broken ligament
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- adhesive ligament propagated back along the top interface before point 4

- after point 5, ligament broke and the delamination occurred on the top interface
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<latexit sha1_base64="EIL74mhD1+aNT05g0fa7/nzF5LI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCBz1WtB/QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfjm5nffkKleSwfzSRBP6JDyUPOqLHSw22f9ssVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmnVqt5FtXZ/Wam7eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AEFro2R</latexit>
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- DCB tests with the surface patterning clearly showed the triggering of adhesive ligaments

- The enhancement was more than three times when adhesive ligament was triggered
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Experimental investigations   
Mode II Results
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Considering Irwin-Keis relation, Eq. (4), the relation between GII
and ae can be expressed as:
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2.6. Damage identification method

We used the X-ray micro-computed tomography (µ-CT) system
(Nikon X-TEK XT-H225) to identify internal damage modes in the tested
specimen. Since the two adherends of the specimen were not entirely
separated after the test, a 2 mm thick wedge was inserted into the initial
crack area to improve damage visualization. The parameters set in µ-CT
system were 60 kV voltage, 100 µA intensity, 250 ms exposure time,
11.27 µm voxel size and 26 mm field of view. In all inspected speci-
mens, the machine acquired 2500 projections during the 360° rotation.
We reconstructed the images using CT Pro 3D and then analyzed the
images using Avizo software.

3. Results

3.1. Surface characteristics of patterned adherend

Fig. 3(a) shows the surface characteristics of the interface with two
alternating treatments of LA and LC. The width of the LC-treated strip is
5 mm, while the gap between the two LC-treated adherends is also
5 mm. FE-SEM on the right shows that the LC-treated strip maintains
the morphology of peel ply. The slight removal of epoxy showing bare
fibers (see yellow circles) helps to improve the bonding between the
adherend and adhesive. On the other hand, the LA-treated strip exhibits
a full removal of the epoxy from the surface and bare fibers. The surface
roughness of LC and the transition stage between LA and LC is shown in
Fig. 3(b). The LC-treated area shows local peaks with an average am-
plitude of 33 µm. The LA-treated area displays a smooth surface with an
average roughness of 8 µm due to the removal of the epoxy. The depth
difference (as indicated in Fig. 3(b)) between LA- and LC-treated
roughness is around 40 µm.

3.2. ENF test results

Fig. 4 shows an example of load-displacement ( −P δ), effective
crack length-displacement ( −a δe ) and mode II fracture toughness-
crack length (GII -ae) behavior (R-curve) of LA-T008 sample obtained
using the SBT and TBT methods to highlight some characteristics of the
data reduction methods. Fig. 4(a) shows that the SBT method generally
produces slightly higher ae than the TBT method at the same dis-
placement level. Such a difference is originated from the method of
defining compliance, and eventually ae. In the SBT methods, C keeps
changing at each increment, while ae is computed substituting C into
Eq. (2). However, the TBT method defines a crack initiation when C is
larger than C0; in this case, C0 is equal to 1/122 mm/N (inverse of the
linear fitting slope in Fig. 4(a)). C0 is determined by linear fitting of the
elastic loading part of −P δ curve, as shown in Fig. 4(a).

Notably, the ae computed using both methods is always larger than
the real crack length. This is due to nonlinear deformation of the ad-
hesive layer before the crack starts to propagate [34]. The nonlinear
deformation dissipates some energy due to plasticity, which is taken
into account in both methods to calculate the hypothetical crack [34].
Nonetheless, the R-curve computed using both methods shown in
Fig. 4(b) is similar. Two main features can be extracted from this figure:
the initiation and propagation fracture toughness, GIIi and GIIc, respec-
tively. The initiation fracture toughness is the fracture toughness at the
initial crack length, 40 mm. The fracture toughness increases with in-
creasing crack length until a fairly constant value is achieved, at which
the GIIc is defined.

Fig. 5(a, c, e) shows −P δ obtained from ENF specimens with
0.8 mm adhesive thickness (LA-T008, LC-T008, P500-T008). Fig. 5(b, d,
f) shows their corresponding R-curves, which feature a good repeat-
ability. A summary of the maximum load, Pmax, and fracture tough-
nesses, GIIi and GIIc, computed using the SBT and TBT methods is shown

Table 4
Summary of maximum load, Pmax , and fracture toughness, GIIi and GIIc for all the tested joints. Note: GIIc of LC-T008 could not be obtained since the crack propagated
very quickly causing catastrophic failure.

Label Pmax(N) GIIi (N/mm) GIIc (N/mm)

SBT TBT SBT TBT

LA-T008 1256 ± 55 0.81 ± 0.15 0.55 ± 0.19 8.82 ± 0.81 8.34 ± 0.43
LA-T002 737 ± 68 0.41 ± 0.22 0.35 ± 0.25 2.49 ± 0.30 2.39 ± 0.21
LC-T008 1312 ± 21 1.05 ± 0.24 0.87 ± 0.17 – –
P250-T008 1345 ± 92 0.71 ± 0.13 0.63 ± 0.35 10.92 ± 0.55 10.64 ± 0.52
P500-T008 1443 ± 76 0.45 ± 0.21 0.58 ± 0.27 11.29 ± 0.76 11.28 ± 1.12
P1000-T008 1560 ± 47 1.02± 0.09 0.84 ± 0.15 14.1 ± 0.40 13.8 ± 0.84
P500-T002 806 ± 87 0.91 ± 0.35 0.84 ± 0.18 3.11 ± 0.44 2.84 ± 0.39

Fig. 6. −P δ curves representative samples of LA-T008 and P500-T008 con-
figurations. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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different width of LC treatment, B= 2.5, 5.0 and 10.0 mm. We kept the
distance between LC treatment in upper and lower adherends constant
of 5 mm, as shown in Fig. 1.

The main parameter guiding the efficiency of the laser irradiation
process is the pulse fluence (Fp):
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where Ip is the laser irradiance, tp is the laser pulse duration, v is the
traveling speed, PPI represents the number of pulses per inch, =f v PPI·
is the pulse frequency, Wave is the average pulse power, and =A πd /4s 2

is the spot size of the laser. Previous investigations have revealed that
the surface morphology and energy varies for different pulse fluence
and frequency [24,23]. In the present work, we kept the traveling speed
and the number of pulses per inch constant at, =v 500 mm/s and=PPI 1000, respectively. The focal distance was optimized so that the
resulting laser spot diameter d was 200 µm.

2.3. Surface characterization methods

We measured the surface roughness of adherends after laser treat-
ments along the fiber direction using a surface profilometer (Dektak
150 Surface Profiler, Veeco, New York, USA) with a 5 µm-diameter
stylus probe. The probing location for the roughness measurement
covered LA-treated, LC-treated and LC-LA transition areas. We per-
formed five measurements for each spot with 9 mm gauge length and
0.1667 µm/point resolution. We used a Field Emission Scanning
Electron Microscope (FE-SEM) model Quanta 600 (FEI) with secondary
electrons to inspect the surface morphology of the adherend after laser
treatments. Prior to SEM observation, the adherend surface was sput-
tered with Au/Pt layer.

2.4. ENF test

We performed the end-notch flexure (ENF) test based on ASTM
D7905 to obtain the mode II interlaminar fracture toughness of the
secondary bonded joints. Fig. 2 shows the ENF test setup and schematic
representation of the sample under concentrated load P. We used a
three-point bending fixture with 10 mm diameter support and 10 mm

Table 2
CO2 laser processing parameters used for laser cleaning (LC) and laser ablation
(LA).

Parameters Surface pretreatments

LC LA

Laser wavelength (µm) 10.6 10.6
Focal distance (mm) 50 50
Spot diameter (µm) 200 200
Laser speed (mm/s) 500 500
Pulse frequency (kHz) 20 20
Processing gas (–) Air Air
Average power (W) 7.5 22.5
Pulse fluence (J/cm2) 1.2 3.6

Fig. 1. Schematic representation of the bonded joint with the proposed laser
patterning. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 2. Experimental test (a) setupand (b) schematic representation of ENF specimen and test geometry. Dimension used in the study were: L = 90 mm, a0 = 40 mm,
ad = 5 mm and loading roller diameter and supports are 10 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 3
Test matrix of the end-notch flexure.

Label Treatment LC-treated width (mm) Adhesive thickness (mm)

LA-T008 LA – 0.8
LA-T002 LA – 0.2
LC-T008 LC – 0.8
P250-T008 LA + LC 2.5 0.8
P500-T008 LA + LC 5.0 0.8
P500-T002 LA + LC 5.0 0.2
P1000-T008 LA + LC 10.0 0.8
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Role of Randomness- modeling strategy 
Stochastic interface model

• Maximum Likelihood Estimation proves the applicability of a lognormal distribution of 
interface properties.

• Gaussian process is suitable for describing the spatial correlation of the Napierian 
logarithm of interface properties of the local adhesion.

Kernel function
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• The spatially distributed stochastic properties significantly influence the debonding behaviors of 
joints by triggering the mechanisms of crack-tip transfer and ligament bridging. 

Role of Randomness- Results

Effect of stochastic properties

• Greater standard deviations of the critical traction σm and toughness Gc tend to build up more 
ligaments, which provide more extrinsic dissipation and significantly influence the effective 
toughness of joints, 

(a) (b)

(a) (b) (c)

Mechanics of
Composites
for Energy 
and Mobility



Role of Correlation- Results

Effect of correlation between top and bottom interfaces
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Figure 8: The generated interfacial strength S with fluctuations subjected to di↵erent phase di↵erence �� of align-

ment. The round dot signifies the top interface and the square dot the bottom interface.

responses as well as the R-curve behaviors of joints.213

In the cases of ��=0, 0.125⇡ and 0.25⇡, no crack-tip transfer occurred. For such joints, the214

undulations in the P -� responses and the R-curve behaviors are purely attributed to the fluctuated215

interface properties. Thus, at the macroscopic level, the R-curve behaviors are similar (but not216

perfectly matching) to the input, i.e., the sinusoidal waviness of toughness. The theoretical inter-217

pretation of why the R-curve behaviors are not in an excellent match with the input is presented in218

Appendix B.219

With the increase of ��, the maximum discrepancy of adhesion properties at the corresponding220

coordinates between the parallel cohesive zones is also increasing, as indicated by the curve in221

Figure 10a. To alternate the crack path, the maximum discrepancy of adhesion properties must222

reach the critical condition. In these cases, the joints experience a process of establishing a stable223

R-curve behavior. Initially, the toughness of joints equals the interfacial toughness of the weaker224

adhesion, but it gradually increases with increasing crack lengths before the full establishment of225

large-scale ligament bridging at around �a=8 mm. Afterwards, its progression is hindered by226

crack-arrest mechanisms whose period is the same with that of the input fluctuation. The R-curves227

keep oscillating around a plateau value that is about 93% higher than the baseline value and are228

13

insensitive to the change in the alignment phase of the adhesion fluctuation. The overall trend of229

R-curve behaviors obtained from such joints is quite similar to the observations in delamination of230

FRP laminate with fiber bridging [50]. Once �� is qualified to periodically trigger the crack-tip231

transfer and the subsequent bridging, there is no significant di↵erence in the e↵ectiveness of crack-232

arrest. This conclusion favors the application of the proposed protocol, because it will facilitate the233

operation of joining. There is no need to strictly match the adherend surfaces to find the optimum234

alignment phase as long as it is guaranteed that �� between the substrates is within the range that235

the crack-tip transfer can be triggered.236
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Figure 9: The P -� curves and the R-curves obtained from the ABJs with fluctuated adhesion.

We also performed simulations for the FRP ABJs with adhesives thickness of t=0.12 and t=0.18237

mm to verify the bondline thickness e↵ect. As shown in Figure 10a, for all �� under consideration,238

the minimum �� qualified to trigger bridging increases with increasing bondline thickness. The239

minimum qualified discrepancy of adhesion properties changes with an increase in t, which is the240

essential origin of the bondline thickness e↵ect. From the R-curve behaviors shown in Figure 10b, the241

plateau value of R-curve (macroscopic toughness) exhibits an increasing trend with the increasing242

bondline thickness. Therefore, under the condition that ligament bridging can be triggered, a thicker243

adhesive layer may provide more significant enhancement in macroscopic toughness.244

Figure 11 presents a complete establishment of large-scale bridging in a joint with the presence of245

the adhesion heterogeneity qualified to trigger crack-tip transfer (��=0.5⇡). The strength contrast246

between the parallel interfaces (Stop-Sbottom) as a function of the spatial coordinate along the interface247

is superimposed on the segment of crack propagation. We can see that in stage 1, the debonding is248

a pure interfacial fracture, and then the crack advance stops in its original interface and a new crack249

nucleates in the secondary interface in stage 2. The location of the crack-tip transfer is around the250
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adhesion, but it gradually increases with increasing crack lengths before the full establishment of225
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• Phase contrast required between top 
and bottom substrates. 


• Very flexible constraints for processing



TRIGGERING BRIDGING 

BY USING 


HETEROGENEOUS ADHESIVEConclusion



Anisotropic material

 

Various approaches for manipulating the failure of secondary bonding have 
been presented:


(1) Introduction of heterogeneity on the adhesive/substrate interface

(2a) Introduction of additive heterogeneities in the interfaces

(2b) Introduction of sacrificial cracks in the interface

Conclusions and Future? 

All of these are compatible with a “All-in-adhesive” concept

Towards integration in a highly-engineered adhesive system
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