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ABSTRACT ARTICLE HISTORY
Here, a mechanoluminescence-assisted double cantilever beam Received 29 July 2017
(DCB) test was proposed and its effectiveness was demonstrated. Accepted 2 January 2018

Based on mechanoluminescence, a crack tip was clearly distin- KEYWORDS

guished and successfully tracked during crack propagation and Double cantilever beam test:
delamination in the DCB test, which helped overcome the diffi- dynamic mechanical

culty associated with the conventional DCB test. The crack length analysis; fracture mechanics;
could be easily determined and used to evaluate the fracture mechanoluminescence;
toughness. In addition, mechanoluminescence sensing using the stress distribution

top image of the DCB specimen provided valuable information

on the fracture and adhesive frontline to determine the distribu-

tion of fracture toughness and adhesive strength under the sur-

face treatment and adhesion curing conditions in the DCB test.

Introduction

Mechanoluminescent (ML) materials are novel functional ceramic powders that
can emit intense light under repeated mechanical stress induced by deformation,
friction, or impact, even in the elastic deformation region. '~ When dispersedly
coated onto a structure, each particle acts as a sensitive mechanical sensor, while
the two-dimensional (2D) emission pattern of the whole assembly reflects the
dynamical strain/stress distribution "~'"), as shown in Figure 1. ML sensors have
been used in practical applications such as bridges °~), buildings **), welding
points of pipelines *!, hydrogen high-pressure hydrogen vessels ! for structural
health monitoring (SHM), or carbon fiber reinforced plastic (CFRP) (101 5nd
adhesion ! for sophistication of computer aided engineering (CAE) and damage
tolerant design. Thus, the ability of an ML sensor to detect potential destruction
such as active cracks, real crack propagation, and mechanically weak points has
been successfully demonstrated. In particular, when visualizing crack propagation,
a discrepancy was reported within 500 um between the real crack tip identified
using a microscope and the ML point, as shown in Figure 1. 7]
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Mechanoluminescence = Visualization of strain distribution

Visualization of crack tip in DCB test
through mechanoluminescence
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Figure 1. Schematic illustration of feature, application of mechanoluminescence sensing, and
concept of mechanoluminescence-assisted DCB test.

The double cantilever beam (DCB) test is one of the most valuable and widely
used tools to evaluate the fracture toughness of an adhesive layer. '*2% Despite
its importance, the DCB test involves difficulty in distinguishing the crack tip
during crack propagation and delamination because of the macroscopic size of
the crack tip. Many studies and standardization documents have proposed the
use of a mark, scale, magnifying grass, and microscope to distinguish the
position of the crack tip. *'~*! However, there are difficulties associated with
this method; hence, an alternative method for accurate and easy identification of
the position of the crack tip is required, so that the crack length and fracture
toughness (G;.) can be determined.
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Here, we proposed a mechanoluminescence-assisted DCB test and demon-
strate the effectiveness. Based on the mechanoluminescence, the appearance
and movement of the crack tip was clearly visualized as the ML point along
the adhesive layer on the side wall of the DCB specimen during crack
propagation and delamination; then, the crack length was easily determined
to obtain the fracture toughness. In addition, the formation and growth of
cracks in bonded joints under mode I fracture was successfully visualized as a
clear ML line on the top surface of the adherend of the DCB specimen.

Experimental

To demonstrate the effectiveness of the mechanoluminescence-assisted DCB
test, a simple DCB specimen was prepared using sandblasted aluminum as the
adherend and epoxy adhesive (Denatite 2204, Nagase ChemteX Co., Osaka,
Japan; curing temperature: 100°C; thickness: ~100 pm), as shown in Figure 2(a).
As the core part of the ML sensor, green-emitting europium-doped strontium
aluminate (SrALO,:Eu?*, denoted as SAOE, A.,,, = 520 nm) was used because it
shows the highest mechanoluminescence among a series of ML materials, with
various emission colors across the ultraviolet to the infrared region. 1*! Details on
the preparation of the green-emissive SAOE microparticles (1 — 5 pm) by
solid-phase have been described elsewhere. ['>! ML sensors are of two types:
paints and sheets. *! Here, a commercial ML paint (ML-32ET, Sakai Chemical.
Japan) was intentionally used for widely spreading in the field of structural
adhesion. The ML paint was sprayed on the top and side surfaces of the DCB
specimen to obtain ML films, as shown in Figure 2(b). From the microscopic
images in Figure 2(c), the thickness of the ML films was estimated to be
approximately 150 pm on the top surface and 100 um on the side surface. The
appropriate range of thickness values was used for visualizing the crack propa-
gation and/or strain distribution.”!

The conditions for the DCB test were identical to those for the conventional
and original DCB test, except for the mechanoluminescence, as shown in
Figure 3. Concretely, a tensional load at the rate of 1 mm/min was applied to
the edge of the DCB specimen through a specific Jig, using a testing machine
(A & D Co.) to generate mode I fracture and delamination at the adhesive layer
(Sample number: 5). To record the mechanoluminescence in real time, two
charge coupled device (CCD) cameras were used for obtaining the side and top
images of the DCB specimen (CCD cameras 1 and 2 in Figure 3(a)).
Delamination of the DCB specimens occurred during cohesive fracture, as
shown in Figure 3(b). All ML measurements were carried out under dark
conditions and at room temperature. For quantitative ML measurements, a
tensile load was applied immediately after irradiation by blue light
(A =470 nm) for 1 min.
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Figure 2. Mechanoluminescent (ML) paint-sprayed DCB specimen. (a) lllustration with sample
information, (b) photograph, and (c) microscopic images of ML film sprayed on the top and side
of the specimen under irradiation by excitation light (\ = 365 nm, 0.7 mW/cm?).

Results and discussion

Figure 4 shows the mechanoluminescence results from the side images obtained
using CCD camera 1 during the DCB test. At 100 s after loading, an intense
mechanoluminescence emission point (ML point) gradually appeared at the
position of the adhesive layer owing to strain concentration and fracture of the
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Figure 3. Experimental information. (a) Setup for mechanoluminescence-assisted DCB test and
(b) photo of specimen after fracture.

adhesive layer and the ML film. Upon further tensile load application and
following mode I fracture, i.e., crack propagation and delamination along the
adhesive layer, the ML point smoothly moved from the initial crack tip to the
end of the DCB specimen, as shown by the arrow marks in Figure 4.

From the ML images in Figure 4, an enlarged ML image was extracted, as
shown in Figure 5(a), and the ML behavior during the DCB test was explained
based on 3 observations. First, at the initial stage of fracture generation, strong
mechanoluminescence was observed at the tip of the initial crack (mark i) owing
to intense stress concentration. Then, as described above, moving of the ML point
(mark ii) was observed along the adhesive layer during crack propagation and
delamination in the DCB test. In addition to the ML point, an ML distribution was
observed on the upper and lower adherends, slightly ahead of the ML point, due to
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Figure 4. Mechanoluminescence results from side images of DCB specimen from CCD camera 1
during the test.

stress concentration at the crack tip accompanied with crack opening and bend-
ing, as shown at mark iii. From the sequence of ML images, the region of interest
(denoted as ROI) was set for each ML point, and then, the ML points were
automatically tracked by image processing software, as shown in Figure 5(b).

In Figure 6, the load value (N) and crack length (mm) were plotted as
functions of the crack opening displacement (COD). The load and COD were
derived from the testing machine, and the length was calculated from the
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Figure 5. (a) Emphasizing point in mechanoluminescence results in Figure 5, (b) ROI for tracking
ML points.

distance between the initial crack tip and the ML points tracked by the ROIL At
around 100 s after loading, the load reached the maximum value and the time
was synchronized to the time when the ML point started moving. This result
supported the fact that the ML point reflects the crack tip accompanied by
fracture, crack propagation, and delamination of the DCB specimen. By using
these experimental values, sample values, and Equation 1 '], the fracture
toughness Gy (kJ/ m?) was successfully calculated, as shown in Figure 7(b).

2 o
G = — (5) (B) 1)

:E‘I B ap

where 2H is the thickness (mm) of the DCB specimen, Pc is the load (N), B is
the width of the specimen, A is the COD compliance (mm/N), and «a; is
obtained as the slope of (a/2H) and (B/M)3,
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Figure 6. Time course of (a) load and crack length against crack opening displacement (COD)
and (b) fracture toughness.

In order to demonstrate the accuracy of the new method to distinguish the
crack tip using mechanoluminescence, microscopic observations were carried
out on the side wall of the specimen during the mechanoluminescence-assisted
DCB test, as shown in Figure 7(a). Upon load application and the subsequent
crack initiation and propagation, the brightness of the area responding to the
pre-crack tip increased continuously (Figure 7(b)), and this area and the ML
point gradually moved to the right (Figure 7(c—e)). Notably, as shown in
Figure 7(c-e), the point with the highest mechanoluminescence could be
observed just 0-20 um ahead of the crack tip. This result clearly demonstrated
that mechanoluminescence accurately reflects the position of the crack tip,
even on the microscopic scale. In addition, intense mechanoluminescence
could be observed 0-300 pm ahead of the crack tip, probably because of the
effect of microcracks in the process zone. 2!
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Figure 7. Mechanoluminescence result for the side of the DCB specimen using a microscopic
measurement system. (a) Setup, (b) ML images recorded at 0, 14, 16, and 19 s after crack
initiation.

The results of the DCB test in the side view revealed that the fracture points
could always be distinguished easily by the clear and intense mechanolumi-
nescence during the entire testing period. Therefore, it can be concluded that
ML sensing has high potential in assisting conventional and important DCB
tests and analyses, especially for detecting the crack tip.

Figure 8 shows the mechanoluminescence results for the top images
obtained by CCD camera 2 during the DCB test. Upon load application and
COD, an ML line gradually appeared in perpendicular orientation to the
adhesive frontline at the position of the initial crack tip until 100 s of loading
(time of maximum loading). Then, an intense ML line moved synchronous
with the crack tip, slightly ahead of the tip, as visualized by the
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Figure 8. Mechanoluminescence result from top images of the DCB specimen obtained using
CCD camera 2 during the test.
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mechanoluminescence on the side of the specimen. The width of the ML line
was estimated as 2-3 mm, and the position of the line was slightly ahead the
crack tip, with an intense ML point in side view. This result could be supported
by the observations reported by Budzik and co-workers on substrate deflection
in the crack vicinity. ! Interestingly, the ML line was almost straight before
fracture initiation and then became slightly curved at the steady state of crack
propagation. Here, the ML line originated from strain concentration owing to
elastic bending deformation of the aluminum adherend with the crack opening
displacement and adhesive frontline as a balance point. In other words, the ML
line probably reflects (1) the shape of the adhesive frontline as the balance
point for strain concentration in the adherend and (2) the fracture toughness
of each point in the line under mode I fracture. Originally, the crack length was
determined using the average of crack length measured on both sides, with the
assumption that the adhesive frontline is straight, because the real crack length
at the center of the DCB specimen was undetectable in real-time DCB tests. In
the original DCB tests, we had no choice but to consider the average fracture
toughness for one adhesive frontline. However, it is important to distinguish a
specific point and area in adhesive strengthen and fracture toughness owing to
surface treatment condition, contamination, curing condition and so on.
This successfully demonstrated that the mechanoluminescence sensing is not
only effective for assisting the original DCB test but also provides useful
additional information such as the cause of fracture toughness distribution
in the DCB test.

Conclusion

Here, we proposed a mechanoluminescence-assisted DCB test. Through
mechanoluminescence, a crack tip was clearly visualized and tracked during
crack propagation in the DCB test, thus overcoming the difficulty in detecting
tiny crack tips, and the crack length was easily determined to obtain the fracture
toughness. This demonstrates the effectiveness of mechanoluminescence as a
powerful assisting tool in the DCB test. In addition, mechanoluminescence
sensing using the top image of the DCB specimen successfully provided useful
information regarding the fracture and adhesive frontline to visualize the dis-
tribution of fracture toughness and adhesive strength in the DCB test. In the
present case, we used a similar material joint of aluminum, and the ML line was
rather straight and the moving was smooth and steady. However, in the case of
the dissimilar material joint sample, the mechanoluminescence results from the
top image would be more important to understand the fracture behavior
reflecting the surface conditions and adhesion. In addition, the DCB test in
modes II and III must provide important information, similar to that in mode I
here. Thus, our investigation will continue along this strategy.
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