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A new non-destructive evaluation technique to detect cracks emanating from the inner

surface (inner cracks) of a high-pressure hydrogen storage cylinder was developed by

means of mechanoluminescence (ML) sensor consisting of SrAl2O4:Eu ML material and

epoxy resin. To visualize the inner crack, a sheet ML sensor was attached onto the outer

surface of the storage cylinder subjected to hydraulic pressure cycling with the maximum

pressure of 45 MPa. The ML pattern was changed with an increase in the cycle number and

the ML sensor could visualize the inner crack. The stress analysis by the finite element

method clarified that the ML sensor provided unique equivalent strain distribution asso-

ciated with stress concentration at the crack tip, i.e. the distance between two points

having high equivalent strains was inversely proportional to the crack depth; conse-

quently, the growth behavior of the inner crack was non-destructively quantified with the

ML sensor attached on the outer surface.
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Introduction

Hydrogen has been considered as one of the most promising

energy carriers because of its environmentally clean charac-

teristic, high efficiency, and low pollutant emission [1e4].

Furthermore, the hydrogen plays an important role in a green

energy, because it can be generated from the electrolysis of

water using the renewable energy sources, such as wind-,

water-, and solar-based technologies [5e7]. Recently, the first

hydrogen fuel cell vehicle for personal use has been

commercialized and the necessary hydrogen filling stations

are gradually being built in the world. In the hydrogen filling

stations, metallic or carbon fiber reinforced plastic (CFRP)

composite storage cylinders are used to store the high-

pressure gaseous hydrogen [8e11]. However, the use of

hydrogen poses serious safety issues [12]. For example, the

hydrogen can dissolve into some kind of metals or alloys,

resulting in the leakage of hydrogen or unexpected failure

associated with hydrogen embrittlement [7e10,13e15]. In

order to ensure the safety in the hydrogen-based society, a

non-destructive evaluation technique to sense invisible

damages such as hydrogen-assisted fatigue cracks emanating

from an inner surface of a storage cylinder is strongly

required.
Fig. 1 e Photograph and schematic illustration of storage

cylinder used in this study.
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The development of safe, reliable, and cost-effective non-

destructive evaluation technique is one of the most techni-

cally challenging subjects. So far, there have been some re-

ports in regard to the non-destructive evaluation techniques

to detect inner cracks produced in a high-pressure storage

cylinder [16], such as ultrasonic [17,18], acoustic emission

[19,20], thermography [21], andmagnetic testing [22]. In recent

years, we have developed and reported a new-type structural

health monitoring technique using mechanoluminescence

(ML) materials for bridge, building, pipe, and so on [23e28].

The ML material emits intensive light repeatedly accompa-

nied by mechanical actions including deformation, friction,

and impact even in elastic deformation range, and also the

light intensity is proportional to strain energy of the material

[29e35]. Such a phenomenon is classified into elasticolumi-

nescence. Thus, using the ML material as a non-destructive

evaluation technique, the strain distribution of an object is

observed via the ML light intensity distribution. Actually,

there has been an increasing number of reports about non-

destructive evaluation techniques utilizing ML material

[23e28,35e37].

As advantages of a technique using the ML material (ML

sensor) compared with other techniques, we can say that the

ML sensor provides the simple measurement system only

using ML sensor and cameras for recording ML emission

pattern. Additionally, the obtained ML emission patterns

exhibit a two-dimensional mechanical information (strain

distribution), indicating that the stress concentration and

crack growth can be visualized in real time without the
Fig. 2 e Photograph of storage cylinder attached with three

ML sensors and schematic view of ML image monitoring

system.
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complicated analysis. The other inspections such as ultra-

sonic and acoustic emission need enormous cost and time,

because they need thousands of locations, and they also need

the complicated signal analysis. The ML technique provides a

novel way of diagnosing the structural health, especially in

early detection for safe and security measurement. In previ-

ousworks, we have reported thatML sensor, which consists of

a mixture of ML material and epoxy resin, putting on outer

surface could visualize the inner crack of a storage cylinder

made of manganese steel, and the magnitude of equivalent

strain was estimated through the ML intensity, to be the ML

intensity based monitoring method on inner crack growth

[38]. However, it is practically difficult tomeasure the accurate

ML intensity repeatedly for monitoring under changeable

environmental light condition in outdoor such as hydrogen

filling station. Therefore, for practical monitoring and pre-

diction of aged deterioration focusing on the inner crack

growth, non-destructive evaluation technique not based on

ML intensity remains challenging.

In this study, we applied polymer composite films (ML

sensor) made of the ML material and epoxy resin to a non-

destructive evaluation technique to detect an inner crack in

a high-pressure hydrogen storage cylinder. Specifically, we

explored a possibility of the ML sensor as a new technique for

visualizing inner cracks of a CreMo steel cylinder with an

artificial notch under hydraulic pressure cycling. As a result,

the developed ML sensor was found to be in a usable way for

the non-destructive evaluation technique to visualize the

inner cracks in the high-pressure hydrogen storage cylinder.

The detailed results and the inspection mechanism are re-

ported and discussed here.
Experimental

Mechanoluminescent sensor

We selected europium doped strontium aluminate (SrA-

l2O4:Eu, SAOE) as an ML material in the ML sheet sensor,
Fig. 3 e Schematic illustrations of experimental setu
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because it shows the highest ML intensity enough to be seen

by the naked eye [30e32,39]. The SAOE powder was prepared

by using a solid-state reaction method, which is the same as

those previously reported [23e27]. Commercial SrCO3, a-

Al2O3, Eu2O3, and small amount of Ho2O3 powders weremixed

in an agate mortar. The obtained mixture was calcined at

800 �C for 1 h in an atmospheric air; subsequently, was sin-

tered at 1350 �C for 4 h in a reducing atmosphere (H2þAr) to

synthesize the SAOE powder. The ML sheet sensors were

fabricated by using a mixture of the pulverized SAOE powder

and epoxy resin under screen-printing technique. The pul-

verized SAOE powder and epoxy resin were mixed thoroughly

in a plastic cup, and then epoxy curing agent was added and

mixed. The obtained SAOE paste was defoamed in vacuum

desiccator for 10 min. The resulting paste was screen-printed

on an aluminum sheet and subsequently dried until the SAOE

film was fully solidified. The thickness of the SAOE film was

controlled to be approximately 80 mm. Finally, the SAOE film

was cut in a rectangular shape of 80*130mm to fabricate three

ML sheet sensors.
Storage cylinder sample

A photograph and schematic configuration of the storage

cylinder (CreMo steel, JIS-SCM435) are shown in Fig. 1. The

chemical composition of the CreMo steel was C 0.37mass%, Si

0.21 mass%, Mn 0.77 mass%, P 0.012mass%, S 0.007mass%, Cr

1.07 mass%, and Mo 0.28 mass%: the remainder was Fe. This

steel was oil-quenched at 900 �C then tempered in air at

560 �C. The 0.2% proof stress and tensile strength in air were

782 MPa and 947 MPa, respectively. The storage cylinder was

made by cutting the sides of 35-MPa class stationary storage

cylinder prototype and the flanges were set at both ends of the

storage cylinder. The physical dimensions of the storage cyl-

inder were 300mm in length; 210 and 270mm inner and outer

diameters, respectively. In this study, an artificial U-notchwas

introduced in the center of the storage cylinder as an internal

crack, as shown in Fig. 1. The width and length of the artificial

notch are 0.5 and 72 mm, respectively. The depth of the notch
p and time schedule of hydraulic pressure test.
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is 24 mm (wall thickness: 30 mm). Three ML sheet sensors

(80*130 mm in size) were attached onto the outer surface of

the storage cylinder with a commercial adhesive (Fig. 2). The

ML intensity distributions of ML sensors were recorded by

using charge-coupled device (CCD) cameras at the frame rate

of 5 frames per second (fps), as shown in Fig. 2. A three-axis

strain gage was also attached to the outer surface of the

storage cylinder by using a commercial adhesive to measure

the strain of the outer surface.

Experimental setup

The fatigue testing of the storage cylinder was carried out by a

hydraulic pressure tester at a W2 laboratory (Burst and

endurance laboratory) in the Hydrogen Energy Test and

Research Center (HyTReC), Japan. The experimental setup and

time schedule of the hydraulic pressure test are drawn in

Fig. 3. The internal pressure was cyclically varied from mini-

mum pressure (atmospheric pressure) to maximum pressure

(45 MPa) at a test frequency of 0.03 Hz. Before pressurizing the

storage cylinder in the fatigue testing, the ML sheet sensors

attached onto the outer surface of the storage cylinder were

once irradiated by blue light-emitting diodes (LED) for 1 min

and were kept under dark condition for 5 min to obtain

reproducible and quantitative ML intensities. Such an exper-

imental condition was decided on the basis of an ML mecha-

nism (electron trapping mechanism) and our previous

research [23e32]. With an increase in the internal pressure,

the ML sensors emit light (ML) according to the dynamic

deformation of the storage cylinder. The ML intensity distri-

bution is simultaneously recorded as an image by CCD. The

ML images were recorded at the 51st, 132nd, 237th, 2232nd,

2684th, and 3032nd cycle of the fatigue testing. In this fatigue

testing, the storage cylinder with an artificial notch showed

leak-before-break (LBB) at the 3653rd cycle.
Fig. 4 e ML images obtained from each of ML sensors 1e3

attached to the outer surface of the storage cylinder at the

internal pressure of around 45 MPa in the 51st cycle of

fatigue testing.
Results and discussion

Fig. 4 shows ML images obtained from each of CCD cameras

(cameras 1e3) corresponding to each of ML sensors (ML sen-

sors 1e3) attached onto the outer surface of the storage cyl-

inder at internal pressure of around 45MPa in the 51st cycle of

the fatigue testing. These ML images displayed a pseudo color

image. The color of ML images varies from blue to red with the

increase of ML intensity. As can be seen from Fig. 4, the ML

images of ML sensors 1 and 3 exhibited pale lights in the entire

field of the sensors, indicating that the storage cylinder

deformed by the internal pressure of around 45MPa. In actual,

the strain gage attached to the outer surface of the storage

cylinder, which locates at the opposite side of the inner arti-

ficial notch, showed the equivalent strain of about 700 mst

when the internal pressure was around 45 MPa. On the con-

trary, the ML sensor 2, that is located over the inner artificial

notch, gave the noticeable ML pattern. There are two points

having higher ML intensity (green areas) in the center of the

ML image compared to the surrounding area. This conspicu-

ous ML pattern is presumed to be due to the artificial notch

located at the inner surface of the storage cylinder. Fig. 5

shows the ML images of the ML sensor 2 at the internal
Please cite this article in press as: Fujio Y, et al., Sheet sensor using SrA
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pressure of around 45MPa in the 132nd, 237th, 2232nd, 2684th,

and 3032nd cycles of the fatigue testing. It can be also seen

that the ML sensor 2 exhibited the conspicuous ML pattern in

all of cycles. In addition, it should be noted that the ML
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Energy (2015), http://dx.doi.org/10.1016/j.ijhydene.2015.10.073

http://dx.doi.org/10.1016/j.ijhydene.2015.10.073
http://dx.doi.org/10.1016/j.ijhydene.2015.10.073


Fig. 5 eML images obtained fromML sensor 2 attached to the outer surface of the storage cylinder at the internal pressure of

around 45 MPa in the 132nd, 237th, 2232nd, 2684th, and 3032nd cycles of fatigue testing.

Fig. 6 e FEM model of storage cylinder with an artificial

notch.
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intensities in the center of ML image gradually increased with

increasing the cycle number of fatigue testing as well as the

distance between the two points with the higher ML in-

tensities got gradually shorter and closed in on each other.

In order to investigate the reason for such a conspicuous

change in the ML pattern, finite element method (FEM) cal-

culations were carried out. The storage cylinder geometry has

been built in a FEM model using computer code ANSYS. The

FEM model including a crack reproduces real dimensions of

the storage cylinder (Fig. 1) used in the fatigue testing. The

length, inner radius, and outer radius of the storage cylinder

constructed by the FEM model are 300, 210, and 270 mm,

respectively. The length and width of the crack at the inner

surface of FEM model were 72 and 0.5 mm, respectively. The

depths of crack were set to 24.0, 25.5, 27.0, and 28.5 mm to

investigate a change in an equivalent strain distribution to-

ward fatigue crack propagation. The Young's modulus of

200 GPa and Poisson's ratio of 0.3 are adopted as elastic

properties of the CreMo steel. Tetrahedral solid elements

constructed by four nodes and have six degrees of freedom

(SOLID185) are employed. Fig. 6 shows three-dimensional

model with meshes generated automatically using the

ANSYS. The mesh size is made small in the vicinity of the

crack. Fig. 7(a)e(d) shows cross-sectional view of the equiva-

lent strain distribution surrounding the notch in the storage

cylinder models with various crack depths (24.0e28.5 mm) at

the internal pressure of 45 MPa calculated by FEM. From

Fig. 7(a), it is clearly seen that there is stress concentration at

the crack tip and the equivalent strain distribution is sym-

metric for the crack plane. The equivalent strain magnitude is

the highest at the crack tip and gradually decreases with

increasing distance from the crack tip. This phenomenonwas

commonly observed in the fatigue behavior [13,40e42]. With

an increase in a crack depth (Fig. 7(b)e(d)), the equivalent

strain distribution relevant to the stress concentration was

shifted toward the outer surface of the storage cylinder. Thus,
Please cite this article in press as: Fujio Y, et al., Sheet sensor using SrA
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it was concluded that the equivalent strain distribution of the

outer surface of the storage cylinder was related to the crack

propagation, that is, the obtained ML images at the different

cycle of fatigue testing (Fig. 5) show the equivalent strain

distributions related to the crack propagation caused by the

pressure cycling.

Fig. 8(a) shows the equivalent strain profile along AeA0 line
in FEM calculation results (inset of Fig. 8(a)) at the internal

pressure of 45 MPa for the storage cylinder models with

different crack depths. For comparison, the ML intensity

profiles along BeB0 line in ML images (inset of Fig. 8(b)) at the

internal pressure of around 45 MPa in the different cycle

numbers of fatigue testing were also presented in Fig. 8(b). In

Fig. 8(a), it is seen that the distribution of the equivalent

strains in the outer surface of the storage cylinder model with

different crack depth is symmetric for the crack plane and
l2O4:Eumechanoluminescentmaterial for visualizing inner crack
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Fig. 7 e Cross-sectional view of the equivalent strain

distribution calculated by FEM for storage cylinder models

with different crack depth of (a) L ¼ 24.0, (b) 25.5, (c) 27.0,

and (d) 28.5 mm.

Fig. 8 e (a) Equivalent strain profiles along the

circumference (AeA′ line in inset figure) of the storage

cylinder model with various crack depths (24.0e28.5 mm)

and (b) normalized ML intensity profiles along BeB′ line in

inset ML image for the storage cylinder with the artificial

notch, when the internal pressure of around 45 MPa was

applied.

Fig. 9 e Dependence of the distance between two points

having higher strain in the strain distribution calculated by

FEM, on the crack depth of the inner surface of the storage
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their strain magnitudes increase with increasing crack depth

in the examined depth range of 24.0e28.5 mm. The obtained

ML intensity profiles (Fig. 8(b)) were also demonstrated a

similar behavior. Furthermore, it should be noted that the

distance between two points having higher equivalent strain

(Fig. 8(a)) is inversely proportional to the depth of the crack

propagating from the inner surface of the storage cylinder, as

shown in Fig. 9. Thus, we can speculate the crack depth by

means of the distance between two higher strain points in the

equivalent strain distribution of the outer surface of the

storage cylinder. In order to verify the correlation between the

crack depth and the distance between the higher equivalent

strain points, the distances estimated by the experimentally

cylinder at the internal pressure of 45 MPa.
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Table 1eComparison of the distance between two higher
ML intensities points in ML images and the distance
between two higher equivalent strain points in FEM
calculation results.

Experimental results of ML sensor FEM calculation results

Number of
cycle

Estimated
distance

Crack
depth

Estimated
distance

51 17.2

132 17.6 24.0 17.9

237 17.4
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obtained ML images and the FEM calculation result at the

initial crack depth (L ¼ 24.0 mm) were presented in Table 1. It

is clearly seen that the distances in the ML image at the 51st,

132nd, and 237th cycles, which seems to keep the artificial

notch (24.0 mm), are in a good agreement with that at the

crack depth of 24.0 mm obtained by the FEM calculation. This

consistency reveals the correctness of the FEM calculations

representing the distance in the ML image against the crack

depth. Additionally, the distances in the ML image at the

2232nd, 2684th, and 3032nd cycles, were estimated to be about

10.8, 7.7, and 6.4 mm, respectively (Fig. 8(b)). From the rela-

tionship between the distance and crack length (Fig. 9), the

crack lengths were speculated to be 26.6, 27.7, 28.2 mm in the

2232nd, 2684th, and 3032nd cycle, respectively. These results

infer that observation by means of the ML images attached

onto the outer surface of the storage cylinder can give infor-

mation on the growth behavior of the crack located in the

inner surface of the storage cylinder. Thus, the ML sensor is a

promising candidate for the non-destructive evaluation

technique to detect inner crack produced in a high-pressure

hydrogen storage cylinder for the hydrogen filling stations.
Conclusions

A non-destructive evaluation technique by means of an ML

sensor for detecting inner crack produced in a CreMo steel

storage cylinder for a hydrogen filling station was developed,

and its sensing characteristics were investigated in a hydraulic

pressure cycle test with themaximumpressure of 45 MPa. The

ML sensor attached to the outer surface of the storage cylinder

could visualize an artificial notch located in the inner surface.

From the results of FEM calculation, a noticeable ML pattern

was found to project an equivalent strain distribution relevant

to a stress concentration at the crack tip. In addition, the dis-

tance between two points having the higher magnitude of

equivalent strain was inversely proportional to the depth of

the crack located in the inner surface of the storage cylinder.

Thus, the developed ML sensor is manifest to be a promising

candidate in regard to the non-destructive evaluation tech-

nique to detect inner cracks produced in a high-pressure

storage cylinder for a hydrogen filing station.
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