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Abstract

ZnS-based mechanoluminescent film has been widely used in the fields of stress visualization and stress
sensing, due to its high brightness and repeatable stable luminescent characteristics. To evaluate the flexible-
elastic deformation performance of ZnS-based mechanoluminescent film, both visual inspection and digital
image correlation (DIC) are, respectively, employed for measuring the ZnS-based mechanoluminescent film.
ZnS:Cu?* mechanoluminescent powders are first mixed with polydimethylsiloxane (PDMS) matrix to pro-
duce ZnS:Cu**—PDMS mechanoluminescent film. Then, two measurement experiments are, respectively,
conducted to investigate the mechanical response and the flexible-elastic deformation performance of the
prepared ZnS:Cu2*—PDMS mechanoluminescent film. On one hand, the mechanical response performance
of the ZnS:CuZ*—PDMS mechanoluminescent film is validated by visual monitoring of composite concrete
fracture processes. On the other hand, the prepared ZnS :Cu?*—PDMS mechanoluminescent film is also mea-
sured by DIC to obtain its full-field deformations and strains information. The flexible-elastic deformation
performance of the ZnS:Cu?*—PDMS mechanoluminescent film is well demonstrated by the DIC measured
results.

Keywords: ZnS:Cu?*—PDMS mechanoluminescent film, flexible-elastic deformation performance, visual
inspection, digital image correlation.
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1. Introduction

As massive civil infrastructures enter service, new and old damages develop and accumulate
continuously, leading to deterioration of material properties and safety incidents [1,2]. For this
reason, reliable structural health monitoring (SHM) is essential for assessing the service status of
infrastructure systems and formulating operation and maintenance strategies. With the increasing
research on mechanoluminescent materials, the engineering community is actively exploring the
use of stress/strain sensors based on the mechanoluminescence phenomenon for SHM of civil
infrastructure [3—7]. It is well known that mechanoluminescence is a force-induced luminescence
phenomenon that occurs when a material is subjected to external mechanical stimulation. De-
pending on the form of stress excitation, mechanoluminescence can be classified as frictional
mechanoluminescence, fracture mechanoluminescence, elastic mechanoluminescence and plas-
tic mechanoluminescence [8]. Among these, sensors based on elastic mechanoluminescence can
visualize structural stress distribution and have a huge potential to detect structural deformation,
fatigue damage and fracture breakage.

Xu et al. were the first to compound SrAl204:Eu’* with epoxy resin to prepare elastic
mechanoluminescent films, which were successfully used for structural damage monitoring [9].
This application discovery offered a completely new idea for engineering application of mechano-
luminescent materials. Subsequently, many new mechanoluminescent materials with superior
properties have been explored and developed, including aluminates, silicates, phosphates, ti-
tanates, sulphur compounds, oxy-sulphides, fluorides, efc. [10-12]. Among them, ZnS-based
mechanoluminescent materials are the most studied and promising class of mechanoluminescent
materials, including ZnS:Mn?* and ZnS:Cu?* [13, 14]. In order to use ZnS-based mechanolu-
minescent materials for stress visualization and monitoring of engineering structures and me-
chanical equipment, some studies have reported on the preparation of ZnS:Mn**, ZnS:Cu?* or
other mechanoluminescent materials by compounding them with some polymer resins, e.g.,
epoxy resin, polyvinylidene fluoride (PVDF), polydimethylsiloxane (PDMS), etc., to form elastic
mechanoluminescent films. For example, Fontenot et al. systematically investigated the me-
chanical, spectral, and luminescence properties of ZnS:Mn>*-PDMS mechanoluminescent films
[15]. Krishnan et al. characterized the light emission from 7ZnS:Cu?**-PDMS mechanolumines-
cent films during elastic loading for application in dynamic SHM [16]. Zhu et al. prepared
ZnS:Mn?>*-PVDF flexible mechanoluminescent films with a composite and analysed their lumi-
nescent properties [17]. Zhang et al. investigated the impact optical response of ZnS:Cu’*/water
glass mechanoluminescent films by light air cannon impact experiments [18]. Wang et al. used
ZnS:Mn?*-PVDF-ZnS:Mn** multilayer structure to prepare flexible mechanoluminescent films
and revealed the enhancement effect of the applied electric field on the luminescent properties
of the films [19]. Han et al. prepared ZnS:Mn>*-PDMS mechanoluminescent thin films through
high-temperature solid-phase synthesis and introduced them to the study of oral material applica-
tions [20]. Although the studies above provide an important basis for the application of ZnS-based
mechanoluminescent films for stress visualization and monitoring, there is a lack of analytical
studies on the mechanical properties of ZnS-based mechanoluminescent films, especially on the
structural mechanical response properties.

In this paper, a ZnS:Cu>*~PDMS mechanoluminescent film was prepared by a combination
of ZnS:Cu?* mechanoluminescent material and PDMS matrix. Both visual inspection and digital
image correlation (DIC) method were used to characterize the performance of the ZnS:Cu®*—
PDMS mechanoluminescent film. Visual monitoring of the tensile fracture process of concrete
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specimen was conducted to verify the mechanical response property of the ZnS:Cu?>*~-PDMS
mechanoluminescent film. Moreover, DIC was employed to measure the axial tensile mechanical
properties of ZnS:Cu’>*~PDMS mechanoluminescent film.

2. Materials and Measurement Methods

2.1. Mechanoluminescent Film Sample

A certain mass of the commercial mechanoluminescent powder ZnS:Cu?* (Shanghai Keyan
Phosphor Technology Co., Ltd) and PDMS (Dow Corning (China) Silicone Co., Ltd) was weighed,
and mixed in a 1:1 mass ratio to form a solution. The PDMS is commonly known as silicone
rubber, and its curing agent ratio is usually between 5:1 to 10:1. The mixed solution was stirred
well with a magnetic stirrer, and the flowing method was used to make it fully and evenly
distributed on a 100 x 100 x 1 mm :glassware, with a scraper to further control the flowing liquid.
Besides, the thickness of the cast liquid was controlled by a squeegee. Then, the cast liquid was
placed in a vacuum drying oven, and vacuumed to —0.02 MPa, and removed after 5 min to reduce
the cast liquid bubbles. As the cast liquid mixture is a medium viscosity liquid before curing,
it becomes a tough elastomer only after curing. The glassware containing the cast mixture was
placed in an oven and cured at 70°C for 90 min. After curing, the gel was carefully removed
from the glassware and a sample of the ZnS:Cu?*~PDMS mechanoluminescent film was finally
obtained.

ZnS:Cu**~PDMS mechanoluminescent film specimen of 80 x 30 x 1 mm: was cut out from
the 100 100 x 1 mm sample prepared above using a hobby knife, as shown in Fig. 1a. In order to
test the mechanoluminescence properties of the ZnS:Cu?*—~PDMS mechanoluminescent film, the
specimen was repeatedly stretched with a simple self-made tension testing machine in a dark room
environment to apply mechanical stress stimulation, and the luminescence effect of the film was
real-time photographed with an E750D Canon camera. Fig. 1b shows one instant picture during the
whole light emission procedure. It can be found that the ZnS:Cu?*~PDMS mechanoluminescent

a) Sample of ZnS:Cu**—PDMS film. b) Picture of lighted ZnS:Cu**—PDMS film.

Fig. 1. Mechanoluminescent film sample preparation.
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film emitted a strong blue-green light in a dark room environment, indicating that the ZnS:Cu?*—
PDMS mechanoluminescent film specimen was successfully prepared.

Meanwhile, a photomultiplier tube (PMMO1, THORLABS) was also adopted here to detect
the photo-current intensity when the ZnS:Cu?*—PDMS mechanoluminescent film specimen made
a continuous light emission. The satisfactory linear curve relation between the photo-current
intensity and the tensile stress is well depicted in Fig. 2. Fig. 2a presents a linear least square
fit curve, and Fig. 2b shows a residual diagram accordingly. In result, the linear least square
fitted function can be expressed as y = 0.0103 - x + 0.004773, the root mean squared error
(RMSE) equals 0.00306, the sum of squares due to error (SSE) equals 8.428 x 107>, and the
coeflicient of determination (R-square) equals 0.9928. It can be seen from the error statistical
parameters above that there is a better linear relation between the mechanoluminescent intensity
and the induced tensile stress. That is to say, the larger induced stress is applied to the ZnS:Cu?*—
PDMS mechanoluminescent film specimen, the stronger is its light emission, and the greater the
photo-current intensity acquisition. Therefore, it can be indicated that the prepared ZnS:Cu>*—
PDMS mechanoluminescent film indeed exhibits an outstanding elastic mechanoluminescence
capability.

a) Linear least square fit curve.

01F ® rawdata
PR linear least square fit
5 0.08 [
§ 0.06 s
5 L J
3 0.04
0.02 b
0 . L L . .
0 2 4 6 8 10

Stress(MPa)

b) Residuals between raw data and fitted values.

}10-3

4 * T T T T
| [ s 1
%) Py a Y L4
= 0 +
; I
2-2r
Q
o 4+
0 2 4 6 8 10
Stress(MPa)

Fig. 2. Linear relation between photo-current intensity and tensile stress of ZnS:Cu2+-PDMS film.

2.2. Principle of the Two-Dimensional Digital Image Correlation Method

In order to further investigate the mechanical properties of the prepared ZnS:Cu’**—PDMS
mechanoluminescent film, and especially its elastic mechanical properties, tensile tests will be
carried out on the ZnS:Cu?*~PDMS mechanoluminescent film specimens using the DIC method.
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As is well known, DIC possesses the advantages of simple optical path, good environmental
adaptability, wide measurement range and high degree of automation, and has been widely used
in full-field non-contact testing of mechanical properties of materials [21,22].

The two-dimensional (2D) DIC method is mainly used to obtain the full-field deformation
and strain information of the surface of the object under test through the mutual correlation of the
speckle images before and after deformation. Fig. 3 shows the principle of the 2D DIC method.
In the speckle image before deformation, the N X N rectangular image sub-region with the point
(x, y) is taken as the centre. to determine the target speckle image after the deformation, a certain
search method is used and according to a certain correlation function, a correlation operation is
carried out to find the N X N target rectangular area with the point (x’, y’) as the centre that has the
maximum correlation coefficient with the rectangular sub-region taken before the deformation.
The pixel shifts of the sub-regions of the image are thus determined.

N Displacement

: vectord = (u,v)
Reference subset

- Target stibset

i &'

Reference image Deformed image

Fig. 3. Principle of the 2D digital image correlation method.

A standardized covariance correlation function with high resistance to interference was used
to evaluate the similarity of image sub-regions [23,24].

.. DI = - (g = ()]

_ PRI <g>)2]% |

The range of values of C is [-1, 1], with correlation coefficient equal to 1 indicating perfect
correlation, while the correlation coefficient equal to 0 indicates no correlation at all. Here, f = f
(x,¥), g = g (x+u,y+v) are the grey scale values of the speckle image centred on the source and
target points respectively; u, v are their horizontal and vertical displacement values respectively,
and (f) and (g) are their systematic average grey scale values respectively.

ey

3. Experiments and Results

3.1. Visual Inspection Experiment

To investigate the structural mechanical response of the prepared ZnS:Cu**~PDMS mechano-
luminescent film, a visual inspection experiment was first conducted. The prepared film was pasted
onto the surface of concrete specimen to visually inspect the concrete fracture cracks. Its real-time
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response to concrete stress changes was recorded by a camera to achieve visual monitoring of the
concrete fracture process. Concrete test blocks of 100x 100x200 mm were cast with two different
strength classes, C50 and ECC80, respectively. After curing, the C50 and ECC80 concrete speci-
mens were directly glued together using epoxy resin to form a composite concrete specimen. The
composite concrete specimen was then polished. The surface of the prepared ZnS:Cu**~PDMS
mechanoluminescent film was treated with YH-840A silicone. After 10 minutes, the treated film
was then coated with YH-840B glue to firmly adhere to the surface of the composite concrete
test block.

As shown in Fig. 4, the composite concrete specimen with the ZnS:Cu?*~PDMS mechano-
luminescent film was clamped and fixed on a tensile testing machine (WDW-100E, Jinan Shijin
Testing Machine Group Co., Ltd.) to carry out a study on the application of tensile fracture
monitoring of composite concrete specimen. An E750D Canon camera was used to record the
tensile process of the composite concrete specimens. Before the tensile testing, the maximum
stress level was initially set to 2 MPa. Meanwhile, during the testing, a portable optical fibre
spectrometer (XS11639, Shanghai Oceanhood Opto-electronics Tech. Co.) was also used for
recording the real-time spectrum of the film adhered to the surface of the composite concrete test
block. The spectra were captured by the spectrometer every 5 seconds. When the tensile stress
applied to the composite concrete test block reached 1.89 MPa, the composite concrete specimen
fractured and separated at the epoxy cement joint. Fig. 5 shows the dynamic spectrum diagram.
The spectrum intensity obviously increases with the change of the loading time. At the time of
55 s, the ZnS:Cu?>*~PDMS mechanoluminescent film emitted a bright blue-green light due to
the impact on its fracture on it, as shown in Fig. 5. The emitted light intensity of the ZnS:Cu”*—
PDMS mechanoluminescent film gradually raised with the tensile stress increasing, as shown in
the enlarged illustration in Fig. 5. This indicates that the ZnS:Cu**~PDMS mechanoluminescent
film is quite sensitive to the fracture stress of composite concrete specimen and provides a rapid
and repeatable response, which can better visualize the stress in the fracture process of composite
concrete specimen.

Fig. 4. Visual inspection tensile testing of the concrete fracture process.
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Fig. 5. Dynamic spectrum corresponding to the visualization monitoring of the concrete fracture process.

3.2. DIC Measurement Experiment

Before DIC measurement experiment, a random speckle pattern was first prepared on the
surface of the ZnS:Cu”*~PDMS mechanoluminescent film specimen using the paint spray method,
as shown in the enlarged illustration in Fig. 6. Then, a simple system for DIC testing was
constructed as shown in Fig. 6 for axial tensile testing. The ZnS:Cu**~PDMS mechanoluminescent
film specimen was fixed with the calliper device of the tensile testing machine (ZQ99L, Dongguan
Zhiqu Instrument Co., Ltd.), and the axial tensile stress was applied at a rate of 4 mm/min.
The illumination source was switched on and the optical axis of the camera lens (HF16SA-1,
FUJINON) was adjusted to be perpendicular to the film specimen. A high-definition industrial
COMS camera (GS3-U3-51S5M-C, PGR) was used for acquisition of speckle images of the film
specimen. Fig. 7 presents an instantaneous speckle image captured by the COMS camera, which
will be then analysed by the DIC algorithm. It was an 8-bit grayscale image, and had a width
of 2448 pixel and a height of 2048 pixel. The DIC software, Ncorr, an open source 2D DIC
MATLAB program [25], was herein used to correlate the speckle images before and after the
deformation illustrated in Fig. 7 to obtain the full-field displacement and strain distributions on
the surface of the ZnS:Cu?*~PDMS mechanoluminescent film specimen. The dimension of the
selected region of interest (ROI) of Fig. 7 was 500 x 1000 pixels, which was located in the centre
region of the specimen.
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Fig. 7. DIC tensile test of ZnS:Cu?*—PDMS mechanoluminescent film.

Fig. 8 shows the x- and y-directional u- and v-field displacements of the ZnS:Cu’**—PDMS
mechanoluminescent film specimen under an axial tensile stress of 2 MPa. It is obvious to find
that the ZnS:Cu?*~PDMS mechanoluminescent film exhibits good elastic deformation under
axial tensile stress. This completely confirms its good flexibility and makes it possible to apply
the elastic mechanoluminescent film for structural stress-strain sensing. As shown in Fig. 8a, the
ZnS:Cu**-PDMS mechanoluminescent film undergoes shrinkage elastic deformation from the
sides to the middle along the x-direction under axial tensile loading. As shown in Fig. 8b, under
axial tensile loading, it undergoes tensile elastic deformation along the y-direction, which is the
dominant deformation of the specimen under axial tensile stress.
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a) u-field displacement. b) v-field displacement.
ulpixel v/pixel

Fig. 8. DIC displacements of ZnS:Cu?*~PDMS mechanoluminescent film.

Fig. 9 shows the strain distributions of the ZnS:Cu?**~PDMS mechanoluminescent film spec-
imen in the &xy, Eyy, and Ey,, fields under an axial tensile stress of 2 MPa. The &y, and &y,
represent the normal strains along x-direction and y-direction, respectively, whereas &, denotes
the shear strain that is determined with the angle change between x-direction and y-direction. As

a) Exx strain. b) Eyy strain.

x107

¢) Exy strain.

Fig. 9. DIC strains of ZnS:Cu?*—PDMS mechanoluminescent film.
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can be seen from Fig. 9, the strain distribution on the surface of the ZnS:Cu?>*~PDMS stress-
emitting film specimen shows non-uniform characteristics, which is directly related to the fact
that the ZnS:Cu”* mechanoluminescent powder particles in the ZnS:Cu?*~PDMS mechanolumi-
nescent film are not fully uniformly stirred with the PDMS matrix. Inadequate mixing with the
PDMS matrix will make the powder particles in the cured film unevenly distributed resulting in
localized agglomeration of powder particles, thus making the film stretching occur as localized
strain concentration phenomenon shown in Fig. 9b. In addition, uneven strain distribution may
also be associated with inconsistent film thickness. When the film thickness was controlled using
a squeegee, the ZnS:Cu?*~PDMS mechanoluminescent film is a medium viscosity liquid until it
is fully cured. The liquid inevitably spreads around as it cures, resulting in reduced thickness at
the edges of the formed film, triggering slightly lower strains at the edges of the film.

4. Conclusions

In this paper, the ZnS:Cu”* mechanoluminescent material was used to mix with PDMS matrix
to prepare the ZnS:Cu?*~PDMS mechanoluminescent film. In order to comprehensively evaluate
the mechanical performances of the film, both visual inspection and DIC test experiments were
carried out.

For visual inspection, the ZnS:Cu**~PDMS mechanoluminescent film provided a sensitive re-
sponse to fracture cracks in real time when a composite concrete specimen was fractured in tension
at the cemented joint. Furthermore, the luminescence of the ZnS:Cu**-PDMS mechanolumines-
cent film gradually decreased with stress decay. This demonstrates that the ZnS:Cu’**-PDMS
mechanoluminescent film has good structural mechanical response properties and can be used
for stress-strain sensing and visualization of engineering structures.

For DIC test, the information of surface deformation and strain distributions of ZnS:Cu2*—
PDMS mechanoluminescent film were obtained with the full-field non-destructive DIC method.
Additionally, the DIC test results fully indicate that the ZnS:Cu’>*~PDMS mechanoluminescent
film exhibits quite good flexible-elastic deformation performance.
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