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Mechanoluminescence Full-Field Strain Sensor
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1. Introduction

Mechanoluminescent materials can emit intense light in
response of mechanical stress. They have increasingly received
attentions for their potential applications to the full-field stress
sensing of structures and active crack monitoring in the field
of non-destructive testing (NDT) and structural health
monitoring (SHM). Various applications of the ML materials
have recently been demonstrated, for example, as stress
sensors [Xu, Watanabe et al. (1999; Xu, Watanabe et al.
(1999)], impact sensors [Chandra, Chandra et al. (2012)],
damage sensors [Wang, Imai ez al. (2011)], monitoring of the
active cracks [Terasaki, Li et al. (2012)] and visualizations of
stress distributions of solids [Kim, Kwon e al. (2007)], stress
field near the crack tip [Kim, Kwon et al. (2003)], internal
defect of pipes [Ono, Xu er al. (2010)], detecting fatigue
cracks of pressure vessel [Ueno, Xu et al. (2013)] and fracture
prediction in reinforced concrete [Chenshu LI, Chao-Nan
XU et al. (2012)]. Many ML sensing materials have been
developed and improved as potential ML stress sensors.
Among them, SrALO4Eu”" (SAOE) and SrALO.Eu*, Dy**
(SAOED) [Yamada, Fu et al. (2007)] are known to emit

very intense light under mechanical loadings to the extent that
the emission can be seen in day light with naked eyes.
Therefore, these two materials are considered to be the most
promising ML sensing materials for full-field stress sensing
applications [Chandra and Chandra (2011)]. Although all of
these applications are based upon a linear relationship
between the ML light intensity and the applied stresses,
recent studies indicate that a possible nonlinearity may exist
between the ML light intensity and the applied stress [Yun,
Rahimi et al. (2013)]. Rate-dependency of the ML light
emission is a well-known characteristic of ML sensing materials
[Kim, Kibble et al. (2009)].

The dynamic behavior of ML under cyclic loadings has
been studied and ML response lagging has been reported by
Sohn et al. [Sohn, Park et al. (2014)]. They concluded that, as
the frequency increased, the decay rate increased dramatically
which shows higher frequencies facilitate the consumption of
the trapped carriers. Kim and Kim utilized ML paint to
measure the torque applied to a transmission shaft and studied
the dynamic torsional response of the ML sensor [Kim and
Kim (2014)]. The ML light intensity was measured by a
photomultiplier tube (PMT) sensor and converted to output
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Figure 1 Schematic experimental test setup and configuration

voltages in their study. They have also proposed a new
simple empirical calibration equation that expresses the ML
intensity as a function of the applied torque and the torque
rate. Constants in the calibration equation were determined by
using a genetic algorithm. There are several influencing
factors that can affect the ML intensity such as strain rates,
stresses, photoexcitation power, and material concentration.
Someya et al. suggested an idea of using two time constants
(i.e. rise and decay) [Someya, Ishii et al. (2013)]. They indicated
a linear relationship between the light intensity and the loading
based on solely compression test data of bulk SAOE composites.
Conclusion from their study showed that the measured lifetimes
were independent of the concentration and excitation powder.
Recently, Timilsina, et al. used an accumulated ML intensity
for their immunity to the effect of strain rates on measurable
stresses for evaluating Mode-I and II stress intensity factors
of SAOED materials [Timilsina, Lee et al. (2013)].

In this article, a summary of the recent research work by
the author is presented. In the following, the test setup will
be described and followed by experimental observations of
the ML phenomena. A predictive ML transduction model will
be introduced in Section 3. Finally, a calibration model will
be proposed in Section 4 and the conclusions will be

provided in Section 5.

2. ML sensing film and test setup

ML materials can be used as a full-field stress sensor if
they are coated on the structure’s surface. In order to
manufacture a thin ML film, commercial SAOED powder
was mixed with the commercial optical epoxy resin and thin
ML sensing film with thickness of 0.02 inches was made by
the doctor blade method. The mass ratio of the epoxy resin to
the SAOED powder was selected as 3:1 and a magnetic

stirrer was used to disperse the powder uniformly in the epoxy.
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Figure 2 Change of relative ML light intensity for stress—free PL
decay time intervals and strain rates (L..: Light Intensity)

A cut ML sensing film was bonded to standard dog-bone
shaped aluminum (Al) specimens by using a commercial
adhesive (M-Bond 200 from Micro-Measurements). During
tension tests of the coated Al specimens, images were
captured at a fixed frame per second by a CCD camera (AVT
Manta G-033B) and National Instruments (NI) vision builder
software. The CCD camera and controller of the Instron
testing machine (220 kips) were synchronized to achieve a
perfect coincidence between the captured images and the load
step data by using an Instron digital input/output board. The

experimental test setup is depicted in Figure 1.

3. Experimental observation of
ML phenomena

ML phenomenon is complex due to many factors involved
in transient changes of the ML light emission. In this article,
stress, strain rate, stress-free PL decay time interval, stress-state
PL decay and photoexcitation time were considered.

Figure 2 demonstrates changes of the relative ML light
intensity for five different stress-free PL decay time intervals
(1, 2, 3, 5, and 7 min) at four different strain rates (0.1, 0.2,
0.3, and 0.4 mm/s).

For each combination, three tests were repeated to
minimize experimental errors and to evaluate the statistical
variance as well as the mean values. The SAOED film
samples were photoexcited for two minutes, aged in dark
medium for different PL decay time intervals and then loaded
to the fixed maximum force (15 kN) at different strain rates.
As expected, the ML light emission increase with increase of
strain rates, however, the change of ML light emission does
not follow a simple pattern in terms of the change of PL

decay time intervals. At the highest strain rate (0.4 mm/s), the
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Figure 3 Natural decay of PL decay of SAOED depending on photoexcitation times [Rahimi, Yun et al. (2013)]

ML sensitivity tends to decrease as the stress-free PL decay
time interval increases whereas at the lowest strain rate (0.1
mmy/s) the ML sensitivity tends to increase conversely.

Figure 3(a) demonstrates the stress-free PL decay curves of
SAOED ML film subjected to four different excitation times.
The results show that the stress-free PL decay is dependent
on the duration of the photoexcitation, which has been
previously reported [Pereyda-Pierre, Melendrez et al. (2011)].
Because the ML light emission of SAOED is strongly related
to the PL decay characteristics, it is critical to take into
account the PL decay of this material for a stress sensor. The
drop of the PL intensity from O to 300 sec and areas under
the stress-free PL decay versus photoexcitation times are
plotted in Figure 3(b). For applications to ML stress sensors,
the temporal changes of the PL decay must be considered
because they significantly affect the relationship between the
applied stress and the ML light intensity.

According to our experimental results, the behavior of PL
decay under stress-states appears to be different from the
stress-free PL decay. Instantaneous PL decay rate under a certain
stress state was found to be increased rapidly in comparison
to the stress-free PL decay rate. The stresses change instantly
depending on instantaneous changes of the strain rate,

therefore it is referred to as the instantaneous PL decay.

4. Predictive ML transduction model and
verification based on experimental data

According to our experimental observations, a total light
intensity (Al) is defined as a combination of the net ML light
emission (ALy), stress-free PL decay (Al,) and additional
stress-induced PL decay (Al’;). With the exception of the stress-
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Figure 4 Stress—free PL decay curve, stress—state PL decay curves
at different stress states and ML emission curve, and
decompositions of instantaneous total ML+PL light intensity
[Rahimi, Yun et al (2013)]

free PL decay, which is only dependent on the instantaneous
light intensity (I(z), See Figure 5), the light intensity changes
are correlated to the stress level (0) (i.e. time (f) in case of
fixed strain rate), the strain rate (z) and the initial light
intensity (Ip). The initial light intensity (I;) can be uniquely
determined as a function of the PL decay time interval (¢;) as
long as the film is photoexcited consistently with a standard
light source and an exposure time. Figure 4 indicates the
contributions of the ML emission, the stress-free PL and the
stress-state PL light decay to the total ML+PL light intensity
schematically. According to the Figure 4, the total ML+PL

light intensity from the ML film can be expressed as

1y, 0,8), = 1, + YIAL, (1,08} + S [AL @),

i=1

+ Z [AL, (), 0,8)]; o)

i=1
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where I, is the initial light intensity at the onset of
stressing; o is the stress; ¢ is the strain rate; n is the total
number of incremental time steps and I, is the total ML+PL
light intensity. By substituting AI with ja;, in which 7 is the
first derivative of the light intensity with respect to time and
At is the time step, Eq. (1) can be recast into the following

format.

Il(lo’o—’é)n:IO+Z(Alml)i+ +
i=1

Z(jp[)iAt z(j:nl)iAt
i=1 i=1

=1,U,,0,6)+ +

@

jl’,,l (I(@)dz

[1,1,,7.8)dz
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A comprehensive experimental test database was prepared
under various conditions in order to derive predictive models
that can simulate changes of I,; and 1,,. Effects of the initial
light intensity (Ip), the strain rate (&), and the stress level (0)
were incorporated into the predictive model. Multi Gene
Genetic Programming (MGGP) [Searson, Leahy ez al. (2010)]
was employed to derive the model equations. Eq. (3) shows a
predictive model equation for the net ML light intensity in

terms of stress (0), strain rate (¢ ), and initial light intensity ().
1(1,0,8)=1,+ A4 é + A, 1,0 + A1, é + A1 fo + Aic” (3)

The model constants are calibrated as A;=0.7434, A=
2.043x10™, A;=7.948x10°, 4,51.033x10"" and 45=3.358x10"°
by using the experimental data. Comparisons between the
experimentally measured ML light intensity and predicted net
ML show that the proposed model could accurately predict
the ML emission.

A new predictive equation is developed to model the
long-lasting stress-free PL decay for ML which is the

function of the time as follows.

ctonefol Snelef 5]

where I,(t) presents the stress-free PL decay; By, B;, and
B; are constants; ¢ is time, and C; and C; are the decay time
constants. Based on our experimental data, the constants are
calibrated as By=752.2, B;=241.6, B,=34.88, C;=10.04 and
C,=58.06. Advantage of this model is that PL decay both in

the fast and slow decay phases can be modeled by a single
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model. Finally, the predictive model for /,,, which is a
function of initial light intensity (Iy), stress (0) and strain rate
(¢) can be derived as

I'l

ml

(Io,a,é):KléO'Z(l—é)+K20'+K310é‘0' (5)

where calibrated coefficients are K1=3.149X10'16, K>=-4.845%
10° and K;=1.449x10” in our model.

5. Calibration model and validation

In this section, a calibration equation is proposed to
convert the ML light emission to the effective strain. The

effective strain is a scalar value and is defined as follows

NG

1
€, = 7[(‘911 _522)2 +(‘922 _533)2 +(533 _511)2 +6(‘9122 +5223 +5321)]5

3
(©)

which & is the effective strain and ¢&; is the component of
the strain tensors. In order to provide a calibration equation,
comprehensive tension tests have been conducted on a
standard dog-bone shape Aluminum specimen coated with a
thin SAOED film with a thickness of 0.03 inches. The
specimen is photoexcited for two minutes and decayed in the
dark medium for seven minutes thereafter. After the certain
decay time intervals, loads were linearly applied up to 15 kN
at five different strain rates (0.1, 0.2, 0.3, 0.4, and 0.5 mm/s).
Each test was repeated three times to minimize the
experimental error. During the loading period, images are
captured by a CCD camera at a frame rate of 10 fps. After
carrying out the image processing, an average value of the
ML light intensity is calculated for each frame. The
incremental values of At, ALI, and An have been input to the
MGGP model to predict the change of effective strain in each
time step. The predictive change of the effective strain can be

expressed as follows

Ag,,, = C (At+ log‘AL] + .9?(”,1)‘ —log| gg(nfl)‘) +C, (ALl + log‘At‘)
)+C,

+ C3 (ge(n—]) - Aﬂn - IOg‘Ann

0]

where At is the incremental time, ALl is the change of the

ML light intensity for each increment, and An, can be
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Figure 5 Comparison of the ML effective strain and FE effective strain values

defined as An,=ALl&.;) for the nth increment. The model
constants are calibrated as C;=0.1, C,=0.0859, C;=0.01408,
and C4=0.1719. The effective strain in each step time can be
obtained by accumulation of the changes of the effective
strain values. To validate the performance of the calibration
equation, a tension test has been conducted on a standard
open-hole aluminum specimen coated with same thin ML
film. Load was linearly applied up to 45 kN and the
specimen was remained in the linear-elastic range. Figure 5
(a) shows the full-field effective strain distribution using the
ML sensing film and the calibration model and Figure 5 (b)
shows the effective strain values from the FE simulation
(ABQUS 6.13-2). According to the Figure 5, the present
calibration model could convert ML light intensity to the
effective strain accurately and the results are validated with

high accuracy.

6. Conclusion

In this article first, based on experimental testing of the
SAOED thin film coated on aluminum specimens subjected to
monotonically increasing tensile forces, ML phenomena were
investigated considering the effect of the stresses, strain rates,
and the PL decay time intervals on the ML light emission.

A predictive ML transduction model was proposed to
predict the ML light intensity from SAOED thin-film coating
sensor under mechanical loading. Mechanical energy applied
to the ML sensing film was transduced to incremental
change of the total light intensity which was subdivided to
the net ML emission, the stress-free PL decay and the
stress-state instantaneous PL decay. The predictive equations

are derived based on the experimental test data. Finally, a

calibration model is proposed to convert the net ML emission
from the thin-film to the actual effective strain values. The
effective strain values from ML calibration are then compared
and validated with those from a FE analysis. The highly
accurate results from this study shows that SAOED ML
sensing films can be used as a new non-contact full-field

strain sensor.
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