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Abstract: In this paper, based on the excellent fluorescence properties of graphene quantum dots and
their good response to mechanical effects, graphene quantum dots are mixed with epoxy resin to make
a coating sensor. Taking this as the research object, the film is coated on the Q235 tensile steel sample,
which can dynamically monitor the stress and strain of the steel sample. By investigating the effects of
the concentration of graphene quantum dots, the synchronization of the film and the steel component,
and the residual stress of the epoxy resin, the mechanism of the visual fluorescence signal was analyzed.
The response of stress-strain of steel specimen and fluorescence intensity of coating sensor under
uniaxial tension and cyclic loading was studied. The experimental results show that the synthesized
coating sensor has good stability and can produce very sensitive fluorescence response to stress and
strain. The fluorescence intensity of the coating sensor increases with the increase of stress and strain
under cyclic loading, and decreases with the decrease of stress and strain, which has the potential to
act as a new optical strain gauge.
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1 INTRODUCTION

Graphene quantum dots are zero-dimensional structure of graphene, belonging to
nanomaterials. They can produce stable and bright fluorescence under ultraviolet light
irradiation, showing good water solubility, low biological toxicity, chemical inertness and other
excellent characteristics [!2]. The photoluminescence peak position and intensity of graphene
quantum dots depend on or are independent of excitation wavelength, PH value, solvent,
boundary and size of graphene quantum dots. Due to its unique characteristics, it has broad
application prospects in biosensing *!, bioimaging [*], fluorescent probes [°!, optical sensing °!
and so on.

For steel structures, stress and strain monitoring is particularly important. Whether in the
basic experimental process or in the specific parts of the actual structure, stress and strain
monitoring is required. Especially in harsh environments, it is very valuable to develop a sensor
with low cost, good stability, high real-time performance and remote monitoring of stress and
strain. The problem of creep strain accumulation of steel structure can not be ignored. At present,
there are many methods of strain measurement, including resistance strain gauge !}, optical
fiber sensor (81, DIC P and so on. Although these methods are currently mature, they are still
limited by response time, sample destruction, and cost issues. Graphene quantum dot
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fluorescence sensor is based on the optical response characteristics of fluorescent quantum dots,
which can alleviate the limitations of these problems to some extent.

Hao Liu et al ['% studied the pressure-induced optical response of InP/ZnS nanocrystals.
During the full pressure cycle of 0-2.5 GPa, the photoluminescence blue shift is completely
reversible, and the emission color range is from orange to green with a slight intensity
enhancement. Jundiao Wang ' found that CulnS2/ZnS quantum dots not only showed high
photoluminescence intensity, but also showed a reliable and simple relationship between
photoluminescence emission peak energy and external pressure. Yan Zhang et al. ['?! found that
the luminescence of semiconductor quantum dots can be adjusted by piezoelectric effect. Small
mechanical force can cause significant changes in the emission spectrum. Existing studies have
found that the photoluminescence properties (fluorescence) of quantum dots do have a more
sensitive response to mechanical forces. Therefore, it is very potential to use the fluorescence
response characteristics of graphene quantum dots to monitor the stress and strain of steel
structures.

In this paper, graphene quantum dots were uniformly embedded in epoxy resin, and the
fluorescence response of graphene quantum dot fluorescence sensor to uniaxial tensile load and
cyclic loading was studied. The response mechanism of graphene quantum dot fluorescence
sensor is clarified from the influence of factors such as the change of graphene quantum dot
concentration, the synchronization of sensor and steel sample, and the residual stress inside
epoxy resin.

2 EXPERIMENTAL DETAILS

2.1 Selection of graphene quantum dots
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Figure 1: Fluorescence spectra and fluorescence effect of three batches of graphene quantum dots

According to the preliminary work of the laboratory, three batches of graphene quantum dots
were synthesized by a similar 'top-down' method ['*!. The fluorescence color and fluorescence
effect are shown in Figure 1. The fluorescence colors are blue, green and light blue, respectively.
The fluorescence spectra of three batches of graphene quantum dots with different production
processes were measured by fluorescence fiber spectrometer (Ocean Insight, FLAME-S-XR1).
The fluorescence spectra are shown in Figure 1. The fluorescence wavelength of graphene
quantum dots 1 is 501 nm, the fluorescence intensity is 51713 Counts, the fluorescence
spectrum is smooth and has only one fluorescence peak. The fluorescence wavelength of
graphene quantum dot 2 is 483 nm, and the fluorescence intensity is 51303 Counts. Although
the fluorescence intensity is good, its fluorescence spectrum has two peaks, which is not
conducive to the development of later sensors. The fluorescence wavelength of graphene



Haitao Liu et al.

quantum dot 3 is 486 nm. Although the fluorescence spectrum is smooth, its fluorescence
intensity is only 38075 Counts, and the fluorescence effect is poor.

After comparing the fluorescence spectra and fluorescence intensity of the above three
batches of graphene quantum dots, graphene quantum dot 1 was used to develop a fluorescence
Sensor.

2.2 Optimum fluorescence concentration of graphene quantum dots

Because graphene quantum dots have fluorescence quenching characteristics 4l (the
fluorescence intensity decreases and the luminescence time shortens due to the interaction of
graphene quantum dots), it is necessary to determine the appropriate concentration of graphene
quantum dots for sensor deployment. Through previous experiments, it was determined that
graphene quantum dots were dissolved in anhydrous ethanol. Six groups of concentration
gradients were designed, and the fluorescence intensity of six groups of solutions was measured
by a fluorescence spectrophotometer (F-7000). The measurement results are shown in Figure 2.
It can be seen from the figure that the fluorescence intensity reaches the maximum when the
concentration is near 45 mg/ml. When the concentration exceeds this concentration, the
fluorescence intensity tends to decrease due to fluorescence quenching, that is, fluorescence
quenching occurs. Considering 40 mg/ml as the optimal fluorescence concentration of graphene
quantum dot solution.
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Figure 2: Optimal fluorescence concentration curve.

2.3 Preparation of graphene quantum dot fluorescence sensor

Graphene quantum dots were dissolved in anhydrous ethanol at a concentration of 40 mg/ml.
After full stirring, ultrasonic dispersion was performed for five minutes to make the
agglomerated graphene quantum dots fully dissolved in anhydrous ethanol. Then, the prepared
solution was fully integrated with high transparent epoxy resin (A glue) and curing agent (B
glue) in a ratio of 0.9:2.5:1, and slowly stirred with a glass rod clockwise for 5 minutes, and
then the mixed solution was ultrasonically dispersed by an ultrasonic dispersion machine for
five minutes. In this way, graphene quantum dots can be uniformly dispersed into epoxy resin
to ensure that the fluorescence intensity of each part of the synthesized sensor is consistent.
Finally, the dispersed mixed solution was placed in a drying oven, the temperature was set to
85 °C, dried for 2 hours, and then removed. After cooling to room temperature, the cured
graphene quantum dot fluorescence sensor can be obtained. The overall preparation process is
shown in Figure 3 below.
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Figure 3: Graphene quantum dot fluorescence sensor preparation flow chart.

2.4 Preparation of experimental specimen

Using the above preparation process, blank epoxy resin tensile specimen (Figure 4a) and
epoxy resin tensile specimen doped with graphene quantum dots (Figure 4b) were prepared by
pouring method. Figure 4C is the specific size of the tensile epoxy resin component.
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Figure 4: (a) Blank epoxy resin tensile specimen. (b) Epoxy resin tensile specimen with graphene
quantum dots. (c) Epoxy resin specimen size.

As shown in Figure 4a, under the irradiation of ultraviolet light with a wavelength of 365
nm, the tensile specimen exhibits photoluminescence. Uniaxial tensile tests were performed
using a universal material testing machine. The loading was controlled by displacement, and
the loading speed was 2mm/min until it was stretched to fracture.

In order to study the effect of cyclic loading on the fluorescence response of the graphene
quantum dot fluorescence sensor, the graphene quantum dot fluorescence sensor was uniformly
applied to the Q235 tensile steel specimen (Figure 5a is the actual size of the tensile steel
specimen), and then placed in a drying oven. After drying at 85 °C for 2 hours, it was taken out
and cooled to room temperature, and then solidified on the Q235 steel member (Figure 5b).
When the Q235 steel specimen was irradiated with 365nm ultraviolet light, a strong blue
fluorescence was observed at the coating (Figure 5c). The tensile steel specimen coated with
graphene quantum dot fluorescence sensor were placed in a universal material testing machine
(SANS) for cyclic loading and unloading. Force-controlled loading was used, the loading rate
was 50 N/S, and the fluorescence intensity was collected every 400 N until 6 KN was loaded.
Then unload from 6KN, and the unloading process was consistent with the loading process.
Five load cycles were carried out through the above loading system to investigate the
fluorescence response of the sensor to the cyclic load.
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Figure 5: (a) Dimensions of Q235 tensile steel specimens. (b) Tensile steel specimens coated with
graphene quantum dots fluorescence sensor. (c) Fluorescence after 365nm UV irradiation.

Figure 6 is the fluorescence response monitoring system built by universal material testing
machine, fluorescence fiber spectrometer, LED 365 nm ultraviolet light source, etc. The
fluorescence response changes of uniaxial tensile test and cyclic loading test were recorded by
fluorescence fiber spectrometer. In the experiment, the graphene quantum dot fluorescence
sensor can achieve photoluminescence under local irradiation of ultraviolet light at 365 nm
wavelength.
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Figure 6: Fluorescence response monitoring system.

When measuring the sample each time, it is necessary to keep a certain distance between the
optical fiber probe and the measured sample, so that the measured fluorescence spectrum data
1s more accurate. Through the previous experiments, it is found that the distance between the
optical fiber probe and the sample is most suitable in the range of 0.5cm to lem. This distance
range can ensure the accuracy of the measured fluorescence spectrum, and can effectively
collect the real-time change of fluorescence intensity.

3 RESULTS AND DISCUSSION

Since epoxy resin is selected as the matrix of graphene quantum dots, it is necessary to
investigate the mechani-cal properties of the cured epoxy resin to see whether it is suitable as a
bearing matrix. The epoxy resin is a highly transparent epoxy resin, which can ensure the
minimum effect on the fluorescence of graphene quantum dots. As shown in Figure 7, the
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maximum stress of the cured epoxy resin is basically maintained at about 40 Mpa, and the
maximum strain is maintained at about 6 %. At the same time, the stress-strain curves of the
three epoxy resins are similar, and the stability during stretching is good, which can serve as a
matrix for carrying graphene quantum dots.
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Figure 7: Tensile stress-strain curve of epoxy resin.

In order to establish the response between fluorescence and structural strain of graphene
quantum dots, graphene quantum dots were incorporated into epoxy resin to prepare tensile
specimen. As shown in Figure 8(a), the fluorescence intensity of the tensile specimen doped
with graphene quantum dots changes in real time with the tensile strain during the tensile test,
and the fluorescence intensity decreases with the increase of the tensile strain. The two show
an approximate linear relationship. In the tensile experiment, it was also observed that the
fluorescence intensity of some tensile samples increased with the increase of strain. Figure 8(b)
shows the photo of the sample after fracture, and it can be seen that the sample has a large strain.
Compared with the blank epoxy resin tensile sample in Figure 7, the maximum strain has been
greatly improved, but the maximum stress has been reduced by about 10 %. This shows that
the incorporation of graphene quantum dots increases the toughness of epoxy resin to a certain
extend.

Stress-strain curve
Fluorescence response curve

L

Stree(Mpa)

L

Fluorescence intensity(Counts)

Strain(%)

(a) (b)
Figure 8: (a) The change of fluorescence intensity of epoxy resin tensile samples doped with graphene
quantum dots with tensile strain. (b) The sample situation after breaking.
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As shown in Fig.9, as the tensile strain increases during the experiment, the number of
graphene quantum dots per unit area decreases, which leads to a decrease in fluorescence
intensity. At the same time, when graphene quantum dots are dispersed into epoxy resin, some
quantum dots may agglomerate. During the stretching process, the agglomerated graphene
quantum dots are pulled apart to expose more graphene quantum dots to ultraviolet light, which
leads to an increase in fluorescence intensity as the tensile strain increases. In the tensile
experiment, the change of the number of graphene quantum dots per unit area may be one of
the reasons for the change of fluorescence intensity.
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Figure 9: The comparison diagram of the number of unit area before and after the graphene quantum
dot tensile experiment.

However, the strain-induced separation of graphene quantum dot aggregates does increase
the number of graphene quantum dots exposed to ultraviolet light, resulting in an increase in
photoluminescence intensity (fluorescence intensity), a phenomenon also observed in tensile
experiments.

In general, the photoluminescence intensity of the rated number of graphene quantum dots
may be related to its quantum yield, that is, the lower the quantum yield, the lower the
photoluminescence intensity of graphene quantum dots. Carolina Carrillo-Carrion et al !
believed that the photoactivation process depends on many factors, including atmospheric
conditions (oxygen, humidity), light intensity, the presence of water, and the polarity of the
solvent. It can be considered that the tensile strain causes the change of related factors in the
photoactivation process of graphene quantum dots, which leads to the decrease of
photoluminescence intensity.

In reality, the strain of steel structure always changes in real time, so it is necessary to study
the effect of cyclic loading on the photoluminescence response (fluores-cence response) of
graphene quantum dot fluorescence sensor. The 40 mg/ml graphene quantum dot solution was
mixed with a highly transparent epoxy resin in pro-portion and evenly dropped on the surface
of'the Q235 tensile steel member. The samples were placed in a dry-ing oven, and cyclic loading
experiments were carried out after cooling and curing.

The cyclic loading and unloading of Q235 tensile steel samples coated with graphene
quantum dot fluorescence sensor at room temperature were carried out by universal material
testing machine (SANS). The steel sample is installed in the fixture on both sides, and the two
ends of the sample are clamped by the rotating handle. The loading and unloading can be
realized by moving the fixture on the upper side. As shown in Figure 10, the Q235 steel
specimen has been in the elastic range under cyclic loading. The photoluminescence intensity
(fluorescence intensity) of the graphene quantum dot sensor has a good synchronization with
the stress and strain of the steel sample. The fluorescence intensity increases with the increase
of strain and decreases with the decrease of strain (Figure 10a). The fluorescence intensity
increases with the increase of stress and decreases with the decrease of strain (Figure 10b). The
curve of fluorescence response is basically linear, indicating that it has a high sensitivity to the
change of stress and strain.
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Figure 10: (a) The response of the sensor fluorescence intensity to strain and time under cyclic
loading. (b) The response of the sensor fluorescence intensity to stress and time under cyclic loading.

It can also be seen from Figure 10 that the fluorescence response accuracy and stability of
the graphene quantum dot sensor are better in the first three cycles. At the fourth and fifth cycles,
the fluorescence response effect began to be somewhat unstable, and the overall attenuation of
the fluorescence intensity began to increase, but the trend of increase and decrease with stress
and strain still existed. There may be two reasons for this instability. The first is that the epoxy
resin is not a linear elastic material, and residual stress occurs inside the epoxy resin during
multiple loading and unloading. The second reason is that the adhesion between the graphene
quantum dot sensor and the steel sample is weakened, and the phenomenon of asynchrony
occurs, which leads to the instability of the fluorescence response.

The change trend of fluorescence intensity indicates that there is an interaction between
graphene quantum dots and epoxy resin, which may be related to strain, internal stress, time
dependence of epoxy resin, creep, residual stress and so on 6. At present, the potential
mechanism of this interaction is not clear, and further research and discussion are needed. This
may be related to the separation of graphene quantum dot aggregates during the tensile process
during small strain cyclic loading, resulting in a change in the concentration of graphene
quantum dots per unit area.

4 CONCLUSION

Through a series of preliminary deployment experiments, a graphene quantum dot
fluorescence sensor was successfully synthesized. Using the pouring method, it was poured into
a standard tensile specimen, and the uniaxial tensile test was carried out. It was uniformly
applied to the Q235 standard tensile steel sample by drop coating method, and the cyclic loading
experiment was carried out. It can be seen from the experimental results that the synthesized
sensor has a good fluorescence response to stress and strain, and can maintain a certain stability
and “memory” effect under cyclic loading. The internal mechanism of the graphene quantum
dot sensor remains to be further studied. Through continuous optimization design, the sensor
has the potential as a new type of optical strain gage.
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