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Abstract
Identification of early damage in polymer composites is of great importance. We have
incorporated cyclobutane-containing cross-linked polymers into an epoxy matrix, studied the
effect on thermal and mechanical properties, and, more importantly, demonstrated early damage
detection through mechanically induced fluorescence generation. Two cinnamate derivatives,
1,1,1-tris(cinnamoyloxymethyl) ethane (TCE) and poly(vinyl cinnamate) (PVCi), were
photoirradiated to produce cyclobutane-containing polymer. The effects on the thermal and
mechanical properties with the addition of cyclobutane-containing polymer into epoxy matrix
were investigated. The emergence of cracks was detected by fluorescence at a strain level just
beyond the yield point of the polymer blends, and the fluorescence intensified with accumulation
of strain. Overall, the results show that damage can be detected through fluorescence generation
along crack propagation.

Keywords: cyclobutane, stress-strain, crack sensor

(Some figures may appear in colour only in the online journal)

1. Introduction

Material degradation caused by mechanical deformation,
thermal expansion/contraction, radioactive contamination,
chemical corrosion, or electrical discharges occurs inevitably
in practical applications and significantly reduces material
performance, especially in harsh environments [1–4]. For
example, aerospace materials are exposed to large changes in
pressure, temperature, speed, and other elements. All these
elements can cause large accumulations of stresses on the
materials [5]. Beyond a certain threshold, microscopic cracks
begin to form and grow irreversibly, and they eventually
result in complete destruction of the materials and jeopardize
public safety [6–8]. It is of great importance to monitor the
health conditions of materials in service; in this way, people
can take steps before materials reach mechanical failure.

Scientists have studied many years to develop damage
detection technology. Recent research has shown that the use
of electromechanical (E/M) impedance methods allows for
the direct identification of structural dynamics [9–11]. The
mechanism is to couple small-size piezoelectric active sen-
sors, such as lead zirconate titanate, with the material struc-
ture. The measurements of the E/M impedance or admittance

signatures are related to mechanical impedance, which is
affected by the presence of damage. The Lamb wave method
is also suitable for structural health monitoring applica-
tions [12, 13].

Damage in a structure can also be by identified by using a
self-monitoring means such as crack sensors. Several types of
crack sensors have been developed in recent years [14–16]. In
particular, with a view to ease of detection, a great deal of
effort has been devoted to developing methods of detecting
damage in terms of visibility. A visible color change can
indicate areas under stress and provide a signal if damage has
occurred. Mechanofluorochromic materials, which depend on
changes in physical molecular packing modes in response to
mechanical stimuli, can be used as stress sensors [17–19].
Crenshaw et al, as pioneers in organic mechano-
fluorochromism, demonstrated that tensile deformation can
facilitate substantial changes in the luminescent properties of
linear low-density polyethylene (LLDPE)–dye blends by the
destruction of dye aggregates [19]. The deformation color can
be tuned by varying the electronic molecular structures of the
dye molecules. However, the limited solubility of organic dye
in a polymer matrix limits the application of this system in
some materials. Materials that respond to external stress with
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a color change are already known, but most color change
processes are activated by the disruption or formation of non-
covalent bonds. Mechanophores, force-sensitive molecular
units, give visible color change upon the scission of covalent
bonds in a structure. In recent years, mechanophore-linked
polymers have attracted significant interest because they
expand the scope of applications in that a variety of polymers
become accessible. Sijbesma et al synthesized stress-sensitive
polymer by incorporating the bis(adamantly)-1,2-dioxetanes
unit, which enables transduction of force into a temporal
visible luminescence under stress via opening of the four-
membered dioxetane ring with subsequent ketone product
relaxation from its excited state to the ground state [20].
Pyran-based organic compounds, such as spiropyrans, spir-
ooxazines, and naphthopyrans, are well-known chromogenic
materials for which structure changes occur in conjunction
with a color change induced by temperature or light [21–24].
However, color change induced by external force in pyran-
based compounds has not been extensively reported. Davis
et al synthesized spiropyran-linked elastomeric polymers,
which were able to act as a force sensor in response to stress
loading [25]; this response was accompanied by a color
change through a mechanically induced 6-electrocyclic ring-
opening reaction from colorless spiropyran to colored mer-
ocyanine conformations.

Although mechanophore-linked polymer has provided
tremendous new opportunities, especially in the areas of stress
sensing and early crack/failure detection, many unknown
fundamentals as well as unexplored applications remain.
Current research gives greater emphasis to pure and bulk
traditional polymers; synthesis relies solely on an individual
chemistry/reaction mechanism that is often limited and
complicated. Here we have designed and synthesized a
mechanically responsive composite material system by
blending cyclobutane-containing polymer into an epoxy
matrix to identify the location of damage through mechani-
cally induced fluorescence generation.

2. Methodology

2.1. Materials

Unless otherwise stated, all the following listed materials and
reagents were used as received. 1,1,1-tris(hydroxymethyl)
ethane (99%), cinnamoyl chloride (98%), tetrahydrofuran
(⩾99.9%), 4-(dimethylamino)pyridine (⩾99%),dichlor-
omethane (⩾99.8%), ethanol (⩾99.5%), and poly(vinyl cin-
namate) (PVCi, average Mn 45 000–55 000) were purchased
from Sigma-Aldrich. Sodium chloride (⩾99%) and water
(HPLC) were purchased from Fisher Scientific. Epoxy resin
FS-A23 (digycidylether of bisphenol F, DGEBPF) and epoxy
hardener FS-B412 (diethylenetriamine, DETA) were pur-
chased from Epoxy System Inc.

2.2. Synthesis of 1,1,1- tris (cinnamoyloxymethyl)
ethane (TCE)

TCE was prepared through the reaction between 1,1,1s-tris
(hydroxymethyl)ethane and cinnamoyl chloride [26]. The
crude product was purified by recrystallization through hot
ethanol. 1H and 13C nuclear magnetic resonance (NMR)
spectra were taken using a Bruker 400MHz NMR spectro-
meter. The 1H NMR (CDCl3) data for TCE are as follows:
δ1.178 (s, 3 H, CH3), 4.292 (s, 6 H, OCH2), 6.442 (d, 3 H,
J = 16 Hz, phCH), 7.260–7.504 (m, 15 H, phenyl), 7.688 (d, 3
H, J = 16 Hz, phCH), 13C NMR (CDCl3): δ17.402 (CH3),
38.839 (CCH3), 66.282 (OCH2), 117.544, 128.173, 128.895,
134.209 (phenyl), 130.435 (phCH), 145.411 (phCH=CH),
166.699 (carbonyl). Mass spectra were conducted using a
JEOL LCMate mass spectrometer. The calculated molecular
mass for TCE is 511.2205, and [M-H] at 510.2042 was
detected experimentally.

2.3. Preparation of cyclobutane-containing polymer and
polymer blends

To prepare TCE polymer or PVCi polymer, solid TCE or
PVCi was first dissolved in CH2Cl2. The solution was applied
on a clean silicon mold to form a thin film and placed in a
vacuum to evaporate the excess CH2Cl2. After the evapora-
tion of the CH2Cl2, the thin film was photoirradiated at
302 nm for 4 h. All the silicon molds and glass slides used for
preparation of samples were pretreated with a mold release
agent.

To prepare polymer/epoxy polymer blends, the TCE or
PVCi solution was added to DGEBPF and thoroughly dis-
persed by using an ultrasonic probe sonicator (Sonics
VibraCell, 500W model) for 20 s. The mixture was placed in
a vacuum chamber at 50 °C to evaporate the CH2Cl2 until the
mass of the mixture remained unchanged, indicating that the
excess CH2Cl2 had evaporated. The resin mixture was cooled
to room temperature before DETA was added and mixed
(MTCE or PVCi: MEpoxy = 1:10; MDGEBPF: MDETA = 100:27).
The mixture was sonicated in an ice bath to prevent any
premature curing. After the mixture became homogenous, the
mixture was poured into the silicon molds and moved into a
vacuum chamber to degas for 30 min, followed by photo-
irradiation conducted by a UV lamp of 302 nm wavelength
(UVP, UVM-28). According to the manufacturer’s data, the
light density was approximately 1300 μWcm−2 at a distance
of 3 cm. The sample was exposed to UV for 4 h and cured
overnight at room temperature in atmosphere. A neat epoxy
sample followed a similar procedure for comparison. After
simple machining, the sample was ready for test. The average
dimension of the cubic sample was 3 × 4 × 8 mm.

2.4. Characterization of photochemical properties of
cinnamates

All UV spectroscopic analyses were performed using a
UV–Vis spectrometer (Perkin Elmer Lambda 18). The spectra
of the samples were recorded before exposure and after each
exposure at selected intervals of time. All measurements were
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performed using the same parameters at room temperature.
The FT-IR spectra were analyzed using a Bruker IFS 66 V S−1

FTIR spectrometer. TCE was dissolved in CH2Cl2 and was
spread out on a KBr disk and left without any disturbance.
CH2Cl2 was then evaporated off in a vacuum oven at room
temperature to form a very thin film.

2.5. Characterization of polymer blends

The measurements of Tg were carried out by differential
scanning calorimeter thermal analysis (DSC). Experiments
were performed in a nitrogen atmosphere using TA Instru-
ments Q20. Throughout the DSC work, temperature and heat
flow calibrations were performed following standardized
procedures. After a heating and cooling cycle up to 70 °C
with a heating ramp rate of 10 °C min−1 to eliminate thermal
history, Tg was analyzed from the data of the second heating
scan from −20 to 120 °C at 10 °C min−1, using TA universal
Analysis software. All samples were contained in Tzero pans
with lids. An empty pan with a lid was used for reference.
Thermogravimetric analysis (TGA) was carried out using a
TA Instruments (TGA Q500) machine. The sample was
placed in a tared platinum crucible. All the samples were
heated from 30 to 600 °C at a heating rate of 10 °C min−1 in
nitrogen. The compressive stress-strain curves of these sys-
tems were obtained by conducting tests on an MTS servo
hydraulic test system. The tests were run in displacement
control in the longitudinal direction at a loading rate of
1 mmmin−1. To monitor the fluorescence generation from
cracked polymer blends, the cubic samples of the polymer
blends were compressed to different strains and observed
simultaneously under a fluorescence microscope (Nikon
Eclipse TE300 inverted video microscope) by exposure to
330–380 nm UV light.

3. Results and discussion

3.1. Photoreaction of TCE and PVCi

In our study, we applied epoxy as the matrix material.
Epoxies are among the most popular thermosetting polymers
and are widely used in the automobile, aircraft, sports
equipment, and other industries due to their excellent
mechanical performance, thermal stability, and flame retar-
dancy [27–30]. Cyclobutane was applied into the epoxy as
mechanophores: 1,1,1-tris(cinnamoyloxymethyl) ethane
(TCE) was dimerized through [2 + 2] cycloaddition into a
cyclobutane ring under photoirradiation to eventually form a
three-dimensional network. This cyclic product has been
proved to efficiently generate fluorescence emission upon
cleavage of the cyclobutane ring [31]. The [2 + 2] photo-
cycloaddition of the cinnamoyl groups was analyzed using
both UV–vis and FTIR spectroscopy. Figure 1(a) displays the
variation in UV absorbance of TCE dilute solution as a
function of UV exposure time. The solution exhibited strong
UV absorbance between 250 and 350 nm with a peak cen-
tered at approximately 280 nm; this likely corresponds to the

abundance of π-π* transitions of the C=C double bond from
cinnamoyl groups before photoirradiation, as reported else-
where [26, 32, 33]. The change in the absorbance value was
monitored by continual irradiation, and it was obvious that the
absorbance band decreased rapidly with exposure time and
disappeared almost completely within 30 min of photo-
irradiation. This observation implies the formation of cyclo-
butane. The spectra underwent a slight blue shift from 280 to
272 nm due to the change in chemical structure of the cin-
namate groups under photoirradiation. For comparison, we
also purchased PVCi, which has the cinnamate functional
group as side groups of the polymer chain, to produce
cyclobutane upon photoirradiation. PVCi is prominent in
photochemistry, with certain attractive characteristics
[34–36]. The UV absorbance of the PVCi dilute solution
exhibited a trend similar to that of the TCE solution upon
photoirradiation, as shown in figure 1(b). Cycloaddition
efficiency can be calculated according to the rate of dis-
appearance of the C=C double bond of the cinnamoyl group
by using the following equation: conversion (%) = (A0−At)/
A0 × 100, where A0 is the absorbance before irradiation at the
maximal wavelength and At is the corresponding absorbance
during photoreaction [37]. The conversion as a function of

Figure 1. The change in UV absorbance of (a) TCE and (b) PVCi
solution as a function of UV exposure time ( 0 min; 15 min;

30 min). The inset figures provide the change in the conversion as
a function of the UV exposure time.
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time is plotted in figure 1 (inset) and estimated to be over 80%
and 90% based on the absorbance change at 280 nm after
30 min of UV exposure. In addition, it was observed from
both plots that conversion (%) never reached 100%. This can
be explained by steric hindrance from formation of the
polymer network.

Results from FTIR were also used to track the transfor-
mation of the functional groups during photoirradiation.
Figure 2 shows the FTIR spectra of the TCE film before and
after irradiation under UV light. The peaks at 1713 cm−1 and
1637 cm−1 corresponded to the conjugated C=O stretching
vibration and vinylene C=C stretching vibration, as reported
elsewhere [33, 38]. After 30 min of photoirradiation, the C=C
peak disappeared due to consumption in forming cyclobutane
by photo-dimerization, which destroyed the conjugation in
the entire π-electron system. The C=O peak shifted to a higher
wavenumber with decreasing absorbance; this may be
attributed to the loss of π–conjugation from the C=C double
bond [38, 39].

3.2. Effects of addition of polymers to the thermal and
mechanical properties of polymer blends

Subsequently, we incorporated cyclobutane-containing poly-
mers into an epoxy matrix and first studied glass transition
temperatures (Tg). Polymer blending was recognized as a
common way to develop new materials. Appropriate blending
can offer useful extended properties compared with neat
properties. However, immiscibility and incompatibility are
the main problems for most polymer blends and limit their
usefulness in practical application. Fully miscible blends are
characterized by a single glass transition temperature, unaf-
fected by the number of polymer components the blends
contain [40]. In contrast, immiscible blends for binary com-
ponents usually have two glass transition temperatures. The
DSC curves of the neat epoxy and polymer blends are dis-
played in figure 3. Only one glass transition temperature was
observed for polymer blends, suggesting that the epoxy- and
cyclobutane-containing polymers were quite miscible with

Figure 2. IR spectra of TCE film on a KBr disk before and after
photoirradiation.

Figure 3. DSC curves and SEM images for neat epoxy and epoxy/polymer blends: (a) neat epoxy (b) epoxy with10 wt.% TCE polymer (c)
epoxy with 10 wt.% PVCi polymer.

Figure 4. Comparisons of theoretical and experimental Tg of epoxy
with various contents of TCE polymers and PVCi polymers (inset).

4
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each other. The miscibility of the blends was further con-
firmed by scanning electron microscopy (SEM), in which no
noticeable phase separation was detected.

It has been reported that the Tg of epoxy polymer blends
may vary due to different factors such as compositions of the
blends or the conversion of the curing reaction [41–43]. The
Tgs of the neat polymer and polymer blends are summarized
in table 1. The addition of TCE polymers or PVCi polymers
to epoxy significantly changed the glass transition tempera-
ture. For a binary system, the Tg of the system can be cal-
culated by the Fox equation = + −

T

x

T

x

T

1 1

g g g

1

,1

1

,2
, where Tg,i is

the glass transition temperature of component i and xi is the
mass fraction of component i [40]. The comparisons between
the experimental and calculated values are shown in figure 4.
Theoretically, the glass transition temperature of the epoxy
with TCE polymers deceases with the addition of TCE
polymers, whereas the glass transition temperature of the
epoxy with PVCi polymers increases with the addition of
PVCi polymers, due to the lower Tg of TCE polymers and
higher Tg of PVCi polymers than neat epoxy. Obviously, the
measured values of the samples deviated significantly from
the theoretical values. _ENREF_41We hypothesize that the
photocycloaddition of TCE or PVCi reduced the curing
degree of epoxy significantly. The cross-linking reaction in
neat epoxy was that the nucleophilic amine in the DETA
attacked the carbon atom in the ethylene oxide ring to form a
C-N bond [44]. TCE or PVCi introduced an additional car-
bonyl group into the blends, which might have influenced the
cross-linking process of epoxy due to the possible interactions
between the carbonyl group and the amine. In addition, the
low cross-linking of epoxy could have been caused by net-
work formation via the cycloaddition of cinnamates, which
restrained the motion and the rotation of resin and hardener
monomers during the curing process. Therefore, the addition
of more polymers would make the Tg much lower.

Thermogravimetric analysis (TGA) was used for char-
acterizing the thermal stability of the TCE polymers, PVCi
polymers, and polymer blends. Weight loss due to thermal
degradation is an irreversible process and is closely related to
oxidation through the interaction between the molecular
bonds of a polymer and oxygen molecules [45–47]. Besides
oxidation, polymers can be thermally degraded by random
chain scission, side-group elimination, and so on [48, 49].
Because we ran all TGA measurements under nitrogen in our
experiment, thermal degradation by oxidation was eliminated.
The TGA and differential thermal gravimetry (DTG) curves
as a function of temperature for TCE polymer and PVCi
polymer are shown in figure 5(a). The peak of the DTG (Tp)
indicated the point of greatest rate of change on the weight
loss curve. Obviously, the TCE polymer showed a higher
initial decomposition temperature, which started at 250 °C
and completed at 430 °C. Thermal decomposition of the PVCi
polymer occurred at 100 °C. According to the DTG curve, the
TCE polymer had a single major decomposition step; the
PVCi polymer had two subsequent major decomposition
steps separated by a transition region corresponding to the
decomposition of cyclobutane and the polyvinyl back-
bone [50].

The TGA and DTG curves of neat epoxy and polymer
blends are displayed in figure 5(b). Single-step decomposition
was observed in all samples. The addition of TCE polymer or
PVCi polymer increased the onset of thermal decomposition
of epoxy slightly. According to the DTG curve, the derivative
value for epoxy with PVCi polymer was higher than that of
epoxy and epoxy with TCE polymer. The Tp and the corre-
sponding weight loss are summarized in table 2. The data
indicated that the addition of polymer increased the rate of
degradation of epoxy, which could be attributed to the weaker
cross-linking of epoxy.

Stress-strain curves of the neat epoxy and epoxy and
polymer blends were determined in compression tests, as
shown in figure 6. The strain (%) was calculated from the
ratio of displacement to the initial dimension. All three sys-
tems displayed a qualitatively similar stress-strain behavior.

Figure 5. TGA and DTG curves (insets) of (a) TCE and PVCi
polymers; (b) neat epoxy and polymer blends.

Table 1. Tg of polymer and polymer blends.

Neat
epoxy

TCE
polymer

PVCi
polymer

Epoxy w/
(10, 20,
30) wt.%
TCE
polymers

Epoxy w/
(10, 20,
30) wt.%
PVCi
polymers

Tg,
°C

72 0 75 44, 38, 29 55, 40, 36
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The curves exhibited an initial linear elastic response fol-
lowed by yielding. With a slow drop-off in stress, a plateau
region was observed for a wide range of strains. Young’s
modulus for neat epoxy and polymer blends was determined
by a linear regression to the slope of the stress-strain curve in
the initial linear elastic region and summarized in figure 6
(inset table). Young’s modulus was comparable for neat
epoxy and polymer blends. Young’s modulus for higher-
concentration TCE polymer blends (20% TCE) was calcu-
lated as 1.6 GPa, much lower than for the neat epoxy. The
neat epoxy exhibited higher yield stress than the two polymer
blend systems, revealing that the ability of the epoxy system

to resist damage declined with the addition of TCE polymers
or PVCi polymers. On the other hand, neat epoxy is advan-
tageous regarding application of a crack sensor because
polymer blends may be more sensitive and deform more
easily under stress.

3.3. Fluorescence response by mechanical activation

The goal for the application of cyclobutane-containing poly-
mers in the solid state here was to demonstrate mechan-
ochemical cleavage of a covalent bond, and further to
investigate the use of these cyclobutane-containing polymers
blended with epoxy as stress/strain or damage sensors by
visual detection. It is well known that force distribution is not
uniform throughout a material under stress. Force distribution
is dependent on coupling between macroscopic forces and
molecular forces. The spectroscopic signal can be measured
and imaged to quantify the force.

Figure 6. Compressive stress-strain curves for the pure epoxy and
epoxy w/ 10 wt.% TCE polymers and PVCi polymers dispersed in
the matrix. The inset table is the summary of Young’s modulus of
samples.

Figure 7.Microscopic images of fluorescence emission along cracks generated by hammer smash on polymer blends (a) without and (b) with
10 wt.%, (c) 20 wt.%, and (d) 30 wt.% TCE polymers. The insets are the corresponding images under white light.

Table 2. Tp and the corresponding weight loss of polymer and
polymer blends in TGA analysis.

Neat
epoxy

TCE
polymer

PVCi
polymer

Epoxy
w/10 wt.
% TCE
polymers

Epoxy
w/10 wt.
% PVCi
polymers

Tp, °C 347 373 298 357 357
419

weight
loss, %

31.1 61.4 30.4 47.9 47.9

86.3
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Cracks were first generated by hammer smash on the neat
epoxy and polymer blends. For neat epoxy, the cracks were
observed under white light only; nothing was detected under
UV light, as displayed in figure 7(a). Fluorescence emission
along the cracks was clearly observed in figure 7(b) under UV
light when epoxy was blended with 10 wt.% TCE polymers,
confirming that the fluorescence was due to the incorporation
of TCE polymers. Cyclobutane is a four-membered ring
molecule known for its highly strained structure, largely
attributed to angle strain and torsional strain [51]. The
mechanically induced cleavage of the C-C bonds of cyclo-
butane was thus relatively easy. It implied that, in the polymer
blends, the cleavage of cyclobutane was the major reaction
under stress because the C-C bond in cyclobutane was much
weaker than the bonds in the epoxy polymer structure. The
corresponding images of epoxy with 20 wt.% and 30 wt.%
TCE polymers are displayed in figures 7(c) and (d). As the
images show, the fluorescent signal was further augmented
with the increase in the amount of TCE polymers blended
with the epoxy, implying that more mechanically induced
reactions in cyclobutane occurred under stress. From the

images, it can be seen that epoxy with 10 wt.% TCE polymer
provided sufficient fluorescent emission to detect damage.
Thus, the content of 10 wt.% was used for the subsequent
fluorescent tests.

In a compression test on epoxy with 10 wt.% TCE
polymers, the fluorescent signal was monitored at six points
on the stress-strain curve, as shown in figure 8(a). The evo-
lution of induced fluorescence emission for the polymer
blends is displayed through representative images at point (a)
(immediately before the yield point), point (b) (immediately
after the yield point), and point c (with strain of 20%). No
obvious fluorescence was observed before the yield point was
reached; immediately after the yield point, micro-cracks were
observed under UV by fluorescence emission, whereas they
were not observed under white light, indicating that the
fluorescence emission was able to provide higher sensitivity
to and easy detection of the location of cracks, especially for
early damage detection, even though the initiation of crack
formation usually goes unnoticed under white light. It was
also noted that fluorescence emission along the crack inten-
sified with strain after the yield point. The compression test

Figure 8.Microscopic images of fluorescence emission of (a) epoxy w/ 10 wt.% TCE polymers and (b) epoxy w/ 10 wt.% PVCi polymers at
different strains.
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was conducted on epoxy with 10 wt.% PVCi polymers. Both
polymer blends displayed similar behavior with respect to
fluorescent response under stress. Molecular architecture is
important for force transfer through bulk material to a clea-
vable bond in a mechanophore. The TCE had three cinnamate
functional groups in each molecule, and the cycloaddition of
cinnamates led to the formation of a three-dimensional net-
work; the PVCi had multiple cinnamate functional groups as
the chain side that connected the polyvinyl chain into a net-
work through cyclobutane acting as a cross-linker. In the
compression test, both polymer structures enabled efficient
transfer of mechanical force through bulk epoxy matrix to
achieve a mechanochemical reaction in cyclobutane, thereby
inducing fluorescence generation. For comparison, a tensile
test was conducted on polymer blends. Polymer blends tested
under tension failed in a brittle manner, and no visual fluor-
escence was detected before failure or at the fracture surface
after failure.

To further explore the relationship between the strains
and their corresponding fluorescence response, ten fluorescent
micrographs at each point were processed by ImageJ. The
integrated intensity was calculated through the sum of pixel
values in the image. The density at each point was averaged
and plotted as a function of strain, as shown in figure 9. The
onset of activation was observed below 6% strain and 8%
strain (just past the yield point) for epoxy with TCE polymers

and epoxy with PVCi polymers, respectively. The density
increased with the accumulation of strain, which indicated
that the activation of cleavage of cyclobutane was achieved at
low strain and more activations occurred with mechanical
loading. Epoxy with 20 wt. % TCE polymers (figure 9, top
(inset)) displays a similar tendency, in which fluorescent
intensity increases with strain.

4. Conclusion

We studied the effect on the thermal properties and
mechanical properties of the addition of cyclobutane-con-
taining cross-linked polymer into an epoxy matrix. The cross-
linked TCE and PVCi polymers were both thermally stable
for a wide range of temperature. The DSC experiment showed
that the addition of cross-linked TCE and PVCi polymer
shifted the glass transition temperature (Tg) to lower tem-
peratures, likely due to a lower cross-linking degree of epoxy.
In the compression test, the emergence of cracks was detected
by fluorescence at a strain level just beyond the yield point of
the blended polymer system, and the fluorescence intensified
with accumulation of strain. The fluorescence provided
greater sensitivity for visual detection compared with obser-
vation by white light. Moreover, the possibilities of multiple
stress sensors mechanically activated at different levels that
can be blended together as a more complex mechanophore
combination will be an exciting undertaking.
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