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polymer-based composite with
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Abstract

Triboluminescence (TL) is a phenomenon of light emission induced by impact, stress, fracture, or an applied mechanical force.

This phenomenon can be used to detect, evaluate, and predict mechanical failures in composites. In this report, we utilized

manganese-doped zinc-sulphide (ZnS: Mn) and Polystyrene (PS) composite to fabricate a TL functional part via additive

manufacturing. The morphology of the particles inside the polymer matrix were studied using scanning electron microscopy

and micro CT scan. Thermoanalytical techniques such as differential scanning calorimetry (DSC) and thermogravimetric

analysis (TGA) were carried out to evaluate the thermal transitions and degradation of the composites. The mechanolumi-

nescence performance of the printed samples is evaluated by three-point flexural test and observed to depend on processing

conditions that can be utilized to achieve a strong light signal at different mechanical loads. The polymer composite fabrication

and processing reduced particle size, enhanced particle dispersion, and altered the mechanical properties of the polymer to

help increase the mechanoluminescence response up to 10 times in the 3D printed parts. The unique mechanoluminescence

properties of 3D printed luminescent composite have great potential for structural monitoring applications.
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Introduction

Triboluminescence/mechanoluminescence (TL/ML) is
the emission of light as a result of inducing a mechan-
ical load on centro-symmetric and non-symmetric
materials.1 Luminescent materials have attracted vari-
ous research groups for applications in structural moni-
toring systems with advanced detection capabilities.2,3

Xu et al.4,5 developed a mechanical stress sensor by
creating an artificial skin through the fabrication of a
thin ML piezoelectric film, and Chandra et al.6 studied
the deformation of elastic ML of ZnS: Mn nanoparti-
cles with an increase in luminescent intensity over time.

Dickens et al.7 also reported on the micro-emission
of triboluminescent concentrated composites and their
evaluation at the onset of damage, crack propagation
for structural damages, and sensing applications with
emission occuring below its critical composite fracture
energy.2,8 Additive manufacturing (AM) as an

advanced technology has been used to manufacture
multi-materials9–12 and multifunctional parts13–16 with
intricate and tailorable geometry.17–19 A wide range of
applications in additive manufacturing have been
reported. Recently, Leigh et al.20 demonstrated use of
a low-cost 3D printer to produce a variety of functional
electronic sensors. Also, Kennedy et al.17 introduced a
non-destructive and anti-counterfeiting method by
embedding engineered nanomaterials into features of
3D printed parts to quantify a chemical signature pro-
file. Marga et al.21 used bioprinting-based technology
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to fabricate 3D tissue and organ structure with com-
plexity for cell proliferation. As 3D printing continues
to gain interest in electronics,20,22 ceramics mater-
ials23,24 and biomaterials21,25 the need for a method to
monitor structural health and detect damage of the
printed parts is essential.

In this work, we utilized Mn-doped ZnS as TL
materials due to their intense mechanoluminescence
properties, and polystyrene (PS) for the fabrication of
the TL-PS functional parts via additive manufacturing.
We discovered that by reducing the crystal size and
polymer chains through multiple processing cycles,
the following results were observed: (i) the distribution
of crystals in the matrix could be improved by enhan-
cing the TL-PS interface; (ii) an increase the mechanical
properties of the composite; and (iii) an increase in the
limunescent response up to 10 times – which allowed us
to achieve printed samples with sensitive mechanolumi-
nescence responses at different mechanical load levels.

Experimental work

Sample preparation

The ZnS: Mn particles (5–20mm) were obtained from
Phosphor Technologies, and the PS pellets (Mw

�35,000) were purchased from Sigma-Aldrich. The PS
pellets were dried in an oven at 50 �C overnight and
ground to a coarse powder before adding ZnS: Mn at
40% wt. The mixture of PS and ZnS: Mn (TL) was pro-
cessed using the HaakeTM Rheomex Twin Screw
Extruder at 290 �C and extruded at 40 r/min speed
through a die of 2.85mm diameter. The TL-PS composite
filament was cooled down and collected on a spool. The
filament was then broken down into fine particles using a
blender and re-extruded to attain samples with multiple
extrusion and processing conditions (single, double, and
triple extrusion). By controlling the extrusion speed, fila-
ments with diameters of 2.85mm and 1.5mm were
achieved for printing and testing, respectively.

The TL-PS filament was used as feedstock to print
beams (55� 5� 10mm) utilizing a fused filament fabri-
cation (FFF) 3D printer (Lulzbot Taz 6) for three-point
flexure testing on mechanical testing system. For all the
prints, the temperature of the nozzle (0.5mm) and the
printing bed were set at 240 �C and 110 �C respectively.

Sample characterization

The morphologies of extruded filament at different pro-
cessing conditions were evaluated using a Scanning
Electron Microscope (SEM, JEOL 7400) at 5 kV.
A high-resolution micro-computed tomography
system (m-CT Lab HX, Rigaku) was used to study the
dispersion of TL particles within the second extruded

TL-PS samples. Imaging was performed at a voxel size
2.13mm with a source potential pf 90 kV and tube cur-
rent of 88 mA. Each scan consisted of 1200 projections
with the samples being rotated in steps about its longi-
tudinal axis. The scanning time used a total of 2.5 h per
specimen, and once the scanning was completed, the
3D dataset was then reconstructed using come beam
approximation.

The transition temperature and thermal stability of
TL-PS composite were determined using a Differential
Scanning Calorimeter (DSC Q100, TA Instrument) set
to equilibrate at 25 �C, hold isothermally for 10min and
ramp at 10 �C/min to 280 �C. The Thermogravimetric
Analyzer (TGA Q50, TA Instrument) was established
to ramp at 20 �C/min to 70 �C, hold isothermally for
10min and ramp at 10 �C/min to 600 �C under nitrogen.

iNano Indentation System (Nanomechanics, Inc.
Tencor, USA) was used to assess the mechanical prop-
erties of the PS and TL-PS filaments. The experimen-
tation conducted at a continuous stiffness measurement
performed 30 indents on the specimen, with 2.4mN
load and 810 mm depth, according to ISO 14577
standard.26 Due to the irregular and small size of the
composite, the sample was encapsulated in an epoxy
(Epon Resin862) and cured. The cured composite
samples were cut, and the surfaces were carefully pol-
ished, smoothened, and flattened for nanoindentation.
Dynamic Mechanical Analysis (DMA Q800, TA
Instruments) was used for the evaluation of the mech-
anical performance of the extruded filaments, according
to ASTM D337927 Standard Test Method. All samples
(diameter of 1.5mm) were strained at 2%/min at a
gauge length of 10mm at room temperature.

Finally, the mechanoluminescence response of
TL-PS composite printed parts was the study by con-
ducting a flexural test on the different processing con-
ditions. In brief, TL composite 3D printed beams were
tested under three-point flexure (MTS insight) with
a sample length of 50mm and a cross-head speed of
2.5mm/min according to ASTM D79028 three-point
flex. A Photomultiplier Tube (PMT, Hamamatsu
H10722) was utilized to capture the illumination when
the load was applied onto the samples. The electrical
signal output that correlated to the light intensity was
then recorded from the PMT using a USB-6210 DAQ
(National Instruments). A constant load was applied
on to 0.5mm notched samples, and load–displacement
plots were recorded as a function of time.

Experimental results and discussions

Morphology study of TL composites

The dispersion and the arrangement of functional par-
ticulates were examined under optical microscope,
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SEM and m–CT. Figure 1(a) shows the photographic
images of the composite under UV light at 250�
magnification, and there are many ZnS crystals with
the size of ZnS crystals is �2–20mm can be observed
in the TL-PS composite. The shape features of these
filler crystals become virtually undetectable on the sur-
face of both the double and triple extruded samples
(Figure 1(b) and (c)). The same observation of particle
size change and better particle distribution can be seen
in SEM images (Figure 1(d) and (e)) due to the grinding
and blending of the composite before carrying out the
successive double and triple strand processing routes.
Three-dimensional reconstructed and cross-sectional
m–CT scan images (Figure 1(g) and (i)) display the

uniform dispersion of TL particles in the PS matrix of
the third extruded sample. The particle size varies from
1 to 20 mm with the majority of the particles with a size
of less than 3mm.

Thermal and structural analyses (TGA and DSC)
of TL composite

The thermal stability and the weight percentage of the
PS and TL-PS composite was analyzed using TGA with
the generated thermogravimetric curves presented in
Figure 2(a). The PS and TL-PS composite remained
intact up until 300 �C. However, after that temperature
the pristine PS decomposed rapidly without char yield

Figure 1. SEM images of (a) as-received ZnS-Mn (b) Single (c) double and (d) triple extruded TL-PS composite filament. Scale bar is

10 mm. Surface images at 250�magnification under UV light before indentation indicating particle inclusion of TL-PS (e) single,

(f) double, and (g) triple filaments processing, respectively. (g) 3D reconstructed images of m–CT scan and (h, i) cross-sectional images

of the third extruded sample.
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at the onset of 300–457 �C while the TL-PS composites
demonstrated an onset around 304–464 �C. The initial
weight decrease on both types of samples could be
ascribed to the decomposition of PS. Polymers are
reported to degrade during the thermal processing
under high temperature which results in the reduction
of molecular weight affecting the final material
property.29 The inclusion of the TL fillers alters the
morphology due to random main-chain reaction and
molecular mobility upon melt processing. This led
to an improvement in thermal stability of the TL-PS
composites compared to the pristine PS structure.
Simultaneously, the ZnS particles have a significant
depolymerization effect of suppressing molecular
chain transfer reactions, and redistribution to slow
down the decomposition process of the polystyrene
polymer, which assists composites with the high ther-
mal stability.29 The weight loss of TL-PS composites
slightly varied between processing conditions around
70wt% of the initial weight. This indicates a concen-
tration of 30% of ZnS in the TL-PS composite. The
TL-PS composite show an additional weight loss over
750 �C due to the thermal dissociation and sublimation
of the zinc sulphide facilitated by the nitrogen flow.30,31

The TL filler weight percentage in the TL-PS composite
is about 31.5wt% and the residual mass percentage of
the TL-PS composites at 900 �C is about 23.6wt%.

Differential calorimetry scanning (DSC) curve
(Figure 2(b)) for pristine PS obtained from different
processing conditions shows the glass transition (Tg)
occurred at almost the same temperature for both the
PS and TL-PS samples. During the testing, only a slight
reduction of Tg was noticed which may be due to the
degradation of the polymer throughout the different
processing cycles. This observation is related to the
reorganization of the amorphous domain into crystal-
line due to increasing molecular mobility upon

increasing temperature.29 As shown in the DSC graph
(Figure 2(b)), the first endothermic peak observed in
the PS and the TL-PS composite is around 125 �C.
This peak may be attributed to the evaporation
and slow crystallization rate in the TL-PS composite.
The second peak observed in the TL-PS composite
is due to presence of the lattice deformation of ZnS
crystals.3,30,31

The addition of ZnS particles and the multiple pro-
cessing conditions appear to have no apparent effect on
the glass transition temperature in the TL-PS compos-
ite, instead it reduces the heat capacity as seen by
the lesser second peak. In terms of 3D printability,
since there is no change in the TL-PS composite’s
glass transition temperature (104 �C), a printing tem-
perature of 240 �C could be used for the pristine PS
and TL-PS composite.

Micro-mechanical properties

To further examine the mechanical properties and the
particulate uniformity of the samples, 30 indentation
tests were conducted on different locations on both
the PS and TL-PS composite with the single, double,
and triple processing steps. The indents were made
using the advanced dynamic modulus and hardness
method according to the nanoindentation procedures
applied to the composites, with a set maximum load
and depth and constant Poisson’s ratio approximately
at 2.4mN, 810 nm, and t¼ 0.3, respectively.32,33 The
method works by measuring the indentation depth
and contact stiffness through a specified load applied
to the specimen. The measured values are then con-
verted to hardness through the Oliver-Pharr indenta-
tion model.34

The average local hardness (H) results with the dif-
ferent PS and TL-PS composite processing are shown

Figure 2. (a) TGA and (b) DSC results on PS and TL composite filament using three extrusion processes.
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in Figure 3. The experimental data show that with the
increase of extruded cycles, the pristine PS hardness
decreased from 0.34 to 0.05GPa. In contrast, the
TL-PS composite sample showed an initial decrease
from 0.28 to 0.18GPa followed by a 3� increase to
0.53GPA for the triple extruded sample.

The PS polymer, when processed at a continuous
extrusion and grinding, undergoes chain-session.29,35

This change is the cause for the hardness degradation
in the pristine PS samples. The significant increases in
hardness for the triple processed state of the TL-PS
composite can be attributed to two factors (i) the hard-
ness of the perforated ZnS crystals particles, which are
known to have higher hardness values than PS,36 and

(ii) the mixing effect of small particles which leads to a
better dispersion of the crystal within the composite
matrix. However, the similar hardness and trend
of the first two processed TL inclusion and TL-PS
samples, indicated that the TL particulates were not
dispersed well within the composite matrix.

The number of processing cycles was observed to
have the opposite effect on the mechanical properties
of the pristine PS and TL-PS composites, as shown in
Figure 4. The more processing cycles the PS samples
underwent, the more brittle the samples were as the
processing shortened which changes the mobility
chain of the polymer (chain session).29

Meanwhile, when ZnS particles were introduced
into the matrix, the TL-PS composite samples show
a reducing trend of ductileness with the increasing
of processing cycles. This can be explained by the size
reduction of ZnS particles caused by mechanical
processing, which in turn may improve the particle dis-
tribution, interfacial bonding, and stress transfer from
the matrix. Additionally, the stiffness and strength of
TL-PS composite samples were shown to be higher
than PS. The addition of ZnS particles makes the
TL-PS composite stronger and more brittle since it
may help to prevent crack propagation and diminishes
the alignment of polymer chains when subjected to a
tensile force.29

Mechanoluminescence fracture testing

Mechanoluminescence (ML) fracture tests were carried
out to understand the relationship between the applied
stress and TL emission, as well as the effect of the

Figure 4. Stress–strain curve of (a) PS and (b) TL-PS composite at different processing conditions.

Figure 3. Nanoindentation hardness results of PS and TL-PS

single, double, and triple extruded samples.
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structural alteration of the 3D printed TL-PS compos-
ite. As shown in Figure 5, the TL emission occurred
when the flexural load in the fracture test samples was
transferred from the polymer matrix to the crystals.
This induced stress on the neighboring crystals.
Figure 5(a) to (c) is identically scaled to observe the
difference in the excitation peaks and the loading con-
straint of the processed functional material.

It can be observed that the 3D printed TL-PS com-
posite samples exhibited a significant change in emis-
sion levels, across Figure 5(a) to (c). This means that
the change depended upon the mechanical loads where
the excitation responses occurred which directly related
to the processing cycles. The failure point of the single
extruded samples was at 140N, which is approximately
1.87 and 2.88 times higher than the double and
triple extruded samples, respectively. This is due to
the increasing brittleness of the processed TL-PS com-
posite samples.

Meanwhile, the intensity of the mechanoluminescent
signal of the TL-PS composite samples improved, as
the highest light intensity was observed at 0.41, 3.91,
and 3.82 (a.u) for the single, double, and triple process-
ing, respectively. Compared to the single extrusion,
even with the smaller loads, the light intensity of the
double and triple extrusion was approximately one
order of magnitude larger. The smaller crystal size is
expected to have better distribution and a larger surface
area within the matrix. This may improve the load
transfer as the mechanical load on the small size crystal
is more pronounced. This is a significant observation
over previous studies where the size effect has been
looked at from a synthesis point of view37 or based
on an excited population potential.38 The effect of pro-
cessing on the polymer matrix shortens the polymer
chain, increases the brittleness of the polymer, which
releases more energy onto the crystal, and results in a
better mechanoluminescence response found in double
and triple extruded samples. These results indicate the
uniqueness of the processing cycles with the inclusion of

ZnS crystals in the composite, which enhance the
mechanoluminescent performance.

Conclusions

TL-PS composite filament was manufactured to fabri-
cate functional parts using the filament additive manu-
facturing technique. The thermoplastic composite
filaments were found to be thermally stable and func-
tionally non-destructive, despite multi-processing cycles
and inclusion of TL particulate materials. Additionally,
it was discovered that the processing conditions and
ZnS particle inclusion in the polymer-matrix compos-
ites played a vital role in mechanoluminescence
response of the printed parts. Nanoindentation results
determined the composite’s mechanical properties as
the triple processed extruded sample exhibited the high-
est hardness 0.53GPa, while the polymer chain is ther-
mally unstable and degrades its hardness due to
processing. Also, the process conditions control the
particle size and matrix hardness, which justify the
mechanical behavior in the nanocomposite. The better
distribution of small size TL crystals into the modified
polymer matrix has been observed, and corroborated
through SEM and microCT imaging, to significantly
increase the light intensity of the printed parts when
they were subjected to the mechanical loading. At a
different level of mechanical load or the structural cap-
acity, the light intensity of samples with double and
triple extrusion cycles was found to be 10 times larger
than the initially processed extrusion samples. By con-
trolling the properties of the polymer matrix and the
TL crystals, we can tune the sensitivity and working
range of 3D printed parts. The results suggest that
TL emission may reveal path crack propagation39

since the emission is bound to occur upon the failure
of ZnS crystals in the matrix. This research would pro-
vide a novel approach for the fabrication of embedded
sensors for structural health monitoring of parts pro-
duced by additive manufacturing.

Figure 5. Schematic test setup for three points bending on TL beam samples using MTS insight and comparison of the TL signal

emission plot in Load mode for (a) single (b) double (c) triple TL composite beam concerning the time.
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