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ABSTRACT: New photoactive composite based on ethyl
vinyl acetate (EVA) and SrAl,O,Eu,Dy or SryAli4O,5:Eu,Dy
were prepared by melt mixing or extrusion methodologies.
The phosphorescent behavior and material properties of the
polymer-phosphor composites were studied. The morphology
of the polymer and the composites were studied by using scan-
ning electron microscopy (SEM), transmission electron micros-
copy (TEM), and energy dispersive X-ray spectroscopy (EDS).
The SEM shows that the physical and chemical behavior of the
matrix and the extrusion conditions were primarily responsible
for the surface morphology. TEM and EDS show that the phos-
phor particles were uniformly dispersed in the EVA matrix. A
broad band of ultraviolet (UV)-excited phosphorescence of
SrALOgEu,Dy and SrsAl14O55:Eu,Dy phosphors and the re-
spective composites were observed at wavelengths of 516 nm

and 490 nm, respectively. The photoluminescence (PL) spectra
showed less intense phosphorescence but no shift in the wave-
length of the emission peak for all the composites. The Ham-
burg wheel test was done on all the composites and the PL
measurements before and after the test showed almost no
change in the intensity of the emission. Thermal studies
showed that the presence of the phosphors in the matrix
slightly increased the crystallinity of EVA, which leads to
higher melting enthalpies. Tensile testing shows very little
change in the tensile strength and flexibility of the ethylene
vinyl acetate copolymer. © 2009 Wiley Periodicals, Inc. J Appl
Polym Sci 115: 579-587, 2010
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INTRODUCTION

Phosphorescence or afterglow can be defined as the
delayed light emission from semiconductors or doped
insulators at room temperature after the external excita-
tion has stopped.' The afterglow is a luminescence with
delayed radiative return that is caused by the trapping
of photo-generated electrons and/or holes at intrinsic or
extrinsic defect sites of the material. Thermal energy
releases these trapped charge carriers that recombine at
the ionized phosphorescent centers of the phosphors.*™
Eu®" doped alkaline earth aluminate [MALOgEu*"]
phosphors (where M can be calcium, barium, or stron-
tium) have been widely studied as these exhibit a rapid
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initial decay from Eu”" ions with a long persistence. By
codoping with other rare earth ions, an improvement in
the intensity and the lifetime of the afterglow”” can be
obtained. The emission of Eu*" depends on the host lat-
tice and can occur from ultraviolet (UV) to the red
region of the spectrum. This is due to the 5d — 4f transi-
tion and is associated with the change in electric dipole
and the 5d excited state which is affected by the crystal
field effect.®”

SrAlL,O,:Eu,Dy and SryAl;4O,5:Eu,Dy phosphors pos-
sess safer, chemically stable, bright, and long-lasting pho-
toluminescence (PL) compared with the conventional
sulfide-based phosphors.'®™'*  Strontium  aluminate
doped with Eu showed phosphorescence in the blue to
green wavelength range. Codoping of this phosphor
with rare earth ions such as Dy or Nd ions or including
tens of mole percent more of Al,O; than the stoichiome-
try prolongs the phosphorescence.””™'> Because of these
properties, these phosphors have a wide variety of appli-
cations, including luminous paints in highways, airports,
buildings, ceramic products, textiles, outdoor night time
displays, luminous clocks, and safety warnings.'® >
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To achieve excellent mechanical properties, optical
transparency, shock and impact resistance, low-temper-
ature processing ability and thermal stability, it is desir-
able to incorporate phosphors into various polymer
matrices. Difficulties include poor water resistance,” se-
rious emission concentration quenching, and very poor
solubility of phosphors in the polymer matrix.** These
areas are receiving attention internationally to improve
the capacities of phosphors by developing composite
materials using different methods.> >’ Previous tests
were done on the phosphorescent behavior and material
properties of low-density polyethylene (LDPE) (MFI 7
/10 min, density 0.918 g/cm >, 106°C), linear low-den-
sity polyethylene (LLDPE) (MFI 1 g/10 min, density
0924 g/ cm”3, melting point 124°C), high-density poly-
ethylene (HDPE) (density 0.95 g/cm ™, melting point
130°C), and polypropylene (PP) (MFI 12 g/10 min, den-
sity 0.9 g/cm >, melting point 160°C), supplied by Sasol
polymers.** The phosphorescence intensities of the poly-
mer-phosphor composites were found to be lower than
that of the pure phosphors. One of the probable reasons
could be attributed to the fact of transparency and sta-
bility of the polymer matrices for UV radiations. LLDPE
is known to have the best resistance for UV light and
thus the matrix would not allow enough radiation to
penetrate through the bulk to excite the phosphors and
is seen as the main reason behind the poor emission of
LLDPE. The duration of luminosity was reduced after
the Hamburg wheel test for the various polymer-phos-
phor composites.

The objective of this study is to develop a material
for illuminating road pavements at night. Ethyl vinyl
acetate (EVA) was used as the matrix system due to
its good clarity and gloss, which is required (as the
primary requirement) for phosphorescence. It also
possesses barrier properties, low-temperature tough-
ness, stress crack resistance, hot melt adhesive, heat
sealing properties, and stability to UV radiation.*’™*
EVA has a wide variety of applications such as cable
insulating material, food packaging, thermoplastic
elastomers, rubber, and drug delivery devices. 3-35

In this study, EVA-SrAl,O4EuDy and SrsA-
1,4055:Eu,Dy phosphor-based composites were pre-
pared using melt mixing and an extrusion method.
The water absorption, the thermal and mechanical
properties, as well as the composites’” morphology
were investigated. The Hamburg test (a standard
road pavement test) was used to evaluate the resist-
ance of the polymers to traffic load.

EXPERIMENTAL
Materials

EVA with 9% vinyl acetate (VA) content was sup-
plied by Plastamid, Elsies River, South Africa. The
melting point of the EVA is 95°C, and the density is
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0.930 g cm . Commercially available SrAl,O4:Eu,Dy
and Sr4Al;4055:Eu,Dy were obtained from Phosphor
Technology (UK).

Preparation of nanocomposites

The EVA and phosphors were dried in an oven at
80°C overnight. These were melt blended using a Bra-
bender mixer followed by extrusion. The phosphors
(3% by weight) were mixed with EVA for 30 min at
130°C at a screw speed of 60 rpm. The samples were
then extruded at an extrusion speed of 60 rpm at
130°C to obtain films with an average thickness of
0.45 £ 0.05 mm and an average width of 15 + 1 mm.

Scanning electron microscopy and energy
dispersive X-ray spectroscopy

Scanning electron microscopy (SEM) analyses of the
nanocomposites were performed using a JEOL WIN-
SEM-6400 electron microscope. The probe size was
115 nm, the probe current was 0.02 nA, and the

Figure 1

(a) SEM image of the SrAL,O4:Eu, Dy phosphor pow-
der. (b) SEM image of the Sr4Al;4O,5:Eu,Dy phosphor powder.



EVA-PHOSPHOR COMPOSITES

581

Figure 2 (a) SEM image of the surface of the EVA copolymer (x100). (b) SEM image of the surface of the EVA-SrA-
1,04:Eu,Dy composite (x500). (c) SEM image of the surface of the EVA-Sr Al;40,5:Eu,Dy composite (x200). (d) SEM image
of the EVA-Sr Al 40,5:Eu,Dy composite (x20,000). (e) SEM image of the EVA-SryAl;40,5:Eu,Dy composite(x200,000).

accelerating voltage was 5 keV. The surfaces of the
samples were coated with gold to impart electrical
conductivity. The energy dispersive X-ray spectros-
copy (EDS) analyses were done using a Shimadzu
SSX-550 SEM at an accelerating voltage of 15 kV and
a working distance of 17 mm.

Transmission electron microscopy

The samples were prepared using cryo-ultramicrot-
omy. They were mounted on cryo-pins and frozen
in liquid nitrogen. Sections were cut at —100°C using
a Reichert FCS (Leica, Vienna, Austria) attached to a
Reichert Ultracut S Ultramicrotome. The sections
(100-150 nm thick) were collected on copper grids
and viewed in a LEO 912 Omega (Carl Zeiss NTS
GmbH, Oberkochen, Germany) transmission electron
microscopy (TEM) operating at 120 kV.

Photoluminescence

The PL properties of the powdered phosphors SrA-
1,O4:Eu,Dy and SryAl14055:Eu,Dy and the thin films
of composites with EVA were obtained using a Var-
ian Cary Eclips Fluorescence spectrophotometer
with a Xe flash lamp. Both excitation and emission
spectra were obtained. The samples were excited at
a wavelength of 320 nm to compare with other
experiments that were done with a He-Cd laser (A =
325 nm). Special care was taken to make sure that
experimental conditions were kept the same for all
the samples.

Tensile testing

A Hounsfield H5KS universal testing machine was
used to measure the tensile strength, tensile

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 (a) SEM-EDX mapping of C in EVA-Sr4Al140,5:Eu,Dy. (b) SEM-EDX mapping of O in EVA- Sr;Al;4,0,5:Eu,Dy.
(c) SEM-EDX mapping of Sr in EVA- SryAl14055:Eu,Dy. (d) SEM-EDX mapping of Al in EVA- Sr;Al;40,5:Eu,Dy. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

modulus, and elongation properties of the nanocom-
posites. Samples of 150 mm x 15 mm x 0.45 mm
were cut for tensile testing. Samples with a gauge
length of 50 mm were tested at a crosshead speed of
50 mm min~'. A continuous load-deflection curve
was obtained. The averages and standard deviations
of at least five tests per sample are reported.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed
in a Perkin Elmer TGA7 thermogravimetric analyzer.
The sample mass varied between 6 and 8 mg. The
analyses were carried out from 30 to 600°C at a heat-
ing rate of 10°C min~' under nitrogen atmosphere
(flow rate 20 mL min 7).

Differential scanning calorimetry

Differential scanning calorimetry (DSC) analyses
were performed in a Perkin Elmer DSC7 DSC. The
analyses were carried out on 5 to 10 mg samples

Journal of Applied Polymer Science DOI 10.1002/app

between 30 to 200°C at a heating rate of 10°C min '
under nitrogen atmosphere (flow rate 20 mL min ™).
The onset and peak temperatures of melting, as well
as melting enthalpies, were obtained from the sec-
ond heating cycle.

Water absorption

The samples were cut into 5 cm x 1 cm and
weighed. This was followed by adding the samples
in 200 mL of distilled water for 48 h. The samples
surfaces were dried using filter paper at room tem-
perature and water absorption was quantified as the
percentage increase in weight™

Wy — W;
W(%) = fT % 100
1

Hamburg test

The Hamburg wheel test consists of a water bath in
which asphalt slabs are embedded while being
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Figure 4 (a) TEM image of EVA copolymer. (b) TEM
image of the rough surface of the EVA-SrAl,O,:EuDy
composite. (¢) TEM image of the rough surface of the
EVA-5r4Al140,5: Eu,Dy composite.

traversed with a test wheel exerting a load of 705 N
onto the samples. In this application, composite sam-
ples of length of 5 cm, width of 1 cm, and thickness
of 0.5 mm were attached to the surface of the
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asphalt slab while the slab was exposed to the action
of the test wheel. This was done to measure the
durability of the composite samples placed on the
asphalt slabs against simulated traffic loads. The
phosphorescence of the samples was measured
before and after applying various loading regimes.

RESULTS AND DISCUSSION
Morphological studies

Figure 1(a,b) presents the SEM images of the pure
SrAl,O4Eu,Dy and SryAl14055:Eu,Dy  phosphors,
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Figure 5 (a) PL excitation spectra of the SrAl,O,:Eu,Dy
and SryAl4O55:Eu,Dy pure phosphors. (b)PL emission
spectra of the EVA-SrAL,O4EuDy and EVA-SrsA-
1140,5:Eu,Dy composites and pure phosphors.
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Figure 6 Thermo gravimetric analysis (TGA) curves of
EVA, EVA-SrAl,O4EuDy and EVA-Sr,Al14055:Eu, Dy
composites.

respectively. The images show irregular grains in
the range of 8 to 80 um. The SEM micrographs of
polymer and polymer phosphor composites show a
leaflet pattern, Figure 2(a—c). In the case of the poly-
mer [Fig. 2(a)] the pattern was found to be a hollow
leaflet, whereas in the case of the EVA-SrA-
1,04:Eu,Dy [Fig. 2(b)] and SrsAl;4O,5:Eu,Dy [Fig.
2(c)] composites, the micrographs show tubular leaf-
let patterns. Dispersed phosphor particles and some
large agglomerates in the matrix were also observed
in the high-magnification images, namely Figures
2(d) and 1(e). The spherical particles can clearly be
seen in the polymer matrix. From these various
observations, it can be deduced that the formation of
the leaflet pattern is probably the result of filler ori-
entation in the direction of the shear force in the ex-
truder, as well as the configuration of the extruder
die on which the polymer/composite melt fell to
form the thin strips.

Figure 3(a-d) shows the EDS mappings of the
EVA-Sr;Al14055:Eu,Dy  composite. Major elements
detected were carbon, oxygen, strontium, and alumi-
num. Because of the low concentration of the doped
rare earth elements, EDS could not detect any Eu or
Dy. The mappings of the EVA-SryAl;4O.5:Eu,Dy
composite show that the carbon, oxygen, and stron-

MISHRA ET AL.

tium are evenly distributed in the leaflet pattern.
The aluminum concentration was not high enough
to clearly distinguish the leaflet structure on the alu-
minum scan.

The TEM images are shown in Figure 4(a—c). The
images of the composites show the presence of the
small phosphor particles in the matrix. The melt
processing and extrusion allow the phosphor par-
ticles to wuniformly disperse in the polymer
matrix. No large agglomerates of phosphor particles
were observed in the TEM micrographs. From
the TEM micrographs, it can be deduced that good
compatibility exists between the polymer matrix and
the phosphors.

Photoluminescence studies

The excitation and emission spectra of SrA-
1,04:Eu,Dy, SryAl;4055:Eu,Dy and their EVA compo-
sites are shown in Figure 5(a)b). Broad excitation
peaks with maxima at 333 and 353 nm were
obtained for the SrAlLOy,EuDy and SrsA-
1,4055:Eu,Dy phosphors, respectively as shown in
Figure 5(a). The excitation ranges all fall within
natural sunlight UV radiation, which made the
phosphors excellent candidates to apply in infra-
structure development. Bright green phosphores-
cence located at A = 0 520 nm could be observed for
the SrAlL,O4sEuDy and the EVA-SrAl,O4EuDy
composite after excitation with UV (320 nm) light,
Figure 5(b). The SrsAl14055:Eu,Dy and the EVA-
SryAl14055:Eu,Dy composite phosphorescence were
located at A = 495 nm. All the emissions show a
single peak with only one band, which is in
agreement with earlier reports.'” The crystal field at
the sites of the phosphorescence ions and the
degree of covalence (coordination number) of
these ions with the surrounding O atoms are the
two fundamental aspects that are responsible for
determining the emission wavelength of the
phosphor.””*® The crystal field allows splitting of
the 5d level into sublevels. It is also reported that
phosphorescence bands of the phosphor are
quite sensitive to the refractive index of the polymer
matrix. There is a linear relationship between the

TABLE 1
DSC Results

Second heating curve

Cooling curve

Onset Peak Onset Peak
temperature temperature Enthalpy (AH,,) temperature temperature Enthalpy
Samples 0) 0) 0g" 0 0) (AH,) (g )

EVA 81.6 94.2 36.1 85.6 79.5 —36.4
EVA-5r,Al140,s: 87.7 96.7 415 84.9 79.8 —38.4

Eu,Dy
EVA-SrAl,Oy: 86.3 95.4 414 82.8 77.8 —41.5

Eu,Dy

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE II
Tensile Results
Elongation at yield Stress at yield Elongation at break Stress at break E-modulus
Samples (%) (Mpa) (%) (MPa) (MPa)

EVA 8.6 £ 0.8 59+02 252.3 + 445 6.8 +£0.2 61.8 + 0.8
EVA- 114 + 3.6 58 +£0.2 284.5 4 53.2 6.9 £0.2 469 £+ 14.7

Sr4Al]4Oz5:Eu,Dy
EVA- 112 £18 58 +£0.1 312.5 + 459 72+04 56.4 + 7.2

SrAlLO4:Eu,Dy

wavelength corresponding to the emission maxi-
mum and the refractive index term, namely n?-1/2n?
+ 1. In this study, the refractive index of the
EVA matrix is constant for the two different
phosphors in use. The presence of the polymer
matrix in this case did not affect the wavelength
but the intensity dropped, which was expected
due to the attenuation of photons through the poly-
mer matrix and the low concentration of the phos-
phor in the composite.

Thermal properties
Thermogravimetric studies

The thermogravimetric (TG) analyses were carried
out in a nonoxidative environment under inert (N5)
gas flow to analyze the effect on the thermal degrada-
tion of the polymer in the presence of phosphorescent
particles as filler. The TGA curve (Fig. 6) of the EVA
and EVA-phosphor composites show two-step degra-
dation. The onset temperature of the first step was in
the range of 315 to 335 °C, which corresponds to the
release of acetic acid and formation of C double bonds
along the polymer backbone. At temperatures above
380°C, thermal degradation of the ethylene-co-acety-
lene main chain takes place. The degradation of EVA
and EVA-SrAl,O4Eu,Dy are similar, whereas early
degradation of the EVA-Sr;Al14055:Eu,Dy composite
is observed. The changes in the lattice of the phosphor
and increased number of Sr defects probably play a
key role in accelerating the thermal degradation of the
composites.

DSC studies

Table I summarizes the onset and peak temperatures
of melting and crystallization, as well as the melting
and crystallization enthalpies, of pure EVA and the
composites. The results are taken from the second
heating and cooling cycles of the DSC analyses. The
glass transition temperatures of all the three samples
were in the order of —55 £ 1°C. The changes in the
melting enthalpy values suggest that the crystallinity
of the matrix is slightly influenced by incorporating
the phosphor as a filler. The melting enthalpies of
the composites were found to be somewhat higher

than that of pure semicrystalline EVA which has a
low crystallinity. This can be attributed to the fact
that the phosphor particles act as nucleating sites for
the formation of a higher number of crystallites due
to intermolecular forces between the filler and
matrix. Also, the intermolecular forces between poly-
mer and phosphor aid the packing of composite into
a three dimensional ordered structure restricting the
chain mobility of EVA. This probably leads a rise in
rigidity of the composites and an increase in the ten-
sile strength can be presumed. There were no major
differences between the melting peak temperatures
of EVA and the EVA-phosphor composites. The
crystallization results are in line with the melting
results.

Mechanical properties

The mechanical properties of the EVA, EVA-SrA-
1,04:Eu,Dy, and EVA-Sr;Al14055:Eu,Dy composites
were evaluated through tensile testing (Table II). It
has been reported that low-interfacial interaction
between the embedding phosphors and the matrix
results in poor mechanical properties. This low inter-
action leads to mechanical rupture at the polymer
interface.”” Although the DSC results indicated a
slight increase in crystallinity for the two compo-
sites, the tensile results show only small differences
between the tensile strength values of pure EVA and
the two composites.

The elongation at break value and stress at break
corresponding to the tensile strength for the poly-
mer-phosphor composites seems to be higher than
for the polymer itself. This therefore confirms that
an increase in the total crystallinity as observed

TABLE III
Water Absorption Results
Initial Final Water
weight weight absorption
Samples Wi (2)] [Wr ()] Wi (%)]
EVA 0.2235 0.2236 0.044
EVA-SrsAly, 0.2548 0.2550 0.078
O,5:Eu,Dy
EVA-SrALOy: 0.2339 0.2341 0.085
Eu,Dy

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 Photoluminescence slopes before and after the
Hamburg test. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

during the thermal transition study influences the
mechanical properties of the polymer-phosphor
composite.

Water absorption studies

Coating with a water-resistant polymer matrix pro-
vides a barrier against water penetration through the
matrix and reaction with the strontium aluminate.
This provides an advantage for retaining the phos-
phorescence property which otherwise will be
adversely affected.”® Strontium aluminates are not
resistant to water and react with it according to the
reaction:

SrALLOy4 + 4H,0 — Sr** + 80H™ + 2A173

Table III presents the water absorption results of
the EVA and EVA-phosphor composites. The EVA
absorbed a negligible amount (0.044%) of water,
whereas the EVA-Sr;Al14055:Eu,Dy and EVA-SrA-
1,04:Eu,Dy absorbed 0.078 and 0.085% of water,
respectively. The increase in water absorption by the
EVA-phosphor composites suggests that the polarity
of the matrix and the phosphor promotes the hydro-
philic behavior. This increase in the water absorp-
tion by the composite further strengthens the notion
that polarity induces strong interfacial interactions
between the matrix and the phosphor allowing the
absorption of water.

Hamburg wheel tests

Hamburg tests were conducted to evaluate the dura-
bility of the polymers against simulated wheel loads
and the effect of these wheel loads on the luminosity
of the polymers. The data in Figure 7 show the
decay curve (luminosity versus time) slopes of the
two phosphor-polymer composites. A steep slope

Journal of Applied Polymer Science DOI 10.1002/app
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indicates a faster luminosity decay rate. The data
indicate that the simulated wheel load of the Ham-
burg test did not have a profound effect on the poly-
mers, with similar luminosity decay slopes before
and after the application of simulated wheel loads.

CONCLUSIONS

EVA-phosphor composites were prepared using
melt mixing and an extrusion technique. The wave-
length of the emission by the phosphors was not
influenced by incorporation in the composites,
although the emission intensities were affected. The
material properties such as thermal transition and
increase in tensile strength suggest that the EVA-
phosphor composites are slightly more crystalline.
The phosphor enhances the hydrophilic behavior of
the EVA. The afterglow of the EVA-phosphor com-
posites remains unchanged even after the Hamburg
wheel test. The phosphorescent property of the
phosphor composites sustains even after the Ham-
burg wheel test.

We thank Prof. PW] van Wyk from the Centre of Microscopy
for the SEM and Mohamed Jaffer from University of Cape
Town for the TEM measurements.
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