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Abstract This paper reports on the thermomechanical properties and thermal
degradation kinetics of poly(methyl methacrylate) (PMMA) and polycarbonate (PC)
composites filled with cerium-doped yttrium aluminium garnet (Ce:YAG) at dif-
ferent contents ranging between 0.1 and 5 wt%, and prepared by melt compounding.
The interaction between PMMA and the filler was much stronger than that between
PC and the filler, and this resulted in a significant improvement in the dynamic
mechanical properties of the PMMA composites. The presence of filler did not
significantly increase the thermal stability of the PC, while an observable increase in
the thermal stability was only observed at higher filler loadings for the PMMA
composites. This was attributed to the stronger interaction between Ce:YAG and
PMMA and/or its degradation volatiles.
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Introduction

For a number of decades, inorganic nanofillers, which include nanoclays, carbon
nanotubes, graphite, silver, carbon black, titania, nanowhiskers and mesoporous
silica, had been used to improve the properties of polymers. The novel properties
that result from the mutual interaction between the polymer and the filler are
beneficial not only for basic research purpose but also for the development of
industrial applications [1-4]. The incorporation of phosphorescent nanoparticles
(PNP) into polymers to improve their limitational applications has recently been
studied. Phosphorescent nanoparticles are solid materials that emit light, or
luminesce, when exposed to radiation such as ultraviolet light or an electron beam.
They are of special interest today due to their broad range of applications, from
solid-state lighting and novel flat displays to high-resolution X-ray detectors and
sensors in biomedicine [5-8].

The yttrium—alumina (Y,03;—-AL,0O3) system has three compounds that are
stable at room temperature and are classified according to their molar ratio and
thermodynamic condition. These are yttrium aluminium garnet (YAG), yttrium
aluminium perovskite (YAP), and the symmetric yttrium aluminium monoclinic
structures (YAM). YAG has received the most attention because of its interesting
optical and mechanical properties, and high-temperature creep resistance. The pure
YAG phase is favourable for the luminescent properties of phosphors, but it needs to
be synthesized by a solid-state reaction at a high temperature near 1600 °C to obtain
it in a pure state without the intermediate phases (YAM, YAP). As a result, the
powders are non-homogeneous, large in size and have irregular shapes, which
negatively affect the luminescent properties. A number of soft chemical preparation
methods have been developed to reduce the synthesis temperature and to obtain
phosphorescent nanoparticles with controlled particle size [9—14]. These methods
include hydrothermal [15], glycothermal [16], sol-gel [17] and spray—pyrolysis
synthesis [18], as well as combustion [19], co-precipitation of hydroxides [7, 20],
microwave-assisted synthesis [21], and synthesis in a confined environment [22].
All these methods are promising because the morphology and particle size can be
controlled. YAG is a good host material for rare-earth-based phosphors and is
widely used in optical and electronics applications due to its good thermal stability,
and excellent optical and mechanical properties [23].

Polymer phosphorescent nanoparticle composites have recently been considered
as potential candidates for the development of light-emitting diodes (LEDs).
Polymers such as poly(methyl methacrylate) (PMMA) and polycarbonate (PC) are
adequate matrices due to their good light transmittance, their excellent mechanical
properties, and their low cost [24-27]. A few authors studied the effect of
phosphorescent nanoparticles on the thermal properties of PMMA prepared by a
solution-mixing method [24-28], and it was found that the thermal stability of
PMMA generally increased with an increase in the nano-phosphorescent content.
Zanotto et al. [28] studied the effect of Ce:YAG and CoHCF on the thermal stability
of PMMA at 5 wt% Ce:YAG loading. They observed an insignificant increase in the
thermal stability of PMMA in the presence of CoHCF and an almost 50 °C
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improvement in the presence of Ce:YAG. This was attributed to the better dispersed
Ce:YAG nanoparticles, and to a strong interaction with PMMA, which not only
immobilized the polymer chains but also the free radicals that take part in the
degradation process. The degradation of PMMA and PC composites has also been
studied by a number of research groups using the Flynn—Wall-Ozawa [29-31] and
Kissinger—Akahira—Sunose methods [30, 32]. These studies showed that the
degradation temperature and activation energy of PMMA and PC increased with the
addition of nanoparticles. This was attributed to the large surface area of the
nanoparticles and the fact that the particles might have trapped radicals during
degradation, making the polymer more thermally stable because more energy was
required to initiate the degradation process. However, some studies observed a
decrease in the activation energy at low filler loadings, and this was attributed to the
catalytic effect of the nanoparticles.

There are number of papers that reported on the thermomechanical properties of
PMMA and PC nanocomposites [33—37]. Generally, the addition of filler increased
the storage modulus and loss modulus, and this was mostly attributed to the
reinforcing effect of the nanofillers because of their high aspect ratios and
interaction with the polymer chains. Apparently, the formation of crystalline
domains around the nanoparticles effectively improved the interaction between the
particles and the polymer chains. Musbah et al. [38, 39] introduced Y,O5:Eu®" and
Eu:Gd,0; into PMMA using a laboratory mixing moulder. The presence of filler
increased the storage modulus, loss modulus and glass transition temperature of
PMMA. To the best of our knowledge, there are no reports on the thermomechanical
properties of PC phosphorescent composites.

The morphology, structure and the luminescence properties of the PMMA/
Ce:YAG and the PC/Ce:YAG composites, investigated in this article, were studied
using different techniques [40, 41]. The TEM micrographs of the PMMA/Ce:YAG
composites with 0.5 wt% loading showed isolated Ce:YAG clusters due to the small
amount of filler, which was also not detected in the XRD analysis, but at higher
filler loadings, smaller and better dispersed Ce:YAG clusters were observed, which
was attributed to the higher viscosity of the sample during mixing. The TEM
micrographs of the PC/Ce:YAG composites loaded with 0.5 wt% also showed
isolated Ce:YAG particles, while the samples with higher loadings showed larger
particles. NMR investigation showed that the interaction between the two polymers
and the Ce:YAG particles was an electron donor—acceptor interaction between the
carbonyl oxygen lone pair of the polymers and the yttrium ion (Y>). However,
PMMA showed stronger interaction than PC, which was attributed to the carbonyl
oxygen on PMMA having a stronger partially negative charge. The Commission
Internationale de I’Eclairage (CIE) (x, y) coordinates of the light obtained when
combining blue LEDs with the PMMA/Ce:YAG composite with 5 wt% Ce:YAG
and the PC/Ce:YAG composite with 2 wt% Ce:YAG were located in the white
region, making these composites suitable for applications in white-light-emitting
diodes.

In this article, the effect of Ce:YAG on the thermomechanical properties, as well
as the thermal degradation kinetics, of PMMA and PC has been studied by means of
dynamic mechanical analysis (DMA) and thermogravimetric analysis (TGA).
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Materials and methods
Materials

Commercial-grade PMMA (Altuglas® V920T), having a melt flow rate of 1 g/
10 min at 230 °C/3.8 kg and M,, = 110,000 g mol ", produced by Bayer Materials
Science, Italy, was obtained in pellet form. Commercial-grade bisphenol-A
polycarbonate (Makrolon® 2407), with a melt flow rate of 20 g/10 min at
300 °C/1.2 kg and M,, = 57,404 g mol~', was obtained in pellet form from Bayer
Material Science, Germany. Yttrium aluminium garnet doped with cerium
(Ce:YAG), with a density of 4.8 ¢ cm™, was supplied as a yellow powder by
Dongtai Tianyuan Fluorescent Materials, China and was used as received.

Preparation of the PMMA/Ce:YAG and PC/Ce:YAG composites

The PMMA and PC pellets, and Ce:YAG powder, were dried in an oven at 80 °C
for 12 h before preparation. All the composites were prepared using a Brabender
Plastograph 50 mL. melt-mixer at 200 °C and 50 rpm for 10 min. For the
preparation of the composites, the polymers were first melted for 2 min at 200 °C
without nitrogen flush, and different contents (0.1, 0.3, 0.5, 1, 2 and 5 wt%) of the
Ce:YAG were added into the molten polymer and mixed for a further 8 min. The
samples were then melt-pressed (in the absence of vacuum) into 3-mm-thick sheets
at 200 °C for 5 min at 50 bar. The neat polymers as control samples were prepared
following the same procedure.

Sample analysis

Dynamic mechanical analysis (DMA) was performed from 40 to 180 °C for all the
samples under nitrogen flow in a bending (dual cantilever) mode at a heating rate of
5°C min~' and a frequency of 1 Hz using a PerkinElmer Diamond DMA from
Waltham, Massachusetts, USA.

A PerkinElmer STA 6000 thermogravimetric analyser (TGA) was used to
analyse the thermal degradation behaviour of the samples. The analyses were done
from 30 to 700 °C at a heating rate of 10 °C min~' under nitrogen flow
(20 ml min~"). The sample masses ranged between 20 and 25 mg. The samples for
thermal degradation kinetics were run at 3, 5, 7 and 9 °C min~! heating rates under
nitrogen flow (20 ml min~"), and the TGA’s integrated kinetics software [based on
the Flynn—-Ozawa-Wall method (Eq. 1)] was used to calculate the activation
energies.

E,
Inff = ¢ 1.052(RT> (1)
where f is the heating rate in K min™", ¢ is a constant, E, is the activation energy in
kJ mol ™', R is the universal gas constant, and T is the temperature in K. The plot of
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In § vs. 1/T, obtained from the TGA curves recorded at several heating rates, should
be a straight line. The activation energy was evaluated from its slope.

Results and discussion
Dynamic mechanical analysis (DMA)

The storage modulus curves of PMMA and the PMMA/Ce:YAG composites are
reported in Fig. 1, and the E’ values taken at 70 and 140 °C are reported in Table 1,
and Fig. 2 shows the storage modulus curves of PC and the PC/Ce:YAG composites
as a function of temperature, and the E’ values taken at 100 and 170 °C are also
reported in Table 1. Below the glass transition temperature, the storage modulus of
both polymers increases with the addition of Ce:YAG. However, the amount of
Ce:YAG particles had little influence on the values of E’, and there is no clear trend
in the effect of filler on the storage modulus at these temperatures (Table 1). This is
probably because the hard, brittle polymers and the Ce:YAG particles have very
similar stiffness values in this temperature range. The higher storage modulus values
above the glass transition temperature for the two polymers can be attributed to the
immobilization of the polymer chains through interaction with the filler particles,
and the increase in the rigidity of the composite as a result of the inherent stiffness
of the filler. The interaction was confirmed to be an electron donor—acceptor
interaction between the carbonyl oxygen lone pair on the polymers and the yttrium
cation (Y3+) in Ce:YAG [40, 41]. However, there was no clear trend in the effect of
the filler on the E' values of the two polymers (Table 1). Musbah et al. [39]
observed a similar increase in the storage modulus of PMMA after the addition of
europium-doped gadolinium oxide (Eu:Gd,03). They attributed it to a reduction in
the overall mobility of the polymer chains because of functional physical crosslinks
between the polymer and filler.

USUF R

1E9 4

E'/Pa

1E8 {—— PMMA

1- - - 99.9/0.1 wiw PMMA/Ce:YAG
] 99.7/0.3 wiw PMMA/Ce:YAG
1----- 99.5/0.5 wiw PMMA/Ce:YAG
99/1 wiw PMMA/Ce:YAG
1E7 - 98/2 wiw PMMA/Ce:YAG
1—— 95/5 wiw PMMA/Ce:YAG

T T T T T T
60 80 100 120 140

Temperature / °C

Fig. 1 Storage modulus curves of PMMA and the PMMA/Ce:YAG composites

@ Springer



2846 Polym. Bull. (2017) 74:2841-2859

Table 1 DMA results of PMMA, PC, and their respective composites with Ce:YAG

Sample PMMA
107" E'/Paat 1077 E//Paat  T,/°C from E”  T,/°C from
70 °C 140 °C curves tan o curves
PMMA 1.3 0.8 95.3 114.7
99.9/0.1 w/w PMMA/Ce:YAG 1.4 0.9 96.7 114.8
99.7/0.3 w/iw PMMA/Ce:YAG 1.2 1.1 96.3 114.5
99.5/0.5 w/iw PMMA/Ce:YAG 1.2 1.5 96.5 114.5
99/1 w/w PMMA/Ce:YAG 1.4 1.2 97.5 114.1
98/2 w/w PMMA/Ce:YAG 1.7 1.6 98.1 114.1
95/5 w/iw PMMA/Ce:YAG 1.6 1.5 97.7 113.9
Sample PC
107'° E'/Pa at 1078 E'/Pa at T,/°C from T,/°C from
100 °C 170 °C E" curves tan & curves
PC 1.6 £ 0.1 0.9 + 0.0 147.1 154.1
99.9/0.1 w/w PC/Ce:YAG 22 +0.0 2.8 +£0.1 146.9 154.1
99.7/0.3 w/w PC/Ce:YAG 1.8 £ 0.0 1.9+03 147.2 154.5
99.5/0.5 w/w PC/Ce:YAG 2.0+ 0.1 0.8 £ 0.0 147.0 154.6
98/2 w/w PC/Ce:YAG 1.7+ 03 27+£02 147.4 154.7
95/5 w/w PC/Ce:YAG 1.7 £ 0.0 1.6 £ 0.0 146.1 154.1

The maximum increase in storage modulus of PC above the glass transition
temperature was observed at 0.1 wt% Ce:YAG loading, which is probably due to the
reinforcing effect of the good dispersion and small sizes of the Ce:YAG particles,
which we observed from TEM micrographs [41]. The storage modulus of the
samples containing 0.3 and 0.5 wt% Ce:YAG was lower, and at 0.5 wt% Ce:YAG,
the storage modulus was almost the same as that of pure PC. At the highest filler
loadings (2 and 5 wt%), there was no clear trend on the influence of the filler on the
E' values. This behaviour can be attributed to the weak interaction between the
polymer and the filler as a result of the presence of filler agglomerates. Suin et al.
[42] observed a definite increase in storage modulus of PC throughout the
investigated temperature range with an increase in clay loading. They attributed this
to the reinforcing effect imparted by the high aspect ratio of the clay platelets, which
caused a greater degree of stress transfer at the interface. However, Motaung et al.
observed a decrease in storage modulus of PC with the addition of titania [43] and
zirconia [44] nanoparticles at 1 and 2 wt% loadings, which they attributed to a
plasticizing effect of the nanoparticles on the polymer matrix.

The loss modulus and tan & curves of PMMA and the PMMA/Ce:YAG
composites as function of temperature are shown in Figs. 3 and 4, and the glass
transition temperatures taken from the E” and tan & curves are summarised in
Table 1. The loss modulus also increased for the filler-containing samples, as was
observed and discussed for the storage modulus. The addition of filler resulted in an
observable increase in the glass transition temperature from the loss modulus curves
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Fig. 2 Storage modulus curves of PC and the PC/Ce:YAG composites
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Fig. 3 Loss modulus curves of PMMA and the PMMA/Ce:YAG composites

(Table 1), which can be due to the immobilization of polymer chains which we
observed from our NMR investigation [40]. It has been mentioned that, in
particulate-filled polymers, the presence of rigid fillers restricts the movement of the
polymer chains, leading to a reduction in the maximum value of tan J and a shift of
the T, values to higher temperatures [45]. This behaviour has been observed for
PMMA with the addition of silica [46], organoclay [47], and mesoporous silica
particles (MCM-41) [48], and has been attributed to good adhesion between the
filler and the matrix, which resulted in a restriction of the mobility of the polymer
chains in the composite. However, in our case, the tan 6 curves (Fig. 4) do not show
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Fig. 4 Tan  curves of PMMA and the PMMA/Ce:YAG composites

any significant effect of the Ce:YAG particles on the temperature and intensity of
the glass transition of PMMA. This is probably because the polymer—filler
interaction [40] was not strong enough to significantly immobilize the polymer
chains.

The loss modulus and tan & curves of PC and the PC/Ce:YAG composites are
shown in Figs. 5 and 6, and the glass transition temperature values taken from the
E” and tan & curves are summarised in Table 1. The loss modulus curves show the
same inconsistencies as was observed and discussed for the storage modulus. The
addition of Ce:YAG had no influence on the glass transition temperature of PC
(Table 1), which indicates that the filler had little effect on the polymer chain
mobility, which we observed from the NMR results presented and discussed in
another paper [41]. Figure 6 shows a significant reduction in the damping after the
addition of certain amounts of Ce:YAG, but there was no correlation between the
amount of damping and the amount of Ce:YAG mixed into PC. The absence of a
change in the glass transition temperature, and the inconsistent change in the
amount of damping, confirm that the dynamic mechanical behaviour of the PC/
Ce:YAG composites was influenced by a complex set of factors, and that the
interaction between PC and Ce:YAG was fairly weak, because a strong interaction
would have dominated all the other possible contributing factors and given rise to
consistently higher storage moduli and glass transition temperatures, and consis-
tently lower damping.

Thermogravimetric analysis
The TGA curves of PMMA and the PMMA/Ce:YAG composites are shown in
Fig. 7, and some of the temperatures are summarised in Table 2. All the samples

show one degradation step starting around 330 °C. The thermal stability of PMMA
is not significantly influenced by the presence of Ce:YAG up to 2 wt% Ce:YAG,
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Fig. 5 Loss modulus curves of PC and the PC/Ce:YAG composites
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Fig. 6 Tan o curves of PC and the PC/Ce:YAG composites

and an observable increase was only observed for the sample containing 5 wt%
Ce:YAG. The increase in mass loss temperature can be due to some immobilization
of the polymer chains, as was observed from our previously presented NMR results
[40], and of the free radicals that took part in the degradation process, or to
interaction of the volatile degradation products, that are formed during degradation,
with the filler particles that caused them to be released at higher temperatures.
Another possible reason for the increases in thermal stability of the composites is
the difference in the thermal conductivity values of PMMA (0.19 W m~! K_l) [49]
and Ce:YAG (11.2 W m~! K_l). The shift in decomposition temperature can be
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100 +
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Fig. 7 TGA curves of PMMA and the PMMA/CeYAG composites
Table 2 TGA results for all the investigated samples
Sample PMMA
Tyo/°C Tinax!°C % Residue
at 450 °C
PMMA 368.5 372.7 -
99.7/0.3 wiw PMMA/Ce:YAG 367.4 371.8 0.1
99.5/0.5 wiw PMMA/Ce:YAG 368.2 372.6 0.8
99/1 w/iw PMMA/Ce:YAG 367.6 372.0 1.2
98/2 wiw PMMA/Ce:YAG 368.7 373.0 2.1
95/5 wiw PMMA/Ce:YAG 369.9 374.7 49
Sample PC
T50/°C Tinax!°C % Residue
at 650 °C
PC 491.6 496.3 21.2
99.9/0.1 wiw PC/Ce:YAG 486.2 494.4 21.4
99.7/0.3 wiw PC/Ce:YAG 491.2 501.8 21.6
99.5/0.5 wiw PC/Ce:YAG 492.1 502.4 21.9
99/1 wiw PC/Ce:YAG 488.3 495.7 22.4
98/2 wiw PC/Ce:YAG 489.8 501.6 237
95/5 wiw PC/Ce:YAG 488.4 496.2 26.5

T30 and Ty are the temperatures at 30 and 40% weight
derivative TGA curves
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attributed to relatively higher thermal conductivity value of Ce:YAG, which caused
it to preferentially absorb most of the heat. In this case, the filler acted as a heat
barrier and increased the thermal stability of the composites.

Since the mass loss temperature depends on the amount of filler and their
dispersion in the composites, and on the interaction of the filler with the polymer
chains, free radical chains, and volatile decomposition products, one would expect
an increase in mass loss temperature with increasing filler content. In our case, the
addition of small amounts of filler resulted in the formation of isolated Ce:YAG
clusters (observed in our previously reported TEM micrographs [40]), and thus, less
filler surface was exposed to the polymer so that the filler had little influence on the
thermal stability of PMMA. However, at higher loadings, smaller Ce:YAG clusters
were fairly well dispersed in the polymer and more filler surface was exposed to the
polymer. This allowed more effective interaction with the filler so that the polymer
and free radical chains were immobilized and/or the volatile degradation products
were trapped through their interaction with the filler particles.

The preparation method of the composites can also have a significant influence
on the dispersion of the filler in the polymer matrix, and on the influence of the filler
on the thermal stability of the composites. Zanotto et al. [28] prepared the same
composites by solution mixing and they observed an almost 50 °C improvement in
the thermal stability at 5 wt% Ce:YAG loading. They attributed this to the small and
well-dispersed Ce:YAG nanoparticles and their strong interaction with the polymer,
which not only immobilized the polymer chains but also the free radicals that took
part in the degradation process. Although it is difficult to commercialize such a
preparation technique, it definitely gave rise to a nanocomposite with very few
clusters, which does not seem to be achievable through melt-mixing.

The amounts of residue observed at 450 °C are summarised in Table 2.
Generally, the amount of residue corresponds well with the amount of Ce:YAG
initially added during the preparation of the composites, suggesting that the
dispersion of the Ce:YAG clusters was fairly homogenous in the composites.

Figure 8 shows the TGA curves of PC and the PC/Ce:YAG composites at
different Ce:YAG loadings, and some of the temperatures are summarised in
Table 2. PC shows no mass loss up to 420 °C, and its decomposition occurs in a
single step between 420 and 530 °C. It leaves about 21% residue at 650 °C, and this
has also been observed in a number of studies both in air and nitrogen atmospheres
[50, 51]. TGA measures mass loss as a function of time or temperature, and any
interaction between the volatile degradation products and the filler particles would
delay the volatilization of the degradation products, which would increase the
temperature at which mass loss occurs. Normally, at high temperatures, the long-
chain backbone of a polymer undergoes molecular scission and forms free radicals,
which react with each other and with other polymer chains and release volatile
products causing a mass loss of the polymer [52]. In our case, the free radicals and
volatile degradation products did not seem to interact very strongly with the
Ce:YAG particles, because little difference was observed between the TGA curves
of the different samples. Other authors reported both an increase [53] and a decrease
[54] in the thermal stability of PC in the presence of nanoparticles. The decrease in
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Fig. 8 TGA curves of PC and the PC/Ce:YAG composites

thermal stability was related to the catalytic effect of the nanoparticles, the particle
dispersion in the polymer matrix, and the preparation conditions.

The amounts of residue observed at 650 °C for PC and all the composites are
summarised in Table 2. The PC/Ce:YAG composites generally left more residue
than the neat PC. The differences between the % residues left by the composites,
and that left by neat PC, correspond well with the amounts of Ce:YAG initially
mixed into the samples, indicating that the dispersion of the Ce:YAG particles was
fairly homogenous in the composites.

Thermal degradation kinetics

To get a better understanding of the degradation process and the effect of the
Ce:YAG on the thermal stability of PMMA and PC, the activation energy (E,) for
mass loss was determined for the degradation of PMMA, PC and their composites
filled with 0.5 and 5 wt% Ce:YAG. The activation energy was determined from the
slopes of the isoconversional plots of In f§ versus 1/7 shown in Figs. 9, 10, 11 and 12
taken at heating rates of 3, 5, 7 and 9 °C min~'. The relationship between the
activation energies and the extent of mass loss of PMMA/Ce:YAG and the PC/
Ce:YAG composites is shown in Figs. 13 and 14. The activation energy is the
amount of energy that is required to initiate the thermal degradation process, and it
is related to the temperature dependence of the rate of degradation. The activation
energy increased with an increase in extent of mass loss for all the investigated
samples. The same behaviour was also observed by other authors [55, 56], and it is
generally explained as changes in the degradation mechanism with an increase in
the extent of mass loss. Dong et al. [31] investigated PC-MgO nanocomposites and
they attributed the increase in the activation energy of degradation with an increase
in the extent of mass loss to the formation of a stable char which protects the
polymer from further degradation.
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Fig. 9 Ozawa-Flynn—Wall plots derived from the PMMA mass loss curves for the following degrees of
conversion: / « =0.1; 20 =02;300=03;40=04;50=05,600=0.6;70=07,82=0.8;9
o=0.9
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Fig. 10 Ozawa-Flynn—Wall plots derived from the 99.5/5 w/w PMMA/Ce:Y AG mass loss curves for the
following degrees of conversion: / « =0.1; 22 =02;30=03;40=04;50=0.5;,60=0.6; 7
0=07;,80=0.8;90=0.9

The activation energy of PMMA and its composites shows a general increase
with the increase in the extent of mass loss, but the composites show much higher
activation energies than the neat polymer. This can be attributed to the trapping of
the free radical chains and volatile degradation products by the filler during the
degradation process, so that more energy was required to initiate and propagate the
degradation of the polymer, or to release the volatile degradation products adsorbed
onto the filler particles. The PC composites have much lower activation energy
values than the neat PC. This indicates that less energy was required to initiate the
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Fig. 11 Ozawa-Flynn—Wall plots derived from the PC mass loss curves for the following degrees of
conversion: / « =0.1; 200 =02;30=03;40=04;50=0.5;6 0=0.6
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Fig. 12 Ozawa-Flynn-Wall plots derived from the 95/5 w/w PC/Ce:YAG mass loss curves for the
following degrees of conversion: / « =0.1; 20 =0.2;30=03;40=04;50=0.5;6 0 =0.6

degradation process, and that the degradation rates of the composites were less
dependent on temperature. Dong et al. [31] observed that the initial activation
energy values of the PC-MgO nanocomposites were lower than those of the neat
PC. They attributed these observations to the catalytic effect the MgO nanoparticles
have on the degradation process of PC. The addition of Ce:YAG in our case may
have had a similar catalytic effect on the degradation of PC. An increase in the
activation energy values of similar composites was observed in a number of studies
[57-59], and these were attributed to the particles acting as physical barriers, both to

@ Springer



Polym. Bull. (2017) 74:2841-2859 2855

650

—m—PMMA
S2--e

1- ®- 995105 wiw PMMAICe:YAG P
600 95/5 wiw PMMA/Ce:YAG &

(4]

5

o
1

500

E,/ kJ mol

450

400

350

0.0 0.2 0.4 0.6 08 1.0
o

Fig. 13 Activation energy vs. extent of degradation for PMMA and the PMMA/Ce:YAG composites
with 0.5 and 5 wt% Ce:YAG
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Fig. 14 Activation energy vs. extent of degradation for PC and the PC/Ce:YAG composites with 0.5 and
5 wt% Ce:YAG

retard the thermal decomposition of the polymer and to prevent the transport of

volatile degradation products out of the composites, both of which would require
more energy to initiate the thermal degradation process.

Conclusions
The purpose of the work reported in this article was to investigate the influence of

the presence of different amounts of cerium-doped yttrium aluminium garnet
(Ce:YAG) ranging from 0.1 to 5 wt% on the thermomechanical properties and
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thermal degradation kinetics of PMMA and PC composites. The presence of filler
did not significantly increase the thermal stability of the PC, while an observable
increase in thermal stability was only observed at higher filler loadings for the
PMMA composites. This can be due to the stronger interaction between Ce:YAG
and PMMA and/or its degradation volatiles. The degradation products of PC are
carbon dioxide, phenol and bisphenol A, most of which should not strongly interact
with Ce:YAG, while that of PMMA is methyl methacrylate, which should interact
more strongly with Ce:YAG through its carbonyl oxygen, as previously observed.
The storage modulus, loss modulus and glass transition temperature of PMMA
increased with the addition of, and increase in, Ce:YAG content as a result of the
increased stiffness of the composites and immobilization of the polymer chains.
However, the extent of increase in the storage and loss modulus of the PC/Ce:YAG
composites could not be related to the amount of filler in the respective samples.
The glass transition was also not influenced by the presence of the filler, and the
extent of damping changed inconsistently with the amount of filler in the samples,
probably due to the weaker interaction between PC and Ce:YAG.
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