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Abstract

Composites of Isophthalate based unsaturated polyester
(ISO-UP) resin with various concentrations of lead
monoxide (PbO) filler were fabricated and investigated for
degradation kinetics & thermal stability of the composites.
The thermogravimetric data have been treated with
Freeman-Caroll & Horowitz-Metzger methods and results
were discussed. The filler concentration effect on thermal
stability & degradation kinetics of composites were also
discussed. Neat sample was observed to exhibit one
stage degradation while the filled composites undergo
degradation at two stages. Further, with the increased
filler content in the composite the initial degradation
temperature values (IDT) as were found to decrease from
337°C for neat polymer to 304°C for 50% filled composite
whereas presence of filler slows down the degradation
process. Among the two classical degradation kinetic
theories used, Freeman-Caroll method yields almost
close activation energies from 18.295K]/mol to 20.029K]/
mol while Horowitz-Metzger method yields activation
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energies from 17.919K]J/mol to 13.198K]/mol. Both
methods indicate that thermally stability of composites
increase at lower filler loading but tend to decrease at
higher filler loading.

Keywords: Thermogravimetry, Degradation kinetics, Polymer
composites, Unsaturated polyester.

Introduction

Materials such as high-density concrete, metals or metal alloys or
lead bricks are often used as general radiation shielding materials for
radiation shielding purpose [1, 2]. Many of these materials cannot be
used under all conditions due to their bulk nature and lack of service
flexibility [1]. Asasolution, highdensity polymercompositesofdifferent
polymer-filler combinations have been recommended as flexible
radiation shields [3]. Many such shields are used in radiotherapy,
x-ray radiography, personnel and equipment near nuclear reactors,
space applications, etc. Polymer materials have advantages in cost,
flexibility, molding, and volume reduction after use, etc. but inferior
as radiation shields compared to metals [4]. Several investigators have
fabricated and investigated variety of polymer composites filled with
various metal or metal oxides for radiation shielding applications.
Few to mention are, Landler ef al., have fabricated composites of
Polyethylene and lead compounds [5]. MacLeod et al., have prepared
highly filled thermoplastic compositions of PbO (81 % by weight) in an
ethylene/vinyl acetate copolymer, without plasticizer for attenuation
of electromagnetic radiations [6]. Rizwan Hussain et al., have studied
the shielding properties of polyethylene glycol-lead oxide composites
[7]. Abdul Aziz et al., fabricated Styrene-Butadiene rubber/Lead
oxide composites as gamma radiation shields and also studied their
thermal and mechanical properties [8, 9]. Pavlenko et al., investigated
the radiation-protective characteristics of a thermoplastic polystyrene
composite material filled with a high-dispersion modified lead oxide
[10]. H Chai et al., have prepared and characterized novel, fexible,
x-ray shielding materials containing tungsten and bismuth(III) oxides
[11]. O Evcn et al., have investigated the production of barite and
boroncarbide doped radiation shielding polymer composite panels
[12]. Bagheri et al., have thermal resistance, tensile properties, and
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gamma radiation shielding performance of unsaturated polyester/
nanoclay/ PbO composites [13]. Demir et al., studied gamma ray and
neutron shielding characteristics of polypropylene fiber-reinforced
heavyweight concrete exposed to high temperatures [14]. Akman
et al., presented gamma attenuation characteristics of CdTe-doped
polyester composites [15]. Mona M. Gouda et al., have fabricated
nano tin oxide/dimethyl polysiloxane reinforced composite as a
fexible radiation protecting material [16]. Literature review reveals
that in many such investigations to evaluate polymer composites,
radiation shielding characteristics was considered as only main
parameter and no other characteristics of polymer composites such
as their stability to thermal, chemical, electrical, radiation, corrosive
environments in addition to mechanical flexibility were given
importance. Polymer composite shields during their service life,
are inevitably exposed to different degrading environments. Hence
these characteristics also play important role to evaluate and label a
material as flexible and excellent radiation shield. Particularly high
temperature environments, may setup degradation reactions in the
polymer composites and affect the performance of these radiation
shields. Hence, in this direction, authors propose to fabricate new
polymer composite combination using lead monoxide (PbO) as
recommended filler [17,18] with density (9.82g/cc) and a stable
unsaturated polyester containing stable benzene rings and iso-
phthalate groups recommended as radiation resistant and chemically
resistant polymer [19]. These polymer composites fabricated and
investigated for radiation shielding, thermo-mechanical stability,
chemical stability and thermal stability. The details of thermal
stability and kinetic parameters of thermal degradation evaluated
using thermogravimetric analysis method [20] have been presented
in this paper.

Materials and Methods

Polymer composites of commercial grade ISO-UP resin and PbO
powder with different compositions (0, 5, 10, 20, 30,40 & 50 % by weight
of filler) were casted into 3 mm thick sheet form using open mould
method [21] and labeled as S1 to S7 respectively. Beyond 50% of filler
addition, uniform distribution of filler is quite difficult in open mould
casting method due to increased agglomeration and also settling of
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filler. These composites characteristics for radiation shielding [21,
22], thermomechanical stability [23] and chemical stability [25] have
been investigated and reported elsewhere. The details of FTIR, SEM
and powder XRD thermal stability and kinetic parameters of thermal
degradation evaluated using thermogravimetric analysis method in
addition to FTIR, SEM and powder XRD investigations have been
presented in this paper.

The composite samples wereinvestigated for polymer-filler interaction
using Spectrum RX-FTIR Spectrometer, PerkinElmer, USA. Gold
plated fractured surfaces of neat polymer and filled composites were
observed under Scanning electron microscope (S-4700 Cold FE-SEM,
Hitachi High Technologies America, Inc., Annexure-V) to examine the
nature of polymer-filler binding, the filler particle size and dispersion
in the composite. Powder X-ray diffraction measurements were done
on pristine polymer and filled composites to investigate the physical
structure of the composite samples for 20 ranging from 10° to 60° using
Cu-Ka line of MiniFlex-II, Rigaku Benchtop X-ray diffractometer. The
composite samples of about 3 to 6 mg weight were characterized for
thermal degradation using Thermo-gravimetric Analyzer (TGA),
TA Instruments, USA. The samples were heated in air atmosphere
at a heating rate of 10°C/minute from 26°C (room temperature) to
800°C. TGA data were analyzed for degradation onset temperature
or initial degradation temperature (IDT), temperature at maximum
degradation rate, degradation rate maximum and residual weight.

Thermogravimetry has been accepted as reliable, exact and fast
method for studying kinetics of thermal decomposition. In order to
evaluate degradation kinetic parameters such as activation energy,
reaction order and pre-exponential factor from weight loss data,
classical laws of kinetics have been used®.

Using the general formulation, the chemical reaction rate (da/dt) in
terms of the degree of conversion (a), can be shown as

da ;
%=kn(1—05) (1)

where k_ is the specific rate with kinetic reaction of order n and a is
the normalized weight loss.
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Differential technique was used to find the reaction rates (da/dt) by
incorporating heating rate into the temperature and weight-fraction
data. Applying Arrhenius kinetics to degradation process, the rate
constant, the absolute temperature, T and the activation energy E_
were related as.
k,=A4 L, 2

n = em{—RT) (2)
Where A be the pre-exponential factor and R be the gas constant.

For thermal decomposition, the overall rate equation of conversion
a in Arrhenius form was expressed by combining the above two
equations as,

E
da = Aexp(— -

a1 RT)a_aY )

L : dT .
Considering a constant heating rate: Y 7E f, above equation can be
transformed as,

da A (Ea

_:_exp —

e j(l—a)" @)

Using equations similar to those above and applying appropriate
approximations several thermal degradation kinetic theories have
been discussed. Among them, following Freeman-Caroll [25] and
Horowitz-Metzger [26] are quite popular methods for the discussion
of thermal degradation kinetics using single heating rate.

Freeman-Caroll method

Freeman and Caroll derived a straight-line equation for thermal
degradation as,
Alog(dw/ dt) e E,  AQ/T)
Alogh, 2.303R Alogh,
Where dw/dt = rate of decrease/change of weight,

()

W_ = final weight loss - total weight loss up to time t

E_= activation energy, T = Temperature, n = reaction order
log(dw/ dt ) vs /T

logW, logh,
energy (E)) as the slope with reaction order (n) as Y-axis intercept.

A straight-line plot between yields activation
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Horowitz-Metzger method

Horowitz-Metzger has given a straight-line equation for thermal
degradation through single-reaction pyrolysis process which leads
only to gaseous products as follows,

w, E0

Zol_ Za 6

ln{ln W} E (6)

Where W = Weight of sample at time t, W = Initial sample weight, 6
=T-T, T, =temperature at W/W ,=1/e and T = temperature at time
tand, E_ = activation energy.

A straight-line plot of In{lnW /W} vs. 6 gives E_from slope.

Results and Discussion

FT-IR transmittance spectra of the composite samples have been
shown in figure 1 and observed band data are shown in table 1. The
broad peak observed in the range of 3504 to 3547 cm™ shows the
hydroxyl group present in ISO-UP resin. The 3028 cm™ peak indicates
the aliphatic C-H stretching in styrene. It shows the possible presence
of unreacted styrene monomer in the polymer. The range of 2,927 -
2934 cm™ peaks show the occurrence of methylene group asymmetric
stretching. The -CO group present in the polymer shows absorption
in the range from 1,724 to 1,727 cm™. The peaks in the range 1602 to
1606 cm™ and 1017 to 1018 cm™ are due to the polystyrene. The 1494
and 731 cm™ peaks indicate the mono substituted benzene rings and
the peak at 701 cm™ shows the presence of iso or meta substituted
benzene rings. The peaks at 1270 and 1244 cm™ indicate the aromatic
ketone groups in the polymer network. The peaks at 3061, 1645 and
1156 to 1075 cm™ are due to the presence of unsaturated carbon bonds
[27, 28, 29].
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Figure 1. FT-IR spectra of the composites.

IR Band (cm?) |Group
3504 to 3547 -OH

C-H stretching in Styrene showing presence of
3028

unreacted Styrene
2927 to 2934 -CH3 Asymmetric stretching
1724 to 1727 -C=0
1602 to 1606 and Polvst
1017 to 1018 olystyrene
1494 and 731 Mono substituted Benzene ring
701 iso or meta substituted Benzene ring
1270 and 1244 Aromatic ketone groups
3061, 1645 and _
1156 to 1075 -C=C-, unsaturated carbon double bonds

Table 1. FT-IR peak data of the composites.

From the plots it is evident that none of the absorption peaks of
the pristine polymer undergo modification either as peak shift or
disappearance of characteristic peaks indicating that the filler at all
its concentrations in the composite has a little or no effect on chemical
structure of the polymer matrix. However, at higher concentrations
(above 30% wt. fraction) a new peak was observed at wave number
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1544 cm™ and also a peak at 1382 cm™ shows modification in peak
intensity. These observations may be attributed to the nature of the
polymer and filler interactions which may not be the type of chemical
interactions but merely a physical or a mechanical locking of the filler
in the matrix of polymer chains.

Scanning electron microscope pictures recorded on fractured surfaces
of neat polymer and filled polymer (S5, 30% weight PbO filled
composite) are shown in figures 2, 3 and 4. Figure 2 shows the brittle
surface fracture of neat polymer with regularly graded ridges having
average width as 10 microns. In addition, there are wider and lighter
streaks departing from the ridges which represent the fraying or
detachment of ribbon-like strands from the ridges during fracture. It
is a common fracture mode in neat thermosets [21].

-~

s
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Figure 2. SEM image of neat polymer.

Figure 3 and 4 show the dispersed morphology of the filler in
fractured surface at low and high magnification of 30% filled content
respectively. With an average inter particle distance of about 10 pm,
the filler particles have a good dispersability with an average size of
about 5.36 pm [21]. From figure 3, one can see filler particles having
radial fronts at one end link with at least one or more particles along
the ridge path. The presence of filler particles in the matrix creates



Venkatreddy, Visweswaraiah et al. Thermal Stability Analysis of PbO/ISO-UP

such a radial path (crack propagation) quite different than observed
for the neat resin. The crack propagation in neat polymer is almost
straight due to the absence of filler. Presence of filler particle along
ridges and creation of radial fronts influence the progression of the
crack in filled composites. With more filler loading, the ridges become
less pronounced due to decreased tension in the matrix resulting in a
smoother surface during fracture.
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Figure 4. SEM image of 30% weight PbO filled (S5) composite (high
resolution).
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Powder x-ray diffractograms of neat polymer and filled composites
are shown in figure 5. A broad peak centered around 19.20degree
and diffused scattering from 30 to 60 degrees with some minor peaks
observed for neat polymer, show mainly the amorphous nature of the
neat sample S1.

0 15 20 25 30 35 40 45 50 55 60
26 (degree)
Figure 5. Powder x-ray diffractograms of neat polymer and filled
composites (S1 to S7 downwards in order)

The observed broad peak and diffused scattering pattern is mainly
due to their long chain structure with a relatively large number
of defects. Further, the presence of polymer crystallites if any are
relatively very small with a large surface to volume ratio enhance the
contribution of interfacial disorganization on the diffraction pattern
[30, 31, 32]. In figure 5, the patterns observed for filled composites
are the result of overlapping of peaks due to both polymer and the
filler. Prominent & relatively sharp peaks observed at 20 values equal
to 29.12, 30.35, 32.62, 37.80, 45.21, 49.33, 50.76, 53.14 & 56.10 degrees
refer to the scattering from the filler particles. In all the samples these
peaks were found to be unique and remain in the same positions.
The peaks observed are found to be in good agreement with ICDD-
JCPDS database [33]. Further, the additional minor peaks observed
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at 20 values equal to 24.66, 27.14, 34.22, 40.43, 42.74, etc degrees in
the samples S2 to S7 are attributed to scattering from polymer layers
formed around filler particles. These observations also do not provide
any information on possible chemical interaction between polymer
and filler in the composite.

Thermograms and derivative thermograms of the composite samples
are shown in figures 6 and 7 respectively. Pristine polymer S1 was
observed to undergo one-stage degradation process in a temperature
region from 300°C to 400°C whereas the filled composite samples
undergo two-stage degradation with a temperature range extending
from 300°C to about 750°C. The weight loss which occurs before IDT
may be attributed to the removal of volatile content present in the
polymer such as water and un-reacted styrene [34, 35]. The residual
weight % left after 750°C indicates the amount of lead monoxide filled
in the composite sample which is quite stable at these temperatures.
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Figure 6. TGA Thermograms of the composites.
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Figure 7. Derivative thermograms of the composites.

It is evident from the results of analysis of the TGA data shown in
table 2 and associated figures 6 and 7 that IDT values decrease from
337°C to 304°C with increasing filler content in the composites. T__,
the temperature at which maximum degradation rate occurs was also
observed to decrease from 367°C (for S1) to 343°C (for S7). However,
the degradation rate and also the maximum degradation rate R__
values decrease with increased filler concentration in the composite.
The decrement in IDT values might be possible due to the the bigger
filler particles (average particle size 5.36um) present in between the
polymer molecules which generally reduces the crosslink density of
the polymer and thereby affect the thermal properties. [21] Hence the
presence of the filler in the composite retards the degradation rate
but favours the onset of degradation process. Also, the decrease in
maximum degradation rate may be attributed to the reason that the
particulate filler present in the composites influence the degradation
process of polymer molecules which are in contact with them. These
polymer molecules show more stability to external temperature effect
and hence do not degrade easily. Further from figures 6 & 7, it was
observed that the first stage of degradation of both the pristine and
filled composites was observed below 400°C and can be attributed
to degradation process of the polymer component of the composite

12



Venkatreddy, Visweswaraiah et al. Thermal Stability Analysis of PbO/ISO-UP

which is not in contact with the filler. The above reason can be verified
by determining the temperature T, , at which 50% of the polymer
content present in the composite undergoes degradation. The T, ,
values determined were observed to spread over a narrow range of
temperatures from 360°C to 365°C which directly indicates that no
role played by the filler in degradation of the polymer molecules
which are not in contact with the filler and values of T, , are shown in
table 2. The second stage of degradation was observed only in filled
composites from about 400°C and ends up at around 750°C. This can
be attributed to degradation of the polymer molecules which are
in contact with the filler and the rate of degradation is slower than
that of the first stage. This fact may be due to the presence of strong
adhesion interaction between the polymer and filler.

Among the two kinetic theories applied, Freeman-Caroll plots
shown in figure 8 and Horowitz-Metzger plots shown in figure 9
yield straight line plots and quite acceptable in different stages of
degradation process. The kinetic parameters determined from these
theories are shown in table 2.

Table 2. Results of thermo-gravimetric analysis of the composites.
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Figure 8: Freeman-Caroll plots of the degradation kinetic analysis.
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Figure 9: Horowitz-Metzger plots of the degradation kinetic analysis.

Wit 5 1¢ S?g:'} DZ“d S(tia%g Acti]\;atilgn Eneirgy
Sample o ‘ PbQ IODT » egradation egradation (E)) KJ/mo .
filler in (°O) CO|T max | T max | Freeman | Horowitz
composite (°r83 (Vztc/;/ (°r83 (Vztc/;/ Caroll | Metzger
S1 0 337 365 | 367 | 1.4851 | --- --- 18.295 17.919
52 5 336 364 | 367 | 13323 | 459 | 0.1074 | 18.386 18.367
53 10 330 362 | 364 | 1.1496 | 457 | 0.1226 | 19.180 18.332
54 20 310 360 | 349 | 0.7379 | 535 | 0.1123 | 20.886 17.834
S5 30 308 363 | 347 ] 0.5854 | 566 | 0.05313 | 20.261 16.920
S6 40 305 360 | 336 | 04152 | 418 | 0.1790 | 19.443 15.348
S7 50 304 363 | 343 | 0.2867 | 391 | 0.1721 | 20.035 13.198

Table 2. Results of thermo-gravimetric analysis of the composites.

Activation energy values evaluated by both methods are comparable.
Activation energy values which range from 18 to 20 KJ/mol
evaluated from Freeman-Caroll method do not provide much
information on filler concentration effect on thermal stability of the
composites. However, those evaluated from Horowitz-Metzger
method show a decrement from 18 to 13 KJ/mol with the increased
filler concentration in composites. Slight thermal stability decrement
of the composites with increased filler concentration and these results
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verity the cause for the decrease in IDT values discussed above. Both
methods indicate that thermally stability of composites increase at
lower filler loading but tend to decrease at higher filler loading. The
reaction order determined from Freeman-Caroll was found to be
between 1 and 2, and the degradation reactions may be concluded as
not of first order [25].

These composites were fabricated with a primary intention of
application in gamma radiation shielding. In terms of radiation
shielding efficiency, S7 appears to be the best composite because
radiation attenuation coefficients depend linearly on density of the
sample [21, 22]. However, in terms of thermal stability as a primary
parameter, S5 with 30% by weight filler loading may be concluded
as best sample. IDT values and other parameters evaluated from first
stage of degradation won’t contribute for this conclusion but from
the parameters of second stage of degradation, S5 shows higher
T __, (566°C) and lowest rate of degradation R__ (0.05313 wt% /°C).
Hence S5 may be concluded as best sample from the point of thermal
stability.

Conclusions

The PbO filled ISO-UP resin composites were investigated for the
degradation kinetics & thermal stability of the composites. The effect
of filler concentration on degradation kinetics & thermal stability of
the composites was also discussed. Neat polymer was supposed to be
brittle which undergoes brittle fracture with regularly graded ridges
while the presence of filler influences radial propagation of cracks
during fracture in filled composites. Brittleness may be affected due
to presence of filler. X-ray diffraction studies reveal no changes in
characteristic patterns of the filler and too little influence of filler on
structure of polymer matrix. Neat sample was observed to exhibit
one-stage degradation whereas filled composites exhibit two-stage
degradation. Further, with the increased filler ratio in the composite
the IDT values as well as degradation rate were observed to decrease
in first stage of degradation. Presence of filler slows down the rate
of degradation process. From the second stage of degradation, S3
appears to be thermally stable compared to other compositions.
Thermal degradation kinetics were observed to follow Freeman-Caroll

15



Mapana - Journal of Sciences, Vol. 22, No.4 ISSN 0975-3303

and Horowitz-Metzger methods. The activation energies obtained
from both of these methods were comparable and the degradation
process was found not to be of first order. Better understanding of
the structure as well as polymer-filler interactions may help to draw
conclusions on the thermal degradation of these composites. It may
also help to improve these composites on their performance as
excellent radiation shields. Present study provides scope for adoption
of more advanced particle dispersion to dimensions at nano scale
and composite fabrication methods in fabrication of more efficient
radiation shielding materials.
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