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INTRODUCTION

Polymer blends involve mixing two or more polymers for
combining the characteristics of individual polymers for easily
tailoring their properties. Compatibilizing the phases in the
blends provides it certain functional properties. Numerous
polymer blend systems were reported through the development
synthesis, microstructure and property characterization [1].
Furthermore, these functional polymer blend systems help to
enhance the application spectrum of polymers.

Polymers that have high Tg are desirable materials in the
industries. For example, poly(methyl methacrylate) (PMMA)
is transparent and exhibits corrosion, high temperature, good
electric insulation and weather and chemical resistance [2].
PMMA is useful because of these properties, but because of its
poor mechanical properties, its application in the optical-
electronics field is limited [3]. Furthermore, PMMA degrades
on exposure to radiation [4]. PMMA that can form hydrogen
bonds with other polymers having functional groups (inter-
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polymer interactions) are of great value because of its Tg [5,6].
The effect of interpolymer interaction strength is reflected on
the Tg and blend miscibility, classifying PMMA into three
polymer blend classes: i) very weak, (ii) relatively weak and
(3) strong interactions [7].

Irradiating polymeric materials converts them into valu-
able products with wide application potential [8-11]. The
miscibility between two polymers is higher if gamma radiated
rather than unirradiated [12]. New polymers with high thermal
and radiation stability were achieved through blends formation.
Typically, blending of two polymers with different radiations
behaviours effectively improves radiation stability. For example,
blending a radiated crosslinkable polymer with a radiation degra-
dative polymer provides a protective effect on the degradative
polymer, for example, PMMA/PEO system. PMMA is a typical
radiation degradative polymer, whereas PEO is a radiation
crosslinkable polymer [13]. Furthermore, a similar protective
effect was observed in PMMA/PVDF blend. An explanation
for this observation is radiation-induced crosslinking, which



restricts the chain mobility of radiation degradative polymer
[14,15]. Radiation in cross-linking improves the thermal prop-
erties of polymers [16]. Previous studies [17,18] suggested that
the Tg value of PMMA improved after copolymerization with
hydrophilic polymer, exhibiting hydrogen bonding interactions
between the two polymers. The Tg values of copolymers are
generally higher than those of corresponding polymer blends
because hydrogen-bonded copolymers are heterogeneous
[19,20]. The blending of different polymers could improve
the thermal and mechanical properties of the resultant polymer,
irrespective of whether they are miscible, immiscible or
partially miscible [21].

Differential scanning calorimetry (DSC) is the most common
method used to establish polymer miscibility, making the blends
homogeneous and strongly miscible. This blend exhibits only
one Tg, which is between the Tg′s of both blend components
and closely related to the blend composition. The miscibility
of intermolecular interactions between two polymer chains
produce hydrogen bond, ionic bond and dipole-dipole inter-
actions [22]. Some researchers [23] found that PMMA under-
goes degradation on exposure to gamma radiation. Chipara
[24] reported that irradiation changes the Tg of polymers where
cross-linking increases during degradation and decreases during
depolymerization or chain scission.

This article explains that gamma radiation alters the thermal
stability of PMMA and the content of PEGs through a series
of change in melting and glass temperatures in terms the heat
capacity and enthalpy, measured using differential scanning
calorimetry. According to the results, DSC is a simple and flex-
ible method of characterizing the blend polymer (PMMA/PEG).
The effects of immiscibility on thermal properties were experi-
mentally measured, as gamma radiation predominantly induces
crosslinks rather than degradation in PEG network matrices.
Thermal properties of all unirradiated and irradiated blend
polymers (PMMA/PEG) have been examined with DSC. This
study states that the immiscibility of two polymers in the blend
affects its thermal properties and the inter H-bond was absent.
FTIR showed that blend polymer (PMMA/PEG) lack misci-
bility due to the absence of H-bond between PMMA and PEG.
Therefore, this study investigated the thermal properties of PMMA.

EXPERIMENTAL

All the chemicals used were of analytical purity. The poly
(methyl methacrylate) (PMMA) employed in this work was a
commercial sample with a supplied as a monomer (99%) by
Sigma-Aldrich Chemical Company. Spontaneous thermal
initiation of methyl methacrylate monomer converts to the liner
polymer of poly(methyl methacrylate) due to self-polymeri-
zation [25,26]. Chloroform (Sigma-Aldrich, 99.5% purity) was
used as solvent. PEG4000 was obtained from CLARIANT
(Sulzbach, Germany). All the reagents were analytical grades
and used without further purification.

Gamma radiation source: Specimens were irradiated at
2.05 KGy/h with gamma radiation at the 60Co Indian irradi-
ation facility. The irradiation facility was designed by the
Egyptian Atomic Energy Authority of Cairo′s National Center
for Radiation Research and Technology.

Preparation of blend polymer (PMMA-PEG) film by
gamma irradiation: The blend was prepared according to
the known procedure described elsewhere [27]. PMMA (2 g)
was dissolved in 20 mL of purified chloroform. Thin films at
different concentrations of PEG-4000 were used at room temp-
erature for investigation. PEG/PMMA mixtures of four diffe-
rent concentrations were used, namely 0/20, 2/18, 4/16 and 6/14
w/w%. After stirring and sonication, four samples were trans-
ferred into glass tubes and degassed with nitrogen. Subseq-
uently, they were exposed to 20 kGy of 60Co γ-rays in a gamma
cell at a dose rate of 2.05 KGy/h at room temperature. After
irradiation, four mixtures of PMMA-PEG were casted on petri
dishes and allowed to dry at room temperature; a dry atmosphere
was ensured for evaporating the solvent to form transparent
films and then finally stored in a desiccator. Irradiated blend
polymers of PMMA/PEG with different PEG contents are well
known degradative polymers [28,29].

Characterizations: The probable of chemical interaction
between PEG ad PMMA was measured using Attenuated total
reflectance-Fourier transform infrared ATR-FTIR spectroscopy
Vertex 70 FTIR spectrometer equipped with HYPERION™
series microscope, BrukerOptik GmbH, Ettlingen, Germany,
over the 4000-400 cm-1 range, at a resolution of 4 cm-1. Software
OPUS 6.0 (BRUKER) was used for data processing, which
was baseline corrected by the rubber band method with CO2

bands excluded.Thermal analysis was performed using a DSC
(Q2000) from TA Instruments, New Castle, DE, USA. The glass-
transition temperature (Tg) and melting temperature (Tm) of
the polymer blend was calculated by heating rate 10 ºC/min.
All measurements were conducted under a nitrogen atmos-
phere. The cell was calibrated using an indium standard; the
weight of the sample was 5-10 mg. Thermal analysis was perf-
ormed using a TGA from (TA Instruments, New Castle, DE,
USA). The TGA features a top-loading balance, furnaces provide
the highest available cooling speed. Conversely, heating up to
600 ºC with heating rate 10 ºC/min.

RESULTS AND DISCUSSION

FTIR analysis: The interaction between PMMA and PEG
was investigated using FTIR spectroscopy. Fig. 1 shows the
FTIR spectra of pure components of neat PMMA and their
corresponding blends, such as PMMA/6%PEG. The carbonyl
peak positions of the blend and neat PMMA were almost the
same with a sharp transmittance peak at 1724 cm-1, which indi-
cated the absence of the carbonyl-hydroxyl interaction. Thus,
the FTIR analysis proved that no chemical interactions occurred
between PMMA (hydrophobic) and PEG (hydrophilic). The
interaction between PMMA and PEG was not a simple hydrogen
bonding [30,31]. A slight shift in the peak of carbonyl groups
noted at 1715 cm-1 (Fig. 1d) for PMMA is due to crosslinkings
with PEG caused by gamma radiation. Thus, gamma irradiation
induces miscibility between two immiscible polymers.

Impact of gamma irradiation and PEG content in the
thermal stability of PMMA: Unirradiated blend samples
(PMMA/PEG) with different PEG compositions from 0 to 6
wt% were investigated by using DSC thermogram to prove
variations in both Tm and Tg of PMMA based on variation of
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Fig. 1. FT-IR spectra of the irradiated and unirradiated neat PMMA and
PMMA/6 wt% PEG films measured in ATR mode

PEG composition. During thermal initiation, methyl methacrylate
monomer forms a liner polymer of PMMA are held for various
times at several sub-Tg and annealing temperatures (Tann), the
results are analyzed in the context. Fig. 2a shows DSC thermo-
gram results of neat PMMA (0 kGy), with a single Tg at 77.62
ºC, Cp = 0.0306 mW and exothermic crystalline temperature
(Tc) = 145.44 ºC. The endothermic temperature at 234 ºC may
be attributed to the ‘annealing peak’, which always appears
above Tc and Tg and below Tm depending on annealing condi-
tions [32,33]. The highest endothermic Tm of PMMA was
observed from 310 to 420 ºC at a Tmax of 373 ºC and calculated
enthalpy change (∆H) of 607 J/g. DSC thermogram can show
the thermal history of PMMA. Thermal history peaks shifted
at 2 wt% of PEG (Fig. 2b-c) and the Tg shift from 77.62 ºC to
72.82 ºC, 72.75 ºC and 72.66 ºC indicated that PEG acts as a
plasticizer [34]. Furthermore, Fig. 2b shows that the exothermic
Tc is 218 ºC and the endothermic Tann is 278.25 ºC. Moreover,
a large shift was observed in Tm because of 2 wt% PEG (Fig.
2b), the Tm was 385.85 ºC. Therefore, the high melting temper-
atures of PMMA are responsible for excellent retention of net-
work caused by PEG plasticization, which acts as a filler at
high temperatures. At high temperatures, the PEG network
decomposed and the unzipping process and carbon ash act as
fillers, increasing the Tm and the same explanation holds for
Tc and Tann. The typical peaks of Tc and Tann were observed in
the curves of ‘a’ and ‘b’ but not in the curves ‘c’ and ‘d’ for 4
and 6 wt% of PEG, respectively. From both curves c and d,
the Tm shifted to high temperatures of 392 ºC and 395 ºC with
∆H 326.90 and 461.25 J/g for 4 and 6 wt% of PEG, respectively.
The Tm of PMMA increased an increase in PEG content, which
proves that PEG acts as a filler at high temperatures.

DSC (Fig. 3a) results demonstrated that blank PMMA
irradiated with 20 kGy deceased Tg to 75.80 ºC, Cp to 0.390
mW and Tc to 142.35 ºC. These parameters decreased due to
gamma ray-induced PMMA degradation. Qi et al. [35] found
the same results and stated that the decreased Tg of PMMA is
attributed to the molecular motion and chain relaxation below
glass transition caused by gamma radiation. Moreover, these
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Fig. 2. DSC thermogram of series PEG/PMMA blends Un irradiated
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Fig. 3. TGs curves for (PMMA/PEG) irradiated by 20 kGy gamma rays

results are in agreement with those of Tatro et al. [36] irrad-
iating blank PMMA with 20 kGy increased the endothermic
Tm to 392 ºC and ∆H was 155.3 J/g (Fig. 4a). Thus at high temp-
eratures, macro-radicals are formed due to crosslinking, with
H atoms as crosslinking precursors.

When PEG was introduced to form a PMMA/PEG blend
through irradiation with 20 kGy, Tg increases to 80.62 ºC based
on the PEG content corresponding to PMMA, which may be
due to gamma irradiation-induced crosslinking effect of PEG
in the blends [37]. Furthermore, adding PEG increased Tg to
79.30 ºC and 97.34 ºC with 4 and 6 wt% of PEG, respectively,
when PEG was crosslinked through gamma radiation and was
not acting as a plasticizer. Although no chemical interactions
were observed between PEG and PMMA matrixes based on
ATR/FTIR charts, DSC detected that PEGs affect the chain
mobility of PMMA. Therefore, PEG is valuable for influencing
the Tg (Fig. 2b-d). Similar behaviour was noted with a non-
interacting system of poly(vinyl acetate)/poly(methyl acrylate)
by Song et al. [38]. The endothermic Tm of PEG at 57.88 ºC,
57.56 ºC and 57.58 ºC with ∆H values of 0.036, 8.03 and 66.20
(J/g), respectively, can be explained by the increase in crystalline
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Fig. 4. TMS curves for (PMMA/PEG) irradiated by 20 kGy gamma rays

areas with increase in the PEG content from 2 to 4 and 6 wt%.
Crystallinity and Tm of PMMA networks increase with an increase
in PEG content [39]. The endothermic Tms of blend polymers
PMMA with a PEG content of 2, 4, and 6 wt% were 393.47
ºC, 394 ºC and 397.25 ºC with ∆H of 141, 147 and 176 (J/g),
respectively. These parameters confirmed that the predominant
mechanism in PMMA formation is crosslinked.

Thermogravimetric curves (Fig. 5a) show that the thermal
stability of PMMA improves after gamma ray-induced blending
with PEG. Furthermore, energy of activation (Ea) during the main
decomposition stage of the blended irradiated samples was deter-
mined by using TGA according to the Horowitz and Metzger
method [40]. Thus, a force-pressure relationship is shown in
Fig. 5b, which gives a straight line with a slope equal to the unit.

As explained in previous studies [41], in this method, the
relation between ln[ln[(W0 − Wf)/(Wt − Wf )] and q is plotted,
which gives a straight line with a slope equal to Ea × 103/RTs

2.
This slope can be used to calculate the activation energy value.
Herein, W0, Wf and Wt are the initial, final and sample weights,
respectively, at time t and R is the gas constant (R = 8.314 J K-1

mol-1). And θ = Tt − Ts, where Ts is the temperature at which
the value of [(Wt − Wf)/(W0 − Wf )] = 1/e.

The thermal activation energy values of all prepared samples
are listed in Table-1, which indicate that char residue % increased
with increase in the PEG content of the blend, which confirms
at a high temperature, the PEG network decomposed, leading
to an unzipping process and carbon ash formation, which acts
as a filler, increasing char residue %. Regarding Ea values, pure
PMMA has a higher Ea value than other samples; this is in agree-
ment with DSC results, which indicates that pure PMMA is a
crystalline polymer. Samples with 2 and 4 wt% of PEG have
drastically reduced Ea values, which is caused by the plastici-
zation effect of PEG in the blend. When the content of PEG is
high (6 wt%), the Ea value increases to 45.52 kJ/mol. This occurs
because at a high temperature, the PEG network decomposes,
leading to an unzipping process and carbon ash formation, acts
as a filler, increasing the Ea value.

TABLE-1 
THERMAL ACTIVATION ENERGY VALUE OF ALL PREPARED 

Sample Char residue at  
600 °C (%) 

Activation energies 
(Ea, kJ/mol) 

0% PEG 1.17 50.3 
2% PEG 0.19 41.2 
4% PEG 2.06 39.2 
6% PEG 1.96 45.5 

 
Conclusion

The blend polymer (PMMA and PEG) lacks miscibility,
with hydrophobic and hydrophilic domains. DSC thermograms
indicated that gamma irradiation induced an interaction between
PEG and PMMA. Furthermore, it showed that PEG could act
as a plasticizer at low temperatures and as a filler at high temper-
atures for unirradiated blend samples. The effect of gamma
irradiation on miscibility was indicated by a significant increase
in Tg and Tm. Furthermore, PEG crosslinks induced by radiation
of 20 kGy cannot act as a plasticiser as do irradiated blend samples.
The results indicate that miscibility might improve with gamma
radiation exposure due to crosslinking of one of two polymers,
in which increase the thermal stability irrespective of immis-
cibility of the two given polymers (PMMA/PEG). Thus, the
predominant effect of gamma radiation is crosslink formation
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rather than chain scission for PMMA compared with individual
components. Additionally, thermogravimetric analysis confir-
med that at a high temperature, the PEG network decomposes,
leading to an unzipping process and carbon ash formation, which
acts as a filler, increasing the Ea value.
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