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Abstract: This manuscript reports the optical and structural characteristics of PVA /PANI
composite polymer films synthesized through gamma-irradiation-induced in-situ
polymerization. The in-situ formation of the conductive emeraldine salt phase of
polyaniline (PANI) within the polyvinyl alcohol (PVA) binder matrix was achieved
under different irradiation doses. The formation of the conductive PANI phase and the
presence of CI” counter-ions were confirmed through FESEM morphological analysis
and EDAX elemental mapping, respectively. XRD spectra further verify the semi-
crystalline nature of the composite and indicate the structural role of PVA as a binder in
stabilizing the polymeric composite system. Thermal behavior analysis using TGA
reveals four distinct decomposition phases, with the most pronounced thermal transition
observed in the composite irradiated at 50 kGy, suggesting enhanced structural
interactions between PVA and PANI at this irradiation dose. Overall, the results
demonstrate that gamma irradiation is an effective route for modifying the optical,
structural, and thermal properties of PVA/PANI composites, making them promising
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Introduction

Gamma radiation has emerged as a powerful and
versatile tool in the field of material science, owing to its
ability to induce significant modifications in the
physical, chemical, and structural properties of materials
without the need for conventional thermal or chemical
processing (Naikwadi et al., 2022). As a form of high-
energy electromagnetic radiation, gamma rays possess
deep penetration capability and sufficient energy to
break chemical bonds, thereby generating reactive
species such as free radicals within the polymer matrix.
These reactive species can initiate polymerization,
crosslinking, or chain scission processes depending on
the nature of the material and the irradiation conditions
applied. Globally, the utilization of gamma irradiation
has expanded across various industrial and research
sectors due to its distinct advantages — clean processing,
minimal contamination, and precise control over
reaction kinetics.
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candidates for optoelectronic and conductive polymer applications.

Keywords: Gamma irradiation; PVA /PANI; Optical characteristic

In particular, gamma radiation is increasingly used
in the synthesis and modification of conductive
polymers, such as polyaniline (PANI), due to its ability
to facilitate in-situ polymerization under mild
conditions (MacDiarmid, 2001). Unlike traditional
chemical polymerization methods that require strong
oxidizing agents, acidic dopants, or surfactants, the
gamma irradiation approach provides an eco-friendly
alternative by eliminating the use of potentially
hazardous reagents (Patil et al., 2011; Deshmukh et al.,
2015). This technique enables the direct formation of
conducting polymer chains through the radiation-
induced generation of active sites, enhancing both the
efficiency and purity of the polymerization process
(Clough, 2001). When applied to conductive polymers,
gamma irradiation not only initiates the polymerization
of monomers such as anilinium hydrochloride (AniHCI)
but also influences the resultant material's
microstructure and morphology.

The energy deposited by gamma rays can promote
the alignment and ordering of polymer chains, leading
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to improved crystallinity, enhanced electrical
conductivity, and better thermal stability. Additionally,
gamma irradiation can assist in achieving a more
homogeneous dispersion of the conducting polymer
within composite matrices, such as polyvinyl alcohol
(PVA), thus improving interfacial adhesion and overall
mechanical integrity (Othman et al., 2018). Numerous
studies have demonstrated that the structural
characteristics of gamma-irradiated PANI and PANI-
based composites exhibit superior performance
compared to those synthesized via conventional routes.
For example, irradiation-induced polymerization of
PANI has been reported to yield materials with higher
degrees of protonation, more defined morphological
features (such as nanofiber or granular structures), and
improved electrochemical behavior —features that are
crucial for applications in flexible electronics, sensors,
supercapacitors, and electromagnetic  shielding
materials (Othman et al., 2018).

In this context, the present work explores the
application of gamma irradiation in the synthesis of
PANI and its composites, focusing on how varying
irradiation doses influence the structural, thermal, and
morphological properties of the resulting materials. By
understanding the underlying mechanisms of radiation-
induced polymerization and its effects on material
characteristics, this study aims to establish gamma
irradiation as a reliable, green, and effective technique
for developing high-performance conductive polymer
composites.

Method

The PVA/PANI composite film was prepared by
dissolving 75 parts per hundred (pph) (0.9 g) of aniline
hydrochloride (AniHCI) monomer (Aldrich)into 40 mL
of a PVA (98%, Merck) stock solution. The mixture was
stirred using a conventional magnetic stirrer for 2 hours
to ensure homogeneity. The resulting solution was then
poured into a 9 cm diameter glass Petri dish and dried in
an oven at 48-51°C for 48 hours. After the film was
peeled from the Petri dish, it was subjected to y-
irradiation at doses of 10, 20, 30, 40, and 50kGy,
conducted at the Unit Sinagama, Malaysian Nuclear
Agency, Bangi. The average thickness of the films was
measured using a digital micrometer (Mitutoyo, model:
486-8210) and found to be t = 0.16 £ 0.02 mm.

Result and Discussion

FESEM and EDAX Analysis

The surface morphology of the PVA/PANI
composite film was examined using Field Emission
Scanning Electron Microscopy (FESEM) and Energy
Dispersive X-ray Analysis (EDAX), as presented in
Figure 1.
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Figure 1: FESEM micrograph of PVA/PANI composite film
(a) before (mag. 25k x), (b) before (mag.150k x), (c) after
irradiation at 50 kGy (mag. 25k x), (d) after irradiation at 50

kGy (mag. 150k x) and (e) The response of PVA film and

75pph of PVA /PANI composite film after being exposed to y-
irradiation.

The results clearly indicate that Figure 1(a), which
shows the surface of the PVA/AniHCI composite film,
exhibits a nonhomogeneous structure. This irregular
morphology is attributed to the presence of protonated
aniline grains, which are embedded and distributed
throughout the PVA matrix. The average grain size is
estimated to be below 500 nm, based on measurements
obtained from the Nova NanoSEM 230 operating
system. The morphological structure, however, changed
after irradiation. Radiation led to the formation of small
clusters with an oblong, rod-like shape that were
uniformly distributed across the film surface, as shown
in Figure 1(c) and (d). The uniform dispersion of the
polymer within the PVA matrix is confirmed by the
green color, which appears homogeneous throughout
the film (Figure 1(e)).

The color of the film darkens to a deeper green as
the irradiation dose increases, indicating that the
polymer is in the emeraldine salt (ES) form. According
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to Bhat et al. (2008), such color changes and the
emergence of oblong shapes occur when the polymers
become conductive. In this case, PANI becomes
conductive after being doped with Cl™ anions, which act
as oxidizing agents during the polymerization process
initiated by y-radiation. The presence of CI” ions in the
film is supported by EDAX results (Figure 2(a) and (b)).
The weight percentage of Cl~ decreased by 26.6%, from
31.75 wt% in the unirradiated film to 5.15 wt% in the
irradiated film. This suggests that Cl™ ions are dispersed
across the film surface during the polymerization
process. The mechanism of the polymerization process
can be explained by analogy to conventional chemical
doping. In typical chemical polymerization, if oxidation
begins under alkaline conditions, aniline oligomers are
produced, turning the reaction mixture brown and
making it insoluble in water (Deshmukh et al., 2015).
This results in the formation of non-conductive PANI
(Konyushenko et al., 2006). In contrast, when oxidation
occurs in a highly acidic environment, the brown
oligomers are scarcely observed due to their low
concentration. Instead, a blue color appears, which is
attributed to the initial oxidation of aniline and the early
growth of PANI chains—this intermediate form is
commonly referred to as emeraldine base (EB-PANI).
Upon completion of the polymerization process, PANI
transforms into a green or dark green homogeneous
mixture, depending on the concentration of oxidizing
agents and dopants used during synthesis. This final
form is known as emeraldine salt (ES-PANI) (Sevil et al.,
2000).
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Figure 2. EDX spectra of PVA/Aniline hydrochloride
composites film for (a) before and (b) after irradiation at 50 kGy

From this perspective, a similar approach can be
applied to the synthesis of PANI via y-irradiation.
However, it should be noted that controlling the
conditions of irradiation is significantly more complex
than in conventional methods (Bodugoz & Giiven, 2005).
y-irradiation may also lead to side reactions and the
formation of by-products. The process generates reactive
sites on aniline monomers and hydrochloric acid (HCI),
facilitating the propagation of the reaction through
mechanisms such as Compton scattering or the
photoelectric effect. The energy from y-rays can break
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weak bonds in the aniline monomer ring; particularly
the -NH;"* group —allowing doping with Cl™ ions and
forming PANI dimers.

This process is known as in-situ polymerization
(Sharma et al., 2014). It occurs rapidly and continuously
during irradiation, eventually resulting in the formation
of a complete polymer backbone. A proposed reaction
mechanism for PANI synthesis via y-irradiation is

illustrated in Figure 3.
NH3*
cl an by -radiation
Dimer of PANI

Protonated form of aniline
hydrochloride monomer
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Figure 3. Schematic of possible reaction polymerization
mechanism of PANI via y-irradiation

XRD Analysis

The structural characteristics of the PVA/PANI
composite film, before and after exposure to y-radiation,
were analyzed using XRD spectroscopy. Figure 3
presents the XRD patterns of PVA/PANI composite
films irradiated at various y-ray doses. In the as-
synthesized (0 kGy) PVA/PANI film, diffraction peaks
appear at 20 values of 21.1°, 21.9°, 22.7°, and 35.6°. The
main diffraction peak centered at 20 = 21°,
corresponding to the (100) plane, is attributed to the
periodicity parallel to the PANI chains. Additionally, the
broad peak at 20 = 19.2° represents the characteristic
amorphous peak of PVA (Nguyen & Shim, 2015).
Following irradiation, the PVA peak shifts slightly to a
higher angle —from 19.2° at 0 kGy to 20.2° at 30 kGy.
This shift indicates distortion in the polymer plane and
a reduction in interplanar spacing, as summarized in
Table 1. This effect is likely due to interactions between
the PANI and PVA chains during the polymerization
process. It is believed that aniline hydrochloride within
the PVA matrix enhances crosslinking of the PVA chains
by PANI, which introduces strain along the polymer
backbone (Mahmoud et al., 2012). Interestingly, at
higher doses (40 and 50 kGy), the diffraction peaks shift
back toward their original positions, and additional new
peaks emerge. This reversal may indicate a reduction in
crosslinking activity, possibly because the PANI
monomers have been fully polymerized, minimizing
further interaction with the PVA chains (Bhat et al.,
2008). These observations suggest that PVA effectively
serves as a binder in the composite film, maintaining
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structural integrity even after high-dose irradiation
(Harun et al., 2019).

The main diffraction peak of PANI, centered at 20 =
21°, shifted toward higher angles after irradiation at 10,
20, and 30 kGy. This shift is attributed to the reciprocal
interaction with PVA chains. At higher doses (40 and 50
kGy), the peak returns to its original position, as shown
in Figure 4. Notably, increasing the irradiation dose also
enhances the crystallinity of PANI. At 40 kGy, new
diffraction peaks emerge at 20 = 23°, and at 50 kGy, all
characteristic crystalline peaks of PANI become clearly
visible in the 20 range of 21° to 35°. The increase in
crystalline peaks is supported by changes in the
interlayer spacing.

Table 1. XRD analysis of PVA/PANI composite film
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Figure 3. XRD pattern of PVA/PANI composite films at
different doses

60

PVA/ Peak pos. [°2Th] d-spacing [A] Crystallite Lattice Interlayer
PANI film  Peak no. FWHM [°] size, L strain separation, S
[kGy] [nm] [%] [A]
0 1 19.2 4.62 0.78 111 2.01 5.77
2 21.06 422 0.16 73.5 0.36 8.69
3 21.9 4.05 0.13 101.1 0.27 5.07
4 22.76 3.9 0.26 38.6 0.55 4.88
5 - - - - - -
6 - - - - - -
7 35.58 2.52 0.26 39.7 0.345 3.15
10 1 19.58 453 0.65 13.5 1.64 5.66
2 21.26 414 0.23 45.7 0.51 5.18
3 22.26 3.99 0.26 38.6 0.57 499
4 - - - - - -
5 - - - - - -
6 - - - - - -
7 35.95 25 0.39 24.6 0.52 3.12
20 1 19.99 439 0.26 38.4 0.63 5.49
2 21.37 417 0.16 72.2 0.36 5.21
3 2212 4.02 0.16 72.3 0.34 5.02
4 - - - - - -
5 - - - - - -
6 27.51 3.24 0.16 73 0.28 4.05
7 36 2.49 0.2 57.6 0.25 3.12
30 1 20.01 439 0.16 721 0.38 5.48
2 21.45 4.16 0.13 101.1 0.28 5.20
3 22.25 3.99 0.23 45.7 0.49 499
4 - - - - - -
5 - - - - - -
6 26.95 3.31 0.13 102.1 0.22 413
7 3591 25 0.2 57.6 0.25 3.12
40 1 19.43 4.56 0.52 17.1 1.32 5.71
2 21.39 416 0.23 45.7 0.51 5.21
3 22.23 3.99 0.23 45.7 0.49 499
4 - - - - - -
5 23.02 3.89 0.26 38.6 0.55 4.82
6 27.05 3.29 0.26 38.9 0.46 412
7 35.93 2.49 0.29 345 0.39 3.12
50 1 19.32 459 0.52 171 1.33 5.74
2 21.09 421 0.13 101 0.28 5.26
3 21.95 4.05 0.23 45.7 0.5 8.35
4 22.79 3.9 0.2 55.9 041 4.87
5 23.88 3.72 0.42 21.8 0.87 4.65
6 27.51 3.24 0.16 73 0.28 4.05
7 35.58 2.52 0.33 30.3 0.44 3.15
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Upon irradiation at 10 kGy, the interlayer distance
decreases from 8.69 A to 5.18 A, as shownin Table 1. This
reduction indicates that the polymer chains in the
composite film become more compact and well-aligned
after irradiation. However, with further increases in
dose, the interlayer distance slightly increases—from
518 A at 10 kGy to 5.26 A at 50 kGy—suggesting a
structural response to the polymerization process
initiated by y-radiation. During this polymerization,
defects form in the structure, resulting in quasi-particles
known as polarons and bipolarons. These provide
pathways for electron transport. As the irradiation dose
increases, more polarons and bipolarons are generated,
leading to a higher degree of structural defects. These
defects contribute to increased disorder within the
polymer structure, which in turn causes a slight increase
in interchain layer separation (Bhadra & Khastgir, 2008).

T T T T
3000 | ]
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2000

1500

1000
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T T T
20.8 21.0 21.2 214 21.6
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Figure 4. XRD pattern of PVA/PANI composite film
irradiated at 0 to 50 kGy by y-rays

Based on the observed data and the shift in
diffraction peaks discussed earlier, it can be inferred that
at lower irradiation doses, the yield of polymerization is
relatively low. As the dose increases, more energy is
available to initiate polymer chain formation, leading to
a higher yield of polymerization. This is consistent with
the increased crystallinity and the emergence of distinct
PANI peaks at higher doses, as described in the previous
section. The trend is analogous to conventional chemical
polymerization, where increasing the concentration of
the oxidizing agent results in a higher polymerization
yield. Therefore, as supported by the changes in
interlayer spacing and crystallinity observed in the XRD
analysis, it can be concluded that optimal
polymerization of the emeraldine salt (ES) form of PANI
occurs at 50 kGy. At this dose, all characteristic PANI
peaks are distinctly visible, in agreement with
previously reported studies (Geethalakshmi et al., 2016).
This  confirms that the  y-radiation-induced
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polymerization process effectively enhances the
structural order and possibly, the conductivity of the
PVA/PANI composite film.

TGA Analysis

Figure 5 shows the TGA thermogram for
PVA/PANI composite films at different irradiation
dose. The composite shows four decomposition phases
in which the first region is at 100 - 150 °C. The second
phase occurs at 150 - 208 °C. The third one is at 300 - 437
°C and the final phase is at 500 - 700 °C. The thermogram
of PVA/PANI composite film is slightly different in
which the typical decomposition phase of PVA (Jiaetal.,
2015). One of the reasons is due to the radiation
polymerization of PANI that is formed after AniHCl is
polymerized with the presence of gamma irradiation.
The first phase is due to water based weight loss stage in
which it is attributed to the bonding and deionized
water presence in the intermolecular structure of the
composite right after the temperature is above 100 °C
(Tsioptsias & Zacharis, 2024).

Weight (%)

Temperature(°C)
Figure 5. TGA thermogram for PVA /PANI composite films
irradiated at 0, 20 and 50 kGy

The second decomposition phase is attributed to
the thermal degradation of PVA, specifically the
breakdown of its side chains. Notably, the thermogram
of the sample irradiated at 50 kGy exhibits a more
pronounced curve compared to the others, indicating a
higher content of PANI within the PVA matrix. This
greater PANI presence enhances the thermal stability of
the composite, as reflected in the broader decomposition
range. The third phase primarily corresponds to the
degradation of PANI, particularly the deprotonation of
Cl™ dopants present in the PVA/PANI composite films
(Nguyen & Shim, 2015). As the temperature approaches
400 °C, increased polymer chain mobility leads to the
release of gases such as NH; and CO,, which contribute
significantly to the mass loss observed during this stage.

80



Journal of Material Science and Radiation

December 2025, Volume 1, Issue 3, 76-82

Table 2. TGA data for PVA /PANI composite film irradiated at 0, 20 and 50 kGy

y-ray dose Step 1 Step 2 Step 3 Step 4 Total
(kGy) (Below 150 °C) (150-300 C) (300-500 C) (500-700C)  weight loss
Weight loss Weight loss Weight loss Weight loss (%)
(%) (%) (%) (%)
Timax= 87.18°C Timax= 208.79°C Tmax= 437.13°C Tmax= 700°C 93.31
0 10.10 36.02 4218 5.01
20 Tomax= 97.57°C Timax= 205.74°C Tmax= 434.08°C Tmax= 700°C 92.62
10.10 35.47 41.48 5.57
50 Timax= 93.09°C Timax= 207.17°C Tmax= 428.17°C Tmax= 700°C 96.69
9.82 30.16 50.24 6.47
The final phase, often referred to as the  writing—original draft preparation N. O. and M. H. H,;

carbonization stage, occurs at approximately 500 °C. At
this temperature, the main polymer backbones within
the composite are fully decomposed, resulting in the
formation of a carbonaceous residue. Beyond this point,
further increases in temperature have minimal impact
on the mass loss, indicating that the majority of volatile
components have already been eliminated (Wang et al.,
2012). Table 2 summarizes the TGA and DTG data,
detailing the degradation phases of the PVA/PANI
composite films at different irradiation doses, along with
the corresponding weight loss observed in each stage.

Conclusion

In summary, the optical properties of PVA/PANI
composite films induced by gamma irradiation have
been investigated. FESEM micrograph confirms the
PANI formation upon irradiation of AniHCI in the PVA
binder whereas EDAX indicates the presence of Cl-
anion in the composite polymer. This anion is
responsible to the formation of polaron within the PANI
structure. XRD spectra indicates the role of PVA as a
binder in the composite polymer. The reduction of
interlayer distance suggests that the polymer system
becomes more compact and more align due to the
reaction with irradiation doses. The TGA themogram
shows that the PVA/PANI composite polymer
experienced four decomposition phases. At 50 kGy, a
more pronounced curve compared to the others is
observed due to the higher content of PANI within the
PVA matrix.
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