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ABSTRACT  

 
The development of radiation attenuating materials has application in radioprotection and conditioning of short-

lived waste. Polymeric materials can serve as a matrix for the dispersion of nanomaterials with good attenuation 

features, resulting in lightweight, conformable, flexible and easy-to-process materials. Thus, some well-known 

shielding materials could be used in low proportion for the formation of new materials. On the other hand, 

nanostructured carbon materials, such as graphene oxide (GO) and carbon nanotubes (NTCs), have been 

reported recently to show enhanced attenuation properties. In this sense, polymeric matrixes provide the 

necessary flexibility for use in various applications that require molding. For the present work, poly(vinylidene 

fluoride) [PVDF] homopolymers and its fluorinated copolymers were filled with nanosized metallic and 

graphene oxides in order to produce nanocomposites with increased low energy X-ray attenuation efficiency. 

Film samples of PVDF/reduced Graphene Oxide [PVDF/rGO] and Poly(vinylidene fluoride – 

tryfluorethylene)/Barium Oxide [P(VDF-TrFE)/BaO] were synthetized.  In a second step, the samples were then 

sandwiched between Kapton® layers and exposed to X-rays source (8.5 keV). The samples were characterized 

with Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS). The attenuation 

coefficient was evaluated and compared with the attenuation of the individual constituents. It was observed an 

increase in the linear attenuation coefficient of the layered materials, justifying further investigation of these 

nanostructured composites as X-ray or gamma radiation attenuators. 

 

 

1. INTRODUCTION 

 
 

The poly(vinylidene fluoride) [PVDF] homopolymer has a semi-crystalline structure and each 

chain is formed by (-CH2-CF2-)n monomers. In one of its possible five crystalline phases, the 

beta-phase, it presents significant ferroelectricity compared to other ferroelectric polymers, 

which provide technological applications as transducers, actuators and artificial muscles [1]. 

On the other hand, the PVDF ferroelectric properties is also observed in one of its fluorinated 
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copolymers, the P(VDF-TrFE) copolymer, when composed of 18%–63% molar of TrFE, and 

undergoes a structural phase transition to a paraelectric phase at high temperatures. The great 

difference in the degree of crystallinity observed in both PVDF and P(VDF-TrFE) is 

attributed to the different processes of obtaining samples. The literature reveals that the 

conditions of obtaining the PVDF and the respective copolymers vary from one work to 

another and, more importantly, there is no justification in the choice of these conditions [2]. 

The P(VDF-TrFE) copolymer is used in several technological applications such as active 

insulator in metal insulating structures; non-volatile memory semiconductor; pressure 

integrated transducers in pellets; semiconductors and temperature sensors [3]. In this aspect, 

the ferroelectric properties of PVDF and its copolymer P(VDF-TrFE) have motivated several 

studies on the effects of radiation in their structures [4], [5].  

In this context, Medeiros and Faria (2008) demonstrated the dosimetric potential for high 

doses of gamma radiation in this copolymer when evaluating the radio-induction of 

conjugated C=C bonds, either by Ultraviolet and Visible Optical Absorption Spectroscopy 

(UV-Vis), at wavelengths between 190 and 300 nm, or Infrared absorption spectroscopy 

(FTIR) for wavenumbers ranging from 1500 to 2000 and 3500 to 3750 cm
-1

 [6]. 

Graphene oxide (GO), which is chemically similar to oxidized graphite, is formed by 

graphitic structures consisting of a layer of grapheme functionalized with epoxy, hydroxyl, 

carboxylic and carbonyl groups. Is generally prepared by the oxidation of graphite flakes, 

giving OG characteristics of   hydrophilicity, hydrophilicity, dispersibility and compatibility 

with various polymer matrices.The routes of obtaining the reduced graphene oxide (rGO) 

frequently reported are: thermal reduction and chemical reduction[7]. Its use as filler in 

composites made of PVDF copolymers has presented a good cost-benefit ratio in various 

research sectors [8-11]. The preservation of the mechanical properties, combined with the low 

cost of its raw material, the graphite, makes the graphene oxide and reduced grapheme oxide 

also an excellent candidate for diverse applications as well as the graphene itself. Studies 

show that the addition of nucleating agents in non-polar alpha phase of PVDF, such as 

graphitic materials (Carbon nanotubes, graphene, graphene oxide and reduced graphene 

oxide) or attenuating metal oxides (barium oxide, bismuth, lead oxide) [12-13] can induce the 

formation of the ferroelectric beta phase. For the production of the hereafter named 

nanocomposite in matrix of PVDF, one can be use a solution of the polymer matrix (PVDF) 

and graphitic materials dispersed in solvent [11, 14]. In this work, we used barium oxide; 

according to the values provided by National Institute of Standards and Technology (NIST, 

2017) [15], it has the highest mass attenuation coefficient in the x-ray energy range around 

8.5 keV. 

Polymer composites reinforced with graphitic materials have presented extremely satisfactory 

results for radiation shielding and attenuation in both cosmic and high-energy X-rays 

radiation (100 keV to 1.16 MeV) [16] [17]. Fujimori et al. (2011) [18] found that polymer 

composites with thickness of 25 mm filled with 8.0 wt% of multi walled carbon nanotubes 

(MWCNT) and 8.0 wt% of TiO2 can attenuate up to 70% of an X-ray beam with energy of 

17.5 keV.  

In this work we investigate the attenuation features for X-ray photons with 8.5 keV using: 1) 

nanocomposites 0.064 mm thick made of PVDF polymer matrix filled with 8% of barium 

oxide (BaO) (PVDF/TRFE/BaO), 2) nanocomposites 0,04342mm thick of PVDF reinforced 

with 1.88% of reduced graphene oxide (PVDF/rGO) and 3) the nanocomposites 1 and 2 

sandwiched between Kapton® layers, with thickness of approximately 0.41088 mm. Their 

shielding properties were compared with those of known materials reported by NIST (2017) 

[15]. 
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MATERIALS AND METHODS 

In a glass container, we put 50.0 mg of PVDF supplied by the SIGMA ALDRICH laboratory. 

Then 3.0 ml of dimethylacetamide (DMAc) was added with one drop of acetic anhydride.  

We capped the container with aluminum foil and stored in a greenhouse at 60 ° C for two 

hours. After this dissolution, we added rGO previously dispersed in water (0.8mg/ml), in 

proportions of 1.88%; 4%, 6% and 8% relative to the final mass of the nanocomposite. 

Similarly, we prepared samples with P(VDF-TrFE)/BaO copolymer, that is, 50 mg of P(VDF-

TrFE) dissolved in DMAc and after dissolution we added 8% of BaO. 

At the end of the synthesis process, we obtained: 1) PVDF nanocomposites reinforced with 

rOG at different concentrations: (1.8, 4, 6 and 8)%; 2) nanocomposites reinforced with 

barium oxide in concentration 8% and 3) from 1 and 2, we arranged the samples in layered 

such as "sandwich" in the following order: a Kapton®, P(VDF-TRFE/BaO) sheet, 

PVDF/rOG, Kapton® sheet. The kapton sheet had only a supporting function of the final 

sample also involved with cellophane tape of Kapton®. In Fig.1 we present a scheme of the 

arrangement of the layers for final composition. The Fig.2 shows the nanocomposite sample 

arranged in layered such as "sandwich".  

 

 

 
Figure 1: Scheme of the arrangement of the layers for final nanocomposites. 

 

 

 
Figure 2: Nanocomposite sample arranged in layered such as "sandwich" in the 

following order: a Kapton®, P(VDF-TRFE/BaO) sheet, PVDF/rOG, Kapton® sheet. 

 

 

For radiation attenuation test in the region of X-ray, in the synthesized samples, we used the 

diffractometer CDTN/CNEN of Rigaku brand, model and system D\MAX ULTIMA 

automatic, with theta-theta goniometer (θ-θ) and 2θ/θ scan with 2θ detector and copper anode, 

with x-ray energy beams of 8,5 keV. The quartz was used as a reference because of its high 

reflectance index. During attenuation measurements in the diffractometer configuration, the 

sample remains stationary while the X-ray tube and detector are being rotated around it. The 

samples were individually positioned in the path of the radiation beam, near the detector. The 

attenuation analysis of each sample occurred in two distinct stages: 1) separated samples, i.e., 
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steps 1 and 2 described above: P(VDF/TRFe)/BaO and PVDF/x%rOG (x=1.88%, 4%, 6% 

and 8%); 2) samples arranged in layers such as "sandwich”. 

The attenuation of electromagnetic radiation follows the well-known Beer-Lambert law  

 

                                                       I = I0 . e
-μx

                                                    (1)     

         

where I0 and I are the X-ray intensities of the incident and transmitted beams, x is the material 

thickness (in cm) and μ is the linear attenuation coefficient (in cm
-1

). The percentual 

attenuation of an X-Ray beam is expressed as 

                                                                    At% = (1- I/I0) x 100                            (2) 

 

 

2. RESULTS AND DISCUSSION 

 

The Fig. 3 displays the peaks obtained in the X- rays attenuation measurements of PVDF/GO 

and PVDF/rGO samples with different ratios of rGO. The peak named “quartzo” (in green) is 

obtained without any sample and refers to X-ray intensities of the incident beam (I0).  The 

peak height reveals little difference between I0 and I (transmitted beam), for all samples. The 

PVDF/rGO 1,88% sample presented larger radiation attenuation relative to other graphitic 

nanocomposites.  

 

  
Figure 3: Peak obtained in the attenuation measurements of PVDF/OG, PVDF / rGO 

samples with different ratios of rGO (1,88%, 4%, 6% and 8%). 

 

 

The peaks observed in Fig. 3 were obtained with layerless samples. In order to evaluate the 

contribution of the layered arrangement and the composite P(VDF-TrFE)/BaO (Fig.2) in the 

final attenuation, new measurements were performed. They are shown in Fig.4. The P(VDF-

TrFE)/BaO sample shows a significant linear attenuation when compared to the PVDF/rGO 

samples. In fact, its measured X-Ray attenuation was 45.8%.  On the other hand, when the 

samples are layered as shown in Fig. 2, the sum of the attenuation properties of the samples 

results in an attenuation less than or equal to 53.9%. This best value was obtained for the 
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sample P(VDF/TRFe)/BaO and PVDF/4%rOG. This result justifies the layered arrangement 

to obtain materials with improved attenuation properties. 

 

 
Figure 4: Peak obtained in the attenuation measurements of P(VDF-TrFE)/BaO and the 

layers samples: P(VDF-TrFE)/BaO – PVDF/rOG (1,88%-8%). 

 

 

  
a) b) 

 

Figure 5: SEM images of a) PVDF/rOG (6%) and b) P(VDF-TrFE)/BaO. 

 

Scanning Electron Microscopy (SEM) characterization of the PVDF/rGO samples and 

P(VDF-TrFE)/BaO composite samples was performed in order to better understand the 

results obtained (Fig.4). It can be seen in Fig. 5 a) that the addition of rGO in the PVDF 

matrix resulted in a porous sample. On the other hand, there are no porous P(VDF-

TrFE)/BaO sample (Fig. 5 b)). The porosity of the PVDF/rGO nanocomposite may have 

compromised its attenuation ability by lowering the interaction interface with the radiation. 

The PVDF is an homopolymer of higher and more ordered crystallinity compared to that of 
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the copolymer. Therefore it is expected that the dispersion of any filler in its matrix will be 

more difficult than the dispersion in the copolymer, due to the greater presence of 

irregularities in the P(VDF-TrFE) structure.  

 

 
Figure 6: EDS data of P(VDF-TrFE)/BaO. 

 

The presence of BaO in the P(VDF-TrFE) matrix is confirmed by the Energy Dispersive 

Spectroscopy (EDS) shown in Fig. 6. On the other hand, the presence of the rGO in PVDF is 

evidenced in the SEM image performed in greater magnitude. In Fig.7, we show a magnified 

SEM image, where it is possible to observe agglomerates of rOG and the crystalline 

spherulites. We remark that spherulites are made of radial fibers that grow radially outward 

from the crystalline nuclei in the melt upon cooling or recrystallization from casting. 

 

 

 
Figure 7: SEM image of PVDF/rOG (6%) obtained with magnification of 10.00 KX. 
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3. CONCLUSIONS  

 

 

Samples of PVDF/GO (1.88%), PVDF/rGO (1.88% -8%) and P(VDF-TrFE)/BaO were 

prepared in order to check their X-ray linear attenuation properties. P(VDF-TrFE) / BaO 

showed a linear attenuation of 45.8% in comparison with the reference sample of quartz. 

After layering, where PVDF samples were placed in front of P(VDF-TrFE) samples, the 

attenuation improvement varied from 45.8% to 53.9% with the PVDF/rGO 4% layer, 

justifying the arrangement to achieve material for X-ray attenuation. 
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