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In this work, the gamma-ray shielding properties of poly(methyl 
methacrylate) (PMMA, Perspex) composites with three different types of 
particulate fillers having different effective atomic number were investigated. 
Three types of composite material were prepared, namely containing a 
dispersion of zirconium borohydride, Zr(BH4)4 (A1), cadmium tungstate, 
CdWO4 (A2) and the brass-type intermetallic compound Cu3Zn2 (A3) 
in the PMMA matrix, at loadings of 0, 5, 15, 25, 35 and 50 wt %. Bulk 
specimens 3 cm in diameter were prepared using dry blending, MMA-
assisted consolidation and uniaxial pressing with 2-3 tons. Using the rule of 
mixtures, the mass attenuation coefficients were calculated using the XCOM 
database (version 3.1); the total linear attenuation coefficients were obtained 
and evaluated at the seven photon energies 0.0595, 0.093, 0.3645, 0.662, 
1.173, 1.2745 and 1.332 MeV; the corresponding atomic and electronic cross 
sections were used to obtain the effective atomic number Zeff. The results 
indicate that the value of μ is monotonously increasing with the content of 
the filler and decreasing with the photon energy. At 0.0595 MeV, μ rises from 
0.2297 cm⁻¹ for unfilled PMMA to 1.5369, 4.2092 and 1.9744 cm⁻¹ at 50 wt 
% loading for A1, A2 and A3, corresponding to enhancement factors of 6.7, 
18.3 and 8.6, respectively. The superior attenuator is the CdWO₄ system (A2) 
with Zeff = 33.62 at 0.093 MeV, and μ = 0.1159 cm⁻¹ at 1.332 MeV, while the 
low-Z Zr(BH₄)₄ system (A1) exhibits an anomalous and marginal drop in μ 
above 0.3645 MeV due to reduced composite electron density. The energy 
independent Zeff is least in the Cu₃Zn₂ system (A3) with a range of 0.0595 
to 1.332 MeV at 50 wt %. The trends are explained using the transition 
from the “low energy” photoelectric absorption (∝ Z⁴⁻⁵) into “intermediate 
energy” Compton scattering (∝ Z), and PMMA–CdWO₄ is recognized as 
the most attractive lightweight, moldable alternative to lead-based shields 
for diagnostic and low-energy gamma applications.

INTRODUCTION
Ionizing radiation is an intrinsic hazard of 

nuclear power generation, diagnostic and 
therapeutic medicine, high-energy physics 
research, agriculture and a broad range of 

industrial processes [1-6]. Because gamma rays 
and X-rays are uncharged and highly penetrating, 
they deposit energy stochastically along their 
path and induce direct and indirect damage to 
biological tissue; limiting the delivered dose is 
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therefore a prerequisite for the safe exploitation 
of nuclear technology [7,8]. Dose reduction is 
achieved by controlling exposure time, increasing 
the source-to-observer distance and interposing 
a shield, the last of which is the only measure 
that can be engineered arbitrarily to a prescribed 
attenuation level [8,9].

The performance of a shield is governed by the 
probability of photon interaction per unit path 
length in the absorbing medium, which in turn 
depends on the incident photon energy, the atomic 
number of the constituent elements and the bulk 
density of the material [9-13]. Conventional shields 
based on lead and lead-loaded concrete provide 
high attenuation per unit thickness, but their 
weight, brittleness, toxicity and poor formability 
restrict their use in wearable, portable and medical 
geometries. Consequently, considerable effort has 
been directed toward polymer matrices loaded 
with high-atomic-number particulate fillers, which 
combine low density and ease of moulding with 
an electron density that can be tuned through the 
filler fraction [14,15].

A composite is a material formed by combining 
two or more constituents that differ in composition 
or form at the macroscopic scale in order to obtain 
a property set unattainable from either phase 
alone, and consists of a continuous matrix and 
a dispersed reinforcement [16,17]. Poly(methyl 
methacrylate) (PMMA, Perspex) is an attractive 
matrix for shielding applications because it 
is optically transparent, chemically stable, 
inexpensive, readily cold-pressed and hydrogen-
rich, the last property being advantageous where 
mixed neutron–gamma fields are encountered 
[18-22]. Its intrinsic gamma-ray attenuation, 
however, is low, so its shielding capability must be 
raised by reinforcement.

In the present work three particulate fillers 
spanning a wide range of atomic number were 
selected in order to separate the roles of electron 
density and atomic number in the attenuation 
process: the low-Z hydrogen-rich hydride Zr(BH₄)₄, 
the high-Z scintillator compound CdWO₄ (ZW = 
74, ZCd = 48) and the intermediate-Z intermetallic 
Cu₃Zn₂ (Z_Cu = 29, Z_Zn = 30). Each filler was 

 

  

  

Sample ID Description 

A1 Perspex (C5H8O2+ 
Zr (BH4)4  

A2 Perspex (C5H8O2+ 
CdWO4  

A3 Perspex + Cu3Zn2  
 
  

Table 1. Composition of the prepared 
composite samples.

Fig. 1. Agate/ceramic mortar and pestle used for the dry 
homogenization of the filler powders prior to polymer 

incorporation.
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incorporated into PMMA at 0, 5, 15, 25, 35 and 
50 wt %, giving eighteen distinct formulations. 
The total linear attenuation coefficient and the 
effective atomic number were determined from 
the XCOM/WinXCOM photon cross-section 
database [23] between 1 keV and 100 GeV, with 
particular attention to the seven energies emitted 
by the reference sources ²⁴¹Am, ¹³⁷Cs and ⁶⁰Co, and 
the resulting trends are interpreted in terms of the 
dominant photon interaction mechanism in each 
energy regime.

MATERIALS AND METHODS 
Materials

PMMA powder (Perspex) as the polymer 
matrix, Zr (BH4)4 powder, Perspex powder, CdWO4 
powder, Cu3Zn2 powder, PMMA liquid monomer 
(Methyl Methacrylate, MMA) as the curing agent 
(hardener), Ethanol (analytical grade) for wet 
mixing, Steel mold (3 cm diameter), Hydraulic 
press.

Experimental Procedure
The following steps were applied for the 

preparation of all samples:
1. Weighing: Each component was weighed 

accurately according to the compositions listed in 
Table 1. The total mass of every sample was fixed 
at 12 g, consisting of PMMA as the matrix and the 

corresponding filler system.
2. Dry Mixing: The filler components were 

mixed in a ceramic mortar for 10–15 minutes to 
ensure uniform distribution.

3. Polymer Incorporation: PMMA powder was 
added to the filler mixture and blended thoroughly 
for an additional 10 minutes. A few drops of PMMA 
liquid monomer (Methyl Methacrylate, MMA), 
which acts as the hardener, were added gradually 
to obtain a homogeneous paste. Typically, 2–4 
drops of MMA were used per gram of PMMA, 
depending on viscosity.

4. Molding: The paste was transferred into a 
stainless-steel mold of 3 cm diameter. The mold 
was lightly coated with a release agent to prevent 
sticking. Gentle tapping was applied to remove 
entrapped air.

5. Pressing: The samples were pressed using 
a hydraulic press at a load of 2–3 tons for 10–
15 minutes to ensure proper compaction and 
adhesion within the polymer matrix.

6. Curing: The molded samples were allowed 
to cure at room temperature. Optional mild 
heating (40–60°C) was applied to accelerate 
polymerization of the PMMA–MMA system.

7. Demolding: After complete curing, the 
samples were removed carefully from the mold 
and stored in sealed containers to avoid moisture 
uptake.

 

  

Fig. 2. Stainless-steel die, 3 cm in internal diameter, used 
for cold compaction of the composite discs.
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RESULTS AND DISCUSSION
Characterization of the Prepared Composites
Morphological Characterization by FE-SEM

The morphology and the size distribution 

of the dispersed phase were examined with a 
MIRA3 TESCAN field-emission scanning electron 
microscope operated in secondary-electron 
mode at an accelerating voltage of 15.0 kV and 

 

  

  

Fig. 3. Flow chart of the fabrication route of the PMMA-based composites, from weighing of the constituents through dry mixing, 
MMA-assisted polymer incorporation, moulding, uniaxial pressing, curing and demoulding, together with the compositions of the 

three sample groups.
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a working distance of 5.69 mm. Fig. 4 shows the 
fracture surfaces of the three composites at two 
magnifications, 95 kx and 135 kx, the second 
magnification being used to verify the size statistics 
obtained at the lower one.

In sample A1 the Zr(BH₄)₄ phase appears as 
quasi-spherical nodules uniformly decorating the 

PMMA fracture surface, with measured diameters 
of 41–66 nm (mean 55.0 nm) at 95 kx and 42–63 
nm (mean 53.4 nm) at 135 kx. Sample A2 contains 
well-defined faceted, cuboidal CdWO₄ crystallites 
of 52–82 nm (mean 68.2 nm) and 54–78 nm 
(mean 67.0 nm) at the two magnifications, the 
sharp crystal habit reflecting the high crystallinity 

  
A1 

  
A2 

  
A3 

 

  

Fig. 4. FE-SEM micrographs of the fracture surfaces of the composites at 95 kx (left column) and 135 kx (right column): (a), (b) 
sample A1 (PMMA/Zr(BH₄)₄); (c), (d) sample A2 (PMMA/CdWO₄); (e), (f) sample A3 (PMMA/Cu₃Zn₂). Representative particle 

dimensions are indicated on each micrograph.
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of the tungstate. In sample A3 the Cu₃Zn₂ filler 
occurs as cauliflower-like agglomerates built 
from spheroidal primary particles of 57–88 nm 
(mean 74.2 nm) and 58–85 nm (mean 72.0 nm). 
The agreement between the two magnifications, 
better than 3 % in the mean particle size for every 

sample, confirms that the reported statistics are 
representative of the bulk microstructure.

Three conclusions of direct relevance to 
the shielding behaviour follow from these 
observations. First, all three fillers lie in the 
nanometric range below 100 nm, so the 

 

  

  

 

  

  

Fig. 5. FTIR transmittance spectrum of sample A1 (PMMA/Zr(BH₄)₄), showing the PMMA band 
set together with the B–H stretching and Zr–B vibrations of the borohydride filler.

Fig. 6. FTIR transmittance spectrum of sample A2 (PMMA/CdWO₄), showing the PMMA band 
set together with the W–O–W, W–O and Cd–O vibrations of the tungstate filler.
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materials are properly described as polymer 
nanocomposites; the associated high specific 
surface area and small interparticle spacing 
produce a dense, spatially uniform population of 
attenuating centres and suppress the filler-free 
channels through which photons could otherwise 
stream with reduced probability of interaction. 
Second, the mean particle size increases in 
the sequence A1 < A2 < A3, which follows the 
increasing density and the stronger magnetostatic 
and van der Waals agglomeration tendency of 
the metallic filler, and which explains the slightly 
coarser dispersion observed in A3. Third, the 
micrographs reveal neither macroscopic voids nor 
extensive particle pull-out at the fracture surface, 
indicating adequate wetting of the particles by the 
PMMA–MMA system and hence a compact body 
whose measured bulk density is consistent with the 
rule-of-mixtures density used in the attenuation 
calculations. Since the particle dimensions are 
smaller than the photon mean free path in the 
composite by four to five orders of magnitude, 
the specimens act as an effectively homogeneous 
medium for the incident gamma photons, which is 

precisely the assumption underlying the mixture 
rule and therefore validates the XCOM-based 
evaluation presented in the following sections.

Functional-Group Analysis by FTIR Spectroscopy
The chemical integrity of the matrix and of 

the dispersed fillers was examined by Fourier-
transform infrared spectroscopy in transmittance 
mode (KBr-pellet technique, DTGS detector, 
spectral resolution 4 cm⁻¹, 32 accumulated scans, 
scan range 4000–400 cm⁻¹, ambient atmosphere). 
The spectra of samples A1, A2 and A3 are presented 
in Figs. 5–7, respectively, each accompanied by 
the assignment of its principal absorption bands.

The three spectra are dominated by the 
characteristic absorption bands of the PMMA 
matrix: a broad O–H stretching envelope at 3438–
3442 cm⁻¹ arising from moisture adsorbed on the 
specimen surface, C–H stretching of the backbone 
and methyl groups at 2991–2992 cm⁻¹, the intense 
ester carbonyl (C=O) stretch at 1724–1725 cm⁻¹, 
C–H scissoring at 1450–1451 cm⁻¹, symmetric CH₃ 
bending at 1384–1386 cm⁻¹ and the ester C–O–C 
stretch at 1147–1148 cm⁻¹. The persistence of this 

 

  
Fig. 7. FTIR transmittance spectrum of sample A3 (PMMA/Cu₃Zn₂) recorded from 4000 to 400 cm⁻¹, with the identified 

matrix bands and the weak Cu–O and Zn–O surface-oxide vibrations.
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band set at essentially unshifted wavenumbers 
in all three composites demonstrates that the 
polymer backbone is chemically intact after mixing, 
pressing and curing, and that filler incorporation 
proceeds by physical dispersion rather than by 
chemical attack on the matrix. The absence of 
a strong vinylic C=C absorption near 1640 cm⁻¹ 
further indicates that the MMA hardener has 
been essentially completely polymerized, so that 
no residual monomer remains to plasticize the 
composite or to alter its density.

Superimposed on the matrix signature, each 
spectrum exhibits the vibrational fingerprint of 
its own filler. In sample A1 the band at 2295 cm⁻¹ 
is assigned to the B–H stretching mode of the 
borohydride anion, and the feature at 1060 cm⁻¹ 
to B–H bending coupled with Zr–B framework 
vibration; their appearance confirms that the 
moisture-sensitive Zr(BH₄)₄ phase survived 
processing without hydrolysis, which is significant 
because loss of the BH₄⁻ groups would reduce 
both the hydrogen content and the density on 
which the calculated attenuation coefficients 
depend. In sample A2 the bands at 878, 756 
and 622 cm⁻¹ correspond to W–O–W bridging 
vibrations, W–O stretching and Cd–O lattice 
vibrations, verifying that the tungstate (WO₄²⁻) 
group and hence the stoichiometry of CdWO₄ are 
preserved. In sample A3 only weak absorptions 
at 752, 618 and 522 cm⁻¹, attributable to metal–
oxygen, Cu–O and Zn–O vibrations of thin surface 
oxide layers, are detected, which is consistent with 
a predominantly metallic Cu₃Zn₂ filler carrying no 
more than a native passivating oxide film.

The small displacements (1–2 cm⁻¹) and the 
slight broadening of the carbonyl band relative 
to unfilled PMMA are indicative of weak dipolar 
and hydrogen-bonding interactions between the 
polar ester groups of the matrix and the filler 
surfaces, that is, of physical rather than covalent 
interfacial coupling. Such interaction is sufficient 
to immobilize the nanoparticles and to inhibit 
their sedimentation during curing, while leaving 
the processability of PMMA unaffected. From 
the standpoint of the shielding calculation, the 
FTIR results are essential validation evidence: 
because the XCOM computation is performed on 
the nominal elemental weight fractions of each 
formulation, the conclusion that both matrix and 
fillers retain their stoichiometry after fabrication 
justifies the application of the mixture rule to the 
real specimens.

Theoretical Basis
Total Linear Attenuation Coefficient

In shielding design materials, the linear 
attenuation coefficient (µ) that can be defined 
as the likelihood of radiation to interact with a 
substance per unit path length is, a significant 
quantity and its values depend on the energy of 
the incident photon and, the atomic number of 
the material, and the density (ρ) of the shielding 
medium [19]. In addition to that, the mass 
attenuation coefficient (µ/rho) (cm2.g-1) is a 
direct measure of the effectiveness of a shielding 
material, relative to unit mass of material. 
In general, the mass attenuation coefficient 
computation in or around high energies is generally 
highly required and utilized as a radiation shielding 
design database of radiation sources, reactors 
and particle accelerators [20]. The nature of the 
interaction of photons with matter is different 
when compared to other forms of radiation, such 
as charged particles. When photons pass through 
a material, some are absorbed, while others pass 
through without any interaction. The remaining 
photons scatter in different directions after losing 
some of their intensity [18]. If we consider a beam 
of photons of known intensity (I0) passing through 
a shield of thickness (x), multiple interactions will 
occur between the photons and the atoms of the 
shielding material. These interactions result in a 
change in the beam intensity due to absorption 
and attenuation. The thicker the shielding material, 
the greater the attenuation and absorption the 
beam experiences. Therefore, there is an inverse 
relationship between the thickness of the material 
and the intensity of the radiation. Mathematically, 
the change in radiation intensity can be expressed 
by dI, and the thickness of the shielding material is 
denoted by dx (Eq. 1) [14]. 

−dI
I = (µ)dx 

  

                                  
(1)

Where µ is the linear attenuation coefficient.
By integrating this equation as follows (Eqs. 2 

and 3) [15]:

∫ dI
I = ∫−(μ)dx

x

0

I

I0

 

 

  

  

                                      

(2)
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Ln I(x)-Ln I0=-(µ) x 

  

                                   (3)

From the exponential equation, the attenuation 
coefficient was calculated over an unlimited range 
of energies (Eq. 4). 

Ix= I0 e−µ X 

  

                                                            (4)

The linear attenuation coefficient is an important 
parameter in the calculations of shielding used in 
radiation protection, especially when expressing 
the power of a photon as it moves through and 
passes through the absorbing medium. Another 
parameter is the mass attenuation coefficient 
(µm) in units of (cm²/g) and its relationship to the 
linear attenuation coefficient µ(cm-1) (Eq. 5)[16]:

µ(cm-1) =µm(cm2/g) * ρ(g/cm3) 

  

            
(5)

ρ: Density of the intercepting medium in units 
(cm3/g)

The total photon mass attenuation coefficient 
(µ/ρ)comp has been estimated by the following 
‘mixture rule’ with WinXCOM program for a 
chemical compound or mixture (Eq. 6):

(µ/ρ) compound=∑i (µ/ρ) i Wi 

  

                      
(6)

where ωi is the weight fraction of the ith 
constituent element present in the given 
compound and i (µ / ρ) is the photon mass 
attenuation. For a material composed of multi 
elements the fraction by weight is given by Eq. 7:

Wi=niAi/∑i ni Ai 

  

                                                 (7)

ni: the number of atoms of each element in the 
compound.

Ai: the mass number of each element in the 
compound.

The mass attenuation coefficient depends on 
the photon energy and the atomic number of the 
intercepting medium (Z)[17].

The total linear attenuation coefficients (µ) 
were obtained as the results obtained during 
calculations of XCOM by using density (ρ) of the 
shield materials. The rule of mixtures formula 
was used to compute the density of composite 
materials using the Eq. 8 [21]: 

ρc = Vf ρf +(1 –Vf) ρm 

  

                                  (8)

 Where: ρc, ρf, ρm Density of composite 
body, reinforcement and the matrix materials 
respectively. : Vf Fractional volume for 
reinforcement material [22].

Effective Atomic Number (Zeff)
Is also important for selecting a substitute 

material in radiation shielding. It is defined as an 
atomic number corresponding to a mixture or 
compound which interacts with photons in a way 
that is equivalent to a single elemental substance 
with this atomic number interacting with photons 
It is a particularly important parameter in the 
fields of radiation shielding design and absorbed 
dose calculations in radiotherapy [15]. The 
effective atomic number is not a constant for a 
given material, but rather a variable that changes 
with photon energy and depends on the reaction 
processes taking place and the proportion of each 
element within the composite material. Zeff is 
calculated by Eqs. 9-13:

σm = (µm )comP
∑ niAii

NA
 

  

                        
(9)

σa = σm
∑  ni i

 

  

                                                       
(10)

σel = 1
NA

∑ fiAi
Zi

(µm) i 

  

                       
(11)

Zcomponut = σa
σel

 

  

                                          
(12)

Zeff = ∑ WiZi
2

i=1
 

 

                                      
(13)

σa: atomic cross section, σm: mass cross 
section, σel:Electron cross section, NA: Avogadro’s 
number, Zi: Atomic number of each element in the 
compound (for all base elements), Zcomp: Atomic 
number of the compound, Wi: Weight fraction of 
each element (the weight ratio of each element in 
the compound), iƒ: Number of atoms of element 
(i) to the total number of atoms of the elements 
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present in the compound, Ai: Atomic weight 
(mass number) of each element in the compound, 
(µm): Raw materials for compounds, (µm)i: 
Conventional mass attenuation of each element in 
the compound.

Gamma-Ray Shielding Results and Discussion
Total Linear Attenuation Coefficient

The total linear attenuation coefficients of 

the eighteen formulations, obtained from the 
XCOM mass attenuation coefficients and the rule-
of-mixtures densities, are listed in Table 2 and 
displayed in Figs. 8 and 9. Two general trends 
are common to the three groups: μ increases 
with the filler content at low photon energy, 
and μ decreases monotonically with increasing 
photon energy at every concentration. The values 
recorded at 0.0595 and 0.093 MeV are up to one 

 

 

 
 

  

0.0
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Fig. 8. Total linear attenuation coefficient as a function of the reinforcement concentration at the 
seven investigated photon energies for group A: (a) A1, PMMA/Zr(BH₄)₄; (b) A2, PMMA/CdWO₄; (c) 

A3, PMMA/Cu₃Zn₂.
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order of magnitude larger than those obtained 
above 0.3645 MeV, which reflects the change 
of the dominant photon interaction mechanism 
across the energy range examined.

Sample A2 (PMMA/CdWO₄) is the most efficient 
attenuator at every energy and at every loading. Its 
coefficient at 0.0595 MeV rises from 0.2297 cm⁻¹ 
for the unfilled matrix to 0.4688, 1.0086, 1.6830, 

2.5113 and 4.2092 cm⁻¹ at 5, 15, 25, 35 and 50 wt 
%, an eighteen-fold enhancement, and it remains 
superior at 1.332 MeV (0.1159 cm⁻¹ against 0.0708 
cm⁻¹ for pure PMMA). This behaviour is a direct 
consequence of the high atomic numbers of 
tungsten (Z = 74) and cadmium (Z = 48) and of the 
high crystallographic density of CdWO₄, both of 
which raise the electron density of the composite 
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Fig. 9. Total linear attenuation coefficient as a function of photon energy at 
the different filler concentrations for group A: (a) A1, PMMA/Zr(BH₄)₄; (b) A2, 

PMMA/CdWO₄; (c) A3, PMMA/Cu₃Zn₂.
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and hence the photoelectric cross section, which 
scales approximately as Z⁴⁻⁵/E³.

Sample A3 (PMMA/Cu₃Zn₂) occupies an 
intermediate position, its coefficient at 0.0595 
MeV increasing from 0.2297 to 1.9744 cm⁻¹ at 50 
wt %, and, in contrast to A1, it continues to improve 
over the whole energy range (0.0708 → 0.1154 
cm⁻¹ at 1.332 MeV) because the intermediate 
atomic numbers of copper (Z = 29) and zinc (Z = 30) 
combine with a density high enough to increase 
the Compton electron density of the matrix.

Sample A1 (PMMA/Zr(BH₄)₄) shows a distinctive 
dual behaviour that deserves particular attention. 

Below 0.1 MeV the addition of the filler is strongly 
beneficial, μ reaching 1.5369 cm⁻¹ at 0.0595 MeV 
and 50 wt % against 0.2297 cm⁻¹ for the unfilled 
matrix, owing to the photoelectric contribution of 
zirconium (Z = 40). Above 0.3645 MeV, however, 
the trend reverses and μ decreases slightly with 
increasing filler content (0.0991 → 0.0975 cm⁻¹ at 
0.662 MeV and 0.0708 → 0.0687 cm⁻¹ at 1.332 MeV 
for 0 → 50 wt %). In this energy region Compton 
scattering dominates and the attenuation per unit 
length is governed by the electron density rather 
than by Z; because each Zr(BH₄)₄ formula unit 
carries sixteen hydrogen and four boron atoms, 

Group Energy (MeV) 
µ (cm -1)  

0% 5% 15% 25% 35% 50% 

A1 

0.0595 0.2297 0.3609 0.6229 0.8846 1.1458 1.5369 

0.093 0.1994 0.2355 0.3077 0.3796 0.4516 0.5592 

0.3645 0.1272 0.1276 0.1284 0.1291 0.1298 0.1308 

0.662 0.0991 0.0990 0.0986 0.0983 0.0980 0.0975 

1.173 0.0755 0.0753 0.0749 0.0745 0.0740 0.0734 

1.2745 0.0724 0.0722 0.0718 0.0713 0.0709 0.0703 

1.332 0.0708 0.0705 0.0701 0.0697 0.0693 0.0687 
 

Group Energy (MeV) 
µ (cm -1)  

0% 5% 15% 25% 35% 50% 

A2 

0.0595 0.2297 0.4688 1.0086 1.6830 2.5113 4.2092 

0.093 0.1994 0.4043 0.8669 1.4451 2.1540 3.6115 

0.3645 0.1272 0.1370 0.1577 0.1858 0.2193 0.2877 

0.662 0.0991 0.1038 0.1135 0.1273 0.1433 0.1763 

1.173 0.0755 0.0785 0.0845 0.0934 0.1035 0.1244 

1.2745 0.0724 0.0752 0.0809 0.0893 0.0989 0.1187 

1.332 0.0708 0.0735 0.0790 0.0872 0.0966 0.1159 
 

Group Energy (MeV) 
µ (cm -1)  

0% 5% 15% 25% 35% 50% 

A3 

0.0595 0.2297 0.3336 0.5721 0.8632 1.2256 1.9744 

0.093 0.1994 0.2325 0.3086 0.4014 0.5170 0.7560 

0.3645 0.1272 0.1325 0.1446 0.1595 0.1777 0.2159 

0.662 0.0991 0.1029 0.1116 0.1223 0.1356 0.1630 

1.173 0.0755 0.0783 0.0848 0.0928 0.1027 0.1231 

1.2745 0.0723 0.0751 0.0813 0.0890 0.0984 0.1180 

1.332 0.0708 0.0734 0.0795 0.0870 0.0962 0.1154 
 
  

Table 2. Total linear attenuation coefficient μ (cm⁻¹) of the group-A composites at the 
investigated filler concentrations and photon energies.



5259J Nanostruct 16(4): 5247-5263, Autumn 2026

A. Mohan, and H. Dawyich / Gamma-Ray Attenuation of Polymer Nanocomposites

the electron-to-mass ratio of the composite falls 
when the borohydride replaces the hydrogen-rich 
but oxygen-bearing PMMA, and the small loss of 
Compton scattering centres outweighs the modest 
photoelectric gain contributed by zirconium. 
The Zr(BH₄)₄ system is therefore recommended 
only for low-energy photon fields, or for mixed 
neutron–gamma fields where its high hydrogen 
and boron content provides simultaneous neutron 
moderation and capture.

Fig. 9 shows the corresponding energy 
dependence. The steep fall of μ between 0.0595 
and 0.3645 MeV, followed by a slow, almost linear 

decay up to 1.332 MeV, marks the hand-over from 
photoelectric absorption to Compton scattering; 
none of the formulations reaches the pair-
production threshold (1.022 MeV) with sufficient 
margin for that process to contribute appreciably 
at the energies studied. The curves also converge 
at high energy, confirming that the benefit 
obtained by loading a polymer with a high-Z filler 
is large at diagnostic energies and progressively 
smaller as the photon energy increases.

Taken together, the attenuation data rank the 
three systems as A2 > A3 > A1 at all energies 
above 0.1 MeV, and A2 > A3 > A1 also in the low-
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energy region, the ranking being governed by 
the product of the filler atomic number and its 
volumetric loading. The enhancement of μ with 

concentration is superlinear for A2, reflecting the 
simultaneous increase of both the density and the 
effective atomic number of that composite.
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Effective Atomic Number
Fig. 10 shows that Z_eff increases monotonically 

with the reinforcement concentration in all 
three systems, since the addition of elements 
whose atomic number exceeds that of the light 
constituents of PMMA (H, C, O) raises the weighted 
electronic cross section of the mixture. At 0.093 
MeV and 50 wt % loading, Z_eff attains 8.54 for 
A1, 33.62 for A2 and 16.54 for A3, compared 
with 3.65 for the unfilled matrix. Because both 
the photoelectric cross section and, at higher 
energies, the number of scattering electrons per 
unit volume grow with Z_eff, the increase of the 
effective atomic number is the physical origin of 
the increase in the linear attenuation coefficient 
reported in Table 2.

The magnitude of the increase, however, is 
strongly filler-dependent. The gain is largest for 
the CdWO₄ system, in which the heavy tungsten 
and cadmium atoms carry a large weight 

 
 

Croup Name Energy (MeV) 
Zeff 

0% 5% 15% 25% 35% 50% 

C 5
H 8

O 2
+Z

r(B
H 4

) 4 

0.0595 3.745602 4.73436 6.711877 8.689393 10.66691 13.63319 

0.093 3.651855 4.141044 5.119422 6.097801 7.076179 8.543747 

0.3645 3.602237 3.625727 3.672707 3.719687 3.766666 3.837136 

0.662 3.601563 3.609468 3.625278 3.641088 3.656898 3.680613 

1.173 3.600631 3.604359 3.611816 3.619272 3.626728 3.637913 

1.2745 3.600992 3.604658 3.61199 3.619321 3.626653 3.637651 

1.332 3.601076 3.604718 3.612003 3.619287 3.626572 3.637499 

C 5
H 8

O 2
+C

dW
O 4

 

0.0595 3.745602 6.322104 11.47511 16.62811 21.78112 29.51062 

0.093 3.651855 6.649021 12.64335 18.63769 24.63202 33.62352 

0.3645 3.602237 5.298355 8.690589 12.08282 15.47506 20.56341 

0.662 3.601563 4.934314 7.599815 10.26532 12.93082 16.92907 

1.173 3.600631 4.802844 7.207271 9.611697 12.01612 15.62276 

1.2745 3.600992 4.795681 7.18506 9.57444 11.96382 15.54789 

1.332 3.601076 4.793272 7.177665 9.562057 11.94645 15.52304 

C 5
H 8

O 2
+C

u 3
Zn

2 

0.0595 3.745602 5.028969 7.595705 10.16244 12.72918 16.57928 

0.093 3.651855 4.940366 7.517389 10.09441 12.67143 16.53697 

0.3645 3.602237 4.892354 7.472587 10.05282 12.63305 16.5034 

0.662 3.601563 4.891598 7.471667 10.05174 12.63181 16.50191 

1.173 3.600631 4.890709 7.470864 10.05102 12.63117 16.50141 

1.2745 3.600992 4.890833 7.470514 10.0502 12.62988 16.4994 

1.332 3.601076 4.890912 7.470583 10.05025 12.62993 16.49943 
 
 

fraction, moderate for the Cu₃Zn₂ system, and 
smallest for Zr(BH₄)₄, in which each zirconium 
atom is accompanied by twenty light boron and 
hydrogen atoms. In the latter case the heavy-atom 
contribution is diluted by the light constituents 
of the borohydride, so that the composite gains 
comparatively little in effective atomic number 
and, above 0.3645 MeV, loses electron density; 
this explains quantitatively the anomalous 
decrease of μ with concentration observed for A1 
in that energy range.

The energy dependence of Z_eff is presented in 
Fig. 11 and reveals three distinct patterns. For A1, 
Z_eff is high at 0.0595–0.093 MeV, particularly at 
50 wt % (13.63 and 8.54), and then falls sharply to 
an essentially constant value of about 3.64 above 
0.3645 MeV; the photoelectric effect, whose 
cross section varies as Z⁴⁻⁵, strongly weights the 
zirconium contribution at low energy, whereas 
the Compton cross section varies only linearly 

Table 3. Effective atomic number Zeff of the group-A composites at the investigated filler concentrations and photon energies.
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with Z, so the composite reverts to a behaviour 
dominated by its light matrix. For A2, Z_eff 
remains high over the entire range, decreasing 
from 29.51 at 0.0595 MeV to 15.52 at 1.332 MeV 
at 50 wt % while passing through a maximum of 
33.62 at 0.093 MeV; the maximum is attributable 
to the K-absorption edges of tungsten (69.5 keV) 
and cadmium (26.7 keV), which lie within or 
immediately below this energy interval and locally 
enhance the photoelectric cross section. The 
retention of a high Z_eff at MeV energies makes 
A2 the only formulation of the series that offers 
useful attenuation for ¹³⁷Cs and ⁶⁰Co photons. For 
A3, Z_eff is almost independent of energy, varying 
by less than 0.5 % between 0.0595 and 1.332 
MeV at 50 wt % (16.58 → 16.50); since copper 
and zinc have nearly identical atomic numbers 
and no absorption edge in the interval studied, 
the relative elemental contributions do not 
change with the interaction mechanism, and the 
composite behaves as a spectrally stable shield, 
although at a level below that of A2.

CONCLUSION
Three families of PMMA-based nanocomposites 

reinforced with Zr(BH₄)₄, CdWO₄ and Cu₃Zn₂ at 
0, 5, 15, 25, 35 and 50 wt % were fabricated by 
cold pressing and characterized morphologically, 
chemically and with respect to their gamma-
ray attenuation performance. The following 
conclusions are drawn. FE-SEM confirmed that 
all three fillers are dispersed in the matrix as 
nanometric particles, with mean sizes of 53–55 
nm for Zr(BH₄)₄, 67–68 nm for CdWO₄ and 72–74 
nm for Cu₃Zn₂, and without macroscopic voids 
or particle pull-out; the specimens therefore 
behave as effectively homogeneous media for the 
incident photons, which validates the mixture-
rule treatment adopted in the calculations. FTIR 
spectroscopy showed that the characteristic 
PMMA bands (C=O at 1724–1725 cm⁻¹, C–O–C at 
1147–1148 cm⁻¹, C–H and CH₃ modes) are retained 
unshifted, while the filler fingerprints (B–H at 2295 
cm⁻¹ and Zr–B at 1060 cm⁻¹; W–O–W at 878 cm⁻¹, 
W–O at 756 cm⁻¹ and Cd–O at 622 cm⁻¹; Cu–O at 
618 cm⁻¹ and Zn–O at 522 cm⁻¹) appear without 
evidence of hydrolysis or matrix degradation. The 
stoichiometry assumed in the XCOM calculation 
is thus preserved in the real specimens, and the 
filler–matrix coupling is physical rather than 
covalent. The total linear attenuation coefficient 
increases with filler concentration and decreases 

with photon energy. The largest enhancement is 
obtained for the CdWO₄ system, whose μ at 0.0595 
MeV grows from 0.2297 cm⁻¹ for the unfilled matrix 
to 4.2092 cm⁻¹ at 50 wt %, an increase by a factor 
of 18.3, and which remains the best attenuator up 
to 1.332 MeV. The effective atomic number follows 
the same ordering, reaching 33.62 for CdWO₄ at 
0.093 MeV, 16.58 for Cu₃Zn₂ and 13.63 for Zr(BH₄)₄ 
at 50 wt %. The Cu₃Zn₂ composite exhibits a nearly 
energy-independent Z_eff (variation below 0.5 % 
between 0.0595 and 1.332 MeV), whereas Z_eff 
of the Zr(BH₄)₄ composite collapses to the value of 
the pure matrix above 0.3645 MeV. The Zr(BH₄)₄ 
system displays an anomalous, slight reduction 
of μ with increasing filler content above 0.3645 
MeV, because the light boron and hydrogen 
atoms introduced with the borohydride lower the 
electron density of the composite in the energy 
region where Compton scattering, which depends 
linearly on Z, is the dominant interaction. This filler 
is therefore suitable for low-energy photon fields 
and for mixed neutron–gamma environments 
rather than for high-energy gamma shielding. 
Overall, the transition from photoelectric 
absorption at low energy to Compton scattering at 
intermediate energy accounts for all the observed 
trends, and the PMMA/CdWO₄ nanocomposite 
is identified as a lightweight, mouldable and 
non-toxic candidate for replacing lead-based 
shields in diagnostic radiology and low-energy 
gamma applications. Experimental transmission 
measurements with ²⁴¹Am, ¹³⁷Cs and ⁶⁰Co sources, 
together with mechanical and thermal testing of 
the optimum formulations, are recommended as 
the next stage of this work.
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