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Poly propy lene was pro duced us ing com pres sion mold ing and com bined with bulk Bi2O3/CuO,
and  Bi2O3/CuO  nanocomposites at var i ous  filler  weight  frac tions  (0 %,  5 %,  10 %,  15 %, and
20 %). Gamma-ray en er gies from four ra dio ac tive sources (241Am, 133Ba, 137Cs, and 60Co), rang -
ing from 59.53 keV to 1332.5 keV, were used to eval u ate the ra di a tion at ten u a tion ca pa bil i ties of
the new PP/Bi2O3/CuO poly mer com pos ite. Pa ram e ters such as the mass at ten u a tion co ef fi cients,
to tal mo lec u lar cross-sec tion, ef fec tive atomic cross-sec tion, to tal elec tronic cross-sec tion, elec tron
den sity, ef fec tive atomic num ber, half-value layer, tenth value layer, and re lax ation length were ex -
am ined. The re sults un der scored the sig nif i cant in flu ence of both the size and weight frac tion of
Bi2O3/CuO fill ers on the gamma-ray shield ing abil ity of the poly propy lene com pos ite, par tic u larly
at lower gamma-ray en ergy lev els. Pure lead, a tra di tional and widely used shield ing ma te rial, was
used as a ref er ence to as sess the ef fec tive ness of the poly propy lene com pos ite's half-value layer. Poly -
propy lene com pos ites in cor po rat ing nano-sized Bi2O3/CuO ex hib ited no ta ble im prove ments in at -
ten u a tion pa ram e ters, high light ing their po ten tial for ra di a tion pro tec tion and gamma-ray shield -
ing ap pli ca tions.

Key words: poly propy lene com pos ite, Bi2O3/CuO nanocomposite, at ten u a tion pa ram e ter,
ra di a tion pro tec tion

IN TRO DUC TION

Ra di a tion in its var i ous forms has be come wide -

spread, es pe cially in es sen tial daily ap pli ca tions such 
as in dus try and med i cine. How ever, its con stant use 
brings se ri ous haz ards, urg ing re search ers to fo cus on 
de vel op ing and im ple ment ing ef fec tive ra di a tion pro -

tec tion and shield ing prop er ties. Such haz ards af fect 
hu mans and the en vi ron ment alike, de pend ing on the 
time, dis tance, and pro tecti on from the ra di a tion 
source [1]. How ever, it is un de ni able that the ben e fits 
of ra di a tion out weigh the risks, es pe cially when used 
safely and shielded ap pro pri ately. The more pro tected 
peo ple are from ra di a tion through ap pro pri ate shield -
ing ma te rial, the more ben e fits we could gain from ra -

di a tion, in clud ing gamma rays, and the lower the 
health and en vi ron men tal risks will be come. Hence, 
re search ers have de signed shields that can ab sorb high 
en ergy to pro tect hu mans from these haz ard ous ra di a -

tions de pend ing on their chem i cal and phys i cal [2], 
struc tural and nu clear prop er ties, and the char ac ter is -
tics of the ra di a tion af fect ing them.

Lead, a metal with high den sity and atomic num -
ber, has been the most com mon ma te rial used for at ten -
u at ing higher quan ti ties of gen er ated gamma rays.
How ever, it makes for a rather im prac ti cal shield ing
ma te rial as it is toxic[3], heavy weight, chem i cally un -
sta ble, and has lim ited me chan i cal prop er ties. There -
fore, there is a grow ing trend to wards re plac ing tra di -
tional fill ers with in or ganic mi cro- and nano-filler-
re in forced poly mer com pos ites, such as ep oxy, poly -
eth yl ene, poly es ter, and polyimide. These com pos ites
of fer a safer, more cost-ef fec tive, lighter, and more
flex i ble al ter na tive. Ad di tion ally, they are chem i cally
sta ble and pos sess ben e fi cial phys i cal and ra di a tion
prop er ties. They also have high plas tic ity and are eas -
ily shape able dur ing the re in force ment pro cess, which
in volves com bin ing them with high-den sity ma te ri als
due to their low atomic num ber. Due to these rea sons,
ox ides, in clud ing bis muth ox ide and cop per ox ide, are
gen er ally con sid ered better shield ing ma te rial against
gamma rays than lead [3]. Mi cro and nano-fill ers can
be cre ated us ing var i ous metal ox ides, such as PbO,
Bi2O3, and WO3. These metal ox ides' high den sity al -
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lows the poly mer com pos ite to sig nif i cantly im prove
its ra di a tion shield ing abil ity by of fer ing uni form dis -
per sion and a larger sur face/vol ume ra tio of the filler at 
the nanoscale [4-8].

Sev eral nanocomposite ma te ri als/poly mers
have been de vel oped and im proved by re search ers
such as Kunzel and Okuno [9] in ves ti gated poly meric
resin  in cor po rat ing  cop per  ox ide  (CuO)  par ti cles at
5 %, 10 %, and 30 % in both mi cro- and nano-sizes.
The find ings in di cated that the ef fec tive ness of the
CuO-resin com pos ites was higher with nano-sized
par ti cles com pared to mi cro-sized par ti cles. Ad di tion -
ally, dur ing an other re search study, high-den sity poly -
eth yl ene (HDPE) was blended with mi cro and nano-
sized cad mium ox ide par ti cles to re duce pho ton beams 
with en er gies be tween 59.53 keV and 1408.01 keV.
The re searcher's find ings sug gested that in cor po rat ing 
nanoscale-re in forced HDPE im proved the over all
shield ing ef fec tive ness, es pe cially at lower pho ton en -
er gies [10]. A study by Alyaa H.[11] ex am ined the ef -
fec tive ness of a nanocomposite ma te rial, con sist ing of
ul tra-high mo lec u lar weight re in forced with vary ing
con cen tra tions of Bi2O3, in shield ing against gamma
ra di a tion. The find ings in di cated that the shield ing ca -
pa bil i ties of the syn the sized com pos ites im proved as
the bis muth ox ide con cen tra tion in creased. It was ob -
served that the poly mer con tain ing 2.0 % Bi2O3 dem -
on strated higher ef fi ciency in at ten u at ing pho tons.

An other prom is ing and ef fec tive shield ing ma te -
rial is poly propy lene (PP), a well-known ther mo plas -
tic [12] poly mer with ap pli ca tions in var i ous fields,
such as plas tic pack ag ing, med i cine, and elec tri cal in -
dus tries. One of the main rea sons for its wide use is
that poly propy lene is a hy dro car bon poly mer- as it
con sists sub stan tially of car bon at oms, it is ca pa ble of
ef fec tively mit i gat ing the ef fects of ra di a tion. More -
over, poly propy lene has ex cel lent ten sile strength and
tem per a ture re sis tance [13-16], mak ing it a fa vor able
choice for ex per i ments. Over all, the ca pa bil i ties and
ef fi ciency of poly mer nanocomposites are de pend ent
on var i ous fac tors in clud ing filler type, the filler
weight frac tion to the ma trix, the con di tions set, and
the syn the sis pro ce dure. This re search pro ject aims to
de sign new com pos ite ma te ri als by choos ing PP as a
ma trix due to its high-pres sure re sis tance and su pe rior
me chan i cal prop er ties, where Bi2O3 and CuO bulk and 
nano-com pos ites were se lected as a filler with dif fer -
ent weight frac tions (0 %, 5 %, 10 %, 15 %, 20%) mi -
cro and nanocomposite due to their po ten tial prop er -
ties such as abil ity in their po ten tial prop er ties,
in clud ing their high melt ing point and the abil ity to be
turned into fine pow der. The com pres sion mold ing
tech nique was used to cre ate the poly mer com pos ites,
while the me chan i cal ball mill ap proach was used to
pre pare the nanocomposite. At gamma-ray en er gies of 
59.53 keV, 356.01 keV, 661.66 keV, 1173.23 keV, and
1332.5 keV, the ra di a tion at ten u a tion pa ram e ters of
the PP/(Bi2O3/CuO) com pos ite were ex am ined to as -

sess the im pact of (Bi2O3/CuO) fill ers' size and weight
frac tion on the eas ily and in ex pen sively made poly mer 
nanocomposite ma te ri als. The out come of this in ves ti -
ga tion will not only dem on strate the po ten tial for these 
new com pos ite ma te ri als to be fur ther de vel oped for
ra di a tion shield ing ap pli ca tions. It will also pro vide
valu able pros pects for cre at ing new, safe, and ef fec -
tive gamma-ray pro tec tive PP nanocomposites.

EX PER I MEN TAL

Ma te ri als

A com mer cial sam ple of poly propy lene was ob -
tained from Egyp tian Pro pyl ene and Poly propy lene
Com pany un der the trade name (FM525J) with a den sity
of 0.9 gcm–3 and a Melt Flow In dex (MFI) of 3 g per 10
min was used as a ma trix in this study. Microparticles of
bis muth ox ide were col lected from Sigma Aldrich, Spain 
in pow der form (purum 98 %) with a mo lec u lar weight
(MW) of 465.96 gmol–1 and a den sity of 8.9 gcm–3 . In
ad di tion, cop per ox ide (cu pric ox ide) was ob tained by
the same com pany- Sigma Aldrich, China- as a pow der
(<10 µm and pu rity 98 %). It has a den sity of 6.31 gcm–3

and an MW of 79.55 gmol–1 . Both Bi2O3 and CuO were
used with out fur ther pu ri fi ca tion.

Bi2O3 and CuO nanocomposite
prep a ra tions

To start the prep a ra tion method of Bi2O3 or CuO, 
A me chan i cal method des ig nated by a high en ergy
plan e tary ball mill (Retch, PM 100) was used in a dry
state for 60 min with the fol low ing con di tions: the ball
to pow der weight ra tio was 10:1 and the mill ing speed
was set at 400 (rev o lu tions per min ute), where the
mill ing was stopped for 1 min ev ery 20 min to cool
down the sys tem. The sizes ob tained for Bi2O3 and
CuO were 74.30 nm and 14.30 nm, re spec tively.

Bi2O3 -CuO bulk /nanoparticle
mix ture prep a ra tions

To en sure ho mo ge ne ity for both bulk and
nano-mix tures, com mer cial or the ob tained nano Bi2O3

(70 %) and CuO (30 %) were used. They dis persed in
pure eth a nol un der stir ring for around 60 min utes. The
sol vent was evap o rated at 60 °C dur ing stir ring.

Poly mer com pos ite syn the sis

The com pres sion mold ing pro cess was used to cre -
ate  PP  com pos ites  with   filler  weight  frac tions  of 0 %,
5 %, 10 %, 15 %, and 20 % of (Bi2O3/CuO) Bulk (B) and
(Bi2O3/CuO) NP(N). The cat e go ries, names, and de -
scrip tions of the sam ples are dis played in tab 1. Af ter
weigh ing, the PP pel lets were added to XK400 two-roll
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mill mix ers. The mixer was then set to 40 rpm and heated
for 15 min utes at a tem per a ture of 190 °C. To pre vent
clump ing, spe cific vol umes of ei ther (Bi2O3/CuO)
Bulk(B) or (Bi2O3/CuO) NP(N) were in tro duced to the
mix ing cham ber. Once the poly mer ma trix was fully
melted, the pre pared sam ples were shaken af ter ten min -
utes to en sure thor ough and even mix ing. The sam ples,
along with a Tef lon layer, were placed in a rect an gu lar
stain less-steel mold mea sur ing 25 cm × 25 cm × 0.3 cm
to achieve a smooth sur face. Sub se quently, a 10-min ute
hot press was con ducted at 8 MPa and 190 °C. The pres -
sure was then grad u ally in creased to 15 MPa for 10 min -
utes. The formed com pos ite sam ple was then pro gres -
sively cooled with wa ter at a rate of 20 °C per min ute
un til it reached room tem per a ture. Thus, a pure PP sam -
ple was pro duced with out add ing (Bi2O3/CuO). Each
pre pared sheet was then di vided into five disk sam ples,
each with a di am e ter of 8.3 cm, to ex am ine their gamma
ra di a tion shield ing prop er ties.

Mea sure ments of gamma-ray
at ten u a tion co ef fi cients 

Gamma-ray at ten u a tion mea sure ments were
con ducted at Al ex an dria Uni ver sity's Ra di a tion Phys -
ics lab o ra tory. Fig ure 1 out lines the setup us ing a scin -
til la tion NaI de tec tor [17]. The gamma-ray spec trom e -
try sys tem in cludes a high volt age (HV) power sup ply

for de tec tor op er a tion, a preamplifier to re duce noise
and shape the pulse in duced by fluc tu a tions, and an
am pli fier to en hance the sig nal, some times over 1000
times. Ad di tion ally, a timer is con nected to the sca lar
to re cord pulses, en sur ing op ti mal time in ter val con -
trol and man age ment. These com po nents in ter face
with ISO 9001 Ge nie 2000 soft ware for anal y sis. Ra -
dio ac tive sources (241Am, 133Ba, 137Cs, and 60Co) were 
pro cured from the Phys i cal-Tech ni cal Fed eral In sti -
tute (PTB) in Braunschweig and Berlin and mea sured
at a 75 cm ax ial dis tance from the de tec tor's front sur -
face. Ta ble 2 il lus trates the emit ted en er gies that spec -
ify the sources [18-21].

The sam ple was po si tioned on a holder be tween
the source and the de tec tor, and the gamma-ray gen er -
ated dur ing ex per i men tal mea sure ments was added.
This re peated pro cess in volved se quen tially add ing
five dif fer ent thick nesses of the sam ple with the same
com pos ite, and then the de tected spec tra were an a -
lyzed us ing Genie2000 soft ware. The net area be neath
each char ac ter is tic peak was high lighted and mea -
sured to de ter mine the count rate (N). To en sure sta tis -
ti cal re li abil ity with less than 1 % un cer tainty, the ac -
qui si tion time was ad justed un til at least 20000 counts
were reg is tered be neath the full-en ergy peak. Sources
were placed far from the de tec tor sur face to mit i gate
count ing rate, dead time, and pile-up ef fects.
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Ta ble 1. Cat e gory, name, and de scrip tions of sam ples

Cat e gory Name De scrip tions

PP PP Poly mer with out re in force ment

Poly mer Com pos ites of pure
Com pos ites (Bi2O3/CuO) as re ceived

5 wt % (Bi2O3/CuO) Bulk(B) PP filled with 5 wt % of (Bi2O3/CuO) Bulk(B)

10 wt % ( Bi2O3/CuO ) Bulk(B) PP filled with 10 wt % of (Bi2O3/CuO) Bulk(B)

15 wt % ( Bi2O3/CuO ) Bulk(B) PP filled with 15 wt % of (Bi2O3/CuO) Bulk(B)

20 wt % (Bi2O3/CuO) Bulk(B) PP filled with 20 wt % of (Bi2O3/CuO) Bulk(B)

Poly mer Com pos ites of Com pos ites
(Bi2O3/CuO) milled for 60 min

5 wt % (Bi2O3/CuO) NP(N) PP filled with 5 wt % of (Bi2O3/CuO) NP(N)

10 wt % (Bi2O3/CuO) NP(N) PP filled with 10 wt % of (Bi2O3/CuO) NP(N)

15 wt % (Bi2O3/CuO) NP(N) PP filled with 15 wt % of (Bi2O3/CuO) NP(N)

20 wt % (Bi2O3/CuO) NP(N) PP filled with 20 wt % of (Bi2O3/CuO) NP(N)

Fig ure 1. The ex per i men tal
work's il lus tra tion setup



The best-fit ting anal y sis of the plot ted slope rep -
re sent ing the lin ear re la tion ship be tween ln [N] and the 
thick ness of the disc spec i mens x (cm) was de ter -
mined. The lin ear at ten u a tion co ef fi cient m [cm–1] [22] 
of each com pos ite sam ple was then cal cu lated

m =
é

ë
ê

ù

û
ú

1 0

x

N

N x

ln (1)

N x and N0 are the de tec tor count rates with and with out
the com pos ite sam ple.

Ac cu rate mea sure ments of the ap par ent den sity 
r of the pre pared com pos ite sam ples were per formed
us ing a cal i brated bal ance (pre ci sion of 0.1 mg) and
ap ply ing the fol low ing equa tions based on Ar chi me -
des' tech nique [23]

r r=
+ -

æ

è
ç

ö

ø
÷

a

a w b
w (2)

where a is the ap par ent mass of the spec i men weighed
in the air with out wire, b – the ap par ent mass of the
spec i men com pletely sub merged in wa ter and the wire
par tially sub merged in wa ter,  is the ap par ent mass of
the wire par tially sub merged in wa ter, and rw – the
den sity of wa ter (1.00 gcm–3).

Di vid ing m by the mea sured den sity of the com -
pos ite sam ple r yields the value of mass at ten u a tion
co ef fi cient mm (cm2g–1) by us ing the fol low ing equa -
tion [24, 25]

m
m

r
m = (3)

The the o ret i cal val ues of the mass at ten u a tion
co ef fi cients of the mix ture or com pos ite have been in -
ves ti gated by NIST XCOM stan dard ref er ence da ta -
bases and were used to ob tain the the o ret i cal val ues of
the mass at ten u a tion co ef fi cients of the mix ture or
com pos ite based on the mix ture rule. The con tri bu tion
of each el e ment to the to tal in ter ac tion of the
gamma-ray pho ton was taken into as sump tion. The
fol low ing equa tion is then used to ac quire the to tal
mass at ten u a tion co ef fi cient [26]

m mm m= åwi i
i

( ) (4)

where wi and (mm)i rep re sent the weight frac tion and
the mass at ten u a tion co ef fi cient of the con stit u ent el e -
ments of the com pos ite, re spec tively. 

The equa tion used to de ter mine the weight frac -
tion is as fol lows

w
n A

n A
i

i i

i i
i

=
å

(5)

where Ai and ni are the atomic weight and the num ber
of for mula units of the ith con stit u ent el e ment of the
com pos ite, re spec tively.

The val ues of the cal cu lated the o ret i cal den sity
of the com pos ite sam ples were cal cu lated by [27]
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where mma trix is the wt % of PP, mfiller – the wt % of
Bi2O3/CuO, rm – the den sity of PP, and rf – the den sity
of Bi2O3/CuO.

The ob tained ex per i men tal val ues of the mass at -
ten u a tion co ef fi cient mm were com pared to the the o ret -
i cal val ues ac quired us ing the NIST XCOM da ta base.

The fol low ing equa tions are used to cal cu late the
to tal mo lec u lar cross-sec tion smol (cm2 per mol e cule)
and the to tal atomic cross-sec tion satm (cm2 per atom)
[28]
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where NA is the Avo ga dro con stant (6.022 1367(36) ×
1023 mol–1).

The to tal elec tronic cross-sec tion sel (cm2 per
elec tron) is ob tained by

s
m

r
el =
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è
çç

ö

ø
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(9)

where Zi is the atomic num ber of each el e ment and fi –
the num ber of at oms rel a tive to the to tal num ber of at -
oms of all el e ments in the mix ture.

The ef fec tive atomic num ber Zeff is re lated to
satm and sel as fol lows [29]

Zeff
atm

el

=
s

s
(10)

The ef fec tive elec tron den sity Neff (elec trons per
g × 1022) is de fined as the num ber of elec trons per unit
mass and ob tained from [30]

N
N

n A
Z nA

i i
i

i
i

eff eff=
å

å (11)

The half-value layer (HVL) is de fined as the
thick ness of a ma te rial needed to re duce the in ten sity
of the in ci dent ra di a tion to half of its orig i nal value.
The tenth-value layer (TVL) is the thick ness re quired
to re duce the in ten sity to one-tenth of its orig i nal value
[31]. They are cal cu lated us ing the fol low ing equa -
tions

HVL = =
ln .2 0693

m m
(12)

TVL = =
ln .10 23026

m m
(13)
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Ta ble 2. Pho ton en ergy of the used ra dio ac tive sources

Ra dio ac tive sources Pho ton en ergy [keV]
241Am 59.53
133Ba 356.01
137Cs 661.66

60Co
1173.23

1332.5



The re lax ation length, also known as the mean
free path and de fined as the av er age dis tance trav eled
by a gamma pho ton [31] dur ing dif fer ent col li sions
with the me dium's at oms, can also be used to un der -
stand the shield ing fea ture of a ma te rial. The mea sure -
ment was con ducted uti liz ing re la tion

l
m

=
1

(14)

where m is the co ef fi cient of lin ear at ten u a tion co ef fi -
cient.

RE SULTS AND DIS CUS SION

Lin ear at ten u a tion co ef fi cient (m)

The lin ear at ten u a tion co ef fi cient (LAC) is a ba -
sic pa ram e ter used to ex per i men tally mea sure the ab -
sorp tive ca pac ity of any ma te rial for in com ing ra di a -
tion. It is de scribed as the prob a bil ity of pho ton
in ter ac tion by one phys i cal pro cess or an other per unit
dis tance [32]. The val ues ob tained from ex per i men ta -
tion, the cal cu lated val ues m us ing NIST XCOM da ta -
bases, and the den sity val ues of PP, PP/(Bi2O3/CuO)
Bulk(B), and PP/(Bi2O3/CuO) NP(N) com pos ites at
59.53 keV, 356.01 keV, 661.66 keV, 1173.23 keV, and
1332.5 keV are com piled and dis played in tab. 3.

The pri mary in ter ac tion of gamma rays oc curs
with atomic elec trons. Con se quently, the lin ear at ten u -
a tion co ef fi cient is di rectly linked to the elec tron den -
sity, which is in turn pro por tional to the bulk den sity r
of the ab sorb ing ma te rial. The den sity of the poly -
propy lene sam ple is 0.9277 gcm–3, while the bulk
com pos ites range from 0.9692 to 1.1183 gcm–3 and the 
nanocomposites range from 0.9958 to 1.1507 gcm–3.
In creas ing the weight per cent age of the re in forc ing
ma te rial leads to a higher lin ear at ten u a tion co ef fi cient 
of the com pos ites, at trib ut able to their greater den sity.
Con versely, the lin ear at ten u a tion co ef fi cient de -
creases with higher en ergy lev els, as shown in tab. 3.

Mass at ten u a tion co ef fi cient mm

     The mass at ten u a tion co ef fi cient (MAC) is a
con stant that is com monly used to eval u ate how ef fec tive 
var i ous ma te ri als are at ab sorb ing and shield ing from ra -
di a tion. The con cept can be de scribed as the prob a bil ity
of the gamma pho ton in ter act ing with the me dium per
unit mass of the ab sorber [32]. The value is not in flu -
enced by den sity and was cal cu lated by di vid ing the lin -
ear at ten u a tion co ef fi cient by the ma te rial's den sity by us -
ing eq. 3. Ta ble 4 sum ma rizes the the o ret i cally cal cu lated 
val ues us ing NIST XCOM da ta bases, ex per i men tally
ob tained val ues, and ex per i men tally val ues of PP,
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Ta ble 3. Den sity, lin ear at ten u a tion co ef fi cients, and the o ret i cal val ues were mea sured us ing an XCOM da ta base for pure
PP, PP/Bi2O3/CuO(B), and Bi2O3/CuO(NP) com pos ites

Sam ple En ergy [kev]
Lin ear at ten u a tion co ef fi cient m Den sity r [gcm–3]

Bi2O3/CuO
Nano

Bi2O3/CuO3

Bulk(B) X-COM Bi2O3/CuO
Nano

Bi2O3/CuO3

Bulk(B)

Pure PP(0 wt %)

59.53 0.1770 0.1751

0.9277

356.01 0.1039 0.1055

661.66 0.0810 0.0816

1173.23 0.0624 0.0622

1332.5 0.0582 0.0582

5 wt %(PP\Bi2O3/CuO)

59.53 0.3908 0.3434 0.3901

0.9958 0.9692

356.01 0.1300 0.1151 0.1209

661.66 0.0937 0.0852 0.0888

1173.23 0.0692 0.0644 0.0674

1332.5 0.0646 0.0611 0.0630

10 wt % (PP\Bi2O3/CuO)

59.53 0.6028 0.5211 0.6230

1.0412 1.0109

356.01 0.1407 0.1233 0.1371

661.66 0.0996 0.0894 0.0963

1173.23 0.0727 0.0668 0.0728

1332.5 0.0669 0.0628 0.0679

15 wt % (PP\Bi2O3/CuO)

59.53 0.8431 0.7075 0.7148

1.1047 1.0614

356.01 0.1581 0.1362 0.1358

661.66 0.1073 0.0939 0.0943

1173.23 0.0773 0.0698 0.0698

1332.5 0.0706 0.0653 0.0652

20 wt % (PP\Bi2O3/CuO)

59.53 1.1040 0.9268 0.9338

1.1507 1.1183

356.01 0.1725 0.1494 0.1483

661.66 0.1113 0.0990 0.0997

1173.23 0.0802 0.0728 0.0731

1332.5 0.0728 0.0680 0.0683



PP/(Bi2O3/CuO) Bulk(B), and PP/(Bi2O3/CuO) NP(N)
com pos ites at 59.53 keV, 356.01 keV, 661.66 keV,
1173.23 keV, and 1332.5 keV. The ta ble also pres ents the
per cent age dis crep ancy be tween ex per i men tal and the o -
ret i cal val ues for PP com pos ites, and the com par a tive
rate of in crease be tween the val ues of (Bi2O3/CuO)
NP(N) and (Bi2O3/CuO) Bulk(B) com pos ites by us ing
the fol low ing eq. [33]

d
m m

m
=

-
×nano bulk

bulk

100[%] (15)

The PP/Bi2O3/CuO NP(N) com pos ite showed
higher val ues than its coun ter parts, as shown in tab. 4.
This dif fer ence is pri mar ily due to a greater con cen tra -
tion of Bi2O3/CuO fill ers per gram in Bi2O3/CuO NP
com pared to bulk Bi2O3/CuO fill ers. The dis crep ancy %
val ues in the ta ble in di cate a close agree ment be tween the 
ex per i men tally mea sured and the o ret i cally cal cu lated
val ues of mm for all PP com pos ites, af firm ing the pre cise
cal i bra tion of the mea sure ment setup.  The rel a tive in -
crease rate of d % val ues sug gests that the mass at ten u a -
tion co ef fi cient val ues of PP/Bi2O3/ CuO NP(N) com -
pos ite are higher com pared to PP/Bi2O3/CuO Bulk(B)
com pos ite at the same Bi2O3/CuO wt % and same in ves -
ti gated gamma-ray en ergy; the high sur face-to-vol ume
ra tio of nanocomposite height ens the like li hood of
gamma-ray in ter ac tion with the ab sorb ing com pos ite

sam ples. Typ i cally, densely packed at oms within the
poly mer ma trix ef fec tively at ten u ate the pri mary
gamma-ray beam by in creas ing the prob a bil ity of pho ton 
scat ter ing pro cesses [18]. Con versely, the PP/Bi2O3/
CuO NP(N) com pos ite dem on strates better gamma-ray
ab sorp tion ca pa bil i ties. There fore, it holds po ten tial as a
better gamma-ray shield ing ma te rial com pared to
PP/Bi2O3/CuO Bulk(B) com pos ites across the en tire
range of stud ied gamma-ray en er gies.

Ta bles 3 and 4 also show that LAC and MAC are
sig nif i cantly af fected by both the in ci dent en er gies of
gamma rays and the chem i cal com po si tion of the PP
com pos ites. It ex pe ri ences a sig nif i cant de crease be -
tween  the gamma-ray en er gies of 59.53 keV and
356.01 keV. Con versely, it dem on strates an in crease as
the weight frac tion of Bi2O3/CuO in the PP com pos ites
rises, in di cat ing a di rect re la tion ship. In this range of
pho ton en er gies, the pri mary in ter ac tion with the com -
pos ite sam ples is at trib uted to the pho to elec tric ef fect
[27]. This is be cause the pho to elec tric ef fect was in -
creased at high atomic num bers and low en er gies, and
de creased with in creas ing g-ray en ergy [28]. This ex -
plains the sharp de crease and the en hanced pho ton ab -
sorp tion ca pac ity with in creased Bi2O3/CuO filler con -
tent. The val ues of MAC and LAC de crease less
sig nif i cantly when the en ergy ex ceeds 661.66 keV due
to the ris ing oc cur rence of Compton scat ter ing [28] at
in ter me di ate en er gies that are rel a tive to the atomic
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Ta ble 4. Mea sured val ues of mass at ten u a tion co ef fi cients, rel a tive in crease rate, the o ret i cal val ues of mass at ten u a tion
co ef fi cients, and dis crep ancy for PP and PP com pos ites

Sam ple En ergy [keV]
Mass at ten u a tion co ef fi cient [cm2g–1]

PP XCOM D [%]

Pure PP (0 %)

59.53 0.1908 0.1888 1.053

356.01 0.1120 0.1138 1.587

661.66 0.0873 0.08802 0.807

1173.23 0.0673 0.06708 0.270

1332.5 0.0627 0.06283 0.153

Sam ple En ergy [keV] Bi2O3/CuO3 Bulk(B) Bi2O3/CuO Nano d [%] XCOM D [%]

5 wt % (PP/Bi2O3/CuO)

59.53 0.3543 0.3925 10.761 0.3504 1.120

356.01 0.1188 0.1306 9.926 0.1185 0.221

661.66 0.0879 0.0941 7.036 0.0883 0.441

1173.23 0.0664 0.0695 4.581 0.0666 0.302

1332.5 0.0630 0.0649 2.902 0.0623 1.048

10 wt % (PP/Bi2O3/CuO)

59.53 0.5155 0.5789 12.304 0.512 0.684

356.01 0.1220 0.1351 10.783 0.1232 0.994

661.66 0.0884 0.0957 8.159 0.0885 0.170

1173.23 0.0661 0.0698 5.657 0.0662 0.223

1332.5 0.0621 0.0643 3.421 0.0619 0.283

15 wt % (PP/Bi2O3/CuO)

59.53 0.6666 0.7632 14.490 0.6735 1.027

356.01 0.1283 0.1431 11.524 0.128 0.253

661.66 0.0885 0.0971 9.786 0.0888 0.451

1173.23 0.0658 0.0700 6.399 0.0658 0.071

1332.5 0.0615 0.0639 3.874 0.0615 0.022

20 wt % (PP/Bi2O3/CuO)

59.53 0.8287 0.9594 15.769 0.8351 0.762

356.01 0.1336 0.1499 12.214 0.1327 0.672

661.66 0.0885 0.0967 9.262 0.0891 0.712

1173.23 0.0650 0.0697 7.066 0.0653 0.433

1332.5 0.0608 0.0633 4.047 0.0610 0.434



num ber to the atomic weight ra tio (Z/M) and pair pro -
duc tion in ter ac tion at en er gies greater than 1173.2 keV.
The pri mary in ter ac tion de pends on the quan tity of un -
at tached elec trons per unit of mass, rather than on Z,
which di min ishes the sig nif i cance of the Bi2O3/ CuO
filler in the pro ce dure. Ad di tion ally, the con cen tra tions
of sup port ma te rial and the den sity of the nanocom pos -
ite were raised, lead ing to an im prove ment in the shield -
ing prop er ties for both kinds of sam ples.

Mo lec u lar and atomic cross-sec tion

Ta ble 5 pres ents the ex per i men tally mea sured
and the o ret i cally cal cu lated val ues of the to tal mo lec u -
lar cross-sec tion smol and the ef fec tive atomic
cross-sec tion satm for PP and its com pos ites. The re -
sults show a cor re la tion be tween the in ci dent gamma-
ray en er gies and the chem i cal com po si tion of the PP
com pos ites. The val ues of smol and satm ex hibit a pat -
tern sim i lar to m and mm, wherein they sharply de crease 
be tween gamma-ray en er gies of 59.53 keV and 356.01 
keV and then slightly de crease within the en ergy range 
from 661.66 keV to 1332.5 keV.

The smol and satml in creased as the Bi2O3/CuO filler
weight frac tion in creased for all PP com pos ites and de -
creased with in creas ing en ergy. More over, PP/Bi2O3/CuO

NP(N) com pos ites show the great est val ues of smol and satm

com pared to PP/Bi2O3/CuO Bulk(B) com pos ites when re -
tain ing Bi2O3/CuO weight frac tion and en ergy value.

The ex per i men tal de ter mi na tion of the mass at -
ten u a tion co ef fi cients for the main com pos ite el e -
ments of PP is chal leng ing due to their low atomic
num ber. The pa ram e ters sel, Zeff, and Neff are ob tained
us ing eqs. (7-11) and ex hibit sim i lar be hav ior across
dif fer ent gamma-ray en er gies. These pa ram e ters are
in flu enced by both the low gamma-ray en er gies of the
in ci dent and the chem i cal com po si tion of the PP com -
pos ites. The val ues of sel, Zeff, and Neff dem on strate an
in crease as the weight frac tion of Bi2O3/CuO in the PP
com pos ites in creases within the gamma-ray en ergy
range of 59.53 keV to 356.01 keV. This is at trib uted to
the pre dom i nant im pact of the pho to elec tric ef fects
with Z4-5 de pend ence [31] on the to tal in ter ac tion with
the com pos ite sam ples. Within the en ergy range of
gamma rays from 661.66 keV to 1332.5 keV, sel, Zeff

and Neff  main tain rel a tively con stant val ues across all
en er gies. This trend per sists with an in crease in the
mass frac tion of the filler Bi2O3/CuO due to the pre -
dom i nance of Compton scat ter ing [20]. Hence, the el -
e vated atomic num ber of bis muth and cop per, com -
pared to other el e ments in the PP com pos ite, along
with the in crease in mo lec u lar weight due to the higher 
wt %, does not sig nif i cantly im pact the PP com pos ites'
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Ta ble 5. To tal mo lec u lar cross-sec tion   and the ef fec tive atomic cross-sec tion  for PP and PP com pos ites at var i ous filler wt.
% and dif fer ent en er gies

Sam ple En ergy [keV]
To tal mo lec u lar cross-sec tion smol×10–24 (cm2

per/mol e cule)
Ef fec tive atomic cross-sec tion satm×10–24 (cm2

per atom)

PP XCOM PP XCOM

0 wt %
(PP/Bi2O3/CuO)

59.53 0.130 0.131 1.452 1.465

356.01 7.674 7.950 0.894 0.883

661.66 5.983 6.150 0.681 0.683

1173.23 4.609 4.687 0.525 0.520

1332.5 4.299 4.390 0.492 0.487

Sam ple En ergy [keV] Bi2O3/CuO
Bulk(B)

Bi2O3/CuO
Nano XCOM Bi2O3/CuO

Bulk(B)
Bi2O3/CuO

Nano XCOM

5 wt %
(PP/Bi2O3/CuO)

59.53 0.259 0.287 0.294 2.834 3.139 3.472

356.01 8.700 9.563 9.138 0.950 1.044 1.076

661.66 6.440 6.893 6.716 0.703 0.752 0.790

1173.23 4.867 5.090 5.097 0.531 0.555 0.600

1332.5 4.618 4.752 4.763 0.504 0.518 0.560

10 wt %
(PP/Bi2O3/CuO)

59.53 0.396 0.445 0.474 4.257 4.781 5.090

356.01 9.389 0.104 0.104 1.007 1.116 1.120

661.66 6.808 7.363 7.340 0.730 0.790 0.787

1173.23 5.087 5.374 5.549 0.545 0.576 0.595

1332.5 4.782 4.946 5.174 0.513 0.530 0.555

15 wt %
(PP/Bi2O3/CuO)

59.53 0.540 0.618 0.546 5.697 6.522 5.756

356.01 0.104 1.16 0.103 1.096 1.223 1.093

661.66 7.175 7.877 7.207 0.759 0.830 0.759

1173.23 5.333 5.675 5.337 0.562 0.598 0.562

1332.5 4.989 5.183 4.989 0.525 0.546 0.525

20 wt %
(PP/Bi2O3/CuO)

59.53 0.710 0.822 0.715 7.348 8.506 7.404

356.01 0.114 0.128 0.113 1.184 1.329 1.176

661.66 7.586 8.288 7.640 0.784 0.857 0.790

1173.23 5.578 5.972 5.602 0.577 0.617 0.579

1332.5 5.210 5.421 5.234 0.539 0.560 0.541



abil ity to at ten u ate gamma ra di a tion. This ob ser va tion
aligns with the ex per i men tal re sults for the mass at ten -
u a tion co ef fi cient.

HVL and TVL Val ues

The de sign of ef fec tive ra di a tion shield ing,
based on LAC cal cu la tions, heavily re lies on the
half-value layer (HVL) and tenth-value layer (TVL).
The HVL in di cates the thick ness of the ra di a tion
shield ing ma te rial needed to re duce the ra di a tion level
to 50 % of its ini tial value [30], while the TVL rep re -
sents the thick ness re quired to re duce the ra di a tion to
one-tenth of its orig i nal in ten sity [31]. Equa tions 12
and 13 are used to cal cu late the HVL and TVL, re spec -
tively. Ac cord ing to the find ings de picted in figs.
2(a-b), the HVL val ues of the tested com pos ites show
a sig nif i cant de crease com pared to pure PP, par tic u -

larly at lower en er gies and higher filler con cen tra tions. 
This leads to en hanced shield ing prop er ties of the
com pos ites com pared to pure PP. As pho ton en ergy in -
creases, the HVL val ues also in crease, re quir ing more
thick ness of ab sorb ing ma te rial to re duce the in ten sity
of the in ci dent ra di a tion, thus re duc ing its strength,
and pen e trat ing deeper into the ma te rial. The TVL di -
min ishes as the per cent age of filler weight rises and in -
creases with higher en ergy lev els, as il lus trated in figs.
3(a-b).

Re lax ation length l

The abil ity of a ma te rial to shield can be ex -
plained by its re lax ation length, also known as the
mean free path. This length re fers to the av er age dis -
tance a gamma pho ton trav els be fore col lid ing with at -
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Fig ure 2. Com par i son of HVL thick ness and gamma-ray en ergy for the (a) Bi2O3/CuO Bulk(B) com pos ites and
(b) Bi2O3/CuO Nano (NP) com pos ites

Fig ure 3. The poly mer com pos ites' TVL thick ness con cern ing the filler % weight (a) Bi2O3/CuO Nano (NP) com pos ites
and (b) Bi2O3/CuO Bulk(B) com pos ites



oms in the me dium. It was de ter mined us ing eq. (14),
and the out come is de picted in fig. 4. The equa tion in -
di cates that the re lax ation length de pends on the LAC,
with a higher LAC value cor re spond ing to a shorter re -
lax ation length. The graph shows that l de clines as the
filler weight per cent age in creases, but rises as gamma
en ergy in creases. Low-en ergy pho tons dis si pate their
en ergy over a lim ited dis tance, whereas high-en ergy
pho tons re quire a greater dis tance to dis si pate their en -
ergy. This in di cates that the shield ing prop erty of a ma -
te rial  im proves  as  its  re lax ation length de creases.
The val ues  of  LAC  for  a  nano com pos ite  con tain ing
20 wt % var ied from 1.1040 cm–1 at 59.53 keV to
0.0728 cm–1 at 1332.5 keV. At the same en ergy lev els,
the HVL ranged from 0.74 cm to 10.19 cm when com -
pared to the bulk and other nano-com pos ite sam ples.
This in di cates that the op ti mal shield ing pa ram e ters
were achieved when PP was re in forced with a
nanocomposite con tain ing 20 wt %.

As a re sult, the HVL val ues for the com pos ite
sam ple with 20 wt % were se lected for com par i son
with pure lead (Pb) due to its out stand ing ra di a tion
per for mance. Ta ble 7 dis plays the HVL ra tio of the PP
com pos ite with a 20% weight frac tion of Bi2O3/CuO
com pared to pure lead across the gamma-ray en ergy
range of 59.53 keV to 1332.5 keV, dem on strat ing the
ef fec tive ness of the in ves ti gated PP com pos ites as ma -

te ri als for shield ing against ra di a tion. The equiv a lence 
at 59.53 keV be tween 7.47 mm of 20 wt % nano
Bi2O3/CuO com pos ite and 0.13 mm of lead shield is
56.65 times the thick ness of lead. How ever, at a higher
en ergy of 1332.5 keV, 101.93 mm of this com pos ite is
only 9.08 times the thick ness of lead, which is equiv a -
lent to 11.21 mm of lead. There fore, this light weight
nanocomposite shows prom ise as an ab sorber for
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Fig ure 4. The poly mer com pos ites' re lax ation length
changes based on the filler's weight per cent age

Ta ble 6. To tal elec tronic cross-sec tion sel, ef fec tive atomic num ber Zeff, and elec tron den sity Neff for PP and PP com pos ites
at var i ous filler wt % and dif fer ent en er gies

Sam ple En ergy [keV]
sel (cm2/elec tron) Zeff Neff×1023 (elec trons /g)

Theoretical

0 wt % (PP/Bi2O3/CuO)

59.53 0.5471 2.6788 3.4502

356.01 0.3314 2.6653 3.4328

661.66 0.2562 2.6666 3.4345

1173.23 0.1953 2.6664 3.4342

1332.5 0.1829 2.6667 3.4346

En ergy [keV] Bi2O3/CuO Bulk(B) Bi2O3/CuO Bulk(B) Bi2O3/CuO Bulk(B)

5 wt % (PP/Bi2O3/CuO)

59.53 0.6199 5.6005 6.4930

356.01 0.3352 3.2093 3.7207

661.66 0.2577 3.0682 3.5571

1173.23 0.1961 3.0590 3.5464

1332.5 0.1837 3.0525 3.5390

10 wt % (PP/Bi2O3/CuO)

59.53 0.7001 7.2701 8.8022

356.01 0.3394 3.3017 3.9975

661.66 0.2593 3.0362 3.6761

1173.23 0.1971 3.0196 3.6560

1332.5 0.1846 3.0071 3.6408

15 wt % (PP/Bi2O3/CuO)

59.53 0.7306 7.8775 9.2169

356.01 0.3377 3.2383 3.7889

661.66 0.2576 2.9477 3.4489

1173.23 0.1954 2.8774 3.3666

1332.5 0.1830 2.8719 3.3601

20 wt % (PP/Bi2O3/CuO)

59.53 0.8057 9.1894 10.363

356.01 0.3402 3.4574 3.8993

661.66 0.2582 3.0610 3.4522

1173.23 0.1955 2.9650 3.3439

1332.5 0.1831 2.9572 3.3352



gamma rays and could serve as an al ter na tive to lead
shield ing.

CON CLU SION

The Bi2O3/CuO (70 %/30 % weight frac tion) mi -
cro-and nanocomposite with dif fer ent weight per cent -
ages (0 %, 5 %, 10 %, 15 %, and 20 %) re in forced into
PP sam ples have been thor oughly in ves ti gated for their
po ten tial use in ra di a tion at ten u a tion. Tests on the ef fec -
tive ness of gamma-ray pro tec tion against var i ous en -
ergy sources re vealed a good agree ment be tween the
ex per i men tal data and NIST-XCOM data. When add -
ing the Bi2O3/CuO weight frac tion to the PP com pos ite
at low gamma en er gies, the mass at ten u a tion co ef fi -
cients , to tal mo lec u lar cross-sec tion   , and ef fec tive
atomic cross-sec tion   all in creased. No ta bly, for all
gamma-ray en er gies, there is a sig nif i cant im prove ment 
in the nanocomposite NP(N) com pared to the Bulk(B)
com pos ites. This en hance ment is at trib uted to the high
elec tron den sity from the am pli fi ca tion of the
nano-filler in the poly mer ma trix, which in creases the
like li hood of gamma-ray in ter ac tion within the
nanocomposites. Con versely, in creas ing the weight
frac tion of Bi2O3/CuO in the com pos ites at low en er gies 
in creases the to tal elec tronic cross-sec tion, the ef fec tive 
atomic num ber, and the elec tron den sity. How ever, at
high en er gies, no sig nif i cant vari a tion is ob served, and
in creas ing the weight frac tion of Bi2O3/CuO in the
com pos ites de creases the half-value layer(HVL),
tenth-value layer (TVL), and re lax ation length ?. These
find ings are par tic u larly note wor thy at low en er gies.
The re sults of shield ing pa ram e ters dem on strate that for 
all tested en er gies, PP re in forced with nano Bi2O3/CuO
pro vides su pe rior at ten u a tion com pared to PP re in -
forced with mi cro Bi2O3/CuO. Ul ti mately, the com pos -
ite with 20 wt % (PP/Bi2O3/CuO) NP showed ex cel lent
shield ing qual i ties, sug gest ing that it could be a good al -
ter na tive for ra di a tion shield ing.
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KARAKTERISTIKE  SLABQEWA  GAMA  ZRA^EWA  POLIPROPILENOM
ISPUWENIM  U  MASI  NANOVELI^INAMA  Bi2O3  I  CuO

Polipropilen je proizveden kompresijskim presovawem i kombinovan sa nanokom-
pozitima Bi2O3/CuO  i  Bi2O3/CuO  sa  razli~itim  te`inskim  frakcijama  primesa (0 %, 5 %, 10 %,
15 % i 20 %). Energije gama zra~ewa iz ~etiri radioaktivna izvora (241Am, 133Ba, 137Cs i 60Co), u
rasponu od 59.53 keV do 1332.5 keV, kori{}ene su za procenu sposobnosti slabqewa zra~ewa novog
kompozitnog polimera PP/Bi2O3/CuO. Ispitani su parametri: maseni koeficijenti slabqewa,
ukupan molekulski presek, efektivni atomski presek, ukupan elektronski presek, elektronska
gustina, efektivni atomski broj, vrednosti sloja poluslabqewa i sloja desetostrukog slabqewa i
du`ina relaksacije. Rezultati su ukazali na zna~ajan uticaj veli~ine i masenog udela Bi2O3/CuO
primesa na sposobnost za{tite od gama zra~ewa polipropilenskog kompozita, posebno na ni`im
nivoima energije gama zraka. ^isto olovo, tradicionalni i {iroko upotrebqavan za{titni
materijal, kori{}en je kao referenca za procenu efikasnosti sloja poluslabqewa polipro-
pilenskog kompozita. Polipropilenski kompoziti koji sadr`e nanoveli~ine Bi2O3/CuO pokazali
su zna~ajna poboq{awa parametara slabqewa, nagla{avaju}i wihov potencijal za primenu u
za{titi od gama zra~ewa. 

Kqu~ne re~i: polipropilenski kompozit, Bi2O3/CuO nanokompozit, parametar slabqewa,
..........................za{tita od zra~ewa




