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Lead ox ide (PbO) bulk and nanoparticles of two dif fer ent sizes (A = 78 nm and B = 54 nm)
are in cor po rated sep a rately into the poly sty rene ma trix at var i ous con cen tra tions (0, 10, 15,
25, and 35 %) us ing roll mill mix ing and com press ing mold ing tech niques. The X-ray nar -
row-spec trum se ries (N-se ries / ISO 4037-1) is then used to in ves ti gate the ra di a tion at ten u a -
tion ca pa bil ity of the novel poly mer com pos ite PS/PbO, as well as the ef fect of vary ing PbO
par ti cle sizes on shield ing per for mance. The filler dis per sion and chem i cal el e men tal anal y sis
of the syn the sized com pos ite are in ves ti gated us ing scan ning elec tron mi cros copy and en -
ergy-dispersive X-ray spec tros copy. To de ter mine the mass at ten u a tion co ef fi cients mm, sam -
ples with var i ous thick nesses of the syn the sized com pos ite are ex am ined us ing a range of X-ray 
en er gies, and the ex per i men tal data are com pared to the o ret i cal val ues from NIST da ta bases
(XCOM and FFAST). The re sults in di cate that ei ther in creas ing the filler weight per cent age
or, de creas ing the filler par ti cle size, en hanced the at ten u a tion pa ram e ters through out all en -
er gies. The com pos ite con tain ing the small est nanosize of PbO ex hib ited the max i mum ra di a -
tion shield ing ef fi cacy among all com bi na tions and there fore, might be used to de velop
low-cost and light weight X-ray shields.
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IN TRO DUC TION

The X-ray spec tra are a com bi na tion of nar row
peaks on a con tin u ous spec trum, formed as a re sult of
char ac ter is tics and brems strah lung ra di a tion. The ma -
jor ity of di ag nos tic X-ray en er gies are in the range of 25
keV to around 200 keV [1]. The en ergy spec trum of the
X-ray beam is crit i cal in both di ag nos tics and ther a peu -
tics for the cor rec tion of beam hard en ing ar ti facts, the
pre dic tion of im age qual ity, and the eval u a tion of de tec -
tor per for mance [2]. Reg u lar cal i bra tion of all ra di a tion
in stru ments is main tained, based on in ter na tional stan -
dards set by the In ter na tional Atomic En ergy Agency
(IAEA) and the World Health Or ga ni za tion (WHO), for 
pre cise and ac cu rate dose mea sure ments [3, 4]. Ra di a -
tion beams, ei ther in in dus try or med i cine, are cal i -
brated us ing ra di a tion de tec tors hav ing di rectly or in di -
rectly trace able ra di a tion co ef fi cient com pared to a
pri mary stan dard. The pri mary stan dards are sup ported
by the pri mary stan dards do sim e try lab o ra to ries
(PSDL) world wide. In turn, the PSDL cal i brates sec -

ond ary stan dard do sim e ters for the sec ond ary stan dards 
do sim e try lab o ra to ries (SSDL) which are used to cal i -
brate the user's ref er ence in stru ments in hos pi tals (ion -
iza tion cham bers) or ra di a tion pro cess ing cal o rim e ters
[5, 6].

Around 80 % of X-ray doses re ceived by the
over all pop u la tion are from med i cal di ag nos tic X-ray
ex am i na tions. To over come the ad verse ef fects of ra -
di a tion, it is strongly rec om mended to uti lize shield ing 
ma te ri als with a high atomic num ber (Z). Due to its ef -
fec tive ness in pro vid ing high lev els of pro tec tion
against ion iz ing ra di a tion and its low-cost, lead (82Pb)
with a high den sity (11.35 gcm–3) has been widely
used, in the form of sheets, foils, plates, and bricks, to
block ra dio ac tive dif fu sions [7, 8]. To coun ter the high
weight and tox ic ity of the heavy metal, ef forts have
been made to re place it with lead ox ide PbO which,
when in cor po rated into poly mers, en hances the ra di a -
tion shield ing abil ity of such com pos ites [9, 10]. Poly -
sty rene (PS) is a brit tle ther mo plas tic poly mer, that has 
a high de gree of trans par ency, ri gid ity, and vis cos ity.
PS is uti lized in a range of ap pli ca tions, in clud ing elec -
tri cal and ther mal in su la tion, due to its ease of man u -
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fac ture and in ex pen sive cost, as well as its re sis tance to 
al co hols, al ka lis, oils, and ac ids [11]. In their re view of
ra di a tion shield ing poly meric com pos ites, More et al.
[12] re vealed that PS has been widely used since it is a
ther mo plas tic that can be re cy cled. Poly mer com pos -
ites are new prom is ing ma te ri als for ra di a tion shield -
ing due to their light weight, adapt abil ity, and low cost
[13, 14].

Cinan et al. [15] in ves ti gated the shield ing ef fi -
ciency of PbO doped cross-linked poly sty rene-b-
poly eth yl ene gly col (PS-b-PEG) and poly sty rene-b-
poly eth yl ene gly col-bo ron nitride (PS-b-PEG-BN)
nanocomposites, syn the sized by emul sion poly mer -
iza tion meth ods. The sam ples were ir ra di ated in var i -
ous gamma-ray pho ton en ergy re gions of 152Eu (from
121.78 keV to 1408.01 keV). The ob tained re sults
showed that the lin ear at ten u a tion m de creases when
en ergy in creases and the ra di a tion pro tec tion ca pac i -
ties of the sam ples were im proved when PbO per cent -
ages in creased. Azman et al. [16] in ves ti gated the
X-ray ra di a tion shield ing ca pa bil i ties of ep oxy com -
pos ites filled with PbO and Pb3O4. The ob tained re -
sults dem on strated that such com pos ites ex hibit strong 
at ten u a tion ca pa bil i ties, sug gest ing that they are suit -
able for di ag nos tic ra di ol ogy shield ing with re duced
health risks as so ci ated with Pb. Ghaseminejad et al.
[17] in ves ti gated the X-ray at ten u a tion prop erty of the
resin-ep oxy com pos ite syn the sized by add ing 5 and 10 
wt.% of graphene ox ide (GO), and 5 and 10 wt.% of
mod i fied graphene ox ide-lead ox ide (GO-PbO). The
syn the sized com pos ites were placed at a dis tance of 60 
cm from di ag nos tic X-rays, to mea sure the X-ray mass
at ten u a tion  co ef fi cients  at  20 kV,  40 kV, 60 kV, and
80 kV, at peak. The re sults showed that among all the
sam ples, the com pos ite with 10 wt.% of GO-mod i fied
PbO in ep oxy has the best X-ray shield ing prop erty.
Mahmoud et al. [18] con ducted an in trigu ing in ves ti -
ga tion on the ef fect of par ti cle size on the ra di a tion at -
ten u a tion ca pa bil i ties of a com pos ite. Lead ox ide PbO
nanoparticles were pre pared by the com bus tion
method. PbO bulk and PbO nanoparticles were in cor -
po rated into high-den sity poly eth yl ene (HDPE) with
weight frac tions of 10 % and 50 %. The pre pared com -
pos ites (HDPE/PbO Blk and HDPE/PbO NP) were
then eval u ated for ra di a tion shield ing ef fi ciency us ing
four typ i cal ra dio ac tive point sources (241Am, 133Ba,
137Cs, and 60Co). The re sults in di cated that, for all en -
er gies, the lin ear and mass at ten u a tion co ef fi cients
rose sig nif i cantly as the weight per cent age of PbO in
the HDPE ma trix in creased. Ad di tion ally, for the same 
weight frac tion, an in crease in the at ten u a tion co ef fi -
cient val ues was ob served for PbO NP filled com pos -
ites, com pared to PbO Bulk filled com pos ites. Kumar
et al. [19] used the MCNP code to eval u ate the mass at -
ten u a tion co ef fi cient, mm, half-value layer (HVL),
mean-free-path (MFP), tenth-value layer (TVL), and
ef fec tive atomic num ber (Zeff) val ues of a multi-com -
po nent glass se ries, and pre cisely de ter min ing the im -

pact of the PbO/GeO2 ad di tion on the com pos ite prop -
er ties. The ob tained re sults showed that bis muth bo -
rate glass with PbO/GeO2 of 30 mol % has the low est
MFP and HVL val ues, hence of fer ing greater ra di a tion 
pro tec tion ef fi ciency than all the other com bi na tions.

This work pro vided a new eco nom i cal, cost-ef -
fec tive, and easy pro cess ing com pos ite ma te rial for
shield ing against X-rays. More over, the par ti cle size
ef fect of PbO as a filler, through the in cor po ra tion of
var i ous  amounts  (10 wt.%,  15  wt.%,  25 wt.%,  and
35 wt.%) of ei ther bulk, or  PbO  nanoparticles of size
78 nm and 52 nm, into the PS poly mer ma trix, were in -
ves ti gated. The X-ray shield ing ca pa bil i ties of the
PS/PbO com pos ites were ex am ined us ing a nar -
row-spec trum X-ray beam (N-se ries) in an SSDL at
the Leb a nese Atomic En ergy Com mis sion (LAEC).
Nar row-spec trum se ries is crit i cal for cal i brat ing ra di -
a tion pro tec tion in stru ments and de ter min ing ra di a -
tion doses [20, 21]. The pur pose of this re search is to
find the op ti mal par ti cle size of PbO to em ploy as a
filler within the PS poly mer to pro duce light weight
com pos ites with re mark able shield ing per for mance
against X-ray ra di a tion.

THE O RET I CAL VIEW POINT 

The lin ear at ten u a tion co ef fi cient

The lin ear at ten u a tion co ef fi cient m [cm–1], de -
scribes the frac tion of in ci dent pho tons at ten u ated in a
monoenergetic beam, per unit thick ness of a ma te rial. It
takes into ac count all the pos si ble in ter ac tions, such as
co her ent scat ter ing, Compton scat ter, and the pho to -
elec tric ef fect. The lin ear at ten u a tion co ef fi cient in -
creases as the atomic num ber and phys i cal den sity of
the ab sorb ing ma te rial in crease. It de creases as pho ton
en ergy in creases, ex cept at K-edge [22]. The in ten sity
of the beam at a dis tance x (cm) within a ma te rial is cal -
cu lated us ing the Beer-Lam bert law.

I I x= -
0e m (1)

where I is the in ten sity at a depth of x (cm), I0 – the ini -
tial in ten sity, and µ – the lin ear at ten u a tion co ef fi cient.

The mass at ten u a tion co ef fi cient

The mass at ten u a tion co ef fi cient mm is a nor mal -
iza tion of the lin ear at ten u a tion co ef fi cient per unit
den sity r of a ma te rial, yield ing a con stant value for
any given el e ment or com pound. It's ex pressed as

m
m

r
m = (2)

Half and tenth value lay ers

The HVL and TVL are the thick nesses or lay ers of 
a shield or ab sorber that re duce the in ten sity of ra di a -
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tion by one-half and one-tenth of the ini tial in ten sity,
re spec tively.

HVL
Ln

=
2

m
(3)

TVL
Ln

=
10

m
(4)

Re lax ation length

The av er age dis tance be tween two suc ces sive
in ter ac tions is called the re lax ation length l; it is also
called a pho ton mean free path and can be cal cu lated
from  the  value  of   the  lin ear  at ten u a tion  co ef fi cient
m [cm–1]

l
m

=
1

(5)

Heavi ness

The heavi ness of the com pos ite was cal cu lated
ac cord ing to pure lead as a stan dard nor mal ized to
100 %, us ing the fol low ing for mula

Heaviness
Density of composite

Density of lead
= ×100[%] (6)

MA TE RI ALS AND METH ODS

Ma te ri als

Com mer cial PS pur chased from Egyp tian Sty rene
Poly sty rene  Pro duc tion  Com pany,  with a  den sity  of
1.03 gcm–3 and melt flow rate of 11.10 g per 10 min, was
used as a poly mer ma trix. Lead (II) ox ide (PbO) from
Sigma-Aldrich, yel low pow der with pu rity ³ 99.00 %,
mo lec u lar weight 223.30 gmol–1, and den sity 9.53 gcm–3,
was uti lized for the syn the sis of PbO nanoparticles and
used as fill ers in the com pos ites.

The PbO nanoparticles syn the sis

Retsch PM 100 plan e tary ball mill ing ma chine
was used for the prep a ra tion of PbO nanoparticles. The
mill ing pro cess was con ducted in a 250 ml zir co nium
ox ide jar, the weight ra tio of the zir co nium ball of pow -
der was 10:1, and the ro ta tion speed was set to 400 rpm.
The mill ing op er a tion was re peated for four dif fer ent
mill ing times (15, 30, 60, and 120 min utes). Each mill -
ing pro cess con sisted of a 5-min ute grind fol lowed by a
1-min ute break to avoid over heat ing of metal ox ide par -
ti cles. The PbO par ti cles grinded for 30 and 60 min utes
achieved nano sizes of 78 nm and 54 nm, re spec tively,
and were de noted PbO NP(A) and PbO NP(B).

The PS/PbO com pos ite syn the sis

The prep a ra tion of PS/PbO com pos ite was per -
formed us ing roll mill mix ing and com pres sion mold -

ing  tech niques  by add ing var i ous amounts (0 wt.%,
10 wt.%, 15 wt.%, 25 wt.%, and 35 wt.%) of ei ther
bulk, PbO NP(A), and PbO NP(B) as fill ers, as de -
scribed in tab. 1. In this method, PbO and poly sty rene
with ap pro pri ate pro por tions were sen si tively
weighed and mixed thor oughly in a two-roll  mill 
mixer  (XK400, Shandong, China) at 200 °C. To en -
sure proper filler dis tri bu tion and com pos ite ho mo ge -
ne ity, the mix ing du ra tion and roll speed were set to 30
min utes and 50 rpm, re spec tively. The sam ple was
gath ered, grinded, and spilled into a mold of stain less
steel (25 cm × 25 cm × 0.3 cm) then placed be tween
tef lon lay ers to get a smooth sur face. The next step
con sists of hot press ing the sam ple for 15 minutes at
200 °C and 20 MPa by ap ply ing the hy drau lic press.
Af ter sintering, the shaped com pos ite sam ple was
grad u ally cooled to am bi ent tem per a ture un der com -
pres sion for 15 minutes. A tem plate of the spec i men's
shapes for re quired tests was pre pared and disc spec i -
mens of 8.5 cm di am e ter were cut from the pre pared
sam ples for the eval u a tion of ra di a tion prop er ties, as
shown in tab. 1.

EX PER I MEN TAL TECH NIQUES

Sam ple den sity mea sure ment

The ap par ent den sity r of the sam ples was de ter -
mined ac cord ing to the Ar chi me des prin ci ple based on 
the fol low ing expression.

r r=
-

é

ë
ê

ù

û
ú

M

M Ma w
w (7)

where M, Ma, and Mw are the mass of the sam ple
weighed at the bal ance, the mass weighed when the
sam ple is hang ing on the bal ance arm sus pended in the
air, and the mass weighed when the sam ple is hang ing
on the bal ance arm im mersed in wa ter, re spec tively,

A. F. Osman, et al.: Ef fect of PbO In cor po ra tion with Dif fer ent Par ti cle Size on ...
20 Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2022, Vol. 37, No. 1, pp. 18-30

Ta ble 1. Code and com po si tion of the pre pared sam ples

Sam ple code De scrip tion

 PS  Poly sty rene with out re in force ment

 PbO bulk  Lead ox ide as pro vided by Sigma Aldrich

 PbO NP(A)  Lead ox ide nanoparticle size 78 nm

 PbO NP(B)  Lead ox ide nanoparticles size 52 nm

 PS/PbO Bulk10  PS re in forced with 10 wt.% of PbO Bulk

 PS/PbO Bulk15  PS re in forced with 15 wt.% of PbO Bulk

 PS/PbO Bulk25  PS re in forced with 25 wt.% of PbO Bulk

 PS/PbO Bulk35  PS re in forced with 35 wt.% of PbO Bulk

 PS/PbO NP(A)10 PS re in forced with 10 wt.% of PbO NP(A)

 PS/PbO NP(A)15  PS re in forced with 15 wt.% of PbO  NP(A)

 PS/PbO NP(A)25  PS re in forced with 25 wt.% of PbO  NP(A)

 PS/PbO NP(A)35  PS re in forced with 35 wt.% of PbO NP(A)

 PS/PbO NP(B)10  PS re in forced with 10 wt.% of PbO  NP(B)

 PS/PbO NP(B)15  PS re in forced with 15 wt.% of PbO  NP(B)

 PS/PbO NP(B)25  PS re in forced with 25 wt.% of PbO NP(B)

 PS/PbO NP(B)35  PS re in forced with 35 wt.% of PbO NP(B)
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where  rw is the den sity of wa ter (1.00 gcm–3). A cal i -
brated bal ance (M-120, Den ver In stru ment) with a
pre ci sion of 0.1 mg was used for mass eval u a tion.
Equation (8) was used to cal cu late the the o ret i cal den -
sity val ues for the com pos ites

r
r r

T
m m f fM M

=
+

100

/ /
(8)

where Mm is the wt.% of PS, Mf  – the wt.% of PbO, rm

– the den sity of PS, and rf  – the den sity of PbO.

Scan ning elec tron mi cro scope – en ergy
dispersive x-ray spec tros copy (SEM-EDS)

Sam ples were coated with a 5 nm gold layer us -
ing a mag ne tron sput ter ing ma chine (Quo rum Q150R 
ES, Ja pan) to in hibit charg ing dur ing the im ag ing pro -
cess since the com pos ite is poly mer-based. All sam -
ples were then an a lyzed by SEM (JCM-6000 plus,
JEOL, Ja pan). Im ages were taken at three dif fer ent
mag ni fi ca tion or ders (´100, ´900, and ´1500) un der
a low vac uum at 15 kV us ing PC-High mode. EDS
quan ti ta tive anal y sis was also per formed at mag ni fi -
ca tion or der ́ 100 to study the el e men tal com po si tion
of the sam ples. 

Ex per i men tal setup for X-ray
at ten u a tion mea sure ments

The X-ray shield ing pa ram e ters, such as mass
at ten u a tion co ef fi cients, half-value layer, tenth-value
layer, and heavi ness, were eval u ated by in ves ti gat ing
the ra di a tion at ten u a tion per for mance of the poly mer
com pos ite at the Sec ond ary Stan dard Do sim e try Lab -

o ra tory (SSDL, LAEC). The set-up of the ex per i ment
was mainly di vided into four parts:
– The X-ray tube (irradiator).
– The nar row-spec trum fil tra tion (Qual ity beam).
– The sam ples and holder.
– The ra di a tion de tec tion sys tem. 

The de tailed sys tem setup is de scribed in fig. 1.
The COMET MXR225/22 X-ray tube was used

for ir ra di a tion with a beam collimation di am e ter of 3
cm, as shown in fig. 1. The N-type fil ters, which are
placed 4 cm from the tube collimator and have a di am e -
ter of 7 cm, are de scribed in tab. 2 [23]. The re sult ing
beam is the N-se ries ref er ence X-ray beam rec om -
mended by ISO 4037-1, and used with tube volt age
rang ing from 40 to 250 kV for ra di a tion pro tec tion pur -
poses (nar row-spec trum se ries: N-40 to N-250). The
sam ple is placed 45 cm away from the X-ray tube on a
holder with a 7 cm collimator and a 5 cm hor i zon tal
sup port.

The solid-state de tec tor (Radcal, AGMS-DM+,
USA) is placed 50 cm away from the X-ray tube and is
con nected to the electrometer (Radcal Accu Gold) lo -

Fig ure 1. The ex per i men tal set-up for the ra di a tion at ten u a tion mea sure ments

Ta ble 2. Char ac ter is tics of the N-type fil ters of X-ray spec tra

Thick ness [mm]

N fil ter com po si tion Added Al

X-ray
qual ity Pb Sn Cu Al

N-40 -- -- 0.213 3.8

N-60 -- -- 0.616 3.8

N-80 -- -- 1.980 3.8

N-100 -- -- 5.0 3.8

N-120 -- 1.016 4.964 3.8

N-150 -- 2.621 -- 3.8

N-200 1.065 3.219 1.980 3.8

N-250 3.099 2.142 -- 3.8



cated in the SSDL's con trol room. The AGMS-DM+ is 
a solid-state multi-pa ram e ter de tec tor with a de tec tion
dose thresh old of 80 nGy and a 5 % ac cu racy. It mea -
sures dose, dose rate, ex po sure time, kVp with FFT
anal y sis, Flash HVL, and beam fil tra tion. A la ser beam 
was used to en sure the align ment of the X-Ray source,
the stud ied sam ple, and the de tec tor. At the time of ir -
ra di a tion, a mon i tor ing cam era was set up to ob serve
the ex per i ment. The shield ing per for mance of the
com pos ites was as sessed for tube volt ages rang ing
from 40 to 200 kV, which is the range com monly used
in med i cal ra di ol ogy de part ments. Herrati et al. [20]
cal cu lated the mean en ergy by sim u lat ing the X-ray
spec tra of the qual ity X-ray Beam. Ta ble 3 sum ma rizes 
the val ues of mean en er gies. The ex po sure time for
each mea sure ment was set to 30 sec onds. Ta ble 3 also
in di cates the tube cur rent de ter mined in line with the
tube volt age, as rec om mended by COMET.

The re sults were plot ted and the lin ear at ten u a -
tion co ef fi cient was cal cu lated as the slope of Ln
(D0/Dx) vs. x, as il lus trated in fig. 2. 

RE SULTS AND DIS CUS SIONS

Sam ples den sities

The o ret i cal and Ar chi me des meth ods were used to 
cal cu late com pos ite den si ties us ing eqs. (7) and (8), and
the re sults are dis played in tab. 4. The re sults showed that 
the val ues are sim i lar for both meth ods, and the den sity
of the com pos ites in creased with in creas ing PbO con -

tent, as a re sult of the high den sity of PbO. At high filler
con cen tra tions (25 wt.% and 35 wt.%), the re sults were
not en tirely in agree ment with the o ret i cal val ues due to a
short age of PS to com pletely cover the sur faces of the
filler pow der, re sult ing in an in crease in the num ber of
pores and hence, a re duc tion in the com pos ite's den sity
[24].

Scan ning elec tron mi cro scope – en ergy
dispersive X-ray spec tros copy

Fig ure 3(a)-3(f) shows the SEM mi cro graphs
with the cor re spond ing EDS spec tra for pure PS and
PS/PbO com pos ites with 10 wt.% and 35 wt.% of the
var i ous sizes of PbO filler. Pure poly sty rene ap peared
to have a rough and com pact sur face, whereas the tex -
ture mor phol ogy of the PS/PbO com pos ite re vealed a
sig nif i cant vari a tion, with PbO par ti cles ap pear ing
brighter due to their high atomic num ber. The SEM
mi cro graphs in di cated that the grain size of PbO was
re lated to PbO type, where PS/PbO Bulk showed a
larger PbO par ti cle size than PS/PbO NP(A) which, in
turn, dis played a larger size than PS/PbO NP(B). Ad -
di tion ally, the num ber of PbO par ti cles in the mi cro -
graphs in creased by in creas ing the PbO load in the
com pos ite. Im ages of PS/PbO with 35 wt.% cap tured
more PbO par ti cles than the im ages of PS/PbO with
10.wt %.  As shown in the mi cro graphs in figs. 4(a),
4(c), and 4(e) the amount of PbO par ti cles in the com -
pos ite in creased with de creas ing PbO par ti cle size. 

Al though mi nor ag glom er a tions are vis i ble as
blurry white patches in the SEM el e men tal map ping of 
Pb, shown in the in sets of fig. 3(b), 3(d), and 3(f), PbO
was found to be fairly uni formly dis persed over the
com pos ite's sur face. The PbO dis per sion ap peared to
im prove with de creas ing par ti cle size, in di cat ing good
in ter fa cial ad he sion be tween the poly mer chains and
PbO nanoparticles due to their high sur face-to-vol ume 
ra tio. De spite the high PbO con cen tra tion of 35 wt.%,
the PbO par ti cles were well dis persed in PS/PbO
NP(B) com pared to PS/PbO NP(A) which, in turn, ex -
hib ited better par ti cle dis per sion than PS/PbO Bulk, as 
shown in fig. 3(b), 3(d), and 3(f).

The EDS was used to de ter mine the sur face el e -
men tal com po si tion of pure PS and PS/PbO com pos -
ite. An ex am i na tion of the EDS spec tra in fig. 3 dem -
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Ta ble 3. The val ues of mean en ergy and COMET
 rec om men da tion for tube cur rent

N-se ries X-ray tube
volt age [kV]

Emean [keV] Tube cur rent
[mA]

N-40 40 33 10

N-60 60 48 15

N-80 80 65 15

N-100 100 83 15

N-120 120 100 10

N-150 150 118 10

N-200 200 164 5

Fig ure 2. The plot of Ln (D0/Dx) vs. thick ness x

Ta ble 4. Sam ples com pos ite den si ties

Sam ple
Den sity [gcm–3]

rThe ory rArchamedes

PS 1.030 1.031

PS/PbO
bulk

PS/PbO
NP(A)

PS/PbO
NP(B)

PbO
wt.%

10 wt.% 1.131 1.132 1.112 1.136

15 wt.% 1.189 1.181 1.155 1.152

25 wt.% 1.326 1.264 1.236 1.267

35 wt.% 1.498 1.438 1.4015 1.356
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Fig ure 3. The SEM pho tos and the cor re spond ing EDS spec tra for the Poly sty rene and PS/PbO com pos ites



on strated that car bon is the pre dom i nant el e ment at
roughly 80 wt.%, and em pha sized the pres ence of Pb
el e ments in the com pos ite's spec tra. The Au-peak,
which ap peared in the PS EDS spec trum, is at trib uted
to the gold coat ing of the sam ples [25]. The EDS was
per formed in a low vac uum, which ex plains the ap -
pear ance of ox y gen and ni tro gen peaks in the spec tra
as a re sult of gas ion iza tion caused by the gen er ated
elec tron beam. Fur ther more, a very weak Na-peak was 
de tected, which could be a re sult of sam ple con tam i na -
tion or wa ter ad sorp tion [26-28]. Ta ble 5 il lus trated the 
mass per cent dis tri bu tion of car bon and lead. The Pb
peak at 2.342 keV was raised by in creas ing PbO
weight per cent in the com pos ite, im ply ing an eq ui ta -
ble dis tri bu tion of par ti cles. Ad di tion ally, the rel a -
tively high Pb mass per cent was ex clu sively as signed
to the PS/PbO com pos ite with the small est par ti cle
size PbO NP(B), show ing wide spread Pb dif fu sion on
the com pos ite's sur face as a re sult of par ti cle size re -
duc tion. The dis par ity be tween the weight frac tion of
filler and the mass per cent mea sured by EDS was due
to pu rity is sues.

The X-ray at ten u a tion mea sure ments

Mass at ten u a tion co ef fi cient

To de fine the at ten u a tion be hav ior of a sam ple, it
is more ad van ta geous and ac cu rate to use the mass at -
ten u a tion co ef fi cient mm [cm2g–1]. The ex per i men tal
val ues for PS, PS/PbO Bulk, PS/PbO NP(A), and
PS/PbO NP(B) are listed in tab. 6 for the en er gies of
the nar row-spec trum X-ray beam uti lized. The ob -

served re sults of mm for the PS/PbO bulk were com -
pared to the o ret i cal val ues cal cu lated from Hubbell's
da ta base (XCOM NIST Stan dard Ref er ence Da ta base
8) and Chantler's da ta base (FFAST NIST Stan dard
Ref er ence Da ta base 66) [29]. This ex per i ment used a
N-se ries X-ray beam rather than the monoenergetic
pho ton beam used in Xcom or the con tin u ous spec -
trum X-ray beam used in FFAST, which ac counts for
some sub stan tial dis crep an cies in tab. 6. Fur ther more,
be cause NIST does not con sider the filler size and
struc ture, the val ues of the mass at ten u a tion co ef fi -
cient from NIST da ta bases could be uti lized as guid -
ance lev els. How ever, the high qual ity of the ex per i -
men tal data, as well as the ob served trend con cern ing
en ergy, are strong in di ca tors of the va lid ity of the cur -
rent ap proach.

Fig ure 4 de picts the vari a tion of the mass at ten u -
a tion as a func tion of en ergy. The mass at ten u a tion of
PS/PbO Bulk, PS/PbO NP(A), and PS/PbO NP(B) de -
creased with in creas ing X-ray en ergy from 33 keV to
80 keV and from 100 keV to 164 keV. A sharp in crease
from 80 keV to 100 keV cor re sponds to the K-edge of
Pb at 88 keV, where pho to elec tric ab sorp tion of X-ray
pho tons at en er gies just be yond the bind ing en ergy of
the k-shell elec trons dom i nates [30]. In gen eral, pho -
tons in ter act with ma te ri als pri mar ily through the pho -
to elec tric ef fect in the low en ergy range, whereas
Compton scat ter ing dom i nates in the high en ergy
range. The at ten u a tion de creases with in creas ing pho -
ton en ergy due to the en ergy de pend ence of the pho to -
elec tric ef fect [31, 32]. Ad di tion ally, fig. 4 shows
clearly that the mass at ten u a tion of PS/PbO com pos -
ites in creases as PbO con cen tra tion in creases across
all en ergy ranges. The cross-sec tion of the pho to elec -
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Fig ure 4. Mass at ten u a tion co ef fi cient for (a) PS/PbO bulk, (b) PS/PbO NP(A), and (c) PS/PbO NP(B)

Ta ble 5. El e men tal com po si tion and mass per cent of PS/PbO com pos ites eval u ated by EDS

El e ment Peak en ergy
[keV]

Mass [%]

PS/PbO (bulk) PS/PbO (A) PS/PbO (B)

10 % 35 % 10 % 35 % 10 % 35 %

C 0.277 88.06 ± 0.04 78.49 ± 0.04 84.18 ± 0.11 75.10 ± 0.10 83.21 ± 0.10 75.23 ± 0.11

Pb 2.342 3.19 ± 0.03 11.89 ± 0.04 4.81 ± 0.09 16.47 ± 0.12 7.77 ± 0.09 17.45 ± 0.13



tric ef fect (Z4/E3.5) in creased since it de pends on the
higher load ing of Pb with high atomic num ber Z, and
hence, in creased the pho ton ab sorp tion ca pa bil ity of
the com pos ite. For the X-ray beam N60 with en ergy 48 
keV, the val ues of mass at ten u a tion co ef fi cients for
PS/PbO bulk com pos ite in creased from 0.9684 cm2g–1

to 1.8510 cm2g–1 as the weight per cent of PbO bulk in -
creases from 10 to 35 wt.%, re flect ing an in cre ment of
91 % of mm.

Fig ure 5 il lus trates the com par i son of the mass
at ten u a tion co ef fi cient for the com pos ites with var i ous 
PbO sizes (PS/PbO Bulk, PS/PbO NP(A), and PS/PbO 
NP(B)) con cern ing X-ray en ergy and PbO con cen tra -
tion. Along with the pre vi ously dis cussed de pend ence

of mm on X-ray en ergy and PbO weight per cent, the ef -
fect of PbO par ti cle size is readily ap par ent. 

For X-ray beam N40 with en ergy 33 keV, the
mass at ten u a tion val ues for PS/PbO NP(B) are greater
than that for PS/PbO NP(A), which in turn are greater
than that for PS/PbO Bulk, in di cat ing that par ti cle size
has a sig nif i cant ef fect at this en ergy level. The in -
creas ing rate of mm is ap prox i mately 35 % with
PS/PbO NP(A) 35 wt.% over PS/PbO (Bulk) 35 wt.%,
while PS/PbO NP(B) 35 wt.% ex hib ited a 42 % in -
crease. For X-ray beams N60 to N200 with an en ergy
range of 48 to 164 keV, the mass at ten u a tion co ef fi -
cients for PS/PbO com pos ites are close at low filler
con cen tra tions (10 wt.% and 15 wt.%), with no change 

A. F. Osman, et al.: Ef fect of PbO In cor po ra tion with Dif fer ent Par ti cle Size on ...
Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2022, Vol. 37, No. 1, pp. 18-30 25

Ta ble 6. Ex per i men tal val ues of mass at ten u a tion co ef fi cient mm for the PS, PS/PbO bulk, PS/PbO NP (A), and PS/PbO NP
(B) at en er gies of nar row-spec trum X-ray beam

ISO 4037 code N40 N60 N80 N100 N120 N150 N200

Tube volt age [kV] 40 60 80 100 120 150 200

Energymean [keV] 33 48 65 80 100 118 164

mm Mass at ten u a tion co ef fi cient [cm2g–1]

PS 0.142 0.152 0.139 0.133 0.121 0.115 0.102

NIST XCOM 0.219 0.188 0.175 0.166 0.159 0.153 0.140

D% (Xcom) 34.85 19.36 20.39 19.62 23.68 24.61 26.84

FFAST 0.246 0.215 0.192 0.175 0.163 0.153 0.134

D% (FFAST) 42.16 29.42 27.47 23.83 25.50 24.64 24.02

PS/PbO bulk 10 2.426 0.968 0.512 0.440 0.497 0.410 0.236

NIST XCOM 2.282 0.935 0.498 0.328 0.640 0.463 0.268

D% (Xcom) 2.43 0.97 0.51 0.44 0.50 0.41 0.24

FFAST 2.366 1.006 0.544 0.355 0.634 0.469 0.275

D% (FFAST) 2.51 3.75 5.90 23.95 21.56 12.55 14.09

PS/PbO NP(A)10 2.641 0.861 0.466 0.391 0.439 0.359 0.211

PS/PbO NP(B)10 2.635 0.921 0.481 0.417 0.458 0.379 0.226

PS/PbO bulk 15 3.880 1.293 0.666 0.542 0.645 0.531 0.296

NIST XCOM 3.313 1.309 0.660 0.410 0.880 0.619 0.333

D% (Xcom) 17.10 1.21 1.08 32.35 26.75 14.17 11.16

FFAST 3.426 1.402 0.720 0.445 0.869 0.626 0.345

D% (FFAST) 13.24 7.76 7.41 21.84 25.81 15.25 14.36

PS/PbO NP(A)15 4.147 1.401 0.727 0.581 0.701 0.580 0.326

PS/PbO NP(B)15 5.439 1.270 0.662 0.565 0.638 0.525 0.292

PS/PbO bulk 25 4.718 1.822 0.933 0.709 0.885 0.741 0.402

NIST XCOM 5.376 2.057 0.983 0.572 1.360 0.929 0.461

D% (Xcom) 12.23 11.43 5.02 23.91 34.95 20.21 12.96

FFAST 5.546 2.193 1.072 0.625 1.339 0.942 0.485

D% (FFAST) 14.92 16.94 12.93 13.43 33.94 21.32 17.29

PS/PbO NP(A)25 5.234 1.943 0.978 0.692 0.903 0.771 0.418

PS/PbO NP(B)25 6.419 2.031 1.014 0.784 0.980 0.814 0.436

PS/PbO bulk 35 5.105 1.851 0.963 0.694 0.875 0.74 0.413

NIST XCOM 7.440 2.804 1.306 0.735 1.841 1.239 0.590

D% (Xcom) 31.39 33.99 26.26 5.57 52.49 39.57 30.05

FFAST 7.666 2.985 1.424 0.805 1.810 1.258 0.626

D% (FFAST) 33.41 37.99 32.37 13.82 51.67 40.48 34.06

PS/PbO NP(A)35 6.896 2.019 1.024 0.758 1.024 0.826 0.454

PS/PbO NP(B)35 7.247 2.904 1.382 1.062 1.344 1.222 0.646



in be hav ior due to par ti cle size, in di cat ing a slight in -
crease in mass at ten u a tion co ef fi cient val ues, for
PS/PbO com pos ites with PbO NP(A). At high filler
con cen tra tions (25 wt.% and 35 wt.%), mass at ten u a -
tion co ef fi cients in crease as par ti cle size de creases,
reach ing a max i mum with PS/PbO NP(B), com pared
to PS/PbO NP(A) and PS/PbO Bulk. For N100 and
N120 beams with an en ergy range sur round ing the Pb
K-edge, the mass at ten u a tion val ues of PS/PbO NP(B)
and PS/PbO (Bulk) were 1.062 and 0.694 cm2g–1 for
N100, and 0.875 and 1.344 cm2g–1  for N120, re spec -
tively, in di cat ing an in cre ment level of 53 % caused
solely by the ef fect of par ti cle size.

Com par ing mass at ten u a tion co ef fi cient val ues
dem on strates that as par ti cle size de creases, the com -
pos ite ab sorbs more pho tons, par tic u larly at low en er -
gies and at Pb K-edge. When par ti cle size de creases, the 
den sity and num ber of par ti cles per unit weight in -
crease, the dis tance be tween the nanoparticles de -
creases, and the par ti cles are uni formly dis trib uted over
a larger sur face area within the poly mer ma trix due to
the high sur face-to-vol ume ra tio, and there fore in creas -
ing the prob a bil ity of the in ci dent X-ray to in ter act with
more dense ma te rial and more Pb par ti cles [33]. Sev eral 
au thors have ad dressed the ef fect of filler grain size on
trans mit ted ra di a tion in ten sity. The in ves ti ga tion was
con ducted be tween mi cro-sized and nanosized par ti -
cles and re vealed that nanosized par ti cles ex hibit high
dis per sion forces and per form better in ra di a tion at ten u -
a tion [34-37]. This re search dem on strates that this con -
clu sion holds at the nano-scale as well.

Half value layer, tenth value layer,
and the re lax ation length

Ta bles 7-9 list the ex per i men tal val ues of HVL,
TVL, and l for all PS/PbO com pos ites, at all X-ray en -

er gies, re spec tively. The HVL, TVL, and l are all re -
garded as crit i cal pa ram e ters in ra di a tion shield ing.
These prac ti cal val ues in di cate the re quired shield
thick ness to re duce the in ci dent beam to half or a tenth
of its ini tial in ten sity and are in versely pro por tional to
the mass at ten u a tion co ef fi cient. These pa ram e ters in -
crease with in creas ing pho ton en ergy from 33 keV
(N40) to 80 keV (N100), then de crease at 100 keV
(N120) and keep in creas ing for higher en er gies (N150,
N200). This be hav ior is as cribed to the pres ence of the
Pb K-edge at 88 keV. Ac cord ing to the ob tained re sults,
in creas ing PbO con tent would pave the way for a more
com pact shield [38]. The nano-size ef fect of PbO par ti -
cles is ob served in fig. 6, the small est nano-size filler
pro vides better shield ing per for mance with re mark able
pa ram e ters. For X-ray beam N120 at 100 keV, the HVL, 
TVL, and l of PS/PbO NP(B) 35 wt.% are 0.3804 cm,
1.26 cm, and 0.55 cm, re spec tively, while for PS/PbO
Bulk 35 wt.% are 0.551 cm, 1.83 cm, and 0.79 cm,
which are 31 % less due to the par ti cle size ef fect in the
nanoscale. This com par i son can also be made at the
nanometric level, where PS/PbO NP(B) 35 wt.%
shield ing pa ram e ters showed a re duc tion of 21 % com -
pared to PS/PbO NP(A) 35 wt.%.

Heavi ness

Heavi ness is also an im por tant fac tor in the ap -
pli ca tion of any shield ing ma te rial. The light ness of
poly mer com pos ites is what makes them so ap peal ing.
Fig ure 7 de picts the per cent heavi ness of the poly sty -
rene re in forced by high-den sity lead ox ide, as well as
some con ven tional shield ing ma te ri als, and was cal cu -
lated us ing eq. (6). Ac cord ing to the chart, with lead at
100 % heavy, con crete, bar ite, and steel are 20.28 %,
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Fig ure 5. Mass at ten u a tion
co ef fi cient vs. en ergy and wt.%
for PS/PbO bulk, PS/PbO NP (A),
and PS/PbO NP (B) com pos ites



39.5 %, and 69.22 % heavy, re spec tively. In the case of
PS/PbO com pos ites, the heavi ness of PS/PbO NP(B)
35 wt.% is 12.7 % of lead, whereas for poly sty rene is
9.1 % of lead. As a re sult, when com pared to tra di -
tional shield ing ma te ri als such as lead, bar ite, and
steel, the poly mer nanocomposites are light weight
shields [39-41].

CON CLU SION

In this study, the ef fect of par ti cle size and con cen -
tra tion of PbO on X-ray shield ing prop er ties of PS/PbO
com pos ites was in ves ti gated by mea sur ing the mass at -

ten u a tion co ef fi cients, HVL, TVL, and l, us ing the nar -
row-spec trum X-ray, used for ra dio log i cal pur poses. As
dem on strated by SEM, good par ti cle dis per sion in the
polymer was ob tained, when the filler par ti cle size was
re duced. The ex per i men tal re sults proved that in creas ing
PbO con cen tra tion, or re duc ing PbO par ti cle size, im -
proved the X-ray shield ing ca pa bil ity of PS/PbO com -
pos ites for all ex am ined en er gies. The ef fect of par ti cle
size on the mass at ten u a tion co ef fi cient re sulted in a 53 % 
en hance ment at en ergy 80 keV (N100) and a 42 % in -
crease at en ergy 33 keV (N40), for PS/PbO with NP (B)
over PS/PbO with bulk PbO. More over, the HVL and
TVL get thin ner as the par ti cle size de creases. In terms of
percents heavi ness, PS/PbO NP (B) 35 wt.% is 12.75 %
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Ta ble 8. The TVL of PS/PbO bulk, PS/PbO NP(A), and PS/PbO NP(B)

X-ray beam N40 N60 N80 N100 N120 N150 N200

Energymean [keV] 33 48 65 80 100 118 164

TVL [cm]

PS 15.699 14.754 16.065 16.771 18.422 19.418 21.890

PS/PbO bulk 10 0.854 2.100 3.974 4.622 4.093 4.965 8.614

PS/PbO bulk 15 0.514 1.508 2.925 3.596 3.026 3.674 6.600

PS/PbO bulk 25 0.395 1.000 1.951 2.570 2.059 2.457 4.536

PS/PbO bulk 35 0.322 0.865 1.663 2.307 1.830 2.139 3.880

PS/PbO NP(A)10 0.770 2.406 4.446 5.299 4.712 5.768 9.808

PS/PbO NP(A)15 0.470 1.423 2.743 3.432 2.844 3.440 6.108

PS/PbO NP(A)25 0.348 0.959 1.906 2.692 2.064 2.417 4.460

PS/PbO NP(A)35 0.232 0.814 1.604 2.168 1.605 1.989 3.623

PS/PbO NP(B)10 0.770 2.200 4.214 4.857 4.424 5.356 8.976

PS/PbO NP(B)15 0.368 1.575 3.021 3.542 3.134 3.808 6.842

PS/PbO NP(B)25 0.283 0.895 1.791 2.318 1.854 2.232 4.164

PS/PbO NP(B)35 0.234 0.585 1.228 1.599 1.264 1.390 2.629

Ta ble 7. The HVL of PS/PbO bulk, PS/PbO NP(A), and PS/PbO NP(B)

X-ray beam N40 N60 N80 N100 N120 N150 N200

Energymean [keV] 33 48 65 80 100 118 164

HVL [cm]

PS 4.726 4.442 4.836 5.048 5.546 5.845 6.590

Pb 0.003 0.007 0.017 0.032 0.011 0.017 0.003

PS/PbO bulk 10 0.257 0.632 1.196 1.391 1.232 1.495 2.593

PS/PbO bulk 15 0.155 0.454 0.881 1.083 0.911 1.106 1.987

PS/PbO bulk 25 0.119 0.301 0.587 0.774 0.620 0.740 1.366

PS/PbO bulk 35 0.097 0.260 0.501 0.695 0.551 0.644 1.168

PS/PbO NP(A)10 0.232 0.724 1.339 1.595 1.419 1.736 2.953

PS/PbO NP(A)15 0.142 0.428 0.826 1.033 0.856 1.036 1.839

PS/PbO NP(A)25 0.105 0.289 0.574 0.810 0.622 0.728 1.343

PS/PbO NP(A)35 0.070 0.245 0.483 0.653 0.483 0.599 1.091

PS/PbO NP(B)10 0.232 0.662 1.268 1.462 1.332 1.612 2.702

PS/PbO NP(B)15 0.111 0.474 0.909 1.066 0.943 1.146 2.060

PS/PbO NP(B)25 0.085 0.269 0.539 0.698 0.558 0.672 1.254

PS/PbO NP(B)35 0.071 0.176 0.370 0.481 0.380 0.418 0.791



when com pared to lead. These find ings im ply that the
novel PS/PbO nanocomposite which is com posed of
PbO nanoparticles pro duced by high-speed ball mill ing,
and in cor po rated with poly sty rene by com press ing
mold ing tech nique, is low cost, light weight, and non -
toxic, and can be ef fec tively used for ra dio log i cal pro tec -
tion pur poses as an ef fi cient light weight shield with a
mas sive im pact on X-ray at ten u a tion.
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  Fig ure 6. The HVL and TVL vs. X-ray en ergy and PbO con cen tra tion for PS/PbO com pos ites with dif fer ent PbO par ti cle sizes

Fig ure 7. Heavi ness of PS/PbO com pos ites and
con ven tional shield ing ma te ri als

Ta ble 9. The re lax ation length of PS/PbO bulk, PS/PbO NP (A), and PS/PbO NP (B)

X-ray beam N40 N60 N80 N100 N120 N150 N200

Energymean [keV] 33 48 65 80 100 118 164

Re lax ation length l [cm]

PS 6.818 6.408 6.977 7.283 8.001 8.433 9.507

PS/PbO bulk 10 0.371 0.912 1.726 2.007 1.778 2.156 3.741

PS/PbO bulk 15 0.223 0.655 1.271 1.562 1.314 1.595 2.866

PS/PbO bulk 25 0.172 0.434 0.848 1.116 0.894 1.067 1.970

PS/PbO bulk 35 0.140 0.376 0.722 1.002 0.795 0.929 1.685

PS/PbO NP(A)10 0.335 1.045 1.931 2.301 2.047 2.505 4.260

PS/PbO NP(A)15 0.204 0.618 1.191 1.490 1.235 1.494 2.653

PS/PbO NP(A)25 0.151 0.416 0.828 1.169 0.897 1.050 1.937

PS/PbO NP(A)35 0.101 0.353 0.697 0.942 0.697 0.864 1.573

PS/PbO NP(B)10 0.334 0.956 1.830 2.109 1.921 2.326 3.898

PS/PbO NP(B)15 0.160 0.684 1.312 1.538 1.361 1.654 2.972

PS/PbO NP(B)25 0.123 0.389 0.778 1.007 0.805 0.969 1.808

PS/PbO NP(B)35 0.102 0.254 0.533 0.694 0.549 0.604 1.142
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EFEKT  UGRADWE  OLOVOOKSIDA  SA  RAZLI^ITIM  VELI^INAMA
^ESTICA  NA  SLABQEWE  RENDGENSKOG  ZRA^EWA  U  POLISTIRENU

Kori{}ewem tehnika me{awa u rolnu i presovawa u kalup, masa olovooksida i
nano~estice dve razli~ite veli~ine (A = 78 nm i B = 54 nm) ugra|uju se odvojeno u polistirensku
matricu u razli~itim koncentracijama (0, 10, 15, 25, i 35 %). Zatim se serija rendgenskih zraka
uskog spektra (N-serija / ISO 4037-1) koristi za istra`ivawe sposobnosti slabqewa zra~ewa
novog polimernog kompozita PS/PbO, kao i uticaja razli~itih veli~ina ~estica PbO na
performanse za{tite. Ispitivane su disperzija ispune i hemijska analiza elemenata
sintetizovanog kompozita kori{}ewem skeniraju}e elektronske mikroskopije i energetski
disperzivne rendgenske spektroskopije. Za odre|ivawe masenog koeficijenata slabqewa, mm,
uzorci razli~itih debqina sintetizovanog kompozita ispituju se kori{}ewem rendgenskih
energija u opsegu i eksperimentalni podaci se upore|uju sa teorijskim vrednostima iz NIST baza
podataka (XCOM i FFAST). Rezultati pokazuju da je ili pove}awe procenta te`ine ispune, ili
smawewe veli~ine ~estica ispune, poboq{alo parametre slabqewa u svim energijama. Kompozit
koji sadr`i PbO najmawih nanodimenzija pokazao je maksimalnu efikasnost za{tite od zra~ewa
me|u svim kombinacijama i stoga bi se mogao koristiti za razvoj jevtinih i lakih {titova od
rendgenskih zraka.

Kqu~ne re~i: za{tita od rendgenskih zraka, polistiren, olovni oksid, nanokompozit,
......................... za{tita od zra~ewa


