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The ef fects of mi crosize and nanosize par ti cles in com pos ite struc tures as well as the in ci dent ra -
di a tion en ergy on X-ray at ten u a tion is the fo cus of this study. To ex am ine these ef fects, com pos -
ite sam ples with dif fer ent par ti cle sizes of Al2O3 and with dif fer ent thick nesses were pre pared.
Char ac ter is tic X-rays are ap plied as mono chro matic X-rays and mea sure ments were per formed
us ing an X-ray tube with a sec ond ary ex ci ta tion source in stead of ra dio iso topes. In or der to im -
prove the ef fi ciency and min i mize the back ground ef fects a spe cial de tec tion sys tem was de -
signed and pre pared. The lin ear at ten u a tion co ef fi cients of these sam ples are mea sured for X-ray 
photo en er gies of 6.40-28.49 keV. The re sults show that these low en ergy X-ray beams are more
at ten u ated by nano-struc tured ma te rial com pared to the mi cro-struc tured one.
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IN TRO DUC TION 

Nanostructured ma te ri als whose struc tural el e -
ments have di men sions of 1-100 nm [1] are com posed
of nano-size grains, which con sist of many at oms [2]
whereas bulk ma te ri als are formed by grains in the
range of tens of mi crons to one or more mil li me ters
[3]. There have been many ef forts to in ves ti gate the
grain size ef fect on low en ergy gamma and X-ray at -
ten u a tion [4-6]. It is be lieved that the X-ray at ten u a -
tion ca pa bil ity of a ma te rial can be im proved by add -
ing nanosized par ti cles com pared to microsized
par ti cles be cause of their more uni form dis per sion [3]
also nanostructured ma te rial is more ef fec tive in at ten -
u a tion of lower X-ray beam en er gies and there is no
sig nif i cant vari a tion in X-ray at ten u a tion at higher
X-ray beam en er gies [7, 8].

Re cently syn the sis of nanosized filler-re in forced
poly mers has gained in creas ing at ten tion for ra di a tion
shield ing to pro duce a free lead pro tec tion de vice [9-10] 
be cause of their unique prop er ties such as be ing more
light weight. Also the ef fect of nanoparticle size on the
dose en hance ment in ra dio ther apy [11] and us ing them
as con trast agents for com puted to mog ra phy (CT) im -
ag ing ap pli ca tions [12-14] have been stud ied widely. It
has been found that there is a sig nif i cant dif fer ence be -
tween nanostructured and microstructured ma te rial in

X-ray ab sorp tion and at ten u a tion at lower X-ray beam
en er gies [3, 7]. In this case, the ex act study of the ef fect
of the par ti cle size on the ra di a tion ab sorp tion and at ten -
u a tion is nec es sary which can sup ply in for ma tion about
the ad van tages of the use of nanomaterials in shield ing,
im ag ing and ther a peu tics. 

In this study the size ef fect of Al2O3 on X-ray at -
ten u a tion is in ves ti gated be cause of its sev eral ap pli -
ca tions in a low en ergy X-ray beam. Us ing the semi -
con duc tor de tec tor HpGe the lin ear at ten u a tion
co ef fi cients of an ep oxy resin com pos ite in which
nano-Al2O3 and mi cro-Al2O3 have been added in the
same pro por tion is mea sured.

In or der to con duct a thor ough ex per i men tal
study of lin ear at ten u a tion co ef fi cients at low pho ton
en er gies, in stead of ra dio iso topes, an X-ray tube with a 
sec ond ary tar get sys tem is em ployed as the ex ci ta tion
source. This sys tem has the ad van tages of pro vid ing a
rel a tively high flux, a wide va ri ety of sec ond ary tar get
ma te ri als re sult ing in var i ous pho ton en er gies, high
spec tral pu rity and easy han dling [15, 16].

MA TE RI ALS AND METH ODS

Char ac ter is tic X-ray gen er a tion

To in ves ti gate the ef fect of par ti cle size and X-ray
en ergy on the lin ear at ten u a tion co ef fi cient, a mono -
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chro matic X-ray beam is nec es sary. In this study, an
X-ray tube with a sec ond ary tar get sys tem is ap plied as
the ex ci ta tion source. The X-ray tube has a tung sten an -
ode whose max i mum volt age and cur rent are 160 kV
and 20 mA, re spec tively. Sec ond ary tar gets of Fe, Cu,
and Sn are pure met als. The sec ond ary ra di a tions from
these tar gets pro vide the in ci dent pho ton en er gies of
6.40, 7.06, 8.05, 8.90, 25.27, and 28.49 keV. A fil ter
whose K-edge is be tween Ka and Kb en er gies of the sec -
ond ary tar get could be used to sup press Kb X-rays.
Since in this study both Ka and Kb photo peaks are used
as a mono chro matic X-ray, this fil ter is not ap pli ca ble to 
the ex per i men tal setup. In fig. 1 the flu o res cence spec -
trums of Fe, Cu, and Sn re corded by this spec trom e ter
are shown. Full widths at half max i mums (FWHM) of
these photo peaks in spec trums are 0.35, 0.37, 0.36,
0.38, 0.49, and 0.42 keV, re spec tively.

Sam ples fab ri ca tion

Alu mi num has sev eral ap pli ca tions in a low en -
ergy X-ray beam. It is widely used as an X-ray fil ter to
at ten u ate low en ergy X-rays and hard en ing X-ray
beam. In X-ray as tron omy in or der to re duce the back -
ground of the de tec tors sev eral shield ing ma te ri als
such as alu mi num ox ide and alu mi num nitride are
used.  This is due to the fact that low-Z shield ing ma te -
ri als, at low en er gies, pro duce Au ger elec trons rather
than flu o res cent X-rays.

To pre pare nanocomposite and microcomposite
sam ples, an ep oxy resin (M506) based on the
bisphenol-A and hard ener (HA11) polyamine was used
as the poly mer ma trix. It is a known fact that the
nanoparticles (NP) are dis persed well in the ep oxy resin
com pared with other poly mer  res ins.  Al2O3  in  mi -
crosized (~10 µm) and nanosized (~10 nm) par ti cles sup -
plied by Sigma-Aldrich and TECNAN com pa nies were
used to in ves ti gate the X-ray trans mis sion through these
ma te ri als. Ep oxy-alu mina nanocomposites and mi cro-
com pos ites with dif fer ent con tents of Al2O3 (i. e., 4.5-9 
wt. %) were fab ri cated through the so lu tion cast ing
method. The Al2O3 NP was ag i tated us ing an  ul tra sonic 
in stru ment  un der  100 W  in  ac e tone  for 30 min. Con se -
quently, the ep oxy resin was added to the so lu tion  and 

sonicated  un der  the  above con di tion for 30 min. The
mix ture was heated by a mag netic stir rer at 70 ºC for 4 h
to re move the ac e tone. Af ter wards, the hard ener was
added and mixed by a mag netic stir rer. This mix ture was
de gassed  in  a  vac uum  cham ber  and  was  then cast in a
4 cm × 4 cm rect an gu lar Lu cite sam ples mold with a
thick ness of 3, 5, and 10 mm and was al lowed to set over
night at room tem per a ture. Be cause of sed i men ta tion of
microsized par ti cles in the ep oxy resin, a new ap proach
was ap plied to pro duce microcomposites. Microsized
pow der was ag i tated us ing a stir ring ma chine at a con -
stant speed for 15 min to en sure uni form dis per sion of the 
pow der in the ep oxy ma trix. Then, the hard ener was
added and mixed by a mag netic stir rer and cast in Lu cite
sam ples molds. This ep oxy mix ture in Lu cite molds was
de gassed in a vac uum cham ber. Then the up per part of
the Lu cite mold was barred and ro tated dur ing the cur ing
time of the com pos ites.

X-ray trans mis sion mea sure ments

The ex per i men tal ar range ment used in this study 
is shown in fig. 2. To achieve ac cu rate and pre cise re -
sults this geo met ri cal ar range ment is sug gested when
both the source and the de tec tor are equipped with
collimators. In this case the in ten sity mea sured by the
de tec tor will de pend very sen si tively on the ex act ge -
om e try of the ex per i men tal sys tem and the back -
ground ef fects on the spec trum trans mit ting through
the sam ple are re duced con sid er ably. 

S. Sarshough, et al.: Par ti cle Size and Con cen tra tion Ef fects on Low Energy ...
76 Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2018, Vol. 33, No. 1, pp. 75-80

Fig ure 1. Flu o res cence spec trums of Fe,
Cu, and Sn re corded by the HpGe
spectrometer

Fig ure 2. Set-up em ployed for the pres ent
mea sure ments; 1 – collimator of the X-ray tube,
2 – sec ond ary tar get, 3 – con i cal collimator, 4 – sam ple,
5 – de tec tor collimator, 6 – vac uum pump



The trans mit ted spec tra from nanocomposite and
microcomposite  sam ples  are re corded us ing an HpGe
de tec tor (FWHM of 306 eV at 5.96 keV and 545 eV at
122 keV) cou pled to a 2048 com put er ized mul ti chan nel 
an a lyzer. The de tec tor has been cal i brated us ing a char -
ac ter is tic X-ray, the en ergy is cal cu lated us ing the fol -
low ing re la tion

E a b Ch cCh= + × +1 2 (1)

where Ch is the chan nel num ber. The cen troid of the
peak is cal cu lated by the lo cal max i mum method and
the width of the peak in te gra tion is set to two times the
FWHM to in te grate 95 % of the events counted in the
peak and to min i mize er rors caused by mis align ment
of the in te gra tion win dow rel a tive to the cen troid of
the peak [17].

Be cause of the high res o lu tion of this HpGe de -
tec tor in the en ergy range of in ter est, and us ing the area 
un der the photo peaks to cal cu late lin ear at ten u a tion
co ef fi cients, the ef fects of Compton scat ter ing are
min i mized to de sir able lev els.

The in ci dent (I0) and trans mit ted in ten si ties (I) are
mea sured for a fixed pre set time in each sam ple by de ter -
mi na tion of the cen ter of the peak and the area un der the
photopeak. From the val ues of I, I0 and thick ness of the
sam ple (x), the lin ear at ten u a tion co ef fi cients are ob -
tained by us ing the Lam bert-Beer equa tion

I I x= -0 exp( )m (2)

The max i mum un cer tainty of this co ef fi cient is
cal cu lated from un cer tain ties in in ten si ties I0 (with out
sam ple), I (with the sam ple) and thick nesses us ing the
fol low ing re la tion ship
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Since in X-ray spec trom e try count ing sta tis tics
nor mally con trols the un cer tainty in de ter min ing the
net peak area as I or I0, Pois son Sta tis tics is ap plied to
de ter mine the un cer tain ties of I or I0.

Thor ough anal y sis of the prob lems as so ci ated
with the mea sure ments of X-ray at ten u a tion co ef fi -
cients is pre sented by Creagh and Hubbell [18-20].
Mean while, based on Creagh and Hubbell cri te ria in
these mea sure ments, thick nesses that sat isfy –2 £
£.ln(I0/I) £ 4 cor re sponds to the trans mis sion range of
0.02  £  T  £ 0.13 and yield the best re sults.  In this study, 
be tween three dif fer ent thick nesses of nanosized and
microsized com pos ite sam ples, the most suit able
thick ness for each photo peak en ergy is se lected to fol -
low the men tioned cri te ria.

To ver ify our ex per i men tal ar range ment, the lin -
ear at ten u a tion co ef fi cient of alu mi num with thick -
nesses of 1 and 2 mm is mea sured and com pared with
the o ret i cal val ues ob tained by XCOM [21]. Then, the
mea sure ments are per formed two times for each com -
pos ite sam ple. 

RE SULTS AND DIS CUS SION

Fig ure 3 shows the rel a tive in ten sity (I/I0) of the
X-ray beam at 25.27 and 28.49 keV en ergy as a func -
tion of alu mi num thick ness (x).  The lin ear at ten u a tion
co ef fi cient is cal cu lated by fit ting equa tion eq. 2 to
these data. As seen in this fig ure, the value of B is very
close to unity and this in di cates the es tab lish ment of a
good ge om e try con di tion in this mea sure ment (ref er -
ence).

 The ex per i men tal and the o ret i cal val ues of the
lin ear at ten u a tion co ef fi cient of alu mi num are listed in
tab. 1. Good agree ments be tween them are ob served
and it has been con cluded that our ex per i men tal ar -
range ment is suit able for mea sur ing the lin ear at ten u a -
tion co ef fi cient. 

Af ter en sur ing the es tab lish ment of a good ge -
om e try con di tion in this mea sure ment, the lin ear at ten -
u a tion co ef fi cient of the com pos ite sam ples is de ter -
mined. Sub se quent to the fab ri ca tion of nanosized and
microsized com pos ite sam ples in three ranges of
thick ness, they are ex posed to monoenergetic char ac -
ter is tic X-rays and lin ear at ten u a tion co ef fi cients of
these sam ples are mea sured for char ac ter is tic X-ray
photo en er gies of 6.40, 7.06, 8.05, 8.90, 25.27, and
28.49 keV be long ing to Fe, Cu and Sn el e ments.  

In fig. 4, the vari a tions of the lin ear at ten u a tion
co ef fi cient for pure ep oxy and ep oxy-alu mina
(nanosized and microsized com pos ites) with en ergy
for dif fer ent weight frac tions of Al2O3 are shown. 

 As shown in fig. 4, the X-ray lin ear at ten u a tion
co ef fi cient through com pos ite sam ples drops ex po -
nen tially with the X-ray en ergy in crease. Also, fig. 4
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Fig ure 3. Rel a tive in ten sity (I/I0) of the X-ray beam at
25.27 and 28.49 keV en ergy vari a tions with alu mi num
thick ness

Ta ble 1. Com par i son of ex per i men tal and the o ret i cal
val ues of the lin ear at ten u a tion co ef fi cient of alu mi num

En ergy [keV] mExp [cm–1] mTheo [cm–1]

25.27 4.762 4.7600

28.49 3.327 3.4607



shows a sig nif i cant dif fer ence in X-ray trans mis sion
be tween pure ep oxy, microsized and nanosized
Al2O3-ep oxy com pos ites. As seen in this fig ure, the
dif fer ence is larger at X-ray en er gies of 6-9 keV and
drops as the X-ray en ergy is in creased due to the par ti -
cle size ef fect. With an in crease of the nano filler
(Al2O3) weight frac tion in the com pos ite, ag glom er a -
tion causes a de crease in the nano filler ef fect that is
clearly seen in fig. 4. Due to this phe nom e non, the dif -
fer ence be tween X-ray trans mis sion through
microsized and nanosized Al2O3-ep oxy com pos ites is
more sig nif i cant when the Al2O3 filler weight frac tion
is 4.5 % com pared to 9 %. 

In this study, nanosized and microsized com pos -
ite sam ples hav ing the most suit able thick ness that sat -
isfy the Creagh and Hubbell cri te ria ( 2 £ ln(I0/I) £ 4)
are con sid ered to ob tain the lin ear at ten u a tion co ef fi -
cient. The lin ear at ten u a tion co ef fi cient of these sam -
ples and its max i mum de vi a tions are shown in tab. 2.

As seen in tab. 2, the lin ear at ten u a tion co ef fi -
cient de creases rap idly when the X-ray photo en ergy
in creases. The lin ear at ten u a tion co ef fi cient of the
nanocomposite is higher than the microcomposite in
both 4.5 and 9 weight per cent ages be cause of the par ti -
cle size ef fect. 

CON CLU SIONS

In this study the ef fects of par ti cle size and X-ray
en ergy on the lin ear at ten u a tion co ef fi cient of
microsized and nanosized com pos ite ma te ri als are in -
ves ti gated. The lin ear at ten u a tion co ef fi cients of 3
pure ep oxy, 6 nanocomposite and 6 microcomposite
sam ples are mea sured for X-ray photo en er gies rang -
ing from 6.40 to 28.49 keV. The re sults could be sum -
ma rized as fol lows.
– As il lus trated in tab. 2, the nanocomposite sam -

ples have a higher po ten tial in at ten u at ing X-ray
pho tons com pared to microcomposite sam ples. 
For in stance, the high est dif fer ence in the lin ear
at ten u a tion co ef fi cient is 13 % in the 4.5 % weight
frac tion sam ples.

– For com pos ites with sim i lar filler weight frac -
tions, the dif fer ence be tween nanocomposites and
microcomposites at ten u a tion be comes more ev i -
dent as the X-ray en ergy  de creases  in  the  en ergy 
range  of 6.40 to 25.27 keV. The high est dif fer ence 
is 13% in 6.4 keV for 4.5 % weight frac tion sam -
ples. There is no mean ing ful  dif fer ence  be tween
at ten u a tion co ef fi cients of 9 % nanocomposites
and microcomposites in 28.49 keV.
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Fig ure 4. Av er age rel a tive in ten sity as the X-ray en ergy for pure ep oxy and ep oxy–alu mina nanocomposites and
microcomposites with dif fer ent con tents of Al2O3

Ta ble 2. Lin ear at ten u a tion co ef fi cient of the pure ep oxy and ep oxy-alu mina nanocomposites and mi crocom pos ites

Sam ple
Lin ear at ten u a tion co ef fi cient [cm–1]

6.40 keV 7.06 keV 8.05 keV 8.90 keV 25.27 keV 28.49 keV

Ep oxy 12.043 ± 0.046 9.621 ± 0.060 5.632 ± 0.015 3.991 ± 0.021 0.318 ± 0.004 0.262 ± 0.006

Mi cro alu mina com pos ite 4.5 % 13.545 ± 0.053 10.683 ± 0.067 6.758 ± 0.019 4.857 ± 0.025 0.362 ± 0.004 0.295 ± 0.006

Nano alu mina com pos ite 4.5% 15.257 ± 0.061 10.715 ± 0.067 6.981 ± 0.020 5.048 ± 0.026 0.370 ± 0.004 0.296 ± 0.009

Mi cro alu mina com pos ite 9 % 17.457 ± 0.075 13.400 ± 0.089 7.947 ± 0.023 5.774 ± 0.029 0.431 ± 0.004 0.330 ± 0.006

Nano alu mina com pos ite 9 % 18.402 ± 0.081 14.131 ± 0.095 8.649 ± 0.026 6.260 ± 0.032 0.433 ± 0.005 0.340 ± 0.010



– The dif fer ence be tween nanocomposites and
microcomposites de creases with an in crease of the
filler weight frac tion be cause of the nanoparticles ag -
glom er a tion phe nom e non. For ex am ple, the dif fer -
ence in the  lin ear  at ten u a tion  co ef fi cient  is  13  % in
the 4.5 % weight frac tion com pared to 5 % in the 9 %
weight frac tion at 6.4 keV.
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UTICAJ  KONCENTRACIJE  I  VELI^INE  ^ESTICA  NA  SLABQEWE 
NISKOENERGETSKOG  X-ZRA^EWA  U  NANOSTRUKTURNIM  I 

MIKROSTRUKTURNIM  MATERIJALIMA

Predmet istra`ivawa u radu su uticaji mikro~estica i nano~estica u kompozitnim
strukturama, kao i delovawe upadne energije zra~ewa, na slabqewe X-zra~ewa. Kako bi se ispitali
ovi uticaji napravqeni su kompozitni uzorci razli~itih debqina sa razli~itim veli~inama
~estica Al2O3. Karakteristi~no X-zra~ewe je primeweno u vidu monohromatskog X-zra~ewa i
merewa su izvr{ena primenom rendgenske cevi kao izvora sekundarne ekscitacije umesto
radioizotopa. Da bi se poboq{ala efikasnost detekcije i minimizovao uticaj pozadine, razvijen je
poseban detektorski sistem. Izmeren je linearni koeficijent slabqewa pripremqenih uzoraka za
energije X-zra~ewa od 6.4 keV do 28.49 keV. Rezultati pokazuju da je slabqewe niskoenergetskog
X-zra~ewa u nanostrukturnim materijalima intenzivnije nego u miktrostrukturnim materijalima.

Kqu~ne re~i: linearni koeficijent slabqewa, karakteristi~no X-zra~ewe, nanostruktura,
..........................mikrostruktura


