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The effects of microsize and nanosize particles in composite structures as well as the incident ra-
diation energy on X-ray attenuation is the focus of this study. To examine these effects, compos-
ite samples with different particle sizes of Al,O; and with different thicknesses were prepared.
Characteristic X-rays are applied as monochromatic X-rays and measurements were performed
using an X-ray tube with a secondary excitation source instead of radioisotopes. In order to im-
prove the efficiency and minimize the background effects a special detection system was de-
signed and prepared. The linear attenuation coefficients of these samples are measured for X-ray
photo energies of 6.40-28.49 keV. The results show that these low energy X-ray beams are more
attenuated by nano-structured material compared to the micro-structured one.
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INTRODUCTION

Nanostructured materials whose structural ele-
ments have dimensions of 1-100 nm [1] are composed
of nano-size grains, which consist of many atoms [2]
whereas bulk materials are formed by grains in the
range of tens of microns to one or more millimeters
[3]. There have been many efforts to investigate the
grain size effect on low energy gamma and X-ray at-
tenuation [4-6]. It is believed that the X-ray attenua-
tion capability of a material can be improved by add-
ing nanosized particles compared to microsized
particles because of their more uniform dispersion [3]
also nanostructured material is more effective in atten-
uation of lower X-ray beam energies and there is no
significant variation in X-ray attenuation at higher
X-ray beam energies [7, 8].

Recently synthesis of nanosized filler-reinforced
polymers has gained increasing attention for radiation
shielding to produce a free lead protection device [9-10]
because of their unique properties such as being more
light weight. Also the effect of nanoparticle size on the
dose enhancement in radiotherapy [11] and using them
as contrast agents for computed tomography (CT) im-
aging applications [12-14] have been studied widely. It
has been found that there is a significant difference be-
tween nanostructured and microstructured material in
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X-ray absorption and attenuation at lower X-ray beam
energies [3, 7]. In this case, the exact study of the effect
of the particle size on the radiation absorption and atten-
uation is necessary which can supply information about
the advantages of the use of nanomaterials in shielding,
imaging and therapeutics.

In this study the size effect of Al,O; on X-ray at-
tenuation is investigated because of its several appli-
cations in a low energy X-ray beam. Using the semi-
conductor detector HpGe the linear attenuation
coefficients of an epoxy resin composite in which
nano-Al,0O; and micro-Al,O; have been added in the
same proportion is measured.

In order to conduct a thorough experimental
study of linear attenuation coefficients at low photon
energies, instead of radioisotopes, an X-ray tube with a
secondary target system is employed as the excitation
source. This system has the advantages of providing a
relatively high flux, a wide variety of secondary target
materials resulting in various photon energies, high
spectral purity and easy handling [15, 16].

MATERIALS AND METHODS

Characteristic X-ray generation

To investigate the effect of particle size and X-ray
energy on the linear attenuation coefficient, a mono-
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chromatic X-ray beam is necessary. In this study, an
X-ray tube with a secondary target system is applied as
the excitation source. The X-ray tube has a tungsten an-
ode whose maximum voltage and current are 160 kV
and 20 mA, respectively. Secondary targets of Fe, Cu,
and Sn are pure metals. The secondary radiations from
these targets provide the incident photon energies of
6.40, 7.06, 8.05, 8.90, 25.27, and 28.49 keV. A filter
whose K-edge is between K, and K energies of the sec-
ondary target could be used to suppress K; X-rays.
Since in this study both K, and K photo peaks are used
as amonochromatic X-ray, this filter is not applicable to
the experimental setup. In fig. 1 the fluorescence spec-
trums of Fe, Cu, and Sn recorded by this spectrometer
are shown. Full widths at half maximums (FWHM) of
these photo peaks in spectrums are 0.35, 0.37, 0.36,
0.38, 0.49, and 0.42 keV, respectively.

Samples fabrication

Aluminum has several applications in a low en-
ergy X-ray beam. It is widely used as an X-ray filter to
attenuate low energy X-rays and hardening X-ray
beam. In X-ray astronomy in order to reduce the back-
ground of the detectors several shielding materials
such as aluminum oxide and aluminum nitride are
used. This is due to the fact that low-Z shielding mate-
rials, at low energies, produce Auger electrons rather
than fluorescent X-rays.

To prepare nanocomposite and microcomposite
samples, an epoxy resin (M506) based on the
bisphenol-A and hardener (HA11) polyamine was used
as the polymer matrix. It is a known fact that the
nanoparticles (NP) are dispersed well in the epoxy resin
compared with other polymer resins. ALO; in mi-
crosized (~10 pm) and nanosized (~10 nm) particles sup-
plied by Sigma-Aldrich and TECNAN companies were
used to investigate the X-ray transmission through these
materials. Epoxy-alumina nanocomposites and micro-
composites with different contents of Al,O; (i. e., 4.5-9
wt. %) were fabricated through the solution casting
method. The Al,O; NP was agitated using an ultrasonic
instrument under 100 W in acetone for 30 min. Conse-
quently, the epoxy resin was added to the solution and

sonicated under the above condition for 30 min. The
mixture was heated by a magnetic stirrer at 70 °C for 4 h
to remove the acetone. Afterwards, the hardener was
added and mixed by a magnetic stirrer. This mixture was
degassed in a vacuum chamber and was then castina
4 cm x 4 cm rectangular Lucite samples mold with a
thickness of 3, 5, and 10 mm and was allowed to set over
night at room temperature. Because of sedimentation of
microsized particles in the epoxy resin, a new approach
was applied to produce microcomposites. Microsized
powder was agitated using a stirring machine at a con-
stant speed for 15 min to ensure uniform dispersion of the
powder in the epoxy matrix. Then, the hardener was
added and mixed by a magnetic stirrer and cast in Lucite
samples molds. This epoxy mixture in Lucite molds was
degassed in a vacuum chamber. Then the upper part of
the Lucite mold was barred and rotated during the curing
time of the composites.

X-ray transmission measurements

The experimental arrangement used in this study
is shown in fig. 2. To achieve accurate and precise re-
sults this geometrical arrangement is suggested when
both the source and the detector are equipped with
collimators. In this case the intensity measured by the
detector will depend very sensitively on the exact ge-
ometry of the experimental system and the back-
ground effects on the spectrum transmitting through
the sample are reduced considerably.
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Figure 2. Set-up employed for the present
measurements; 1 — collimator of the X-ray tube,

2 —secondary target, 3 — conical collimator, 4 — sample,
5 — detector collimator, 6 — vacuum pump
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acteristic X-ray, the energy is calculated using the fol-
lowing relation

E=a+b-Ch' +cCh* (1)

where Ch is the channel number. The centroid of the
peak is calculated by the local maximum method and
the width of the peak integration is set to two times the
FWHM to integrate 95 % of the events counted in the
peak and to minimize errors caused by misalignment
of the integration window relative to the centroid of
the peak [17].

Because of the high resolution of this HpGe de-
tector in the energy range of interest, and using the area
under the photo peaks to calculate linear attenuation
coefficients, the effects of Compton scattering are
minimized to desirable levels.

The incident (/) and transmitted intensities (I) are
measured for a fixed preset time in each sample by deter-
mination of the center of the peak and the area under the
photopeak. From the values of /, /; and thickness of the
sample (x), the linear attenuation coefficients are ob-
tained by using the Lambert-Beer equation

I=1, exp(~ux) )

The maximum uncertainty of this coefficient is
calculated from uncertainties in intensities /, (without
sample), / (with the sample) and thicknesses using the
following relationship

(Aw) =1{AIIO+M+AX1n[IOH 3)

x| Iy, I «x 1

Since in X-ray spectrometry counting statistics
normally controls the uncertainty in determining the
net peak area as / or /;, Poisson Statistics is applied to
determine the uncertainties of / or 1,

Thorough analysis of the problems associated
with the measurements of X-ray attenuation coeffi-
cients is presented by Creagh and Hubbell [18-20].
Meanwhile, based on Creagh and Hubbell criteria in
these measurements, thicknesses that satisfy —2 <
< In(Zy/I) <4 corresponds to the transmission range of
0.02 £ 7'<0.13 and yield the best results. In this study,
between three different thicknesses of nanosized and
microsized composite samples, the most suitable
thickness for each photo peak energy is selected to fol-
low the mentioned criteria.

To verify our experimental arrangement, the lin-
ear attenuation coefficient of aluminum with thick-
nesses of 1 and 2 mm is measured and compared with
theoretical values obtained by XCOM [21]. Then, the
measurements are performed two times for each com-
posite sample.
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Figure 3. Relative intensity (I/1,) of the X-ray beam at
25.27 and 28.49 keV energy variations with aluminum
thickness

RESULTS AND DISCUSSION

Figure 3 shows the relative intensity (///;) of the
X-ray beam at 25.27 and 28.49 keV energy as a func-
tion of aluminum thickness (x). The linear attenuation
coefficient is calculated by fitting equation eq. 2 to
these data. As seen in this figure, the value of B is very
close to unity and this indicates the establishment of a
good geometry condition in this measurement (refer-
ence).

The experimental and theoretical values of the
linear attenuation coefficient of aluminum are listed in
tab. 1. Good agreements between them are observed
and it has been concluded that our experimental ar-
rangement is suitable for measuring the linear attenua-
tion coefficient.

After ensuring the establishment of a good ge-
ometry condition in this measurement, the linear atten-
uation coefficient of the composite samples is deter-
mined. Subsequent to the fabrication of nanosized and
microsized composite samples in three ranges of
thickness, they are exposed to monoenergetic charac-
teristic X-rays and linear attenuation coefficients of
these samples are measured for characteristic X-ray
photo energies of 6.40, 7.06, 8.05, 8.90, 25.27, and
28.49 keV belonging to Fe, Cu and Sn elements.

In fig. 4, the variations of the linear attenuation
coefficient for pure epoxy and epoxy-alumina
(nanosized and microsized composites) with energy
for different weight fractions of Al,O5 are shown.

As shown in fig. 4, the X-ray linear attenuation
coefficient through composite samples drops expo-
nentially with the X-ray energy increase. Also, fig. 4

Table 1. Comparison of experimental and theoretical
values of the linear attenuation coefficient of aluminum

Energy [keV] Hexp [em™] HTheo [em™]

2527 4762 4.7600
28.49 3.327 3.4607
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Table 2. Linear attenuation coefficient of the pure epoxy and epoxy-alumina nanocomposites and microcomposites
Sample Linear attenuation coefficient [cm™]
6.40 keV 7.06 keV 8.05 keV 8.90 keV 25.27 keV 28.49 keV
Epoxy 12.043 £ 0.046 | 9.621 £0.060 | 5.632 +£0.015 | 3.991 £0.021 |0.318 £ 0.004 | 0.262 + 0.006
Micro alumina composite 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 alumina composite 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
Micro alumina composite 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 alumina composite 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
20 . . ———— e
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Figure 4. Average relative intensity as the X-ray energy for pure epoxy and epoxy—alumina nanocomposites and

microcomposites with different contents of AL, O3

shows a significant difference in X-ray transmission
between pure epoxy, microsized and nanosized
Al,O;-epoxy composites. As seen in this figure, the
difference is larger at X-ray energies of 6-9 keV and
drops as the X-ray energy is increased due to the parti-
cle size effect. With an increase of the nano filler
(AL,O5) weight fraction in the composite, agglomera-
tion causes a decrease in the nano filler effect that is
clearly seen in fig. 4. Due to this phenomenon, the dif-
ference between X-ray transmission through
microsized and nanosized Al,O5-epoxy composites is
more significant when the Al,O; filler weight fraction
is 4.5 % compared to 9 %.

In this study, nanosized and microsized compos-
ite samples having the most suitable thickness that sat-
isfy the Creagh and Hubbell criteria ( 2 < In(/,/]) < 4)
are considered to obtain the linear attenuation coeffi-
cient. The linear attenuation coefficient of these sam-
ples and its maximum deviations are shown in tab. 2.

As seen in tab. 2, the linear attenuation coeffi-
cient decreases rapidly when the X-ray photo energy
increases. The linear attenuation coefficient of the
nanocomposite is higher than the microcomposite in
both 4.5 and 9 weight percentages because of the parti-
cle size effect.

CONCLUSIONS

In this study the effects of particle size and X-ray
energy on the linear attenuation coefficient of
microsized and nanosized composite materials are in-
vestigated. The linear attenuation coefficients of 3
pure epoxy, 6 nanocomposite and 6 microcomposite
samples are measured for X-ray photo energies rang-
ing from 6.40 to 28.49 keV. The results could be sum-
marized as follows.

— As illustrated in tab. 2, the nanocomposite sam-
ples have a higher potential in attenuating X-ray
photons compared to microcomposite samples.
For instance, the highest difference in the linear
attenuation coefficient is 13 % in the 4.5 % weight
fraction samples.

— For composites with similar filler weight frac-
tions, the difference between nanocomposites and
microcomposites attenuation becomes more evi-
dent as the X-ray energy decreases in the energy
range of 6.40to025.27 keV. The highest difference
is 13% in 6.4 keV for 4.5 % weight fraction sam-
ples. There is no meaningful difference between
attenuation coefficients of 9 % nanocomposites
and microcomposites in 28.49 keV.
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— The difference between nanocomposites and
microcomposites decreases with an increase of the
filler weight fraction because of the nanoparticles ag-
glomeration phenomenon. For example, the differ-
ence in the linear attenuation coefficient is 13 %in
the 4.5 % weight fraction compared to 5 % in the 9 %
weight fraction at 6.4 keV.
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Camupa CAPHIOYT, Kaman XAJA/L, Pe3a ®ALIMXU

YTULAJ KOHIHEHTPAIIMJE U BEJIUWYUHE YECTUIHA HA CJIAB/BEILE
HUCKOEHEPIETCKOT X-3PAYEIA Y HAHOCTPYKTYPHUM U
MUKPOCTPYKTYPHUM MATEPUJAITUMA

IIpenmeT ucTpaskuBama y pajy Cy yTUIAjH MUKPOUECTHI]A M HAHOYECTHIA Y KOMIIO3UTHUM
CTPYKTypaMa, Kao U IeJIOBamE YIIaJHe eHepruje 3pauea, Ha cnabibee X-3pauema. Kako Ou ce ucnuranu
OBH YTHLAjU HANPaB/bEHU Cy KOMIIO3UTHHU Y30PLM PA3IUUUATUX [eO/bMHA ca Pa3IU4UTUM BeJMuuHama
yectuna AlLO;. Kapakrepuctuuno X-3paueme je NPUMEHEHO y BHAY MOHOXpOMAaTCKOr X-3padewma U
Mepema Cy M3BpIICHa NPUMEHOM pEHATEHCKEe IIEBM Kao M3BOpa CEKyHAAapHE EKCOUTAldje YMeCTO
pammounsoTomna. [la 6u ce modospInana e(puKacHOCT IETEKIMje ¥ MUHUMU30Ba0 YTUIIAj TO3aNHE, Pa3BUjeH je
noce0aH IETEKTOPCKU cucTeM. VI3MepeH je muHeapHu Koe(puijeHT caabibera NPUIPEMIbEHIX Y30paka 3a
e”Hepruje X-3pauema off 6.4 keV o 28.49 keV. PesynraTu nokasyjy fa je cnabbeme HUCKOSHEPTreTCKOT
X-3padema y HAaHOCTPYKTYPHIM MaTepujalnMa MHTEH3UBHIj€ HETO Y MEKTPOCTPYKTYPHIM MaTepHjajiiMa.

Kmwyune peuu: auneapHu koeguyujenit caabmverba, kapakidepuciiuuio X-3payierse, HAHOCIUPpYKillypa,
MUKPOCIUPYKULYPA




