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Abstract

A sequence of transparent homogenous glasses consists of 50Na,0 — (50—x) SiO, — xZrO,, (0 <x <20 mol %), are synthe-
sized by conventional method. All prepared samples are confirmed in an amorphous state by the X-rays diffraction XRD.
The glass temperature T,, crystallization temperature T, and temperature of full crystallization T, values are increased by
the increment of ZrO,. For heat-treated glasses, the XRD results show that most selected glasses appear to be completely
crystallized. '3*Ba, 1¥’Cs and ®° Co sources are used for experimental measurements of the mass attenuation coefficient
(MAC) of y-rays at 365, 662, 1172 and 1332 keV respectively and theoretical calculation were depicted using XCOM,
MCNPS5 and Phy-X/PSD programs procedures. MAC of our samples was compared with some commercial and published

nuclear radiation shielding as ordinary concrete, 100% Na,B,0; and 100% SiO, glasses systems.

Keywords ZrO, - DTA - Crystallization - MAC - Effective atomic number

1 Introduction

Recently, the unique physiochemical properties and mul-
tifunctional uses of sodium silicate doped zirconate have
great attention [1-8]. Because of the importance of sodium
silicate glasses in science and technology, they are in contin-
ues demand for many applications like solid electrolytes in
battery storage. Using transition metals (TM), also improves
optical, electric, thermal, and radiation protection properties.

Glasses containing (TM) draw a lot of attention because
of their advantages [9]. For different applications like win-
dows, reflections, mechanical and thermal sensors and
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nuclear radiation technologies, glasses containing transi-
tion metals have gained significant attention [10—12]. In the
last period, implementations study for these substances had
already expanded compared to the previous period. One of
the most important elements is Zr, due to its physical and
chemical properties. ZrO, is a broadband semiconductor,
which has significant interest due to its great photochromic
and electrochromic features [1-8].

Radioactive technology has a strong impact and has enor-
mous medical and industrial applications, so this technology
is essential to us. Neutrons, gamma, and X-rays were widely
used in numerous fields, such as food safety, protecting the
environment, heavy industry, and therapeutic approaches.
Even so, long-term contact with radiation, like gamma, can
cause gene variations. Consequently, to protect people from
such dangerous rays, it is necessary to select suitable shield-
ing materials [13—16]. Glass has become extremely popular
role, in addition to compensating for concrete defects, glass
is easily performed and transparent, with a broad ions con-
centration range [13-16].

The sodium silicate zirconate NSZ glass has a high level
of application in radiation shielding with the composition
of 50Na,0—(50—x) SiO,— xZr0O,, (0<x <20 mol %). The
impact of ZrO, on lithium lead borate glasses had been stud-
ied by Abouhaswa et al., [17]. It reported that the improve-
ment of radiation protection with the addition of ZrO,. Few
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Table 1 Chemical composition
and elements ratio of the NSZ

Element Ratio

Chemical Composition

glasses Sample name Si o Na Zr SiO, Na,O Zr0O,
NSZ1 0.1667 0.5000 0.3333 0 50 50 0
NSZ2 0.1500 0.5000 0.3333 0.0167 45 50 5
NSZ3 0.1333 0.5000 0.3333 0.0333 40 50 10
NSZ4 0.1000 0.5000 0.3333 0.0667 30 50 20

experiments on ZrO, doped silicate glass were performed
therefore, the link between both the improve in glass struc-
ture and radiation shielding has been discovered, prompting
us to carry out this study.

Ceramic glasses have become indispensable materials
in our daily lives due to their wide range of applications,
compositional flexibility, and customizability [18-20]. ZrO,
is an excellent nucleating agent and creates crystallization
sites for nucleation. Earlier, we have studied the linear and
nonlinear optical, structural, and mechanical characteristics
of the NSZ glasses. The NSZ glasses were explored pio-
neer features as the formation of new strong bond Si—O-Zr
and break the weak bond Si—O-Na with ZrO, concentration
and the increase of ultrasonic velocities, elastic moduli, and
refractive index with increasing the amounts of zirconia are
obtained [21, 22]. Therefore, the goal of this article is to
investigate the radiation protection features by using XCOM,
MCNP-5, Phy-X/PSD programs software and crystallization
characteristics of silicate glasses doped with ZrO,.

«?7??

NSZ0 | NSz5 NSZ10 | NSz20

NSZ20

WWWMWWWWWW

0 20 40 60 80 100

Intensity

Fig. 1 The samples photo and the pattern of XRD of NSZ glasses
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2 Materials and Methods

Glass samples were synthesized with the composition
50Na,0-(50-x) SiO, -xZr0,, (0 <x <20 mol %) are shown
in Table 1 and ref. [21, 22]. An appropriate amount of
Na,CO;, Si0O,, and ZrO, obtained from Aldrich Chemical
Company was mixed and grinded in agate mortar as the
start material for the present NSZ glasses. Traditional melt
quenching technique was used to prepare NSZ samples at
temperature 1150 °C, then left in the furnace at this tem-
perature for two hours. The melt was stirred every half hour
until the sample became completely homogeneous and then
poured in the hot-plate form of discs and rods. Subsequently,
the mold was transferred directly to an annealing furnace
at a temperature of 375 °C to release the thermal stress,
keep via gradual cooling. The thermal investigation was
carried out with a DTA-50 (type Shimadzu). Then, the pre-
pared mother glasses were heat-treated at the required tem-
peratures according to DTA results to obtain glass—ceramic
materials. Glass—ceramics are produced after 4 h at T, °C.
The XRD diffractometer was used to determine the status of
these glasses and glass—ceramics.

The (MAC) mass attenuation coefficient (u/p) is consid-
ered as [1]:

I =1, (1)

where [ the intensity of y — rays in the sample, I is the
intensity of y — rays before the sample, y is MAC, p the
density and x is the thickness. comparative study of XCOM
Programs Phy-x/PSD and MPNCS have been established to
estimate the values of (u/p) theoretically as: [23-26]:

(u/p) = Ziwj(/t/ p); )

The half-value layer (HVL) can also be applied as [1,
27, 28]:

HVL = n(2)

3

Effective atomic number (Z;) and effective electron den-
sity are considered as [29-31]:
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Fig.2 DTA data of the investi-
gated NSZ glasses
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N, (10)
Noy = MZEﬂ Z " ®) The removal cross-sections (Zy) of fast neutrons are pre-

The equivalent atomic number (Z¢g) calculated from the
following connection;

_ Z,(logR, —logR) + Z,(logR — logR,)

dictable as [34, 35].

Tr=F WX

)

“ logR, — logR, ©)
The G-P fitting is used to compute (EABF) [32, 33]: 3 Results and Discussion
C,(logZ, —logZ, ) + C,(logZ,, — logZ,) .
€= 08 T 0% T ol 08 ey T ORA (7) 3.1 DTA Analysis
logZ, —logZ,
For all studied compositions, the XRD patterns explored
BE,X)=1+( b-1 YK — 1), forK # 1 8) amorphous states a§ shown in Fig. 1 [331. DTA was per-
K-1 formed to characterize the thermal behavior and the ther-
mal stability of the NSZ glasses. A trace of the DTA for
B(E,X)=1+ (- )x, forK = 1 (9)  glass samples is depicted in Fig. 2. The endothermic peak
is demonstrated as the glass transition (T,), then
Table 2 Thermal data analysis Sample name T T T AT H T —Te S
(DTA) values of NSZ glasses - ¢ P £ P
SNZ1 544 617 668 73 0.134 51 6.84
SNZ2 551 631 679 80 0.145 48 6.97
SNZ3 573 654 703 81 0.141 49 6.93
SNZ4 587 666 719 79 0.135 53 7.1
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Fig.3 XRD pattern of the
selected NSZ glass—ceramic
samples

Intensity(A.U)

v HZNaZOIOSi3Zr Disodium zirconotrisilicate hydrate Card number 98-008-4314

. Na205S13Zr Disodium zirconium silicate oxide Card number 98-002-0101

oN a203Si Disodium Catena Silicate Card number 98-001-5388
v Na203Si Disodium Silicate Card number 98-007-4640

0 Na203Si Disodium Catena Silicate Card number 98-002-4664

exothermic two peaks are demonstrated as the initial
temperature of crystallization (T,) and full temperature
of crystallization (T,). These parameters are ascribing
to the glass crystallization process. The values of T,, T.,
and Tp, are presented in Table 2. In the present investi-
gation, the ZrO, content increased at the expense of
SiO, content this is attributed to the increase of The T,,
T,, and T, values for all glass compositions prepared.
The interpretation of this behavior is connected by
increasing the averaged force constant due to adding
ZrO,. As discussed previously [33], ZrO,/SiO, replace-
ment improves the connectivity of the glass matrix and

Table 3 The XRD features of the selected glass—ceramics NSZ1

100

Tg [36]. It is because of the transformation of Si — O
— Na into Si — O — Zr , and Na — O bond strength is
(20K Cal/mol) is much lower than Zr — O (61KCal/mol) [37].

The thermal stability values asAT = (T, — T,), Hg = AT; ,

and S = (T, — TC)AT—gT. Table 2 shows these results.

3.2 XRD of Ceramic-Glass

As shown in Fig. 3a and b glass—ceramics of NSZ1,
NSZ4 were investigated through XRD diffractometer.
The XRD results for heat-treated glasses show that
most glasses appear to be completely crystallized

Peak number B obs. [°2Th] B std. [°2Th] Peak pos. [°2Th] B struct. [°2Th] Cryst;zllite Crystallite Lattice strain [%]
size [A] size [nm]

1 0.334 0.080 12.819 0.324 315 31.5 1.26
2 0.354 0.080 24.379 0.345 297 29.7 0.697
3 0.413 0.080 29.379 0.405 247 24.7 0.674
4 0.354 0.080 34.845 0.345 304 30.4 0.479
5 0.354 0.080 37.211 0.345 306 30.6 0.447
6 0.354 0.080 48.099 0.345 317 31.7 0.337
7 0413 0.080 52.109 0.405 266 26.6 0.362
8 0.413 0.080 64.241 0.405 282 28.2 0.282
9 0.413 0.080 65.718 0.405 284 28.4 0.274
10 0.59 0.080 87.175 0.585 215 21.5 0.268
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Table 4 The XRD features of the selected glass—ceramics NSZ4

Peak number B obs. [°2Th] B std. [°2Th] Peak pos. [°2Th] B struct. [°2Th] Crysta}llite Crystallite Lattice strain [%]
size [A] size [nm]
1 0.354 0.080 12.840 0.274 292 29.2 1.337
2 0.354 0.080 25.039 0.274 297 29.7 0.678
3 0.413 0.080 29.404 0.333 247 24.7 0.674
4 0.413 0.080 34.899 0.333 250 25 0.562
5 0.472 0.080 37.253 0.392 214 214 0.602
6 0.413 0.080 45.621 0.333 259 259 0.420
7 0.413 0.080 48.154 0.333 261 26.1 0.396
8 0.413 0.080 49.565 0.333 263 26.3 0.383
9 0.413 0.080 52.153 0.333 266 26.6 0.361
10 0.354 0.080 64.299 0.274 342 342 0.239
11 0.531 0.080 65.773 0.451 210 21 0.354
12 0.472 0.080 87.270 0.392 280 28 0.213

[38-40]. As ZrO, increases, the intensity increases,
and peak position is slightly shifted towards
higher 20° values. High Score (Plus) v.4.0-4.8a

(+)

Phases ratio of sample NSZ1

m Disodium Catena- silicate

45.50%
m Disodium silicate

10.90% Sodium Catena- silicate

@ Phases ratio of sample NSZ4

m Disodium zirconium
silicate oxide

Disodium zirconium
trisilicate

N

Fig.4 Quantification diagram of the detected phases in glass—ceramic
NSZ1(a) and NSZ4 (b)

program is used for detecting the crystallized phase in
the glass—ceramic samples. The strongest phase in NSZ1
(Disodium Catena Silicate, Na,0;Si, card No. 98-001-
5388), with a score of 73% (Sodium Silicate, Na,05Si,
card No. 98-002-4664), with a score of 53%, (Disodium
Silicate, Na,0;Si, card No. 98-007-4640), with score
31%. The strongest phase in NSZ4 (Disodium zircon-
trisilicate Na,O¢Si5Zr, card No. 98-008-4314) with a
percentage of 45% and (Disodium zirconium silicate
oxide Na,0sSiZr, card No. 98-002-0101) with a per-
centage of 55%. Some of the XRD features are shown in

x R —a— NSZ0
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—o NSzZ20
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—0— 100 Na B O
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Fig.5 Calculated MAC by using Phy-x/PSD NSZ glass compared
with other glasses
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Fig.6 Calculated MAC by different software for NSZ glasses

Tables 3 and 4. Quantification of the detected phases in
the selected glass—ceramic are provided in Fig. 4a and b.

3.3 Radiation Characterization

MAC of fabricated glasses is represented in Fig. 5,
the MAC value increased gradually from NSZI1 to
NSZ4. This rise could be due to the replacement of a
higher ZrO, mass portion with the lower SiO, molec-
ular weight. The photoelectric effect is responsible
for the rapid decline of MAC with energy. Figure 6
and Table 5 demonstrate the results of the XCOM,
MCNPS5, and Phy-X/PSD techniques[41]. Between
the examined glass samples, the highest ZrO, -con-
taining glass, unlike other glass samples, presented
the highest gradient, which implies the greatest p
value. Note that the atomic number of the zirconium
(Z=40) is higher than silicon (Z = 14). Interactions
between gamma and glass samples will increase

@ Springer
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when high atomic number of zirconium is added to
the investigated glass samples. Due to the higher
atomic number of zirconium, the further energy
will be absorbed to take out electrons from the Zr
atom. The electrons can be liberated by Compton
scattering or photoelectric effects. As the interac-
tion between gamma radiation and the target atom
(Zr) increases, radiation transmitted through the
glass decreases (Table 5). Consequently, the mass
attenuation coefficient (p/p) values increase. The
XCOM data of MAC is better than other programs.
The deviation of the results is calculated and listed
in Table 5:

(H) = () or(Phy—x
RD% = ( xcom (MCNP5)or(Phy >) % 100 12)

(M)xcom

The variation of "linear attenuation coefficient"
LAC with energy is described in Fig. 7. LAC values
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Table 5 Comparison MAC Energy MAC from XCOM MAC from MCNP5 Dev% MAC from Dev%

calculated by different software XCOM&MCNP Phy-x/PSD XCOM&

for NSZ glass Phy-x/PSD
NSZ1
0.015 4.883 4.868 0.307
0.02 2.148 2.142 0.279
0.03 0.7521 0.752242 0.018863 0.750 0.279
0.04 0.4133 0.409112 -1.02365 0412 0315
0.05 0.2908 0.286263 -1.58479 0.290 0275
0.06 0.2345 0.235012 0.217768 0.234 0.213
0.08 0.1851 0.184157 -0.51206 0.185 0.054
0.1 0.163 0.159971 -1.89335 0.163 0.000
0.15 0.1372 0.139355 1.546298 0.137 0.146
02 0.1232 0.122532 -0.54487 0.123 0.162
03 0.1058 0.103983 -1.74709 0.106 -0.189
0.356 (0.992)* 0.09889 0.097587 1.317304 0.099 0.111
04 0.09436 0.092834 -1.6439 0.094 0.382
0.5 0.08601 0.084953 -1.24381 0.086 0.012
0.6 0.07948 0.080527 1.300022 0.079 0.604
0.662 (0.0751)* 0.07607 0.074814 -1.70496 0.076 0.092
0.8 0.06975 0.069411 -0.48902 0.070 -0.358
1 0.06268 0.063217 0.849061 0.063 0.511
1.17 (0.0581)* 0.05796 0.058741 1.448174 0.058 -0.069
1.33 (0.0551)* 0.0543 0.053427 -1.54059 0.054 0.552
1.5 0.05104 0.05192 1.694252 0.051 0.078
2 0.04399 0.043523 -1.07242 0.044 -0.023
3 0.03575 0.035694 -0.15728 0.036 -0.699
4 0.0311 0.031627 1.664994 0.031 0.322
5 0.02813 0.028328 0.698531 0.028 0.462
6 0.0261 0.025858 093734 0.026 0.383
8 0.02356 0.023493 -0.28413 0.024 -1.868
10 0.0221 0.021738 -1.6641 0.022 0452
15 0.02038 0.020621 1.167737 0.020 1.865
NSZ2
0.015 5.527 6.152 -11.308
0.02 4712 7.083 -50.318
0.03 1.633 1.603237 -1.85642 2.448 -49.908
0.04 0.8149 0.823615 1.058181 1.186 -45.539
0.05 0.5062 0.513986 1.514879 0.705 -39.273
0.06 0.3629 0.359654 090261 0.482 -32.819
0.08 0.2413 0.243578 0.935118 0.293 21.426
0.1 0.1924 0.190222 -1.14513 0.220 -14.345
0.15 0.146 0.146664 0.452543 0.154 -5.479
02 0.1268 0.128932 1.653542 0.130 2,524
0.3 0.1066 0.107872 1.179072 0.108 -1313
0.356(0.0974)* 0.09931 0.0995 0.172284 0.100 -0.695
04 0.09458 0.093842 -0.78628 0.095 -0.444
0.5 0.086 0.085655 -0.40243 0.086 0.000
0.6 0.07936 0.078544 -1.03948 0.079 0.454
0.662 (0.0749)* 0.07592 0.0758 -0.17797 0.076 -0.105
0.8 0.06956 0.068492 -1.55964 0.069 0.805
1 0.06248 0.062233 -0.3962 0.062 0.768
1.77 (0.0587)* 0.05775 0.0565 2.04805 0.058 -0.433
1.33 (0.0549)* 0.0541 0.053 -2.00699 0.054 0.185
15 0.05086 0.050803 -0.11236 0.051 0275
2 0.04387 0.043902 0.072636 0.044 -0.296
3 0.03575 0.035356 -1.11336 0.036 -0.699
4 0.03119 0.031517 1.036132 0.031 0.609
5 0.02831 0.028189 -0.42881 0.028 1.095
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Table5 (continued) Energy MAC from XCOM MAC from MCNP5 Dev% MAC from Dev%
XCOM&MCNP Phy-x/PSD XCOM&
Phy-x/PSD

6 0.02635 0.026559 0.785184 0.027 2.467
8 0.02393 0.023839 -0.38044 0.024 -0.293
10 0.02256 0.022844 1.24519 0.023 -1.950
15 0.021 0.021408 1.905751 0.022 -4.762
NSZ3
0.015 6.172 -2.49529 7316 -18.535
0.02 7.275 -1.20896 11.560 -58.900
0.03 2514 25 -0.74966 3.986 -58.552
0.04 1216 121 -0.58231 1.887 -55.181
0.05 0.7215 0.729 0.983197 1.081 -49.827
0.06 0.4914 0.485 -1.22912 0.706 -43.671
0.08 0.2975 03 0.678965 0391 -31.429
0.1 0.2217 0.219 -1.27426 0.271 22237
0.15 0.1548 0.156 0.905477 0.170 9.819
02 0.1304 0.129 -1.18903 0.137 -5.061
03 0.1075 0.109 1.463758 0.109 -1.395
0.356 (0.0992)* 0.09973 0.0101 1.695848 0.101 1273
0.4 0.0948 0.0953 0.507122 0.095 0.211
0.5 0.08598 0.085 -1.11685 0.086 -0.023
0.6 0.07924 0.0787 -0.65137 0.079 0.303
0.662 (0.0762)* 0.07576 0.0775 2.184785 0.076 0317
0.8 0.06937 0.0701 1.074753 0.069 0.533
1 0.06227 0.0617 -1.00422 0.062 0.434
1.77 (0.0566)* 0.05755 0.0573 -0.34966 0.057 0.956
1.33 (0.0540)* 0.05391 0.0541 0.362019 0.054 -0.167
1.5 0.05068 0.0501 -1.24731 0.050 1.342
2 0.04374 0.0438 0.168025 0.044 -0.594
3 0.03575 0.0355 -0.67532 0.036 -0.699
4 0.03129 0.0319 1.857337 0.031 0.927
5 0.02849 0.0281 -1.56366 0.029 -1.790
6 0.0266 0.0269 1.041456 0.027 -1.504
8 0.02429 0.0242 047194 0.025 2923
10 0.02301 0.0231 0.398507 0.024 -4.302
15 0.02162 0.0217 0.357912 0.023 -6.383
NSZ4
0.015 7.462 9.344 25221
0.02 124 19.363 -56.153
0.03 4277 4256724 -0.47633 6.668 -55.904
0.04 2.02 1.991094 -1.45177 3.109 -53.911
0.05 1.152 1.143014 -0.78618 1.736 -50.694
0.06 0.7484 0.755215 0.902351 1.097 -46.579
0.08 0.4099 0.411726 0.443449 0.563 -37.351
0.1 0.2804 0.275263 -1.86612 0.360 28388
0.15 0.1723 0.170312 -1.16736 0.196 -13.755
02 0.1376 0.139731 1.524994 0.148 -7.558
03 0.1093 0.107795 -1.39624 0.112 22,470
0.356 (0.102)* 0.1006 0.10186 1.23716 0.102 -1.392
04 0.09523 0.094225 -1.06713 0.096 -0.809
0.5 0.08594 0.087404 1.674855 0.086 -0.070
0.6 0.079 0.079584 0.733652 0.079 0.000
0.662 (0.0759)* 0.07546 0.0744 -1.46664 0.075 0.610
0.8 0.06899 0.068592 -0.58052 0.069 -0.014
1 0.06186 0.061343 -0.84304 0.061 1.390
1.17 (0.0562)* 0.05714 0.0567 -0.73701 0.057 0245
1.33 (0.0542)* 0.05352 0.0532 -0.50412 0.053 0972
15 0.05033 0.049835 -0.99411 0.050 0.656
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Table5 (continued) Energy MAC from XCOM MAC from MCNP5 Dev% MAC from Dev%
XCOM&MCNP Phy-x/PSD XCOM&
Phy-x/PSD

2 0.0435 0.044339 1.89293 0.043 1.149

3 0.03575 0.035201 -1.55878 0.036 -0.699

4 0.03148 0.031064 -1.33925 0.032 -1.652

5 0.02885 0.028729 -0.42068 0.029 -0.520

6 0.0271 0.026916 -0.6837 0.028 -3.321

8 0.02502 0.025148 0.507931 0.026 3917

10 0.02392 0.023727 -0.81394 0.025 -4515

15 0.02287 0.022733 -0.6014 0.025 9.314

“Represents the experimental measured value of MAC

—@— NSz0
—@— NSzZ5
—@&— NSz10
NSZ20
s2f 2 5
&
39 o
— ° 10 ®
£ &
S 2} &
<
(&] 5 3
3 &
13 K
0
0.01 0.1 1 10

Energy (MeV)

Fig. 7 Variation of LAC versus energy at different concentration of
zirconium oxide

(5.4, 19.33, 33.75 and 63.7) cm~! for NSZ1, NSZ2,
NSZ3 and NSZ4 samples, then decrease to (0.052,
0.059, 0.066 and 0.081) at higher energy [42-46].
ZrO, plays a significant role in improving LAC. As a
result, as ZrO, concentration rises, LAC rises as well,
because ZrO, has high molecular weight than SiO,.
Mean free path (MFP) [47] of NSZ glasses are illus-
trated in Fig. 8. MFP values dramatically decrease as
Zr0O, increases, as shown in Fig. 8. The results show
that NSZ glasses have lower MFP values than conven-
tional concrete, 100% SiO,, and 100% Na,B,0. Figure 9a,
shows the "half-value length" HVL of NSZ glasses. The
HVL values at all energies decline as ZrO, is increased.
As illustrated in Fig. 9b and Table 6 [48]. The decreasing
line of HVL values for 50Na,O-(50—x) SiO, — x ZrO,
glasses are due to the increasing in MAC and density.

Fig.8 Variation MFP with the
photon energy for NSZ glasses
and SiO, and Na,B,0, glasses
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Fig.9 Variation of HVL versus energy at different concentration of
zirconium oxide (a) and with a comparison of other glasses (b)

HVL of NSZ samples is lower than that of concrete and
other glasses.

7. "effective atomic number" of NSZ samples is
depicted in Fig. 10a. Because of the photoelectric
effect, it has a higher value at low energy and the cur-
vature shows that Z_ declines faster in the energy
range (0.04 -1.5 MeV). After 1.5 MeV, the value
of Z. begins to rise, indicating that the shield-
ing strength radiation is improved. Also, the N
"effective electron number" is depicted in Fig. 10b.
It was observed that N is strongly linked to Z .
Z.q, of NSZ glass system displayed in Fig. 10c.
A qualitative examination on this figure reveals
that the variation of N4 by photon energy can be
explained using the same way that was followed for
Z .. Hence, the variations of N4 values through the
entire energy range can be explained by depending
on the main photon interactions with glass materi-
als and the chemical contents of the glass systems.
The Z., value for the NSZ20 sample is greater than
the other.

Figures 11 and 12 illustrate the calculated EBF&
EABF "exposure buildup factors & energy absorp-
tion buildup factors" values for the NSZ glass sys-
tem. For NSZ glasses, Due to the PE processes, the
EBF and EABF values of glasses are minimum in the
low energy. Whereas, at intermediate energy region,
the EBF and EABF values of glasses raise up to the
maximum as the energy increases. This behavior may
be ascribed to multiple scattering by CF. At higher
energy, there is an growth in the EABF values that
is associated to the pair production process [49, 50].
EBF and EABF values for all glass samples at 0.015,
1.5, and 15 MeV, based on the depth of penetration,
are shown in Fig. 13. The highest value of EBF and
EABF is observed in NSZ1, and the lowest value is
observed in NSZ4.

Tablze 6 Comparison of MAC Samples and concrete MAC (cm?%g) HVL cm

(cm?/g) and HVL (cm)of NSZ

glass with other published 662 keV 1173 keV 662 keV 1173 keV 1332 keV

materials [59]
NSZ1 0.0752 0.0582 3.574 4.697 5.013
NSZ2 0.0749 0.0587 3.348 4414 4.711
NSZ3 0.0763 0.0566 3.139 4.149 4.429
NSZ4 0.0759 0.0571 2.799 3.718 3.970
Ordinary 0.0778 0.0592 3.87 5.-9 543
Barite 0.0780 0.0565 2.54 35 3.75
Ferrite 0.0777 0.0589 1.98 2.62 2.79
Chromate 0.0751 0.0569 2.82 3.72 3.97
Serpentite 0.0779 0.0592 4.07 6.00 6.40
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Fig. 10 The Z (a), Neg(b) and Z.(c) gamma photons energy for
NSZ glasses

The efficiency of radiation protection (RP) is described
as [51]:

I
RP=(1—I—)><100 (13)

0

The RP was calculated by Eq. 13 and mentioned in
Table 7 for NSZ glasses. It was found that the NSZ4
sample has RP 30.42% and 17.82% at 356 keV and
1332 keV respectively, it proves more effective. Table 7
also, shows a comparison between the MAC data meas-
ured experimentally at photon energy 356, 662, 1172
and 1332 keV and those calculated from the different
computer programs. It is seen that good agreement was
detected.

2R "Fast neutrons removal cross-sections” of fabri-
cated samples are demonstrated in Fig. 14. It was found
2R of NSZ samples are 0.091, 0.094, 0.097, and 0.102
(1/cm) for NSZ1, NSZ2, NSZ3, and NSZ4. With the
addition of zirconium oxide, XR gradually increases.
This rise is due to the replacement of Zr which has a
higher atomic number at the expense of Si and O. Fig-
ure 14 shows a comparison of the current NSZ glasses
with shielding concrete. The NSZ4 sample was discov-
ered to be a promising shielding glass.

4 Conclusions

Crystallization and radiation shielding features of
ternary glasses Na,0-Si0,-ZrO, containing various
molar fractions of ZrO, have been evaluated in the
current paper. ZrO,/SiO, replacement improves the
connectivity of the glass matrix. Therefore, Tg, T.,
and T, values are increased by an increment of ZrO,.
It indicated that these increasing with an increase of
Zr0O, content due to the formation of strong bond Si
— O — Zr. The XRD results for heat-treated glasses
show that most glasses appear to be completely
crystallized. Particularly, as ZrO, increments, the
intensity increases, and the peak position is slightly
shifted towards higher 20° values. The character
of ZrO, on gamma-ray shielding characteristics of
Si0,- Na,0-ZrO, samples are evaluated experimen-
tally and by using computer programs XCOM, MCNP
and Phy-X/PSD. The inclusion of ZrO, to the glasses
shield has been shown to enhance the MAC. With
comparison, it was recognized the presence of ZrO,
supports to raise MAC and p,,. When the MFP values
of glasses are compared to the MFP values of com-
mercial glasses such as borax and quartz, it becomes
clear that our glasses have superior shielding capa-
bilities. Many concrete, including Ordinary, Barite,
Ferrite, Chromate, and Serpentine, have a lower HVL
value than NSZ glasses. NSZ samples have the small-
est EBF and EABF values at the highest ZrO,. (XR)
calculations indicated the capability of the NSZ sam-
ples for neutron attenuation.
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Table 7 Experimental and simulation MAC for NSZ glasses and its radiation protection efficiency
Samples E keV B m=H/p RD Radiation
protection
efficiency
Exp.* 107 x.com* 1072 MCNP5*1072 (RD% % 10% (RD®) x 107 (RD) x 10? (1-(i/i,))*100
NSZ1 356 9.925 9.889 9.759 1.317 0.3635 -1.673 24.30049
662 7.517 7.607 7.481 -1.705 -1.221 -0.4816 19.01105
1173 5.816 5.796 5.874 1.448 0.4721 0.9893 15.05376
1332 5.519 5.430 5.343 -1.541 1.710 -3.196 14.343
NSZ2 356 9.749 9.931 9.948 0.1722 -1.858 2.032 27.34185
662 7.492 7.592 7.581 -0.1779 -1.358 1.185 21.76438
1173 5.876 5.775 5.652 -2.048 1.845 -3.819 17.51152
1332 5.497 5.410 5.299 -2.007 1.682 -3.610 16.48109
NSZ3 356 9.927 9.973 10.145 1.696 -0.4658 2.199 22.96229
662 7.629 7.576 7.748 2.185 0.6624 1.553 18.1682
1173 5.662 5.755 5.728 -0.3497 -1.525 1.172 13.82488
1332 5.409 5.391 5.406 0.3620 0.4327 -0.063 13.25169
NSZ4 356 10.165 10.06 10.186 1.23716 1.029 -0.3314 30.77859
662 7.5912 7.546 7.439 -1.467 0.5768 -2.012 24.02355
1173 5.629 5.714 5.665 -0.7370 -1.369 0.6227 18.43318
1332 5.422 5.352 5.32 -0.5041 1.385 -1.883 17.81739
RD®=(MCNP5 -x.com)/ x.com. RD’= (Exp-x.com)/Exp., RD®=(Exp- MCNP5)/Exp
Fig. 14 FNRCS of NSZ glasses
1n comparison with other con- Fast neutron removal cross section (1/cm)
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