
ABSTRACT 

SHKOUKANI AL QOUS, GHADA. Shielding and Corrosion Behavior of Materials in Nuclear 

Applications. (Under the direction of Drs. Mohamed Bourham and Jacob Eapen). 

 

Ionizing radiation can arise from diverse sources ranging from nuclear reactor cores and 

waste storage systems to X-ray imaging and nuclear medical facilities. Depending on the dose, an 

inadvertent exposure or release of radioactive nuclides can be hazardous. The materials and the 

radioactive sources used in nuclear applications, therefore, are expected to be shielded adequately 

over extended periods of times even in harsh operating environments.  

The focus of this work is to assess the gamma shielding and corrosion behavior of three 

materials that are typically used in shielding – glass, concrete, and steel; these materials are 

selected due to their use in a wide spectrum of applications. Although these materials have been 

investigated before, the compositions/applications of the selected materials in this work are new. 

Since the shielding requirements depend on the application, each material is studied individually 

for the corresponding conditions.  

Glass materials are ubiquitously employed for X-ray Computed Tomography (CT) 

scanning room windows. Six compositions with different heavy elements additives are 

investigated in this work for enhancing the radiation shielding properties using the software 

MicroShield 9.05. Glass 6, which is composed of 35% PbO, 10% SiO2, and 55% Bi2O3 is found 

to provide the highest attenuation in the energy range 15 – 300 keV. Additionally, the dosimetric 

parameters of another set of six borate bismuth rich glasses are also estimated in the energy range 

0.015-15 MeV. It is found that Glass Bi60 which is made of 10% ZnO, 10% MgO, 20% B2O3, and 

60% Bi2O3 provides superior gamma ray shielding. 

Concrete is widely used in reactor containment buildings, waste storage buildings and spent 

nuclear fuel (SNF) dry casks. In this dissertation, the effect of using F-Ba and Pb-Zn tailings in 

construction mortars is investigated. Experimental results show that the mixtures containing F-Ba 

tailings are better at attenuating gamma radiation due to higher percentage of mine wastes.  

Recently, a magnesium phosphate cement (MPC) manufactured by Armakap Technologies 

has been proposed for radioactive waste storage. The corrosion/erosion response of different 

aggregate of MPC concretes in two highly acidic electrolytes is examined alongside Portland 

concrete. After 60 days of exposure with continual mass tracking, it is observed that MPC can 

endure a highly acidic environment three times better than Portland cement.  



 

 

 

 

While concrete makes up the overpack of the SNF dry cask, the fuel rods are typically 

stored in a steel canister. The structural materials are exposed internally to radiation and externally 

to corrosive media. Therefore, the effect of cumulative gamma irradiation on the corrosion 

behavior of steel is analyzed in this work. Electrochemical DC polarization experiments performed 

on carbon steel A36, SS316, and SS304 indicate that corrosion rate increases as the irradiation 

dose is increased to 4.4 Mrad.  

The combined effect of irradiation and corrosion on the shielding performance of steel is 

characterized next. The experimental findings imply that the irradiation of SS316 to 2.2 Mrad 

enhances the shielding performance while corrosion inhibits it. Nonetheless, the resultant effect of 

both corrosion and irradiation improves the linear attenuation coefficient (LAC) by 114% for 

SS316 for the conditions investigated in this work. To probe the underlying mechanism, the LACs 

of SS316, Glass 6, and Portland concrete are also compared using the computer codes MCNP 6.2.0 

and MicroShield 9.05. A comparative analysis shows that MCNP has a better accuracy for all 

energy ranges relative to MicroShield.  

After analyzing the materials used in dry casks design, the current decay heat of the SNF 

of Arkansas Nuclear One (ANO) HI-STORM 100 dry casks are estimated using the Regulatory 

Guide 3.54 provided by the Nuclear Regulatory Commission. A MATLAB code is developed to 

check the current decay heat rate and to predict the time taken for the dry cask heat generation 

reach a prescribed limit (which depends on the dry cask type); these limits are specified by the 

Amendment 13 HI-STORM 100 certificate of compliance (CoC). It is shown that the licensing 

bases can be upgraded to Amendment 13 CoC in year 2035 for ANO power plant. This means that 

the dry fuel storage surveillance at ANO can be switched to a monthly basis (instead of daily) 

thereby significantly reducing the operational burden while ensuring storage safety.  
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Chapter 1 

Introduction 

1.1. Nuclear Radiation: Reactors, Spent Fuel, Medical Facilities 

Nuclear radiation can be both harmful and beneficial depending on its type, dose, and 

energy. In addition to nuclear reactors, radioactive materials find applications in a wide variety of 

areas such as medical diagnostics and treatments, agricultural developments, accelerators, and 

space research. Radiation can be hazardous to humans, animals, and plants, and can have 

disastrous consequences if not confined properly. Therefore, it is very vital to fabricate and design 

radiation shielding materials that block radiation efficiently to provide a safe environment. 

Materials selection for the various nuclear applications is critical and can be challenging 

sometimes. The environments surrounding these materials might be extremely harsh in terms of 

high temperatures and considerable levels of radiation. Hence, the chosen materials should not 

only have good structural and chemical properties but also adequate shielding effectiveness. 

However, for a particular application, there are certain requirements that a material must meet in 

order to provide a satisfactory performance for that application. For example, the requirements for 

the materials used in designing a nuclear reactor component are not the same ones needed for spent 

nuclear fuel (SNF) dry casks. The nuclear cladding material, for instance, must have low neutron 

absorption cross-sections, high temperature tolerance, good radiation resistance, high thermal 

conductivity, low thermal expansion coefficient, and corrosion resistance [1]. Whereas the dry 

casks materials should possess similar properties but with more emphasis on long term structural 

and chemical integrity [2] . Not to mention that materials used in other radiation facilities also 

require different characteristics. For instance, the shielding performance is important for glasses 

used in X-ray room windows, but maintaining the transparency is as important.     

While there are a number of materials used in applications that involve radiation, three of 

the most commonly used ones are the focus of this dissertation – glass, concrete, and steel. The 

use of these materials covers a wide variety of applications from the construction of X-ray imaging 

rooms and windows to radioactive waste storage and spent nuclear fuel dry casks.  
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This chapter provides a brief but comprehensive background on the structure, types, and 

physical properties of glass, concrete and steel. Since radiation interacts with materials on the 

atomic level this aids in understanding the shielding behavior that these materials exhibit. 

Similarly, principles of long-term corrosion and degradation of materials are discussed to 

distinguish and comprehend the corrosion behavior. In addition, this chapter covers a concise 

literature review on characterizing various compositions of glass, concrete, and steel for radiation 

shielding purposes.  

1.2. Materials for Radiation Shielding 

1.2.1. Glass  

Glasses have been known for their desirable chemical, physical, and particularly optical 

properties. In several radioactive environments, a large number of optical devices that contain 

lenses, windows and other optical elements are made of glass [3].  

1.2.1.1. Structure and Physical Properties 

Glass is a solid non-crystalline material that is usually formed by rapid melt quenching 

technique [4]. In spite of the amorphous structure, there can be a high degree of short-range order 

of the local atomic polyhedral [5]. Figure 1.1 shows the microstructure of silica glass in three 

dimensions. As seen, the long-range order is absent. However, the tetrahedral arrangement of 

oxygen atoms round the silicon atoms portrays a local ordering.  

 
 

Figure 1.1. Silica glass atomic structure [6]. 
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When glass melt is supercooled, it exhibits a “glass transition” into a disordered solid state. 

On the atomic scale, glass is nothing but a condensed supercooled liquid; yet it has the mechanical 

properties of a solid [7], [8]. In fact, pure perfect glass is stronger than metals with a tensile strength 

that ranges between 14 GPa to 35 GPa. This is because flawless glass can undergo reversible 

compression without fracture. The bubbles, scratches, and microscopic flaws (imperfections) are 

what lower its strength by an order of magnitude [9] . Despite that, glass can be strengthened via 

different processes such as toughening [10]. 

Typically, glass is chemically inert. However, under certain conditions and depending on 

its constituents, it can be susceptible to corrosion and dissolution. The inclusion of alkali or 

alkaline earth elements in glass deteriorates its resistance to chemical attacks [7], [11]-[13]. 

Also, glass is prominent for its distinct optic properties in terms of light refraction, 

reflecting and transmission. Its transparency is caused by the amorphous structure in which the 

absence of grain boundaries generally limits visible light scattering [14]. However, this does not 

guarantee the transparency to all wavelengths. Silicate glasses, for example, can be opaque to 

infrared wavelength with a transmission cut-off at 3 µm [15]. 

1.2.1.2. Types of Glass 

As mentioned previously, glass can be formed by rapid quenching of the molten state of 

its mixture. The cooling should be quick enough to prevent crystallization of the structure. Most 

glasses have a high content of silicon dioxide (SO2). A pure silica glass is called infused quartz 

[13]. It is known to have a low thermal expansion coefficient and good resistance to thermal shock. 

Nonetheless, it is difficult to work with because of its high melting temperature (1723oC) and the 

high melt viscosity. Thus, other materials are usually added to lower the melting temperature and 

simplify its processing. For instance, sodium carbonate (Na2CO3) also known as “soda” can be 

added to lower the glass-transition temperature. In addition to that, calcium oxide (CaO, lime), 

magnesium oxide (MgO), and aluminum oxide (Al2O3) are other additives used to enhance the 

chemical properties. Soda-lime-silicate glass is much easier to form than pure silica and is typically 

used for windows and tableware [16]. While the soda-lime-silicate glass has poor thermal shock 

resistance, borosilicate glass can be a substitute for household cookware used at higher 

temperatures. Borosilicate glass usually contains 5-13% of boron trioxide and Pyrex glass is an 

example [17]. Aluminosilicate glass is another type of glass which has been extensively used for 

fiberglass and glass-reinforced plastics [18]. 
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Furthermore, many organic and inorganic materials can form glasses including metals, 

borates, germinates, and carbonates. However, such non-silicate glasses may require novel and 

complicated processes because of their poor glass formation characteristics [18]-[20]. 

1.2.1.3. Glass in Nuclear Applications  

For glass to be used in a radiation facility, it must have sufficient shielding capability 

without compromising other structural properties. Different additives and replacements can be 

applied to enhance glass radiation resistance. Since lead is known for its high density, it can be 

added to glass to provide superior shielding.  Kaur and Singh have proposed lead borate and lead 

silicate glasses doped with aluminum oxide as potential candidates [21]. However, due to the 

environmental toxicity of lead, Kirdsiri et al. have found that lead (II) oxide (PbO) can be replaced 

by bismuth (III) oxide (Bi2O3) while still providing comparable attenuation behavior (i.e., high 

total interaction cross-sections µm) [22].It was also found that Bi contributes positively by 

improving its chemical durability [23]. In addition to bismuth, barium can be added to enhance 

gamma ray attenuation as well. Bootjomchai et al. have studied the shielding behavior of barium-

bismuth-borosilicate glasses. The authors supported their choice of borosilicate in their study due 

to the fact that these glasses have good thermal shock resistance from their low coefficient of 

thermal expansion. They have found that lower values of the mean free path can be achieved by 

50BaO- xBi2O3-(50-x) borosilicate (where x ranges from 0 – 20 mol% in 5 increments) than 

concrete [24]. Furthermore, Chanthima and Kaewkhao have investigated the shielding parameters 

of bismuth borosilicate glass in the energy range 1 keV to 100 GeV using the WinXCom program. 

It was found that the glass system (50-x) SiO2: 15B2O3: 2Al2O3: 10CaO: 23Na2O: xBi2O3 with x = 

15 mol% has the lowest mean free path value. In addition, this glass system can provide better 

shielding than serpentinite, ordinar, chromite, ferrite, and barite concrete [25]. 

Many other non-silicate glasses have been developed for nuclear engineering applications 

as well. Heavy Metal Oxide (HMO) glasses have attracted researchers’ interest due to their high 

density, refractive index, infrared transparency, and good gamma ray radiation shielding [26]. 

Singh et al. have measured the gamma ray mass attenuation coefficient (MAC) for lead borate and 

bismuth lead borate glasses. In addition, they have analyzed the effect of replacing lead by bismuth 

in terms of density, molar volume, and MAC. The authors have reported that the MAC of the glass 

increases with increasing the weight fraction of Bi in Bi2O3-PbO-B2O3. The obtained MACs of 

these glasses are higher than the highest value concrete. This result makes the required volume for 
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a certain shielding design using these glasses much less than concrete. Moreover, it was found that 

the lead-containing glasses have lower densities than bismuth glasses which makes the latter better 

radiation shields [27].  

Sodium oxide can also be added to HMO glass systems to expand the glass forming region 

and facilitate ion exchange and provide low melting point [28]. Limkitjaroenporn et al. have 

investigated lead sodium borate glass systems and reported similar results of improving the gamma 

ray shielding at 662 keV upon increasing the PbO content [29].  Likewise, results obtained by 

Kharita et al. while studying lead and barium phosphate glasses emphasize the direct relation 

between shielding effectiveness and PbO weight percentage [30].  

1.2.2. Concrete, Cement, and Mortars 

Portland cement origin goes back to the ancient Romans when they accidentally discovered 

a silica- and alumina-bearing mineral. They mixed this mineral with limestone mortar and burned 

it, then they mixed the cement with water and sand. The resulting mortar could harden similarly 

underwater as in air, and it was harder, stronger, and cured faster than the ordinary lime mortar 

that was commonly used at that time. All the essential ingredients of modern Portland cement are 

contained in that mortar [31]. 

It is important to differentiate between concrete, mortars, and cement. According to ASTM 

C 125 and ACI Committee 116, concrete is defined as “a composite material that consists 

essentially of a binding medium within which are embedded particles or fragments of aggregate.”1 

Mortars on the other hand, are similar to concrete except that they don’t contain coarse aggregates. 

In other words, Mortar is a mixture of sand, cement, and water. 

1.2.2.1. Concrete Classifications 

Concrete can be categorized into three broad classes based on unit weight: normal-weight, 

lightweight, and heavyweight concrete. Normal-weight concrete is typically composed of natural 

sand and gravel or crushed-rock aggregates and it weighs about 2400 kg/m3 which is commonly 

used in structural applications. If the concrete weighs less than 1800 kg/m3, it is called lightweight. 

Lastly, heavyweight concrete weighs more than 3200 kg/m3 and it is suitable for radiation 

                                                 
1 ASTM C 125 ( Standard Definition of Terms Relating to Concrete and Concrete Aggregates ), and ACI 

Committee 116 (A Glossary of Terms in the Field of Cement and Concrete Technology) [32]. 
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shielding purposes. Another way to classify concrete is based on the compressive strength as 

shown in Table 1.1 [32]. 

Table 1.1. Concrete types based on strength [32]. 

Concrete type Strength range (MPa) 

Low-strength concrete < 20 

Moderate-strength (ordinary or 

normal) concrete 
20 - 40 

High-strength concrete > 40 

 

Concrete is the most widely used engineering material for several reasons. It exhibits a 

good resistance against the action of water, and easy to form and shape into different shapes and 

sizes. It is considerably cheap and readily available on the work site, requires low to no 

maintenance, and usually resistant to fire and resistant to cyclic loading [32]. 

1.2.2.2. Concrete in Nuclear Applications  

It is the aggregates in Portland cement paste matrix that provide additional physical 

qualities and make it suitable for radiation shielding purposes [33]. Ling et al. have studied the X-

ray radiation properties of cement mortars using Portland and fly ash as cementitious materials 

with six different fine aggregates: sand, fine stone (SF), beverage glass (BG), funnel glass-

untreated (FG-U), funnel glass-treated (FG-T), and barite. The shielding capabilities of these 

mortars are compared with red brick and lightweight brick. It was found that the best shielding 

ability, regardless of the energy level, can be attained using barite as an aggregate since it has the 

highest density among the rest [34]. This barite mortar is suggested to be used in medical 

diagnostic and computed tomography (CT) scanner room construction as a rendering material.  

Radiation shielding characteristics of barite concrete were further studied by Stanković et 

al. [35]. The study considers the radiation produced during Positron Emission Tomography (PET) 

via the positron emitter F-18. Each annihilation of a positron-electron pair causes the emission of 

two 0.511 MeV photons.  The authors assessed the tradeoff between having a sufficiently thick 

material that provides adequate gamma attenuation and the practicality, budget, and construction 

demands of that shield. They have implemented Monte Carlo calculations to estimate the 

transmission factor of gamma rays. It was shown that barite as an aggregate is one way to enhance 
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gamma ray shielding of concrete.  These results agree with the work done by Akkurt et al. where 

they compared lead, ordinary concrete, and barite concrete gamma attenuation properties [36]. 

Through both experiments and calculations, barite concrete was found to have a higher linear 

attenuation coefficient than Portland concrete. And as expected, lead showed the best shielding 

against gamma radiation. Regardless, it is impractical to replace concrete with lead and use it in 

building constructions.  

However, lead concrete with fly ash admixture was explored by Singh, K et al. and replaced 

cement with fly ash by different weight percentages (0%, 20%, 30%, 40%, 50%, and 60%) [37]. 

The radiation interaction parameters that were extensively investigated are the linear and mass 

attenuation coefficient, half value layer, effective atomic number, and electron density. The mass 

attenuation coefficient remained constant with fly ash variation from 0 to 60% despite the decrease 

in the density. As a matter of fact, the mass attenuation coefficient is independent of density unlike 

the linear attenuation coefficient. It was shown that as the fly ash content increases, the linear 

attenuation coefficient decreases. For the same amount percentage of fly ash content, lead fly ash 

concrete surpasses ordinary fly ash concretes in terms of shielding against gamma radiation.  

Lead fly ash concrete is of special interest because it becomes stronger as it ages. When 

the cement hydrates, free lime is generated. Since fly ash contains reactive silica, it converts free 

lime into calcium silicate hydrates. The latter is water insoluble and its strength grows with time 

[37]. 

Many other studies were performed to analyze the gamma ray shielding characteristics in 

concrete containing hematite [38], lime and silica [39], and steel magnetite [40], [41]. With that 

being said, not all aggregates enhance radiation shielding effectiveness. In fact, adding Zeolite as 

an aggregate to concrete deteriorates radiation resistance [42]. 

1.2.3. Steel 

1.2.3.1. Structure and Alloying Elements 

Steel, an alloy of iron, carbon, and other alloying elements, is a relatively new structural 

material. In the early civilizations, copper was most common metal to make weapons, statues, tools 

etc. Around 3000 BCE, metalworkers discovered that mixing two or more metals could result in a 

much stronger and more corrosion resistant material. By trial and error, they created the bronze 

alloy by mixing tin and copper. Iron was discovered much later. Pure iron was not easy to smelt; 
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therefore, wrought iron was the most common metal in the years between 1200 BCE and 550 BCE. 

The issue with wrought iron was its inability to be melted and poured into molds like other metals 

such as copper and silver. Over time, ironworkers were able to develop more durable furnaces and 

utilize charcoal to obtain molten iron [43]. In the 4th century BC, weapons made of steel were used 

by the Roman military [44]. The early interest of steel was in weapons and tools such as swords, 

axes, and saws [43]. Currently, steel can be considered as the backbone of our civilization due to 

its magnificent strength, common availability, and low cost. Among alloys, it is the primary 

structural material [45]. 

There are various types of steel depending on the carbon content, other alloying elements, 

and the ways in which they are manufactured. In this work, commercial stainless and carbon steel 

are probed for their shielding properties. More specifically, two grades of stainless steel (SS304) 

and (SS316), and A36 low alloy carbon steel with the nominal compositions are selected in this 

study. The compositions are shown in Table 1.2. 

Table 1.2. Nominal weight fraction compositions of SS316, SS304, and A36 [46]. 

Element (%) 
Steel type 

SS316 SS304 A36 

C 0.041 0.08 0.26 

N - 0.1 - 

S 0.015 0.03 0.05 

P 0.023 0.045 0.04 

Si 0.507 0.75 0.4 

Ni 12 8-12 - 

Cr 17 18-20 - 

Mn 1.014 2 0.75 

Mo 2.5 - 0 

Cu - - 0.2 

Fe Balance Balance 98.3 

 

Both SS340 and SS316 are austenitic solid solutions within a face-centered cubic (FCC) 

lattice [47]. The main difference between these two austenitic steels is the addition of molybdenum 

in SS316 for enhancing the resistance against the localized corrosion [48], [49]. On the other hand, 

A36 carbon steel has a body-centered cubic (BCC) iron (α-Fe) crystal structure. As illustrated in 

Figure 1.2, the introduction of Ni stabilizes the structure to austenite phase. 
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Figure 1.2. Role of nickel as an austenite stabilizer [50]. 

Alloying elements are added to enhance structural properties of materials. Despite the 

desirable properties that iron possesses such as strength, ductility, toughness, and malleability, 

pure iron corrodes readily. Corrosion is an important issue with consequential structural and 

economic impacts. Hence, alloying elements are introduced to either enhance or inhibit certain 

properties. For instance, steel strength increases while ductility decreases when the carbon content 

increases. Manganese is usually used in combination with carbon as alloying elements for steel 

when the process of hot rolling is carried out. Likewise, Molybdenum is used in conjunction with 

manganese or vanadium to increase the strength specifically under high temperature conditions. It 

also promotes corrosion resistance. Additionally, chromium and nickel are usually used jointly in 

stainless steel. There is the well-known “18-8” stainless steel which contains 18% of nickel and 

8% of chromium. It is also known that nickel improves the fracture toughness of steel [51]. 

Moreover, aluminum and silicon are of particular importance in producing killed steel for its 

deoxidizing capabilities [52]. Conversely, examples of alloying elements that have detrimental 

effects are sulfur and phosphorus. While both deteriorate the ductility of steel, sulfur enhances 

internal segregation in the steel matrix [51]. Other chemical elements that are present in very small 

quantities including but not limited to boron, nitrogen, and titanium. In essence, some of these 

elements are impurities and their extraction process is not feasible. Whereas other minor elements 

are, in fact, improve some properties providing the presence of major alloying elements. It is 

noteworthy to point out that nitrogen, among these elements, has been found to deter localized 

corrosion [53], [54] and, in particular, pitting corrosion in chloride media [55]. Whilst nitrogen 
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can increase stainless steel’s strength without compromising its ductility, it should not be added to 

low alloy steels since nitrogen has the tendency to form brittle nitrides [56]. 

On the other hand, steel can be coated to provide more desirable properties. Examples of 

coatings are titanium nitride (TiN), titanium dioxide (TiO2), zirconium dioxide (ZrO2), and 

molybdenum disulfide (MoS2). Coating steel with ZrO2 is well known to enhance corrosion 

resistance. Additionally, zirconium is highly resistant to radiation damage and to chemical 

corrosion due to alkalis, acids, and saltwater and thereby used in radiation-exposed nuclear and 

space structures. TiN as a coated layer, has strong adhesion properties and has proven to lower 

hydrogen diffusion to the substrate metal. TiO2 has been proven as a corrosion resistant coating 

material for components in sea salt and chlorides environments [57]-[62]. MoS2 as a coating layer 

is also known for the physical wear resistance and possesses good adhesion to solid substrates. 

1.2.3.2. Steel in Nuclear Applications  

Stainless steel (SS) and carbon steel (CS) are most frequently used in constructing nuclear 

equipment, piping and accessories. The reason for that is the excellent characteristics such as 

temperature and corrosion resistance, weldability, availability, desirable mechanical properties, 

and good radiation damage resistance [63]. 

Singh and Badiger have examined the shielding properties of several types of steel 

including CS516, SS403, SS410, SS316, SS316L, and SS304L [64]. It was found that all of these 

grades provide good and comparable shielding against gamma radiation in the energy range of 

0.015 - 15 MeV except for SS316 in the low energy region. It was also concluded that the linear 

attenuation coefficient (LAC) does not depend on the iron weight fraction since these alloys are 

composed of other high-Z elements. The radiation shielding characteristics of another four types 

of stainless steel (302, 304, 321, and 430) were investigated by Alım, et al. [65]. The authors have 

reported that the gamma attenuation of these steels surpasses ordinary concrete, steel-scrap 

concrete, and steel magnetite concrete. In addition, it was found that the studied 300 series which 

have an FCC crystal structure and contain Ni have better attenuation than the 430 which is ferritic 

and has a BCC structure. Moreover, SS304, AISI 1018 and duplex 2507 stainless steel were 

investigated by Sadwawy and Shazly [63]. Even though the three of them have very similar 

densities, the duplex stainless steel has the highest gamma mass attenuation coefficient due to the 

presence of Cr, Ni, Mo, and W heavy nuclei.  
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Additionally, three new steel alloys were proposed by Bünyamin Aygün for nuclear 

systems applications [66]. In their work, the alloying elements with the highest content are Ni, Cr, 

and W (refer to Table 1 in [66]). Stainless steel samples with densities of 9.04 g/cm3, 9.85 g/cm3, 

and 10.45 g/cm3 were formulated. The mechanical properties, corrosion behavior and gamma and 

neutron absorption were studied and compared with the standard 316LN grade stainless steel. 

There were no significant changes in mass or thickness when the samples were tested for abrasion 

in 95-98% sulfuric acid. The results also showed comparable yield stress values with commercial 

stainless steel standards. The proposed alloys have shown better neutron attenuation than 

SS315LN and adequate gamma attenuation behavior. 

Other types of steels have been studied both experimentally and computationally using 

numerical codes such as Geant4, MCNP, and WinXCOM to investigate their radiation shielding 

behavior and can be found in the work [67]-[70].  

1.3. Long-time Corrosion and Degradation of Shielding Materials  

Corrosion is the phenomenon of a material or metal surface damage and deterioration due 

to an aggressive harsh environment. It is of tremendous importance to study corrosion science and 

control due to three main reasons: economics, safety, and conservation [71]. 

In the case of metals, corrosion is the electrochemical reaction by which the metal is 

oxidized and loses electrons to the surrounding environment and hence, it undergoes a valence 

change from zero to a positive value z [72]. The surrounding could be gas, liquid, or both and are 

called electrolytes. While the metal is oxidized through an anodic reaction, the electrolyte is 

reduced through a cathodic reaction. Therefore, the resultant is a redox interaction. For instance, 

the redox reaction between zinc and hydrochloric acid can be written as follows (also illustrated 

in Figure 1.3):  

𝑍𝑛−>  𝑍𝑛2+ + 2𝑒−  Anodic = oxidation 

2𝐻+ +  2𝑒− −>  𝐻2  Cathodic = reduction 

𝑍𝑛 + 2𝐻+ + 2𝐶𝑙−−>  𝑍𝑛+2 + 2𝐶𝑙− + 𝐻2 Overall = redox 

. 
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Figure 1.3. Schematic of metal dissolution and hydrogen ions reduction [73]. 

The potential on the surface depends on the number of available electrons; if there are 

excess electrons accumulating on the metal solution interface where the reaction is not fast enough 

to accommodate these extra electrons, the surface potential becomes more negative. This negative 

potential change is called cathodic polarization. Likewise, the electron releasing deficiency from 

the metal surface causes the potential to become more positive and called anodic polarization. The 

driving force of corrosion is, in fact, the anodic polarization. This means that the increase in 

electron deficiency leads to a high tendency for anodic dissolution. Thus, the more positive the 

surface potential, the more corrosive is the solution [73].  

Eventually, if there are no additional external factors, the surface potential in an aqueous 

electrolyte solution will reach a steady state value called the corrosion potential (Ecorr). The 

corrosion potential is contingent on the electron exchange rate via anodic and cathodic reactions. 

When the surface potential (E) increases above Ecorr, the anodic reaction or the corrosion rate 

increases. In the case of absent polarization, very high rates are produced by the slightest driving 

force [73]. 

Generally, the corrosion rate increases as the surface potential increases. Yet, the corrosion 

rate in many metals slows down above a certain threshold potential called polarization potential 
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(Ep). Above Ep, some metals are able to passivate and form of a thin protective layer of hydrated 

oxide that ceases the anodic dissolution reaction. This phenomenon is called passivity which can 

be defined as the increase in corrosion resistance in spite of the high anodic polarization. Figure 

1.4 shows the effect of the surface potential on the corrosion rate above and below Ep. 

 

 

Figure 1.4. Passive region at potentials above Ep [73]. 

1.3.1. Forms of Corrosion 

Corrosion exhibits different forms and types and can be classified into two main categories: 

general corrosion and localized corrosion. As the names imply, the general corrosion occurs when 

the entire exposed material’s surface is corroded. Whereas the localized corrosion attacks a 

particular part of the exposed surface area. There are different kinds of general and localized 

corrosion depending on the corrosive environment conditions. It is typically harder to control 

localized corrosion rather than general corrosion [74].  

a. General corrosion  

i. Uniform Corrosion 

It occurs when a corrosive environment attacks the entire surface and converts into its oxide 

form. Also, in uniform corrosion, the metal itself must be uniform in terms of composition and 

metallurgy. The atmospheric corrosion of steel is a very ubiquitous example. A brown color of 

ferric hydroxide (rust) layer on the exposed surface [73], [75]. 

 



   

14 

 

ii. Galvanic Corrosion: 

It is likely to happen when two dissimilar alloys are in contact and present in a corrosive 

electrolyte. Due to potential difference in a galvanic cell, one metal is preferentially corroded (the 

anode) while providing a protection for the other metal (the cathode). Consequently, cathodic 

protection can be achieved based on galvanic coupling. 

Not to mention that there are other types of general corrosion such as high temperature 

corrosion, liquid-metal corrosion, molten-salt corrosion, biological corrosion, and stray current 

corrosion. 

b. Localized Corrosion 

i. Pitting Corrosion 

It occurs when the localized corrosion creates a cavity or a hole on the surface. In certain 

materials, the corroded localized areas act as anodes whereas the surrounding materials act as 

cathodes. Eventually, the anodes dissolve and create cavities known as pits. And since surface 

defects cause additional stress concentration, the pits raise the stress during stress corrosion 

cracking (SCC) and fatigue testing [76]. 

Mainly, SCC takes place when there is a static tensile stress on a material under certain 

corrosive environmental conditions. For instance, a particular dissolved species is often 

indispensable for SCC to occur for a certain material. Stainless steels are prone to SCC in hot 

chlorides and carbon steel in nitrates [73].  

ii. Crevice Corrosion 

Crevice cavities are created because of the corrosion due to the local change of the 

chemistry of the anode surface areas. The chemistry changes include oxygen depletion and the 

buildup of a corrosive ionic concentration such as chloride (Cl-) and hydrogen (H+). Usually, 

crevice cavities are detected under surface deposits or fastener heads etc. As a matter of fact, when 

a stagnant electrolyte is sheltered under a surface, a series of localized anodic reactions may take 

place. It takes a prolonged period of time for the crevice corrosion process to be initiated but might 

be readily accelerated afterward [74]. 

The main difference between crevice and pitting corrosion is the initiation process. Beyond 

that, both mechanisms can be very comparable. Provided in Figure 1.5, examples of pitting 

corrosion of 2195 Al-Li alloy in NaCl solution and crevice corrosion of stainless steel. 
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Figure 1.5. Left: pitting corrosion of 2195 Al-Li alloy in NaCl. Right: crevice corrosion in stainless steel 

[74]. 

iii. Intergranular Corrosion  

Intergranular corrosion occurs along the grain boundaries due to the depletion of corrosion 

resistant elements such as chromium or impurities segregation locally. Therefore, both the grain 

boundaries and adjacent areas become more susceptible to corrosion and preferential attack. It is 

a prevailing issue in many alloys and particularly heat- treated austenitic steel. The heat treatment 

causes the depletion of chromium through the metallurgical reaction with carbon and production 

of chromium carbides (mainly Cr23C6). For instance, at temperatures between 425 and 815oC, a 

precipitation of chromium carbide occurs, and the resultant structure becomes sensitized. Also, if 

the content of chromium falls below ~10%, these areas would be corroded preferentially [73]. 

Examples of other localized corrosion are biological corrosion which could occur on steel 

in marine environments when fouling organisms unevenly adhere to the surface, and selective 

leaching corrosion (also known as dealloying) occur when the major solvent element is 

preferentially corroded  [73]. 
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Chapter 2 

Project Objectives and Roadmap 

Even though ionizing radiation is utilized in numerous technological fields including 

energy production, industry, and medical applications, it can be hazardous to humans and 

detrimental to environment, if not shielded properly. The demand for using ionizing radiation is 

increasing and thus there is an ongoing endeavor to enhance the shielding capabilities of currently 

available materials as well as to develop new materials with superior radiation absorption 

properties and other targeted properties [77]-[79]. While there are several materials used in 

radiation-involved facilities, this dissertation focuses on three common materials – glass, concrete, 

and steel. The selection of this group of materials covers a wide variety of applications involving 

both low and high radiation levels. The main goal is to assess the shielding and the corrosion 

behavior of glass, concrete, and steel for nuclear applications; the theory, and experimental and 

simulation methods, are described in Chapter 3. 

2.1. Glass as Shielding Material  

As previously mentioned, glass is commonly used in medical or research nuclear facilities 

for windows or transparent components. The gamma radiation energy in dental clinics and hospital 

X-ray rooms is in the range 15-300 keV while in nuclear medicine working stations it is between 

90-140 keV [80]. 

2.1.1. Optimizing Glass Shielding Performance Using Novel Compositions 

The main challenge in the medical field is to optimize the radiation shielding properties 

without compromising the optical properties. Therefore, six novel glass compositions containing 

heavy additives are proposed in Chapter 4. Due to the lack of resources, the glasses are not 

manufactured. Nonetheless, the dosimetric parameters are obtained using MicroShield 9.05 

software. It uses built-in libraries of materials cross-sections and it is approved by the US nuclear 

regulatory commission (NRC) [81]. A case study of a rectangular volume representing an X-ray 

CT scanning room with a glass wall is then presented followed by a brief economic trade-off 

analysis.  

Borate glasses is analyzed next in Chapter 5; they are known to possess good thermal and 

mechanical properties, and low melting point along with strong durability [82]. The addition of Bi 
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makes it a strong candidate for radiation shielding by mainly increasing the density. In this work, 

borate glasses are experimentally investigated. They are synthesized using a melt-quenching-

annealing technique and they are composed of (80-x) B2O3-10ZnO-10MgO-xBi2O3 where x varies 

from 10-60 mol% in increments of 10. In addition to the physical and optical characterization, the 

attenuation behavior of the borate multi-component of bismuth rich glasses is investigated 

computationally.  

2.2. Concrete as Shielding Material 

Concrete is used to shield nuclear radiation in several applications. It is used as a final 

barrier in a commercial nuclear reactor and as a shield for radioactive waste. Radiation sources in 

nuclear medicine, for example, generates radioactive wastes in terms of noodles or biohazardous 

substances. Another important radioactive waste source comes from the commercial nuclear power 

plants in the form of spent nuclear fuel. When such contaminated wastes are stored before disposal, 

the storage structures should exhibit excellent mechanical and shielding properties. The typical 

high level waste (HLW) dry cask storage system has been designed to store the spent nuclear fuel 

rods in an inner steel canister that is surrounded by additional steel, concrete, or steel-reinforced 

concrete. Although the Yucca Mountain Nuclear Waste Repository in the United States is planned 

to be a permanent storage facility [83], the project has faced strong opposition.  As of today, there 

does not exist a permanent geological repository. Hence, the spent nuclear fuel (SNF) is stored in 

interim dry cask storage containers that are exposed to atmospheric elements. Thus, the concrete 

overpacks of the dry casks must not only have superior mechanical and shielding properties, but 

they should also be able to withstand different corrosive environments and assure safe storage for 

extended periods of time. 

2.2.1. Utilization of Mine Waste Deposits in Cement Mortars  

In a context of sustainable development, mining industrial wastes have to be reduced to 

lessen the impact on the environment. The recovery and reuse of industrial by-products is one way 

to achieve that. Thus, Chapter 6 is dedicated to study the effect of using F-Ba and Pb-Zn tailings 

in construction mortars for radioactive shielding purposes. More specifically, a mineralogical 

characterization of mine waste has been conducted using X-ray diffraction. Also, physical 

characterization and microstructure analysis is performed using scanning electron microscopy 

(SEM). In addition, the inner structure of the samples has been analyzed using a high-resolution 
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X-ray computed microtomography (MircoCT-XR) system. In this dissertation, the shielding 

behavior has been studied thoroughly both experimentally and computationally. In the 

experimental setup, the radioactive sources cover a spectrum of 0.022 – 1.3325 MeV of gamma 

energy. To further expand the energy range and verify the experimental results, numerical 

shielding simulations are performed with MicroShield 9.05.  

2.2.2. Optimization of Corrosion Resistance Using Novel Cement Composition 

Magnesium phosphate concrete (MPC) compositions prepared by Armakap Technologies 

are proposed in Chapter 7 as alternatives to Portland concrete for radioactive waste containers. 

Two aspects have been included in this study: first, the mechanical properties in terms of density 

and compressive strength, and second, the corrosion/erosion resistance. Both mechanical and 

corrosion behavior are directly related to the efficacy of concrete as a construction and shielding 

material for different forms of nuclear waste. Dry-storage casks need to maintain structural 

integrity through ‘tip-over’ tests [84] and several angles of vertical drop [85].  Also, it has been 

estimated that within 300 years of exposure, a conventional overpack concrete is likely to 

carbonate and initiate corrosion of the reinforcing steel [86]. The MPC compositions are tested 

specifically for corrosion resistance relative to Portland cement in this work.  

The ultimate compressive force measurements are obtained using Mark-10 Model M3-500 

Force Gauge. The corrosion/erosion examination is challenging since the samples in this study are 

poor electrical conductors. Therefore, an alternative method is implemented where the corrosive 

electrolytes are allowed to circulate around the concrete sample at a specified mass rate for 

prolonged periods of time. The change of the sample mass corresponds to its corrosion/erosion 

rate.  Chapter 7 discusses the findings of the mechanical and corrosion/erosion testing.  

2.3. Steel as Shielding Material 

As mentioned previously, the spent nuclear fuel rods are stored in steel canister that is 

surrounded by additional steel, concrete, or steel-reinforced concrete. Although, stainless steel 

possesses favorable physical, chemical, and mechanical properties and has been proven to fulfill 

the NRC dry cask storage requirements stated in 10 CFR 72 [87], stainless steel has some 

drawbacks such as the susceptibility to chloride-induced and/or irradiation-assisted stress 

corrosion cracking. 
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2.3.1. Effect of Irradiation on the Corrosion Behavior of Steel 

The corrosion behavior of steel as dry cask material has already been established and many 

important studies addressed the effect of irradiation on the corrosion of steel [58]-[61]. While the 

corrosion experiments in these studies have been performed under irradiation conditions, the 

available literature on the effect of cumulative irradiation of steel on the corrosion behavior under 

non-irradiation conditions is limited.  

In Chapter 8, the effect of the cumulative irradiation of steel on the corrosion behavior is 

explored – three steel types are considered in this study, the commercial 316 and 304 stainless 

steel (SS316 and SS304), and A36 carbon steel (A36). Some of the samples are bare, while others 

are coated by a single layer of either of the following: TiN, ZrO2, TiO2, or MoS2. The samples 

have been irradiated to either 1.1, 2.2, or 4.4 Mrad of cumulative gamma radiation. The 

experimental analysis of the steel corrosion is performed electrochemically using Gamry 

instruments as shown in Figure 3.6. The corrosion of steel is a slow process to be observed in the 

absence of applied bias. Hence, an external potential that disturbs the equilibrium is applied in the 

electrochemical polarization experiments. These measurements provide a quantitative description 

for corrosion over shorter timescales [88]. 

2.3.2. Effect of Irradiation and Corrosion on the Attenuation Behavior of Steel 

The combined effect of corrosion and radiation is a key factor that could limit the lifetime 

of storage units of spent fuel and high-level radioactive waste such as dry casks [89]. In dry casks, 

structural materials are exposed externally to corrosive environments and internally to high levels 

of radiation. Chapter 9 is a continuation to Chapter 8 where the samples that have been irradiated 

and undergone electrochemical corrosion are investigated for their shielding and attenuation 

effectiveness. The shielding studies are performed experimentally using radioactive sources with 

gamma peak energies in the range of 88 – 662 keV.  

2.4. Computational Analysis of Gamma Shielding Behavior of Glass, Steel, and 

Concrete 

While experiments can provide sufficiently reliable results, simulations provide a means 

to extend these results beyond the experimental conditions. There are two types of codes used in 

shielding design – deterministic and stochastic. MicroShield 9.05 is an example of deterministic 

code while Monte Carlo N-Particle (MCNP) is stochastic. Chapter 10 establishes a comparison 
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between the results obtained by these two computational approaches as well as the experimental 

findings.  

2.5. Decay Heat Calculations for Dry Casks  

There is an ongoing effort to reduce the surveillance frequency of dry casks. A case study 

is considered in Chapter 11 where the decay heat of the previously loaded dry casks of Arkansas 

Nuclear One (ANO reactor) is calculated. The decay heat limits are then checked to determine if 

the new limits in Amendment 13 HI-STORM 100 certificate of compliance (CoC) can be 

implemented. This amendment states that the Independent Spent Fuel Storage Installation (ISFSI) 

surveillance can be changed from daily to monthly if the decay heat is below 750 W/assembly for 

MPC 24 dry cask type and 500 W/assembly for MPC 32 casks [90].  

A MATLAB code is developed to estimate the decay heat based on calculations steps 

provided by the Regulatory Guide 3.54 prepared by the NRC [91]. It is found that the licensing 

basis for HI-STORM 100 casks at ANO can be upgraded to Amendment 13 in year 2035. This 

will reduce the operator burden from daily surveillance to monthly while ensuring the adequate 

storage safety.  
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Chapter 3 

Theory, Experimental and Simulation Methods  

3.1. Radiation Shielding 

3.1.1. Gamma Interaction with Matter  

Gamma rays are electromagnetic ionizing radiation that is produced by the decay of nuclei 

or the annihilation of a pair of matter and antimatter particles [92]. Other types of ionizing radiation 

can be also emitted such as alpha particles which are helium nuclei, electrons, and neutrons. 

Typically, a medium can attenuate one type of radiation more effectively than other types. As seen 

in Figure 3.1, while alpha rays can be attenuated by a piece of paper, gamma rays penetrate deep 

in the medium and hence require a lead plate to shield against it [93]. Although the high-density 

lead can stop the gamma radiation, water and/or thick concrete attenuate neutrons better.  

 

Figure 3.1. Different shielding materials required for different radiation types [93]. 

The way the photons interact with a medium depends on their energy and the target 

material. Photons interact with atoms via five different mechanisms: Compton scattering, 

photoelectric absorption, pair production, coherent scattering, and photodisintegration [94].The 

first three interactions are the major ones. Illustrated in Figure 3.2, the interaction types and the 

dependence on gamma energy and the atomic number of the absorber [95]. 
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Figure. 3.2. Three main types of gamma-ray interaction with matter [95]. 

The photoelectric effect is the absorption of a photon by an atomic electron. Consequently, 

the photon completely disappears, and if its energy is higher than the electron’s binding energy, it 

is ejected from the material surface. Photoelectric effect is most dominant at low gamma energies 

(~0-0.5 MeV) [94]. 

However, the photon could give a portion of its energy to a weakly bound electron. In this 

case, the electron might stay stationary or almost stationary. Whereas the photon is scattered with 

a reduced energy, thus longer wavelength. This phenomenon is called the Compton Effect. For 

light materials such as air and human tissues with low atomic number (Z), Compton scattering 

dominates when the incident gamma rays energy between (100 keV-30 MeV). On the other hand, 

in heavier materials, Compton Effect occurs when the energy is between 0.5 MeV and 10 MeV 

[92]. 

The third case is when the photon passes in proximity to the nucleus of an atom. The strong 

nuclear field causes the photon to split into an electron-positron pair [94]. As a result of 

conservation of momentum and energy, this pair is created from the photon interacting with the 

electromagnetic field. Due to this fact, pair production is more probable to occur with materials 

with high atomic numbers. The electron rest mass is 0.511 MeV, and the positron is a positively 

charged electron having the same mass. As a consequence, the threshold for the photon energy to 

be 1.022 MeV in order to undergo pair production.  
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3.1.2. Theory 

When a monoenergetic beam of gamma rays is incident on a slab with thickness x, some 

photons are attenuated through the aforementioned interactions while the uncollided particles may 

emerge from the other side of the slab. The relationship between the incident and the uncollided 

radiation intensities 𝐼 and 𝐼𝑜, respectively, is governed by Beer-Lambert law as demonstrated in 

Figure 3.3 [96]. 

 

 

Figure 3.3. Attenuation of monoenergetic gamma ray with intensity I through an absorber of thickness x 

[97]. 

The attenuation law is: 

𝐼 = 𝐼0𝑒−𝜇𝑥 (3.1) 

Where 𝜇 is the linear attenuation coefficient (LAC), which is a material property that is a 

function of photon energy. It can also be defined as the probability per unit length that the particle 

undergoes an interaction in the medium. Therefore, it has a unit of inverse length. Accordingly, 

the average distance travelled by a photon before the first interaction is 1/𝜇 which is called the 

mean free path (MFP).  

When the LAC is normalized to the material’s density, the mass attenuation coefficient 

(MAC) is obtained (
𝜇

𝜌
) [cm2/g]. This is a constant value for a certain element regardless of the 

density. Another important dosimetric parameter is the half value layer (HVL). It is a convenient 
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concept to estimate the material’s thickness required to attenuate half of the incident radiation 

intensity. The HVL equals to 
𝑙𝑛 (2) 

𝜇
 [97]. 

3.1.3. Experimental Methods 

The gamma attenuation experiments in this dissertation are performed using a 905-3 NaI 

(Tl) scintillation detector and ORTEC DigiBase as the photomultiplier that is connected to 

MAESTRO software for data recording and interpretation. Four standard radiation sources with 

an approximate activity of 1 𝜇Ci each are used. The sources are Co-60, Cs-137, Ba-133, Co-57, 

and Cd-109. The order in which the sources have been stacked depends on the peak energy of the 

element from the base to the detector as follows: Co-60 with 1.33 and 1.173 MeV, Cs-137 with 

0.662 MeV, Ba-133 with 0.356 MeV, Co-57 with 0.122 MeV, and Cd-109 with 0.088 MeV and 

0.022 MeV (if possible). This spectrum captures low and high gamma energy values and is 

expected to be representative for multiple nuclear applications.  

The experimental setup is shown in Figure 3.4. The sample is placed 15 cm above the base 

of the radioactive sources on a ring clamp. And the scintillator detector is placed 30 cm above that 

base. Before analyzing the materials attenuation, the background counts are collected as well as 

the unshielded spectrum of the radioactive sources. After subtracting the counts from the 

background, the Lambert–Beer law in Equation 3.1 is applied and the necessary dosimetric 

parameters are estimated. 

 
 

Figure 3.4. Gamma attenuation experimental setup. 
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3.1.4. Computational Methods  

While experiments can provide us with accurate results over a certain range of 

experimental parameters, benchmarked simulations provide a means to extent the parameter range; 

due caution must be exercised against extrapolating far beyond the experimental parameters. 

MicroShield 9.05 is used to obtain the necessary dosimetric parameters of various materials. 

MicroShield is a comprehensive gamma ray shielding and dose assessment program that uses built-

in properties of individual materials. It gives the option of customizing materials compositions and 

the radiation energy range. Not to mention that each case takes only a few seconds or less to run. 

MicroShield is also approved by the US NRC for several shielding studies [98], [99].  

Additionally, the attenuation parameters of glass, steel, and concrete samples are estimated 

computationally using the Monte Carlo N-Particle (MCNP 6.2.0) code. This stochastic code 

implements physics models and uses nuclear cross sections libraries for particle interactions with 

matter; it also provides the required quantities with calculated errors [100], [101]. Although it can 

be used for the transport calculations of neutrons, electrons, photons, and even coupled 

neutrons/electrons/photons, only the gamma transport mode is considered herein. It is a robust tool 

that allows the user to define materials/sources and create geometries much more robustly than 

MicroShield.  

3.2. Corrosion Analysis 

In order to assess the corrosion materials for this study, two corrosion testing techniques 

are performed: electrochemical polarization and circulating corrosive electrolytes for extended 

periods of time.  

3.2.1. Electrochemical Polarization: Theory 

As explained in Section 1.3, corrosion occurs when electrons are exchanged between a 

metal that releases electrons through the oxidation process and a corrosive solution which gains 

the electrons through the opposite process, reduction. The oxidation and reduction reactions are 

electrochemical by their nature of producing electrical current because of the flow of electrons. 

Corrosion of steel is a slow process to be observed in the absence of applied bias. Hence, 

electrochemical polarization experiments are employed which measure the flow of electrons by 

applying an external potential. These measurements provide a quantitative description for 

corrosion over shorter timescales [102]. 
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For a system experiencing both cathodic and anodic reactions, the relationship between the 

potential and current can be described using the Bulter-Volemer equation: 

𝐼 = 𝐼𝑐𝑜𝑟𝑟 (𝑒𝑥𝑝 [
𝛼𝑎𝑛𝐹(𝐸 − 𝐸𝑐𝑜𝑟𝑟)

𝑅𝑇
] − 𝑒𝑥𝑝 [

−𝛼𝑐𝑛𝐹 (𝐸 − 𝐸𝑐𝑜𝑟𝑟)

𝑅𝑇
] ) (3.2) 

Where; 𝐼 and 𝐼𝑐𝑜𝑟𝑟 are the current and the corrosion current in ampere, respectively, 𝛼𝑎 and 

𝛼𝑐 are the anodic and cathodic charge transfer coefficients, respectively, 𝑛 is the number of 

electrons involved in electrode reaction, 𝐹 is Faraday constant (= 9.649×104 s.A/mol), 𝐸 is the 

potential (V), 𝐸𝑐𝑜𝑟𝑟 is the corrosion potential (V), 𝑅 is the universal gas constant (8.314 

J/mol.K), 𝑇 is the absolute temperature (K). 

The term 2.3𝑅𝑇/𝛼𝑛𝐹 is commonly denoted as 𝛽 [88]. Therefore, Equation 3.2 becomes:                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

𝐼 = 𝐼𝑎 + 𝐼𝑐 = 𝐼𝑐𝑜𝑟𝑟 (𝑒𝑥𝑝 [
 2.3 𝜂

𝛽𝑎
] – 𝑒𝑥𝑝 [–

 2.3 𝜂

𝛽𝑐
] ) (3.3) 

Where; 𝐼𝑎, 𝐼𝑐 are anodic and cathodic currents (A), respectively, 𝛽𝑎, 𝛽𝑐 are anodic and 

cathodic Tafel slopes (V/decade), 𝜂 is the overpotential (𝐸- 𝐸𝑐𝑜𝑟𝑟 ,V),  

Consequently, Equation 3.3 correlates the applied current and the deviation from the 

equilibrium potential in terms of the corrosion current and Tafel slopes, which are characteristics 

of the coupling between the material and surrounding environment.  In the low overpotential region 

and close to the corrosion potential, it is valid to expand the exponential terms using Taylor series 

about 𝜂= 0. The resulting equation is known as the Stern-Geary equation [103]: 

𝑑𝜂

𝑑𝐼
|𝜂→0 =

𝛽𝑎𝛽𝑐

2.3𝐼𝑐𝑜𝑟𝑟(𝛽𝑎 + 𝛽𝑐)
  (3.4)  

   

In the potential versus current curve, the slope in the close vicinity of the equilibrium 

potential is called the polarization resistance Rp and its value is equal to the left-hand side of 

Equation 3.4. By rearranging Equation 3.4, the corrosion current can be written as:  

𝐼𝑐𝑜𝑟𝑟 =
𝛽𝑎𝛽𝑐

2.3𝑅𝑝(𝛽𝑎 + 𝛽𝑐)
 (3.5)  

The region with high overpotential is dominated by either the anodic or cathodic reaction. 

The anodic reaction dominates the region of positive overpotential where  𝜂 is positive, whereas 
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for negative 𝜂, the cathodic reaction dominates. Considering the anodic reaction, the corrosion 

current can be expressed as follows: 

𝐼 ≈ 𝐼𝑎 = 𝑒𝑥𝑝  (
2.3𝜂

𝛽𝑎
) (3.6)   

Equation 3.6, therefore, can be rewritten as:  

𝜂 = 𝑎 + 𝑏 𝑙𝑜𝑔(𝐼) =
𝛽𝑎

2.3
[𝑙𝑛 (𝐼)  − 𝑙𝑛 (𝐼𝑐𝑜𝑟𝑟) ] (3.7)  

Equation 3.7 shows that in the region of positive high overpotential, 𝛽𝑎 is proportional to 

the slope of the voltage versus log current curve. A similar behavior is seen for 𝛽𝑐 in the negative 

overpotential region. All the parameters in Equation 3.5 can be obtained experimentally in order 

to calculate 𝐼𝑐𝑜𝑟𝑟.  

The corrosion rate (CR) for a certain material undergoing electrochemical corrosion is 

related to the 𝐼𝑐𝑜𝑟𝑟 by the following relation: 

𝐶𝑅 =
𝐼𝑐𝑜𝑟 𝐾 𝐸𝑊

𝜌 𝐴
 (3.8)  

Where CR is the corrosion rate in mm per year (mmpy), K=3272 mm/A-cm-year, EW is 

the equivalent weight of the sample (g), 𝜌 is the mass density of the sample (g/cm3), and A is the 

exposed area to corrosion (cm2).  

In the current work, the corrosion susceptibility of the samples is reported in terms of 

corrosion current and corrosion rate as well. 

 

3.2.2. Electrochemical Corrosion Testing 

The three-electrode corrosion cell experiment is implemented using Gamry instruments of 

MULTIPORTTM Corrosion Cell Kit Interface 1000. The key step of the experiment is the potential 

measurement. Conventionally, the potential is measured between two electrodes and not for one. 

Therefore, the corrosion potential of an electrode is measured and reported with respect to a 

reference. Examples of commonly used reference electrodes are the saturated calomel electrode 

(SCE) and the silver/silver chloride (Ag/AgCl) [104]. Furthermore, a third electrode, counter 

electrode, is used as a sink for electrons to prevent substantial current passing through the brittle 

reference electrode. As provided in Figure 3.5, the experimental setup consists of three electrodes: 
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a working electrode made of the studied material, a graphite counter electrode, and a saturated 

reference electrode Ag/AgCl which is carefully stored in a slightly less than saturated KCl solution 

when not in use. The potentiostat is connected to each electrode as well as to the DC105 

Electrochem Software. Figure 3.6 illustrates the experimental setup with labeled components  

 

Figure 3.5. Schematic diagram of electrochemical polarization measurement [46]. 

 

 
 

Figure 3.6. The electrochemical polarization experimental setup.  
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Electrochemical experiments can be performed using either AC or DC current. While an 

AC power applies an alternating current/voltage to the system, DC power provides static 

current/voltage signals. DC electrochemistry thus involves applying a static voltage/current and 

measuring the system response. In this work, DC power is employed to control the applied voltage 

and measure, in turn, the current change. The applied voltage can be held constant (potentiostatic) 

or varies based on prescribed scare rate (potentiodynamic). An ideal potentiodynamic curve is 

illustrated in Figure 3.7. It is noteworthy that the variables in Equation 3.4 can be extracted from 

this Figure. The slopes of the linearly extrapolated cathodic and anodic curves represent the 

cathodic and anodic Tafel constants (𝛽𝑐 , 𝛽𝑎). And the point of intersection of the extrapolated 

curves represents the pair (Icorr, Ecorr). 

 

Figure 3.7. Current response to the change of potential showing cathodic and anodic components of total 

current [105]. 

3.2.3. Circulators and Corrosive Electrolytes  

Electrochemical experiments do provide the best results for conductive materials. 

However, for partially conductive or completely insulating materials, other corrosion/erosion 

techniques need to be utilized. In this work, six circulatory systems have been designed in the 

Nuclear Engineering department at NC State University [106] and shown in Figure 3.8. Each 

system is comprised of a pump, PVC piping, and a sample housing. The fundamental concept is 
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bumping a corrosive, acidic or brine, aqueous solution with known pH into a circulatory motion 

around the stationary sample. Through the PVC piping, the pump can circulate a corroding liquid 

at a flow rate of 1 gallon per minute.  

 

 

Figure 3.8. Circulators used for corrosion/erosion measurements. 

The gray sample housing, shown in Figure 3.8, is filled with a solution with the pH of 

interest to a level slightly above the bottom tubing. Then the sample is placed in cautiously to 

prevent any solution splashing. The housing is then filled again with the selected electrolyte until 

it reaches a level right above the sample’s surface.     

The mass loss/gain is recorded based on measuring the mass of the sample at different 

times – before starting the experiment, after 24 hours of stationary saturation, and between pre-

determined run intervals. The results provide an indication of corrosion/erosion rate; consequently, 

the life expectancy of materials can be estimated. As long as there are no changes in the dominant 

mechanism, extrapolating the experimental rates to longer times can be justified [106].  
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Chapter 4 

Shielding Properties of Glasses with Different Heavy Elements Additives for 

Radiation Shielding in the Energy Range 15–300 keV 

The work reported in this chapter has been completed with equal contribution from El-

Sayed A.Waly2 and has been published in Radiation Physics and Chemistry [107].This chapter is 

reproduced from the published article [107] with minor modifications and can be formally cited 

as “E.A. Waly, G.S. Al-Qous and M.A. Bourham, "Shielding properties of glasses with different 

heavy elements additives for radiation shielding in the energy range 15–300 keV," Radiation 

Physics and Chemistry, vol. 150, pp. 120-124, 2018. DOI: 10.1016/j.radphyschem.2018.04.029.” 

 

The addition of bismuth (Bi) and lead (Pb) in the casting of glasses can provide better 

shielding characteristics. In this work, selected proportions of Bi2O3, PbO, and other 

compounds are analyzed with MicroShield. The mass attenuation coefficient, half value layer, 

and the exposure rate with and without build up factor are then computed for 6 types of glass 

compositions; the parameters of dosimetric interest are investigated in the energy range of 

15–300 keV. An optimized compositional configuration is finally provided for the 

construction of transparent windows for hot cells, monitoring windows in nuclear facilities, 

X-ray diagnostic and CT-scanner rooms.  

4.1. Introduction 

Development of shielding materials for transparent windows in various nuclear facilities, 

such as hot cells, and X-ray and screening facilities, is of importance where viewing a radiation-

equipped area is required. Shielding of gamma and X- ray is based on the principle of attenuation 

in dense materials, in which the intensity of radiation is exponentially reduced through 

photoemission and scattering. Both concrete and glass  have been used for decades for the 

purpose of radiation shielding [47], [108]-[116]. Glass is a more versatile material because of its 

wide range of composition, high homogeneity and its transparency. Typical applications of 

radiation shielding glasses in the 15–300 keV range are in security X-ray screens, dental clinics, 

                                                 
2 Accelerators & Ion Sources Department, Basic Nuclear Science Division, Nuclear Research Center, 

Atomic Energy Authority, P.N.13759 Cairo, Egypt. 
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x-ray and radiation protection spectacles, hospital X-ray rooms, experimental and research 

laboratories, space science research with hard X-rays in the 70–300 keV energy range  [117] and 

hot cells in nuclear medicine facilities with gamma radiation fields between 90 and 140 keV 

[80]. 

The addition of heavy elements to the glass significantly improves its radiation 

shielding properties. Several research studies have investigated the effect of different types 

and amounts of additives used in glass for X-ray and gamma radiation shielding [22], [118], 

[119].In the present work, a computational study is performed to determine lead and bismuth 

glass attenuation coefficients, exposure rates, required thickness to shield gamma and X-ray 

photons with energies between 15 and 300 keV; the X-ray tubes used for medical imaging are 

typically operated at maximum voltage of 150 kVp (CT scans use higher operating voltages), and 

low energy hot cells could be in the range 90–140 keV [80]. Note that the peak voltage 

determines the maximum X-ray energy in X-ray tubes. 

Mass attenuation coefficient is the most fundamental parameter to study the interaction of 

X- and gamma-rays with mater. There are a few studies on developing and optimizing the 

construction materials for glass walls as a shield against low energy gamma and x-ray radiation 

for lower energy hot cells, X-ray diagnostic and CT scanner rooms [22], [80], [117]-[121]. 

4.2. Materials and Methods 

MicroShield 9.05 software package is used to compute the mass attenuation coefficient and 

other parameters of dosimetric interests for the suggested Bi and Pb glasses. In this study, six 

different types of glass composed of various metal oxides are considered. The composition of each 

glass form along with its mass density are provided in Table 4.1. Each glass type contains at least 

10% PbO by weight and can efficiently attenuate photons. It is clear that glass density increases 

as the PbO content increases in Glass 1 through Glass 4 and there is a further increase in density 

due to addition of Bi2O3 which has a high molecular weight as well. Densities of the materials 

described in Table 4.1 are graphically represented in Figure 4.1. 
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Table 4.1. Glass compositions. 

Glass type 
Composition (% by weight) Density 

(g/cm3) PbO Al2O3 B2O3 SiO2 Bi2O3 

Glass 1 0.1 – 0.2 0.65 0.05 3.6125 

Glass 2 0.25 0.1 0.65 – – 4.3765 

Glass 3 0.4 0.1 0.1 0.4 – 5.513 

Glass 4 0.5 0.1 – 0.4 – 6.22 

Glass 5 0.3 – 0.2 – 0.5 7.801 

Glass 6 0.35 –   0.1 0.55 8.4955 

 

 

Figure 4.1. Mass density of different types of glass of composition indicated in Table 4.1. 

4.3. Results and Discussion 

4.3.1. Mass Attenuation Coefficient  

The mass attenuation coefficient for the various glass compositions is shown in Figure 4.2. 

As can be seen, Glass 6 has the highest attenuation among the others due to the addition of Pb and 

Bi with a relatively high weight fraction, which resulted in an overall high-density glass. The 

lowest attenuation is achieved by Glass 1 that has the lowest density. It is clearly seen that as the 

glass density increases, its mass attenuation coefficient increases as expected, resulting in good 
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shielding properties against gamma and -ray radiation in the specified range of 15–300 keV. As 

the content of Pb and Bi increases, a typical k-edge discontinuity appears at 

100 keV photon energy. This addition and increased fractions of lead and bismuth leads to the 

discontinuity around 100 keV, lead and bismuth k-edges are at 88.008 and 90.540 keV, 

respectively. The other constituents (Si, O, B and Al) are of low k-edge x-ray absorption and do 

not contribute much. The k-edge effect also appears in the increase of the attenuation coefficient 

as seen in Figure 4.2, lowering of exposure rates with and without buildup (Figures 4.4 and 4.5), 

and the drop in exposure rates (Figure 4.6). 

 

 

Figure 4.2. Mass attenuation coefficient for the 6 types of glass. 

4.3.2. Half Value Layer 

The half value layer (HVL) indicates shielding efficiency against radiation; the lower the 

HVL, the better due to the small volume required to attenuate the same amount of radiation. The 

HVLs over a range of photon energies from 15 to 600 keV for the suggested 6 types of glass are 

given in Table 4.2. As shown, for a certain gamma energy, Glass 6 (the custom synthesized glass 

material of 8.4955 g/cm3 density as indicated in Table 4.1) requires the least thickness as a HVL 
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due to its bismuth and lead additives that increased the density, which in turn resulted in the highest 

linear attenuation coefficient.  

The results are graphically presented in Figure 4.3 for quick visualization of the difference 

between the six glass types, for the energy range 15–300 keV as the range of interest in this study. 

By comparing the values of HVL for Glass 1 and Glass 6, it is clear that Glass 1 requires longer 

HVL than Glass 6 where at lower energies the ratio is about 4.9–5.29 and in the range 4.13 down 

to 1.77 at higher energies; making an average ratio between Glass 1 to Glass 6 of about a factor of 

4 over the entire extended range of 15–600 keV. This means that the increase in the glass density 

by a factor of 2.35 (on average) will decrease the HVL by a factor of about 4. Moreover, a general 

trend can be noticed form Figure 4.3 which is the increase in the HVL thickness for a certain glass 

as the energy increases. 

 

 

Figure 4.3. HVL for 6 types of glasses in the energy range 15–300 keV. 
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Table 4.2. HVL (cm) for 6 types of glasses between 15 and 600 keV. 

Energy (keV) Glass 1 Glass 2 Glass 3 Glass 4 Glass 5 Glass 6 

15 0.037266 0.026117 0.016056 0.013051 0.008535 0.007574 

20 0.052912 0.034382 0.021328 0.017221 0.011046 0.00981 

30 0.153691 0.099007 0.061888 0.049975 0.031942 0.028384 

40 0.322394 0.209094 0.132104 0.106967 0.068425 0.060909 

50 0.55899 0.369481 0.236892 0.192648 0.123843 0.110374 

60 0.858918 0.57907 0.378355 0.309441 0.200505 0.179062 

80 1.568206 1.121779 0.766841 0.637084 0.422909 0.379599 

100 0.806923 0.510794 0.331967 0.269602 0.172596 0.153998 

150 1.838587 1.267643 0.868062 0.718511 0.474109 0.425766 

200 2.962167 2.228053 1.622156 1.375838 0.944342 0.855315 

300 4.847183 4.135723 3.353397 2.986416 2.243921 2.074049 

400 6.188814 5.681534 4.943988 4.566187 3.710638 3.497211 

500 7.265694 6.896987 6.267154 5.934479 5.107938 4.891653 

600 8.13553 7.892817 7.372338 7.096828 6.370838 6.16679 

 

4.3.3. Variation of Exposure Rate with Photon Energy for Different Types of 

Glasses 

Low-energy radiations in hot cells are in the range 90–140 keV [80] and the X-rays in 

typical radiography and CT scanner rooms is in the range of 60–120 kVp. Therefore, it is important 

to have a good shielding efficiency of the glass wall/window in such facilities covering a wide 

photon energy range between 15 and 300 keV. The influence of the photon energy on shielding 

efficiency of 3 cm thick glasses wall is plotted in Figure 4.4. The dose point where the exposure 

rate is calculated is right behind the wall, plotted in a logarithmic scale to broaden the curve and 

magnify the differences among the values. A general trend can be seen that is the increase of the 

exposure rate as the energy increases. Glass 6 shows, again, a superior performance by having the 

lowest exposure rate at all energies, while Glass 1 has the highest. The k-edge discontinuity at 

100 keV is illustrated in Figure 4.4 as well. 
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Figure 4.4. Exposure rate without buildup factor versus energy for all types of glasses. 

4.3.4. Exposure Rate with and without Buildup. 

The variation of the exposure rate values with and without buildup factor as a function of 

the photon energy for synthesized Glass 6 is illustrated in Figure 4.5. The logarithmic scale was 

used to broaden the curve and magnify the differences among the values. Despite the apparent 

considerable divergence at low energies between the exposure rate with and without the buildup 

factor, the values themselves are extremely small. This means that build up factor calculations are 

not indeed necessary for various applications. The exposure rates at the maximum and minimum 

energy with buildup factor are 3.92×10-10 and 1.82×10-25 mR/h, respectively; and without build up 

factor are 3.25×10-10 and 4.12×10-129 mR/h, respectively. 
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Figure 4.5. Exposure rate with and without buildup factor versus energy for Glass 6. 

4.3.5. Variation of Exposure Rate with Thickness for Glass 6 

Figure 4.6 illustrates the effect of Glass 6 thickness on the exposure rate. Although the 

exposure rate values at high energies for both 1 and 3 cm thicknesses do not differ that much, there 

is a difference in the range 150–200 keV. Not to mention that there is a significant decrease in the 

exposure rate at all energies when the thickness goes up to 5 cm. For example, as the thickness 

increased from 3 to 5 cm, the exposure rate at 150 keV decreases from 5.63×10-11 to 1.44×10-13 

mR/h; whereas the exposure rate at 1 cm thickness for the same energy is 9.59×10-11 mR/h. This 

means the more thickness is added, the less exposure rate is obtained. 

 

Figure 4.6. Dependence of the exposure rate on thickness of Glass 6 shield. 
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4.3.6. Shielding for a 3 cm Thickness Glass 6 Window 

The analysis thus far shows that Glass 6 has superior shielding performance. In this section, 

a case study is conducted by simulating an X-ray screening room. A rectangular Ba133 source 

volume with dimensions of 40 × 40 × 40 cm is used to simulate X-ray CT screening room. The 

Ba133 photon energies are between 30.6 and 383.8 keV, with an assumed activity of 1.0 Ci. Table 

4.3 shows the range of the photons activity. The source is at 200 cm away from the Glass 6 

shielding; the space is assumed to be filled with air. The 3cm-Glass 6 shielding at the end of the 

200 cm air gap is where the dose is measured. The X-ray diagnostic and CT-scanning room are 

illustrated schematically in Figure 4.7. 

Table 4.3. Photon activity for the radioactive Ba133 source. 

Energy (keV) Activity (Photons/s) 

30.6 1.27E + 10 

31.0 2.35E + 10 

35.0 8.42E + 09 

53.2 7.92E + 08 

79.6 9.42E + 08 

81.0 1.22E + 10 

160.6 2.22E + 08 

223.1 1.63E + 08 

276.4 2.55E + 09 

302.8 6.58E + 09 

356.0 2.24E + 10 

383.8 3.21E + 09 

Total 9.36E + 10 

 



   

40 

 

 

Figure 4.7. Geometry of a rectangular volume source representing an X-ray CT room with a glass wall. 

4.3.7. Equivalent Thickness for Other Synthesized Glass Types 

In this section, the thickness of each other type of glass is calculated in order to produce 

the same exposure rate as 3 cm of Glass 6. As can be seen from Figure 4.8, all other glasses must 

have larger window thickness than Glass 6 in order to achieve the same shielding efficiency. This 

will result in an increase of the total volume and mass of the window as indicated in Table 4.4. 

 

 

Figure 4.8. Thickness of window for all types of glasses to achieve same shielding as Glass 6. 
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Table 4.4. Equivalent thicknesses of other types of glass to 3 cm of Glass 6. 

Glass type Length Width Thickness Volume (cm3) Density (g/cm3) Mass (kg) 

Glass 1 40 40 13.25 21,200 3.6125 76.5850 

Glass 2 40 40 10.50 16,800 4.3765 73.5252 

Glass 3 40 40 7.00 11,200 5.5130 61.7456 

Glass 4 40 40 5.75 9200 6.2200 57.2240 

Glass 5 40 40 3.50 5600 7.8010 43.6856 

Glass 6 40 40 3.00 4800 8.4955 40.7784 

 

4.3.8. Cost Estimate of the Synthesized Glasses Compositions  

A cost estimate analysis is performed for the 6 types of glasses. Figure 4.9 illustrates the 

estimated total price for the materials required for a window construction made of different types 

of glass with same radiation shielding efficiency. The costs were calculated based on available 

materials prices in $/kg as of August 2017 as shown in Table 4.5 [122], [123]. Note that the prices 

can vary depending on the form (whether it is powder or has a different mesh size). For example, 

the price of aluminum oxide for mesh size between 8 and 1200 is $34.95 per pound [124]. 

 

 

Figure 4.9. Estimated total price for a window construction with different types of glass with same 

radiation shielding efficiency. 
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Table 4.5. Average price per kg of materials for glass manufacturing. 

Material Price ($/kg) 

Bi2O3 22.00 

PbO 8.00 

Al2O3 38.00 

B2O3 6.100 

SiO2 3.375 

 

Although Glass 6 showed the best shielding behavior with the lowest mass, it is not the 

cheapest. Glass 1 has the lowest cost, yet the heaviest and thickest. Glass 4 shows adequate 

attenuation characteristics as well as reasonable mass and thickness. Indeed Glass 2 is definitely 

not a good choice both cost-wise and shielding-wise. There is no general rule to decide which glass 

type is the best in all aspects. Therefore, the choice of the glass type depends on the application 

and hence the shielding requirements as well as the available resources.   

4.4. Conclusions 

The feasibility of using different types of glass for gamma and X-ray shielding in 

the photon energy range 15–300 keV is demonstrated in this Chapter. The results show that 

additives of lead and/or bismuth oxide increase the density and result in better radiation attenuation 

characteristics. The blended composition of 35% lead oxide PbO, 55% bismuth oxide B2O3 and 

10% silicon oxide Si2O3, named Glass 6 in this study, portrays the best mass attenuation 

coefficient, lowest exposure rate and HVL values among the other mixes in the energies between 

15 and 300 keV. While this makes Glass 6 preferable in various applications, it’s not the cheapest. 

Good shielding characteristics can be obtained with moderate expense with Glass 4 composition. 

Nevertheless, in applications such as of X-ray diagnostic and CT-scanner rooms, and low-energy 

range hot cells, an optimization plan must be established to determine which glass type to use.  

 

Another type of glass that can be used in radiation shielding is borate bismuth glass. Borate 

glass is known to have strong durability, good mechanical and thermal properties as well as low 

melting point [82]. Adding bismuth to borate glass makes it an excellent candidate for gamma ray 

shielding. Not to mention that glass rich in bismuth has a high refractive index and non-
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carcinogenic components unlike lead rich glasses [125], [126]. The following chapter investigates 

the gamma-ray shielding of borate bismuth glasses. 
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Chapter 5 

Borate Multicomponent of Bismuth Rich Glasses for Gamma Radiation Shielding 

Application 

The work reported in this chapter has been performed with several collaborators and 

published in Radiation Physics and Chemistry [127]. The work specific to this dissertation appears 

in Section 5.3.4. This chapter is reproduced from the published article [127] with minor 

modifications and can be formally cited as “M. I. Sayyed, Kawa M. Kaky, M.H.A. Mhareb, Alyaa 

H. Abdalsalam, Nouf Almousa, Ghada Shkoukani, and Mohamed A. Bourham, "Borate 

multicomponent of bismuth rich glasses for gamma radiation shielding application," Radiation 

Physics and Chemistry, vol. 161, pp. 77-82, 2019. DOI: 10.1016/j.radphyschem.2019.04.005.” 

 

In this work, six borate-bismuth glasses are synthesized using a conventional melt-

quenching-aneling process with a composition of (80-x) B2O3-10ZnO-10MgO-xBi2O3 where 

x = 10, 20, 30, 40, 50 and 60 mol%. The glasses are melted at 975 °C for 30 min and annealed at 

300 °C for 5 h. Different physical properties of these glasses are measured and estimated. X-ray 

diffraction is utilized to investigate the structural nature of these glasses. Optical 

absorption and transmittance spectra are measured for all samples in the range of 300–800 nm at 

room temperature; the cutoff wavelength of all glass samples is also determined. In addition, the 

radiation shielding characterization for the glass samples is done by calculating the linear and 

mass attenuation coefficients, mean free path, and half value layer of the photon energy ranges 

between 0.015 and 15 MeV using MicroShield. It is found that the glass with the highest 

Bi2O3 content showed the best performance in attenuating gamma radiation by exhibiting the 

highest linear attenuation coefficient and both lowest mean free path and half value layer due to 

its high density of 7.107 g/cm3. 

5.1. Introduction  

Borate glass is considered a reliable glass form due to its low melting point, strong 

durability, good thermal properties, and mechanical features [82]. In addition, Bi2O3 has a small 

strength field, which cannot form glass easily, which is why additional glass modifiers require 

forming B2O3-Bi2O3 glass network [128]. Glass rich in bismuth, is considered a strong candidate 

in shielding materials due to high density, high refractive index, long infrared transmission, and 

https://www.sciencedirect.com/topics/physics-and-astronomy/gamma-radiation
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non-carcinogenic components [125], [126]. Adding ZnO to glass matrix improves the resistance 

against crystallization, gives better chemical durability, and enhances the thermal stability [129]. 

5.2. Materials and Methods 

 5.2.1. Glass Synthesis  

In order to study the effect of bismuth oxide on radiation shielding properties, six samples 

are prepared using a melt-quenching-annealing traditional process. The composition of these 

glasses designed as ((80-x) B2O3-10ZnO-10MgO-xBi2O3) where x = 10, 20, 30, 40, 50 and 

60 mol%. The raw materials utilized in these glasses are from standard chemical providers. Based 

on Table 5.1, all elements evolved in the glass composition are weighed in order to get 20 g batch 

with microbalance which provides an accuracy of ±0.001. All powders are mixed carefully to 

ensure a homogeneous final composition. High alumina crucible is used to melt these powders at 

975°C for 30 min using Carbolite electric furnace. Then molten glasses are poured into a stainless-

steel mold and pressed by another plate. The annealing process has been carried out at 300°C for 

5 h to release the internal stress. The final glasses are cut and polished into two forms, solid and 

powder form. The solid form is prepared in a 2 mm thickness, as one can see in Figure 5.1, for 

optical measurements while the powder form is used for XRD measurements. 

Table 5.1. Chemical composition and density of prepared glass samples. 

Glass code 
Composition (mol %) 

ZnO MgO B2O3 Bi2O3 Density (g cm−3) 

Bi10 10 10 70 10 3.841 

Bi20 10 10 60 20 4.475 

Bi30 10 10 50 30 5.18 

Bi40 10 10 40 40 5.787 

Bi50 10 10 30 50 6.412 

Bi60 10 10 20 60 7.107 
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Figure 5.1. Photograph of synthesized glasses. 

5.2.2. Characterization  

 XRD  

X-ray diffraction has been measured using Ital Structure APD 2000 diffractometer at CuKα 

(λ = 1.542 Å) radiation with an additional applied source of 40 kV and 20 mA anode current. The 

profile measured for each sample was in a range between 10° and 80°, with a rate of 2° per minute 

scan. 

 Optical Absorption 

Optical absorption spectrum for all glasses was measured at room temperature using UV–

Vis–NIR spectrophotometer (Shimadzu UV-3600, Japan), in the range of 200–800 nm with 

spectral resolution of 2 nm. 

5.3. Results and Discussion  

5.3.1. Physical Properties 

Several mathematical equations are used to calculate the physical and optical properties of 

the prepared glass samples. The density is computed by utilizing the Archimedes principle and the 

toluene is used as immersed fluid: 

𝜌 =
𝑊𝑎𝑖𝑟

(𝑊𝑎𝑖𝑟 − 𝑊𝑙𝑖𝑞𝑢𝑖𝑑)
∗ 𝜌𝑙 (5.1) 

Wair and Wliquid refer to the sample weight in air and liquid, respectively, and 𝜌𝑙 refers to 

the density of the immersed liquid. 
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Based on the density (ρ) value and molecular weight (M) of the prepared samples, the molar 

volume can be obtained as: 

𝑉𝑚 = 𝑀𝜌 (5.2) 

Ion concentration (N), polaron radius (rp), inter-nuclear distance (ri) and field strength (F) 

are determined by following equations [130]: 

𝑁 =
(𝑚𝑜𝑙%)𝜌𝑁𝐴

𝑀𝑖
 (5.3) 

𝑟𝑝 =
1

2
(

𝜋

6𝑁
)

1
3

 (5.4) 

𝑟𝑖 = (
1

𝑁
)

1
3

(5.5) 

𝐹 =
𝑍

𝑟𝑝
2

 (5.6) 

Where NA and Mi refer to Avogadro's number and the average molecular weight, 

respectively. The mole % represents the bismuth fraction and Z refers to the atomic number of 

bismuth. 

The following relations have been used to calculate boron-boron separation [131]: 

𝑑𝐵−𝐵 = [
𝑉𝑚

𝑏

𝑁𝐴
]

1
3

(5.7) 

𝑉𝑚
𝑏 =

𝑉𝑚

2(1 − 𝑋𝐵)
(5.8) 

Where Vm
b is the volume of boron atoms per mole. 

The physical properties of the glass samples are summarized in Table 5.2. As noted 

previously, the density and molar volume increases gradually with bismuth ratio. This 

enhancement in glass density is due to the replacement of the lighter atom (Boron) with the heavier 

atom (Bismuth) [132]. In addition, the increment in molar volume leads to an increase the 

brittleness in the glass [133]. The gradual decrement in Polaron radius values may be attributed to 

the congestion of bismuth in the glass network as well as the increase in electrical conductivity of 

the prepared glass [25], [107]. Moreover, the addition of bismuth in the glass network causes 

overcrowding, which leads to the reduction of the average distance between bismuth–oxygen. As 

a result, the field strength shows considerable raise that is ascribed to the occurrence of vigorous 

bonds between the Boron and Bismuth ions in the glass network. The strong bond is generated 
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during the probable shift of the Bismuth ions with recently formed oxygen atoms from the 

transformation of a functional group for borate glass (BO3 to BO4 units) [132]. The reduction in 

the average boron-boron distance and bond length denotes the compactness of the glass host, which 

in turn reduces the inter-nuclear distance. This decrease in inter-nuclear distance values is related 

to the congestion of bismuth in the glass host. 

Table 5.2. Physical properties of the glass samples. 

Parameter 
Glass Samples 

Bi60 Bi50 Bi40 Bi30 Bi20 Bi10 

Vm (cm3 mol−1) 43.009 41.49 39.122 36.055 32.878 27.987 

N × 1023 (ions cm−3) 8.401 7.257 6.157 5.01 3.663 2.151 

rp × 10−9 m 4.27 4.483 4.736 5.072 5.631 6.724 

ri × 10−8 m 1.059 1.112 1.175 1.259 1.397 1.668 

F × 1018 (cm2) 11.46 10.39 9.316 8.12 6.59 4.622 

<dB-B> x 10−8 m 3.547 3.664 3.782 3.912 4.086 4.26 

Cut-off wavelength (nm) 478 462 414 434 418 375 

 

5.3.2. XRD Results 

The XRD pattern of the prepared samples is illustrated in Figure 5.2, it shows a broadband 

in the region between 15° and 35°, without any sharp peaks. The appearance of the broad peak and 

the absence of sharp peaks confirm the amorphous nature of the prepared sample. Thus, no long 

order is to be expected; fast cooling of the molten glasses eliminate any possibility of 

crystallization process. 

https://www.sciencedirect.com/science/article/pii/S0969806X19300337?via%3Dihub#fig2
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Figure 5.2. X-ray diffraction for (Bi %10 - Bi %60) glasses. 

5.3.3. Optical Absorption and Transmittance 

Figure 5.3 displays the optical absorption of all glass samples in the range of 300–800 nm. 

As illustrated in Figure 5.3, the absorption edges spectra are not sharp, which conforms to the 

amorphous nature of all glass samples. The absorption edge is considered as a useful tool to study 

the optical band and optical transition. In this work, the values of absorption edge increase 

gradually with addition the Bi contents as illustrated in Table 5.2. This shift in cut-off wavelengths 

to higher wavelength can be attributed to increase in molecular weight for glass structure. Our 

UV–visible results display a strong absorption peak that locates at 460 nm. However, there are 

several studies conform the role of alkali and alkaline earth for creating absorption band within 

this region. Anu Bajaj et al. reported the absorption band within this region for glass samples of 

bismuth and boron oxide [134]. These absorption bands can be attributed to electronic transitions 

in Bi3+ ions [135]. In addition, there is another study attributed this band to electronic or excitonic 

transitions in nanocrystals (quantum dots) of Bi atoms that form in oxide glasses containing Bi2O3 

[136]. The transmission spectra of all glass samples in the range of 300–800 nm is exhibited 

in Figure 5.4. The prepared glass samples show good transparency in the visible and near UV 

region. 
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Figure 5.3. Optical absorption for the synthesized glasses. 

 

Figure 5.4. Transmittance of the synthesized glasses. 
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5.3.4. Gamma Rays Shielding Properties  

MicroShield 9.05, as described in Section 3.1.4, has been used to simulate the attenuation 

of gamma radiation in bismuth rich glasses. It is used to estimate the sample’s LAC, MFP, and 

HVL.  

 

Figure 5.5. Linear attenuation coefficient as a function of photon energy for (Bi %10 - Bi %60) glasses. 

Figure 5.5 shows the linear attenuation coefficient as a function of the incident photon 

energy for the prepared B2O3-ZnO-MgO-Bi2O3 glasses. The LAC is found to be proportional to 

the glass sample density. The highest attenuation coefficient profile is observed for Bi60 which 

has the highest density of 7.107 g/cm3, whereas the lowest one belongs to the least glass sample 

density of 3.841 g/cm3. This can be explained by the fact that the photon is attenuated increasingly 

as it interacts with higher number density of atomic electrons in the shielding material. The 

increasing medium density indicates higher probability of interacting with the incident photons 

and consequently more attenuation of the radiation. At a given energy, the linear attenuation 

coefficient differs depending on the bismuth percentage in the glass sample which determines the 

density of the sample composition as well. These results are consistent with the data reported by 

Chanthima et al. [25], which confirm the positive correlation trend of the attenuation coefficient 
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of glass systems with different bismuth compositions within the energy range of the current study 

interest. For all glass samples, the linear attenuation coefficient decreases as the incident photon 

energy increase. However, the linear attenuation coefficient shows a sudden increase below the 

absorbing edge of about 0.09 MeV. This absorbing edge is known as K-edge and it corresponds to 

the binding energy of an electron K-shell of bismuth atom in the attenuating material. Above the 

K-edge that appears at about 0.1 MeV, the interaction probability drops as the photon energy 

increases up to a maximum energy of 15 MeV. 

 

 

Figure 5.6. Mean free path as a function of energy for (Bi %10 - Bi %60) glasses. 

Figure 5.6 shows the variation of the incident photon mean free path with the photon 

energy in the range of 0.015–15 MeV. The mean free path profiles exhibit a strong dependence on 

the attenuating material density. As the bismuth percentage increases in the glass sample, the 

overall compound density increases, which leads to a shorter photon mean free path. Similar 

findings were concluded as well by Chanthima and Kaewkhao where shorter mean free bath and 

hence better shielding properties were observed for greater bismuth content in the glass system 

[25]. It is noteworthy to note that for a given glass sample material, the higher the bismuth 

percentage in the glass sample, the more the attenuated photons in the shielding material. These 
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results comply with what P. Yasaka et al. presented in their study about gamma radiation shielding 

properties in zinc bismuth borate glasses for the energy range 200–800 keV [137]. The authors 

have shown, both theoretically and experimentally, that the higher the bismuth content, the lower 

the mean free path. Accordingly, it can be concluded that the glass sample type Bi60 shows better 

gamma shielding properties compared to the other glass samples. 

Figure 5.7 illustrates the HVL values obtained from MicroShield for the six types of glass. 

At low energies (0.015–0.2 MeV), the HVL can be as low as 0.005 cm for Bi60 and as high as 

0.905 cm for glass Bi10. On the other hand, at higher energy range up to 15 MeV, different glasses 

show considerable differences in HVL values, however, still exhibiting the same increasing 

exponential behavior as photon energy increases. This means that as the photon energy increases, 

the higher photon penetration in the medium, and the thicker is the required shield. It should be 

noted that for the same photon energy and among the tested types of glasses, Bi60 is the 

best attenuator for it has the highest density due to the largest content of Bi2O3. The high density 

provides more atoms for the photons to be scattered in a certain volume. Nevertheless, Bi60 and 

Bi50 can provide a very comparable attenuation at low energies and a maximum difference of 

0.467 cm at the highest energy of 15 MeV. Finally, depending on the application, there is a tradeoff 

between the attenuation efficiency and the economics of construction. 

 

Figure 5.7. Half-value layer as a function of energy for (Bi %10 - Bi %60) glasses. 
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The effective atomic number (Zeff) is another parameter used frequently to understand the 

photon penetration in the composite materials. For the present B2O3-ZnO-MgO-Bi2O3 glass 

system the numbers of elements are in changing proportions, so the Zeff was calculated for the 

samples according to the next relation [138]: 

𝑍𝑒𝑓𝑓 =

∑ 𝑓𝑖𝐴𝑖 (
𝜇
𝜌)

𝑖
𝑖

∑ 𝑓𝑗𝑗

𝐴𝑗

𝑧𝑗
(

𝜇
𝜌

)
𝑗

 (5.9) 

Where fi represents the ith element fractional composition by weight in the glass sample. 

Figure 5.8 shows a graphical representation of Zeff for the prepared Bi10-Bi60 glasses as a 

function of the energy. It is generally observed that the Zeff values strongly depend on the energy 

of the photon and the composition of the glass. Higher additions of Bi2O3 increased the Zeff of the 

prepared glasses. The highest value of Zeff was found for the Bi60 glass sample which contains the 

maximum concentration of Bi2O3, while the lowest Zeff value was evaluated for Bi10. The 

Zeff results indicated that Bi60 sample is the superior photons attenuator among the prepared B2O3-

ZnO-MgO-Bi2O3 glasses, which is in full agreement with the results obtained in the previous 

parameters (i.e. linear attenuation and half value layer). 

 

Figure 5.8. Effective atomic number as a function of energy for (Bi %10 - Bi %60) glasses. 
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All glasses have high Zeff values initially (in the range of 60–80) due to the dominant 

process of photoelectric effects as it was discussed in our previous papers [139], [140]. In the 

vicinity of the K-edge of the bismuth, since μ/ρ jumps into a high value in the upper side of the K-

edge, this sudden change in μ/ρ leads a peak in the Zeff at 0.1 MeV as it is clear from Figure 5.8. 

Beyond 0.1 MeV, a rapid fall in Zeff values occurs for all samples up to 0.6 MeV and for each 

sample, the variation in Zeff is negligible from between 0.6 and 4 MeV. Also, it is noticed that the 

Zeff reaches the lowest values in this energy interval. For E > 4 MeV, the pair production (PP) is 

the most important photon interaction process, as explained in Section 3.1. This process depends 

upon the atomic number as Z2, hence it can be seen that the Zeff increases as the energy rises up to 

15 MeV. The Zeff behavior exhibited in Figure 5.8 is in good agreement with the results obtained 

in different researches such as [141]-[143]. 

5.4. Conclusions  

The glass systems (80-x) B2O3-10ZnO-10MgO-xBi2O3 (x = 10, 20, 30, 40, 50 and 

60 mol%) have been prepared using melt-quenching method. XRD and UV-VIS spectroscopy are 

implemented to investigate the physical, structural and optical properties for all prepared samples. 

The density values have shown a gradual enhancement with the addition Bi2O3 concentration as a 

result of replacement of the lighter atom (Boron) with the heavier atom (Bismuth). The absence of 

sharp peaks in XRD spectra confirm the amorphous nature for all prepared samples.  

The values of the direct and indirect band gap showed the gradually decrement with the 

addition of Bi2O3 ratios. This reduction may be due to structural change in the glass network and 

enhances the non-bridging oxygen. In regard to the simulated radiation characteristics, Bi60 has 

the highest linear attenuation coefficient due to its highest density whereas Bi10 has the lowest. It 

has been observed that both the mean free path and the half value layer are strongly dependent on 

the material density. The higher the bismuth percentage in the glass sample, the shorter the mean 

free path and the half value layer. Therefore, Bi60 can be the best candidate for gamma attenuation 

among the prepared B2O3-ZnO-MgO-Bi2O3 glasses. 

Glass is generally relatively expensive and not easy to produce; it also lacks durability and 

strength. On the other hand, when the optical properties are not of interest, concrete and mortar 

can be excellent replacements. With the suitable additives, it can be used for radiation shielding 
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purposes. In the following chapter, the impact of adding F-Ba and Pb-Zn tailings on the mechanical 

and gamma shielding characteristics of mortars, is investigated. 
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Chapter 6 

Effect of F-Ba and Pb-Zn Tailing on the Mechanical and Radiation Shielding  

Properties of Cement Mortars  

The work reported in this chapter has been performed with several collaborators and 

published in Construction and Building Materials [144]. The work specific to this dissertation 

appears in Sections 6.2.5 and 6.3.4. This chapter is reproduced from the published article [144] 

with minor modifications and can be formally cited as “W. Gallala, Samira Hamdi, Javier 

Martinez-Martinez, Nouf Almousa, Ghada Shkoukani, Daniel Moneghan, Nicoletta Fusi, 

Mohamed Essghaier Gaied, Mabrouk Montacer, and Mohamed Bourham, "Effect of F-Ba and Pb-

Zn tailing on the mechanical and radiation shielding properties of cement mortars," Construction 

and Building Materials, vol. 271, 2021. DOI: 10.1016/j.conbuildmat.2020.121603.” 

 

The use of mine waste and tailing in concrete and mortar has widely expanded in the past 

years. Several studies aim to contribute to the recovery of these rejects and preserve natural raw 

materials, and to improve the physio-mechanical performance of concrete. In the present 

investigation, the impacts of Pb-Zn and F-Ba as fine aggregate replacement in mortar are analyzed. 

The results indicate that substitution materials affect the mechanical strength and gamma radiation 

shielding properties of the mortar. The compressive strength of samples made with substitutions 

of 5%, 10% and 20% of F-Ba tailings decrease slightly relative to the reference test. The 

replacement with Pb-Zn tailings, however, causes a significant decrease in the strength of mortar 

samples (from 68% to 94%) as the tailings percent increases (from 5% to 10%). In contrast, the 

flexural strength is improved by adding one of these types of tailing. 

Incorporation of the solid residues also increases the attenuation of gamma rays. The 

mortars made with F-Ba tailings are more effective than others. The influence of tailings is mostly 

significant between 0.122 and 0.622 MeV energy range; the highest attenuation is observed for 

Samples 5′ and 6′. This can possibly be explained by the relative content of heavy minerals in each 

waste. Furthermore, the half thickness decreases with the increase of mine tailings percentage. The 

difference is more marked at high energies up to 0.15 MeV. Thus, the materials investigated can 

also be utilized for shielding against gamma radiation. 
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6.1. Introduction 

The production of waste and industrial by-products poses several economic and 

environmental problems. Among the waste producing sectors, there is the mining industry which 

generates significant quantities of rejects either during exploitation or during the processing and 

transformation of ores. 

Pb-Zn, Ba-F and iron are the most common and important deposits in Tunisia. These 

deposits are preferentially located towards the northern part of the country. The fall in metal prices 

at the end of the 20th century led to the closure of most of the Tunisian mines. In fact, significant 

quantities of mine waste deposited in dumps or discharges from ore processing units (washing, 

flotation, gravimetric concentration…) were abandoned after the cessation of activity, without any 

restoration of degraded sites. These tailings pose significant environmental problems due to the 

high reactivity of sulfide minerals. The action of meteoric water can also lead to the release of 

large quantities of heavy metals and the production of acid mine drainage (AMD) which is harmful 

to the environment [145]-[149]. In addition, tailings, dumps, and decantation basins can constitute 

a major danger caused by failure induced by the slope instability. 

But in a context of sustainable development, the mining industry is faced with an obligation 

to reduce the environmental impact. Several recovery and reuse methods have been developed in 

order to meet environmental requirements and limit the use of conventional non-renewable 

aggregates. Recovery of waste and industrial by-products is also linked to the energy crisis and to 

the decrease of raw material resources [150]-[153].  

The construction sector can constitute promising ways to recover mining waste and 

industrial by-products. These residues can be also stabilized and solidified by the addition of 

hydraulic binders. In this context, the tailings can be used as alternative resources for building 

materials. Regarding their addition in the formulation of mortars used as shielding materials, few 

studies have been carried out in this area [154]-[157]. In recent years, several researchers have 

used mine tailings to prepare building ecomaterials.  

Lead-zinc tailings mortars have a mass attenuation coefficient which increases when the 

tailings sand content increases accompanied with mechanical strength drop [158]. Shettima et al. 

have investigated the use of iron ore tailings as a replacement for fine aggregates in concrete [159]. 

The strength performances are consistently higher than those of ordinary concrete at all levels of 

replacement, whereas the concrete workability is reduced with iron ore tailings content rise. 
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In the ceramic domain, especially in glasses, PbO that is used to replace TeO2 shows 

significant shielding role [160] . The borosilicate glasses are also doped with heavy metal oxides 

(TiO2, BaO and Bi2O3) and the mass attenuation coefficients mostly increase with two last 

dopants [161] (also shown in Chapter 4). Besides, biomaterial wastes such as the eggshells 

incorporated in mortars decrease radioactive permeability [162], [163]. 

The primary aim of the present study is to examine the evolution of the mechanical and 

radiation shielding properties of several mortars blended with mine tailings at different 

proportions. Two different wastes with different geochemical composition are selected in order to 

analyze the effects of each one on the mortar. The results and analysis of this work contribute to 

the development of environmentally sustainable new building materials by reusing industrial waste 

and obtaining sustainable new products with appropriate shielding radiation performance.  

6.2. Materials and Methods 

6.2.1. Materials  

The materials used in this study are (1) Portland Cement CEM I (42.5 N) produced at “Les 

Ciments Artificiels Tunisiens S.A. – Colacem” factory, Tunisia, and (2) natural sand obtained from 

quarry located at Borj Hfaiedh, near Hammamet and potable water. The mine tailing samples were 

collected from two zones, firstly from Hammam Zriba fluorspar mining waste dump (Figure 6.1 

A) and secondly from Jebel Ressas Pb-Zn mining waste dump (Figure 6.1 B). 

 

Figure 6.1. Mine waste dumps in (A) Hammam Zriba, (B) Jebel Ressas. 
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6.2.2. Mineralogical Characterization 

The mineralogical characterization of mine wastes has been conducted using powder X-

ray diffraction (XRD). Concentrations of chemical elements are measured using Inductively 

Coupled Plasma–Mass Spectrometry (ICP–MS). 

Table 6.1. Mix design of mortars. 

Mix Mix 0 Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 

Aggregate 

Quartz 

sand (g) 

1350 

(100%) 

1282.5 

(95%) 

1215 

(90%) 

1147.5 

(85%) 

1080 

(80%) 

1012.5 

(75%) 

945 

(70%) 

Mine 

waste (g) 
0 (0%) 

67.5 

(5%) 

135 

(10%) 

202.5 

(15%) 

270 

(20%) 

337.5 

(25%) 

405 

(30%) 

Cement (g) 450 

Water (g) 225 

 

Nine different mortars are used in this study. The aggregate-to-binder proportion in each 

one is constant, but the type and relative proportion of aggregates vary between them. A natural 

quartz sand is used as standard aggregate. Different proportions of tailing are added in substituting 

the proportional amount of quartz sand, as presented in Table 6.1. Two different types of tailing 

are used: F-Ba and Pb-Zn mine wastes. The water proportion in the cement is constant in all cases. 

While the mix design examined in this study to produce mortars is summarized in Table 6.1, the 

chemical composition of the tailings are listed in Table 2. 

Table 6.2. Chemical composition of Pb-Zn and F-Ba tailings. 

Elements 

(%) 
CaO SiO2 Al2O3 Fe2O3 MgO K2O Na2O SO3 BaO SrO PbO ZnO F LOI 

Tailing 

Pb-Zn 
46.1 5.02 0.6 0.99 0.77 0.02 0.03 0.2 0.1 0.15 1.66 5.72 – 39.6 

Tailing 

F-Ba 
13.8 13.63 0.6 1.01 0.08 0.06 0.01 23.6 26.5 9.83 0.75 1.86 2.02 7.1 

 

 

 

 

https://www.sciencedirect.com/science/article/pii/S0950061820336072#t0005
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6.2.3. Mortars Density Measurements  

The density of mortars is evaluated with a pycnometer according to standard EN 1015-10. 

The compressive strength of mortars has been determined according to standard EN 1015-11, on 

prismatic samples having 4 × 4 × 16 cm, after 7 and 28 days of curing. The Ultrasonic Pulse 

velocity (UPV) is measured with Proceq Pundit instrument as mentioned by the European Standard 

EN 12504-4. 

6.2.4. Microstructure Characterization 

The microstructure characterizations of studied samples are carried out by means of a 

Scanning Electron Microscope (SEM) using a JEOL 6010 PLUS/LA variable pressure 

microscope. SEM images have been taken from uncoated polished surfaces under low pressure 

backscattered electron mode. The operating conditions are 20 keV, ≈100 μA, and 11 mm working 

distance. Moreover, used microscope is equipped with a JEOL Silicon Drift detector (max 

10 mm2) Energy Dispersive X-Ray Spectrometer (EDS), for punctual X-Ray Diffraction analysis 

and geochemical distribution mapping. 

A high-resolution X-ray computed microtomography system (BIR Actis 130/150) has been 

used to characterize the inner structure of the studied samples. MicroCT-XR has been proved an 

effective tool to investigate the internal structure of materials without disturbance [164]. The 

microCT-XR is equipped with a flat panel detector that collects light radiations in raw data and 

sends them to the computer, where they are processed as black/white images (this conversion is 

explained in [165]).  

Three-dimensional reconstruction of 2D slices obtained from microCT technique has been 

carried out by means of Avizo (Thermofisher)® software. The voxel size of the obtained 3D 

images, corresponding to their resolution, is 14 x 14 x 14 µm. In addition to 3D reconstruction, 

Avizo software also allows both 2D and 3D image processing and data analysis, through 

identification, segmentation and quantification of elements of interest (pores, matrix and metallic-

rich particles, in this case). No filters have been applied to the images, in order to analyze voxel 

original intensity. 
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Table 6.3. Mortar properties where samples with F-Ba mine waste are 1′-6′ and the samples with Pb-Zn 

mine waste are 2, 3 and 4. 

Mine 

Waste 

Sample 

Code 

% of 

mine 

waste 

Ultrasonic 

Pulse 

Velocity 

(m/s) 

Density 

(g/cm3) 

Compressive 

strength 

(MPa) 

Flexural 

strength 

(MPa) 

Water 

absorption 

(%) 

Reference 0% 4760 2.13 42.85 5.74 8.73 

F-Ba  

1' 5% 4040 2.00 35.96 7.57 7.90 

2' 10% 4255 2.04 36.88 8.07 7.79 

3' 15% 3922 2.06 37.80 6.76 7.57 

4' 20% 3846 2.34 29.71 5.63 7.79 

5' 25% 4167 1.84 29.15 5.59 8.50 

6' 30% 3774 2.01 27.88 4.30 8.07 

Pb-Zn  

2 10% 4040 2.08 2.93 4.33 8.11 

3 15% 4040 2.04 1.95 3.32 7.57 

4 20% 3279 1.99 2.39 1.18 7.28 

 

6.2.5. Gamma Shielding Characterization  

Nine samples of varying compositions, as listed in Table 6.3, are tested for their linear 

attenuation properties using the experimental setup shown in Section 3.1. Firstly, the background 

levels of radiation are measured for 30 min without sources or shields present. Then, the raw 

spectrum is measured for the same duration. Next, each sample is placed 15 cm above the sources, 

as shown in Figure 3.4 and the attenuation measurements are repeated. The spectrum present in 

the background is then subtracted from each of the source present spectra to correct for ambient 

levels of radiation. Due to the large presence of varying forms of radiation in the experimental 

facility, measurements below 0.122 MeV and above 1.170 MeV have a higher uncertainty than 

those in the central portion of the spectrum. 
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6.3. Results and Discussion 

6.3.1. Mineral and Geochemical Characterization  

The tailing from Jebel Ressas contains high concentration of CaO with notable amount 

zinc oxide. However, the material from Hamma Zriba contains significant concentrations of BaO, 

SrO and SO3 (see Table 6.2). 

The XRD patterns of the studies samples are shown in Figures 6.2 and 6. 3. The mineral 

association of F-Ba waste indicates that barite strontium, calcite, celestine, fluorite and quartz are 

the cardinal minerals and galena and anglesite as accessories minerals. However, the Pb-Zn waste 

contains the following minerals: quartz, cerussite, galena and goethite.  

 

Figure 6.2. XRD pattern of F-Ba tailing sample. 

 

 

Figure 6.3. XRD pattern of Pb-Zn tailing sample. 
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These wastes contain minerals which have an effect on the shielding radiation when they 

are incorporated into the mixture of mortar. The toxicity characteristic leaching procedure carried 

out on concrete in the previous studies has indicated that these tailings are non-hazardous when 

the liberation of the heavy metals is well underneath the admissible limits [166]-[168]. 

3.3.2. Physical and Microstructural Characterization  

The results for the density, ultrasonic pulse velocity and water absorption are summarized 

in Table 6.3. Generally, the density of mortar increases with the incorporation of the mine tailing. 

In the case of mortar made with Hammam Zriba tailing the maximum is recorded at 20%. 

However, for the second type of mortar the values are very close despite the increase of substitution 

rate. The Pb-Zn and F-Ba tailings, which present fine grain size, fill firstly the pores between the 

quartz coarser sand particles and secondly the voids between coarse aggregates and cement phases. 

This filling with fine-grained materials improves the mortar compacity. 

Concerning the mortar mixes with 25% and 30% F-Ba mine tailings, the increase in water 

absorption can be due to the agglomeration of fine particles of the mine tailings creating 

intergranular voids, which lead to an increase in the total number of voids (Table 6.3). 

Using mine waste as fine aggregates instead of natural aggregate decreases the ultrasonic 

pulse velocity slightly. This may be due to the increase of porosity from porous carbonates ratio 

and small amounts of sulfate ions going into the solution after dissolution. In fact, the ultrasonic 

pulse velocity of a mortar depends essentially on the textural aspect nature [169], mineralogy of 

materials used in the mix, and their proportions. Additionally, there are various factors that can 

affect this property such as density, porosity, uniformity, and homogeneity. 

The microstructure of mortars studied by scanning electron microscope (SEM) shows two 

types of aggregates. The natural sand had subrounded grain shape and smooth surface (Figure 6.4). 

However, the tailings, which are fine crushed product, had angular to subangular shapes with 

irregular surfaces. According to K. L. Scrivener et al. [170], the interfacial transition zone (ITZ) 

in ordinary concrete, represents the high porosity and weak adherence in the material therefore, 

this zone is considered the weakest part (Figure 6.5). Furthermore, the shape of aggregates 

influences the matrix–aggregate interfaces; the fracture surfaces of mortar with crushed tailing 

show extensive aggregate fractures [171]. A general porosity increase occurs as the waste content 

increases. Additionally, the change in the pore size distribution occurs for the samples with lower 

amount of tailing to those with higher quantities (Figure 6.6). The porous system also becomes 
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more complex with smaller pores (Figure 6.5). Porous system in mortars with low quantity of 

tailing is characterized by big bubbles included in the binder; whilst pores in the samples with high 

quantity of tailing are characterized by interfacial transition zone porosity. Consequently, when 

porosity increases and bulk density decreases, ultrasonic pulses decrease too due to the dispersive 

and delaying effects of pores on the propagation of P-waves through the sample [164]. 

Furthermore, the increase in porosity also causes an increase in water absorption. 

 

Figure 6.4. SEM secondary electron micrographs of the samples: (A) sample 2′; (B) and (C) sample 3′; 

(D) sample 4′; (E) sample 2; (F) sample 3; (G) and (H) sample 4; EDS analyses are given as 

supplementary data in the web version of the published article. 
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Figure 6.5. 2D Cross-sectional view of investigated mortars obtained by means of X-ray microcomputed 

Tomography (blue color: porosity). (A) and (B) mortars made with 5% of 10% of F-Ba tailing, 

respectively. (C) and (D) mortars made with 10% of 15% of Pb-Zn tailing, respectively. (For 

interpretation of the references to color in this figure legend, the reader is referred to the web version of 

the published article.) 
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Figure 6.6. 3D image reconstruction of pore network of sample 1. 

6.3.3. Mechanical Strength 

For the mortar based on the F-Ba tailing of Hammam Zriba mine, the results in Table 

6.3 show that the best compressive strength at 28 days is obtained with 15% of waste (37.80 MPa) 

which is lower than those for the control mortar (42.85 MPa). It can be noted that the compressive 

strength of the mortar decreases when the addition was greater than 15%. This can be explained 

by the importance of the increase of the free water persisting in the mixture for the cement 

hydration [172]. But the presence of free water with a high content in the mixture could cause the 

separation of the particles and the creation of pores in the hardened mortar which consequently 

lead to the reduction of the mortar strength. Also, the presence of sulphates such as Anglesite 

(PbSO4) can react with the cement by causing an expansion and a destruction [173]. 

Regarding the flexural strength, the obtained results imply a positive influence of this fine 

aggregate on the mortar performance. The increase of the flexural strength is linked to the 

strengthen matrix (cement- aggregate) which delays the propagation of micro-cracks. Furthermore, 

tailings with a smaller grain size distribution (with median grain size d50 < 0.1 mm) than the 

natural sand (ranges between 0.08 and 2.00 mm and d50 = 1.5 mm) could give a better dispersion 

of the grains and a more homogeneous matrix, which improve the flexural strength [174]. The best 

results were obtained when 5%, 10%, and 15% of the tailings were used in the mixture. The 

flexural strength is reduced as a function of the high increase in the tailing rate. 
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As regards of the tailing of Jbel Ressas mine, the data in Table 6.3 show results on the 

mechanical strength at 28 days. At 5% of fine aggregate substitution, although the compressive 

strength drops by 68%, a remarkable increase for the flexural strength compared to the control 

value. 

When the incorporation exceeds 10%, the compressive strength marks a large drop of 96%. 

However, the flexural strength decreases when the percentage of the tailing is increased. According 

to Argane et al. [168] this decrease is due to the harmful effect of metals mainly Pb-Zn. The 

presence of mineral containing lead and zinc delays the hydration of the grains and inhibits the 

formation of the main cement phases (e.g. C-S-H and portlandite) [175]. 

In addition, the presence of Pb and Zn diverts the hydration reactions of the cement towards 

the production of more ettringite, which reduces the mechanical strengths of the mortars, the 

harmful effect of the metals and less marked in the case of the lower content of Zn. Furthermore, 

the high content of fine particles tailings increases the specific surface area, which reduces the 

wrapping ability of the cement and tailings sand and as a result, the mortar strength will decrease 

[158]. 

6.3.4. Radiation Shielding  

 Experimental Results  

For each of the nine compositions, the linear attenuation coefficients are calculated using 

Equation 3.1 and plotted with gamma energy in Figure 6.7. If the Pb-Zn group (samples 2-4) is 

compared with the F-Ba group (samples 1’-6’), it is clear the F-Ba group has higher LAC 

regardless of the % of mine waste only in the low energy range. In the middle region, samples 5’ 

and 6’ with 25% and 30% of F-Ba mine waste, respectively, have the highest LAC. At higher 

energies, all samples behave almost the same. The fluctuations towards the edge of the range are 

likely to be caused by the background noise in the facility where the experiments have been carried 

out.  Theoretically, the density is the main factor that affects the shielding ability of a material at 

certain energy. Based on that, it is expected for sample 4’ to have the highest LAC. However, this 

is true only for homogenous materials. Interestingly, samples 5’ and 6’ show the best shielding 

characteristics – it can be inferred that these samples are inhomogeneous and most of the heavy 

components in these samples are concentrated towards the center of the volume to where the 

gamma radiation is collimated. 
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Figure 6.7. The linear attenuation coefficient for each spectral peak and shielding composition. 

 Simulation Results 

In order to test the homogeneity argument mentioned previously, MicroShield 9.05 is used 

to simulate the mortars samples. The variation of the linear attenuation coefficient with the incident 

photon energy is shown in Figure 6.8. The linear attenuation coefficient in the photon energy range 

between 0.015 and 1.5 MeV can be divided into two segments, below and above 0.1 MeV regions. 

Photons with energy below 0.1 MeV are attenuated in the shielding material in a perfect linear 

descending manner. For photons of energies in the range between 0.1 and 1.5 MeV, the correlation 

between the incident photon energy and the linear attenuation coefficient tends to show less 

dependence on the incident photon energy compared to lower energy range. Also, it can be seen 

from the linear attenuation coefficient graph that all shielding materials with different percentages 

of mine waste show similar attenuation for the incident photons with the tested energy range. The 

linear attenuation coefficient curve for all samples falls between the curves for sample 4’ which 

has the highest density at 2.34 g/cm3 and sample 5’ with the least density at 1.84 g/cm3. 
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Figure 6.8. The linear attenuation coefficient as a function of energy for each composition using 

MicroSheild. 

 
 

Figure 6.9. Variation of the mass attenuation coefficient versus the incident photon energy for the 

concrete samples with additives mine waste. 
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The mass attenuation coefficient for tested shielding material is shown in Figure 6.9. For 

all shielding materials, the mass attenuation coefficient decreases as the incident photon energy 

increases. For a given photon energy, the mass attenuation coefficient for all the tested materials 

depicts identical values over the tested energy range. It can be concluded that neither varying the 

percentage nor the mineralogical composition of the mine waste in the concrete samples has any 

considerable effects on the shielding characteristic in terms of linear and mass attenuation 

coefficients. 

Figure 6.10 shows the experimental and simulation values of the LAC for sample 2’. 

Overall, there is a good agreement between the experimental and theoretical LAC above the 0.356 

MeV. However, a deviation is observed at lower energy which is in the X-ray range.  

 

Figure 6.10. A comparison between experimental and simulation linear attenuation coefficient for sample 

2' over the photon energy range between 0.015 and 1.5 MeV. 

Radiation penetration through matter can be characterized by the half value layer (HVL). 

Figure 6.11 that shows the HVL for all samples, there is no difference between the HVL values at 

low energies (up to 0.15 MeV). As photon energy increases, the HVL also increases because more 

scattering centers are required to attenuate the photons. It can also be seen that sample 5’ has the 

highest HVL and 4’ has the lowest, whereas the rest fall in between. This is due to the density 
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difference among them in which 5′ has the lowest density, despite the fact that it has 25% of F-Ba 

mine waste. The absence of the relation between the HVL and the density is, as mentioned earlier, 

can be attributed inhomogeneity of the mixture. 

 

Figure 6.11. Half value layer variation with energy for different types of concrete with different 

percentages of mine waste additives. 

In addition, the mean free path of a photon (MFP) is estimated; Figure 6.12 shows the 

dependence of photons mean free path on the energy in the nine samples of mortar in the energy 

range 0.015–1.5 MeV. It is clearly seen that as energy increases, the mean free path increases as 

well. Also, at very low energies (0.015–0.050 MeV), there is no significant difference in the 

attenuating behavior among the samples. However, as energy increases, the behavior starts to 

deviate from each other. As shown in Figure 6.12, the deviation in samples 5’ and 4’ is most 

pronounced.  
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Figure 6.12. Mean free path variation with energy for different types of concrete with different 

percentages of mine waste additives. 

6.4. Conclusions 

Tailing mine wastes can be used as fine aggregates in the mortar manufacturing. This can 

mitigate the environmental problems associated with the acid and heavy metals recycling. In the 

current investigation, the impacts of Pb-Zn and F-Ba as fine aggregate replacement in mortar are 

analyzed. Experimental work and analysis show that the pore size decreases with higher 

concentrations of tailing. This is confirmed by the reduction of water absorption which is linked 

to open porosity. Mortar made with F-Ba tailing shows higher physio-mechanical properties for 

construction use than that containing Pb-Zn tailing. The mechanical properties of mortars 

manufactured with Pb-Zn tailings, however, can be ameliorated with addition of admixture.  

The gamma-ray radiation attenuation measurements show that samples manufactured with 

F-Ba tailing have better radiation shielding characteristics relative to those with Pb-Zn tailing. This 

is due to high concentrations of heavy minerals in the samples that contain F-Ba tailing. 
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Since cement is the essential component in mortars and concrete, it is important to explore 

innovative cement compositions for the radiation shielding applications. In the next chapter, 

corrosion and mechanical properties of magnesium phosphate cement (MPC) are presented.  
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Chapter 7 

Corrosion Resistance and Mechanical Properties of Armakap Cement for Nuclear 

Applications  

The work reported in this chapter has been performed with several collaborators and 

published in Nuclear Engineering and Design [176]. The work specific to this dissertation appears 

in Sections 7.2.2 and 7.3.1. This chapter is reproduced from the published article [176] with minor 

modifications and can be formally cited as “Dan Moneghan, Ghada Shkoukani, Jacob Eapen, 

Mohammed Bourham, Walid Mustafa, and Ramsey Kilani, "Corrosion resistance and mechanical 

properties of Armakap cement for nuclear applications," Nuclear Engineering and Design, vol. 

374, pp. 111049, 2021. DOI: 10.1016/j.nucengdes.2021.111049.” This work also appears as part 

of PhD thesis of D. Moneghan [106]. 

 

Nuclear waste containers are prone to environmental degradation – over time, 

corrosion/erosion can cause the leakage of radioactive material which is a significant safety hazard. 

In the current work, environmental degradation of magnesium phosphate cement formulated by 

Armakap (2020, 3030) is investigated using corrosion/erosion circulators that provide both acidic 

and saline environments. Test results indicate that Armakap formulations have reduced mass loss 

due to acidolysis by more than a factor of two in highly acidic conditions relative to a standard 

Portland cement sample. Additionally, the mechanical strength of Armakap 2020 formulation 

surpass that of Portland cement while Armakap 3030 depicts a minor reduction. Although the 

Armakap 3030 provides good corrosion resistance, we conclude that Armakap 2020 shows optimal 

performance and is better suited than conventional Portland cement for a variety of nuclear waste 

storage applications at temperatures not exceeding 55°C. 

7.1. Introduction 

The dry casks of spent nuclear fuel (SNF) should be able to contain high-level waste 

(HLW) for up to 1000 years, according to the United States Nuclear Regulatory Commission 

(NRC) 10CFR60 [177]. A typical dry storage cask is a steel canister surrounded by an overpack 

of concrete. The overall characteristics of the cask must withstand various environmental 

conditions and maintain efficient heat removal as well as radiation shielding performance over 

long durations while resisting corrosion [178]. The corrosion of the concrete overpack can be 
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measured using different techniques like ultrasonic Emissions [179] and a combination of acoustic 

emission and ultrasonic guided waves [180]. In some cases, such as extremely long duration 

storage, continuous monitoring is not possible. It has been shown that within 300 years of 

exposure, a conventional overpack concrete is likely to carbonate and initiate corrosion of the 

reinforcing steel [86]. It is important to perform further comprehensive studies in order to enhance 

and maintain both corrosion and erosion resistance of the concrete through prolonged time periods. 

Such enhancements can be attained by modifying the composition of the concrete. In a study done 

by Shi et al. on mortar and concrete, the cement was partially replaced by some of following 

minerals; ultra-fine fly ash, class F and N fly ash, silica fume, ground granulated blast furnace slag, 

and metakaolin [181]. It was found that the hardened concrete specimens have low chloride 

diffusivity corresponding to a very high compressive strength. Shaikh and Supit have achieved 

better corrosion resistance and higher compressive strength than ordinary Portland concrete (OPC) 

by using high volume fly ash concretes in which the cement was partially replaced by nano silica 

and nano carbonate particles [182]. Many other studies have attained similar outcomes by 

modifying the concrete content using different substituents in order to improve the corrosion 

resistance in different environment [183]-[186]. On the other hand, alternative methods were 

studied in order to provide external corrosion protection such as electrochemical re-alkalization 

and cathodic prevention [187], [188]. 

In addition to corrosion resistance, nuclear waste storage materials should have good 

mechanical properties. Among several important mechanical properties for concrete, two are 

within the scope of this work to discuss are density and compressive strength. Each of which 

directly relate to the efficacy of concrete as a construction and shielding material for all forms of 

nuclear waste. In fact, dry-storage casks need to maintain structural integrity through ‘tip-over’ 

tests [84] and several angles of vertical drop [85]. Moreover, considering the increasing quantities 

of stranded spent-nuclear fuel that need to be stored seemingly indefinitely, space utilization is a 

key factor. If volume reduction without compromising radiation shielding or structural integrity 

were possible, the volume of spent fuel that could be stored on-site would potentially increase. 

Density is another relevant metric for waste storage, especially as it relates to the entrainment of 

radioisotopes as required for grouting applications. Tighter microstructures minimize escape 

pathways within material, which is one of the primary mechanisms for entrained radioisotopes to 

escape, analogous to leaching [189]. Porous materials provide pathways for water to leach in and 
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extract ions entrained in ettringite within Portland; the inverse mechanism is of concern here, when 

immobilized radioisotopes migrate out of an MPC when it heats up and bound water volatilizes. 

Gallala et al. used 30% barite-fluorspar mine waste as fine aggregate replacement, which showed 

higher compressive strength than the ordinary mortar, and higher linear attenuation coefficients 

than that for mortar made with ordinary mortar [154]. 

Armakap magnesium phosphate concretes (MPCs), such as the Armakap Base, Armakap 

2020, and Armakap 3030 concrete formulations, are designed to offer significant radiation 

shielding protection for nuclear waste. In this work, the corrosion resistance and the mechanical 

properties of two specialized formulations of concrete, Armakap 2020 and Armakap 3030, are 

investigated and compared to a non-aggregate Armakap concrete (Armakap Base) and the industry 

standard, OPC. 

7.2. Materials and Methods 

7.2.1. Samples Production 

The control samples of OPC are produced using the commercial off-the-shelf bags. The 

base Portland cement mixture is obtained by filtering out all of the particle aggregates of 5 mm 

and larger using a mesh then mixed with 18% and poured into 5×5×5 cm3 cube molds. After that, 

the samples are left to cure for 28 days. Additional samples with smaller dimensions for 

experiments with size constraints are also produced using the aforementioned method.  

On the other hand, Armakap’s magnesium phosphate cement binder is used to produce the 

MPC samples by mixing it with 15-18% water. Similar to OPC, the samples are left to cure for 28 

days in the 5 cm cubes molds. However, some samples are produced by blending aggregate 

materials with the binder and then water is added and left to cure. These samples are used for 

composition testing.  

7.2.2. Corrosion/Erosion Evaluation 

The exposure of concrete to acidic environment could cause the corrosion/erosion of and 

in the form of material removal or corrosion precipitate buildup. The overpack in the dry casks is 

susceptible to corrosion/ erosion in acidic surroundings such acid rain. In order to analyze the 

concrete behavior in acidic or brine solutions, the circulators shown in Figure 3.7 are used for 

prolonged periods of time.  
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In this work, two electrolytes with pH of 6.3 and 0.7 are used. First, since the samples are 

made of porous materials, they have been allowed to saturate for 24 hours. This step is crucial for 

porous materials as the difference between the initial dried mass and wet mass after saturation is 

significant. Otherwise, the data points will be drastically thrown off. After one hour of running the 

circulators, the sample is removed, placed on an absorbent material, and left to air-dry for 5 

minutes for each face of the large samples and 2.5 minutes for the small samples. This procedure 

is repeated once every other day for a total time duration of 60 days. Afterwards, the sample can 

be removed, and the circulator cleaned.  

7.2.3. Mechanical Properties Evaluation 

Density has been estimated through volume and mass measurements. The volume is 

calculated by measuring the length of each side of the cube using Vinca Digital Vernier calipers, 

and the mass is measure by a Radwag XA balance. The final calculated density is obtained by 

averaging the density values of each composition.  

As equipment for evaluating high-strength concretes is nontrivial to acquire, and resources 

for this project are limited, ultimate compressive force has been used to evaluate the materials 

relative to each other. The ultimate compressive force is measured using Mark-10 Model M3-500 

Force Gauge in which the user can manually apply a force on the sample using a lever until it fails. 

In the case of concrete, shear stress is applied. As a result, the highest force of compression is 

recorded by the equipment.  

7.3. Results and Discussion  

7.3.1. Corrosion/Erosion Results  

Figures 7.1 and 7.2 show the wetted mass on the recorded dates for each of the four tested 

samples for the respective 6.3 pH and 0.7 pH solutions. 
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Figure 7.1. Wetted mass by day for circulator solution of 6.3 pH for the four chosen samples. 

 
 

Figure 7.2. Wetted mass by day for circulator solution of 0.7 pH for the four chosen samples. 

The error bars shown in Figure 7.1 indicate 2% of the total wetted mass. Slight change in 

the mass can be observed in Figure 7.1, but no significant mass loss (or gain) took place. After 

60 days, Portland sample lost 0.11 g, Armakap Base has lost 0.8 g, and Armakap 3030 has lost 

0.6 g whereas Armakap 2020 has gained 3.37 g. However, during the studied period, small mass 
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gains have been observed. These gains are attributed to salts buildup on the samples with metallic 

aggregate. Particularly for Armakap 3030, the gains are also because of the mass balance precision. 

Since the sample is overweight, the mass should have been measured using a less precise balance 

that allows higher weights. Nonetheless, this has been corrected in future experiments. 

Similarly, the error bars shown in Figure 7.2 are 2% of the total wetted mass. However, 

considering the lack of precision in the mass measurement of Armakap 3030 in the previous case, 

a slightly smaller sample is used for the 0.7 pH run. While all four samples have shown more 

substantial mass loss in this solution, Portland has lost the highest percentage of 9.2% of its original 

wetted mass over 60 days study period. However, Armakap Base, Armakap 2020, and Armakap 

3030 has lost 3%, 1.3%, and 1.2% of their original wetted mass, respectively. This means that 

Armakap samples can retain mass at least 3 times better than Portland in a circulating 0.7 pH 

solution. This is due to the alkalinity difference of the two binders. 

The observed phenomenon can be explained based on the alkalinity difference between 

Portland cement and MPC. While Portland concrete pH ranged from 9-13 depending on the time 

after cure, MPCs can reach a maximum pH of 8.5 and they are relatively neutral after curation by 

a sufficient time. Therefore, at the time of the experiments, Portland was more alkaline which in 

turn caused a stronger acid-base reaction. 

Based on the samples’ mass measurements with time in each solution, the mass rate is 

obtained and presented in Figure 7.3 in units of millimeter per year (mmpy). In the case of the 

solution with pH of 6.3, the mass change is much weaker than the 0.7 pH solution. This is mainly 

because concrete is more susceptible to acid attach than direct corrosion. The observed mass gain 

in Armakap 2020 is due to the precipitate buildup of strongly adhering salts. However, for this 

work, more useful information can be gained from examining the mass loss rates due to the 0.7 

pH solution. 
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Figure 7.3. Mass change rates in millimeters per year for selected samples for both pH circulator 

solutions. 

In the more acidic solution case, Portland mass loss is 3.03 mmpy while the MPC, MPC 

2020, and MPC 3030 have showed loss rates less than a third of that, at 0.92, 0.38, and 0.32 mmpy, 

respectively. This means that both MPC 2020 and MPC 3030 have lost around 90% less mass than 

Portland over the same duration. Correspondingly, while it is going to take Portland concrete 82.4 

years for half the thickness (25 cm) to be completely eroded, MPC base would need 271.9 years, 

MPC 2020 needs 666.4 years, and MPC 3030 needs 780.0 years. In other words, the Armakap 

formulations have a significantly extended lifetimes lasting 3 to 8 times longer relative to Portland 

cement in a corrosive environment. And as explained before, this is due to the alkalinity difference 

of the two binders.  Therefore, in highly acidic conditions, all Armakap compositions retain mass 

better than Portland, and aggregate addition to the Armakap further inhibits mass loss due to acid 

attack. 

In order to further compare the corrosion/erosion behavior of the Portland and MPC 

concrete in the circulators, images of the samples have been taken before and after testing. Figure 

7.4 displays all 8 samples that underwent testing where the bottom row shows the control samples 

that have not undergone any testing, the middle row presents the samples tested in the 0.7 pH 
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electrolyte, and the top row shows the samples tested in the 6.3 pH electrolyte. From left to right: 

Portland, Armakap Base, Armakap 2020, and Armakap 3030. 

 

 

Figure 7.4. The eight samples after their 60 days each in the circulators compared to fresh samples. Top 

row − 0.7 pH. Middle row − 6.3 pH. Bottom row – fresh. Left to right - Portland, Armakap Base, 

Armakap 2020, Armakap 3030. 

As seen in Figure 7.4, with testing, the samples show changes in coloration, porosity, and 

surface loss. It can be clearly observed the Portland sample that underwent corrosion/erosion in 

the 0.7 pH solution is the most affected and degraded amongst all. The sample barely maintained 

its structure and a small fragment of it can be seen in the figure as circled in red. In contrast, none 

of the Armakap samples in either of the solutions have shown similar levels of deterioration due 

to the acid attack.  

The corrosion rates of 2020 and 3030 compositions are 0.1 and 0.06 g/day respectively, 

while the corresponding rate for the Portland sample is 0.31 g/day. Over the 60-day duration, 

Portland sample retained only 91% of the initial mass with the 0.7 pH solution, while both 

Armakap 2020 and 3030 formulations retained 99% of their initial mass. With that being said, 

even in the highly acidic solution of 0.7 pH, Armakap concrete formulation is able to resist 

corrosion degradation three times better than Portland. 
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7.3.2. Mechanical Properties Evaluation Results  

Figure 7.5 displays both the measured ultimate compressive force as well as the calculated 

density of the samples alongside each other, for comparison.  

 

 

Figure 7.5. Ultimate compressive force of selected samples. 

Since the control sample is Portland, the ordinal axes are selected so that Portland’s density 

is equivalent in height to the ultimate compressive force. Therefore, in this plot, if any material 

shows a higher ultimate compressive force than its own density, it is an indication of improved the 

mechanical properties than Portland with less weight required. 

It can be observed from Figure 7.5 that Armakap Base improves upon Portland by 6.39%, 

Armakap 2020 improves upon Armakap Base by 1.29%, and Armakap 3030 is the weakest among 

the four samples. Due to the structural differences in terms of the hydration products densities, it 

is fairly expected for Armakap to be stronger inherently. And for Armakap 2020, the aggregate 

additions make it stronger and denser. Nevertheless, although Armakap shows a similar increase 

in density, the ultimate compressive force has decreased which can be attributed to the higher 

content of the mechanically weak aggregates.  
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For materials in nuclear waste storage applications, it is desirable to have high density and 

ultimate compressive force. Although all of Armakap formulations show an increase in density, it 

is caused by the aggregates which did not in turn improve the ultimate compressive force. 

Compared to Portland, Armakap 2020 has improved in both density and compressive force by 

21.26%, and 7.76%, respectively. However, this implies that the higher strength came at a cost of 

larger weight. This can be a concern in the case of SNF dry cask storage since a huge volume of 

material is needed. The pads designed specifically to store the dry casks can only withstand so 

much mass before they fail. Consequently, in order to ensure a safe storage, the mass limit cannot 

be exceeded. And based on that, the increase in strength and attenuation should surpass the increase 

in density.  

7.4. Conclusions  

While pHs of 0.7 are extremely unlikely to occur in nature, acid rain and similar 

phenomena have been measured to acidities of under 2 pH, which would yield more similar results 

to the high acidity circulation runs. Concrete is left exposed to the environment in the majority of 

shielding applications, providing the ultimate barrier for radiation protection of the surroundings. 

It is and will continue to be exposed to increasingly severe conditions as the results of our 

increasing global temperatures. Acid rain will increase in acidity and severity, and harmful natural 

phenomena such as earthquakes will continue to pose risk to the “long-term” storage solutions. 

The chosen aggregate composition MPC have been evaluated more rigorously alongside 

Portland and a traditional MPC as controls. The samples have been tested for their resistance to 

corrosion/erosion in brine and acidic solution, with 60-day exposures and consistent mass tracking 

performed to evaluate the loss of material due to acidolysis and the growth of precipitate reactant 

due to corrosion. Armakap concretes are able to resist corrosion three times better than Portland. 

Also, mechanical properties such as density and the ultimate compressive force were evaluated to 

confirm that the materials were capable of maintaining safe structural properties. Moving forward, 

there are more materials needs to be met for the purposes of radiative waste cleanup, and Armakap 

cement formulations represent one of the best possible cementitious material solutions for these 

applications. 

In addition to concrete, and as mentioned in Section 1.2, steel is another material that is 

widely used in nuclear applications. The next chapter explores the effect of gamma irradiation on 

the corrosion behavior of coated steel for high-level nuclear waste dry cask. 
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Chapter 8 

Effect of Gamma Irradiation on the Corrosion Behavior of Coated Steel for High-

Level Nuclear Waste Dry Casks  

The technical work and write-up in this chapter are completed in collaboration Nouf 

Almousa3.  

In this chapter, the corrosion behavior of gamma-irradiated steel substrates used in dry cask 

for spent nuclear fuel storage is presented. Investigations include the assessment of the corrosion 

of 304 and 316 stainless steel samples, and A36 carbon steel samples coated with a single layer of 

TiN, ZrO2, TiO2, or MoS2. Using Gamry instruments MULTIPORTTM Corrosion Cell Kit Interface 

1000 Potentiostat, corrosion testing is performed three times using three different scans with the 

same voltage range of ±250 mV – polarization resistance, potentiodynamic, and cyclic 

polarization. Reproducible and accurate results are thus generated. The corroded surfaces of the 

steel samples are then characterized using scanning electron microscopy. While gamma irradiation 

is seen to augment the electrochemical corrosion of the stainless-steel samples, it is found to 

decelerate the corrosion rate in carbon steel. Although the coated layer on the samples is expected 

to provide corrosion resistance, the coated and bare samples corroded similarly; multi-layering is, 

therefore, proposed to enhance corrosion resistance.  

8.1. Introduction  

Stainless steel possesses favorable physical, chemical, and mechanical properties and has 

been proven to fulfill the NRC dry cask storage requirements stated in 10 CFR 72 [87]. These 

properties include high hardness, mechanical strength, corrosion resistance, and the ability to build 

up surface passivity [190]. However, there are drawbacks to the stainless steel, including its 

susceptibility to chloride-induced stress corrosion cracking. With chloride-induced stress 

corrosion cracking, stainless steel is also susceptible to irradiation-assisted stress corrosion 

cracking. Under post irradiation conditions, corrosion of stainless steel is driven by alteration of 

the stainless steel grain boundary microcomposition and the microstructure [47]. Grain boundary 

compositional change is associated with nickel enrichment and chromium depletion due to voids 

                                                 
3 Department of Physics, Princess Nourah Bint Abdulrahman University, Riyadh, 12484, KSA 

Department of Nuclear Engineering, North Carolina State University, Raleigh, NC 27695, USA 
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present in the steel post irradiation. It is shown in a study done by Liu et al. that cumulative gamma 

irradiation increases the vacancy intensity in low carbon steel [191]. Additionally, the elemental 

redistribution of stainless steel along the grain boundaries causes microstructural changes due to 

irradiation and forms depleted zones and dislocation loops that lead to hardening.  

In view of the aforementioned drawbacks of steel, a thin protective layer of inorganic 

coatings is proposed to be deposited on the outer surface of the dry casks that can potentially resists 

corrosion and prolong the dry cask lifetime. The set of selected coated materials includes titanium 

nitride (TiN), titanium dioxide (TiO2), zirconium dioxide (ZrO2), and molybdenum disulfide 

(MoS2). The inorganic coating in the current work is deposited on the steel substrates by the 

plasma-based magnetron sputtering coating technique. In this technique, the sputtering gas flows 

inside an evacuated chamber while discharge takes place between the two electrodes within the 

chamber. A gaseous plasma is generated and magnetically confined near the sputtering target. The 

highly energetic ions of the sputtering gas impinging on the sputtering target and the ions that are 

released combine with the sputtering gas atoms to form a near stoichiometric inorganic coated 

layer on the steel substrate. As an example, zirconium sputtering target and oxygen as reactive 

sputtering gas are used in the magnetron sputtering technique to form a coated layer of zirconium 

dioxide that is very well known for its corrosion resistant property. Zirconium is also known to be 

resistant to radiation damage and to chemical corrosion due to alkalis, acids, and saltwater. TiN 

coatings have strong adhesion properties and have proven to lower hydrogen diffusion to the 

substrate metal. TiO2 coatings can provide tolerance to corrosion for components in sea salt and 

chloride environments [57]-[62]. Likewise, a MoS2 layer enhances physical wear resistance and 

provides good adhesion to solid substrates. 

8.2. Materials and Methods 

The samples that are investigated in this work are discs of SS304, SS316 and CS A36 with 

a diameter of 2.5 cm having various thicknesses. Each of the tested samples are made from 

commercially available steel alloys with the composition shown in Table 1.2; the samples 

specifications are summarized in Table 8.1. The steel specimens are coated with a single layer of 

either TiN, ZrO2, TiO2, or MoS2. As control samples, another set of three different steels is left 

bare. The samples are first grouped into four sets. Three of them are irradiated at ambient 

conditions in the Gamma 220 Cell of the Nuclear Engineering Department at NC State University. 
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These samples are exposed to either 1.1, 2.2, or 4.4 Mrad of cumulative gamma irradiation. The 

last group is left unirradiated.  

Table 8.1. Specifications of the steel samples. 

Steel Type SS316 SS304 CS A36 

Density (g/cm3) 7.65 7.63 7.80 

Exposed area (cm2) 3.63 3.63 3.63 

Equivalent weight (g) 25.5 25.24 28.25 

 

 Electrochemical Corrosion Testing and Characterization  

The corrosion testing is carried out using the experimental setup explained in Section 3.2.1. 

Three current-voltage curves are obtained for each sample, using the following scans: cyclic 

polarization, potentiodynamic, and polarization resistance. These curves span the entire 

overpotential region; hence, the calculation of the corrosion rate does not require any additional 

data. For all electrochemical analyses performed, the scan rate is 0.6 mV/s. The voltage scan covers 

the range between -250 to +250 mV, relative to the open circuit potential. By choosing the same 

voltage range, both the polarization resistance and potentiodynamic scans are made identical. In 

addition, selecting the apex value to be equal to the final voltage makes the cyclic polarization 

experiment equivalent to the potentiodynamic. Therefore, repeating the experiment three times 

using these three tests ensures reproducibility of the results. Before applying the external potential, 

the potentiostat measures the open circuit potential for 5000 seconds or until there is a stability of 

0.01 mV/s, whichever occurs first. In addition, the sample period is set to be 1 second. 

The data analysis sequence is as follows: firstly, the cathodic and anodic coefficients are 

determined using the Echem Analyst™ Software by calculating the slopes of the cathodic and 

anodic half reactions using the command ‘E log I’ fit provided by the software within 250 mV of 

the 𝐸𝑐𝑜𝑟𝑟. Therefore, Equation 3.5 is valid for calculating the corrosion current. Subsequently, the 

data from the low potential region located within ± 5mV around 𝐸𝑐𝑜𝑟𝑟 is extracted and fitted by a 

linear regression where the slope is 𝑅𝑃. Finally, the corrosion rate is calculated using Equations 

3.5 and 3.8; the exposed area, mass density, and EW are shown in Table 8.1. The values of 

corrosion rates and currents reported in this work are the average of the three experiments, unless 

stated otherwise. 
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Additionally, scanning electron microscopy (SEM) images are obtained before and after 

corrosion experiments to better assess the changes in the steel surface morphology due to the 

combined effects of corrosion and irradiation. 

8.3. Results and Discussion 

The goal of the experimental approaches is to better assess the corrosion behavior of 

irradiated and coated samples for the aforementioned three types of steel substrates and compare 

them with the control samples. 

 

Figure 8.1. The current-voltage curves recovered from the polarization resistance (PolRes), 

potentiodynamic (PotDyn), and cyclic polarization (CycPol) experiments performed on SS316 coated 

with MoS2. 

Figure 8.1 shows the current-voltage curves from the DC measurements of the corrosion 

experiments, applying the potentiodynamic, cyclic polarization, and polarization resistance for the 

MoS2-coated SS316. These curves represent the measured anodic and cathodic currents versus the 

electrical potential swept of the steel samples by the potentiostat. In the anodic reaction, the 

exposed surface of the steel samples loses electrons (oxidization). In the opposing cathodic 

reaction, the corrosive solution species gain electrons (reduction). The voltage scan initially takes 

place at a cathodic overpotential of -250 mV relative to the open circuit (note that the voltage in 
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Figure 8.1 is with respect to the reference electrode). The potential sweep proceeds until the 

measured voltage is 0 mV; it continues in the anodic direction and the current rises where the 

oxidation of the metal occurs. The scan terminates at the anodic overpotential of +250 mV relative 

to the open circuit. However, at the corrosion potential where the anodic and cathodic reactions 

are in steady state, the corrosion rate is dictated by the current density, which is the current shown 

in Figure 8.1 divided by the exposed area. 

The comparable results obtained from these three scans indicate their reproducibility. The 

comparison reveals that the corrosion potential acquired by the three tests are within 20% of each 

other. The cathodic curves do exhibit a divergence, which can indicate different cathodic reaction 

rates. 

 

Figure 8.2. Corrosion rate in units of mmpy for 4.4 Mrad irradiated SS316 samples bare and coated with 

ZrO2, TiN, and TiO2. The corrosion rate measured using the cyclic polarization, potentiodynamic, and 

polarization resistance scans. 

Represented in Figure 8.2 are the corrosion rate data recovered from the three experiments 

conducted on the ZrO2, TiN, and TiO2 coated and bare 4.4 Mrad irradiated SS316 samples. It can 

be noticed that the bare samples achieve the minimum corrosion rate which might be caused by 

the presence of a protective oxide layer. Although a single layer coating can provide corrosion 

resistance, it has been shown in the current work that defects in such a thin coating may contribute 
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to the diffusion of the corroding solution in the coated layer [57]. Among the coated samples, TiO2 

achieves the lowest corrosion rate of an average of 0.87 × 10−2 mmpy. Samples coated with TiN 

and ZrO2 tend to show higher corrosion rate of an average of 2.23 × 10−2 and 2.25 × 10−2 mmpy, 

respectively. 

 

Figure 8.3. Corrosion rate (mmpy) for unirradiated and 4.4 Mrad irradiated SS316 samples bare and 

coated with ZrO2, TiN, and TiO2. 

The corrosion rates of unirradiated and irradiated bare and coated SS316 samples are 

illustrated in Figure 8.3. An accelerated corrosion rate is clearly observed in the irradiated bare 

and coated samples relative to the unirradiated ones. The exposure of bare SS316 to 4.4 Mrad 

gamma ray results in elevating the corrosion rate from 3.48 × 10−3 to 6.00 × 10−3mmpy. The 

TiN and ZrO2 coated samples exhibit higher sensitivity to irradiation in terms of corrosion 

susceptibility. The post irradiation corrosion rate roughly depicts a four-fold increase in 

comparison to the pre-irradiation corrosion rate. Furthermore, the TiO2 coated samples exhibit an 

order of magnitude greater corrosion rate after exposure to 4.4 Mrad gamma ray. In conclusion, 

the coated layer may have less radiation tolerance, which adversely affects the corrosion behavior.  
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Figure 8.4. Surface SEM images showing a microstructure of SS316 (a) unirradiated and bare (b) 

irradiated to 4.4 Mrad and bare (c) unirradiated and coated with TiO2 (d) irradiated to 4.4 Mrad and 

coated with TiO2 substrates all post corrosion. 

The surface morphology of the bare and TiO2-coated SS316 post corrosion experiments is 

shown by the SEM images presented in Figure 8.4. As shown in Figures 8.4.a and 8.4.c, both 

unirradiated bare and unirradiated TiO2-coated samples exhibit uniform surface features. A few 

micron-sized white salt flakes appear prominently on the coated sample which is consistent with 

the higher corrosion rate of the TiO2-coated samples. The irradiation impact on the surface 

microstructure is clearly observed in Figures 8.4.b and 8.4.d. Corrosion appears to proceed along 

grain boundaries. As evidenced in the SEM images, the atomic regions constituting the grain 

boundaries are more likely to corrode than the regions within the boundaries.  

a b 

c d 
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Figure 8.5. Corrosion current versus the irradiation dose for SS316 samples coated with ZrO2 and TiO2. 

 

 

Figure 8.6. Calculated corrosion rate (mmpy) for the three types of steel before and after irradiation of 4.4 

Mrad. 
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In addition to providing corrosion rate data, Gamry Instruments are used in the current 

study to measure the corrosion current that encodes the corrosion rate. The corrosion current in μA 

and the irradiation dose in Mrad are plotted in Figure 8.5 for ZrO2 and TiO2 coated SS316. For 

both sets of samples, it is clearly seen that, as the irradiation dose increases, the corrosion current 

increases. In the case of the TiO2 coated SS316, the corrosion current increases from 0.61 μA for 

the unirradiated sample to 4.18 μA for the 4.4 Mrad irradiated one. On the other hand, the corrosion 

currents of the ZrO2 coating are 2.14 and 9.80 μA for the unirradiated and irradiated samples, 

respectively.  

The corrosion rate shown in Figure 8.6 is calculated using Equation 3.8 for the three types 

of steel before and after irradiation dose of 4.4 Mrad. It can be clearly observed that the carbon 

steel A36 is the least corrosion resistant with a corrosion rate of 0.308×10-2 and 0.206×10-2 mmpy 

for unirradiated and irradiated samples, respectively.  

The unirradiated samples of both SS304 and SS316 have slower corrosion rates than the 

irradiated ones (by 7.47×10-3 and 2.52×10-3 mmpy, respectively). In contrast, the corrosion of A36 

carbon steel exhibits a different behavior in which the corrosion rate decreases after irradiation. 

This is mostly due to the graphitization of carbon in type A36 carbon steel which was found to 

inhibit the corrosion rate [192]. This behavior thus depends on the carbon content in the steel. In a 

study done by Liu et al. it was found that irradiation decreases the corrosion resistance for type 

X65 carbon steel [191].  

 

   

Figure 8.7. SEM microstructure images of bare SS316 (a) unirradiated, (b) irradiated to 2.2 Mrad, and (c) 

irradiated to 4.4 Mrad bare substrates – all post-corrosion. 

a 

 

b c 
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The effect of irradiation dose on the bare stainless steel samples is illustrated in Figure 8.7. 

The initial microstructure of the unirradiated SS316 post-corrosion shows the residual polishing 

marks where no grain boundaries can be distinguished as shown in Figure 8.7.a. The grains appear 

for the 2.2 Mrad irradiated samples with distinct eroded grain boundaries. As the irradiation dose 

increases from 2.2 to 4.4 Mrad, the corrosion effects appear to be more severe as indicated in 

Figure 8.7.c. This result is attributed to the high corrosion susceptibility of the grain boundary 

regions.  

 

Figure 8.8. Calculated and simulated corrosion rates vs. irradiation dose for SS316 coated with TiO2 using 

the polarization resistance experiment. 

Figure 8.8 compares the corrosion rates calculated from the Echem Analyst software [193] 

with those from the polarization resistance experiment with irradiation dose for the SS316 samples 

coated with TiO2. The experimental and computed values are nearly exact for the intermediate 

dose but deviate marginally at low irradiation dose by 6.98×10-4 mmpy and at high radiation dose 

by 3.20×10-4 mmpy. Despite this deviation, the simulated values fall within the 10% error margin.  
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Figure 8.9. Corrosion rate versus irradiation dose for SS316 coated with ZrO2. 

Figure 6.9 shows the corrosion rate with irradiation for SS316 samples coated with ZrO2. 

It can be clearly noted that as the radiation dose increases, the corrosion rate increases. At low 

doses the three results show comparable values; deviations can be observed at higher doses. The 

maximum difference between the potentiodynamic and cyclic polarization experiments, however, 

is 6.99×10-3 mmpy; which is in order of μmpy. 

8.4. Conclusions  

The effect of gamma radiation on the corrosion behavior of coated and bare steel samples 

(SS316 and SS304 and CS A36) is investigated in this chapter using Gamry instruments. Although 

three types of DC experiments are performed – cyclic polarization, potentiodynamic, and 

polarization resistance, they are all carried out such that they are equivalent to each other. It is 

found that the corrosion rate increases with irradiation for the stainless steel samples whereas the 

irradiated carbon steel substrates show a reduction in the corrosion rate. Interestingly, the coated 

and bare samples exhibit similar corrosion behavior whether before or after irradiation. Finally, 

the corrosion rate calculated by the Gamry Echem Analyst software is found to be comparable to 

those calculated from the experiments. The SEM imaging analysis show that irradiation inducted 

corrosion proceeds along the grain boundaries.  
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The next step is to investigate the attenuation behavior of gamma-irradiated and corroded 

A36, SS316 and SS304 steel samples; the results are discussed in Chapter 9. 
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Chapter 9 

Effect of Irradiation and Corrosion on Gamma Attenuation Behavior of Steel 

A portion of the work reported in this chapter has been performed in collaboration with 

Nouf Almousa4 and published in the Transactions of the American Nuclear Society [194]. This 

chapter is partially reproduced from the published article  [194] with minor modifications and 

can be formally cited as “G. Shkoukani, N. Almousa and M. Bourham, "Effect of Irradiation and 

Corrosion on Gamma Attenuation Behavior of 316 and 304 Stainless Steel," Transactions of the 

American Nuclear Society - Volume 123, 2020. DOI: 10.13182/t123-33087” 

 

9.1. Introduction  

The combined effect of corrosion and radiation is a key factor that limits the lifetime of 

storage units of spent fuel and high-level radioactive waste such as dry casks [89]. In dry casks, 

structural materials are exposed to extreme conditions. Externally, the corrosive environment 

accelerates the corrosion rate of the dry cask outer layer and initiates corrosion-based cracking. In 

contrast, the inner structural materials are exposed the irradiated spent fuel rods that emit 

hazardous nuclear radiation. Consequently, the degradation of shielding effectiveness of the dry 

cask structural materials due to corrosion and irradiation over the storage lifetime must be well 

characterized. 

Typically, structural materials in dry casks must survive the corrosion and radiation 

conditions and meet the radiation shielding requirements. Under radiation, as explained in Chapter 

8, irradiation and corrosion induced microstructural defects degrade the attenuation ability. Both 

304 and 316 stainless steels are susceptible to radiation damage such as void swelling. The 

radiation-induced defects can lower the total density and the probability of scattering or absorption 

of the incident radiation, and as a result, reduce the shielding efficacy. The competing effects of 

the irradiation-assisted corrosion and the accumulation of protective regions can determine the net 

effect of the combined corrosion and irradiation on the attenuation properties [61]. 

                                                 
4 Department of Physics, Princess Nourah Bint Abdulrahman University, Riyadh, 12484, KSA 

Department of Nuclear Engineering, North Carolina State University, Raleigh, NC 27695, USA 
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9.2. Materials and Methods  

After performing the electrochemical corrosion tests on SS316, SS304 and A36 steels 

samples, as described in Chapter 8, gamma attenuation behavior of these samples is characterized. 

Using the experimental setup shown in Figure 3.4 and applying the attenuation law as in Equation 

3.1, all the necessary dosimetric parameters are calculated. Note the sequence of the work – first 

the irradiation tests, then corrosion tests and finally the attenuation study.  

9.3. Results and Discussion 

The MFP of gamma radiation in unirradiated (U) A36, SS316, and SS304 samples before 

corrosion is shown in Figure 9.1.a, the irradiated to 4.4 Mrad cases are shown in Figure 9.1.b, and 

Figure 9.1.c shows a superimposition of Figures 9.a and 9.b.    

 

 

Figure 9.1. The MFP of bare A36, SS304, and SS316 samples before corrosion: a) unirradiated b) 

irradiated to 4.4Mrad, and c) both unirradiated and 4.4-Mrad irradiated. The error bars are ±10% of each 

value. 

 

a 
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Figure 9.1. (Continued) The MFP of bare A36, SS304, and SS316 samples before corrosion: a) 

unirradiated b) irradiated to 4.4Mrad, and c) both unirradiated and 4.4-Mrad irradiated. The error bars are 

±10% of each value. 

 

b 

c 
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According to the definition of the MFP in Section 3.1, shorter values indicate better 

shielding characteristics. Typically, the MFP increases with the gamma energy regardless of the 

material. As seen in Figure 9.1.a, the three curves representing the MFP for A36, SS316, and 

SS304, respectively, are from top to bottom.  This gradation indicates how poor the A36 carbon 

steel is in shielding against gamma radiation relative to the steel samples. Both SS316 and SS304 

samples exhibit comparable behavior at lower energies but deviate at higher gamma energies. This 

is a counterintuitive behavior; in fact, A36 is expected to possess similar, if not higher attenuating 

capabilities to SS316 and SS304 since A36 density is slightly larger (Table 8.1). The reduced MFP 

in A36 may suggest microstructural inhomogeneities. A dependency on the crystal structure on 

radiation shielding is also recently explored by Halliwell et al. [195]. The authors have been able 

to increase the linear attenuation coefficient by modifying the materials structures from simple 

cubic to BCC and FCC. Thus, the crystal structure may have a role on the shielding characteristics; 

more investigations are, however, needed for a more definitive conclusion. As for SS304 and 

SS316, the mean free path is almost the same considering the close densities with the same crystal 

structure. 

When the samples are irradiated to a cumulative gamma dose of 4.4 Mrad, the MFP 

decreases significantly for all three steel types, as seen in Figure 9.1.c. Yet, A36 has the highest 

MFP after irradiation (see Figure 9.1.b). The maximum drop in MFP of A36 and SS316 is at 662 

keV; 55.59, and 20.78 mm, respectively. Whereas for SS304, the maximum drop is 17.3 mm at 

356 keV. These results imply A36 can be more prone to radiation damage than stainless steel. 

Despite the large drop in MFP for A36, it is still not as efficient as either of the stainless steels in 

shielding against gamma radiation. Nevertheless, a better shielding capability after irradiation can 

be attributed to the radiation damage and the microstructural changes that affect the scattering 

process. The lowest MFP in the energy range (88-660 keV) can be achieved by irradiating SS316 

to a 4.4 Mrad gamma dose; the average MFP over the range of energy investigated is 14.67 mm.  

To isolate the effect of irradiation dose after corrosion, two samples of ZrO2 coated SS316 

are irradiated to either 2.2 Mrad or 4.4 Mrad. Figure 7.2 shows optical micrographs of these two 

samples where a) shows the samples exposed to 2.2 Mrad and b) shows the samples exposed to 

4.4 Mrad.  

 



   

101 

 

 
 

 

Figure 9.2. Optical microscopy images of post-corrosion SS316 samples coated with ZrO2 that has been 

irradiated to (a) 2.2 Mrad and (b) 4.4 Mrad. 

As seen in Figure 9.2, the grains are very distinct in 9.2.a whereas in 9.2.b, only certain 

portions are visible as circled in red due to unintended scratches on the surface. Grain boundaries 

are preferentially attacked by corrosion as explained in Sections 1.3 and 8.3; some pitting 

corrosion, illustrated by the red arrows, can also be noticed.  

 

a 

 

 

b 
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Figure 9.3. The HVL variation with incident gamma energy for post corrosion SS316 ZrO2- coated 

samples that have been irradiated to 2.2 Mrad and 4.4 Mrad of cumulative gamma dose. The error bars 

are ±10% of each value. 

The HVL as a function of energy is plotted in Figure 9.3. As shown, for post-corrosion 

conditions, higher irradiation dose for the SS316 ZrO2-coated samples has resulted in larger HVL 

in the energy range 88 - 662 keV. The average difference in HVL over the entire energy range is 

0.594 cm.  This increase in HVL as the radiation dose increases from 2.2 to 4.4 Mrad can be 

qualitatively explained based on the optical micrographs shown in Figure 9.2. Figure 9.4 shows 

the LAC as a function of gamma energy penetrating two sets of corroded and uncorroded SS316, 

SS304, and A36 (bare) samples that are irradiated to 4.4 Mrad. Generally, the LAC decreases with 

the photon energy as expected and rationalized through the reciprocal behavior in HVL variation 

illustrated in Figure 9.3.  
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Figure 9.4. Linear attenuation coefficient of 4.4 Mrad irradiated bare steels before and after corrosion. 

The error bars are ±10% of each value. 

As seen in Figure 9.4, the corrosion environment under the investigated conditions tends 

to lower the linear attenuation coefficient for all the steel types at 4.4 Mrad for all energies. The 

change in the LAC in each sample before and after corrosion is presented in Table 9.1. 

Table 9.1. The reduction in LAC of steel (cm-1) in the energy range (88 – 662) keV before and after 

corrosion. 

Energy (keV) 
Steel Type 

SS304 SS316 A36 

88 0.4425 0.4762 0.0678 

122 0.3337 0.3871 0.3571 

356 0.1926 0.2785 0.0834 

662 0.1718 0.2656 0.2162 
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For SS316 and SS304 samples, the LAC reduction after corrosion can be attributed to the 

oxidation of some of the steel components, mainly the oxidation of chromium into Cr2O3 and iron 

into Fe2O3. Both oxides can potentially form passive protective regions. Since the oxidation of Cr 

is more dominant than Fe, a simulation provided by Sakar et al. [196] is used to obtain the LAC 

of both Cr and Cr2O3; it shown in Figure 9.5. Considering to the lower density of Cr2O3 compared 

to Cr, the former seems to attenuate gamma irradiation less effectively than the latter. As a result, 

the change in the chemical composition can play a role in the deterioration of shielding ability of 

steels.  

 

Figure 9.5. Linear attenuation coefficient of Cr and Cr2O3 as a function of incident gamma energy. The 

error bars are ±10% of each value. 

Similarly, since A36 carbon steel is significantly richer with Fe (refer to Table 1.2), it 

reasonable to compare iron density with its oxidation products. When iron is oxidized it produces 

iron (II) oxide (FeO) which further reacts with oxygen and water to produce iron (III) oxide 

(Fe2O3). While the density of iron is 7.874 g/cm3, Fe2O3 has a density of 5.24 g/cm3.  

In addition, there are other effects of corrosion on the materials such as pitting with depths 

of the order of mm [197].   

 

Stainless steel can be coated with different materials to enhance certain properties, as 

described in Section 1.2.3. Although the main goal of coating steel is not to increase the gamma 
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rays shielding, a comparison of the 4.4 Mrad irradiated SS316 samples coated with two different 

oxides, ZrO2 and TiO2, is illustrated in Figure 9.6. The LAC of each sample is calculated before 

and after corrosion. It is clear that after corrosion, the LAC is reduced for both oxide coatings at 

all energies. Although, the average reduction of LAC is 0.0316 mm for the ZrO2 coated sample 

and 0.0406 mm for the TiO2 coated sample, the difference is considered to be insignificant due to 

the fact that the coatings thicknesses are in order of micrometers  

 

Figure 9.6. The linear attenuation coefficient of 4.4 Mrad irradiated ZrO2 and TiO2 coated SS316 before 

and after corrosion with incident gamma energy. The error bars are ±10% of each value. 

To further examine the difference between the coated and bare samples, the LACs of two 

4.4 Mrad irradiated SS316 samples after corrosion are displayed in Figure 9.7; it shows that the 

bare sample is better at shielding than the coated one. Referring to Figure 8.2, the bare samples 

show lower corrosion rates and a better LAC. Interestingly, the bare sample has a higher LAC at 

all energies (by 44.42%, on average). 
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Figure 9.7. The LAC of 4.4 Mrad irradiated bare and ZrO2-coated SS316 samples after corrosion. The 

error bars are ±10% of each value. 

 

Figure 9.8. The LAC of bare SS316 samples before corrosion and irradiation and after both corrosion and 

irradiation to 2.2 Mrad. The error bars are ±10% of each value. 

Lastly, to consider the combined effect of both corrosion and irradiation, Figure 9.8 

presents the LAC of bare-uncorroded-unirradiated bare SS316 and the LAC for the corroded-2.2 

Mrad-irradiated bare SS316. Despite the opposite individual effects that corrosion and irradiation 
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have on the shielding effectiveness, as seen in Figures 9.4 and 9.1, the resultant effect in this case 

is dominated by irradiation. As seen in Figure 9.8, the LAC of corroded and 2.2 Mrad-irradiated 

sample is higher than the LAC for the uncorroded and unirradiated in the energy range 88-662 

keV. In fact, the LAC has increased on average by 114% with the highest increase at 122 keV.  

One of the reasons attributing to that the effect of corrosion is on the surface while irradiation can 

penetrate deeper in the sample. Further surface and microstructural analysis are recommended to 

fully comprehend these trends. 

9.4. Conclusions  

The effect of corrosion and/or irradiation on the attenuation behavior of steel is investigated 

in this chapter. A36 carbon steel has proven to be the least effective in shielding against gamma 

whether it is before or after corrosion/irradiation. It is found that corrosion lowers the LAC of both 

coated and bare steel samples that have been irradiated to 4.4 Mrad. Increasing the irradiation dose 

increases the HVL for the post-corrosion ZrO2 coated SS316 samples; irradiating bare uncorroded 

steel samples to 4.4 Mrad, in fact, decreases the MFP of gamma rays. As for the combined effect 

of both irradiation and corrosion, it is concluded that under the tested conditions, the effect of 2.2 

Mrad cumulative irradiation dominates over the effect of the electrochemical corrosion for the bare 

SS316 samples.  

 

In the next chapter, a comparison between two radiation shielding computer codes, one 

which is deterministic and the other which is stochastic, is discussed. 
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Chapter 10 

Gamma Shielding Computational Assessment Using MCNP and MicroShield 

10.1. Introduction 

Radiation shielding behavior can be characterized experimentally and computationally. 

Although experimental procedures provide results in real time, there are cases where experiments 

are not feasible or practical. For instance, when testing high levels of radiation or evaluating a new 

material composition, experiments may not be the best option. There are various simulation codes 

that are available for shielding calculations. These codes are either deterministic or stochastic 

based on the method of calculations. Deterministic codes solve for the average particle behavior 

through governing transport equations, which are partial differential equations. On the other hand, 

in stochastic methods – also called Monte Carlo methods, a large number of particles are simulated 

as they move through the shielding region of interest. Specific probabilistic for different types of 

interactions determine the average shielding behavior.  

MicroShield and MCNP are examples of deterministic and stochastic codes, respectively. 

Each has its own weaknesses and strengths. For example, MicroShield’s run time is extremely 

short and it has a user-friendly interface. Yet, the source geometries that can be investigated are 

limited. In contrast to MicroShield, MCNP is more flexible in defining detailed explicit 

system/source geometry, energy, and angular representation; this comes at a larger computational 

cost [198], [199].  

Several comparisons between the two numerical approaches have been reported in the past. 

A comparison between MicroShield 9.05 and MCNP 6.2.0 is reported by A.D. Oliveira and C. 

Oliveira in order to examine the deterministic codes’ reliability in calculating shielding parameters 

in the energy range of 0.03 to 5 MeV [200]. It is found that MCNP and MicroShield are in good 

agreement in the higher energy regime. Some discrepancies in the lower energy range of 30-159 

keV are noted; the difference is ascribed to the secondary radiation and buildup factor 

determination, which is geometry dependent.  

Bednar et al. have compared multiple deterministic codes (Visiplan, Microshield and 

Mercurad) with the stochastic MCNP code [199]. It is shown that the deterministic codes are 

suitable for radiation protection optimization where the results are intended as preliminary 



   

109 

 

estimates. For more reliable and accurate results, the buildup factor should be calculated carefully 

when using a deterministic procedure; otherwise, Monte Carlo codes are recommended.  

10.2. Materials and Methods  

In this thesis work, a comparison between the linear attenuation coefficients obtained 

experimentally, and computationally using MicroShield 9.05 (deterministic) MCNP 6.2.0 

(stochastic) codes is discussed. The selected materials are bare stainless steel 316, Portland 

concrete (PC), and Glass 6 from Chapter 4. The material composition is shown in Table 10.1; the 

compositions of SS316 and PC are obtained from [201]. 

Table 10.1. The nominal compositions (w%) of Glass 6, SS316, and PC. 

Glass 6 SS316 PC 

Pb 0.175 C 0.041 H 1 

O 0.572 S 0.015 C 0.1 

Si 0.033 P 0.023 O 52.911 

Bi 0.220 Si 0.507 Na 1.6 

  Ni 12 Mg 0.2 

  Cr 17 Al 3.387 

  Mn 1.014 Si 33.702 

  Mo 2.5 K 1.3 

  Fe 66.9 Ca 4.4 

    Fe 1.4 

 

The experimental setup previously shown in Figure 3.4, is simulated using MicroShield 

v9.05 by Grove Software as illustrated in Figure 10.1; an identical geometry is used with MCNP 

6.02.  

 

Figure 10.1. Schematic of the geometry used in MicroShield. 
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10.3. Results and Discussion  

The linear attenuation coefficient of Glass 6 as a function of energy, evaluated using 

MicroShield and MCNP codes, is shown in Figure 10.2. As can be clearly seen, MicroShield 

results match the MCNP in the energy range 100 keV – 500 keV while there are discrepancies 

appearing at lower energies; as observed before by A.D. Oliveira and C. Oliveira, this can be 

attributed to the poor buildup factor estimation in MicroShield [200]. Aside from the low energy 

values, the maximum difference between MCNP and MicroShield calculations is 1.148 cm-1 at 

300 keV.  

4 

Figure 10.2. The variation of LAC with energy for Glass 6 obtained from MCNP and MicroShield. The 

error bars are within ±10% . 

Likewise, the LAC for PC and the  HVL for bare SS316 materials as shown in Figures 10.3 

and 10.4, respectively. A similar deviation is observed at low energies for PC.  Excluding the enrgy 

range 88-122 keV, the maximum difference in the LAC of PC is 0.0045 cm-1 at 346 keV which 

lies within the 10% error margin. Note that the error bars at higher energy are not as obvious since 

the scale emphasizes the deviation at the lowest energy. For SS316, MCNP and MicroShield 

predict values that are very close at all energies. The maximum difference in HVL is 0.0289 cm at 

1170 keV.  
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Figure 10.3. The LAC as a function of energy for Portland concrete using MCNP and MicroShield. The 

error bars are within ±10%. 

 

Figure 10.4. The HVL as a function of energy for bare SS316 using MCNP and MicroShield. The error 

bars are within ±10%. 
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A comparison between the LAC of portland concrete obtained experimentlally and that 

using computational methods is portayed in Figure 10.5. Excellent agreement is seen between the 

simulation methods (MCNP and MicroShield), and experiements. While the experimental results 

match the MCNP predictions at all energies between 88-1330 keV, MicroShield shows a deviation 

at 88 keV. This comparison confirms that MCNP is more reliable in simulating the shielding 

behavior of materials than MicroShield due to the buildup factor estimation. By comparing the 

experimental values with MCNP predictions, one can notice that the largest difference occurs at 

88 keV with a value of 0.227 cm-1. 

 

Figure 10.5. The LAC of PC obtained experimentally and computationally (using MCNP and 

MicroShield).  

10.4. Conclusions  

In this chapter, deterministic and stochastic approaches to evaluating shielding 

characteristics are explored. MicroShield is employed as a representative deterministic code while 

MCNP is used to represent a stochastic code. The linear attenuation coefficient of Portland 

concrete and Glass 6 as well as the half value layer of SS316 are obtained using the aforementioned 

codes. Excellent agreement is observed at energies higher than 150 keV; MicroShield shows a 

deviation at lower energies. Additionally, the linear attenuation coefficients evaluated by the 
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MCNP code agree with those from experiments at all energies. Despite the simplicity and shorter 

run times of MicroShield, it is concluded that MCNP is more reliable and accurate for radiation 

shielding analysis. 
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Chapter 11 

Decay Heat Estimation for Arkansas Nuclear One (ANO) Reactor HI-STORM Dry 

Casks 

11.1. Introduction 

Once the fuel is removed from the reactor core after three to four refueling cycles, it is 

placed in a storage pool such as the one shown in Figure 11.1. Each fuel assembly is allowed to 

cool down in the pool for at least five years. With time, the decay heat is reduced drastically, and 

the fuel assemblies are moved to the dry storage. In Arkansas Nuclear One (ANO) reactor, the 

spent fuel is stored in HI-STORM 100 (acronym for Holtec International Storage Module) Multi-

Purpose Canister (MPC) system for dry storage. The HI-STORM storage system is a vertically 

ventilated overpack (Figure 11.2) which contains the metallic MPC (Figure 11.3) and HI-TRAC 

cask for on-site transportation (Figure 11.4). The HI-STORM 100 design is expected to withstand 

natural phenomena such as tornados and high energy lightning.  

At ANO, the HI-STORM an above-the-ground configuration is used. In this design, there 

are four air inlets and four air outlets at the top and bottom of the cask to allow passive cooling by 

natural convection. The structural backbone is made of high-ductility carbon steel. The concrete 

in the overpack is encased by steel weldment which eliminates the potential loss in strength due to 

harsh weather conditions [202]. The HI-TRAC is a cylindrical multi-walled vessel made of carbon 

steel/lead/ carbon steel with a neutron water shield jacket attached to the exterior. This design 

provides shielding and structural protection for the MPC during loading and unloading processes.  

The spent fuel is stored in the MPC confinement system which is made of stainless steel 

or passivated aluminum/aluminum alloy. This ensures the containment and controlling of 

criticality. The MPC design is a welded cylindrical canister with a honeycombed fuel basket, 

baseplate, lid, closure ring and shell as shown in Figure 10.3 [203]. 
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Figure 11.1. A spent nuclear fuel pool. Reproduced from https://radecoinc.com/home/spent-fuel-pool/ 

 

 

Figure 11.2. The HI-STORM storage overpack [203]. 

https://radecoinc.com/home/spent-fuel-pool/
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Figure 11.3. The HI-STORM metallic multi-purpose canister [203]. 

 

Figure 11.4. The HI-TRAC cask for on-site transportation [203]. 

The spent nuclear fuel (SNF) decay heat depends on many factors such as the type of 

reactor, number and duration of cycles, initial enrichment, and burnup of the fuel. Typically, the 

energy release rate or the decay heat power is calculated computationally using the nuclear data 

libraries. These computational tools simulate the transmutation of the nuclides during the 

irradiation inside the reactor and the decay after being discharged to the SNF pool. One of the 

commonly used tools is the Oak Ridge Isotope Generation (ORIGEN) [204]; many validation 

analyses have been reported in the past [205]-[209]. There are other approaches as well for a quick 

evaluation of the decay heat in the nuclear fuel after shutdown. Several guidelines and 
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recommendations are provided on computing procedures such as those from the American 

National Standards Institute (ANSI)/ American National Standards (ANS) [210].  

The U.S. Nuclear Regulatory Commission (NRC) has developed a regulatory guide (REG 

3.54) that provides a method to calculate the heat generation for independent spent fuel storage 

installation (ISFSI). It is specifically prepared for PWR and BWR fuel assemblies [91]. This 

procedure has been verified and validated with experimental data by [209], [211], [212]. 

According to the HI-STORM Certificate of Compliance (CoC), the on-site dry casks must 

undergo surveillance on a daily basis. However, amendment 13 of the CoC of HI-STORM states 

that this surveillance can be switched to monthly if the decay heat generated by the spent fuel is 

below a certain limit. For MPC type 24, the limit is 0.75 kW per fuel assembly (FA) whereas for 

MPC 32, the limit is 0.5kW/FA. When the current decay heat rate is below these limits, it will 

reduce the burden on the operator from daily ISFSI surveillance to monthly [90]. 

Table 11.1. Amendment 13 decay heat limits and surveillance frequency. 

MPC type 
Decay heat limit  

per storage location 

Surveillance   

frequency 

MPC 24 0.75 kW 30 days 

MPC 32 0.5 kW 30 days 

 

11.2. Materials and Methodologies  

The materials used in this thesis work are the preloaded casks of ANO reactor. From the 

reactor database of the loaded dry casks, the spent fuel cask with the highest decay heat for each 

loading year is selected. Then a smaller sample is targeted based on the type and decay heat as 

listed in Table 11.2. 
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Table 11.2. The selected ANO dry casks properties. 

 

ANO Cask  

Number 

Highest decay  

heat (kW) 

Burnup 

(MWd/MtU) 
Enrichment 

Total cooling  

time (years) 

Total 

Uranium 

(g) 

Relative 

Fuel 

 Cycle 

Time from  

Startup of fuel 

(days) 

cycle 

S/U 

cycle 

S/D 

15 0.904 46847.16 3.357 29.38 463082 

1 0 609 

2 712 1373 

3 1470 1890 

30 1.058 48385.45 3.812 20.33 463446 
1 0 521 

2 563 1054 

40 0.743 43105.21 3.815 20.33 463046 

1 0 521 

2 563 1054 

3 1082 1608 

17 0.833 49476.88 4 25.81 313899 
1 0 509 

2 552 1069 

26 0.883 45709.2 4.02 22.51 431615 
1 0 537 

2 568 1148 

37 0.909 47047.39 4.23 19.25726027 430115 

1 0 580 

2 627 1196 

3 1282 1771 

45 0.839 44424.2 4.4281 14.82 430860 
1 0 514 

2 546 1074 



   

119 

 

According to the regulatory guide 3.54 [91], the decay hear rate is a function of the cycles 

number and each cycle time, fuel burnup, specific power of the fuel, fuel assembly cooling down, 

and fuel assembly initial enrichment. It is important to understand the meaning of these variables 

before starting the computation process.  

- The cycle for a FA is the time duration between the points of criticality to the next 

reloaded criticality.  

- The fuel burnup (B) is the amount of recoverable thermal per unit mass of fuel during 

the cycle (in megawatt days per metric ton initial uranium MWd/tU).  

- The assembly cooling time (Tc in years) is the time elapsed from the last downtown of 

the reactor before its removal to the time at which the decay heat is calculated.  

- The initial enrichment of the FA (Es) is the average weight percent of uranium-235 

when the FA is first loaded into the reactor.  

- The specific power (P) is a definition developed in this guide to distinguish the 

difference between the real operating history of the FA and that used for the tabulated 

decay heat rates. This model is used in an uptime (time at power) of 80% of the cycle 

time except the last one. Therefore, the average specific power over the entire 

operating history is:  

𝑃𝑎𝑣𝑒 =
1000  𝐵𝑡𝑜𝑡

𝑇𝑒 + 0.8 ∑ 𝑇𝑖
𝑒−1
𝑖=𝑠

 (11.1) 

Where Btot is total burnup of discharged fuel (MWd/kgU), Ti is the cycle ith reactor 

operating cycle (days), and Te is the cycle time of last cycle before discharge (days). 

The procedure presented in this REG 3.56 is to calculate the heat generation of a FA from 

a tabulated data. Tables of the decay heat rate of a PWR at a certain specific power, fuel burning 

and a cooling time between 1-110 years are provided in the Appendix; these tables are used for 

interpolating the specific power, fuel burnup, and cooling time. 

After determining Pavg from Equation 11.1, total burnup, and cooling time, the next lower 

(L-subscript) and higher (H-subscript) heat rate values are obtained from the tables such that:  

𝑃𝐿 ≤ 𝑃𝑎𝑣𝑒 ≤ 𝑃𝐻 (11.2) 

𝐵𝐿 ≤ 𝐵𝑡𝑜𝑡 ≤ 𝐵𝐻  (11.3) 
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𝑇𝐿 ≤ 𝑇𝑐 ≤ 𝑇𝐻 (11.4) 

The decay heat rate (ptab) is calculated at Pave, Btot, and Tc by linearly interpolating the heat 

rates in the tables with either burnup or specific power, while using a logarithmic interpolation in 

decay heat with linear interpolation in cooling time to get the decay heat rate at Tc. The 

interpolations can be done using the following formulas: 

𝑝 = 𝑝𝐿 +
𝑝𝐻 − 𝑝𝐿

𝑃𝐻 − 𝑃𝐿

(𝑃𝑎𝑣𝑒 − 𝑃𝐿) (11.5) 

𝑝 = 𝑝𝐿 +
𝑝𝐻 − 𝑝𝐿

𝐵𝐻 − 𝐵𝐿

(𝐵𝑡𝑜𝑡 − 𝐵𝐿) (11.6) 

𝑝 = 𝑝𝐿 exp [
𝑙𝑛 (

𝑝𝐻

𝑝𝐿
)

𝑇𝐻 − 𝑇𝐿
 (𝑇𝑐 − 𝑇𝐿)] (11.7) 

Where pL and pH are the tabulated of interpolated heat rates at the right parameter limits 

corresponding to the L and H subscripts. Following that sequence of formulas, Equation 11.5 has 

to be used four times to obtain the p values that correspond to BL and BH at TL and TH. Equation 

11.6 is then used two times to obtain p at TL and TH. Lastly, Equation 11.7 is used once to calculate 

the final ptab at Pave, Btot, and Tc. 

Once the ptab is evaluated, multiple correction factors are used to compensate for short 

cooling time, excess power adjustment, enrichment, and safety. First, the short cooling time factors 

f7 and f’7 are used if the cooling time is equal to or less than 7 years. If the cooling time is > 7 years, 

both factors are 1. As seen in Table 11.2., the cooling time for the selected FAs are longer than 7 

years.  However, the excess power factor adjustment (fp) is applied if the calculated Pave is more 

than 35% higher than Pmax which is 54 kW/kgU for PWR. In other words, if  

1 <
𝑃𝑎𝑣𝑒

𝑃𝑚𝑎𝑥
≤ 1.35 (11.8) 

Then  

𝑓𝑝 = √
𝑃𝑎𝑣𝑒

𝑃𝑚𝑎𝑥
 (11.9) 

Otherwise,  

𝑃𝑎𝑣𝑒 ≤ 𝑃𝑚𝑎𝑥  , 𝑓𝑝 = 1 (11.10) 
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For the enrichment adjustment factor, it is used to adjust ptab to the actual initial enrichment 

Es. By interpolating the data in Table A.4, the enrichment Etab corresponding to the burnup Btot is 

calculated. It is recommended to use this guideline only when Es/Etab ≥ 0.6. If so, the correcting 

enrichment factor can be computed as: 

𝑓𝑒 = 1 + 0.01 [𝑎 + 𝑏(𝑇𝑐 − 𝑑)] [1 −
𝐸

𝐸𝑡𝑎𝑏
]   𝑤ℎ𝑒𝑛

𝐸

𝐸𝑡𝑎𝑏
≤ 1.5 (11.11) 

𝑓𝑒 = 1 − 0.005 [ 𝑎 + 𝑏(𝑇𝑐 − 𝑑)] 𝑤ℎ𝑒𝑛
𝐸

𝐸𝑡𝑎𝑏
> 1.5 (11.12)  

Where a,b, and d  values depend on the reactor type and are defined in Table A.5. Lastly, 

uncertainties evaluation are carried out as a part of this guideline. It is found that the safety factor 

is a function of burnup and cooling time. For PWR assemblies, the safety factor is: 

𝑆 = 6.2 + 0.06 (𝐵𝑡𝑜𝑡 − 25 ) + 0.050(𝑇𝑐 − 1) (11.13)  

The final heat generation rate is:  

𝑝𝑓𝑖𝑛𝑎𝑙 = (1 + 0.01𝑆)𝑓7𝑓7
′𝑓𝑝𝑓𝑒𝑝𝑡𝑎𝑏 (11.14) 

It is noted that the final heat generation rate obtained from Equation 11.14 has units of 

W/kgU. By multiplying this value with the amount of uranium in the FA, the decay heat rate is 

calculated.  

11.3. Results and Discussion 

The heat generation calculations based on the procedure mentioned above is carried out 

using MATLAB program [213] on July 12, 2021; the results are summarized in Table 11.3.  

As on the calculation date, only two FAs decay heat is below the limit. Therefore, ANO 

cannot proceed with HI-STORM amendment 13 implementation. However, the same code has 

been used to predict when each cask’s decay heat will reach the predetermined limit; Figure 11.5 

delineates a chart for the predicted year. As expected from Table 11.3, in the 32-type casks group, 

cask #45 has the highest decay heat rate, hence the longest time to reach that limit as shown in 

Figure 11.5. Therefore, by year 2035, Amendment 13 can be implemented with a change in the 

surveillance frequency from daily to once every 30 days. 
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Table 11.3. Calculations results based on the Reg Guide 3.54 procedure. 

Dry cask # Type Loading Start  

Date 

Decay heat (W)  

 

15 24 08/01/05 583.1592 

30 24 04/22/09 810.6134 

40 24 08/11/14 612.6562  

17 32 09/07/05 505.8796 

26 32 07/19/07 619.6697 

37 32 10/26/10 644.2693 

45 32 08/14/15 714.1935 

 

 

 

Figure 11.5. The expected year for each dry cask at ANO to reach the limits stated in Amendment 13 of 

CoC of HI-STORM 100. 

11.4. Conclusions  

The heat generated by the spent nuclear fuel of the ANO HI-STORM dry casks is 

estimated; the first revision of the REG 3.54 provided by the NRC is used to develop a MATLAB 

code for the calculations. A group of seven casks is selected and then the fuel assembly with the 
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highest decay heat at the loading time is chosen to estimate the decay heat. The purpose for this 

evaluation is to check if the Amendment 13 of the CoC of HI-STORM can be implemented or not. 

This amendment dictates the surveillance frequency according to the decay heat rate; if it is below 

a certain limit, the surveillance can be done monthly instead of daily. For MPC type 24, the limit 

is 0.75 kW/ FA whereas for MPC 32, the limit is 0.5 kW/FA.  

It is found that, as of July 12, 2021, only two casks at ANO have heat generation rates that 

are below the limits. Calculations show that by year 2035, each of the selected casks decay heat 

rate will be below the limits, and the Amendment 13 can be implemented. 
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Chapter 12 

Summary and Conclusions 

This dissertation investigates the radiation shielding and corrosion behavior of three 

materials – glass, steel, and concrete; these are commonly used in various nuclear applications. 

For instance, glass is used to build transparent windows in radiation-involved facilities such hot 

cells and X-ray imaging rooms while concrete and steel are used in spent nuclear fuel dry casks. 

Although these materials have been investigated before, the compositions/applications of the 

selected materials in this work are new.  

Since the nuclear applications involve radiation, it is important to investigate the 

attenuation properties of these materials. The shielding behavior is investigated experimentally 

using different radioactive sources. Complementary analyses are also performed numerically to 

uncover important mechanisms. In several nuclear applications, the materials are also exposed to 

corrosive environments; in this dissertation, corrosion tests and analyses are performed on several 

gamma-irradiated and bare samples.   

Six unique compositions of glass mixes with heavy elements additives are proposed for the 

construction of X-ray and CT scanning room windows. The gamma attenuation of the six glass 

compositions in the range of 15-300 keV is evaluated using the MicroShield version software. 

Glass 6 which has the composition of 35% PbO, 10% SiO2, and 55% Bi2O3 with a density of 8.49 

g/cm3 is found to provide the highest attenuation.  

A set of six borate multicomponent bismuth rich glasses are subsequently explored using 

experimental and computational techniques. The glasses are melted at 975°C for 30 min and 

annealed at 300°C for 5 h. After assessing the physical and optical properties, the linear and mass 

attenuation coefficients, mean free path, and half value layer for gamma radiation with energy of 

15 keV-15 MeV are estimated. It is found the glass Bi60 which is made of 10% ZnO, 10% MgO, 

20% B2O3, and 60% Bi2O3 and density of 7.107 g/cm3 provides superior gamma ray shielding. 

Concrete is widely used in reactor containment buildings, waste storage buildings and spent 

nuclear fuel (SNF) dry casks. In this dissertation, the effect of using F-Ba and Pb-Zn tailings in 

construction mortars is investigated. Experimental results show that the mixtures containing F-Ba 

tailings are better at attenuating gamma radiation due to higher percentage of mine wastes.  
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Recently, a magnesium phosphate cement (MPC) manufactured by Armakap Technologies 

has been proposed for radioactive waste storage [176]. The corrosion/erosion response of different 

aggregate of MPC concretes in two highly acidic electrolytes is examined alongside Portland 

concrete. After 60 days of exposure with continual mass tracking, it is observed that MPC can 

endure a highly acidic environment three times better than Portland cement.  

While concrete makes up the overpack of the SNF dry cask, the fuel rods are typically 

stored in a steel canister. The structural materials are exposed internally to radiation and externally 

to corrosive media. Therefore, the effect of cumulative gamma irradiation on the corrosion 

behavior of steel is analyzed in this work. Electrochemical DC polarization experiments performed 

on carbon steel A36, SS316, and SS304 indicate that corrosion rate increases as the irradiation 

dose is increased to 4.4 Mrad.  

The combined effect of irradiation and corrosion on the shielding performance of steel is 

characterized next. The experimental findings imply that the irradiation of SS316 to 2.2 Mrad 

enhances the shielding performance while corrosion inhibits it. Nonetheless, the resultant effect of 

both corrosion and irradiation improves the linear attenuation coefficient (LAC) by 114% for 

SS316 for the conditions investigated in this work. To probe the underlying mechanism, the LACs 

of SS316, Glass 6, and Portland concrete are also compared using the computer codes MCNP 6.2.0 

and MicroShield 9.05. A comparative analysis shows that MCNP has a better accuracy for all 

energy ranges relative to MicroShield.  

After analyzing the materials used in dry casks design, the current decay heat of the SNF 

of ANO HI-STORM 100 dry casks are estimated using the Regulatory Guide 3.54 provided by the 

Nuclear Regulatory Commission. A MATLAB code is developed to check the current decay heat 

rate and to predict the time taken for the dry cask heat generation reach a prescribed limit (which 

depends on the dry cask type); these limits are specified by the Amendment 13 HI-STORM 100 

certificate of compliance (CoC). It is shown that the licensing bases can be upgraded to 

Amendment 13 CoC in year 2035 for Arkansas Nuclear One (ANO) power plant. This means that 

the dry fuel storage surveillance at ANO can be switched to a monthly basis (instead of daily) 

thereby significantly reducing the operational burden while ensuring storage safety.  
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Appendix 

Regulatory Guide 3.54 Tables for Interpolation 

Table A.1. PWR spent fuel heat generation rates (W/kgU), for specific power 18 kW/kgU [91]. 

Cooling Time, 

Years 

Fuel Burnup, MWd/kgU 

25 30 35 40 45 50 

1.0 5.946 6.574 7.086 7.662 8.176 8.773 

1.4 4.485 5.009 5.448 5.938 6.382 6.894 

2.0 3.208 3.632 4.004 4.411 4.793 5.223 

2.8 2.253 2.601 2.921 3.263 3.595 3.962 

4.0  1.551 1.835 2.108 ·2.398 2.685 2.997 

5.0 l.268 1.520 1.769 2.030 2.294 2.576 

7.0 1.008 1.223 1.439 1.666 1.897 2.143. 

10.0 0.858 1.044 1.232 1.430 1.633 1.847 

15.0 0.744 0.905 1.068 1.239 1.414 1.599 

20.0 0.672 0.816 0.963 1.116 1.272 1.437 

25.0 0.615 0.746 0.879 1.018 1.159 1.308 

30.0 0.566 0.686 0.808 0.934 1.063 1.197 

40.0 0.487 0.588 0.690 0.797 0.904 1.017 

50.0 0.423 0.510 0.597 0.688 0.780 0.875 

60.0 0.372 0.447 0.522 0.601 0.680 0.762 

70.0 0.330 0.396 0.462 0.530 0.599 0.670 

80.0 0.296 0.355 0.413 0.473 0.534 0.596 

90.0 0.268 0.321 0.372 0.426 0.480 0.536 

100.0 0.245 0.293 0.339 0.387 0.436 0.486 

110.0 0.226 0.270 0.312 0.356 0.399 0.445 
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Table A.2. PWR spent fuel heat generation rates (W/kgU), for specific power 28 kW/kgU [91]. 

Cooling Time, 

Years 

Fuel Burnup, MWd/kgU 

25 30 35 40 45 50 

1 7.559 8.39 9.055 9.776 10.4 11.12 

1.4 5.593 6.273 6.836 7.441 7.978 8.593 

2 3.9 4.432 4.894 5.385 5.838 6.346 

2.8 2.641 3.054 3.435 3.835 4.22 4.642 

4 1.724 2.043 2.352 2.675 2.999 3.346 

5 1.363 1.637 1.911 2.195 2.486 2.793 

7 1.045 1.271 1.5 1.74 1.987 2.248 

10 0.873 1.064 1.261 1.465 1.677 1.9 

15 0.752 0.915 1.083 1.257 1.438 1.627 

20 0.677 0.823 0.973 1.128 1.289 1.457 

25 0.619 0.751 0.886 1.027 1.171 1.322 

30 0.569 0.69 0.813 0.941 1.072 1.208 

40 0.488 0.59 0.693 0.8 0.909 1.023 

50 0.424 0.511 0.599 0.689 0.782 0.877 

60 0.372 0.447 0.523 0.601 0.68 0.762 

70 0.33 0.396 0.461 0.529 0.598 0.668 

80 0.295 0.354 0.411 0.471 0.531 0.593 

90 0.267 0.319 0.371 0.424 0.477 0.531 

100 0.244 0.291 0.337 0.385 0.432 0.481 

110 0.225 0.268 0.31 0.352 0.396 0.44 
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 Table A.3. PWR spent fuel heat generation rates (W/kgU), for specific power 40 kW/kgU [91]. 

Cooling Time, 

Years 

Fuel Burnup, MWd/kgU 

25 30 35 40 45 50 

1 8.946 10.05 10.9 11.82 12.58 13.466 

1.4 6.514 7.4 8.111 8.863 9.514 10.254 

2 4.462 5.129 5.692 6.284 6.821 7.418 

2.8 2.947 3.441 3.884 4.346 4.787 5.267 

4 1.853 2.212 2.554 2.91 3.265 3.647 

5 1.429 1.728 2.021 2.327 2.639 2.97 

7 1.067 1.304 1.543 1.793 2.052 2.325 

10 0.881 1.078 1.278 1.488 1.705 1.936 

15 0.754 0.921 1.091 1.268 1.452 1.645 

20 0.678 0.827 0.978 1.136 1.298 1.469 

25 0.619 0.754 0.89 1.032 1.178 1.331 

30 0.57 0.693 0.816 0.945 1.077 1.215 

40 0.488 0.592 0.695 0.803 0.912 1.026 

50 0.423 0.512 0.599 0.691 0.783 0.879 

60 0.371 0.448 0.522 0.601 0.68 0.762 

70 0.329 0.396 0.461 0.529 0.597 0.668 

80 0.294 0.353 0.41 0.47 0.53 0.592 

90 0.266 0.319 0.369 0.422 0.475 0.53 

100 0.243 0.29 0.336 0.383 0.43 0.479 

110 0.224 0.267 0.308 0.351 0.393 0.437 
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 Table A.4. PWR enrichments for burnups in tables [91]. 

Fuel Burnup, MWd/kgU 
Average Initial 

Enrichment, wt% U-235 

25 2.4 

30 2.8 

35 3.2 

40 3.6 

45 3.9 

50 4.2 

 

Table A.5. Enrichment factor parameters for PWR assemblies [91]. 

Parameter in 

Equations 11.11 

and 11.12 

Parameter value 

Es/Etab ≤ 1 Es/Etab > 1 

1 ≤ Tc ≤ 40 Tc > 40 1≤ Tc ≤20 Tc > 20 

a 4.8 4.8 1.8 1.8 

b -0.6 0.133 -0.51 0.033 

d 40 40 20 20 

 


