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Abstract 

 

Zirconium nitride (ZrN) coating as a diffusion barrier layer has been applied to a U-7wt.% Mo 

(U-7Mo)/Al dispersion fuel plate owing to its high melting point, high thermodynamic stability against 

U-Mo and Al, high hardness, and low absorption cross section for thermal neutrons. However, it has 

been experimentally revealed that a ZrN coating layer adopted in a U-Mo/Al dispersion fuel plate 

experiences a functional failure locally, and hence undesirably extensive fission-induced interaction 

layers (ILs) between U-7Mo fuel powders and the surrounding Al matrix reaction layer are locally 

produced when irradiated. It is believed that the local coating damage generated during the dispersion-

fuel-plate fabrication process accelerates the U-Mo/Al interdiffusion by acting as a fast diffusion path 

of solid materials. Unfortunately, there have been no studies scientifically identifying the causes of, or 

presenting solutions to, the problem of ZrN coating damage. Accordingly, based on comprehensive 

microstructural studies, the aim of this research is to experimentally and numerically investigate ZrN 

coating fracturing as a function of several variables at a high heat-treatment temperature during 

dispersion-fuel-plate fabrication. This research will help present appropriate solutions for preventing 

the occurrence of coating fracturing at the heat-treatment temperature, taking into account a realistic 

coating microstructure. ZrN coating was deposited onto U-7Mo powders using a direct-current 

magnetron non-reactive sputtering machine equipped with a turnable mixing drum. Microstructural 

studies on the as-fabricated ZrN coatings were conducted using a scanning electron microscope (SEM), 

energy-dispersive X-ray spectroscopy (EDS), and X-ray diffractometer (XRD). This research is 

composed of the following three parts:  

First, the microstructural properties and residual stress of as-deposited ZrN coatings were 

measured as a function of the coating thickness ranging from 0.1 to 2.6 μm. SEM and XRD results show 

that the microstructural characteristics (e.g., compact density and crystallographic properties) of the 

ZrN coating varied depending on the coating thickness. In addition, interlaminar delamination occurred 

when the coating thickness grew to greater than 2.2 μm. Therefore, the thickness of the ZrN coating is 

considered to be an important factor influencing its microstructure, and thus its fracture resistance. 

Second, the effects of the U-7Mo substrate size on the thickness and microstructure of as-

fabricated ZrN coatings with a mean thickness of 0.9 μm deposited on 45⎼90-μm sized U-7Mo powders 

were investigated. With an increase in the U-7Mo substrate size, the ZrN coatings showed an increase 

in the coating thickness and grain size, and a decrease in the compact density owing to the increased 

macroscopic defects. Based on the measured coating thickness, a semi-empirical model expressing the 

relationship between the coating thickness and substrate size was newly developed. Based on the 

experimental results, it can be predicted that the U-7Mo substrate size, as well as the ZrN coating 

thickness, also affects the fracture resistance of the ZrN coating.  



ii 

 

Based on the above parametric studies on the ZrN coating microstructure, the structural integrity 

of ZrN coating was investigated at a high fabrication temperature as a function of the coating thickness, 

U-7Mo substrate size, and annealing temperature. To theoretically assess whether a mechanical failure 

of the ZrN coatings occurs at a given coating thickness, U-7Mo substrate size, and annealing 

temperature, a finite element simulation (FES) was conducted. The FES results show that the coating 

fracture is dependent on the given coating thickness, U-7Mo powder size, and annealing temperature, 

which affect the fracture criteria or induced tensile-hoop-stress of the corresponding coating. The 

thicker the coating, the larger the U-Mo substrate size, whereas the higher the heat-treatment 

temperature, the more likely a coating fracturing is to occur. The FES results are in good accordance 

with the corresponding experimental results.   
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 Introduction  

 

 General research background  

 

1.1.1. Evolution of research and test reactor fuel 

 

Research and test reactors (RRs), normally referred to as non-power reactors, are a type of 

nuclear reactor that mainly serve as a neutron source and irradiation tester rather than for power 

generation. Currently, more than 150 research reactors exist worldwide. Typically, RRs are operated at 

a low temperature (normally, <250ºC) under atmospheric pressure, and for the safety of the reactor 

produce low power ranging from 0.01 to 250 MW [1]. This operation condition of an RR is significantly 

different from that of a power reactor (which has an operation pressure of 150 atm and a high 

temperature of above 300ºC, and outputs 1 GW of power for pressurized water reactors, for example). 

The power level of an RR is controlled for its application [1], namely, 1) basic science and activation 

studies for low-power reactors (typically developed in universities), 2) irradiation studies on materials 

for high-power reactors, and 3) the testing of prototype fuel elements or coolants, or for a prototype 

mechanism production, and the production of medical isotopes for intermediate power reactors.  

Since its first fabrication for use in nuclear weapons through the Manhattan project, highly 

enriched uranium (HEU) (235U content of ≥20 %) has been utilized for civil applications as a part of 

the Atoms for Peace program. Because RR fuels generally require high fissile material densities to 

maximize the neutron flux and/or minimize the capital and fuel cycle costs, HEU with 70−95 wt.% 235U 

(normally > 90% 235U) has been used as RR fuel in the form of UAlx, U3O8, or UZrHx alloy of 1.7, 1.3, 

and 0.5 gU/cm3 uranium loadings, respectively [2,3]. Most of the reactors built in the 1950s−1970s 

were designed to utilize HEU dispersion fuel plates. 

However, HEU, which can be easily converted for use in a nuclear weapon, is not good from a 

non-proliferation standpoint. The United States (US), which normally supplied RR facilities and their 

HEU fuel to 41 different countries during the timeframe mentioned above, became worried about the 

non-peaceful use of HEU RR fuels. In particular, the entire fuel cycle takes approximately 4 years to 

complete in an RR, and approximately 5,000 kg of U-235 in total can be stored at each reactor [4].  

Accordingly, as a non-proliferation activity, the Reduced Enrichment for Research and Test 

Reactor (RERTR) program was started in 1978 by the United States Department of Energy (DOE). The 

goal of this program is to replace HEU with low-enriched uranium (LEU; 235U content of <19.75 %) in 

all existing RR facilities without significant financial or programmatic penalties [7–9]. The RERTR 

project has received significant attention and assistance worldwide, and has subsequently become an 

international cooperation project, with participation by Korea Atomic Energy Research Institute 



2 

 

(KAERI) in the Republic of Korea; Atomic Energy and Alternative Energies Commission (CEA) in 

France; Studiecentrum voor Kernenergie, Centre de l’Energie Nucléaire (SCK·CEN) in Belgium; 

Technical University of Munich (TUM) in Germany; Mendeleev National Research Institute of 

Metrology (VNIIM), Research and Development Institute of Power Engineering (RDIPE), Institute of 

Physics and Power Engineering (IPPE), Novosibirsk Chemical Concentrates Plant (NCCP), and 

Radionuclide production at the Russia State Scientific Center (RIAR) in Russia; Canadian National 

Energy Alliance (CNEA) in Argentina; and Atomic Energy of Canada Limited (AECL) in Canada. 

Currently, the project is administered by the Office of Nuclear Material Threat Reduction within the 

National Nuclear Security Administration (NNSA). According to the aim of the RERTR program, LEU 

fuels replacing HEU fuels must satisfy the following criteria [5]:  

 

1. The testing/experiment capability (i.e., neutron flux and core lifetime) of the reactors should 

be maintained without significant degradation;  

2. Core lifetime should be sustained without a significant reduction; 

3. No extensive reactor modifications and changes in fuel dimensions are required; and 

4. No new or significant safety problems or licensing issues should be raised. 

 

To meet criteria 1 to 3, LEU fuels should have the same total fissile atom (i.e., 235U) density as 

existing HEU fuels. Accordingly, LEU fuels should increase the charge volume of the fuel powders to 

compensate the decrease in 235U enrichment from HEU to LEU. There are two possible approaches to 

achieve high uranium loading without a dimensional change to existing RR fuels: 

 

1. Alternative fuels of high intrinsic uranium density can be adopted; and   

2. Fissile materials in the fuel zone (called fuel meat) can be increased in the volume fraction. 

 

Candidate fuels are listed in Table 1. During the 1980s, by applying these two approaches, a 

UAlx fuel powder/Al matrix (2.3 gU/cm3), U3O8/Al (3.2 gU/cm3), UZrHx/Al (3.7 gU/cm3), and U3Si2/Al 

(4.8 gU/cm3) with increased uranium densities were qualified as a LEU dispersion fuel [8]. U3Si fuel, 

exhibiting an unpredictable growth behavior of the fission gas bubble, and hence significant swelling 

in the case of normal plate-type dispersion fuel, was approved for application to only rod-type 

dispersion fuels operated at a limited moderate temperature [10–12]. The inherent compressive stress 

of a rod-type fuel enables a strong swelling-suppression as compared to a plate-type fuel. 

By 1988, approximately 90% of the RRs exsisting at that time were able to achieve HEU-to-

LEU fuel conversion using U3Si2 at 4.8 g/cm3. However, high-performance reactors (also called high-

power reactors or high-flux reactors) such as Advanced Test Reactor (ATR), Missouri University 
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Research Reactor (MURR), and National Institute of Standards & Technology Reactor (NBSR) require 

a high uranium density of greater than 8.0 gU/cm3 [12]. Thus, the development of alternative fuel 

materials was inevitable. Because the loading of dispersed fuel powders can reach up to ~55 vol.% 

within a fuel meat in the case of recent manufacturing techniques, the intrinsic uranium density of the 

fissile fuel powder itself must be beyond 14.5 gU/cm3 to reach the desired minimum uranium density 

of 8.0 gU/cm3 [12]. Accordingly, the development of new alternative fuels was inevitable.  

Regarding the intrinsic uranium density, pure uranium of 19.0 gU/cm3 may be the best 

alternative fuel. However, pure uranium cannot sustain the gamma phase with a high irradiation stability 

at an RR operation temperature (commonly, <250ºC). As shown in Figure 1, pure uranium has three 

crystalline phases below its melting point: an alpha phase (α-U), a beta phase (β-U), and a gamma phase 

(γ-U), at 25⎼650℃, 668⎼775℃, and at temperatures beyond 775℃, respectively. In addition, γ-U shows 

an acceptable irradiation-growth behavior in contrast to the other phases (i.e., α-U and β-U). The 

irradiation growth of a material is defined as its change in shape without a change in volume when no 

external stress is applied. In contrast to γ-U with an isotropic structure (i.e., body-centered cubic), α-U 

and β-U with anisotropic crystal structures (orthorhombic structure for α-U and tetragonal structure for 

β-U) show directional irradiation growth, leading to poor dimensional stability during irradiation. 

During irradiation, α-U expands in the [010] direction, and conversely shrinks in the [100] direction 

without any dimensional change in the [001] direction [13]. Unfortunately, at low operation 

temperatures of RRs (typically, <250ºC), pure uranium exhibits only a thermodynamically stable α-U 

phase, and no γ-U phase even when the γ-U uranium melt is quenched. At a low operation temperature 

of below 250℃, γ-U thermodynamically decomposes into α-U and γ’-U (UMo2).  

Instead of pure uranium, there are two material types satisfying the required intrinsic uranium 

density (i.e., ≧8.0 gU/cm3), namely, γ-U alloys containing a small amount of a γ-U phase stabilizer 

element such as Mo, Nb, Zr, and Cr, and U6M (M = Fe or Mn) intermetallics. Unfortunately, U6Fe and 

U6Mn intermetallic fuels show an uncontrolled acceleration in the swelling rate during irradiation, 

which is normally referred to as “breakaway swelling” [15–18]. Accordingly, only γ-U alloys can be 

utilized as a high-performance RR fuel material. In addition, γ-U alloy candidates need high gamma-

stability (i.e., retarded γ → (α + γ’) decomposition) at a low operation temperature, and a sufficient U-

density for the required reactor performance. Such γ-U alloy candidates involving U-Mo, U-Mo-Pt, U-

Mo-Sn, U-Nb-Zr, and U-Mo-Ru alloys have been assessed using in-pile irradiation tests (RERTR-1 and 

RERTR-2) and annealing tests for gamma-stability (Figure 2) [12]. These metallic fuels when applied 

as nuclear fuel are advantageous owing to a high thermal conductivity, safety when inactive, easy 

production, and easy spent fuel recycling [19–21]. Among the γ-U alloy candidates, U-Mo alloy 

containing a Mo element of 7⎼10 wt.% was selected as a next high-performance RR fuel material owing 
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to its excellent irradiation behavior, high intrinsic density (15.3 to 16.4 gU/cm3), and plethora of 

available irradiation records from fast reactor use [22–24].  

U-Mo alloy is currently in the development and demonstration process for its qualification and 

eventual commercialization as a next advanced dispersion fuel for high-performance RRs. The 

irradiation performance of U-Mo alloys has been fully demonstrated with regard to the fabrication and 

characteristics of as-fabricated and irradiated fuel, as well as based on out-of-pile test results. A post-

irradiation non-destructive examination (e.g., visual, neutron radiography, profilometry, and precision 

gamma scanning) and subsequent analyses are usually conducted to demonstrate whether a fuel satisfies 

the established requirements for the irradiation performance, including its expectable behavior and 

stability with regard to its mechanical properties and geometry. 

 

1.1.2. U-Mo/Al fuel type  

 

Depending on the form, U-Mo research reactor fuels can be divided into two general classes: 

flat-plate and cylindrical-rod fuels. As a research and test reactor fuel, flat-plate fuel is more 

advantageous than cylindrical-rod fuel because a thin plate geometry (typically, <1.5 mm) is favorable 

for removing heat for fuel safety during irradiation, although it is structurally weaker than a rod 

geometry.  

Flat-plate U-Mo fuels are composed of a fueled zone and surrounding Al alloy cladding 

(normally Al-6061), as shown in Figure 3 (a). The fueled zone, normally called the “fuel meat” or “fuel 

core”, is the region where the fissile material (i.e., U-Mo) is filled. Depending on the configuration of 

the fuel meat, there are two fuel types, namely, dispersion and monolithic fuels: a composite form for 

dispersion fuel (Figure 3 (b)) and a foil form for monolithic fuel. Research and test reactors built prior 

to the RERTR program are typically designed to fit dispersion plate-type fuels. That is, dispersion fuels 

have a long usage history. As illustrated in Figure 3, a fuel meat, in which fissile U-Mo alloy powders 

of a tiny range in size (45−150 μm, but normally 45−90 μm) are dispersed into pure Al, Al-Si alloy, or 

an Al-Si mixture matrix, is metallurgically sandwiched between two Al alloy claddings.  

On the other hand, monolithic fuel, which is a new U-Mo-fuel-plate design to achieve much 

higher fission densities, has been developed primarily by the US. A monolithic fuel, where a thin U-

10wt.%Mo (U-10Mo) foil, is encapsulated in aluminum-alloy cladding. Compared to the dispersion-

fuel design, the monolithic-fuel design is advantageous in that it easily achieves a high uranium density 

of above 8.0 gU/cm3, minimizing the contact area, and hence the undesired IL generation between the 

fuel and matrix during irradiation. U-10Mo/Al monolithic fuel plates has shown a promising irradiation 

performance.  
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Although dispersion fuel provides a lower uranium density compared to monolithic fuel, it has 

a long history (i.e., lots of available irradiation data), and has been shown to be more advantageous in 

terms of the manufacturing difficulty, thermal conductivity, and neutronic performance. Furthermore, 

high-energy fission events can occur within the matrix, which blocks the fission-induced structural, 

mechanical, and thermal degradation of the fuel plate. Moreover, dispersion fuels are structurally strong, 

enabling their utilization at up to a high burnup and in a high-power (high-neutron-flux) irradiation 

environment, which is an important requirement for fuels of high-performance RRs [24]. Hereafter, 

monolithic fuel will not discussed in this dissertation.  

 

1.1.3. Irradiation behavior of U-Mo/Al dispersion fuel plate  

 

The qualification strategy of U-Mo fuel is nearly the same as in previous U3Si2 fuel. At an early 

stage, as the power and burnup used in irradiation testing gradually increased, U-Mo fuel was qualified 

through irradiation tests.  

From the point of view of reactor exploitation and fuel qualification, the most important 

behavior of a fuel plate is its swelling. As shown in Figure 4, the cooling gaps between fuel plates in a 

plate fuel assembly of a research reactor are considerably narrow (typically, 2−3 mm). The cooling gaps 

must be maintained to avoid fuel heatup during operation. Unfortunately, as shown in Figure 5, swelling 

of the fuel plate subsequently occurs mainly in the thickness direction, and thus the cooling gaps reduce 

with an increase in burnup. Typically, fuel swelling should not exceed 150−200 μm in the thickness 

direction.  

The swelling of solid fuels results from fission products (particularly, Xe atoms of a high yield) 

produced during a fission event, and is therefore inevitable. Based on the difference between the plate 

thicknesses before and after irradiation, the percentage of total swelling volume of U–Mo fuel can be 

obtained. For a U-Mo alloy fuel, the fuel swelling was correlated based on the measured fuel thicknesses 

depending on the fission density [8]. This correlation was based on post-irradiation examination (PIE) 

data from the changes in the thicknesses of the plates before and after irradiation. The total fuel swelling 

can be expressed as follows: 

 

For 𝑓𝑑 ≤ 3 × 1027fissions/𝑚3, 

  

0

5.0 d

f

V
f

V

 
  

 
                               (1) 

  



6 

 

For 𝑓𝑑 > 3 × 1027fissions/𝑚3, 
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where (
∆𝑉

𝑉0
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𝑓
 is the measured percentage of total fuel swelling, and fd is the fission density at 1027 

fissions/m3. The total fuel swelling consists of two elements, solid-fission-product induced swelling and 

gas-fission-product induced swelling. Solid-fission-product swelling shows the following linear 

function of the fission density (or burnup): 
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where (
∆𝑉

𝑉0
)

𝑠
 is the solid-fission-product induced swelling in percentage. In addition, the gas bubble 

swelling (Eqs. (4) and (5)) can be calculated by subtracting the solid-fission-product swelling (Eq. (3)) 

from the total measured swelling (Eqs. (1) and (2)). The gas-fission-product induced swelling initially 

shows a linear increase with the fission density, and afterward exhibits a parabolic increase with the 

fission density, which is given as follows: 

 

For 𝑓𝑑 ≤ 3 × 1027fissions/𝑚3, 
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For 𝑓𝑑 > 3 × 1027fissions/𝑚3, 
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where (
∆𝑉

𝑉0
)

𝑔
 is the gaseous-fission-product induced swelling in percent. The measured fuel swelling 

data and prediction correlation are shown in Figure 6. The transition in the gas-fission-product swelling 

rate is due to gas-bubble agglomeration accompanying the microstructural evolution of the γ-phase of 

U-Mo, which is called “recrystallization”, “grain refinement,” or “grain sub-division” (see the upper 

images in Figure 6). The recrystallization originates from (1) the internal stress induced through the 

formation and agglomeration of (noble) fission gases, and (2) the generation and accumulation of lattice 
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defects by fission products with high kinetic energies during fission events. Before the recrystallization 

takes place, the fission gases exist in the form of 2–3-nm-sized nanobubbles inside a super lattice with 

a spacing of 6–7 nm, which was confirmed through a transmission electron microscopy (TEM) image 

analysis [25]. However, as the irradiation proceeds, fission gas bubbles increase in size from 

nanobubbles to microbubbles observable using a scanning electron microscope (SEM).  

Figure 6 shows the microstructural change in the γ-phase of U–Mo fuel as a function of the 

fission density. The microstructural changes in the γ-phase of U–Mo fuel occur through three steps: 

pre-transition, recrystallization, and post-transition. In the pre-transition stage, at a low burnup (35% 

burnup, 2.0×1021 fissions/cm3), fission gas bubbles of 0.1 μm in size appear locally along the pre-

existing grain boundaries. Owing to the thermodynamic instability, grain-boundaries are typically a 

suitable place where micro-bubbles preferentially form. During the recrystallization stage at an 

intermediate burnup (65% burnup, 4.8×1021 fissions/cm3), as the bubble population in the grain 

boundaries, and the accumulated defects, increase, grain recrystallization occurs, and consequently the 

average grain size decreases. That is, during this stage, additional grain boundaries are newly generated. 

The bubbles along the pre-existing grains spread out into the newly formed grain boundaries. During 

the post-transition stage at a high burnup (80% burnup, 5.6×1021 fissions/cm3), bubbles are uniformly 

scattered over the entire fuel as the grain refinement is nearly completed.  

Moreover, the fuel swelling should not only be quantitatively restricted, it should also have a 

gradual swelling rate as a function of the burnup. Conversely speaking, unmanageable accelerations in 

the swelling rate, referred to as “breakaway swelling”, are unacceptable. At low power and burnup, U–

Mo/Al dispersion fuel plates have shown a high irradiation performance at low power and burnup. 

However, some U–Mo/Al dispersion test fuel plates have failed through induced breakaway-swelling 

at high power and burnup [27, 28], even though they exhibited stable irradiation swelling prior to the 

breakaway swelling [28].  

The PIE results showed that the breakaway swelling is associated with the fuel amorphization 

through the generation of an amorphous interaction layer (IL) between U-Mo fuel powders and Al 

matrix. The IL, originating from the interdiffusion of U-Mo and Al atoms, mainly through the ballistic 

effect of fission events during irradiation, typically exhibits an amorphous nature owing to the lattice 

defects produced through high-energy fission events. At low RR irradiation temperatures (typically 

<250 ºC), the generated lattice defects cannot be recovered and are accumulated [30–32]. UAlx/Al [29] 

and U3Si2/Al [31, 32] dispersion fuels also generate amorphous IL during irradiation. Although 

amorphous IL, and even the fuel material itself, found in irradiated UAlx/Al [29] and U3Si2/Al [31, 32] 

dispersion fuels does not inevitably lead to a poor irradiation behavior of the fuels, an amorphous 

interaction of some fuels involving U-Mo, U3Si (in the case of plate-type fuel), U6Fe [17] or U6Mn [14] 
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can give rise to the breakaway swelling owing to their weakened interfaces in the IL and Al matrix by 

the agglomerated large fission-gas-bubbles.  

Owing to the low retention for noble fission gases, fission gase bubbles in U-Mo/Al amorphous 

IL are easily agglomerated into huge crescent-like cavities (i.e., highly concentrated gas-fission-

products) at the IL-matrix interface or at the IL-IL interface in locations where the entire Al matrix is 

consumed, as shown in Figure 7. In general, amorphization of crystalline materials generally increases 

the lattice spacing and volume, leading to an increase in atomic mobility and diffusion, and thus a low 

retention for the fission-gas products in them. The fission-gas product agglomeration of amorphous IL, 

called “snowploughing” or “sweeping,” has been detected in irradiated dispersion fuels [33, 34]. It is 

believed that an excessive internal stress induced in the pores causes a mechanical deformation of the 

fuel plate, resulting in a cladding bulge (called “pillowing” or “blistering”) and even fuel-plate failure 

(i.e., fuel-plate rupture). For all plates applied in all experiments, the matrix is typically found to 

decrease to volume fractions of <10% in locations where indications of a fuel failure are visible. 

In addition to breakaway swelling through fission-gas agglomeration, U-Mo/Al IL causes 

unfavorable effects such as a reduction of the cladding layer thickness, and the generation of IL phases 

with a relatively low thermal conductivity, low melting point, and different thermal expansion from the 

adjacent U-Mo fuel powder and Al matrix. Metallurgical interactions between the U-Mo fuels and Al 

alloy can arise during processing and irradiation [22, 35–41]. A number of studies [7, 15, 16, 22, 23, 

42–44] have been conducted to characterize U-Mo/Al IL. It has been empirically revealed that IL 

consists of UAl2, UAl2, UMo2Al20, and U6Mo4Al42 for an out-of-pile annealing test [45–49], and is a 

(U-Mo)Alx form where x varies with an irradiation power/temperature of x = 3–4 for high irradiation 

powers of FUTURE and IRIS-3, and x = 6–7 for low powers of IRIS-1 and IRIS-2 [10, 28].  

In addition, dispersion fuel plates of UMo/Al have shown a higher IL formation rate than those 

of U3Si2/Al, and UMo/Al IL occupies extremely large volume fractions of the fuel meat (e.g., 45–50% 

for the IRIS2 irradiation test, and a maximum of 70% at the greatest burnup/power spots for the 

FUTURE irradiation test). For U-Mo and pure aluminum, the IL growth under the in-pile condition is 

given as follows: 

 

 𝑌𝐼𝐿,0
2 = 2.6 × 10−8𝑓̇1/2 exp (−

32009

𝑅𝑇
) 𝑡 (6) 

 

where 𝑌𝐼𝐿,0  is the IL thickness in μm, 𝑓̇  is the fission rate (fissions/cm3∙s), 𝑅  is the ideal gas 

constant (8.314 J/mol/K), 𝑇 is the temperature of fuel meat in Kelvin, and 𝑡 is the processing time. 

The equation was modified from the Arrhenius equation to additionally consider the athermal fission-

enhanced diffusion factor along with the thermal diffusion.  
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Additional correction factors (Si addition into the Al matrix and Mo content in the U-Mo fuel) 

accounting for fission-enhanced diffusion, fitted from the irradiation data, can be expressed as follows: 

 

 
2

,0IL IL Si MoY Y f f                                 (7) 

with 

    𝑓𝑆𝑖 =  (1.212 − 6.2 × 10−4 T) ∙ exp[−(10.333 − 2.1 × 10−2T)𝑊𝑆𝑖] +  

 (6.2 × 10−4 T − 0.201) ∙ exp[−( 8.1 × 10−4T − 0.302)𝑊𝑆𝑖]  

       𝑓𝑀𝑜 =  1.35 − 0.05𝑊𝑀𝑜  

 

where 𝑌𝐼𝐿  is the IL thickness considering additional correction factors, 𝑓𝑆𝑖  and 𝑓𝑀𝑜  are the 

correction factors for Si content added into the Al matrix, and the Mo content of the U-Mo fuel, 

respectively; and 𝑊𝑆𝑖 and 𝑊𝑀𝑜 are the Si content in the Al matrix, and the Mo content in the U-Mo 

alloy fuel, in weight percentage.  

If the volume fraction of IL stays sufficiently low, the U-Mo/Al fuel will show an acceptable 

irradiation behavior. The RERTR international program has started to recognize U-Mo/Al IL as the 

main drawback to be solved. Several remedies to suppress U-Mo/Al IL growth during fabrication and 

irradiation have been suggested and evaluated as follows: 

 

1. The addition of a third alloying element to U-Mo to form a U-Mo-X ternary alloy (X, such 

as Zr and Ti) [45–47];  

2. The addition of 2–5 wt.% silicon to the aluminum matrix [29, 36, 45, 53–55]; 

3. A change in the matrix material from Al to Mg possessing a negligible solubility and no 

intermetallic compound with respect to U-Mo (i.e., Mg that has no reaction potential with 

U-Mo) [58–61]; and 

4. Coating of U-Mo with Si or ZrN to provide a diffusion-barrier layer between U-Mo and Al 

[37, 40, 56, 57, 61–64].  

 

It was identified from the PIE results of U-Mo/Al dispersion fuel plates that remedy 1 showed 

no big benefit, while remedy 2 were somewhat effective in reducing the IL quantity. However, it has 

been reported that these remedies cannot perfectly suppress the pillowing problem at high burnup. In 

the E-FUTURE irradiation results, two of four UMo/Al-(4.1–6.0)wt.%Si dispersion fuel plate samples 

had been pillowed (that is, severely deformed) [64]. Moreover, the usage of even a small amount of 

silicon in nuclear fuel is not desirable from a fuel reprocessing viewpoint since Si-contained fuel is 

more sticky and tends to clog the reprocessing stream than non-Si fuel plate. Accordingly, the processor 

needs to refresh the process line with a non-Si fuel plate every 10 Si-contained fuel plates. In addition, 
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remedies 3 and 4 were proposed, and have been studied as alternatives. The Mg usage of remedy 3 is 

dangerous to be applied to RR fuels since Mg, as an alkali metal, is explosive in air and water. If coolant 

reaches a U-Mo/Mg fuel meat through a small opening in the cladding, the violent reaction with the Mg 

matrix and coolant, resuting in the RR accidents. Furhermore, Mg is not compatible with generally-

used Al-based alloy claddings. Accordingly, remedy 4 is the best method so far, and thus has been 

actively studied, especially by the Surface Engineered Low Eriched Uranium Molybdenum Fuel 

(SELENIUM) international-cooperation project [37, 40, 56, 57, 62]. My study also focuses on ZrN 

diffusion barrier coating.   
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 Application of diffusion barrier into U-Mo/Al dispersion fuel  

 

1.2.1. Deposition methods for a diffusion barrier coating on U-Mo fuel powders 

 

As a thin-film deposition technique for U-Mo dispersion fuel powders, magnetron sputtering, 

chemical vapor deposition (CVD), and atomic layer deposition (ALD) have been developed. The unique 

advantages and disadvantages of each the coating deposition technique are summarized in Table 2. 

The first deposition technique, magnetron sputtering, is a type of physical vapor deposition 

(PVD) in which atoms are ejected from the target by striking the target with positively-charged Ar ions 

generated in plasma, and then condense on a substrate surface. For powder-type substrates like U-Mo 

powders used in this study, sputtering techniques involving magnetron sputtering, ion-assisted 

deposition, dual-ion beam sputtering, and ion plating are typically used [65]. To obtain a homogeous 

thickness of the resultant sputtered coating layer on a powder-type substrate, it is necessary to 

continuously mix the substrate powder during sputtering since sputtered coating atoms or molecules are 

generally transported in a line-of-sight trajectory from the target to the substrate. Therefore, magnetron 

sputtering machines for U-Mo powders possess a mixing component: tunable drum for a non-reactive 

sputtering machine used in this paper and the RF reactive sputtering machine called the “STEPS & 

DRUMS” (the Sputtering Tool for Engineering Powder Surface and Deposition Reactor; at SCK·CEN), 

and oscillating shaker operated in magnetic fields for a DC non-reactive sputtering machine (at TUM). 

The STEPS & DRUMS is illustrated in Figure 8. Magnetron sputtering technique is explained in more 

detail in the next section (section 1.2.2).  

The second deposition technique, CVD, encompasses all deposition techniques using chemical 

reactions in a gas phase to form coatings. In general CVD, one or more chemical vapor precursors react 

and/or decompose on the exposed surface of a substrate to create the wanted deposit. In order to achieve 

the sufficient energy for the chemical reactions, CVD is normally operated at raised temperatures in 

contrast to PVD and ALD. In addition, volatile by-products are normally generated, which are 

eliminated by gas flow in the reaction chamber. For U-Mo dispersion fuel powders, pack-cementation, 

CVD-equipped with a substrate mixer, and Fluidized Bed CVD (FB-CVD) have been used to fabricate 

a single coating layer of uranium silicide (U-Si), urnaium nitride (U-N), and ZrN, respectively. These 

CVD machines were presented in Figure 9. 

The last deposition technique, ALD actuallly belongs to CVD. Unlike other CVD methods, ALD 

is a cyclic process consisting of two or more separate chemical reactions. Each the separate reaction is 

self-restricting, which allows certain advantages such as extremly precise coating-thickness, high 

coating conformality, and pure coating containing less impurities than coatings produced by other CVD 
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methods. On the other hand, ALD’s disadvantage is the very low deposition speed (a monolayer per 

cycle) and hence expensive.  

As a possible candidate deposition method to create a ZrN diffusion barrier coating layer on U-

Mo powders, magnetron reactive sputtering, FB-CVD, and ALD have been developed. Until now, only 

the ZrN coating, deposited by the“STEPS & DRUMS” (i.e., a reactive sputtering machine), have 

reported irradiation test results [36, 66]. As another ZrN coating deposition method, FB-CVD and ALD 

have been studied over the last years by INL and CEA (the former), and ANL (the latter) [67]. By using 

a FB-CVD machine, tri-layers of uranium oxide (U,O) / zirconium oxide (Zr,O) / zirconium nitride 

(Zr,N) were fabricated on U-8wt.%Mo atomized powders at 280°C by the chemical reaction between 

the used precursor carrier (dimethylamino zirconium) and fluidization gas (N2+H2) [67]. The multiple 

coating layers showed a very low deposition-rate of 1.1 μm/day, and could be fabricated up to 2.4 μm 

coating thickness. In addition, by a modified ALD machine, Savannah 200 (Figure 10), a ZrN thin 

coating was produced on U-Mo dispersion fuel powders. The Savannah 200 machine, operated in a hot 

wall reactor with a temperature between 235°C and 245°C, is a batch powder coating machine applying 

the chemical precursors of ammonia (NH3) and Tetrakis (dimethylamino) zirconium (TDMAZr), 

together with a nitrogen (N2) carrier gas. The as-fabricated ALD ZrN coatings showed an epitaxial 

structure and possessed a very low level of chemical impurities unlike normal CVD methods. 

 These deposition methods have their own advantages and disadvantages as listed in Table 2. 

That is, all the deposition methods are not perfect. For example, ALD’s the biggest obstacle is the fact 

that it is very time consuming and expensive. So, if magnetron sputtering method shows comparable 

results, if not all the same, it can be more attractive.  
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1.2.2. Magnetron sputtering  

 

Ever since magnetron sputtering technique was first pioneered in 1852 and then commercialized 

during the 1960s and 1970s, it has rapidly developed, and has become the main method for deposition 

to meet the demand for high-quality functional coatings used in various fields of industry. Its major 

applications are its use in diffusion barriers, and as corrosion-resistant, hard, low-wear, friction-resistant, 

decorative, optical, and electrical coatings [68].  

 

The primary advantages of magnetron sputtering deposition are as follows:  

 

1. Fast production rates;  

2. Compatibility with various metals, alloys, or compounds;  

3. Compatibility with heat-sensitive substrates;  

4. High-purity of as-fabricated coatings;  

5. Remarkably strong adhesion between the substrate and as-fabricated coating;  

6. Excellent uniformity for an extensive and uneven substrate surface; and 

7. Ease of automation.  

 

The magnetron sputtering is a type of sputtering operated under a plasma environment made by 

applying hundreds of volts using a direct current (DC) or radio frequency (RF) power source in a 

working gas (typically, argon gas) atmosphere. For compound coatings such as nitrides and oxides, 

magnetron sputtering can be divided into two types depending on the deposition principle: “non-

reactive sputtering” and “reactive sputtering”. In the SELENIUM project, a ZrN coating layer has been 

deposited on the U-7Mo particles by a reactive magnetron sputtering system equipped with a barrel 

called the “STEPS&DRUMS” [37, 40, 56, 63, 64, 67]. However, a ZrN coating layer can also be 

fabricated by using a non-reactive sputtering system. Non-reactive sputtering is a process in which 

compound coating molecules are directly sputtered onto a substrate from the compound target. In 

contrast, reactive sputtering is a process in which compound molecules to be deposited are formed 

through chemically interacting sputtered metal target atoms (e.g., Zr for ZrN coating) with an applied 

reactive gas (e.g., nitrogen gas for ZrN coating) prior to deposition on the substrate. The resulting 

reactively-sputtered coatings are changeable in terms of their composition and stoichiometry depending 

on the ratio and quantity of the inert and reactive gases. Generally, group IV transition metal nitrides 

including ZrN have a large variety of stoichiometries of x<2. For zirconium nitride, a nitride phase of 

ZrN1–x, exists for the N/Zr ratio <1, while a ZrN solid phase and N2 gas phase exist in the absence of 

super-stoichiometric nitrides for the N/Zr ratio >1. Therefore, reactive sputtering has a relative difficulty 
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sustaining the composition and stoichiometry of the resulting coating because of its sensitivity to the 

gas condition, and is also likely to make a less dense coating structure than non-reactive sputtering 

owing to the relatively higher working pressure, although it can create a compound coating through the 

use of a cheap corresponding metal target, and control the stoichiometry of the resultant coating. So, in 

this study, a ZrN coating layer was deposited on U-7Mo dispersion fuel powders by a non-reactive 

sputtering machine. In Figure 11 and Table 3, the schematic and deposition condition of two sputtering 

machines of this study and and SCK·CEN are compared. Both the machines employ a barrel (turnable 

drum) as a substrate mixer to create a uniform coating layer on a U-Mo substrate powder. 

If a high voltage is applied to a magnetron sputtering machine. a closed magnetic field is 

generated and then allows the initial ionization process for plasma formation by trapping free electrons. 

The induced plasma consists of pure Ar, positively charged Ar ions (i.e., Ar cation), and free electrons. 

The Ar positive ions are accelerated through the electrical attraction of an anode of thousands of electron 

volts physically in contact with the back of the target. The accelerated Ar positive ions strike the 

negatively charged target with the significant kinetic energy (from a few tens to hundreds of electron 

volts) sufficient to eject the coating atoms/molecules from the target. The ejected coating 

atoms/molecules are sputtered into the substrate surface facing the target with a line-of-sight cosine 

distribution, and then reach on a substrate surface.  

 

A coating layer grows through the following steps:  

 

1. Adatom migration on substrate surface: The reached coating atoms/molecules are 

physically adsorbed on the substrate, and so are called “adatoms”. They may be diffusible 

with a certain degree of freedom in diffusion, which is influenced mainly by their binding 

force and deposition temperature (i.e., substrate surface’s temperature during deposition). 

For adatoms with strong bonding strength or at very low deposition temperatures, the 

adatoms are hard to move. In contrast, adatoms with weak bond strengths or at higher 

temperatures are able to diffuse on the substrate surface (surface- or 2D-diffusion), or even 

into the substrate lattice (bulk- or 3D-diffusion). The adatoms continue to move until they 

reach a position that minimizes the total energy.  

 

2. Nucleation: After a certain time of adatom diffusion, the adatoms are condensed into 

clusters (named nuclei) which is energically more favorable. Then, the nuclei grows 

through various mechanisms. Van der Merwe mechanism describes the method where the 

atoms cover the whole surface before a second layer is grown. If the nuclei grow as hemi-

spheres and a thin film is formed once the hemispheres have grown large enough to touch 
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each other, then it is referred to as the Volmer-Weber mechanism. If the growth process is 

a combination of the two by covering the surface first and then growing by hemispheres, it 

is referred to as the Stranski-Krastanov mechanism. The nuclei is initially in a metastable 

state, but once it reaches a critical size, it will become energically stable and fixed.  

 

3. Calescence: As the randomly positioned nuclei increase in size into islands, the islands will 

be located close to each other. Once the spacing between any two nuclei or islands is within 

a critical distance, they will move toward each other and coalesce into a single entity. With 

the continued growth, there will be coalescence of several nuclei and islands into more 

complex shapes, resulting in a network (channel) of interconnected islands containing lots 

of holes (uncovered substrate regions). Larger islands grow together, leaving channels and 

holes of uncovered substrate. However, with continuous deposition, the holes will continue 

to shrink until the coating becomes complete and is continuous. Once the surface is 

completely covered, the coating thickness will then increase and the coating crystals with 

a variety of orientations can grow.  

 

By understanding and controlling above the microscopic coating growth processes, desired 

coating mirostructures for specific technological applications can be fabricated. Generally, the coating 

growth processes and consequently coating microstructure are dependent on the deposition method and 

deposition environment (deposition parameters), affecting the coating growth processes. Extensive 

studies of the correlation between the microstructure of deposited coatings and the related deposition 

parameters have been carried out in the past decades.  

A well-known model showing the relationship between two deposition parameters (deposition 

temperature in homologous temperature, and Ar working gas pressure in mTorr) and resulting sputtered 

coating’s morphology is Thornton’s structure zone model (SZM) [70], depicted in Figure 12 (a), which 

categorizes the coating morphology as a function of the two pararmeters. The SZM has been developed 

based on a morphological examination of as-fabricated metal sputtered coatings. According to the SZM, 

with an increase in the deposition temperature and a reduction in the Ar working pressure, the resulting 

coating microstructure changes from a porous fine columnar structure to a dense equiaxed structure 

similar to that of a bulk material due to a change in the adatom’s kinetic energy and hence activated 

diffusion mechanism from surface diffusion to volume (bulk) diffusion.  

Typically, sputtering machines are operated at low deposition temperatures (normally, ~300ºC), 

corresponding to the homologous temperature (Ts/Tm) <0.3, where Ts and Tm are the substrate 

temperature and the coating material’s bulk melting temperature both in Kelvin. Thus, sputtered 

coatings typically have a porous fine columnar structure (denoted as “Zone I structure”) through the 
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adatom’s limited surface diffusion, or a densely packed V-shaped columnar structure (denoted as “Zone 

T structure”) through the adatom’s competitive surface diffusion. In addition, in order to fabricate a 

denser sputtered coating, sputtering is commonly operated at a low deposition pressure (normally called 

“working pressure”) to reduce the background gas (e.g., Ar, O2, and N2)’s deleterious effects: (1) 

making the resulting coating more porous by inducing an energy loss of the sputtered atoms/molecules; 

and (2) causing the incorporation of the background gas inside the coating.   

  



17 

 

 Literature review of Zirconium nitride (ZrN) coating 

 

1.3.1. General application in fields other than nuclear field  

 

Among group IV transition metal nitrides, ZrN possesses a combination of suitable chemical, 

thermal, mechanical, optical, and electromagnetic characteristics such as excellent erosion resistance, 

su high thermal stability perior, abrasion resistance, and beautiful appearance (ZrN coatings deposited 

by a PVD method exhibit attractive light-gold color.), as summarized in Table 4. So, ZrN coating has 

been used for a long time in a diverse range of industrial applications as: 1) diffusion barrier coating 

and electrical contacts in electronics industry; 2) abrasion resistant and hard coating for components 

and devices (e.g., cutting tools, medical devives, and atutomotive and aerospace components subject to 

high wear environments); 3) high temperature oxidation-resistance coating; and 4) decorative coating. 

In all of these applications, the deposition of an inert ZrN coating has resulted in a better performance, 

extended life, and higher reliability of the applied products.  

 

1.3.2. Application as a diffusion barrier in U-Mo/Al dispersion fuel plate 

 

As mentioned before, one promising remedy to suppress the formation of deleterious U-Mo/Al 

IL is applying a ZrN diffusion barrier layer on U-Mo powders. The excellent barrier material (X) for 

U-Mo/Al fuels should satisfy the following conditions [61, 68, 69]: 

 

1. Low mass transport rate of U-Mo and Al across X; 

2. Low mass transfer (or loss) rate of X into U-Mo and Al; 

3. High thermodynamic stability against U-Mo and Al. Even If any intermetallics are formed, 

they should be stable during irradiation; 

4. High thermal conductivity;  

5. High fracture-resistance under internal and external stresses; 

6. Compatibility with dispersion-fuel plate manufacturing process (typically a rolling method);  

7. Acceptably low absorption cross section for thermal neutrons (i.e., low neutron loss); and  

8. Free of reprocessing issues.  

 

Together with transition metals (e.g., Zr [61, 69–71], Mo [64, 69, 70], Ti [61, 72], and Nb [61, 

69] and intermetallic compounds (UO2, [75, 76], U-Si [77, 78], U-N [77, 78]), ZrN [37, 40, 56, 63, 64, 

67] satisfying the above criteria have been applied as a diffusion barrier material to U-Mo/Al dispersion 

fuel plates. As summarized in Table 4, ZrN possesses desired properties as a diffusion barrier in U-
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Mo/Al system such as high thermodynamic and chemical stability, a high hardness (i.e., high fracture-

resistance), and a low thermal-neutron absorption cross-section.  

Accordinly, ZrN was chosen as a promising diffusion barrier material for U-Mo/Al dispersion 

fuels The effectiveness of a ZrN thin coating layer was assessed by an irradiation test at the MIR reactor 

in Russia from 2008 to 2010. A pin-type dispersion fuel containing 2–3 μm-thick ZrN coated U-

9wt.%Mo dispersion fuel paraticles and an almost pure Al matrix (Si content of <0.4wt.%) were 

irradiated up to very high burnups [80]. The PIE results showed that a 2–3 μm-thick ZrN coating layer 

successfully suppressed the U-Mo/Al IL growth (the IL accounted for 6 vol.%.) at a high average 

burnup of 85% 235U [80]. 

Based on the good irradiation performance of ZrN coating, the SELENIUM project selected 

ZrN as a promising diffusion barrier for plate-type U-Mo/Al dispersion fuels. In order to determine the 

desired thickness of a ZrN coating layer between the U-Mo fuel and Al matrix, a simulation was 

performed by using the Transport of Ions in Matter (TRIM) program. The simulation result showed that 

1 μm was the minimum ZrN cotaing thickness to sufficiently prevent the intermixing between U-Mo 

fuel powders and an Al matrix by the ballistic collisions of high-energy fission products [37, 40]. 

However, the simulation results (i.e., a 1 μm coating thickness) do not consider the coating 

microstructure and multiple displacement process by energetic fission products.  

In the SELENIUM project, a single coating of ZrN with a thickness of 1 μm has been deposited 

onto U-7Mo dispersion fuel powders by utilizing the STEPS & DRUMS (a RF magnetron reactive 

sputtering machine) at SCK∙CEN [40, 58, 67]. The as-fabricated ZrN coated U-Mo powder has been 

actively studied on the evaluation of the diffusion barrier performance by various tests and 

microstructural characterization.  

To assess the diffusion barrier performance of a 1 μm thick ZrN reactively-sputtered coating in 

U-Mo/Al system, an annealing test [59], a heavy-ion irradiation test [60], and an in-pile irradiation test 

[36] were carried outAll test results verify that a 1-μm thick ZrN coating is very effective in limiting 

the growth of the U–Mo/Al IL if it is structurally intact. However, near the damaged ZrN coatings, a 

huge U–Mo/Al IL was observed in an annealed U-Mo(ZrN)/Al cylindrical compact sample [59] and 

irradiated U-Mo(ZrN)/Al dispersion fuel samples [37, 57]. The heavy-ion irradiation test with 80 MeV 

iodine ions for ZrN-coated U-Mo fuel showed IL layer growth at the site where the coating was 

damaged [60]. Moreover, a full-sized dispersion fuel plate (the SELNUM plate called U7MD1231) 

irradiated up to a fission density of ~5.0×1027 fission/cm3 [36] also showed extensive and local ILs, as 

depicted in Figure 13 (b) and (c). The localized large ILs near the damaged coating showed a distinct 

difference from the thin IL near the intact ZrN coating (Figure 13 (a)). Likewise, the structural integrity 

of the ZrN diffusion barrier coating is the most important factor in determining its diffusion barrier 

capability. It was suspected that the coating damage had occurred during the dispersion-fuel-plate 
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fabrication. Indeed, among the EMPIRE ((European Mini-Plate IRradiation Experiment) mini-plates 

and SEMPER FIDELIS full-sized plates, all the as-fabricated dispersion fuel plates, containing PVD 

ZrN coated U-7Mo powders, showed severe delamination parallel to the rolling direction, and radial 

cracking of the ZrN coating [81]. It was guessed that the coating delamination was caused by the high 

hardness (i.e., poor plastic deformability) of un-annealed U-Mo powders, and, on the other hand, the 

radial cracking probably originated from the deformation incompatibility between the coating and U-

Mo substrate during the fuel plate fabrication (particularly, during high temperature heating) as 

suggested in [61]. Thus, for an acceptable functional performance, the ZrN coating should not break 

during the dispersion-fuel-plate fabrication. However, there have been no studies scientifically 

investigating the ZrN coatinag’s structural integrity in a manufacturing process that may damage the 

coating layer, and hence no clear criteria to prevent the coating damage have been proposed.  

Furthermore, to understand the ZrN coating’s fracturing behavior (damage formation) as well 

as diffusion barrier performance, the microstructure affecting the fracture-resistance should be 

examined first. The analysis results of the ZrN coating microstructure are summarized in Table 5. One 

of the prominent features of the ZrN coating is the fact that the coating microstructure changed 

depending on two parameter, coating thickenss and U-Mo powder. It was identified by TEM image 

analysis that the coating’s compacting density changed along the coating thickness (the first parameter) 

[62, 75]. As shown in Figure 14, a dense-to-porous structural transformation of the coating was found 

at a coating thickness of 0.2 μm, beginning to form V-shaped column-boundary-gaps among the coating 

columns. That is, a 1-μm thick ZrN coating was composed of two regions, a dense inner region of below 

0.2 μm in thickness, and a porous outer region starting from a thickness of 0.2 μm. The TEM-EDS point 

and mapping analysis results (Figure 14 (b)) of the coating identified that the porous outer coating had 

a relatively higher oxygen contents than the dense inner coating [62, 75]. In addition, it was observed 

that the coating thickness itself was varied depending on the U-Mo substrate powder (the other 

parameter) although the coating layer of each U-Mo powder was uniform in thickness [62, 68, 75]. The 

as-fabricated ZrN coatings showed an extensive thickness distribution: 0.8⎼1.5 μm for average 1 μm-

thick coatings [61], 0.6⎼2.2 μm for average 1.2 μm-thick coating [69], 0.8⎼1.7 μm for average 1.2 μm-

thick coating, 0.9⎼2.0 μm for average 1.4 μm-thick coating, 1.6⎼2.5 μm for average 2.0 μm-thick 

coating, 1.0⎼2.0 μm for average 1.4 μm-thick coating, 0.7⎼1.4 μm for average 1.1 μm-thick coating, 

1.1⎼2.4 μm for average 1.7 μm-thick coating [81]. (In my research, it has been proven experimentally 

that the thickness of ZrN non-reactively sputtered coatings depends actually on the U-Mo substrate size.) 

Likewise, average 1 μm-thick ZrN reactively sputtered coatings showed different microstructures 

depending on the coating thickness and U-Mo substrate powder. Therefore, as written in Table 5, to 

understand the realistic microstructure of the ZrN coating, the comprehensive microstructural studies 
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should be performed as a function of the coating thickness and U-Mo substrate powder. Unfortunately, 

there is no parametric study of the ZrN coating microstructure.  

As well as the RF magnetron reactive sputtering mentioned above, other deposition methods 

(i.e., ALD and FB-CVD) to form a ZrN coating layer on U-Mo powders have been studied over the last 

years. Only the ZrN coating deposited by magnetron sputtering has irradiation test data, but the 

irradiation performance of the ZrN coating layer deposited by the other methods has not yet been 

revealed. The EMPIRE  test recently conducted at the ATR in the US will show the effectiveness of 

ZrN coatings deposited on U-Mo dispersion fuel powders by different coating deposition methods in 

surppressing the U-Mo/Al IL growth. The selected coating deposition methods were magnetron 

sputtering deposition developed by SCK·CEN (Belgium), and ALD developed by the ANL (US). In 

addition to the EMPIRE test, the SEMPER-FIDELIS test at the Belgian Reactor 2 (BR-2) in Belgium 

is currently underway to verify the benefits of the ZrN magnetron reactively-sputtered coating on the 

swelling behavior of U-Mo/Al dispersed fuels. In this research, only the results of the ZrN reactively-

sputtered coating deposited in a similar manner to the deposition method used in this study will be 

considered.  
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 Damage to ZrN coating within U-Mo/Al dispersion fuel plates 

 

As mentioned before, for diffusion barriers to operate properly in U-Mo/Al dispersion fuel plates, 

their structural integrity must be maintained during all post-deposition processing (i.e., dispersion fuel 

plate fabrication). In this subsection, the observed structural failure of ZrN coating applied to U-Mo/Al 

dispersion fuel plates was discussed.  

  

1.4.1. Possible causes 

 

As illustrated in Figure 15, dispersion fuel plates are typically fabricated through a sequence of 

steps including mixing, compaction, assembly, welding, hot-rolling with multiple heating normally at 

500ºC, blister testing normally at 500ºC, cold-rolling at room temperature, trimming, and inspections 

in that order [8]. Considering these fabrication steps, it has been predicted that a single coating layer 

deposited onto U-Mo fuel powder can be damaged through the excessive stresses induced during the 

manufacturing step. Indeed, the ZrN coating damge could be confirmed in heavy-ion irradiation test 

results [60] and the SELENIUM irradiation test results [36]. The driving source for the ZrN coating 

damage is believed to be the fabrication processing of a dispersion fuel plate [37, 56, 57]. It is suspected 

that the manufacturing process causes the ZrN coating cracking by (1) thermal stresses induced by the 

mismatch of the coefficient of thermal expansion (CTE) between the ZrN coating and U-Mo substrate 

powder during the heat-treatment processing, and/or (2) external mechanical stresses during the 

compacting or hot/cold rolling processing. In this research, focus is given to the thermal stress as the 

driving source for a ZrN coating failure.  

The fabrication process of dispersion fuel plates typically involves several heat treatments 

before each hot-rolling step and during the blister test. The heat-treatment temperature is determined 

based on the ductility of the cladding material. A fuel meat is typically cladded with a hard aluminum 

alloy 6061 (AA6061), which is fabricated normally at 500ºC. As an exception, the SELENIUM plates 

cladded using AG3NET (AA5754) were produced below 450ºC [60]. The total heating time is 

approximately 2 h. During the heating steps, thermal stress is induced through a CTE mismatch between 

the coating material and U-Mo fuel. Under high-temperature conditions of the heating processes, the 

generated thermal stress over the coating can cause a loss of the structural integrity of the coating layer. 

Many studies have been conducted to investigate the coating failure based on the thermal stress [76–

81]. When the CTEs of a coating layer and a substrate are significantly different, the coating fracture 

and/or delamination are attributable to the thermal stress induced. In this regard, the thermal stress 

occurring during heat treatment should not exceed the mechanical strength of the coating to sustain the 

structural integrity of the coating. Unfortunately, only a few studies have evaluated the effects of 
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induced stresses on the ZrN coating cracking during heat treatment. For the successful utilization of 

ZrN coating, it is essential to examine how stresses are generated in the coating and affect the coating 

integrity during fabrication. In addition, guidelines for optimizing the coating design and heat-treatment 

process conditions should be provided.   

 

1.4.2. Impacting on diffusion barrier performance  

 

In a diffusion-limited process, the root mean square of diffusion distance (𝑥) can be expressed 

as follows [89]: 

 

 𝑥 =  √𝐷 ∙ 𝑡2 (8) 

   

where 𝐷 is the diffusivity, and t is the process time. Applying the equation to the case of a diffusion 

barrier coating, 𝑥, and 𝑡 can be interpreted as the thickness and lifetime of the coating, respectively, 

and 𝐷 can be treated as the diffusivity (diffusion coefficient or diffusion constant) of a passing solid 

material in the coating. According to the equation, the lifetime (𝑡) of a diffusion barrier coating is 

linearly proportional to the coating thickness (𝑥). On the other hand, the diffusivity (𝐷) is significantly 

dependent on the coating microstructure. More specially, macroscopic coating defects present over the 

coating considerably degrade the diffusion barrier performance of the coating by significantly 

increasing the the diffusivity (𝐷). Coating cracks are one of macroscopic defects. Generally, coating 

cracks formed during all the post-deposition processing (i.e., dispersion-fuel-plate manufacturing) act 

as a very fast diffusion path of solid materials, leading to the functional failure of the corresponding 

coating. It is known that the diffusivity in a coating crack is several orders of magnitude higher than 

that in a crack-free undamaged coating. Therefore, for the long lifetime (t) of a diffusion barrier coating, 

the significant (several orders of magnitude) increase in 𝐷 induced by the generated coating damages 

should be prevented even by decreasing the coating thickness (𝑥).  

  



23 

 

1.4.3. Factors influencing the coating fracture resistance 

 

For solid materials, the fracture resistance and diffusion barrier capability are significantly 

dependent on the microstructural properties such as the thickness, shape, packing density, type and 

density of the defects, grain size, texture, and surface roughness [90]. Furthermore, the residual stress 

also affects the fracture resistance. Theoretically, a coating layer has a high fracture resistance if it has 

a high compaction density with no macroscopic defect, and possesses a residual stress that is opposite 

to the stress that may cause the coating fracturing. 

In general, thin sputtered coatings typically have a considerably different microstructure, and 

hence fracture resistance, as the corresponding bulk materials. In addition, as-deposited coatings also 

show various microstructures, and thus fracture resistance, depending on the deposition method and 

conditions applied. Therefore, by optimizing the controllable deposition-parameters, the coating 

microstructure can be improved, and consequently, the coating can achieve a superior fracture 

resistance to bulk materials. For magnetron sputtering machines, the controllable-deposition parameters 

are the applied voltage and current to the anode, distance between the target and substrate, base and 

working pressures of the chamber, and the working gas (normally, Ar gas). These controllable factors 

influence the kinetic energy of sputtered atoms ejected from the target material, and consequently 

influence the microstructure of the resulting coatings. Furthermore, the chemical and physical reactions 

of the coatings occurring during the deposition also influence the resulting coating microstructure. 

Hence, the microstructural characteristics of an applied thin film barrier need to be experimentally 

examined [69, 82]. 
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 Objective and scope of the present research 

 

As mentioned before, U-7Mo/Al dispersion fuel plates containing a high density of LEU are 

considered a next-generation fuel design for high-performance RRs. For the fuel plates to be qualified 

and then commercialized, undesired phenomena limiting their lifetime (i.e., burnup) should be 

prevented. One phenomenon is the formation of the IL between U-7Mo fuel powders and an embedding 

Al matrix. To suppress the IL formation, a ZrN diffusion barrier layer has been applied to U-7Mo/Al 

dispersion fuels. It has been experimentally demonstrated through an annealing test, heavy-ion 

irradiation, and in-pile tests that a ZrN coating layer with a mean thickness of 1 μm in U-7Mo/Al 

dispersion fuel plates shows a satisfactory diffusion barrier capability when structurally intact. 

However, local and extremely large U-Mo/Al ILs were generated near the damaged coating 

regions, which is the main problem or drawback for the ZrN diffusion barrier layer. It was believed that 

coating damage had been generated during the dispersion-fuel-plate manufacturing. The dispersion-

fuel-plate manufacturing includes two stress sources that may cause a damaged coating: One is thermal 

stress induced during heat-treatment processing (such as a blister test or preheating for hot rolling), and 

the other is an external mechanical stress induced during the compaction, hot-rolling, and cold-rolling 

steps. Accordingly, to allow fine solutions to avoid damage to their ZrN coating, several studies 

investigating the effects of each expected source of the coating damage need to be conducted. However, 

studies providing guidance on how best to suppress ZrN coating damage have yet to be applied.  

In this research, focused is given to the effects of the first stress source (i.e., thermal stress 

induced at a high fabrication temperature) on ZrN coating fracturing. In addition, parametric studies of 

the ZrN coating microstructure were first conducted to characterize a realistic coating microstructure, 

which is necessary to understand the coating fracturing behavior. This dissertation is eventually aimed 

at suggesting ways to improve the diffusion barrier performance of a ZrN coating in U-Mo/Al dispersion 

fuel plates by maintaining its structural integrity.  

 

This research is composed of three separate parts: the first two parts describe parametric studies 

of the ZrN coating microstructure, and the last part deals with research associated with the effects of a 

stress source on ZrN coating fracturing.   

 

1. First, ZrN coatings of various thicknesses ranging from a mean of 0.1 to 2.6 μm were deposited 

using a DC magnetron non-reactive sputtering technique on 45–90 μm-sized U-7Mo powders, 

and were then examined in terms of the microstructural characteristics and residual stress 

using SEM, EDS, and XRD.  
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2. Second, the morphology and crystallographic properties of an as-fabricated ZrN sputtered 

coating were characterized as a function of the U-7Mo substrate size. A single-layer ZrN 

coating of mean 0.9 μm thickness was deposited on 45–90 μm-sized U-7Mo powders using a 

DC magnetron non-reactive sputtering machine. The as-fabricated coated U-7Mo powders 

were classified into four or five sized groups of (<45), 45−53, 53−63, 63−75, and 75−90 μm 

through sieving. Subsequently, each powder group was characterized using SEM, EDS, and 

XRD. In addition, a semi-analytical model describing the relationship between the coating 

thickness and U-7Mo substrate size has been newly developed based on the measured coating 

thickness and the estimated friction-based position of the U-7Mo powders during deposition.    

 

3. Lastly, by setting the checked parameters as variables, the effects of the coating thickness 

(0.3⎼3.5 μm), U-Mo substrate size (45 and 90 μm), and annealing temperature (300⎼700ºC) 

on the ZrN coating failure on U-Mo powders at high post-deposition processing temperature 

(i.e., the heat-treatment temperature of dispersion-fuel-plate manufacturing) were investigated 

experimentally and numerically.  
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Table 1. Candidates for LEU dispersion fuel [12]. 

 

Candidate Fuels 
Uranium Density 

(g/cm3) 

UAl3 5.1 

UO2 9.7 

U3Si2 11.3 

U2Mo 13.8 

U-9Nb-3Zr 14.2 

U3Si 14.7 

U-6Nb-4Zr 14.8 

U-5Nb-3Zr 15.5 

U-10Mo 15.3 

U-10Mo-0.05Sn 15.3 

U-8Mo 16.0 

U-7Mo 16.4 

U-6Mo 16.7 

U6Fe 16.7 

U-6Mo-0.6Ru 16.5 

U-6Mo-1Pt 16.5 

U-6Mo-1.7Os 16.4 

U-4Mo 17.4 

U 19.0 
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Table 2. Advantanges and disadvantages of coating deposition methods used for U-Mo dispersion 

fuel powders. 

Method Classification Advantages Disadvantages 

Magnetron 

sputtering 

deposition 

 

(A kind of 

Physical 

Vapor 

Deposition 

(PVD)) 

 

 

Depending on the substrate 

mixing equipment, 

1) Turnable drum 

(at KAERI and 

SCK·CEN ) 

- Only method with 

available irradiation data 

- Used method in this 

research 

2) Shaking by 

oscillating magnet 

(at TUM) 

- Excellent uniformity on 

powder substrates 

- Dense coating 

- Low deposition 

temperature  

(i.e., ability to coat heat-

sensitive substrates) 

- Excellent process control 

- No limitation on coating 

material (metal, alloy or 

compound) 

- Line-of-sight deposition 

- Low deposition rate 

Chemical 

Vapor 

Deposition 

(CVD) 

CVD with turnable 

substrate mixer 

(at KAERI; for U-N 

coating) 

- High deposition rate  

- Production of thick coating 

- No limitation on coating 

material (metal, alloy or 

compound) 

- Relatively low thickness 

uniformity 

- High deposition temperature Pack-cementation 

(at KAERI, for U-Si 

coating) 

Fluidized Bed CVD 

(FB-CVD; at CEA and 

INL) 

- High thickness 

uniformity  

- Very low deposition rate 

- Critic adjustment of the 

flow 

Atomic Layer 

Deposition 

(ALD) 

 

ALD (at ANL) 

※ Recent EMPIRE test at 

ATR will show its 

effectiveness. 

- Nearly perfect coting 

structure without any 

defects 

- High thickness 

uniformity and precise 

thickness control 

- 3D conformality 

(Coatable for substrates 

of complex geometry) 

- Low deposition 

temperature 

- Critic adjustment of the 

flow  

- Very low deposition rate  

- Better with  compound 

coating material like 

ZrN, not good with metal 

coating 

- Expensive equipment ; 

scale-up not 

demonstrated 
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Table 3. Comparison of ZrN coating deposition-systems used in this research and the 

SELENIUM project (SCK·CEN).  

 

 This research SELENIUM project [61] 

Deposition type 
Non-reactive DC magnetron 

sputtering 

Reactive RF magnetron 

sputtering 

Rectangular target (purity) ZrN (>99.5%) High-purity Zr 

Deposition time for 1-μm 

thickness (hour) 
7 7 

Rotation speed of mixing drum 

(rotations per minute) 
8 2 – 5 

Base pressure 

(Torr) 
3×10-5 7.5×10-4 

Gas (mass flow) Ar (55cc/min) 
Ar (76cc/min) 

+ N2 (6 cc/min) 

Working pressure 

(Torr) 
2.0×10-3 – 

Power (kW) 1.0 0.8 

Distance of drum bottom to target 

(cm) 
17 – 
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Table 4. Material properties of ZrN. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a At 475º ⎼650 ºC. 

b At room temperature.  

Property ZrN 

Structural properties  

Lattice structure 

(space group) 

Faced-centered cubic 

(Fm-3m, No. 225) [92] 

Lattice constant (Å ) 4.5700 [92] 

Density (g/cm3) 7.09 [93] 

Thermal properties  

Melting point (ºC) 2952 [93] 

Standard enthalpy of formation (kJ/mol) ⎼365.26 [94] 

Activation energy of oxidation (kJ/mol) 241±10a [95]  

Thermal conductivity (W/m/K)* 20.5b [96] 

Mechanical properties  

Vickers hardness (GPa) 25 [92] 

Young’s modulus (GPa) 450 [92] 

Poisson’s ratio 0.25 [92] 

Optical property  

Color  Gold 

Nuclear property  

Absorption cross section for thermal neutron (barn) 2.24 
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Table 5. Analyzed characteristics and neccesary studies of ZrN reactively-sputtered coating 

deposited on U-Mo atomized powder by different coating methods 

 

 
Magnetron reactive 

sputtering 
Need to be studied 

Phase 

ZrN single phase containing 

impurities (ZO2, ZN2, and 

O) [30,60,62,76] 

– 

Target thickness (μm) 

1 [37,88] 

(based on a TRIM 

simulation result) 

– 

Uniformity in coating 

thickness 

Low [62,68,75] 

(e.g., 0.8–1.5 μm for mean 

1.0 μm [61]) 

(For the realistic evaluation of ZrN 

coating microstructure,) A detailed study 

on the microstructural parameters as a 

function of the coating thickness and U-

Mo powder 

Dense-to-porous 

structural 

transformation 

thickness 

0.2 μm [62,76] 

(the thickness starting 

column-boundary defect) 

Structure Columnar structure [62,76] – 

Grain size Nanosize [62,76] – 

Deposition rate High (142 nm/h) [61]  

Diffusion barrier 

performance 

Good for intact coatings, 

whereas poor for locally 

damaged coatings [37,61] 

Evaluation and appropriate solutions of 

coating fracturing in a manufacturing 

process that may damage the coating 

layer 
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Figure 1. Phase diagram of uranium-molybdenum alloy [214]. 
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Figure 2. Time-Temperature-Transformation diagram for 𝛄-U alloy fuel candidates [98]. 
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Figure 3. Schematic of commonly used plate-type dispersion fuel: (a) overview 

and (b) cross-sectional image [215]. 
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Figure 4. Normal fuel assembly loaded into research and test reactors [216]. 
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Figure 5. In-pile irradiation test results of U-Mo/Al dispersion fuel shows a severe swelling and 

even rupture with increasing the burnup [9]. 
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Figure 6. Recrystallization (upper images) and swelling behavior (bottom 

graph) of irradiated U-10Mo/Al dispersion fuel plate as a function of fission 

density [8].  
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Figure 7. U-Mo/Al dispersion fuels irradiated upto a high burnup 

shows fission gases are agglomerated into a large pore by 

snowploughing effect of U-Mo/Al interaction layer [9]. 
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Figure 8. (a) Photo and schematic of the STEPS & DRUMS [97] and (b) schematic 

diagram of a general barrel sputter deposition system [217]. 
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Figure 9. Schematics and photo of three-type CVD systems fabricating a diffusion 

barrier coating on U-Mo dispersion fuel powders: (a) Pack-cementation for U-Si coating 

[78], (b) CVD with a tunable substrate mixer for U-N coating [77, 78], and (c) FB-CVD 

for ZrN coating [67]. 
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Figure 10. (a) Set-up and (b) schematic view of ALD Savannah 

system [218]. 
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. 

Figure 11. Magnetron sputtering systems for ZrN coating deposition: 

(a) non-reactive system (KAERI, used in this research) and (b) reactive 

sputtering (SCK·CEN). 
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Figure 12. Thornton's structure zone model [177]: (a) coating morphologies as a function 

of depostion temperature and working pressure, and the (b) cross-section and (c) growth 

steps and corresponding dominant diffusion mechanism of Zone I, T, and II structures as 

a function of coating thickness [128].  
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Figure 13. Three types of U-Mo/Al interaction layer observed in ZrN coated U-7Mo/Al 

dispersion fuel irradiated upto ~5.0×1021 fission/cm3: (a) thin IL, (b) ‘erupting volcano’ 

shaped extensive IL near the coating crack, and (c) huge IL formed through the coating crack 

that once existed [36]. 
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Figure 14. (a) TEM bright-field cross-sectional image and (b) TEM-EDS mapping image of a ZrN 

reactively sputtered coating layer on a U-7Mo powder [61]. 
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Figure 15. (a) Critical stress sources for ZrN coating damage during a general 

fabrication process of dispersion fuel plates and (b) exploded view of a U-Mo/Al 

dispersion fuel assembly with a uranium density of 8 gU/cm3 [8]. 
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 Experimental methods 

 

 Coating deposition  

 

By using 45⎼90 µm-sized U-7Mo powders of 50 g per deposition, a single coating layer of ZrN 

was deposited on the powders using a DC magnetron non-reactive sputtering machine depicted in 

Figure 16. The coating deposition system was equipped with a rotary drum to sufficiently agitate the 

U-7Mo powders inside the drum through the rotational motion during the entire deposition time, which 

is aimed to fabricate a homogeneous coating thickness over the U-7Mo powder. In addition, a 

rectangular planar target was chosen among various types of available targets (e.g., planar, circular, or 

tubular target) for a large sputtering area, which is normally required in line sputtering systems where 

substrates on some form of a conveyor belt, carrier, or drum (used in this research) linearly pass the 

target.     

The deposition parameters of ZrN coating are listed in Table 6. These parameters excepting the 

deposition temperature are optimized values for a homogeneous thickness of ZrN coating on the U-

7Mo powders. On the other hand, without external heating, the deposition temperature (substrate 

surface temperature) increases during the deposition by striking of accelerated Ar ions / atoms and 

coating atoms / molecules with the substrate surface. Thermodynamically, some of kinetic energies of 

the accelerated materials is converted into thermal energies. The deposition temperature corresponding 

to the substrate temperature during deposition, was measured at the surface of a U-7Mo ingot sample 

using a K-type thermocouple under the same deposition environment without a drum rotation. The 

measured deposition temperature was approximately 250ºC.  

 

 Experimental techniques for coating characterization  

 

2.2.1. Scanning electron microscopy (SEM) 

 

SEM is a type of microscopic electron visualization of the sample surface by scanning with a 

concentrated electron beam, as illustrated in Figure 17 (a). The reaction between the electron beam and 

sample surface causes their energy exchange, leading to the reflection of high-energy electrons, and the 

emission of secondary electrons by elastic and inelastic scattering. The reflected high-energy electrons 

and emitted secondary electrons can be recorded using back-scattered electron (BSE) and secondary 

electron (SE) detectors, respectively. These imaging (or detection) modes are determined depending on 

the detection purpose because BSE and SE inherently have different interaction volumes, as shown in 

Figure 17 (b), namely, a surface morphology analysis for SE image mode, and a composition and cavity 
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analysis for BSE image mode. Depending on the atomic number and density of a sample, the interacted 

sample volume, referred to as the interaction volume, is ~10 nm for SE mode and < 2 µm for BSE mode 

in terms of depth from the sample surface. In addition, the resolution of conventional (or normal) SEM 

is approximately several nanometers. In this dissertation, SEM (VEGA3, TESCAN Co., Czech) applied 

at 30 kV under vacuum conditions was utilized to analyze the morphological characterization of the 

samples.  

  

2.2.2. Energy-dispersive X-ray spectroscopy (EDS) 

 

EDS, which is an accessory for SEM, is a commonly used analysis tool for the qualification and 

quantification of chemical elements of a sample using the emitted X-ray originating from the interaction 

between the sample and applied electron beam (see Figure 18 (a)). Incident electron beams energetically 

activate a sample surface from the ground state (or unexcited state) to an excited state, leading to X-ray 

emissions during the process of energy release. The intensity and energy of an emitted X-ray measured 

using EDS can be represented by an energy-dispersive spectrometer, as illustrated in Figure 18 (b). By 

interpreting the energy dispersive spectrometer, the elemental composition of the specimen can be 

figured out. Besides, by using EDS mapping (or element distribution images) function, the elemental 

composition distribution of specimens can be displayed as a television-like image showing the quality 

and quantity of sample elements as color and intensity of the image. EDS analysis can detect all 

elements except light elements (atomic number < 11). In the case of major elements, a precision (defined 

as 2σ) of EDS analysis is better than ± 1 at.%. One the other hand, the general precision is normally ± 

2 at.%.  

In this dissertation, an EDS (INCA X-Act, Oxford Co., England) analysis was conducted using 

a 30 kV electron beam at a 15 cm working distance (i.e., distance between the final pole piece of the 

lens and the sample) to obtain a reliable count number (normally, >10,000 per second). The measured 

EDS results were analyzed using the AZtec program (Oxford Co., England).   
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2.2.3. X-ray diffractometer (XRD) 

 

 Principle and operation condition 

 

X-ray powder diffraction (XRD) is a normally used analysis tool to enable a qualitative and 

quantitative analysis of the crystal structure of a sample, which is based on Bragg’s law and a Rietveld 

refinement. An XRD analysis is applied to interpret the wave interference between a monochromatic 

incident X-ray beam and a sample structure. As shown in Figure 19 (a), a XRD machine is composed 

of the following simple components: an X-ray source, a sample holder, and an X-ray detector. X-rays 

are produced by generating electrons by heating a filament and then striking a target material with 

electrons accelerated through an applied voltage. The X-ray produced is filtered with several slits to 

obtain monochromatic X-rays (normally, CuKα radiation of a 1.5418Å wavelength), and then 

collimated to concentrate the X-rays before reaching the sample. The interaction between the incident 

X-rays and the sample surface generates a constructive interference and characteristic X-ray spectrum 

(Figure 19 (b)) if the sample lattice structure meets with Bragg’s Law (Eq. (8)). Because the sample 

and detector are rotated at the same time, the intensity of the reflected X-rays is recorded over a wide 

2θ angle range (generally, from ~5° to 80°). From the characteristic X-ray spectrum obtained, various 

types of structural information of the samples can be obtained, as written in in Figure 19 (b). 

In this dissertation, composition and structural analyses of the samples were measured at room 

temperature using an XRD (ULTIMA IV, Rigaku Co., Japan) with Cu-K(a) radiation (at a wavelength 

of 1.5406 Å , an accelerating voltage of 40 kV, and a current of 30 mA). XRD patterns were recorded 

with a cover range of 2θ= 20–80° with θ-2θ mode, a 0.02° scan step, and a scan step time of 10 s. 

A 10-mm sized divergence slit and a 0.6-mm sized receiving slit were used. All measured XRD patterns 

were analyzed using the Rietveld method with the PDXL 2 software program (Rigaku Co., Japan).  
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 Analysis equations for crystallographic properties 

 

The interplanar spacing can be calculated using the following Bragg’s law ([99], Figure 19 (a)).  

 

 𝑑ℎ𝑘𝑙 =  
𝜆

2𝑠𝑖𝑛𝜃
 (9) 

 

where 𝑑ℎ𝑘𝑙 is the interplanar spacing of the corresponding (hkl) plane in nm (h, k, and l are the Miller 

indices), λ is the wavelength of the radiation beam (0.1506 nm for CuKα radiation), and θ is the 

diffraction angle in radians.  

The texture coefficient corresponding to the (hkl) orientation (𝑇𝐶(ℎ𝑘𝑙)) of the ZrN coatings in 

this study is defined as [100]: 

 

 𝑇𝐶(ℎ𝑘𝑙) =
𝐼(ℎ𝑘𝑙)

∑ 𝐼(ℎ𝑘𝑙)
 

 
(10) 

    

where 𝐼(ℎ𝑘𝑙) is the measured relative intensity of a (hkl) plane. From the 𝑇𝐶(ℎ𝑘𝑙) of a sample, its 

distribution of crystal orientations can be identified. The larger 𝑇𝐶(ℎ𝑘𝑙) is, the larger the abundance of 

crystallites oriented in the (hkl) direction.  

The grain (crystallite) size (D) and equivalent microstrain (η) can be expressed using Halder-

Wagner equation [101, 102], which is given as follows:  

 

 
𝛽2

𝑡𝑎𝑛2𝜃
=  

𝐾𝜆

𝐷
∙  

𝛽

tan 𝜃 ∙ sin 𝜃
+ 𝜂2 (11) 

 

where β is the diffraction-peak width, K is the shape coefficient, and λ is the wavelength of Cu-Kα 

radiation, namely, 1.5406 Å . In this dissertation, K = 0.9, and the integral peak widths (i.e., the total 

peak area divided by the peak height) were used as β. By linearly plotting β2/tan2θ versus β/(tanθ·sinθ), 

D and η can be calculated using the slope of Kλ/D and the intercept of η2.  
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For the cubic unit cell of ZrN, the lattice constants can be obtained as follows:  

 

 
1

𝑑ℎ𝑘𝑙
2 =  

ℎ2 + 𝑘2 + 𝑙2

𝑎2
 (12) 

 

where a is the lattice constant.  

The density of the ZrN coatings was obtained as described below: 

 

 ρ =  
𝑀

𝐴 ∙  𝑉
 (13) 

   

where ρ is the coating density; A is the Avogadro constant, 6.02×1023; M is the molar mass; and V is 

the unit cell volume.  

According to Hook’s law, the stress (𝜎) of a solid induced by the acting forces is linear to the 

Young’s modulus (E) and the macrostrain (ε) of the solid as follows: 

 

 σ = E ∙ ε (14) 

 

In general, the macrostrain measured at room temperature originates mainly from the in-plane 

and out-of-plane residual stresses. For thin coatings, the residual out-of-plane stress is negligible (i.e., 

𝜎𝑧= 0), and it can thus be assumed that the macrostrain solely results from the biaxial residual in-plane 

stress. To simplify the stress calculation of the as-fabricated coatings in this dissertation, the coatings 

were assumed to be under equi-biaxial strain and stress. In this dissertation, for ZrN coatings, the in-

plane residual stress in a certain direction (i.e., the x direction), 𝜎𝑥, can be calculated by utilizing the 

macrostrain of the measured (200) diffraction plane of the ZrN coating (𝜀(200)) as follows: 

 

 𝜎𝑥 = E ∙ 𝜀(200) (15) 

𝑤𝑖𝑡ℎ          𝜀(200) =
d(200) − d′

(200)

d′
(200)

  

 

where d(002) and d′(002) are the measured and standard lattice spacing for the (002) diffraction plane 

of the ZrN coating. It was assumed in this study that 𝜐 is 0.25 and d′(200) is 2.285 Å  [103]. The value 

of 𝐸 was set as 114 GPa, which is the measured value of the ZrN coating fabricated through an RF 

magnetron non-reactive sputtering method using a ZrN target under 2.2 mTorr [104].  



51 

 

 

 Annealing tests 

 

Annealing tests were conducted to assess the influence of post-deposition annealing on the 

structural integrity of ZrN coatings on U-7Mo powders (Chapter 5). Two different annealing tests were 

applied. First, 45–90 μm-sized U-7Mo powders coated with a ZrN single layer with various thicknesses 

of 0.3 to 3.5 μm were annealed at 500ºC for 2 h to estimate the influence of the coating thickness on the 

structural integrity of the coating. Second, 45 μm-diameter U-7Mo powders coated with a ZrN layer 

with a mean thickness of 0.74 μm, and 90 μm-diameter powders coated with a ZrN coating layer with 

a mean thickness of 1.06 μm, were annealed at various annealing temperatures of 300–700ºC for 2 h, 

which aimed at investigating the effects of the annealing temperature on the structural failure of the 

coating. All annealing tests were conducted under high vacuum conditions of 2.3×10-5 Torr with a slow 

heating rate of 16.7ºC/min. Immediately after an annealing test, the furnace was turned off and then 

slowly cooled without artificial cooling applied. The slow heating and cooling of the annealing tests 

aimed to prevent cracking of the coating triggered by a rapid change in temperature.   
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 Sample preparation 

 

2.4.1. U-7Mo powders 

 

U-7Mo powders utilized in this research were fabricated by centrifugal atomization method at 

KAERI [105]. Among the as-fabricated U-7Mo powders, only 45–90 μm-sized U-7Mo particles, 

classified by sieving, used in this study. As shown in Figure 20, 45–90 μm-sized U-7Mo powders 

exhibited nearly-spherical shape and a mixed surface of smooth, wrinkle, and pitted surfaces. 

Additionally, it was identified from the XRD analysis result (Figure 21) that the powders were 𝛾-U-

7Mo phase containing a small amount of uranium dioxide (UO2) and uranium carbide (UC). It is 

predicted that a thin UO2 layer had been generated on the air-exposed surface of the oxidative powders 

during the fabrication and storage of the powders. In addition, it is guessed that UC intermetallic 

compound had been formed by the chemical reaction between the U-Mo melt and graphite crucible 

during the powder production.  

 

2.4.2. Sample preparation for characterization  

 

ZrN-coated U-7Mo powder samples were characterized using SEM, EDS, and XRD. For a 

surface morphological analysis utilizing SEM and EDS, the powder samples were fixed to a sample 

holder using sticky carbon-tape. In the case of a cross-sectional morphological analysis using SEM and 

EDS, the powder samples were prepared through the following steps: (1) mounting with hot mounting 

resin containing a small amount of a carbon conductor at 180°C for 4 min, (2) polishing using a 1,000 

grit sanding disc to a 1 μm diamond paste, and subsequently (3) cleaning using an ultrasonic cleaner 

for 10 min with ethanol and acetone. For the crystallographic XRD analysis, the powder samples were 

measured without preparation.  
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Table 6. Deposition condition of ZrN sputtered coating. 

 ZrN coating 

Rectangular target (Purity) ZrN (>99.99%) 

Deposition time (hour) 1 – 25 

Rotation speed of mixing drum 

(revolutions per minute, rpm) 
8 

Base pressure (Torr) 3×10-5 

Working gas Ar 

Working pressure (Torr) 2.0×10-3 

Applied power (kW) 1.0 

Substrate-to-target distance (cm) 17 
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Figure 16. (a) Photo and (b) schematic illustration of DC magnetron 

sputtering coating system used in this research. 
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Figure 17. Schematic drawings of (a) SEM and (b) interaction volume (detection volume) for an 

electron beam [212, 213]. 
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Figure 18. (a) EDS principle and (b) an EDS spectrum example [214, 215]. 
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Figure 19. (a) Schematic representation of XRD experimental setup (left) and Bragg’s law (right), 

and (b) XRD spectra [223]. 
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Figure 20. SEM SE top-view micrograph of 45–90 μm-sized U-7Mo powders. 
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Figure 21. XRD profile of U-7Mo powders in the size range of 45–90 

μm. 
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 Evolution of microstructure and residual stress of ZrN coating 

with coating growth 

 

Typically, the thickness of sputtered coatings affects the microstructure and residual stress 

which directly affect the mechanical characteristics including the fracture resistance, and thus play a 

critical role in determining the structural integrity during deposition and post-deposition processes (i.e., 

dispersion-fuel-plate fabrication). Particularly, if an excessive residual out-of-plane stress of an as-

fabricated coating is induced in the process of being deposited, the mechanical failure (e.g., fatigue, 

creep, and brittle fracture) of the coating can occur even during deposition. Therefore, a comprehensive 

understanding of the evolution of microstructural and residual stress of the as-deposited ZrN coatings 

will be beneficial to understand the mechnical performance and structural failure behavior. However, 

there is also no work reported on the coating thickness effect on the microstructure and residual stres of 

ZrN coating on U-Mo powders. 

In this chapter, ZrN coatings of various thicknesses ranging from mean 0.1 to 2.6 μm , deposited 

on 45–90 μm-sized U-7Mo powders by DC magnetron non-reactive sputtering technique, was 

characterized in terms of the microstructural properties and residual stress by using SEM, EDS, and 

XRD. Based the characterization results, the coating’s structural integrity as well as diffuison barrier 

abilitliy were estimated  

 

 Analysis results of as-deposited ZrN coatings  

 

 

3.1.1. Coating thickness and deposition rate 

 

From the cross-sectional SEM image of Figure 22 and the EDS mapping image of Figure 23, it 

was evident that a U-7Mo powder was perfectly surrounded by a ZrN single coating layer with a 

uniform thickness. As an inherent limitation of EDS analysis, light atoms (atomic number < 11) such 

as nitrogen cannot be identified. As a result of the homogeneous coating thickness, the ZrN coated U-

7Mo powder exhibited a constant brightness (intensity) over the powder in the stereoscopic SEM image 

of BSE mode (Figure 24). BSE images represent the mean composition over the several microns depth 

of the samples as an image intensity that increases with the average atomic number. Thus, the brightness 

of BSE images can provide information about relative coating-thicknesses. 

As shown in Figure 25, the measured thickness of the as-fabricated ZrN coatings showed a linear 

function as a function of deposition time, while it deviated from the linear relation after the deposition 

time of 22 h. By plotting the coating thicknesses deposited for 1–22 h against the corresponding 
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deposition times, the deposition rate (i.e., the slope of the plot) of 2.5 nm/min was obtained. On the 

other hand, the ZrN coating deposited for 25 h exhibited an abnormally diminished mean thickness with 

a large standard deviation. This is suspected as a result of the inter-laminar delamination of the coatings 

on a part of the U-7Mo powders, as displayed in Figure 26. The delaminated coating surface predicted 

as the cross-sectional plane of the coating showed open voids between the coating columns. This 

suggests that an excessive internal stress had developed in the coating during deposition.  

 

3.1.2. Morphology  

 

By utilizing SEM, the morphology of the as-fabricated ZrN coatings with various thicknesses 

from mean 0.1 to 2.6 μm was examined. In the case of the 2.6 μm-thick ZrN coating, only the intact 

coating samples were selectively characterized to focus on the morphological evolution of the ZrN 

coating.  

The fractured image of Figure 27 shows that the as-deposited ZrN coatings appear as a V-shaped 

columnar (or pillar) structure. This V-shaped column structure was in good agreement with the observed 

proportional relationship between the top dome size of coating columns and coating thickness (Figure 

28). While the column domes could not be recognized in the SEM BSE top-view image for coatings up 

to 0.5 μm thickness (possibly due to the dense structure without the column boundary gaps), the column 

width of tens of nanometers could be observed for the 0.8 μm-thick coating. For coatings thicker than 

0.8 μm, the column width was from tens to hundreds of nanometers. Each the coating column was a 

bundle of fine nano-sized grains, as can be identified in the high magnification SEM BSE image of 

Figure 29.  

Additionally, as displayed in Figure 28, the thick ZrN coating appeared porous due to 

macroscopic open-void-type defects such as hillock, crater, pinhole, and column boundary gap (i.e., 

open-voids along column boundaries)., which is in contrast to the dense thin coating without those 

defects. As can be seen in Figure 30 (a), the hillock was a micron-sized agglomerate protruding from 

the coating surface, and is also referred to as nodule [106], peak [107], cone [107], or cauliflower defect 

[107] because of its shape. It was observed by SEM image analysis that the hillock was connected to 

the surrounding coating by a discontinuous plane, resulting in its weak adhesion with the coating. As a 

result, it easily spalled off from the coating, and eventually a micro-sized hole named crater is generated. 

As shown in Figure 30 (b), the crater was a macroscopic (1⎼3 μm in the width) cone-shaped open-void 

sparsely distributed over the coating, while the pinhole was a nano-sized (0.05⎼0.5 μm in the width) 

columnar open-void of a uniform distribution. On the other hand, as shown in Figure 28, the coatings 

thinner than 0.5 μm were dense without an observable column-boundary gap (i.e., open-voids along 

column boundaries). However, the column-boundary gap seemed to increase with increasing coating 
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thickness after having been initially detected at 0.8 μm thickness. From the observation, it can be 

suggested that the column boundary gap is a V-shaped long open-void. Likewise, the defects were 

observed in the surface of the coatings from a certain thickness: 0.5 μm for hillock, and 0.8 μm for 

crater, pinhole, and column boundary gap. Hnece, it is deduced that a dense-to-porous structural 

transformation of the ZrN coating occurred at a thickness between 0.2 and 0.5 μm.  

 

3.1.3. Texture 

 

Figure 31 is the XRD profiles of the 45–90 μm-sized U-7Mo powders coated with a ZrN thin 

layer with different thicknesses. Excluding the substrate-related phases (i.e., U-7Mo, UO2, and UC), 

only ZrN mono-phase was identified without the ZrN-associated oxide phase (e.g., ZrO2) and other 

stoichiometric phases (e.g., Zr3N4). The ZrN reflection peaks at (111), (200), (220), (311), and (222) 

corresponded to 2θ ≈ 34º, 37º, 57º, and 68º, respectively, and were indexed to the NaCl structure of 

the International Centre for Diffraction Data (ICDD) card no. 00-035-0753 [103]. The crystal structure 

data of the coatings are listed in Table 7. 

Curiously, sharper ZrN peaks were observed in the XRD profiles with the increasing coating 

thickness, which implied that the crystallinity (i.e., the degree of structural order) of the ZrN coating 

increased during its growth. The broader peak suggested that the corresponding crystallographic plane 

had a relatively extensive distribution of d-spacing rather than a single d-spacing owing to non-uniform 

lattice distortions triggered by the surface tension of nanocrystals and interstitial impurities. In contrast, 

the sharp peak implied that the corresponding plane was under uniform macrostrain. 

On the other hand, the peak intensity provides information about the coating texture, i.e., the 

spatial distribution of the corresponding phase. The texture is usually characterized by the texture 

coefficient 𝑇𝐶(ℎ𝑘𝑙)  (see Eq. (9)), representing the probability of the corresponding (hkl) 

crystallographic-plane. As described in Figure 32, the 0.1 μm-thick coating exhibited a single crystal 

structure with only the (002) plane, while the other coatings with a thickness greater than 0.1 μm showed 

a similar texture, representing a polycrystalline structure of a random orientation with the most 

dominant (111) plane.  
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3.1.4. Lattice parameter and density 

 

Figure 33 shows the measured lattice constant and calculated density of the ZrN coatings with 

various coating thicknesses. The lattice constant (lattice parameter) of the ZrN coatings was by using 

Bragg’s law (Eq. (9)) and Eq. (12), and the coating density was calculated with the obtained lattice 

constant and known molar mass (105.23 g/mol for ZrN [103]) according to Eq.(13). The measured 

lattice constants (4.4247–4.5573 Å ) of all the ZrN coatings were smaller than the standard value of 

4.570 Å  [103], which implied the contracted lattice structure in the z-axis direction (i.e., out-of-plane 

or growth direction of the ZrN coating). Thus, all of the calculated coating densities were greater than 

the standard value of 7.09 g/cm3 for bulk ZrN [108]. However, it should be noted that the calculated 

densities are just a value that does not account for the observed coating defects such as hillock, pinhole, 

and column boundary gap. 

 

3.1.5. Grain size and microstrain 

 

Generally, the XRD peak width are determined not only by the crystallinity but also the average 

grain size and microstrain (lattice strain). These parameters were obtained by the Halder-Wagner 

method (Eq. (11)), which is a reliable and advanced method for nanostructured samples (grain size <100 

nm). As presented in Figure 34, by constructing a linear plot of β2/tan2θ against β/(tanθ·sinθ), grain size 

(D) and microstrain (η) were calculated by using the slope of Kλ/D and the y-intercept of η2. The 

obtained results presented in Figure 35 showed that the ZrN coatings, with the exception of the 0.1 μm-

thick coating, showed the grain size increase from 2 to 6 nm, but consistently zero microstrain with 

increasing the coating thickness. On the other hand, the 0.1 μm-thick coating displayed an abnormally 

large grain size and microstrain, which is probably due to the measurement error originating from the 

highly non-uniform lattice distortion of the coating.  
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3.1.6. Residual stress 

 

The as-fabricated ZrN coatings were evaluated in terms of the residual stress since it is an 

important parameter to determine their structural reliability during fabrication and irradiation. For thin 

coatings, their residual stress is typically measured by XRD analysis using the sin2Ψ method [101–104]. 

However, as the measurement technique can only be applied to the samples with a flat surface, it is 

inappropriate for our sphere-shaped samples. Instead, I performed a XRD analysis method using 

macrostrain, as described in Eqs. (14) and (15).  

As can be identified in the XRD profile of Figure 31, all the peak positions corresponding to the 

(200) diffraction plane of the ZrN phase were shifted either left or right from the standard value 

indicated by a dotted line [103]. This indicated that all of the ZrN coatings possessed a negative or 

positive strain in the z-axis direction (known as out-of-plane direction) at the measurement temperature 

(i.e., room temperature). As can be seen in Eq. (15), the negative strain in the out-of-plane direction of 

the coating is a result of the positive transverse strain (i.e., a tensile in-plane stress). In contrast, the 

positive strain in the out-of-plane direction was attributed to a compressive in-plane stress. The residual 

stress in the x-direction (𝜎𝑥), calculated according to Eq. (15) for the ZrN coatings, is illustrated in 

Figure 36. It was found that the obtained residual stress of the ZrN coatings changed from ⎼2.1 to 0.3 

GPa depending on the coating thickness. The residual compressive stress was relaxed up to 0.5 μm 

thickness, and a nearly neutral stress state was exhibited for the coatings with a thickness greater than 

0.5 μm.  
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 Discussion  

 

3.2.1. Microstructural evolution trends of the as-fabricated ZrN coating during growth 

 

The EDS mapping (Figure 23) and XRD pattern (Figure 31) confirms that the as-deposited 

coatings ZrN single phase without other unexpected phases (e.g., Zr, ZrO2, Zr3N4) were successfully 

deposited under the chosen deposition conditions (Table 6).  

It is well known that coating microstructure is determined by the deposition method and 

deposition parameters such as applied power, substrate temperature, deposition chamber pressure, 

working gas type, incidence angle of sputtered atoms/molecules, and distance between target and 

substrate. Consequently, they also affect the microstructure-dependent properties (e.g., chemical, 

thermal, and mechanical properties, residual stress) and functional performances (e.g., barrier capability, 

corrosion resistance, permeation rate of fission gases, fracture resistance) of the corresponding coating 

[62, 69, 105–111].  

Typically, sputtered coatings exhibit a fine-columnar structure consisting of nano-sized 

crystallites because of the limited mobility of adatoms (i.e., movable atoms or molecules arriving at the 

substrate surface) due to the low deposition temperature (normally, ~300°C). According to Thornton’s 

structure zone model (SZM) [70], the sputtered coatings deposited at low temperatures (Th < 0.3; where 

Th is the ratio of the melting point of a coating material to the deposition temperature) show Zone I 

structure or Zone T structure depending on the Ar working pressure. The SZM is a practical guideline 

to categorize the morphology of magnetron-sputtered coatings as a function of Th and working pressure 

(P). The deposition condition of the ZrN coating in this study (i.e., Th = 0.16, P = 2 mTorr) lies in the 

deposition environment of the Zone T structure (i.e., Th < 0.3, P < 10 mTorr).  

At this deposition condition, the most effective diffusion-mechanism is surface diffusion for 

adatoms, and hence thermodynamically-stable grains mainly grow by trapping the relatively unstable 

neighboring grains during deposition, which is referred to as “competitive grain-growth” or “grain 

coalescence” [112–117]. Thermodynamically, the grain-growth naturally occurs by interatomic forces 

to decrease the total free-surface energy (or grain-boundary energy) of the coating system until the local 

grain size develops sufficiently and the grain boundaries are immovable [90]. During the competitive-

growth of coatings with Zone T structure, the coating microstructure grown for a certain duration is 

various relying on the coating evolution level (i.e., the coating thickness). Consequently, Zone T 

structure shows a continuous change in the coating microstructure characterized with surface and cross-

sectional morphology, texture, and grain size, and hence residual macroscopic stress during growth. 

consequently the coatings with Zone T structure generally exhibit a continuous change in the 

morphology, grain size, texture, surface topography, and so stress state during the coating growth [90].  
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Geometrically, energetically-favourable grains grow fast by capturing neighbouring adatoms is 

expected to form V-formed grains and grain columns (a grain column is a bundle of grains) where the 

grain-width increases proportionally with the coating thickness. This is in good accordance with the 

SEM examination results (Figure 27 and Figure 28) and the obtained grain-size trend (Figure 35) of the 

ZrN coatings. As seen in Figure 28, the coating grains also showed a V-shaped configuration with 

monotonically increasing column-dome size in proportion to the coating thickness. Since the grain-

growth of the coating proceeded thermodynamically during deposition under the employed deposition 

conditions, the grain size was expected to be proportional to the time elapsed for grain-growth (i.e., 

deposition time), and thus the coating thickness [125]. The grain size of the ZrN coatings prepared in 

this study increased from 2 to 6 nm as the coating thickness increased from 0.2 to 2.6 μm. This 

proportional relationship of the grain size and coating thickness was in good accordance with the 

experimental results of non-reactively sputtered ZrN coatings by Huang et al. [126]. These authors 

deposited ZrN coatings on a Si substrate by an ion plating machine under certain deposition conditions 

(Ar environment of 1–2 Torr pressure, negative substrate bias voltage of – 60 V, and gun power of 6 

kW). The ZrN coating showed an increased in the grain size from 11 to 17 nm, as the coating thickness 

increased from 0.16 to 0.99 μm thickness [126].  

As can be seen in the surface topography of the ZrN coatings (Figure 28), the column-boundary 

gap (i.e., open void between columns) size, as well as the column-dome size, mostly increased with the 

increasing coating thickness. The first coating that allowed analysis was 0.8 μm thickness. When the 

coating thickness was either less or equal to 0.5 μm, the SEM BSE image did not reveal any coating 

columns separated by column boundaries, probably because of their fine dense structure without any 

detectable column boundaries. At the critical thickness of 0.8 μm, it was suggested that the coating 

columns had developed a sufficient size (i.e., length and width) so as to cause the atomic shadowing 

effect, which refers to the flux of the sputtering material being blocked by already-grown coating 

columns during deposition. The blocked area is inhibited from coating growth, and eventually remains 

an open void surrounded by columns blocking the sputtering flux. It is worth noting that the U-7Mo 

powder substrate, with its convex curved surface, enhanced the atomic shadowing effect by decreasing 

the incident angle of sputtered atoms, and was consequently more likely to form intercolumnar voids 

under the deposition condition of the sputtering machine where the adatoms had limited mobility. 

Additionally, it was expected that the column-induced shadowed region, where coating growth was 

suppressed, would increase in proportion to the column size. Thus, in the case of the ZrN coatings 

consisting of V-shaped columns, the growth-suppressed region, i.e., column-boundary gap, and hence 

the roughness was proportional to the coating thickness. The surface image analysis of the ZrN coatings 

(Figure 28) revealed that the columns appeared as the long sharp V-shaped form distinguished by the 

column-boundary gaps starting from 0.8 μm coating thickness. The non-reactively sputtered ZrN 
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coatings prepared in this study exhibited similar morphological characteristics as that of the reactively-

sputtered ZrN coating [127]. The TEM transverse cross-sectional image analysis revealed that the 

reactively-sputtered ZrN coatings of thickness greater than 0.2 μm exhibited a V-shaped columnar 

structure composed of very fine (diameter of tens of nanometers) grains, and sharp V-shaped columnar-

boundary gaps [127]. 

Another thickness-dependent morphological change observed for the ZrN coating was the 

appearance of unique defects such as hillock, crater, and pinhole. As presented in Figure 28, the defects 

were suddenly detected over the surface of the coatings with thickness over 0.5 μm. For sputtered 

coatings, the defect formation during deposition is inherently hard to prevent. Hillock is a micron-sized 

cauliflower-like defect protruded over coating. It is known that a hillock is a relaxation form of the 

induced highly compressive macrostress in the coating’s in-plane direction (i.e., the direction 

perpendicular to coating growth direction). Typically, a sputtered coating tends to possess a 

compressive macroscopic stress due to the accumulation of lattice defects created by the collisions of 

high-energy Ar ions with growing-coating’s surface during deposition. If the compressive macroscopic 

stress over coating exceeds a certain level, mass transfer of coating material starts along grain 

boundaries by surface diffusion mechanism in the out-of-plane direction of coating (i.e., coating growth 

direction), leading to generation of extruded hillock. In addition, the hillock weakly joining with 

adjacent grain-columns easily fall off from coating, and thus is likely to create an undesired micron-

scale hole called “crater” (i.e., hillock-spalled form). The other defect, pinhole, is generated by the 

attachment of floating foreign materials called impurities on the surface of substrate and/or growing 

coating during deposition. The impurity physically affixed on substrate and growing coating with a 

weak adhesion strength is likely to be separated from the coating column on the impurity. The separated 

region becomes a fine-column-formed nanometer-scale open void. Based on their generation 

mechanisms mentioned above, the formation possibility of these defects is expected to rise with 

increasing the deposition time and hence coating thickness.  

As presented in Figure 31 and Figure 32, the ZrN coatings showed a slight change in texture 

with increasing the coating thickness. The (200) crystal plane was remarkably dominant for the first 0.1 

μm coating thickness, and a similar orientation distribution with nearly random orientations (or weakly 

textured structure) was confirmed thereafter. From the almost consistent texture of the thick coatings 

(excluding the 0.1 μm-thick ZrN coating), it was evident that the ZrN coating on the U-7Mo powder 

substrate had a quite stable growth pattern in spite of the high lattice mismatch between the ZrN coating 

and U-Mo substrate. Additionally, the weak textured structure of the coatings having a thickness greater 

than 0.1 μm indicated that the orientation selection during grain coarsening was incomplete under the 

chosen deposition conditions. The strongest peak (i.e., predominant orientation) among ZrN 

crystallographic planes changed from (002) to (111) diffraction plane as the coating thickness exceeded 
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0.1 μm. Generally, the texture of a coating changes toward diminishing the total energy of the 

coating/substrate system. According to the texture development models based on thermodynamics [113], 

[114], it is expected that the ZrN coating with NaCl structure would initially exhibit (002) as the 

dominant orientation with the lowest surface energy [128], and then evolve toward (111) orientation as 

the coating thickness increased. This texture change can be explained with the development of intrinsic 

stress. In a high intrinsic stress state, the coating growth with (111) plane is thermodynamically 

favorable because the elastic potential energy of NaCl-structured coatings is the lowest in the [111] 

direction [129].    
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3.2.2. Influence of residual stress on the structural integrity of ZrN coating 

 

The residual stresses of the ZrN coatings (Table 7 and Figure 36), which lay in the range of ⎼ 

2.1 to 0.3 GPa, were dependent on the coating thicknesses. The initial compressive residual stress 

decreased to a nearly neutral stress state for the coating with up to 0.5 μm thickness, and thereafter, the 

neutral stress was seemingly sustained. 

The residual stress of the as-fabricated ZrN coatings is closely associated with the 

microstructural evolution through a series of growth steps that include nucleation, island growth, island 

coalescing, and coating growth. Each of these growth steps produces either compressive or tensile 

stresses with various magnitudes. Compressive residual stresses typically originate from atomic 

displacement and densification. The atomic peening mechanism occurring in sputtering systems 

generates local compressive stresses over the coating [115, 122–129]. Atomic peening is the 

phenomenon that leads to a locally distorted lattice structure because of the striking of working gas 

atoms and sputtered atoms with high bombardment energy onto the growing coating surface. 

Compressive stresses are produced as a consequence of the bombardment-induced damages giving rise 

to the densification of grains [134] and grain boundaries [123]. A high-vacuum deposition environment 

(i.e., low working pressure) increases the bombarding energy of the sputtered coating material and 

produces compressive residual stress over the resultant coating [127, 129].  

Additionally, adatom diffusion also induces compressive stress by the combination of two 

mechanisms, i.e., the incorporation of supersaturated adatoms into grain boundaries where the atomic 

packing density is relatively low, and the resulting volume shrink [122, 123, 130]. From the view of 

thermodynamics, these two mechanisms are naturally driven to decrease the free-surface (grain 

boundary) after complete closing all the gaps between the neighboring islands. The formation energy 

of an adatom on the coating surface is greater than that in the self-interstitial position of the grain 

boundary. The migration of the excess sputtered adatoms into the grain boundaries occurs only under 

the high-mobility conditions for adatoms such as high deposition temperature, negative substrate 

biasing, low working pressure, and high applied-voltage. These high-mobile conditions for adatoms 

promote the structural change from a disordered low-density structure to an ordered high-density 

structure (i.e., densification or subsequent volume shrink), which is accompanied by the slight 

enhancement of compressive stress.  

On the other hand, the intercolumnar voids formed at higher film thicknesses by the atomic 

shadowing effect generate a tensile stress by exerting the interatomic attractive force. Regarding the 

influence of a void on internal stress, transition metal nitrides (i.e., ZrN, TiN, and TiZrN) deposited by 

DC unbalanced magnetron reactive sputtering have been empirically researched by Abadias and Guerin 
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[139]. These authors found that the intercolumnar void leads to higher tensile stress with increasing 

coating thickness, and a compressive-to-tensile stress transition occurs at a specific coating thickness 

[139]. In addition, Proost and Spaepen have reported that voids relax the aluminium compressive 

growth-stress during electron-beam evaporation deposition on Si and sapphire substrates in the 

temperature range of 170–400ºC [140].  

It has been suggested that the internal stress is determined by three kinetically competing 

mechanisms for stress formation, namely, atomic peening effect and excessive adatom diffusion into 

grain boundaries that lead to compressive stress, and void formation that causes tensile stress mainly at 

high thickness regions. The thickness-dependent residual stress change of the ZrN coatings in this 

chapter (Figure 36) can be explained as follows. For dense inner coatings (0.1–0.2 μm thickness), 

compressive stress is generated mainly because of coating densification by bombardment-induced 

damages (i.e., atomic-peening effect) and the diffusion of excessive adatoms into the grain boundaries. 

As the coating thickness increased from 0.1 to 0.5 μm, relaxation of compressive stress occurred. This 

may be because of the suppression of adatom diffusion toward grain boundaries, resulting from the 

existing compressive stress and the resulting increased chemical-potential at the grain boundaries. 

Moreover, the formed intercolumnar porosity from 0.8 μm thickness (Figure 26) enhances the relaxation 

of compressive stress.  

In mechanical engineering coating design, the developed residual stress should be considered to 

ensure the structural reliability of the coating during deposition and post-deposition processes (e.g., 

manufacturing, service time). The coating will fail if its stress, i.e., the sum of internal stresses or 

residual stress and external stress, exceeds its yield strength. Thus, the residual stress produced during 

the deposition of a coating is a key factor that determines its structural integrity during the post-

deposition processes. 

Moreover, depending on the sign, magnitude, and through-thickness distribution of the residual 

stress over coating, the coating can fail even during deposition. As can be seen in Figure 26, the ZrN 

coating deposited for 25 h showed an interlaminar-delamination behavior even though no artificial 

external stress was applied to the coating. Thus, the delamination was likely triggered by the residual 

in-plane stress in the coating. Generally, delamination is followed by the buckling induced by excessive 

compressive residual stress working in the in-plane direction. The generated local delamination can 

propagate along the plane parallel to the substrate surface, that is, coating/substrate interface or 

interlaminar plane, which is determined by the propagated plane. Uniform compressive stress beyond 

adhesion strength induces the delamination propagation into the interface of substrate and coating, 

whereas the non-uniform tensile stress causes interlaminar delamination because of interlaminar shear 

stress (i.e., the variation of residual in-plane stress) exceeding the interlaminar shear strength. As 

column-boundary gaps were observed over the delaminated ZrN coating surface as can be seen in Figure 
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26, it can be suggested that the interlaminar delamination occurred along the coating plane at least 0.8 

μm away from the substrate surface, based on the images of the coating surface (Figure 28). Therefore, 

considering the measured residual stress evolution (Figure 36) together with the predicted delaminated 

plane (at least 0.8 μm from the substrate surface) of the ZrN coating, it is suspected that the interlaminar 

delamination was produced by the interlaminar shear stress along the coating plane at a distance of 2.2 

μm from the substrate surface. With respect to the coating plane, the outer-coating layer had a 

compressive stress, whereas the inner-coating layer possesses a tensile stress. Consequently, the outer 

layer was buckled and then delaminated because of interlaminar shear stress exceeding the interlaminar 

shear strength. This delamination phenomenon limited the thickness of the ZrN coating that can be 

deposited. The ZrN non-reactive sputtered coating in this study can be deposited is 2.2 μm.  
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3.2.3. Optimum thickness of ZrN coating based on the analyzed microstructure  

 

It is well known that coating microstructure determines the properties and functional 

performance including diffusion barrier ability. As already mentioned, the ZrN coating with the Zone 

T structure prepared in this study showed a continuous microstructural change depending on the coating 

thickness. Therefore, I attempted to assess the ideal ZrN coating thickness that would exhibit the 

greatest diffusion barrier capability based on the observed structural characteristics of the coatings.  

The most important condition for good barrier performance is that the ZrN coating must have a 

microstructure without any macroscopic defects (e.g., crater, hillock, column boundary gap, pinhole, 

etc.), large grains (i.e., low grain boundary density), and narrow lattice spacing (i.e., compacted d-

spacing). The macroscopic defects and grain boundary can facilitate material diffusion by allowing 

surface diffusion and grain boundary diffusion of solid materials, respectively. In addition, the lattice 

spacing of the diffusion barrier coatings is inversely proportional to the activation energy for the volume 

diffusion of materials. Thus, a larger lattice spacing implies lower diffusion barrier performance.  

In the present study, various macro-/mesoscopic defects appeared over the surface of the ZrN 

coatings with a thickness greater than 0.5 μm (Figure 28), which was also identified in our previous 

research [62]. As the grain size of the ZrN coating increased with the increasing thickness (Figure 35), 

the density of the grain boundary was decreased. Additionally, the lattice spacing (i.e., lattice constant) 

decreased to the lowest value of 4.5247 Å  up to an initial thickness of 0.2 μm, increasing sharply up to 

the coating thickness of 1.0 μm, and then slightly decreased afterwards (Figure 33). The rate of diffusion 

into and through a material increases in the order bulk diffusion < grain boundary diffusion < surface 

diffusion. Thus, judging the diffusion barrier capacity of the ZrN coating based on its microstructure, it 

would seem that the 2.6 μm-thick coating with the largest grain size and lowest grain boundary density 

was the best in spite of the relatively large lattice spacing and macroscopic defects appearing over the 

coating thickness range of 0.5–2.6 μm. 

However, in order to properly function as a diffusion barrier, the ZrN coating should be 

structurally intact during the post-deposition processing (i.e., dispersion-fuel-plate fabrication). 

Generally, a dispersion fuel plate is fabricated through a sequence of steps including compacting, 

assembling, welding, hot-rolling, blister test, cold-rolling, trimming, and inspecting. These processes 

can damage the coating on the U-Mo powders because mechanical or thermal external forces are applied. 

Moreover, fracture behavior of coatings is generally dependent on coating thickness itself and 

thickness-dependent coating microstructure which significantly affect the mechanical properties, 

including fracture strength. It has been demonstrated by experiment and finite element simulation in 

our previous study [62] that the fracture behavior of non-reactively sputtered ZrN coating on U-7Mo 



73 

 

powders relies on the coating thickness at 500°C (i.e., a typical heat-treatment temperature of fuel 

fabrication), where a tensile thermal in-plane stress is motivated in the coating because the annealing 

temperature is higher than the deposition temperature (250°C) and the thermal expansion coefficient of 

the coating is lower than that of the U-7Mo substrate. The simulation results indicated that the ZrN 

coatings of thicknesses 740 and 731 nm respectively for 45 and 90 μm-sized U-7Mo powders were 

vertically cracked through the whole coating thickness (called through-thickness cracking) at 500°C, 

which was in good agreement with the corresponding experimental results. It was supposed that the 

through-thickness cracking was triggered by crack propagation from the surface crack generated in the 

porous outer coating layer starting from the 0.5 μm coating thickness. Normally, the porous outer 

coating layer with macroscopic defects is easily fractured as compared to the dense inner coating layer 

owing to its low packing density, which leads to the degradation of its fracture resistance. The resulting 

surface crack through the porous outer-layer can trigger through-thickness cracking by working as a 

crack tip where induced-stresses are concentrated. From the above thermal cracking result of the ZrN 

coating, it can be concluded that the porous outer-layer starting from the 0.5 μm coating thickness 

facilitates the through-thickness cracking during the fabrication processes of dispersion fuel plates.  

The produced through-thickness cracks as well as the macroscopic defects significantly shorten 

the life time of the corresponding diffusion barrier coating by activating the surface diffusion 

mechanism of the materials. Generally, the diffusivity from the surface via the through-thickness crack 

is several orders of magnitude higher than the diffusivities corresponding to volume diffusion and grain 

boundary diffusion through the intact dense coating structure. The image analysis results of a heavy ion 

irradiation test [60] and an irradiation test [36] showed that a partial of the 1 μm-thick reactively-

sputtered ZrN coatings in as-fabricated dispersion fuel plate samples were damaged locally, which was 

verified by an abnormally huge local IL at the interface of the U-Mo powder and Al matrix. The PIE 

results of the irradiated sample showed a massive IL with an “erupting volcano” shape in the fuel region 

irradiated by up to 5.2×1021 fissions/cm3 [36]. It was speculated that through-thickness cracking of the 

ZrN coating had occurred during manufacture [37, 57].  

There are three main diffusion mechanisms, namely, solution diffusion, Knudsen diffusion, and 

molecular diffusion, by which gases pass through porous solids depending on the pore size of the porous 

solids. Solution diffusion commonly takes place in the macroporous structure and the permeating gases 

diffuse through the macroscopic pores in a similar manner to the surface diffusion of a solid. In the case 

of a mesoporous structure with long pores that are 2–50 nm in diameter, Knudsen diffusion is prominent 

[141]. On the other hand, molecular diffusion primarily takes place in a microporous structure with 

small capillary pores of <2 nm diameter [142]. The kinetics of gas penetration increase in the order 

solution diffusion < Knudsen diffusion < molecular diffusion. On comparison of the sizes of the 

observed defects of the ZrN coatings, the crater is equivalent to the macropore, the pinhole and the 
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column-boundary gap are correlated to the mesopore, and the grain boundary can be considered as the 

micropore. The defects increase the gas penetration speed by allowing solution diffusion (crater), 

Knudsen diffusion (pinhole and the column-boundary gap), and molecular diffusion (grain boundary). 

It has been reported that the 1 μm-thick ZrN reactively-sputtered coating has a porous outer-layer with 

tens of nanometer-sized column-boundary gaps starting from the 0.2 μm coating thickness, and the 

porous outer-layer exhibits a much higher oxygen composition than the dense inner-layer [61]. Likewise, 

it can be expected that the through-thickness crack, which corresponds to a mesoscopic pore, also 

accelerates gas migration by acting as the most dominant gas path for the ZrN coating, and thus 

undesirably promotes the coating corrosion and the migration and coalescence of fission gases. The gas 

coalescence may accelerate the breakaway swelling of dispersion fuels.  

Therefore, the main limitation for the practical application of the non-reactively sputtered ZrN 

coating in U-Mo/Al dispersion fuels is the through-thickness cracking of the coating triggered by the 

porous outer-layer with a relatively low fracture resistance. From the SEM surface image of the ZrN 

coatings (Figure 28), it was concluded that the most suitable thickness for the ZrN coating was between 

0.2 and 0.5 μm, where the coating structure was dense without any macro-/mesoscopic defects. 

  



75 

 

Table 7. Summary of measured crystallographic properties of ZrN coatings. 

 

Deposition 

time 

 

Mean 

thickness 

 

Grain 

size 

 

Lattice 

strain 

 

I111/(I111+I200+I220+I311+I222) 

Lattice 

constant 

 

Calculated 

density 

 

Residual 

stress 

 

(h) (μm) (Å) (%)  (Å) (g/cm3) (GPa) 

1 0.1 66 0.23 0 4.5413 7.46 3.0 

2 0.2 18 0 0.31 4.5247 7.54 1.1 

4 0.5 27 0 0.41 4.5337 7.50 2.2 

7 0.8 36 0 0.38 4.5533 7.40 4.4 

10 1.0 30 0 0.39 4.5573 7.38 4.8 

15 2.2 43 0 0.36 4.5527 7.41 4.2 

25 2.6 64 0 0.43 4.5501 7.42 4.0 
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Figure 22. SEM BSE cross-sectional image of mean 2.2 μm-thick 

ZrN coating on a U-7Mo powder. 



77 

 

  

Figure 23. EDS mapping image of mean 2.2 μm-thick ZrN coating on a U-7Mo powder. 
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Figure 24. SEM BSE top view image of U-7Mo 

powders coated with a mean 2.2 μm-thick ZrN layer. 
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Figure 25. Plot of coating thickness against deposition time. 
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Figure 26. Top view SEM BSE image of a mean 2.6 μm-thick ZrN coating showing laminar 

spallation. 
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Figure 27. SEM BSE fractured cross-sectional image of a 2.7 μm-thick 

ZrN coating. 
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Figure 28. SEM BSE top-view images of mean (a) 0.1, (b) 0.2, (c) 0.5, (d) 0.8, (e) 2.2, and 

(f) 2.6 μm-thick ZrN coatings. 
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Figure 29. High magnification SEM BSE top-view image of 

a mean 2.6 μm-thick ZrN coating. 
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Figure 30. Defect types detected in SEM SE top-view image of mean 0.8 μm-thick ZrN coatings: 

(a) hillock and (b) pinhole & crater. 
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Figure 31. XRD profiles of U-7Mo powders deposited with ZrN coatings of different thicknesses. 
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Figure 32. Texture coefficient of ZrN coatings as a function of coating thickness. 
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Figure 33. Lattice constant and calculated density of ZrN coatings with different thicknesses. 
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Figure 34. Halder-Wagner plot with slope of Kλ/D and y-intercept of η2. 
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Figure 35. Grain size and lattice strain obtained by Halder-Wagner plotting. 
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Figure 36. Residual stress evolution of ZrN coatings. 
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 Effect of U-7Mo substrate size on thickness and microstructure 

of ZrN sputtered coatings 

 

For diffusion barrier coatings, their structural homogeneity properties is a required 

chararcteristic because the coating structure has a great effect on their structure-based properties 

including the fracture resistance and diffusion barrier performance. However, it was reported that ZrN 

coatings, deposited on U-7Mo powders with different sizes (normally, 45−90 μm) by a RF reactive 

magentron sputtering machine (called “STEPS & DRUMS”), showed a large variety of the coating 

thicknesses [62, 68, 75]. In the case of mean 1 μm-thick ZrN coatings, the coating thickness varied from 

2 to 4 times [62, 68, 75]. It was supposed that the coating thickness variation was attributed to the non-

uniform size of the U-7Mo substrate powders or a measurement error originating from the different 

observation planes for each the coated powder [68]. I identified by empirical researches that various 

sputtered coatings (e.g., Mo, Zr, Ti, and ZrN coatings) deposited on 45−90 μm U-7Mo powders showed 

various coating thicknesses depending on the U-7Mo powder size. Unfortunately, there is no existing 

study on the dependence of ZrN coating thickness on the U-7Mo substrate size. 

This chapter is aimed to investigate the dependence of ZrN coating microstructure on U-7Mo 

substrate size. As-fabricated ZrN coatings on U-7Mo powders of various sizes were examed in terms 

of the microstructural properties by using SEM, EDS, and XRD. Based on the examination results, the 

fracture resistance and diffusion barrier ability of the coatings were estimated. In addition, a new semi-

analytical model to predict ZrN coating thickness from the substrate size was established by sutdying 

the friction behavior of U-7Mo powders and the structure and coating deposition mechanisms of the 

used coating deposition machine. 

 

 Examination results of ZrN coatings 

 

4.1.1. Coating thickness  

 

A single layer of average 0.9 μm-thick ZrN coating was successfully deposited on 45−90 μm-

sized U-7Mo atomized-powders by a DC magnetron non-reactive sputtering machine. Figure 37 is the 

EDS mapping analysis results of the ZrN-coated U-7Mo powders. Zr-atom distribution in the EDS 

results identifies that the ZrN coating perfectly surrounds a U-7Mo powder with a homogenous 

thickness. On the other hand, nitrogen atoms of the ZrN coating layer were not noticed owing to a 

EDS’s detection limit (i.e., atomic number >11). As well as the EDS results, a uniform thicknesses of 

the ZrN coating over a U-7Mo powder was confirmed by the coating thicknesss measurements. Per the 

coated powder, the coating thickness was randomly measured at 4 points in SEM SE cross-sectional 
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images of ~2×104 magnification. The coating thicknesses measured in one coated powder was nearly 

the same. Their deviation was smaller than the measurement error (typically, <50 nm) of the used 

conventional SEM.  

However, as displayed in Figure 38, even though all the coatings had been deposited on the 

powders simultaneously, the ZrN coatings on the 45–90 μm-sized U-7Mo powders varied in thickness 

with the substrate powder size. Per specimen, its coating thickness was randomly measured 20 times at 

one site per the ZrN-coated U-7Mo powder in the cross-sectional SEM SE images of 2 × 104 

magnification. This high magnification permits the coating thickness’s accurate measurement with a 

high nanometer accuracy. But, it should be noted that the measured thicknesses is not the true 

thicknesses if the polished plane (i.e., observation plane) of a powder specimen does not intercept its 

equator. Accordingly, to minimize measurement errors caused by observation planes other than the 

equatorial plane, mounted ZrN-coated powders were polished until the cross-section sizes of the 

powders observed in the exposed plane were within a certain size range. In order to reach the equator 

of each 45, 53, 63, 75 and 90 μm-sized U-7Mo powder, the powders of < 45, 45−53, 53−63, 63−75, 

and 75−90 μm in size range were polished until the powders of the maximum size (i.e. 45, 53, 63, 75, 

and 90 μm, respectively) were seen in the polished plane. The powders of <45 μm were present in a 

very small quantity. As well as the coating thickness, the deposition rate, calculated by dividing the 

measured average coating thickness by the total deposition time, also depended on the substrate size. 

The thickness and deposition rate of the ZrN coatings increased as the substrate size increased. The 

measured average coating thickness of 90 μm-sized powders was approximately twice as thick as that 

of 45 μm-sized powders, which is in good accordance with the previously reported results [61, 81]. 

Keiser [61] observed that ZrN coatings with an average thickness of 1 μm, deposited on average 70 μm-

sized U-7Mo atomized powders by a RF magnetron non-reactive sputtering machine, exhibited a variety 

of thicknesses ranging from 0.8 to 1.5 μm.  

The coating thickness increase with the substrate size could be reconfirmed in the SEM BSE 

surficial images of Figure 39. Generally, BSE image analysis is a very useful analysis method that 

provides high-resolution compositional information of samples, since local points in a sample 

consisting of higher mean-atomic-number materials within a few micrometer depth appear relatively 

darker (lower intensity) in the BSE image. Therefore, in the case of ZrN (i.e., coating material) is lesser 

in mean-atomic-number than U-7Mo (i.e., substrate material), it can be predicted that larger powders 

showing darker color in the BSE image of Figure 39 have a relatively thicker coating layer. 

  



93 

 

4.1.2. Surface topology 

 

Figure 40 identifies that the ZrN coating’s morphological features notably change with the U-

7Mo substrate size. With increasing the substrate size, the grain column size, roughness, and the size 

and areal fraction of meso-/macroscopic defects of the ZrN coating increase, and hence the coating’s 

packing density decreases. As displayed in Figure 41, the density and area fraction of meso-

/macroscopic defects observed over the ZrN coating surface increased with increasing the U-7Mo 

substrate size. The quantitative values of the defects were obtained by measuring them in the 

corresponding coating’s SEM BSE top-view images using the ImageJ image analysis software.  

The change of all the coatings’s morphological features can be explicated as a consequence of 

evolution of the ZrN coating structure in the process of the coating growth. As already mentioned, the 

ZrN coatings in this chapter are theoretically predicted to be Zone T structure, which was 

experimentally identified as shown in Figure 40 and Figure 42. In addition, as explained in section 3.2.1, 

the formation possibility of these defects is expected to rise with increasing the deposition time and 

hence coating thickness.  

 

4.1.3. Crystallographic characteristics 

 

To invetigate crystallographic features of as-deposited ZrN coatings on U-7Mo powders with 

different sizes, the as-deposited powders of 45−90 μm size were divided into 4 size groups of 45−53, 

53−63, 63−75, and 75−90 μm by sufficiently sieving the 45−90 μm-sized powders for at least five 

minutes. Subsequently, each the size group were measured by a conventional XRD. Since conventional 

XRD normally has an analysis depth (i.e., penetration depth) normally in the range of 1 to 10 μm, that 

is, XRD can measure the entire ZrN coatings in the coating-thickness direction. However, it should be 

noted that XRD inherently provides only the nanometer-scale structure information of samples. 

As shown in Figure 43, all the ZrN XRD peaks were somewhat shifted to the smaller or larger 

2θ angle as the substrate size increased. According to Bragg’s law, a peak position is directly associated 

with the lattice constant (lattice parameter, crystal spacing, or d-spacing) of the corresponding 

crystallographic plane. Once the crystal spacing of a crystal plane become narrow or wide by its 

expansion or compaction, the 2θ angle position of the corresponding peak become shifted to a smaller 

or larger 2θ angle position than the standard position. Figure 44 presents that obtained lattice-constant 

of the ZrN coating reduces with increasing the substrate size. From the peak position change with the 

substrate size, it can be deduced that a compressive-to-tensile residual stress transition of the coating 

occurs.  



94 

 

As well as the 2θ angle position, the peak width of the ZrN coating also changed with the 

substrate size. As the substrate size increased, the width of all the ZrN peaks reduced, which is referred 

to as “peak sharpening”. The peak sharpening implies a rise in the crystallinity (degree of structural 

order) of corresponding crystal plane.  

According to Halder-Wagner method (Eq. (11)), peak width of XRD profile is governed only 

by grain size and microstrain [101, 102, 132]. The Halder-Wagner method is a reliable method if the 

grain size of samples is below 100 nm. The grain sizes and microstrains of the ZrN coatings calculated 

by utilizing Halder-Wagner method are displayed in Figure 45. The grain size of the coating increases 

as the U-7Mo substrate size increases. Generally, in the environment activating surface diffusion, grain 

growth is thermodynamically driven to decrease the free surface energy (called grain boundary free 

energy) of the coating system until the grain size increases enough to make the grain boundaries 

stationary. Actually, the ZrN coatings in this study exhibited that their average grain size is in proportion 

to their coating thickness, which is consistent with an earlier Volmer-Weber island growth model called 

cone-growth model and an experimental result by Aryal [144]. Aryal experimentally demonstrated that 

the grain size of Mo magnetron sputtered coatings continuously increased with increasing the coating 

thickness, irrespective of power source types of used deposition machines (RF and DC) [144]. Besides, 

with increasing the U-7Mo substrate size, the coating’s microstrain increased (Figure 45).  
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 Impacting factors for coating microstructure   

 

As an impact factor determining the microstructure of sputtered coatings, there are coating 

thickness [115, 133, 144–150], deposition rate [145, 147, 148, 151, 152], material, shape, and surface 

roughness of substrate [151–156], deposition temperature [147, 153, 157, 158], background gas [144, 

159], and substrate movement during deposition. These factors competitively influence the 

microstructure of sputtered coatings. In this research, the ZrN coating was various in the thickness and 

deposition rate depending on the U-7Mo substrate size. Thus, it can be guessed that the observed various 

microstructures of the ZrN coatings a consequence of their various coating thicknesses and deposition 

rates depending on the substrate size (0.55 to 1.17 μm for the coating thickness and 1.30 to 2.78 nm/min 

for the deposition rate). 

Many reports have experimentally revealed that the thickness of sputtered coatings is 

meaningfully influential on their structural characteristics [115, 133, 144–150]. Huang et al. [126] 

investigated ZrN coatings with various thicknesses of 0.16⎼0.99 μm deposited by an ion plating 

machine on Si substrates. As the coating thickness increased, some microstructural changes of the ZrN 

coating were observed; an increase in lattice constant, the surface roughness, and grain size, and a 

reduction in the packing density and residual compressive stress. When comparing our results with the 

results of Aryal and Huang et al., the microstructural-evolution trends our results are in excellent 

agreement with the corresponding reference results. However, a disagreement of the coating’s lattice 

constant evolution trend between our result and the corresponding reference were found.  

The other impact factor for the microstructure of the ZrN coating, deposition rate, can also affect 

the microstructure of sputtered coatings. It has been experimentally demonstrated that sputtered 

coatings show an increase in the roughness, grain size, and crystallinity with increasing the deposition 

rate [162, 163]. Kashyout [162] evaluated the influence of deposition rate on the microstructure of Mo 

coating deposited by a magnetron sputtering machine. As the deposition rate of the Mo coating 

increased, its grain size notably increased. Chen et al. [163] investigated the effect of deposition rate on 

the microstructure of Ti sputtered coatings deposited on Si substrates. As the deposition rate increase 

from 3 to 87.6 nm/min, the roughness, crystallinity, and grain size slightly increased. Likewise, the 

microstructural-change trends as a function of the two impact factors (coating thickness and deposition 

rate) are generally consistent with our results.  
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 Effect of structure on the diffusion barrier capability of ZrN coating 

 

As already noted, ideal diffusion barrier coatings require a uniform in the thickness and 

microstructure [71]. According to Eq. (11) of ‘𝑥 = √D𝑡2’ (where 𝑥, and t are the thickness, and lifetime 

of a diffusion barrier coating, respectively, and D is the diffusivity of a passing material through the 

coating.), the lifetime (𝑡) of a diffusion barrier coating is linear to the coating thickness (𝑥). For the ZrN 

coating in this chapter, the coating of 45 μm-sized U-7Mo powders with a thickness of one half of the 

coating of 90 μm-sized U-7Mo powders theoretically exhibits the functional failure two times faster 

when assuming that the diffusivity (D) is constant. Conversely speaking, only near the thin ZrN coating 

on small U-7Mo powders, an IL between U-7Mo powder and an Al matrix can be formed unexpectedly 

early.  

Additionally, the diffusivity (D), which is the other determinant factor for the lifetime of a 

diffusion barrier coating (𝑡), is determined by the coating microstructure. To achieve a low D for the 

high diffusion-barrier-capability of diffusion barrier coating, they need a dense structure without any 

macroscopic defects acclerating the diffusion of solid materials in the coating. The ZrN coating in this 

research exhibited that all the coatings excluding the coating of 45 μm-sized U-7Mo powders possessed 

macroscopic defects (e,g, crater, pinhole, and columnar boundary) over the coating. These defects, 

working as a high diffusivity path for solid atoms, considerably degrades the diffusion barrier 

performance of the coating. Moreover, the defects can cause to newly generate a high-diffusivity path 

(that is, the coating crack) for solid materials by acting as a crack tip and/or reducing the coating’s 

compacting density and hence facture resistance. 

Therefore, to improve the reliability and effectiveness of the ZrN coating in a U-7Mo/Al system, 

improvement of the coating’s structural uniformity and a dense ZrN coating layer without macroscopic 

defects are required. It is predicted that the structural uniformity of the coating can be increased by 

using a more narrow size-range of U-7Mo substrate powders. In addition, a dense ZrN coating layer 

that does not include macroscopic defects can be obtained by further optimizing the deposition 

parameters and/or limiting the coating thickness less than the “critical thickness” in which the defects 

begin to be observed.  
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 Established semi-analytical model describing ZrN coating thickness as a function of U-7Mo 

substrate size 

 

On the basis of an existing experimental-based model for sputtering yield’s angular distribution 

[163–165], a semi-analytical model representing the thickness of the as-deposited ZrN coating layers 

as a function of the U-7Mo substrate size has been newly established by pondering the geometry and 

working principle of the used deposition machine and the friction phenomenon of the U-7Mo substrates 

inside the rotary drum equipped in the deposition machine.  

Figure 37, Figure 38, and Figure 39 shows that the as-deposited ZrN coatings exhibited a 

uniform thickness over a U-7Mo powder, however, the coating thickness was different depending on 

the substrate size. The used U-7Mo powders in the 45−90 μm size range showed various size ranges: 

53−63, 63−75, and 75−90 μm of ~30 wt.%, respectively, and 45−53 μm of ~7.5 wt.%. By sieving the 

45−90 μm sized U-7Mo powders of 100 g, the powder size distribution was gained. Excluding the size, 

their other characteristics of the U-7Mo substrate powders such as surface roughness, morphology, and 

chemical composition were the same. However, all the U-7Mo powders showed the same shape (i.e., 

nearly-perfect spherical shape) and surface morphology (i.e., a mixed surface of smooth, pitted, and 

wrinkled surfaces). Moreover, the XRD phase analysis result of Figure 43 shows that all the U-7Mo 

powders also possess the same composition: γ-U(Mo) containing a small quantity of other phases such 

as UO2 and UC. 

At first, during the coating deposition, the position and movement of the substrate powders 

inside the rotary drum equipped in the used coating machine (Figure 16) were confirmed. The powders 

are predicted to roll down in the rotary drum because rolling down tend to occur rather than sliding 

down. Therefore, the sliding movement of the U-7Mo powders in the rotary drum can be negligible for 

simplification. Accordingly, a U-7Mo powder in the rotary drum can be theoretically assumed to roll 

down consistently at the fixed location where the rolling friction (𝐹𝑟) is equal to the gravitational force 

(mg ∙ sinα) (Figure 46), which can be expresesed as follows:  

 

 𝑚𝑔 sin α =  𝐹𝑟 (16) 

     

with          𝐹𝑟  =  
𝑏

𝑟
 𝑁 =  

𝑏

𝑟
 𝑚𝑔 cos 𝛼 

 

where m is the mass of a U-7Mo powder, g is the gravitational acceleration (i.e., 9.8 m/s2), α is the angle 

in-between the target and powder, Fr is the induced rolling-friction, N is the normal force at the location 

where the powder rolls down, b is the coefficient of rolling friction, and 𝑟 is the radius of U-7Mo 
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powder. It was assumed that the rolling powder in the force equilibrium state. Eq. (16) can be converted 

into a simplified equation as follows:  

 

 cot α =  
𝐷

2𝑏 
 (17) 

   

where D corresponds to the diameter of a U-7Mo powder in μm. Due to the observed nearly-spherical 

shape of the U-7Mo powders and the negligible thickness of the ZrN coatings compared to the substrate 

size, the diameter of the coatings can be assumed to be the same with the powder size. Additionally, the 

b determined by the surface conditions of the powder and the drum was presumed to be the same for 

the coated and non-coated U-7Mo powders because it was experimentally confirmed that the 45−90 μm 

sized U-7Mo powders of 50 g rolled down at an almost same position whether the powders were coated 

or not. Moreover, it was also empirically confirmed that the U-7Mo powders of 50 g were rolled down 

at an almost fixed position irrespective of the drum speed in the range of 4⎼8 revolutions per minute. 

Besides, when pondering the geometrical configuration of the coating machine utilized in this 

research (Figure 46), the emission angle of coating vapors, θ, can be represented as a function of α angle 

by utilizing the following trigonometric formulas:  

 

 𝑑 =  
𝑅 ∙ 𝑠𝑖𝑛𝛼

sin(𝜋 − 𝜃)
=  

𝑅 ∙ 𝑠𝑖𝑛𝛼

sin 𝜃
 (18) 

 

 𝑑2 =  ℎ2 + 𝑅2 − 2Rh ∙ cosα (19) 

     

where h is the distance from the target to drum center of the used coating machine.  

The following equation can be achieved by substituting Eq. (18) into Eq. (19),: 

 

 𝜃 = arcsin (√
𝑅2 ∙ 𝑠𝑖𝑛2𝛼

ℎ2 + 𝑅2 − 2𝑅ℎ ∙ 𝑐𝑜𝑠𝛼
 ) (20) 
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By utilizing the known geometries of the coating machine (h = 9 cm, R = 17 cm), θ angle can 

be expressed as: 

 

 𝜃 = 𝑎𝑟𝑐𝑠𝑖𝑛 (√
676 ∙ 𝑠𝑖𝑛2𝛼

757 − 486 ∙ 𝑐𝑜𝑠𝛼
 ) (21) 

 

It has been revealed by experiments [163–165] and a simulation [174] that sputtered atom’s 

angular distribution, Y(θ), expressing the sputtering yield of target material as a function of angular 

emission angle, is fitted well to a cosine power law expressed as:  

 

 𝑌(𝜃) = 𝑌𝑚𝑎𝑥 ∙ 𝑐𝑜𝑠𝑛𝜃 (22) 

 

where Ymax is the greatest sputtering yield at θ = 0° in no dimension, θ is the emission angle of coating 

materials ejected from the target, n is the dimensionless fitting parameter relying on the deposition 

parameters such as power source, applied power, type and flux of working gas, substrate movement, 

and target-to-substrate distance. It was revealed that the empirical results of silicon and germanium 

sputtered coatings was well fitted to Eq. (22) [163, 164]. Based on the deposition process of sputtered 

systems, thecoating thickness’s angular distribution is predicted to follow a cosine power law in the 

case that the deposition condition is same in regard with all the 𝜃 angles. Indeed, it was experimentally 

revealed that the coating-thickness’s angular distribution of aluminum, copper, lead, and platinum 

magnetron sputtered coatings followed a cosine power function [175].  

Excluding the emission angle at the location of the U-7Mo powders, it can be supposed that 

there are several deposition parameters influencing their resulting coating thickness of coatings based 

on the deposition mechanism and geometry (Figure 46) of the used coating machine as follows: 1) the 

pile-up behavior of U-7Mo powders inside the drum; 2) the spatial deposition environment of chamber; 

3) the incident angle of sputtered target-atom flux; and 4) the dynamics of the U-7Mo powders. In the 

respect with all the 𝜃 angle, these factors are the same or very similar, hence they can be negligible. 
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Accordingly, because the powder rolling position in the drum can be assumed to depend solely 

on the powder size, the thickness distribution T(θ) of the as-deposited ZrN coating in this chapter is 

governed mojorly by the sputtering yield (Eq. (22)), and thus follows a cosine function as describes 

below: 

 

 𝑇(𝜃) = 𝑇𝑚𝑎𝑥 ∙ 𝑐𝑜𝑠𝑛𝜃 (23) 

 

where 𝑇𝑚𝑎𝑥 is the greatest thickness of the ZrN coating at θ = 0°. As shown in Figure 48, the measured 

values (marked as points in the graph) of the ZrN coating fits well to Eq.(23). From the fitting, n and 

𝑇𝑚𝑎𝑥 were obtained as 4.86 and 1.63 μm, respectively. 

Finally, by substituting Eqs. (17) and (21) into Eq. (23), the the ZrN coating’s thickness can be 

expressed as a function of the U-7Mo diameter, 𝐷, as follows: 

 

 𝑇(𝜃) = 𝑇𝑚𝑎𝑥 ∙ 𝑐𝑜𝑠𝑛 (arcsin (√
676 ∙ 𝑠𝑖𝑛2𝛼

757 − 486 ∙ 𝑐𝑜𝑠𝛼
 )) (24) 

with           α = arctan (
21.0

𝐷
)                              

 

where n is 4.86 and Tmax is 1.63 μm.  
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Figure 37. Cross-sectional EDS mapping images of a ZrN-coated U-7Mo powder [63]. 
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Figure 38. Measured thickness and deposition rate of ZrN coatings on U-7Mo powders of various 

sizes [63]. 
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Figure 39. SEM BSE top-view image of 45−90 μm-sized U-7Mo powders coated with a ZrN single 

layer [63]. 
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Figure 40. SEM BSE top-view micrographs of ZrN coatings on different sizes of U-

7Mo powders: (a) 0.55 μm-thick coating for 45 μm-diameter U-7Mo powders, (b) 

0.80 μm for 53 μm, (c) 0.88 μm for 63 μm, (d) 1.10 μm for 75 μm and (e) 1.17 μm for 

90 μm [63]. 
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Figure 41. Measured density and total area fraction of surface defects formed in ZrN coatings 

[63]. 
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Figure 42. SEM BSE fractured cross-sectional micrograph (left) and schematic cross-section 

(right) of a 3.8 μm-thick ZrN coating layer on a U-7Mo powder [62]. In the schematic, (a) 0.55 

μm-thick coating for 45 μm-diameter U-7Mo powders, (b) 0.80 μm for 53 μm, (c) 0.88 μm for 63 

μm, (d) 1.10 μm for 75 μm and (e) 1.17 μm for 90 μm are displayed [63]. 
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Figure 43. XRD patterns of ZrN-coated U-7Mo powders as a function of the powder size [63]. 
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Figure 44. Lattice constants of ZrN coatings on U-7Mo powders of various sizes [63]. 
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Figure 45. Grain size and microstrain of ZrN coatings on U-7Mo powders of different sizes [63]. 
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Figure 46. Forces acting on a U-7Mo powder which are displayed in a schematic diagram of the 

used coating machine [63]. 
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Figure 47. Linear plot of measured cot𝛼 values (represented by individual data points) versus U-

7Mo powder diameter [63]. 
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Figure 48. Fitting the measured values for ZrN coatings to the cosine power law of Eq. (23) [63]. 

  



113 

 

 Effect of coating thickness, U-Mo substrate size, and annealing 

temperature on structural failure of ZrN coating on U-Mo 

powders at a high post-deposition processing temperature  

 

In this chapter, I focused on exprimentally and numerically estimating the structural integrity of 

a ZrN coating layer at high processing temperature of multiple heat-treatments of dispersion fuel plate 

manufacturing. It should be noted that a portion of ZrN coating must experience the loss of structural 

integrity by other stress sources such as compacting pressure (~60 ton for full-sized dispersion fuel 

plates) and rolling pressure, but no data is available to quantify the fracture of the ZrN coating by 

compaction and rolling processes. Thus, this chapter is designed to investigate the possibility of 

mechanical failure of ZrN coating during the heaeting processes as a preliminary study based on the 

coating microstructure. For two different size of U-7Mo fuel powders, a ZrN single layer with diffrent 

thicknesses was deposited for the parametric studies to check the relationship between the 

microstructure and structural integrity of the ZrN coatings at a certain temperature.  

 

 Characterization of as-deposited ZrN coatings with different thicknesses 

 

5.1.1. Morphology 

 

The as-fabricated ZrN coating on the U-7Mo powders was examined by SEM and EDS. As 

displayed in Figure 49, it was reviewed that almost the powders were surrouded by a ZrN single coating 

layer with a uniform thickness. In addition, it was found that the U-7Mo powders used in this study 

were almost spherical which implies that their size is identical to their diameter. However, each the ZrN 

coating exhibited a variety of coating thicknesses depending on U-7Mo substrate size as noted in chapter 

4. This is because that large U-7Mo powders rotates in a static position with a low emission angle (an 

ejected angle of sputtered atoms or molecules from target surface) during the deposition process, as 

demonstrated in the previous chapter (Chapter 4). With reducing the emission angle, the coating 

thickness increased according to a certain cosine power equation.  

Table 8 shows the measured thicknesses of the ZrN coatings on each 45 and 90 μm-diameter U-

7Mo powders. The coating thickness was measured by using SEM SE cross-sectional images of 104 

magnification. In order to measure the true coating thickness in the equator of each 45 and 90 μm 

diameter U-7Mo powder, the U-7Mo powders of 45⎼53 μm and 75⎼90 μm diameter range respectively 

were seperated by sieving, and then polished until the greatest pwder diameter (45 μm and 90 μm for 

the 45⎼53 μm and 75⎼90 μm powders, respectively) was observed in the polished plane. The coating 
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thicknesses of each the 45 and 90 μm-diameter powders were randomly measured 10 times at one spot 

per coated powder in SEM SE cross-sectional micrographs. For the ZrN coated spherical U-Mo 

powders, compared to SE cross-sectional images, BSE reflective cross-sectional images is prone to 

display over-estimated coating thicknesses because the deeper penetration depth (up to several 

micrometers) of BSE with greater energy allows to exhibit even the side of samples. As a result, ZrN 

coating layers is likely to appear thicker in BSE micrographs than in SE micrographs. The measured 

thicknesses of the as-fabricated ZrN coatings showed that the coating thickness increases almost 

linearly with the deposition time. which is a consequence of the constant deposition rate in the PVD 

deposition machine. Besides, coated U-7Mo powders with same deposition time showed that large (90 

μm) sized powder has a thicker coating than small (45 μm) sized powder. 

The low magnification BSE image of Figure 50 clearly re-confirms that U-7Mo substrate size 

affected the coating layer thickness of ZrN coatings. The brightness variation of the coated powders 

indicates different coating thicknesses depending on the powder size since the brightness of BSE images 

is proportional to the average atomic number within several micrometer-depth from the sample surface. 

Since ZrN is composed of much lighter atoms than U-7Mo, powders with thicker coating layers look 

relatively dark in BSE images. Hence, the larger size powders had generally thicker coatings, which 

validates the relationship between the substrate size and ZrN coating thickness measured in cross-

sectional images (see Table 8).  

As seen in Figure 51, the ZrN coating has a V-formed columnar structure. Generally, coating 

morphology is detrmined by the deposition parameters [177–183]. According to Thornton’s structure 

zone model [177], the ZrN coating in this study is believed to have Zone T-structure with dense fibrous 

columnar structure, as mentioned before. The coating’stop-view micrograph as exhibited in Figure 52 

showed Zone T structure of V-shaped columnar structure. In addition, the coating’s porosity size and 

column boundary gap width increased as the coating grew.  

From Figure 51, two different structures depending on deposited coating thickness were 

observed in the ZrN coating layer; a much denser structure for the inner layer up to ~0.5 μm thickness 

from the substrate surface and a relatively porous structure for the outer layer above ~0.5 μm thickness 

due to presence of the column boundary gapa (i.e., porosities between the coating columns). This dense-

to-porous structural transition can be identified also in Figure 52. The column boundary gap started to 

be detected by SEM from ZrN coatings with a certain thickness between 0.49 and 0.73 μm. The  

porosities formed above the thickness are suggested to be a result of “shadowing effect”, which is 

defined as being the vapor flux by target atoms within the growing coating layer being geometrically 

blocked by adjacent pre-formed columnar structures. This shadowing effect causes the decrease of the 

coating density by the porosity formation between columns, and it is accelerated in proportion to the 

coating column width and height [177]. Additionally, the spherical morphology of the U-7Mo substrate 
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induces a variation in the angle of incidence for the vapor flux, and it produces a microcolumnar-

structured coating with a more complex and porous (less dense) morphology [170, 171, 173].  

Moreover, a defect growth induced by stress evolution in coatings lowers the physical density 

of the coatings. As shown in Figure 52, the density of defects such as hillocks and crater over ZrN 

coatings changed with the coating thickness. The hillock is a result of mass transportation for the 

relaxation of compressive stress over a coarse columnar-shaped coating [174, 175]. Since the 

compressive stress increases with coating growth, the formation of the hillocks becomes favorable in 

the coating layer thicker than a certain coating thickness [184]. This hillock is likely to be detached 

from the coating owing to its poorly-adhesion and leads to the formation of the craters.  

By examinations, the critical thickness was found to be 0.5 μm in this study. I examined the ZrN 

coatings deposited on 45–90 μm for 4 h, the coatings on large U-7Mo powders exhibited surface partial 

cracks. From observation of 30 powders in top view SEM images, the coatings on the U-7Mo powders 

larger than 53 μm size showed surface cracks over the coatings. Since the coating thickness was 

proportional to the U-7Mo size, I considered the coating thickness of 53 μm-sized U-7Mo powder as 

the critical thickness. In order to measure the thicknesses of 53 μm-sized U-7Mo powder, 45–53 μm-

sized powders assorted by sieving method were mounted, and then polished until the equator of 53 μm-

sized powders was shown in the polished plane (the observation plane). After that, the coating thickness 

of 53 μm-sized powders was randomly measured 10 times at one point per powder. The measured 

average  value of the critical thickness was 0.52 μm, approximately 0.5 μm.  

 

5.1.2. Grain size and microstrain 

 

by using Halder-Wagner method (Eq. (11) and Figure 54), the grain size and isotropic 

microstrain of the ZrN coating can be calculated. The obtained grain sizes of ZrN coating layer 

deposited for 2, 4, 7, 10, 13, 15, and 25 h were 4.9, 3.4, 3.6, 3.8, 3.9, 4.0, and 6.4 nm respectively, while 

all the ZrN coatings with various coating thicknesses showed zero microstrain. The grain sizes and 

microstrains showed no noticeable changes after annealing at 300–700ºC. The annealing-induced grain 

size change in this study is in good agreement with the experimental results by Chiech et al. in Ref. 

[187].  
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 Experimental examination of heat-treated ZrN coating  

 

5.2.1. Effect of coating thickness and substrate size (coating diameter) on ZrN coating failure 

 

According to classical theory for thin spherical shells of which diameter-to-thickness ratio is 

greater than 20, a tensile hoop stress induced over the thin shells is linear to the diameter-to-thickness 

ratio. It has been experimentally proved that the thickness of a thin coating as well as its morphology 

works as important factor for its mechanical properties [79, 80, 82, 180]. In this study, ZrN-coated U-

7Mo powders with different coating thicknesses and diameters were heated at 500ºC for 2 h. The heating 

results for the coating’s mechanical failure behavior are summarized in Table 9 for the powders with 

minimum (45 μm) and maximum (90 μm) sizes. Per sample, surficial and cross-sectional SEM BSE 

micrographs 20 times were analyzed. Through-thickness cracking of a ZrN coating layer was observed 

in the ZrN coatings of which thickness was laragere than 0.74 and 1.04 μm for 45 and 90 μm-sized 

powders, respectively. The surface cracks were observed in surficial images, but not in cross-sectional 

images, which mens that the surface crack length is less than the resolution (normally, 5 nm) of the 

utilized conventional SEM. 

The pattern of formed cracks is dependent on produced stress state. Figure 55 shows that vertical 

cracks generated between columns produced the crack channelling of a polygonal pattern through their 

interconnection. This polygonal crack pattern is believed as a result of the isotropic tensile stress of the 

biaxial or in-plane direction of the coating layer which surpasses the fracture strength. Once the isotropy 

of the in-plane or biaxial stress increases, the crack pattern generally changes from linear to polygonal 

shape [189].  

Moreover, the generated coating cracks can propagate into the interface between the substrate 

and coating layer, and/or even the substrate inside. As presneted in Figure 56, the partial ZrN coating 

above 1.7 μm showed de-bonding (known as “cohesive failure”) accompanying cracks. The weak 

adhesion system between the metal (i.e., U-Mo) and nitride (i.e., ZrN) is highly likely to be separated 

even by a low shear stress [190]. The shear stress in proportion to the CTE mismatch between the 

substrate and coating is concentrated at their interface, which is similar to the value at the free edge 

[183, 184]. The free edge stress at the cracks acts as an extra stress at the interface, and thus plays an 

key role to determine the interfacial integrity of the coating. Once the stress at the free edge of cracks 

exceeds coating toughness and interface toughness, interfacial edge cracking and even delamination of 

the coating can be accompanied by coating cracking [185, 186]. However, the investigation of the 

interfacial edge cracking associated with free edge stress is beyond the scope of this study due to the 

lack of data.  
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5.2.2. Effect of heat-treatment temperature on ZrN coating failure  

 

The tensile thermal stress in the ZrN coating can cause microcracking over the coating, and this 

microcracking behavior is extremely reliant on the heat-treatment temperature. In order to assess the 

heating effect on cracking behavior of the ZrN coating, I utilized the U-7Mo powders containing a ZrN 

coating layer deposited for 7 h, of which thickness was considered as a critical thickness for coating 

failure at a normal processing temperature of 500ºC. The annealing results of the ZrN coating at 

different temperatures from 300º to 700ºC are shown in Figure 57 and summarized in Table 10. Per 

sample, the creation of through-thickness crack was confirmed by 20 measurements in the cross-

sectional and surficial SEM BSE micrographs. The through-thickness coating cracking began from 

500ºC for ZrN-coated U-7Mo powders with 45 and 90 μm sizes.  

Figure 58 shows that the measured linear crack density (number of cracks per unit length) of the 

heated ZrN coatings is slightly reliant on the heat-treatment temperature. When considering the error 

bars corresponding to each sample standard deviation, the linear crack density seems constant after 

crack formation was initiated at a specific strain in 500ºC environment. The crack density was 

determined by the intercept method. In this method, the number of cracks intercepting a drawn straight 

line is divided by the total length of the line. In this study, a 30 μm-long line was randomly drawn in 

SEM BSE top-view images of 5000 magnification and then cracks intercepting the line were counted. 

The measurement was repeated 20 times with different line orientations on several fields of the SEM 

BSE top-view images.  
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 Stress analysis of heat-treated ZrN coating by finite element simulation  

 

5.3.1. Stress development  

 

When a stress exerted over a coating layer exceeds a critical mechanical strength, the coating 

fails by fracture. In the case of the ZrN coating in this study, the fracture strength is equivalent to UTS 

due to the brittleness of ZrN. The stresses formed in the coating layer can be decomposed down into 

intrinsic stress and thermal stress [186–188]. The intrinsic stress is induced by the formation of 

crystallographic flaws during deposition process, while the thermal stress results from the differences 

in CTEs between the U-7Mo substrate and the ZrN coating. 

The intrinsic stress of as-deposited coatings is dependent on their homogeneous temperature 

corresponding to their deposition temperature. As noted before, the intrinsic stress is normally in 

compressive owing to generated lattice defects caused by bombardment of high-energy Ar positive ions. 

However, at a high deposition temperature, the lattice defects are easily recovered through their atomic 

diffusion to sinks such as free surface, dislocation, and grain boundary [197]. As a result, the lattice 

defects can be removed without detectable changes in morphology, grain size, and texture. Furthermore, 

nanocrystalline coatings including the ZrN coating in this research have a large number of grain 

boundaries, working as a sink. Hence, the grain boundary relaxation may be promoted. Additionally, it 

was demonstrated that the onset temperature for the defect recovery of non-reactively sputtered TiN 

coatings decreased with compressive biaxial stress which can be a driving force for the defect recovery 

[198]. At a great compressive stress (< 5 GPa), the TiN coating was recovered even below 250ºC. Thus, 

it is supposed that the deposition temperature of 250ºC in this study induced the annihilation of the 

generated defects over growing ZrN coatings with high compressive stress during deposition, which 

leads to the zero microstrain of the coating layer. From XRD analysis result in this study, I could prove 

the zero microstrain of all as-deposited ZrN coatings. 

Therefore, I regarded the thermal stress resulting from CTE mismatch as the major source of 

the coating cracking during annealing. Once the annealing temperature is higher than the deposition 

temperature (250ºC), a high magnitude of tensile thermal stress will be induced in the ZrN coating  

owing to its lesser CTE than that of U-7Mo. Consequently, the ZrN coating’ elongation occurs in the 

hoop direction, and can eventually be cracked, because brittle compound coatings cannot withstand the 

relatively larger dimension change of the metallic substrate beneath the coating [199].  
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5.3.2. Failure criterion  

 

During the annealing process, the induced thermal stresses within the ZrN coating on spherical 

U-7Mo powder can be decomposed into the hoop stress component in tension, and radial stress in 

compression. I employed the maximum normal stress theory [200] in which the failure criterion is that 

a brittle material fails if the maximum principal stress exceeds the fracture strength, irrespective of other 

existing components of the stress tensor. Considering the dimensions of the substrate and the coating 

layer, the thin-wall theory was employed to understand which stress component is the maximum 

principal stress in the ZrN-coated powder system. In the coating layer, the hoop stress of a thin spherical 

coating is about 30 times greatest than the radial stress according to the thin-wall theory for spherical 

geometry. Thus, I focused on the hoop stress as the maximum principal stress. 

In addition, the failure (i.e., through-thickness cracking) criterion for a ZrN coating should be 

defined differently depending on the coating thickness owing to its significant microstructural change 

at the critical thickness. In other words, the coating’s failure criterion depends on the creation of surface 

coating cracks during heat-treatment, and this is discussed in the following subsections.  

 

 Failure of coating thinner than critical thickness 

 

The fracture criterion for the ZrN coatings below the critical thickness 0.5 μm is regarded as the 

UTS because no crack tips were observed due to their dense structure. Unfortunately, there is no an 

accessible experimental value of the UTS for ZrN coating considering nano-scale grains. Instread, the 

UTS for ZrN coating was obatained by using the UTS-Vickers hardness relationship, in which the ratio 

of Vickers hardness to UTS is typically 3.45 [193–195]. 

It is well known that mechanical properties including Vickers hardness are largely dependent 

on microstructure. Thus, the UTS for the ZrN coating from Vickers hardness was calculated with 

additional consideration of the coating microstructure in order to improve the reliability of the 

calculated UTS. Some microstructural factors influencing the UTS should be considered. Specifically, 

grain size considerably influences hardness and thus UTS. The hardness increases with reducing the 

grain size based on classical Hall-Petch equation expressed as:  

   

1/2

0H H kd               (25) 

 

where H is the hardness, H0 is the hardness in the absence of grain boundary, k is the strengthening 

coefficient (a positive constant specific to each material), and d is the grain size. However, in the case 

of nanocrystalline materials consisting of fine grain (<10 nm in size), it has been empirically 
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demonstrated that hardness decreases with a decrease in grain size, which is named “inverse Hall-Petch 

effect” [196–200]. That is, the slope of the Hal-Petch plot (k) is a negative constant. Qi et al. [209] 

revealed that ZrN nanocstructured coating deposited by magnetron sputtering showed the transistion 

from classical Hall-Petch effect to inverse Hall-Petch effect at the critical grain size of 16 nm. In the 

case of small grain sizes from 11 to 16 nm for the ZrN coating, the slope of Hall-Petch plot (k) was – 

41.1 GPa nm1/2. In this study, each the nano-hardness considering the measured grain sizes of ZrN 

coatings thinner than the critical thickness was gained by extrapolating the Hall-Petch plot by Qi et al.. 

Then, UTS values represented in Table 12 were obtained by using the ratio of UTS to Vickers hardness 

that is 3.45. For ZrN coatings thinner than the critical thickness 0.5 μm without surface cracks, their 

mechanical integrity was assessed by comparing the calculated hoop stress with the UTS.  

 

 Failure of coating thicker than critical thickness 

 

The partial surface cracks were observed at the surface of mean 0.5 μm-thick (defined as critical 

thickness) ZrN coating heated at 500ºC, as already mentioned. Despite of the isotropic hoop stress, the 

heat-treatment test results of the 0.5 μm-thick ZrN coating layer showed a surface cracking at the outer 

coating layer. This indicates that the porous coating outer layer has a lower fracture strength than the 

dense inner layer. The generated surface crack is likely to work as a crack tip where a local stress is 

concentrated. Therefore, an alternative failure criterion considering the crack tip is necessary to be 

defined instead of UTS.   

In this context, the tip of the surface cracks along the columnar grain boundaries, which were 

observed in the microstructure analysis on the coating surface, is believed to be an initiation site where 

cracks start to propagate, and eventually lead to coating failure by thickness-through cracking. For the 

fracture of brittle material with a fine crack by mode I fracture, the crack is known to induce the stress 

concentration at the crack tip. For the case of the ZrN coating with surface cracks, the local stress 

concentration is induced at the crack tip region. According to Griffith's fracture criterion [210] for a 

brittle material, fracture strength that is the stress when a crack starts to propagate from a existing crack 

tip and then fracturing occurs can be expressed as the following equation: 

           

𝛼𝑓 = 2𝐸𝛾/𝜋𝑐                                (26) 

                   

where 𝛼𝑓 is the fracture strength, E is the Young's modulus, γ is the surface energy, and c is the crack 

tip length. In this study, the length of the crack tip is was calculated under the assumption that the ZrN 

coating layer possesses linearly-long crack tips parallel with the coating growth direction. Subsequently, 

the length of crack tip was obtained as follows: 
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For tZrN > 0.5 μm, 

 0ZrNc t t                             (27) 

 

where tZrN is the thickness of ZrN coating layer, and t0 is the maximum coating layer thickness in the 

absence of crack formation, that is equivalent to the critical thickness (i.e., 0.5 μm) determined based 

on the examination results. 

 

5.3.3. Modelling of finite element simulations 

 

To assess the fracturing (i.e., through-thickness cracking) behavior of hte ZrN coating, the hoop 

stress calculated by using ABAQUS program was compared to the different fracture criterion that are 

determined by the presence of the crack within the ZrN coating layer. The material properties utilized 

for the ABAQUS simulation are listed in Table 11. It was assumed that the U-7Mo substrate and the 

ZrN coating are in thermal equilibrium during heat-treatment. The predefined field for temperature for 

all finite elements was set to the heat-treatment temperatures. Multi-step ABAQUS simulation was 

conducted to calculate: (1) the residual stress formed by the misfit of linear CTE between the substrate 

(U-7Mo) and coating layer (ZrN) during the deposition at 250ºC, and (2) the hoop stress that is induced 

by the misfit during annealing. Since thermal expansion of the U-7Mo and the ZrN is the main source 

of the stress generation, coupled thermo-mechanical analysis was applied for the simulation.  

 

Two steps were implemented by ABAQUS as follows:  

 

1) In the first analysis step for the residual stress, ZrN coated U-7Mo powder is cooled from the 

deposition temperature of 250ºC to room temperature (25ºC). In this cooling step, residual 

stress is induced in the ZrN coating layer in a compressive manner.  

2) In the next step for the thermal stress during annealing, the ZrN coated U-7Mo powder is 

heated up to a given heat-treatment temperature (300–700ºC). The FE simulations for both 

U-7Mo and ZrN are performed under the assumption that they are in thermal steady-state. 
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The ZrN coating deposited on the U-7Mo powder was regarded as a spherical shell for the 

consideration of large-strain deformation. In order to prevent shear and membrane locking, a continuum 

shell element, which consists of eight nodes with reduced integration (S8RT), was utilized. Its 

mechanical behaviors are determined by classical theory for thin shells, and shear flexible theory for 

thick shells. The constituent law for U-7Mo/ZrN models in the rectangular coordinate is expressed by 

thermo-elastic deformation model, which is given as: 
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where the subscript on the right side of symbols is the notation for the coordinate, E and ν are Young's 

modulus and Poisson's ratio, α is the diagonal component of the Cauchy stress tensor matrix, γ is the 

shear component of the stress tensor matrix, σ is the stress, T is the temperature, G is the shear modulus, 

t is the shear strain, and τ is the thermal expansion coefficient. 
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 Finite element simulation results  

 

Two different simulations to calculate the thermal stress in the ZrN coating layer were 

performed: (1) simulations for different coating thicknesses with respect to two different diameters (45 

and 90 μm) of U-7Mo powders at the same heat-treatment temperature, and (2) simulations for different 

heat-treatment temperatures with the fixed coating layer thickness and diamter. The results are stated 

in the following subsections. 

 

5.4.1. Effect of coating thickness and diameter on the coating failure 

 

For investigating the coating thickness effect on the fracturing behavior of a ZrN coating layer, 

FE simulations were conducted for different thicknesses of 45 and 90 μm-diameter U-7Mo powders at 

500 ºC for 2 h. The calculation results for the residual stress, the thermal stress, and employed fracture 

criterion are summarized in Table 12. In Figure 59, the calculated hoop stresses for the different coating 

layer thicknesses and substrate sizes (i.e., coating diameters) are shown together with the fracture 

criterion which is UTS or theoretical fracture strength. According to classical theory for thin spherical 

shells, the hoop stress induced over the ZrN coating is uniform along the coating thickness, and is in 

proportion to the radius-to-thickness ratio of the coating. Additionally, the fracture criterion alters from 

the UTS to the fracture strength if the coating thickness is larger than the critical thickness of 0.5 μm. 

According to Griffith fracture criterion [210], fracture strength is inversely proportional to the length of 

crack tip. Hence, in the case of ZrN coatings above the critical thickness, the thicker the coating layer 

and the larger the U-7Mo powder size are, the easier the crack creation is induced in the coating layer. 

By comparing calculated hoop stress with fracture criterion (Table 12), coating failure was 

evaluated to happen as through-thickness cracking. In the case that the coating thickness was larger than 

0.74 μm for the U-7Mo powder with 45 mm diameter and 0.73 μm for the U-7Mo powder with 90 μm 

diameter, the coating failure is predicted to occur at a heat-treatment temperature of 500°C. These 

numerical calculation results for crack creation by FE simulations are almost in line with the 

experimental examination results (Table 9). 

As a diffusion barrier coating of SELENIUM full-sized fuel plates, a 1 μm-thick ZrN coating 

together with 0.6 μm-thick Si coating have been chosen and studied [37, 40, 56, 57, 67]. When 

considering the experiment and simulation results of this study, it is suspected that the 1 μm thickness 

for the ZrN coating is too thick to maintain the structural integrity during the heat treatment processes 

(commonly at 500°C) of dispersion fuel plate manufacturing. 
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5.4.2. Heat-treatment temperature effect on coating failure 

 

In order to estimate the effect of the heat-treatment temperature on induced thermal stress of the 

ZrN coaitngs, FE simulations were performed for ZrN coatings with each fixed thickness on U-7Mo 

powders of 45 and 90 μm diameters at different heat-treatment temperatures from 300°C to 700ºC for 

2 h. The calculated hoop stress results were compared to the theoretical fracture strength for the ZrN 

coating, as shown in Table 13 and Figure 60. Due to the fixed morphology (e.g., the thickness and 

microstructure of the ZrN coating and U-7Mo size) of samples, the fracture strength of each the coated 

U-7Mo powders with 45 and 90 μm diameter is the same irrespective of the given heat-treatment 

temperature. 

By comparing the hoop stress with the fracture strength, the coating cracking is theretically 

predicted to occur at temperatures higher than 500ºC and 400ºC for ZrN-coated U-7Mo powders with 

45 and 90 μm-diameter, respectively. For most of the samples, the temperature when the calculated 

hoop stress exceeded the theoretical fracture strength is equivalent to the temperature when the coating 

fracture by crack propagation was examined in the heat-treatment experiments. This means that the FE 

simulation has well evaluated the possibility of cracking of the coating layer under the given conditions. 

The FE simulation demonstrated that general heat-treatment temperature of 500ºC produces 

forces to generate through-thickness cracks over the ZrN coatings. Figure 60 identifies that low heating 

heat-treatments below 400ºC are required in order to maintain the structural integrity of the ZrN 

coatings. 
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Table 8. Measured thicknesses of ZrN coatings on U-7Mo powders as a function of deposition 

time and U-7Mo powder size [62].  

 

  

Deposition time - 45 μm-sized U-7Mo powder 90 μm-sized U-7Mo powder 

(h) (μm) (μm) 

2 0.25 ± 0.02 0.36 ± 0.02 

4 0.49 ± 0.04 0.73 ± 0.04 

7 0.74 ± 0.05 1.06 ± 0.08 

10 1.05 ± 0.03 1.58 ± 0.08 

13 1.39 ± 0.16 1.87 ± 0.05 

15 1.72 ± 0.13 2.50 ± 0.23 

25 2.53 ± 0.33 3.46 ± 0.33 
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Table 9. Observed mechanical failure behavior of ZrN coating on U-7Mo powder as a function of 

coating thickness and powder size (coating diameter) [62]. 

* Coating cracking was determined by 20 measurements per sample. If coating cracks in a 

sample were found in more than 80% of measurements, it is labelled “Y.” Otherwise, it is labelled “N.” 

  

U-7Mo powder 

size 

 

Coating layer 

thickness 

 

Observed failure type 

 

Measured through-thickness 

cracking* 

 

(μm) (μm)  (Y/N) 

45 0.25 – N 

 0.49 Surface crack N 

 0.74 Through-thickness crack Y 

 1.05 Through-thickness crack Y 

 1.39 Through-thickness crack Y 

 1.72 Through-thickness crack Y 

 2.53 Through-thickness crack Y 

90 0.36 – N 

 0.73 Surface crack N 

 1.06 Through-thickness crack Y 

 1.58 Through-thickness crack Y 

 1.87 Through-thickness crack Y 

 2.50 Through-thickness crack Y 

 3.46 Through-thickness crack Y 
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Table 10. Examined mechanical failure behavior of ZrN coating on U-7Mo powder as a function 

of annealing temperature and powder size (coating diameter) [62]. 

U-7Mo 

powder size 

Coating layer 

thickness 

Annealing 

temperature 

Observed 

failure type 

Measured through-

thickness cracking* 

(μm) (μm) (⁰C)  (Y/N) 

45 0.74 

300 - N 

400 Surface crack N 

500 
Through-

thickness crack 
Y 

600 
Through-

thickness crack 
Y 

700 
Through-

thickness crack 
Y 

90 1.06 

300 - N 

400 Surface crack N 

500 
Through-

thickness crack 
Y 

600 
Through-

thickness crack 
Y 

700 
Through-

thickness crack 
Y 

* Coating cracking was determined by 20 measurements per sample. If coating cracks in a sample 

were found in more than 80% of measurements, it is labeled “Y.” Otherwise, it is labeled “N.” 
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Table 11. Material properties used in the FEA simulation [62]. 

 

Material UMo [212] ZrN 

Mechanical property   

Young’s modulus (GPa) 85 450 [103] 

Poisson’s ratio 0.34 0.25 [103] 

Thermal property   

Linear thermal expansion coefficient  

(10-6 m/m-K) 
17.3 7.4 [47] 

Thermal conductivity (W/m-K) 35.7a 20.5b [96] 

Surface property   

Surface energy (J/m2) – 2.95 [213] 

a At 500ºC. 

b At room temperature. 
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Table 12. Calculated hoop stress by ABAQUS and estimated coating fracture for different ZrN- 

coating thickness of 45 and 90 μm-sized U-7Mo powders annealed at 500ºC [62]. 

  

U-7Mo 

powder 

size 

 

Coating 

layer 

thickness 

 

Residual 

stress of as-

deposited 

ZrN coating 

 

Calculated 

hoop stress by 

ABAQUS 

during 

annealing 

Theoretical 

fracture 

strength 

(Fructure 

criterion) 

Theoretical 

expectation of 

through-

thickness 

cracking of ZrN 

coating 

(Y/N) 
(μm) (μm) (GPa) (GPa) (GPa) 

45 0.25 – 1.35 2.36 4.00 N 

 0.49 – 1.30 2.25 7.04 N 

 0.74 – 1.24 2.15 1.88 Y 

 1.05 – 1.17 2.04 1.24 Y 

 1.39 – 1.11 1.93 0.97 Y 

 1.72 – 1.06 1.84 0.83 Y 

 2.53 – 0.94 1.64 0.65 Y 

90 0.36 – 1.37 2.39 3.36 N 

 0.73 – 1.32 2.31 1.91 Y 

 1.06 – 1.28 2.24 1.23 Y 

 1.58 – 1.23 2.14 0.87 Y 

 1.87 – 1.20 2.08 0.79 Y 

 2.50 – 1.14 1.98 0.65 Y 

 3.46 – 1.06 1.83 0.53 Y 
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Table 13. Calculated hoop stress by ABAQUS and estimated coating fracture for ZrN coatings 

on 45 and 90 μm-sized U-7Mo powders annealed at various given temperatures [62]. 

 

U-7Mo 

powder 

size 

 

Coating 

layer 

thickness 

 

Annealing 

temperature 

 

Residual 

stress of 

as-

deposited 

ZrN 

coating 

 

Calculated 

hoop stress 

by 

ABAQUS 

during 

annealing 

Theoretical 

fracture 

strength 

(Fructure 

criterion) 

Theoretical 

expectation 

of through-

thickness 

cracking of 

ZrN 

coating 

 

(μm) (μm) (ºC) (GPa) (GPa) (GPa) (Y/N) 

45 0.74 300 – 1.24 0.37 1.88 N 

  400 – 1.24 1.19  N 

  500 – 1.24 2.15  Y 

  600 – 1.24 2.69  Y 

  700 – 1.24 3.23  Y 

90 1.06 300 – 1.32 0.39 1.23 N 

  400 – 1.32 1.27  Y 

  500 – 1.32 2.28  Y 

  600 – 1.32 2.84  Y 

  700 – 1.32 3.41  Y 
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Figure 49. SEM BSE cross-sectional micrograph of ZrN coatings on 

U-7Mo powders [62]. 
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Figure 50. SEM BSE top-view image of ZrN-coated U-7Mo fuel powders [62]. 
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Figure 51. SEM BSE micrograph and schematic (upper-right 

image) of fractured cross-section of the ZrN coating deposited on 

a U-7Mo powder for 25 h [62]. 



134 

 

 

Figure 52. SEM BSE top-view images of ZrN coatings with deposition times of (a) 2 h, (b) 4 h 

(0.49 μm-thick ZrN coating on 45 μm-sized powder), (c) 4 h (0.73 μm-thick ZrN coating on 90 

μm-sized powder), (d) 7 h, (e) 15 h, and (f) 25 h on a U-7Mo powder [62]. 
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Figure 53. XRD profile of ZrN coatings deposited on 45–90 μm-sized U-7Mo powders for 7 h 

[62]. 
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Figure 54. Halder-Wagner grain size-microstrain plot of ZrN coatings 

deposited on 45–90 μm-sized U-7Mo powders for 7 h. The slope and the y-

intercept of the plot are Kλ/D and 16ε2, respectively [62]. 
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Figure 55. SEM BSE top-view image of a mean 3.46 μm-thick ZrN coating 

after annealing at 500ºC for 2 h [62]. 
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Figure 56. Cross-sectional SEM BSE image of a 3.8 μm-thick ZrN 

coating layer annealed at 500ºC for 2 h [62]. 
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Figure 57. Surficial SEM BSE images of average 1.06 μm-thick ZrN coatings annealed at 300º–

700ºC for 2 h [62]. 
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Figure 58. Crack density of 1.06 μm-thick ZrN coatings various annealing temperatures based on 

surficial SEM BSE image analysis [62]. 
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Figure 59. Comparison of the calculated hoop stress and fracture criterion of ZrN 

coatings at different coating thicknesses with respect to two U-7Mo powder sizes [62]. 

The fracture criterion is ultimate tensile strength for coating thicknesses less than 0.5 

μm, and fracture strength for coating thicknesses over 0.5 μm.  
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Figure 60. Comparison of the calculated hoop stress and fracture 

strength (fracture criterion) of ZrN coatings at different annealing 

temperatures with respect to two U-7Mo powder sizes (i.e., two coating 

forms) [62]. 
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 Conclusions 

 

 Summary 

 

U-7wt.%Mo (U-7Mo) alloy was selected as a next filsile fuel mateiral for high-performance (or 

high neutron-flux) research and test reactors (RRs). U-7Mo/Al dispersion fuel plate is a general RR fuel 

design. To achieve the high neutron flux, U-7Mo/Al dispersion fuel plates should be irradiated up to 

high burnup. U-7Mo/Al dispersion fuel plates showed a good irradiation performance at low burnup, 

and however the fuel plates irradiated up to high burnup presented the structural failure mainly by the 

fission-induced interdiffuional interaction layer (IL) between the U-Mo powder and Al matrix. 

Accordingly, as a solution to suppress the IL formation, a ZrN diffusion barrier coating layer has been 

actively applied to U-7Mo/Al dispersion fuel plates. In the case of ZrN coating adopted U-7Mo/Al 

dispersion fuel plates irradiated up to a high burnup, acceptable thin ILs were generated next to the 

intact ZrN coatings, while a undesirably huge IL were formed near the damaged ZrN coatings. The 

local coating damage, which is suspected to be produced during the dispersion-fuel-plate manufacturing, 

is a critical problem significantly degrading the diffusion barrier capability. However, there are no 

studies scientifically investigating the ZrN coating damage. Accordingly, in this research, based on the 

parametic studies of ZrN coating microstructure, the fracturing behavior of the coatings on U-7Mo 

powders was experimentally and numerically investigated as a function of the coating thickness, U-

7Mo substrate size, and annealing temperature.  

 

This research can be summarized as follows.:  

 

First, ZrN coatings with various thicknesses in the range of mean 0.1–2.6 μm was deposited on 

45–90 μm-sized U-7Mo substrate powders and then characterized in terms of the microstructure and 

residual stress by SEM, EDS, and XRD. Result showed that the ZrN coatings appearing a V-shaped 

columnar structure changed in the microstructures and residual stress state with the coating thickness: 

The the different residual stress states along the coating thickness leaded to the interlaminar 

delamination, which limited the maximum thickness to 2.2 μm. As the coating thickness increased from 

0.1 to 2.6 μm, the grain size of the coating increased from 2 to 6 nm, which implied that the grain 

boundary density of the coating decreased. Based on the atom-scale structure and surface morphology 

analyzed by XRD and SEM, it could be supposed that the coating’s packing density increased up to 0.2 

μm thickness, and afterwards reduced abruptly due to the formation of macroscopic defects (i.e., hillock, 

crater, pinhole, and column gap) and increase in the interplanar spacing. The ZrN coating showed a 

structural transformation from dense-to-porous structure at a critical thickness between 0.2 and 0.5 μm. 
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The porous outer coating layer above the critical thickness considerably reduced the fracture strength 

of the coating, which led to the through-thickness cracking of the coating under the stress environment 

of fabrication, as demonstrated in my next study. The through-thickness crack had a strong impact on 

the penetration kinetics of solids and gases, which undesirably facilitated the U-Mo/Al IL formation 

and the coalescing of generated fission gases during irradiation. Based on the above observed 

microstructural features of the ZrN coating, the main limitation for the coating thickness was identified 

as the porous outer coating layer triggering through-thickness coating cracking. Thus, it was concluded 

that the optimum thickness of the ZrN diffusion barrier coating for U-7Mo/Al dispersion fuels is 

between 0.2 and 0.5 μm. 

Second, a mean 0.9 μm ZrN coating layer was deposited on 45–90 μm-sized U-7Mo substrate 

powders and then the microstructure of the as-fabricated ZrN coatings was measured as a function of 

the U-7Mo substrate size. The ZrN coating thickness increased with increasing the U-7Mo substrate 

size: the coating thickness extended from 0.55 (for 45 μm-sized U-7Mo powder) to 1.17 μm (for 90 

μm-sized powder). An analytical model, quantitatively describing the dependence of the coating 

thickness on the U-7Mo substrate size, was developed based on the configuration and deposition 

mechanism of the coating machine and the rotation position of the U-7Mo powders in the drum of the 

coating machine. Moreover, the fitting parameters obtained by using the experimental values were also 

applied to the developed model. In addition, with increasing the U-7Mo substrate size, the coating 

showed an increase in the density and area fraction of macroscopic defects, column and grain size, and 

crystallinity, which is probably due to the different coating thicknesses and deposition rates depending 

on the substrate size. The semi-analytical model can be used to accurately assess the ZrN coating 

thicknesses with the known U-7Mo powder sizes. The different microstructure characteristics and hence 

diffusion barrier capability of the coatings can lead to the undesired phenomenon in which a thin coating 

with a relatively undesired microstructure deposited on the small substrate powders and/or a thick 

porous coating on the large powders fails prematurely. Therefore, for the better diffusion barrier 

performance of the ZrN coating, optimization studies to improve the structural homogeneity and 

packing density should be performed, and additionally, the thickness limitation of the coatings is needed 

to avoid the porous outer coating layer.  

Lastly, the effect of coating thickness and annealing temperature on ZrN non-reactively 

sputtered coating failure of U-Mo powders at heat-treatment temperature of temperature of dispersion-

fuel-plate manufacturing. The fracture behavior of ZrN coatings on U-7Mo powders was investigated 

as a function of the coating thickness, U-7Mo substrate size, and annealing temperature by experiments 

and finite element simulations (FESs). By SEM surficial and cross-sectional image analysis, the fracture 

behavior of annealed ZrN coatings was examined. In addition to the experimental test, FESs with a 

developed model from the experiment were performed to calculate the induced stresses for given 
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annealing temperatures and coated powder structure and then evaluate the possibility of coating failure 

numerically. The FESs fully accounted for the coupled effects of residual stress of the as-deposited 

coating by adopting multi-step analysis, and the microstructure-related mechanical properties (grain 

boundary induced- strengthening, density, crack tip). The FES results showed the dependence of the 

fracture behavior of the coating on coating thickness, U-7Mo substrate size, and the annealing 

temperature: First, it was found that through-thickness cracking occurred from each specific coating 

thickness for 45 and 90 μm-sized U-7Mo powders. This is caused by vertical surface cracks created 

along the porous structure of low fracture resistance which starts from 0.5 μm thickness. Such generated 

surface cracks act as a crack tip, and lead to a fracture strength reduction proportional to its length. As 

a result, thicker coatings are subject to be fractured easily through their coating thickness direction by 

propagation of the surface cracks. Through-thickness cracking is suggested to be generated from 0.74 

and 0.73 μm coating thicknesses, respectively, for 45 and 90 μm-sized U-7Mo powders at 500°C. 

Second, the induced stresses over the coating increase and tend to cause through-thickness cracking as 

annealing temperature increases. For a 0.74 μm-thick coating on a 45 μm-sized powder and a 1.06 μm-

thick coating on a 90 μm-sized powder, the coating failure starts from 500°C and 400°C, respectively. 

These FE results were in close agreement with the experimental results. Investigations for the critical 

values of coating thickness and annealing temperature to initiate coating fracture presented in this study 

are expected to be one of the guidelines for coating design or processing temperature condition for 

dispersion fuel. 
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 Conclusions 

 

This study also found that the diffusion barrier performance of ZrN coating can be improved by 

preventing the through-thickness cracking of the coating during high temperature plate fabrication. For 

the structural integrity of ZrN coating, the following solutions can be proposed.  

 

1. First, To sufficiently suppress the interaction layer growth of U-Mo/Al dispersion fuels 

during the entire operation time, a ZrN coating layer needs a thickness of 1 μm based 

on the TRIM simulation result. However, according to ‘𝑥 = √D ∙ t2’ (where 𝑥, and t 

are the thickness, and lifetime of a diffusion barrier coating, respectively, and D is the 

diffusivity of a passing material through the coating.), a significant increase in the 

diffusivity (𝐷), caused by the coating damage, should be avoided for the long lifetime 

(𝑡) even by reducing the coating thickness (𝑥). That is, the ZrN coating layer should be 

formed to a maximum thickness that is not damaged. Therefore, when considering the 

structural integrity of the ZrN coating at the normal fabrication temperature of 500°C, 

the optimum coating thickness is 0.74 and 0.73 μm for 45 and 90 μm-sized U-7Mo 

powders, respectively.  

 

2. Second, in the case of a fixed tensile stress and coating thickness, smaller ZrN coating 

diameter (i.e., smaller U-Mo substraste) is advantageous to maintain the structural 

integrity of the coating.  

 

3. Lastely, by using the U-7Mo substrate powders with a narrow size range, the thickness 

and structural homogeneity of the ZrN coating can be improved for the effective and 

reliable diffusion barrier performance.  
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 Other uncertainties and Future works 

 

To successfully prevent U-Mo/Al IL even at a high burnup, a ZrN diffusion barrier coating layer 

within the U-Mo/Al dispersion fuel plates should sustain the structural integrity during the entire 

manufacturing process of the dispersion fuel plate. Typically, a dispersion fuel plate is manufactured 

through a sequence of steps including mixing, compacting, assembling, welding, hot rolling with 

multiple heating, blister testing, cold rolling at room temperature, trimming, and inspection. Among 

these steps, the thermal stress induced at the high-temperature condition of the multiple heat-treatments, 

the mechanical stress induced during compacting, hot rolling, and cold rolling are suspected as critical 

sources that may damage the ZrN coating.  

In this research, solutions to avoid the coating fracturing at a high heat-treatment temperature 

used in dispersion-fuel-plate fabrication were suggested based on the examined coating microstructure. 

However, solutions to ensure the structural integrity of the coating during the entire fabrication process 

should eventually be presented. Accordingly, the effects of the mechanical stresses induced from the 

other critical steps on the damage to a ZrN coating should be further investigated in the future.  
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