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Abstract 

Zirconium alloys (Zr-alloys) have been used as materials for fuel cladding (tubes that contain the 

uranium-bearing fuel) on account of their high neutron transparency, strength, and corrosion resistance. 

Several generations of Zr-alloys have been developed with minor adjustments in already low concentration 

of alloying elements (e.g., Fe, Sn, Nb, Cr) with the goal of imparting improvements to high temperature 

strength and corrosion resistance. In recent years, there has been a drive to enhance the oxidation resistance 

and accident tolerance of Zr-alloy fuel cladding in loss-of-coolant accident (LOCA) scenarios, where the 

temperature can significantly exceed the normal reactor operating temperature. A potential solution is to 

apply a thin coating of an oxidation-resistant material to the outer surface of the Zr-alloy cladding. This 

research focuses on the development of chromium (Cr) coatings using cold spray deposition technology. 

Although not the focus of this study, such a coating can potentially enhance the ballooning and bursting 

resistance of the cladding, a requirement for the use of economically attractive higher enrichment, higher 

burnup fuel. In cold spray, powder particles of the coating material are propelled at supersonic velocities 

towards the surface of a substrate, where upon impact they plastically deform at high strain rates to form a 

coating. The particle temperature is low, and deposition occurs in solid state. The research was conducted 

using the commercial 4000-34 CGT cold spray facility at the University of Wisconsin, Madison.  

This research focused on four areas crucial to the development of Cr cold spray coatings on Zr-alloy 

for advanced nuclear fuel cladding, namely: (i) coating formation mechanisms, (ii) irradiation effects, (iii) 

mechanical behavior of the coating and coating-substrate system, and (iv) hydrothermal corrosion and high 

temperature oxidation of the coatings. The research was conducted using powders referred to in this thesis 

as electrolytic soft Cr powders, that were produced commercially by a combination of an electrolytic 

method and a gentle impact milling process. Zr-alloys used in reactors for cladding, namely Zircaloy-4, 

ZIRLOTM, and Optimized ZIRLOTM (OPZ) in either flat or tubular cladding geometry were used as 

substrates for various phases of this research. Deposition was conducted using either nitrogen or helium or 
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a mixture of these carrier gases to propel the particles though the converging-diverging de Laval nozzle and 

to then accelerate them at supersonic velocities towards the substrate.  

Given the importance of the powder microstructure in solid state processes such as cold spray, extensive 

characterization of the feedstock Cr powder particles was conducted using techniques such as scanning 

electron microscopy (SEM), transmission electron microscopy (TEM), electron backscattered diffraction 

(EBSD), transmission Kikuchi diffraction (TKD), and X-ray diffraction (XRD). The powders were phase-

pure and consisted of large grains in the central regions and fine elongated nanocrystalline grains near the 

edges, a result of the manufacturing route. Nanoindentation tests of the powders showed low hardness – a 

beneficial feature for cold spray – as it is indicative of the ability of the particles to plastically deform upon 

impact. Coating depositions were performed by varying select parameters that are known to profoundly 

influence the microstructure and other characteristics of the coating, including carrier gas composition, gas 

preheat temperature, and gun traverse speed. Dense thick coatings (25 to over 150 µm) with strong adhesion 

to the substrate were achieved. Typical of cold spray, the coatings exhibited a heterogeneous structure over 

multiple length scales, consisting of elongated and dynamically recrystallized grains (ultrafine to 

nanocrystalline), high dislocation density and strained structures, gradation in grain size, and interparticle 

boundaries. 

A fundamental understanding of the coating formation mechanisms both in the interfacial bonding and 

buildup phases was achieved by single particle impact studies of Cr-on-Zr-alloy and Cr-on Cr, respectively. 

Cold spray parameters were adjusted to deposit individual Cr particles on these substrates, leading to the 

identification of two regimes of impact and two distinct sets of critical velocities for bonding. Deposition 

efficiency was measured by taking the ratio of the number of adhered particles to the total number of 

particles impacted as a function of particle velocity, and the critical velocity was determined as the velocity 

where deposition efficiency became non-zero. The particle velocity was predicted using computation fluid 

dynamics (CFD) codes. For the Cr-on-Zr system, characterization of impacted particle cross-sections using 

SEM and EBSD revealed that changes due to impact were confined to the outer regions of the Cr particle, 
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while the near-interface regions of the Zr-alloy consisted of a dynamically recrystallized nanograined 

structure. High resolution TEM (HR-TEM) imaging and Fast Fourier Transform (FFT) analysis showed the 

evolution of crystallographic coherency between the Cr and Zr-alloy which, in combination with 

microscopic mechanical interlocking, resulted in strong particle-substrate adhesion. For the Cr-on-Cr 

system, the deformation and high dislocation densities extended into the particle interior and regions of 

dynamically recrystallized grains were observed at the interparticle boundaries. A particularly notable 

finding was that interparticle bonding in this system could be achieved even at particle velocities where 

severe plastic deformation and jetting was not observed. In other words, the critical factor governing Cr 

interparticle cohesion was the localized plastic strain necessary to initiate dynamic recrystallization across 

interparticle boundaries, rather than that necessary for jetting as has been widely established for more 

deformable material systems. The microstructural developments in single particle impact studies correlated 

well with the microstructure of the Cr coatings on Zr-alloy characterized using TKD. A more insightful 

understanding of coating deposition based on microstructure and quality was achieved in terms of the 

parameter, η, the ratio of the particle velocity to the critical velocity. The experimental results on deposition 

were benchmarked by simulations of single particle and multiparticle impact using finite element modeling 

(FEM) code.  

To reduce the interface roughness, experiments were conducted via low particle velocity deposition to 

first maintain low interface roughness followed by a high particle velocity deposition for coating buildup. 

This seed layer approach was not successful in reducing interface roughness but provided insights into 

deformation processes at play during multiple particle impacts. Depositing Cr particles at higher traverse 

speeds to decrease the number of particles impacting the substrate per unit time showed more promising 

results. Shot peening using stainless steel shot media was very effective in reducing the inherent coating 

surface roughness resulting from cold spray deposition. Based on this study, a novel cold spray shot peening 

(CSSP) process was developed, where the cold spray gun was used for shot peening in conjunction with 

larger Cr particles (as the shot media) and low spray velocity conditions. This approach also showed notable 
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reductions in surface roughness and inherently presents no concerns of cross-contamination of materials. 

CSSP promises to be a more economic and sustainable approach for reducing surface roughness of as-

deposited Cr coatings as an alternative to conventional mechanical grinding. 

Cr-coated Zr-alloy samples were irradiated using 80 MeV Xe26+ ions to assess the effects of irradiation 

damage on the Cr-Zr interface and within the cold spray Cr coating. STEM characterization of the as-

deposited Cr-Zr interface revealed coherent bonding and cold spray induced co-segregation of Cr and Fe 

starting at the near-interface and extending up to 200 nm into the Zr-alloy substrate. Irradiation led to 

homogenization of Fe in the Zr-alloy matrix and the formation of a ~20 nm thick amorphous layer of the 

Cr/Zr interface, a result supported in part by thermodynamic calculations. Irradiation within the Cr coating 

saw elimination of elongated grains, and both partial recrystallization and slight grain growth were observed 

at the interparticle boundaries. In essence, irradiation promoted densification of the coating by effectively 

obliterating interparticle boundaries. Nanoindentation testing revealed slight softening of the coating, which 

was attributed to irradiation-induced recrystallization and deformation recovery. Overall, the results show 

that cold spray Cr coatings on Zr-alloys exhibit good radiation resistance for advanced nuclear fuel 

applications. 

In addition to microhardness and nanoindentation methods used routinely for measuring the mechanical 

behavior of the coating and substrate, high energy synchrotron X-ray diffraction in the transmission mode 

was performed in situ during uniaxial tensile testing to understand the deformation and cracking behavior 

of cold spray Cr-coated Zr-alloy samples in both the as-deposited and annealed conditions. Both elastic and 

plastic deformation mechanisms during tensile deformation were quantified using detailed X-ray line 

profile analysis. High dislocation density with a unique distribution of edge and screw fractions and non-

zero lattice strain was determined to be present in the Cr coating due to high strain-rate deformation during 

cold spray deposition. The annealing treatment reduced both residual lattice strain and dislocation density 

(with preferentially higher reduction in edge dislocation fractions) in the Cr coating. This led to a 

heterogeneous distribution of dislocation density and character among different grains that enhanced 
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resistance to crack propagation in the annealed Cr coating. The mechanical properties of the Zr-alloy were 

not significantly altered by the presence of the cold sprayed Cr coating. 

To gain more fundamental understanding of the deformation behavior of the coating-substrate system, 

microcantilever beams were prepared for cold spray Cr coated Zr-alloy using focused ion beam (FIB) to 

create samples such that the cantilever was perpendicular to and incorporated the coating-substrate interface 

at its base. In addition to as-deposited samples, samples annealed at 600 °C to simulate initial loss of 

coolant, and 1000 °C to simulate inter-diffusion during LOCA, as well as irradiated samples were also 

tested. The bend tests, intended to force failure by cracking, and performed with in situ SEM imaging in 

concert with acquisition of load-displacement profiles provided holistic information about the failure 

mechanisms. As-deposited coatings displayed high adhesion strength at the interface and brittle fracture at 

the interface, while samples annealed at 600 °C showed very ductile behavior with peeling of the Cr-Zr 

interface. The 1000 °C annealed sample showed fracture behavior due to the existence of a thin, ZrCr2 

intermetallic layer formed at the interface during high temperature inter-diffusion, however crack 

propagation was readily restricted by the now-ductile Cr coating and Zr-alloy substrate. For example, 

cracking occurred in short spurts followed by immediate recovery. The ion-irradiated Cr coatings showed 

mixed brittle-ductile behavior, which was attributed to various effects stemming from differences in 

displacement damage to ion beam mixing to thermal recovery of dislocations. Overall, all mechanical tests 

were reflective of potential improvements to the mechanical performance of Zr-alloy by the addition of 

cold spray Cr coating. 

Hydrothermal corrosion tests were conducted in autoclave pressure vessels set to 360 °C and 18.6 MPa 

for 30 days in two different environments: static pure water and Li-enhanced water to simulate pressurized 

water reactor (PWR) conditions. For the coatings tested in pure water, weight change measurements showed 

a significant reduction in corrosion rate due to Cr coatings compared to uncoated Zr-alloy cladding, and 

additionally corrosion rates were similar for Cr coatings sprayed with helium and nitrogen carrier gases. 

For the coatings tested in elevated Li water chemistry, STEM imaging revealed a thin (<50 nm) continuous 
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oxide scale on the surface of the Cr coatings confirmed to be Cr2O3 using STEM-EDS. Electron probe 

micro-analysis (EPMA) in conjunction with wavelength dispersive X-ray spectroscopy (WDS) revealed 

similar distribution of oxygen at the inter-particle boundaries before and after corrosion testing and no 

evidence of corrosion at the interface of the Cr coating and the Zr-alloy substrate, suggesting that the particle 

boundaries are bonded thoroughly enough to prevent undercoating corrosion. High temperature oxidation 

tests in air and steam environments showed formation of a thin protective Cr2O3 layer (<10 µm) representing 

a significantly slower oxidation kinetics than Zr-alloy, which formed a thick ZrO2 oxide layer (>100 µm) 

under the same test conditions.  
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1. Background and Motivation 

1.1. Materials for nuclear energy 

1.1.1. Overview of nuclear power in the United States 

Nuclear power plays an important role in clean energy production in the United States and world-wide. 

Nuclear plants provide about 13% of the total electric power generated worldwide and have steadily 

constituted about 20% of total annual U.S. electricity generation since the 1990s [1]. Nearly all commercial 

nuclear reactors in the U.S. are light water reactors (LWR) which use water as a coolant. LWRs are 

classified as either pressurized water reactors (PWR) or boiling water reactors (BWR), with the main 

difference being the water circuit designed for boiling resulting in associated differences in water chemistry, 

phase, and temperature [2]. Schematic illustrations of PWR and BWR are shown in Fig. 1.1. 

 
Fig. 1.1. Simplified schematic of light water (LWR) nuclear reactors: (a) pressurized water reactor 
(PWR); (b) boiling water reactor (BWR), reproduced from [3].  

The reactor pressure vessel (RPV) shown in Fig. 1.1 house fuel cladding assemblies that contain the 

primary fuel that undergoes continuous atomic fission within the reactor core. Water coolant flows around 

the cladding tubes. The fuel comprises enriched uranium in the form of 1 cm long cylindrical uranium 

dioxide fuel pellets, shown in Fig. 1.2 (a). The pellets are encased in metal tubes called fuel cladding, which 

are 9-10 mm in diameter and about 4 m in length (Fig. 1.2 b). The cladding is typically made of a zirconium 

alloy (Zr-alloy) due to their good strength, excellent corrosion resistance in LWR water coolant at operating 
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temperatures, and low absorption cross-section of Zr for thermal neutrons [4]. The fuel and cladding in 

combination are referred to as fuel rod (Fig. 1.2 c), and these rods are bundled together to create fuel 

assemblies (Fig. 1.2 d). A fuel assembly contains about 300 fuel rods and a typical reactor core contains 

about 200 fuel assemblies, which generate an immense amount of carbon-free electric power. 

 
Fig. 1.2. Photographs of (a) UO2 pellets and (b) Zr-alloy fuel cladding that make up the fuel rod shown 
schematically in (c). These fuel rods are bundled together in fuel assemblies, shown in (d). Reproduced 
from the NRC website. 

1.1.2. Reactor environmental effects on materials 

The environment in reactor core is harsh, with a combination of elevated temperatures, corrosion, 

neutron irradiation, and mechanical stresses acting synergistically on the structural components and 

contributing to the degradation of core materials, particularly the cladding [4]. Temperatures in PWRs range 

from 290 to 320 °C and the water chemistry consists of elevated levels of hydrogen, boron, and lithium for 

radiolysis, reactivity, and pH control [4]. The high temperature water environment causes uniform corrosion 

of Zr-alloy cladding leading to a normally protective oxide. Particulates of corrosion products from various 

materials in the reactor core, referred to as CRUD (Chalk River Unidentified Deposits), may deposit on the 

fuel cladding leading to changes in thermal conductivity and axial offsets from uneven mechanical stresses. 

Decades of research has produced an extensive amount of corrosion data for Zr-alloy in LWRs, allowing 

for safe and reliable operation of nuclear plants under normal operating conditions.  

Materials degradation processes (e.g., corrosion, creep, embrittlement) in the reactor core are 

exacerbated by irradiation produced by fission in the reactor core. Fission products consist of high energy 
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neutrons and gamma rays that are slowed down via collisions with the coolant and structural components 

[4]. Irradiation damage consists of elastic interactions between fast neutrons and atoms and structural 

materials, such as the Zr-alloy cladding. These neutrons transfer kinetic energy to the target atom which 

displaces the atom from its lattice site. The primary knocked-on atom (PKA) can interact with other atoms 

in the alloy along its path, producing point defects such as vacancies or interstitials [5]. The collided atoms 

can then interact with other atoms creating a displacement cascade within the crystal lattice. The primary 

measure of irradiation damage is in units of displacements per atom (dpa), which is the number of times an 

atom is displaced from its lattice site. Due to its relatively low thermal neutron absorption cross-section 

(~0.18 barn), Zr-alloys are relatively neutron transparent and experience an average of 3.9 dpa per year, for 

about 15-16 dpa per fuel cycle (~5 years) [4,5].  

Point defects caused by radiation damage can accumulate into defect clusters, such as voids and 

dislocation loops. Some consequences of irradiation damage on material microstructure include hardening 

and associated embrittlement, radiation-induced segregation (RIS), and void swelling, all of which 

adversely affect cladding performance [6]. As mentioned earlier, alloying elements in Zr-alloys such as Nb, 

Sn, Cr, and Fe that have shown to improve the corrosion resistance and/or creep strength, but they may also 

beneficially affect the irradiation damage resistance under PWR conditions [5]. 

1.1.3. Accident tolerant fuels 

The Fukushima Daiichi nuclear accident in 2011 highlighted the need for increased oxidation resistance 

and accident tolerance of fuel cladding during severe accident scenarios. In the event of a design basis 

accident (DBA), beyond design basis accident (BDBA), or loss-of-coolant accident (LOCA), coolant water 

in the reactor is diminished and the continued decay heat production boils off the remaining coolant in the 

core, causing the fuel rods to rapidly rise to temperatures in excess of 700 °C [7,8]. At these temperatures, 

various degradation phenomena including cladding ballooning and burst, high temperature oxidation, and 

low temperature eutectic melting between contacting materials may occur. As temperatures continue to rise 

to above 1200 °C, zirconium rapidly oxidizes via an exothermic reaction with steam, producing even more 
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heat and hydrogen byproduct as shown in Eqn. 1.1. The transition of ductile α-Zr to brittle ZrO2 degrades 

the mechanical integrity of the cladding, leading to the possibility of fuel fragmentation, dispersal, and 

fission gas release to the reactor core and the environment. 

𝑍𝑍𝑟𝑟(𝑠𝑠) + 2𝐻𝐻2𝑂𝑂(𝑔𝑔) → 𝑍𝑍𝑟𝑟𝑂𝑂2(𝑠𝑠) + 2𝐻𝐻2(𝑔𝑔) Eqn. 1.1 

The aforementioned limitation of Zr-alloy triggered active research and development programs world-

wide for the development of accident tolerant fuels (ATFs) that can provide superior oxidation resistance 

at temperatures in excess of 1200 °C [7,8]. Two approaches are being considered, namely, a long-term 

option and a relatively near-term option. The long-term option is to entirely replace the Zr-alloy as fuel 

cladding material with more oxidation materials such as FeCrAl and SiC-SiCf (f stands for fiber) [9]. These 

materials exhibit oxidation rates several orders of magnitude lower than Zr-alloys at elevated temperatures, 

allowing for improved safety margins during BDBAs as shown in Fig. 1.3 [9]. The low oxidation rates stem 

from the formation of protective thermodynamically stable Al2O3 or SiO2 layers on the surface of the 

material in reaction with the environment. Additionally, ATF materials must maintain or improve corrosion 

kinetics at normal operating conditions (~300 °C, hydrothermal corrosion) with low susceptibility to 

hydriding, which can lead to brittleness. Of course, the entire replacement of Zr-alloy with a different 

material will entail significant and expensive changes in reactor design.  
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Fig. 1.3. The thermodynamic stability of various oxides in oxidative steam environments, in terms of the 
parabolic oxidation rate constant. Reproduced from [9]. 

The near-term option involves deposition of a thin, oxidation-resistant coating on the surface of existing 

Zr-alloy cladding. Chromia, alumina, and silica-forming materials are the most promising due to their 

stability in steam and parabolic oxidation kinetics that are roughly two orders of magnitude lower than 

zirconia [9]. It should be noted that the coated cladding ATF concepts may also provide improved strength 

to current Zr-alloy cladding, allowing for improved economics by, for example. increasing burnup limits 

from 62 gigawatt-days per metric ton of uranium (GWd/MTU) to 75-80 GWd/MTU [10]. This would allow 

for improved fuel cycle efficiency via longer reactor cycles. Many coating materials have been investigated, 

such as MAX-phase coatings [11–13], nitride coatings [14–17], alloy coatings [18–23], and pure metal 

coatings [24–27]. In particular, FeCrAl coatings have the potential to provide dual protection at operating 

conditions through formation of a Cr-rich surface oxide layer during normal operation hydrothermal 

corrosion conditions, and through formation of protective Al2O3 at the surface under accident conditions 

[28]. An important limitation of using FeCrAl as a coating material on Zr-alloy is the formation of a low 

temperature eutectic phase at 928 °C due to diffusion of Fe into the underlying Zr cladding, resulting in 

melting [29,30]. A dual-layer FeCrAl/Mo (Mo as a diffusion barrier interlayer) coating was successful in 
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preventing interdiffusion between Fe and Zr up to 1200 °C as shown in studies performed by the present 

author [31]. 

More recently, pure Cr has emerged as the coating material of choice due to its high melting point (1907 

°C), relatively low thermal neutron absorption cross-section (~3.0 barn), high eutectic temperature with Zr 

(~1332 °C), and superior resistance to oxidation in PWR operating conditions [32,33]. Several methods for 

deposition of Cr have been investigated including cold spray [34–37], plasma spray [38,39], physical vapor 

deposition (PVD) [40–42], and vacuum arc plating [43–45]. The next section provides an overview of the 

advantages and limitations of using Cr-coated Zr-alloy as an ATF cladding material. Some of the work 

cited in these sections refer to cold spray coatings – the focus of this thesis work – and therefore will be 

covered separately in greater detail in subsequent sections of this chapter of the thesis. 

1.2. Chromium coatings for accident tolerant fuel 

1.2.1. Corrosion and high temperature oxidation of Cr coatings 

The hydrothermal corrosion behavior of Cr coatings on Zr-alloy cladding has been studied extensively 

[26]. Corrosion tests are typically performed in pressurized water at 360 °C and 18.6 MPa, which 

corresponds to the typical normal operating environment in PWRs. The Pourbaix diagram for Cr is shown 

in Fig. 1.4, and it reveals a large window of electrode potential and pH combinations in which a protective 

Cr2O3 is expected to form [46]. The results of corrosion testing of Cr-coated Zr-alloy cladding (summarized 

by Yang et al. [26]) reveal that the weight gain of the coated samples was considerably lower than that of 

the uncoated Zr-alloy.  
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Fig. 1.4. Pourbaix diagram for Cr at 350 °C, 25 MPa, and an oxygen concentration of 10-6 mol/kg, 
showing the favorable Cr species as a function of electrode potential and pH. Reproduced from [46]. 

High temperature oxidation testing of Cr-coated Zr-alloy is not as standardized as hydrothermal 

corrosion testing. Testing is typically performed between 1000 to 1300 °C for exposure times ranging from 

5-300 minutes in either flowing steam or ambient air environments [26]. The oxidation behavior of 

chromium in high temperature steam environments is different than in pure oxygen or ambient air 

environments; for example, formation of volatile chromium oxides (CrO3) and chromium oxy-hydroxides 

(CrO2(OH)2) are possible in wet oxygen or steam environments [47,48]. However, the formation of stable 

chromia (Cr2O3) at LOCA temperatures makes Cr very effective in imparting high temperature oxidation 

resistance. The high temperature oxidation kinetics of Cr in the temperature range of 900 to 1400 °C have 

been studied extensively and are usually found to obey a parabolic growth kinetics [26]. In general, Cr 

coatings provides several orders of magnitude higher resistance to high temperature oxidation compared to 

Zr-alloys. The oxidation performance can be improved by maximizing the density, thickness, and 

mechanical integrity of the coatings.  

1.2.2. Mechanical properties and testing of Cr coatings 

In recent years, there have been efforts to study mechanical behavior of Cr coated Zr-alloy [49]. In 

reactor environment, for example, cladding tubes are subjected to biaxial mechanical loading (axial and 

circumferential) due to pellet-cladding mechanical interaction (PCMI) [50]. Under LOCA conditions, the 

cladding may experience pressure from the coolant water outside the cladding, as well as pressure from the 
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inside of the cladding due to fuel pellet swelling and fission gas release, especially during a reactivity 

initiated accident (RIA) condition [51]. The coating deposition process used will influence the stress state 

of the Cr coating and may determine how the coating will resist these pressures under both normal and 

accident conditions.  

Chromium has historically been used as an alloying element and, as a result, the deformation behavior 

of pure Cr has not been investigated extensively. BCC metals present a challenge for modeling deformation 

due to their sensitivity to strain rate and temperature. Previous mechanical behavior studies of Cr on Zr-

alloy have included ring and C-ring compression testing, expanding plug testing, and uniaxial and biaxial 

tensile testing [52–58]. The deformation and fracture behavior of PVD and cold spray Cr coated Zr-alloy 

has been investigated using both in situ and ex situ SEM characterization, digital image correlation, acoustic 

emission detection, X-ray micro-computed tomography imaging, and finite element analysis [52–58]. 

Results from these tests have generated many similar conclusions: (i) Cr coatings undergo brittle failure at 

room temperature, but experience a brittle-to-ductile transition temperature (BDTT) between 25 °C and 

500 °C; (ii) cracks typically propagate linearly and perpendicular to the loading direction, though cracks 

become more circuitous as the testing temperature increases; (iii) crack number density decreases as coating 

thickness increases; (iv) cracks propagate through the coating and are arrested at the interface, with no 

delamination of the coatings observed, indicating high adhesion of Cr to Zr-alloy; and (v) cracking typically 

initiates and then saturates between 0.1-3% strain. 

Due to the relatively low thickness of these coatings (<30 µm) as required for ATF cladding, standard 

mechanical testing methods may not provide the most useful data. Instead, the use of small-scale 

mechanical testing provides the means of obtaining qualitative and semi-quantitative assessments of Cr-

coated Zr-alloy cladding integrity. For example, multi-length scale mechanical tests (e.g., nano-indentation, 

micro-pillar compression, and cantilever beam bending tests) were previously performed on single-crystal 

and ultrafine grained Cr to gain insights on the influence of microstructure, temperature, and strain rate on 

the plasticity and strengthening behavior of BCC metals [59–62], and this technique has now been extended 
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to Cr coatings on Zr-alloy cladding . In recent years, micro-tensile testing with in situ synchrotron 

diffraction has been used to characterize the evolution of lattice strain, dislocation density and character 

distribution, and load partitioning phenomena in a wide variety of materials during uniaxial tensile tests 

[63–66], and this approach has been investigated in this research. These techniques are promising 

developments and may be extended to assess hydrogen embrittlement, delamination and cracking 

mechanisms following irradiation, and high strain cladding ballooning and burst behavior during accident 

scenarios [49,67]. 

1.2.3. Irradiation damage of Cr coatings 

Neutron irradiation of Cr coatings is restricted to test reactors, and therefore is a time-consuming 

process taking years to implement, perform, and analyze [49]. Ion irradiation has demonstrated success in 

reproducing microstructural and property effects from neutron irradiation with orders of magnitude 

reduction in time and cost [68]. While ion irradiation data of bulk chromium, Cr coatings, and Cr alloys at 

various temperatures and conditions are quite sparse compared to more common reactor structural 

materials, a summary of the literature is presented herewith.  

BCC metals tend to show good resistance to radiation, consistently showing lower void swelling than 

FCC metals [2,69–71]. Kuprin et al. irradiated cathodic arc evaporated Cr coatings on Zr-alloy cladding 

using 1.4 MeV argon ions at 400 °C from 5 dpa to 25 dpa [72], and between 300-550 °C to 25 dpa [73], 

where they measured swelling ranging between 0.16 % to 1.6 %. Using 5 MeV Fe ions, Ryabikovskaya et 

al. [74] found that pure Cr swelled at a rate of ~0.03-0.04%/dpa, with void swelling reaching ~2% after 50 

peak dpa irradiation. Heavy ion irradiation experiments produced a maximum of 9% swelling at a dose of 

180 dpa around 750 °C [75]. With a maximum damage dose accumulation of 25 dpa after 5 years in reactor, 

it is reasonable to assume that Cr coatings on Zr-alloy cladding will not exhibit significant void swelling 

that would cause detriment to adhesion or mechanical properties [72].  
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The microstructure of cold sprayed Cr coatings consists of a heterogeneous microstructure containing 

grain boundaries, inter-particle boundaries, ultrafine grains (<1 µm) and high dislocation density, which act 

as sinks for irradiation-induced defects [76,77]. Maier et al. [36] showed that the plastically deformed cold 

spray Cr microstructure delayed both the onset and growth of irradiation-induced defects compared to an 

annealed bulk Cr microstructure. The relative stability of dislocations and dislocation loops in Cr under 

irradiation [75,78,79], as well as its inherently low vacancy accumulation [80], makes it innately resistant 

to irradiation damage. In addition, radiation-induced recrystallization has been shown to occur in heavily 

cold worked microstructures, which may impart some ductility to the cold spray Cr coating [81].  

BCC metals are susceptible to irradiation hardening and embrittlement at low temperatures (<0.3-0.4 

TM) due to formation of a high density of defect clusters [69]. The hardness of vacuum and magnetron 

sputtered Cr films has been shown to increase during irradiations [82,83], and the DBTT can increase with 

irradiation, promoting embrittlement [84]. However, Chen et al. [85] observed irradiation softening of arc-

ion plated Cr coatings on Zr-alloy at low (< 1) dpa, which they attributed to recombination of coating defect 

sinks and irradiation defects, and to irradiation-induced deformation recovery. Gong et al. [86] irradiated 

arc-ion Cr coatings up to 20 dpa and correlated hardening to the crystallinity of the coating. Hardening was 

found in coatings with large voids and low (110)-oriented crystallinity while softening occurred with many 

small voids in increasing (110)-crystallinity coatings [86]. The variation in results among various studies 

shows that the process used to deposit the coatings influences the texture, grain size, and inherent defects 

within the coatings, all of which contribute to their irradiation damage response [85].  

Finally, irradiation may change the nature of the Cr/Zr interface. HR-TEM characterization of a PVD 

Cr coating on Zr-alloy showed crystallinity across the near-interface regions of Cr/Zr interface, containing 

a mixture of Zr(Fe,Cr)2 Laves phases [87,88]. After Kr8+ irradiation at 400 °C up to 10 dpa, crystallinity 

and atomic row matching were maintained, though some differences in phases at the interface were 

observed. Fazi et al. [89] observed a crystalline, intermixed boundary region near the unirradiated cold 

spray Cr/Zr interface, with increased concentrations of Cr, Fe, and Nb within the Zr-side of the interface. 
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Cold spray results in high velocity impact, shear, and mixing of constitutive elements at the interface, and 

irradiation may enhance diffusion that could accelerate the nucleation and growth of Laves phases or other 

nonequilibrium phases in this mixed region [37,89]. For example, Kennas et al. [20] irradiated thermally 

annealed cold spray FeCrAl on Zry-4 using Zr2+ ions at 400 °C from 50-150 dpa. Thermal annealing 

promoted (Fe,Cr)2Zr phase formation at the interface, and irradiation resulted in complete amorphization 

of this phase.  

1.3. Cold spray coating deposition process 

1.3.1. Overview of gas flow, temperature, and pressure 

Historically, it was commonly accepted that particles must be heated to high temperatures to ensure 

melting in the gas flow to deposit a coating [90]. In these thermal spray processes, feedstock materials in 

the form of powder, wire, or rods are melted into molten droplets using electrical or chemical energy and 

heated anywhere from 1000-15,000 °C [91]. The droplets are propelled onto a substrate surface via subsonic 

or supersonic gas streams at high velocities, where upon impact they spread out and solidify at extremely 

high cooling rates ranging from 104-108 K/s [91]. An enormous selection of feedstock materials in various 

forms can be deposited on a variety of substrates using thermal spray due to its expanded range of particle 

temperatures and velocities. 

Cold spray is similar in that micron-sized feedstock powder particles are accelerated to supersonic 

velocities with a preheated, pressurized gas towards a substrate to form a coating. Unlike thermal spray, the 

particle temperature is low, and deposition occurs in solid state. The primary reason for heating the gas is 

not to melt (or even heat) the material but rather to increase the sonic velocity of the gas in the throat of the 

converging-diverging (or de Laval) nozzle, which is similar to the design of a rocket nozzle [91,92]. A 

schematic cross-section of a de Laval nozzle is shown in Fig. 1.5. A compressed gas (typically air, nitrogen, 

helium, or a mixture thereof) is pressurized up to 60 bar (6.0 MPa) and preheated up to temperatures in the 

range of 100 to 900 °C [91–93]. Because expansion of the gas in the diverging section of the nozzle rapidly 
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cools the gas, it exits the spray gun nozzle at a much lower temperature. Additionally, since the dwell time 

of the particles in contact with the gas is brief, the particles remain well below the initial gas preheat 

temperature and arrive at the substrate in their original solid form [93]. Hence, the name “cold spray” gets 

its name from the solid-state nature of the deposition process relative to the low temperature of the particles 

during coating formation. 

 
Fig. 1.5. Schematic cross-section of a converging-diverging de Laval nozzle, repurposed from Sakaki 
[92]. 

The gas flow through the nozzle can be modeled using a quasi-one-dimensional isentropic flow [92]. 

The pressure 𝑃𝑃, temperature 𝑇𝑇𝑔𝑔, and velocity 𝑈𝑈𝑔𝑔 of the gas flow through the nozzle can be calculated from 

the ratio of the cross-sectional area 𝐴𝐴 at any given point up to the nozzle throat area 𝐴𝐴𝑡𝑡 using the following 

equations [92,93]: 
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where 𝜅𝜅 is the gas specific heat ratio (1.4 for N2, 1.66 for He), 𝑅𝑅 is the gas constant (8.314 J/mol·K), and 

the subscripts 𝑔𝑔, 𝑖𝑖, 𝑡𝑡 represent the gas, inlet, and throat of the nozzle, respectively. Preheating the gas 

increases the sonic velocity of the gas at the throat up to Mach 1, after which the gas thermal energy is 

converted to kinetic energy (i.e., velocity) by way of energy conservation. The gas must increase its velocity 

to maintain the same mass flow rate as it expands through the diverging section of the nozzle, where it 

reaches velocities up to Mach 2-3 at the nozzle exit [94]. Furthermore, since the particles flow with the gas, 

higher gas velocities generally result in higher particle velocities. Eqn. 1.5 can be further simplified in terms 

of the molecular weight (𝑀𝑀𝑤𝑤) of the gas species:  

𝑣𝑣 = (𝛾𝛾𝑅𝑅𝑇𝑇/𝑀𝑀𝑤𝑤  )
1
2 Eqn. 1.6 

Eqn. 1.6 shows that a useful way to increase the carrier gas velocity (and therefore, particle velocity) 

is to increase the preheat temperature of gas or to reduce its molecular weight, i.e., including helium in the 

gas stream. Increasing the inlet gas pressure does not result in an increase in gas velocity since the flow 

through the nozzle becomes sonic and is “choked” at the throat (at typical processing conditions). Cold 

spray systems typically come in two configurations: (i) low pressure cold spray (LPCS), in which powder 

is injected into the diverging section of the nozzle at low pressures; (ii) high pressure cold spray (HPCS), 

in which powder is injected upstream of the converging section of the nozzle [95,96].  

1.3.2. Critical velocity for particle bonding in cold spray 

 Initial cold spray experiments involved spraying particles towards a substrate at different particle 

velocities. The deposition efficiency, 𝑘𝑘𝑑𝑑, of the powder that bonded to the substrate was measured via Eqn. 

1.7: 

𝑘𝑘𝑑𝑑 = Δ𝑚𝑚𝑠𝑠/𝑀𝑀𝑝𝑝 Eqn. 1.7 

where Δ𝑚𝑚𝑠𝑠 is the change in weight of the substrate and 𝑀𝑀𝑝𝑝 is the weight of all particles that interacted with 

the substrate [90,97]. These measurements helped discover that a critical velocity, 𝑣𝑣𝑐𝑐𝑐𝑐, was needed for 



14 
 

particles to bond to the substrate. At low particles velocities (𝑣𝑣𝑝𝑝 < 𝑣𝑣𝑐𝑐𝑐𝑐), 𝑘𝑘𝑑𝑑~0 meaning particles rebounded 

upon impact with the substrate. At 𝑣𝑣𝑝𝑝 ≥ 𝑣𝑣𝑐𝑐𝑐𝑐, 𝑘𝑘𝑑𝑑>1 and the deposition process begins. If the particle velocity 

becomes too high (𝑣𝑣𝑝𝑝 ≫ 2𝑣𝑣𝑐𝑐𝑐𝑐), erosion of the substrate can be a concern. Thus, the particle velocity is 

generally seen as the most important process parameter for controlling bonding.  

Researchers have found that the critical velocity is material dependent and relies on factors such 

particle density, temperature, specific heat capacity, size, and dynamic yield strength [96,98–100]. Schmidt 

et al. [98] were among the first to estimate the critical velocity for Cu using materials parameters: 

𝑣𝑣𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡𝐶𝐶𝐶𝐶−𝐶𝐶𝐶𝐶 = �
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𝑇𝑇𝑚𝑚 − 𝑇𝑇𝑐𝑐

� + 𝐶𝐶2𝑐𝑐𝑝𝑝(𝑇𝑇𝑚𝑚 − 𝑇𝑇𝑖𝑖) Eqn. 1.8 

where 𝜎𝜎𝑇𝑇𝑇𝑇 is the tensile strength of the particle, 𝜌𝜌𝑝𝑝 is the density of the particle, 𝑐𝑐𝑝𝑝 is the specific heat of 

the particle, 𝑇𝑇𝑝𝑝𝑖𝑖 is the temperature of the particle upon impact, 𝑇𝑇𝑚𝑚 is the melting temperature, and 𝑇𝑇𝑐𝑐 is a 

reference temperature (usually set to 298 K). 𝐶𝐶1 and 𝐶𝐶2 are calibration factors set to 0.25 and 1.0, 

respectively. The ratio of 𝑣𝑣𝑝𝑝/𝑣𝑣𝑐𝑐𝑐𝑐 was found to correlate well with deposition efficiency, particle flattening 

ratio, and coating cohesive strength [98]. Though, it is important to note that Eqn. 1.8 is only valid for 

similar materials systems, specifically Cu impacts on a Cu substrate, a widely investigated materials system 

for cold spray. Generating empirical equations for critical velocity is possible through the use of single-

particle impact experiments, in which cold spray parameters are tuned to only allow deposition of individual 

particles on a substrate surface [101–107]. Particle velocities are estimated numerically through the use of 

computational fluid dynamics (CFD) simulations, or can be measured experimentally using high speed 

cameras with infrared or laser light sources [108]. 

In recent years, researchers have begun to expand critical velocity measurements to dissimilar 

materials systems using the laser-induced projectile impact test, or LIPIT [104,109,110]. In this test, a 

particle is accelerated by rapidly expanded gases from laser ablation of a thin film of gold or a polymer 

material. Ultrafast monochromatic laser pulses are used to image the particle at all stages before and after 
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collision with the substrate, enabling precise quantification of particle velocity and coefficient of restitution, 

which is the ratio of the particle’s rebound velocity to its impact velocity. When the coefficient reaches 

zero, the particle is considered bonded and thus represents its critical velocity. Hassani et al. [101] 

investigated a number of similar and dissimilar metallic systems using the LIPIT system to identify the 

critical velocities of many unique particle/substrate combinations. With advances in technology, future 

single-particle impact studies will be able to incorporate other conditions, such as particle size, temperature, 

density, oxide thickness, and impact angle, all of which affect the mechanisms for particle-substrate 

bonding. 

1.3.3. Bonding mechanisms in cold spray 

Bonding in cold spray consists of two distinct stages: (i) particle-to-substrate bonding, which forms 

the first layer of particles and is responsible for coating adhesion, and (ii) particle-to-particle (a.k.a., 

interparticle) bonding, which is responsible for coating build-up and coating cohesion. Solid-state metallic 

bonding takes place when the clean surfaces of two metals are brought into intimate contact [100,111]. In 

practice, however, the surfaces of most metallic materials are covered by a thin native oxide layer or 

contamination film. One way to achieve metal-to-metal contact is to compress and stretch the interfacial 

region via plastic deformation, causing fracture of the oxide layer leading to intimate contact of the metal 

surfaces at the atomic level, thereby initiating metallurgical bonding. This phenomenon is shown 

schematically in Fig. 1.6. This relationship between bond strength and surface exposure is seen in all solid-

state bonding processes, including cold welding, explosive welding, and cold spray. 

 



16 
 

 
Fig. 1.6. Schematic of solid-state bonding resulting from plastic deformation. At some threshold strain 
ε=εcr, exposed fresh metallic surfaces come into contact resulting in bonding. Reproduced from Hassani 
et al. [111].  

During cold spray deposition, high velocity particle impact leads to plastic deformation at extremely 

high strain rates (106-109 s-1). Upon impact at 𝑣𝑣𝑝𝑝 ≥ 𝑣𝑣𝑐𝑐𝑐𝑐, a jet composed of both particle and substrate 

material is formed at the particle/substrate contact surface. This causes an intense outward flow of material 

that effectively breaks up the native oxide present on the metallic surfaces [111,112]. When the jet reaches 

the free surface, it forms a lip that fractures material ahead of the jet front, effectively ejecting material 

away from the bonding interfaces. Thus, this jetting phenomenon has been presumed to be a necessary 

criterion for providing the clean metallic surfaces and hydrostatic pressures required for metallurgical 

bonding in cold spray [113]. The extremely short contact times (~40 ns), relatively low impact kinetic 

energy of deposited particles, and inter-diffusion coefficients near the melting temperature (10-15-10-13 m2/s) 

tend to exclude interfacial melting and long-scale atomic inter-diffusion as bonding mechanisms in cold 

spray [112]. 

For many years, adiabatic shear instabilities (ASI) produced at the particle/substrate interface has 

been considered the primary cause of jetting. To explain on a physical level, Fig. 1.7 shows a standard 

stress-strain curve for a typical work-hardening material under isothermal conditions, in which the flow 

stress increases monotonically with plastic strain [112]. Under adiabatic conditions, however, plastic strain 

energy dissipates as heat increases the temperature, causing thermal softening. This causes the flow stress 
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to reach a maximum, whereafter it continues to decrease with increasing plastic strain. In real materials, 

fluctuations in stress, strain, temperature, and microstructure give rise to shear localization, [112]. This 

stops the straining and heating in the surrounding material, causing the flow stress to rapidly drop to zero. 

To summarize, adiabatic shear instabilities lead to concentration of plastic deformation at the particle-

substrate interface, forming a narrow jet composed of highly deformed material. The high contact pressure 

and localized plastic deformation causes a spike in temperature contained within this region on a very short 

time scale, which may further aid in metallurgical bonding. 

 
Fig. 1.7. Schematic stress-strain curves in a normal strain-hardening material (‘isothermal’), an 
adiabatically softened material (‘adiabatic’), and a material undergoing adiabatic shear localization 
(‘localization’). Reproduced from Grujicic et al. [112]. 

These interfacial instabilities can also produce the second type of bonding in cold spray, which is 

mechanical interlocking. This may occur in the form of interfacial rollups, in which flow caused by differing 

viscosities increases the interfacial area, leading to material mixing [112,114,115]. Mechanical interlocking 

is often seen in dissimilar metal systems with large differences in materials properties, such as a hard 

particle on a soft substrate. In these cases, adiabatic shear instability is suppressed on the particle side, 

causing jetting of the substrate around the particle thus producing strong mechanical bonds [100].  

A recent theory developed by Hassani-Gangaraj et al. [116,117] proposes that ASI is not necessary for 

adhesion in cold spray or, more specifically, that adiabatic softening is not needed to see the onset of jetting. 

Instead, they propose that jetting forms due to strong pressure waves interacting with the expanding edge 

of the particle, and material within the jet lip fragments under a spallation-like process. The argument is 
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based on a series of finite element simulations in which thermal softening was intentionally excluded from 

the material model. The results showed that jetting was observed in Cu particles with and without the 

thermal softening term [116,117]. Regardless of the mechanism, most researchers agree that jetting is a 

necessary condition for bonding to ensure breakup of native oxide to produce intimate metallic contact of 

fresh interfaces [118,119]. 

1.3.4. Microstructural evolution in cold spray coatings 

As particles impact sequentially to buildup thickness, compaction of the particles leads to viscoplastic 

deformation and metallurgical bonding over a large fraction of interparticle interfaces [100]. Kinetic energy 

and momentum from the incoming high velocity particles on impact with previously deposited particles 

form the basis for coating buildup [120]. Van Steenkiste et al. [120,121] proposed that coating buildup 

occurs in four stages, as shown schematically in Fig. 1.8: (i) substrate cratering and first layer buildup of 

particles; (ii) particle deformation and realignment; (iii) metallic bond formation between particles 

(interparticle bonding) and void reduction; and (iv) further densification and work-hardening of the coating. 

Incomplete bonding due to low particle velocity and/or kinetic energy may lead to deposits with high 

porosity and low cohesive strength.  

 

Fig. 1.8. Multi-stage coating formation in cold spray process, as proposed by Van Steenkiste et al. [121]. 
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Microstructure of cold spray coatings evolves heterogeneously. Plastic deformation is typically 

restricted to the outer surfaces of the particles, allowing the center of the particle to retain its initial feedstock 

microstructure. Upon impact, pre-existing dislocations in the particle, as well as nucleation of dislocations 

due to high strain, results in dislocation entanglement. These dislocations then reorganize to form subgrains 

with low-angle grain boundaries (LAGBs) that can further elongate with deformation, in a process referred 

to as continuous dynamic recrystallization (cDRX) [122–125]. If the plastic strain and temperature are high 

enough, the subgrains may rotate and pinch off to form ultrafine equiaxed grains with high-angle grain 

boundaries (HAGBs) in a process known as geometrical dynamic recrystallization (gDRX) [115,122–124]. 

These ultrafine grains are typically only found in regions with the highest deformation due to the extremely 

high strain rates and the associated temperatures rises that are required.  

Tiamiyu et al. [122] found gDRX grains in single Cu particles using the highest velocity conditions. 

Liu et al. [115] also found ultrafine grains on the order of 1-30 nm near cold sprayed Al particle boundaries. 

Additionally, they identified that these grains were aligned in small 100 nm perturbations, or “roll-ups”, 

forming a zipper-like structure leading to nanoscale metallurgical interlocking, which they attributed to 

interfacial instability and velocity-induced centrifugal forces. Similarly, Zhou et al. [126] found that a large 

density of these ultrafine, recrystallized grains in cold sprayed Ti-6Al-4V could create “bridging 

connections,” which strengthen adhesion through nanoscale metallurgical interlocking. This phenomenon 

was also shown using molecular dynamics simulations of Cu-on-Cu, in which metallurgically interlocking 

grains covered up to 76% of the interface [114]. Hence, it is clear that dynamic recrystallization along 

particle boundaries plays a major role in bonding. 

1.3.5. Prior work on cold spray Cr coated Zr-alloy cladding development  

At the University of Wisconsin-Madison, development of cold spray Cr coatings on Zr-alloy cladding 

has been ongoing for a number of years. Deposition of cold spray Cr coatings was investigated using a 

variety of Cr powders with unique microstructures [127,128]. These coatings were subjected to flowing 

steam tests in a temperature range of 1100-1300 °C to investigate growth kinetics and microstructure of 
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surface oxide, and intermetallic compound formation at the coating-substrate interface [129]. Cr coatings 

were deposited on a cold sprayed Nb barrier interlayer to enhance the high temperature oxidation 

performance at temperatures above the Cr-Zr eutectic temperature [130]. Finally, the irradiation response 

of cold sprayed Cr coatings was investigated and showed acceptable resistance to irradiation damage, 

suggesting that the deformation-induced defects produced by the cold spray process may be beneficial for 

irradiation resistance [131].  

Cold spray results in thick, dense, and adherent coatings to the substrate without any oxidation, phase 

changes, or degradation of the powder feedstock or substrate materials during deposition. Particles can be 

deposited directly onto the substrate without need of prior grinding or grit blasting steps. Coating deposition 

occurs with minimal thermal input to the substrate, which preserves its overall microstructure and 

properties. Cold spray coatings exhibit very high bond strength, high hardness, and have compressive 

surface residual stresses, which may provide improved mechanical behavior of the substrate during reactor 

operation. Finally, the high density and phase purity of the coatings combine to yield exceptional corrosion 

and oxidation properties. To summarize, the results show exceptional promise for cold spray coatings in 

nuclear energy systems [27]. 

1.4. Fabrication process for chromium powders 

The main process for production of large quantities of chromium powders is the electrolyte method. 

In such method, the chrome alum sulfate method, trivalent chromium (Cr-III) is produced by leaching 

chromium metal from high-carbon ferrochrome in a bath of sulfuric acid (referred to as the trivalent 

process) [132]. Then, the chromium solution undergoes electrolysis for a period of ~72 h to transform Cr+3 

into Cr0. This produces brittle chromium metal at the cathode that is removed in large flakes about 20 mesh 

(850 µm) in size. In the another electrolytic process, the chromic acid method, hexavalent chromium (Cr-

VI) is produced from chromium trioxide (CrO3) obtained from sodium dichromate (referred to as the 

hexavalent process) [132]. The process is much more difficult to control than the first method, resulting in 
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low yields of about 10%. However, the hexavalent process can produce a much higher purity chromium 

metal (<99.9%) on a consistent basis. 

The chromium flakes are then blended with carbon, tin, and a polymeric binder and formed into small 

briquettes, where they are placed into a resistance-heated vacuum oven [132]. The oven is heated at a slow 

ramp rate up to 1400 °C and held at constant pressure to allow for degassing. The briquettes are then slowly 

cooled under flowing argon gas followed by a final hydrogen degassing step. During the high temperature 

anneal, the chromium metal is purified of nitrogen, lead, sulfur, and oxygen and the mechanical properties 

of the Cr flake are improved. Additional degassing steps can be performed to remove iron impurities 

leftover from the original chromite ore. Other processes to produce chromium powder include electroslag 

remelting and aluminum reduction (i.e., aluminothermic Cr) [132].  

High purity electrolytic Cr flakes are still too large for traditional coating deposition. Therefore, 

powder manufacturers crush the flake into smaller sizes using either ball milling or impact milling 

techniques [133]. Ball milling utilizes a rotating cylinder containing large balls made of metal or ceramic 

that grind powder to a specified particle size distribution. Particle size is reduced through friction and impact 

with the tumbling balls. Impact mills are a class of attrition mills that pulverizes powder upon contact 

between two surfaces, where particle size is reduced through friction and shear. Specialized materials can 

be used in the mills to minimize trace element contamination, and the process can be carried out in an inert 

atmosphere to reduce oxygen contamination. After the milling process, particles are blended into a 

homogenous size distribution. This process produces non-spherical particles due to the fracture of particles 

along pre-existing defects.  

Chromium flake can also be turned into spherical powders through gas atomization and plasma 

spheroidization techniques. Gas atomization involves melting a material in a crucible, where the liquid 

flows down a refractory metal nozzle and becomes atomized into fine molten droplets using a pressurized 

inert gas [134]. The molten droplets solidify into spherical particles while falling through an inert gas 

chamber. Plasma spheroidization involves injecting solid particles into a high-temperature plasma (3000-
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10,000 K) to be melted under an inert atmosphere [135,136]. The surface tension reshapes the particles into 

spheres while the particles fall through the chamber under gravity and solidify at high cooling rates (~106 

K/s). In both processes, several parameters including tube size, gas flow rates, and cooling rates can be 

tuned to control the particle size distribution. Additionally, careful control of the atomization (and 

spheroidization) environments would be beneficial for minimizing oxidation of the feedstock particles.  

Spherical gas atomized Cr powders were initially used to deposit Cr coatings on Zr-alloy cladding 

[34]. The process produced relatively ductile Cr particles with low hardness and low defect density, 

allowing for buildup of thick coatings. The issue with gas atomization is that Cr vapors can cause 

volatilization of hexavalent Cr, which is a known carcinogen, and the high melting temperatures makes the 

process expensive. Plasma techniques may be a more economical approach for further spheroidizing of Cr 

powder. Another issue observed by Maier, Yeom, and Dabney et al. [34,137] was that large concentrations 

of helium in the carrier gas must be used to fully seal interparticle boundaries, which also makes cold spray 

process expensive. Hence, mechanically milled powders appear to be the more economical option so long 

as the milling process is carefully controlled to avoid excess work-hardening of the particles. Cold spray of 

electrolytic hard Cr powders led to deposition of a single layer of Cr particles [34], however annealing of 

the electrolytic hard Cr powder led to appreciable improvement in microstructure and ductility, allowing 

for thicker deposits [137]. The electrolytic soft Cr powder used in this research was carefully fabricated in 

specially designed ball mills to limit work-hardening and maintain ductility for cold spray deposition. 

1.5. Plastic deformation in metals 

Since plastic deformation is an essential feature in cold spray and governs deposition characteristics 

and microstructure, this chapter concludes with a brief overview of plastic deformation. Plastic deformation 

introduces permanent strain that occurs when a material is subjected to tensile, compressive, bending, or 

torsion stresses that exceed its yield strength [138]. Flow stress is a term used to describe the stress 

necessary to continue deformation during any stage of plastic straining. The primary carriers of plastic 

deformation in metals are dislocations, which are accumulations of point defects known as line defects in 
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crystals. Dislocations are often simply represented by an extra plane of atoms in the lattice. Two distinct 

types of dislocations in crystalline solids are edge and screw dislocations, which are distinguished by the 

direction of their Burgers vectors, which represents the distortion of the periodic atomic arrangement of the 

defects. Edge dislocations have Burgers vector perpendicular to the dislocation line, and screw dislocations 

have Burgers vector parallel to the dislocation line. While the direction of dislocation motion is always 

parallel to the Burgers vector, the relationship between an applied shear stress, the direction of dislocation 

movement, and plastic strain generated is different for the two types of dislocations [138].  

Plastic deformation occurs by slip or sliding of planes of atoms over one another by movement of 

dislocations along slip planes in slip directions that are unique to a material’s crystal structure [139]. Slip 

in FCC materials occurs on {111} (close packed) planes along <110> directions, for a total of 12 

independent slip systems. Slip in BCC metals occurs on {110} close packed planes along <111> directions, 

for a total of 48 independent slip systems. While slip in HCP materials can occur on the basal, pyramidal, 

and prism planes along prismatic or pyramidal directions, slip typically occurs on the basal plane {0001} 

for two independent slip systems.  

The resistance of materials to plastic deformation is determined by the shear stress that is required to 

make the dislocations glide in their slip planes [139]. Plastic deformation and flow occur when the resolved 

shear stress acting on the plane and in the direction of slip reaches a critical value, known as the critical 

resolved shear stress, and is determined by the Schmid factor. The critical resolved shear stress is dependent 

on the strain rate and temperature of the material. If deformation is caried out at low and moderate 

temperatures (i.e., below a materials recrystallization temperature), the process is known as cold working. 

As crystalline materials continue to deform plastically, they become more resistant to deformation in a 

process called work-hardening [139]. The homogeneous nucleation of a dislocation occurs by the rupture 

of atomic bonds of a material along a certain direction. If the dislocation encounters an obstacle (a grain 

boundary, precipitate, etc.) its motion will be hampered. Subsequent dislocations will pile up behind the 
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leading dislocation, increasing the stress. Thus, deformation is related to the number of dislocations that 

move and the distance traveled by them.  

Parabolic work-hardening behavior can generally be represented by Eqn. 1.9, where 𝜎𝜎 is the stress, 𝜎𝜎0 

is the flow stress, 𝜀𝜀 is the applied strain, 𝐾𝐾 is a constant, and 𝑛𝑛 is the work-hardening coefficient that 

depends on the nature of the material and typically varies between 0.2-0.5 [139]. Typically, the flow stress 

increases with strain rate and can be represented by Eqn. 1.10, where 𝜀𝜀̇ is the strain rate, 𝑚𝑚 is the strain rate 

sensitivity, and 𝐾𝐾 is a constant that differs from the one shown in Eqn. 1.9. The flow stress also increases 

with decreasing temperature. Johnson and Cook developed a comprehensive equation that relates a 

materials stress to its strain, strain rate, and temperature using Eqn. 1.11, where 𝐾𝐾,𝑛𝑛,𝐶𝐶, and 𝑚𝑚 are materials 

parameters, 𝑇𝑇𝑚𝑚 is the melting temperature, and 𝑇𝑇𝑐𝑐 and 𝜀𝜀0̇ are reference temperatures and strain rates, 

respectively. BCC metals exhibit a greater temperature and strain rate sensitivity than FCC metals due to 

differences in mechanisms controlling the rate of dislocation motion. 

𝜎𝜎 = 𝜎𝜎0 + 𝐾𝐾𝜀𝜀𝑛𝑛 Eqn. 1.9 

𝜎𝜎 = 𝐾𝐾𝜀𝜀̇𝑚𝑚 Eqn. 1.10 

𝜎𝜎 = (𝜎𝜎0 + 𝐾𝐾𝜀𝜀𝑛𝑛)(1 + 𝐶𝐶 𝑙𝑙𝑛𝑛
𝜀𝜀
𝜀𝜀0̇
̇
)(1 − �

𝑇𝑇 − 𝑇𝑇𝑐𝑐
𝑇𝑇𝑚𝑚 − 𝑇𝑇𝑐𝑐

�
𝑚𝑚

) Eqn. 1.11 

For example, BCC metals are prone to having a ductile-to-brittle transition temperature (DBTT) that 

sharply changes plasticity from ductile deformation to brittle fracture [140]. DBTT can be traced back to 

nucleation and gliding of screw dislocations that are difficult to operate at low temperatures. A few 

researchers have traced the origin of DBTT to impurities in BCC metals (such as C, N, or O) that act as 

pinning sites for dislocation motion [84,141,142]. Other planar defects in a material, including grain 

boundaries and twin boundaries, can influence the mechanical properties of a material. The preferential 

orientation of grains in a material refers to its texture, which may also influence the preference of slip during 

deformation. The Hall Petch equation describes a material’s yield strength to be inversely proportional to 

the square root of its grain size. At low temperatures, grain boundaries act as effective obstacles to 
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dislocation motion, causing dislocation pileup and strengthening. At higher temperatures, grain boundaries 

can become a source of weakness due to grain boundary sliding, leading to plastic flow or opening of voids.  
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2. Experimental Methods and Methodologies 

2.1. Cold spray coating deposition process 

Cold spray coatings were deposited using a commercial Cold Gas Technologies (CGT) Kinetiks 

4000/34 unit located in the Cold Spray Deposition Laboratory (within the Nuclear and Applied Materials 

Research Group, NAMRG) at the University of Wisconsin-Madison. The system is controlled by the 

equipment shown in Fig. 2.1 (a). The Kinetiks system provides control over the process gas parameters 

(pre-heat temperature, pressure or gas flow rate, and ratio of nitrogen/helium mixture) as well as control 

over the operational aspects of the powder feeder (feeder disk rotation speed, carrier gas flow rate). Twelve 

size 300 cylinders are connected to a manifold with a single regulated outlet to provide the pressure and 

quantities of gases required for the cold spray process. Industrial grade (99.998% purity) propellant gases 

of nitrogen and helium were procured from the company, AirGas. The gas lines run from the gas cylinders 

to the inside of a sound-resistant spray booth, where they connect to the gas pre-heater and main cold spray 

gun.  

While most of the equipment is contained within the spray booth, operational control of the Kinetiks 

system, the robot program, and miniature lathes (when applicable) are positioned outside the booth for 

safety considerations. The spray booth serves to dampen the noise of the entire spray operation, as well as 

to contain the expelled gas and powder stream. The expelled gas is captured in a filtered ceiling vent that 

removes fine particles before the gas is exhausted by the building ventilation. The oxygen levels inside and 

outside the booth were constantly monitored to maintain a safe working environment before, during, and 

after a spray run. The sample holders were mounted individually on a downdraft table containing several 

layers of filters to collect the excess (rebounded or over-sprayed) powder. The entire booth, downdraft 

table, and powder feed equipment were cleaned with ethanol-dampened wipes to prevent cross-

contamination whenever changing the feedstock powder. A specialized explosion-proof vacuum cleaner 

designed to prevent static discharge was also used to clean up pyrophoric powders. 
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Fig. 2.1. Photographs of the cold spray system located in the Cold Spray Deposition Laboratory at the 
University of Wisconsin: (a) CGT Kinetiks 4000/34 controller and Nachi SC60F-01 robot controller, 
located outside of the spray booth; (b) Inside the spray booth, showing 6-axis robot, powder hopper, and 
downdraft table; (c) Closeup of the important components (labeled) comprising the cold spray system, 
with the paths of the carrier gas (red) and powder flow (blue) shown with arrows. 

Fig. 2.1 (b) provides a look inside the spray booth, showing the cold spray gun mounted to a Nachi 

SC50F-01 6-axis robot that was pre-programmed with vertical and horizontal nozzle configurations, 

depending on the sample geometries to be sprayed. Fig. 2.1 (c) provides an overview of the various parts 

of the cold spray assembly. The converging-diverging nozzle is made of tungsten carbide with a Type-24 

design. During a spray run the gas flows through the booth and into a pre-heater, where the pressurized gas 

can be heated up to 450 °C. The gas then passes through the cold spray gun (main heater) where it can be 

heated up to 800 °C. Meanwhile, inside the hopper the feedstock powder sits atop a disk containing small 

holes, rotating at 2 rpm. A small amount of powder is gravity-fed through the holes and into the feedline, 
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where it is carried by nitrogen gas flowing at 4 m3/h unless otherwise stated. The feedstock powder flows 

from the hopper through the feedline and into the cold spray gun just before the converging section of the 

nozzle, classifying this as a high-pressure cold spray process. A schematic of the cold spray process is 

shown in Fig. 2.2. Both powder and gas flow through the converging-diverging de Laval nozzle, where 

they accelerate in velocity towards the substrate. Upon impact with the substrate at high velocities the 

particles plastically deform and deposit to form a continuous coating.  

 
Fig. 2.2. Schematic illustration of the cold spray process, showing powder feed into the cold spray gun. 
The carrier gas flows through the heating element into the converging section of the nozzle. After 
reaching the throat, the gas and particles together accelerate in velocity through the diverging section, 
out of the nozzle and towards the substrate, where upon impact the particles plastically deform to form a 
coating. 

For coating deposition, flat substrates were held vertically on an aluminum bridge using threaded rods 

and nuts to clamp the substrate between washers, as shown in Fig. 2.3 (a). The nozzle, held perpendicular 

to the substrate surface, was rastered horizontally across the sample face at a specified speed with the path 

incrementally raised vertically by a step size of 0.5 mm each pass. Tube geometries were held in a Sherline 

(Vista, CA) miniature lathe using a 3-jaw chuck and live center to rotate the cladding tube substrates, as 

shown in Fig. 2.2 (b). The miniature lathe can rotate cylindrical geometries (rods and tubes) from 2 mm to 

38 mm (3/32” to 1-1/2”) in diameter. The rotational speed ranged from 70 - 2800 rpm and was varied by 

electronic speed control. The exact rotational speeds were measured using a handheld optical tachometer 

aimed at the lathe chuck. The gun, in vertical position normal to the tube surface, was traversed from left 

to right across the tube. With both configurations, the tip of the nozzle was held at a constant distance of 
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26 mm (1”) from the substrate surface unless otherwise noted. This distance is often referred to as the 

standoff distance. 

 
Fig. 2.3. Photographs of the sample holders in the cold spray laboratory, with nozzle translation paths 
indicated by the arrows: (a) horizontal bridge for coating flat substrates; (b) miniature lathe system for 
coating tubular cladding substrates. 

The equivalent robot translation speed, 𝑉𝑉𝑅𝑅 (required for tubular cladding geometries) was determined 

by first calculating the arc length of a helix S using Eqn. 2.1: 

𝑆𝑆 = �𝑟𝑟2 + 𝑐𝑐2 ∗ 𝑡𝑡 Eqn. 2.1 

where r is the radius of the cladding tube, c is the pitch per rotation (mm/Rad) using a pitch P of 0.5 mm, 

and t is the degree of rotation in radians. The degree of rotation 𝑡𝑡 is then converted to helical velocity, VH, 

using Eqn. 2.2: 

𝑡𝑡 =
𝑉𝑉𝐻𝐻

√𝑟𝑟2 + 𝑐𝑐2
 Eqn. 2.2 

Finally, the spindle rotation speed VS (rpm) and robot translation speed VR (mm/s) for cylindrical geometries 

was determined via Eqn. 2.3 and Eqn. 2.4: 
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𝑉𝑉𝑇𝑇 = 𝑡𝑡(1 𝑟𝑟𝑟𝑟𝑡𝑡𝑟𝑟𝑡𝑡𝑖𝑖𝑟𝑟𝑛𝑛/2𝜋𝜋)(60𝑠𝑠/𝑚𝑚𝑖𝑖𝑛𝑛) Eqn. 2.3 

𝑉𝑉𝑅𝑅 = 𝑡𝑡(1 𝑟𝑟𝑟𝑟𝑡𝑡𝑟𝑟𝑡𝑡𝑖𝑖𝑟𝑟𝑛𝑛/2𝜋𝜋) ∗ 𝑃𝑃 Eqn. 2.4 

To summarize, helical velocity VH is chosen such that it matches the robot linear translation speed used 

for spraying flat substrates. Then, this velocity is converted into VR and VS components when programming 

the robot for cold spray deposition on cladding tubes. This way, similar parameters could be used for 

comparative studies of coatings deposited on flat and tubular (cladding) geometries. 

2.2. Cold spray feedstock and substrate materials 

2.2.1. Zirconium-alloy substrates 

A variety of Zr-alloy substrates were procured for this research. Flat Zircaloy-4 (Zry-4) substrates were 

procured from ATI Wah Chang (Albany, OR) and were certified in accordance with ASTM B352 [143], 

the international standard for zirconium and zirconium alloy strip, sheet, and plate material. The 10.5” x 

24.0” as-received Zr-4 plates were 0.104” thick and cut into manageable 1” x 10.5” strips with electrical 

discharge machining. Flat ZIRLOTM substrates were acquired from Westinghouse Electric Company 

(WEC, Cranberry Township, PA). The 12” x 12” as-received ZIRLOTM plates were 0.031” thick and cut 

into manageable 1” x 6” strips with electrical discharge machining. Additionally, Zry-4 cladding tubes were 

provided by Idaho National Laboratory, and ZIRLOTM and Optimized ZIRLOTM (OPZ) cladding tubes were 

provided by WEC. Nominal compositions of various Zr-alloy substrates used in this research are 

summarized in Table 2.1. The differences in these alloys arise from relatively small variations in 

concentrations of alloying elements, such as Sn, Nb, and Fe. All Zr-alloy substrates were ground using 600-

grit SiC abrasive paper and cleaned with ethanol to remove surface oxide films and other residue from 

previous processing, and to slightly roughen the surface before deposition. The thickness of the substrates 

was measured with a Mitutoyo digital micrometer before and after deposition to provide an immediate 

onsite approximation of the maximum coating thickness.  
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Table 2.1. The nominal composition (in wt.%) of the Zr-alloy substrates used in this research. 

Substrate Zr Sn Nb Fe Cr Si* C* O* N* 

Zircaloy-4 Bal. 1.34 -- 0.22 0.11 9.5** 15** 1200 3.6** 

ZIRLO® Bal. 1.0 1.0 0.11 -- -- -- 1200 -- 

Optimized 

ZIRLOTM 
Bal. 0.6-0.79 0.8-1.2 0.09-0.13 -- -- -- 900-1600 -- 

Impurities: * parts per million (ppm); ** parts per billion (ppb). 

2.2.2. Electrolytic soft chromium powder 

Two lots of electrolytic soft chromium powder, procured from a commercial source, were produced for 

the University of Wisconsin-Madison research: Lot 1 included 15 lbs. of 635 mesh (-20 µm) powder, and 

Lot 2 included 15 lbs. of 325 mesh (-44 µm) powder. Nominal composition of the Cr powder provided by 

the supplier is summarized in Table 2.2.  

Table 2.2. Nominal composition (ppm) of commercial Cr powder used in this study. 

Mesh Size (µm) Cr Fe Ni Si C N O S 

635 -20 Bal. 1700 20 135 337 48 429 35 
325 -45 Bal. 1800 25 91 177 52 1380 35 

Particle size distribution for the two lots of Cr powder was determined using image analysis. First, Cr 

powder was placed in ethanol and allowed to mix thoroughly. Then, two droplets of the powder/ethanol 

solution were placed on conductive carbon tape, whereafter the ethanol was allowed to evaporate, leaving 

behind only the Cr particles. The particles were then imaged by scanning electron microscopy (SEM) at 

several specified magnifications, as shown in Fig. 2.4 (a,b). The images were analyzed using the Analyze 

Particles feature in ImageJ software, which uses thresholding to isolate individual particles, as shown in 

Fig. 2.4 (c,d). At least 100 particles were analyzed per lot of powder. Particle size was determined using 

Feret’s diameter, which is the longest distance between two points along the particle.  

The resulting particle size distributions are shown in Fig. 2.4 (e,f). D50 represents the median diameter 

of the particles, or the value of particle diameter at 50% in the cumulative distribution. The D50 values for 
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the 635 mesh and 325 mesh lots of powder were 15 µm and 17 µm, respectively. In general, particle size 

distributions that are narrow are beneficial to the cold spray process, leading to more uniform powder flow 

through the powder feedline and thus ensuring a more even deposition. Since all particles in 635 mesh were 

< 30 µm, and to avoid having to perform additional sieving of the powder, 635 mesh (-20 µm) powder was 

used exclusively for all Cr coating depositions in this research unless otherwise stated.  

 
Fig. 2.4. SEM plan-view images of Cr particles from (a) 635 mesh (-20 µm) and (b) 325 mesh (-45 µm) 
lots; Image analysis used to identify individual particles from (c) 635 mesh (-20 µm) and (d) 325 mesh (-
45 µm) lots; Particle size distributions for (e) 635 mesh (D50~15 µm) and (f) 325 mesh (D50~17 µm) lots. 

2.3. Cold spray deposition parameters 

An extensive amount of cold spray chromium deposition was performed in this research, including over 

100 individual spray runs resulting in over 300 individual Cr coatings. These spray runs involved varying 

different cold spray parameters to ascertain their effects on coating quality, including coating thickness, 

density, surface roughness, interfacial roughness, and bonding, among others. Independent cold spray 

process variables and their corresponding dependent process variables include [96]: 

a) Carrier gas temperature, pressure, and molecular weight – influence particle velocity 

b) Powder feed-rate, standoff distance, and gun translation speed – influence deposition efficiency 

c) Particle size, morphology, and microstructure – influence bonding quality 
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A selection of cold spray deposition runs that involved development, optimization, and testing of Cr 

coatings on Zr-alloy cladding will be described in the following subsections. This list is not exhaustive; 

however, Cr coatings deposited for other purposes (i.e., side projects) remain outside the scope of this 

research.  

2.3.1. Initial deposition of electrolytic soft Cr powder on Zr-alloy substrates 

Three standard parameter sets were used to deposit Cr coatings on Zr-alloy substrates using electrolytic 

soft Cr powder. This allowed for comparison of several carrier gas compositions and their effects on coating 

quality. The gas parameter combinations used to deposit Cr coatings is summarized in Table 2.3. While this 

study mainly focused on electrolytic soft Cr powder, previous work involving different Cr feedstock 

powders could be directly compared by using these cold spray parameters. An estimation of the particle 

velocity is also included in Table 2.3 and are based on computational fluid dynamics simulations that will 

be detailed in Section 2.4.1.  

Table 2.3. Summary of the initial process gas conditions investigated for Cr deposition on Zr-alloy. 

Condition Process gas composition, 
He/N2 (% volume flow rate) 

Gas preheat 
temperature (°C) 

Estimated particle 
velocity (m/s) 

“Cr-N2” 0% He, 100% N2 750 670 
“Cr-75He” 75% He, 25% N2 550 770 
“Cr-He” 95% He, 5% N2 500 870 

Much of the development, characterization, and testing of the cold spray Cr coatings was focused on 

comparing “Cr-N2” and “Cr-He” coatings, which represent the maximum gas compositions and preheat 

temperatures achievable with the CGT Kinetiks system. Unless stated otherwise, all other cold spray 

parameters for the Cr-N2 and Cr-He conditions were kept constant between spray runs and are listed in 

Table 2.4. The results from these initial deposition runs are discussed in Section 3. 
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Table 2.4. Constant process parameters for the Cr-N2 and Cr-He conditions. 

Process parameter Value 
Inlet gas pressure 4.0 MPa (Cr-N2); 3.8 MPa (Cr-He) 
Carrier gas flow rate 80 ± 10 m3/h (Cr-N2); 180 ± 10 m3/h (Cr-He) 
Nozzle traverse speed 200 mm/s 
Nozzle standoff distance 26 mm 
Powder feeder disk rotation 2 rpm 
Powder flow rate 4 m3/h 

2.3.2. Single-particle Cr impact experiments on Zr-alloy and pure Cr substrates 

In this study, single-particle impact experiments were performed to simulate each coating deposition 

stage separately to elucidate their specific critical velocity, deposition efficiency, and associated 

deformation mechanisms. To achieve this, Cr particles were impacted separately on both Zry-4 and bulk 

Cr substrates at various velocities. The former allowed for the understanding of interfacial bonding while 

the latter simulated interparticle bonding that would occur during the coating buildup phase of cold spray 

deposition. 

Prior to single-particle deposition, the Zry-4 and Cr substrates were polished progressively down to a 

finer 1200 grit SiC abrasive grit to facilitate clear microscopic examination and analysis of the bonded 

particles and impact craters. Powder feed rates were minimized (1 m3/h) and gun translation speeds were 

maximized (2000 mm/s) to allow only individual particles impacting on the selected substrates. Propellant 

gas pressure was maintained in the range of 3.5-4.0 MPa. While a wide range of particle velocities were 

investigated, three were chosen for extended characterization and details are provided in Table 2.5. 

Table 2.5. Cold spray deposition parameters for single Cr particle impact experiments. 

Condition 
Propellant Gas 
Composition 

Propellant Gas 
Temperature (°C) 

Estimated Particle 
Velocity (m/s) 

Low velocity 100%-N2 350 580 

Medium velocity 100%-N2 750 680 

High velocity 95%-He/5%-N2 500 880 
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2.3.3. Cold spray shot peening for surface roughness reduction 

Cold spray Cr coatings must meet minimum uniform thickness (<30 µm) and surface roughness (<0.2 

µm) requirements to be considered for nuclear service. Shot peening of cold spray Cr coatings was 

investigated as an alternative to the conventional mechanical grinding process used to reduce surface 

roughness and possibly the thickness the as-deposited coatings. Because the cold spray gun is essentially a 

feedstock particle accelerator, it was used as an improvised shot peening device. Two cold spray shot 

peening experiments were performed over the course of the research, and the parameters of each experiment 

are provided in Table 2.6, and the results are discussed in Section 5.2.2. 

Table 2.6. Cold spray shot peening parameters. 

Parameter Experiment A Experiment B 
Shot media Spherical, gas atomized Cr Non-spherical, electrolytic soft Cr 
Particle size (µm) 25-44 -44 
N2 gas temperature (°C) 25 100 
N2 gas pressure (MPa) 0.7 1.0 
Powder flow rate (m3/h) 4 4 
Standoff distance (mm) 30 30 
Gun translation speed (mm/s) 100 100 

2.3.4. Dual-layer Cr coatings on Zr-alloy for interfacial roughness reduction 

Cold spray deposition produces an inherently rough interface due to high velocity particle impact and 

associated plastic deformation of the substrate. This is typically preferred, as jetting of the substrate 

produces the necessary conditions for metallurgical bonding, and the interface roughness promotes 

mechanical interlocking. However, interfacial roughness also limits the minimum thickness achievable with 

post deposition grinding treatments. Therefore, several experiments were designed to assess the effects of 

particle velocity and gun translation speed (i.e., “spray speed”) on interfacial roughness. Details of the 

experiments are provided in Table 2.7. Experiments A-C involved depositing a dual-layered coating: the 

first layer (a.k.a., “seed layer”) was deposited using low particle impact velocity followed by the second 

layer (a.k.a., “top layer”) which was deposited using high particle impact velocity. All seed layers were 

deposited using 100%-N2 carrier gas preheated to a range of 100-500 °C. Top layers were deposited using 
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either 100%-N2 or 95%-He process gas compositions at the maximum preheat temperatures of 750 °C and 

500 °C, respectively. Experiment D involved depositing a single layer using increasing spray speeds. The 

results from these experiments are described in Section 5.3.  

Table 2.7. Cold spray parameters for reduction of interfacial roughness. 

Experiment 

Seed layer Top layer 
Particle velocity 

(m/s) Spray speed (mm/s) Particle velocity 
(m/s) Spray speed (mm/s) 

A 560-610 200 680-880 200 
B 520-560 100 680-880 200 
C 520-560 50 680-880 200 
D -- -- 680 200-600 

2.3.5. Deposition of Cr coatings on Zr-alloy using larger particle sizes 

Typically, a tight particle size distribution (635 mesh) is used to deposit Cr coatings as it has been 

shown to improve particle flow characteristics. However, using larger particle size distribution (325 mesh) 

may be a more cost-effective approach. Therefore, one cold spray experiment was performed to assess the 

feasibility of using larger particle sizes (-44 µm) and their effects on particle velocity, interfacial roughness, 

and coating thickness. Details of the experiment are provided in Table 2.8. Coatings were deposited using 

100%-N2 gas preheated to 750 °C. The larger particle size distribution results in particle velocities ranging 

from 500-680 m/s. Process parameters that were varied include nozzle stand-off distance and spray speed. 

The results from the experiment are described in Section 5.1.1. 

Table 2.8. Cold spray parameters for deposition of larger particles. 

Spray run Standoff distance (mm) Spray speed (mm/s) 
1 25 200 
2 25 500 
3 50 200 
4 50 500 

2.3.6. Deposition of Cr coatings on Zr-alloy for ion irradiation testing 

Cold spray Cr coated Zr-alloy were subjected to high-energy heavy ion irradiation experiments to assess 

their overall resistance to irradiation damage. Cr-He coatings on Zry-4 were deposited using a spray speed 
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of 400 mm/s, producing a coating thickness of 75 ± 10 µm. Coatings were then mounted to a metal puck 

and hand-polished using 600 grit SiC paper to reduce the coating thickness. The samples were polished in 

such a way that resulted in a gradient in coating thickness from zero (on the uncoated side) to about 50 µm 

on the coated side. The entire sample surface was then polished using progressively smaller polycrystalline 

diamond suspensions down to 0.05 µm, the final step being 0.02 µm colloidal silica to obtain a pristine 

surface finish. Further details about the test are provided in Section 2.12, and the test results are described 

in Section 6. 

2.3.7. Deposition of Cr coatings on Zr-alloy for mechanical testing 

Cold spray Cr coated Zr-alloy were subjected to unique mechanical and micro-mechanical tests to 

assess their mechanical performance. For mechanical testing in conjunction with synchrotron X-ray 

diffraction performed at Argonne National Laboratory (ANL), Cr-He coatings were deposited onto 800 µm 

thick ZIRLOTM flat substrates using 400 mm/s spray speed. The approximate coating thickness was 75 ± 

10 µm. After deposition, a portion of the samples was polished using 600 grit SiC abrasive paper to reduce 

surface roughness inherent to cold spray deposition. The final coating thickness was approximately 60 µm.  

For mechanical testing using the micro-cantilever beam bending approach performed at Los Alamos 

National Laboratory by the author, Cr-N2 and Cr-He coatings were deposited onto cylindrical Zry-4 

cladding tubes (~9.0 mm OD, 200 mm length) using 200 mm/s helical spray speed (~3.4 mm/s equivalent 

linear speed). The as-deposited coating thickness was 44.5 ± 2.8 µm and 101.3 ± 4.1 µm for Cr-N2 and Cr-

He coatings, respectively. Coated cladding was mounted to a miniature lathe and gently hand polished using 

600 grit SiC abrasive paper to reduce the surface roughness. Cr-He coatings were then polished using 320 

grit SiC abrasive paper to further reduce the coating thickness, followed by one finishing pass using 600 

grit paper. The coatings were consistently lubricated with ethanol during the polishing process, and coating 

thickness measurements were taken periodically using a handheld micrometer. Final coating thickness 

measurements were 20.5 ± 2.7 µm and 26.6 ± 4.1 µm for Cr-N2 and Cr-He coatings, respectively, averaged 



38 
 

from 6 axial positions and 3 circumferential positions along the cladding tube for a total of 18 individual 

measurements. A photograph of a polished tube with thickness measurement locations is shown in Fig. 2.5.  

Individual sample coupons were sectioned using a low-speed saw to an approximate thickness of 1.5 

mm. Designated samples were then subjected to several annealing treatments described in Section 2.11. 

The cross-sectional faces of the sample coupons were then manually grinded to achieve flat, parallel faces 

and a total thickness of 1.28 ± 0.02 mm. Further details on this test are provided in Section 2.9, and the test 

results are described in Section 8. 

 
Fig. 2.5. Photograph of a polished Cr coating on Zry-4 cladding tube. Micrometer thickness 
measurements were taken at 6 axial positions along the tube, approximately 1” apart. At each position, 
thickness measurements were taken at 120° increments circumferentially around the tube, for a total of 
18 thickness measurements. 

2.3.8. Deposition of Cr coatings on Zr-alloy for hydrothermal corrosion testing 

Cold spray Cr coatings on Zr-alloy cladding were subjected to pressurized water autoclave testing to 

assess the hydrothermal corrosion resistance in simulated PWR conditions. Cr-N2 and Cr-He coatings were 

deposited onto flat Zry-4 substrates using the typical spray parameters, producing an as-deposited coating 

thickness of 44.5 ± 2.8 µm and 101.3 ± 4.1 µm, respectively. Cr-coated and uncoated Zry-4 and Optimized 

ZIRLOTM samples were prepared by removing the native oxide layer on all sides of the sample surface 

using SiC abrasive paper (successive grits from 320 to 1200 grit), followed by cleaning via ultrasonication 

in acetone and ethanol and air drying. Further details about the test are provided in Section 2.10, and the 

test results are described in Section 9. 
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2.3.9. Deposition of Cr coatings on Zr-alloy for high temperature oxidation testing 

Cold spray Cr coated Zr-alloy were subjected to high temperature oxidation in air and steam 

environments to assess their performance in simulated LOCA conditions. Cr-He coatings were deposited 

onto flat Zry-4 substrates using a spray speed of 400 mm/s, producing an as-deposited coating thickness of 

75.7 ± 7.6 µm. The surfaces of Cr coatings were then polished to remove inherent roughness resulting from 

the cold spray process, reducing the coating thickness to about 50 µm. The coatings were then cleaned via 

ultrasonication in acetone and ethanol and air drying. Further details about the test are provided in Section 

2.11, and the test results are described in Section 9. 

2.4. Modeling and simulation of the cold spray process 

The experimental work was supported by a strong modeling component to predict coating formation 

characteristics as a function of process parameters. Through simulation of the cold spray process, a vastly 

expanded parameter space could be explored to gain a more fundamental understanding of the cold spray 

process, something that is difficult to achieve by experimentation alone. The modeling was performed 

primarily by using the licensed ANSYS software. 

Cold spray deposition involves two distinct but interrelated parts: the first involves dynamics of particle 

and gas flow prior to particle impact on the substrate, and the second involves particle deformation and 

bonding upon impact. As the propellant gas is heated, compressed, expanded, and accelerated through the 

converging-diverging nozzle, feedstock powder particles are introduced into the gas stream and accelerate 

along with the gas. Thus, it is important to model both gas flow and particle flow from the inlet to the outlet 

of the nozzle to calculate the temperature and the velocity.  

Once the particles exit the nozzle and accelerate towards and impact the substrate, they plastically 

deform at high strain rates to bond with each other and to the substrate. An adiabatic shear mechanism is 

generally assumed to play a role in the bonding process. Thus, it is important to simulate a transition from 

gas-flow dynamics to high velocity particle impact. Material properties such as elastic modulus and Poisson 
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ratio, as well as deformation variables such as Johnson-Cook strength and equations of state become 

important. Using the particle temperature and velocity obtained from the first simulation, particle impact 

was simulated to obtain valuable information such as extent of deformation, strain rate, temperature rise, 

critical velocity, bonding criterion, and even multiple particle impacts. A description of the two facets of 

modeling is provided in the following sections, including validations and comparisons to literature.  

2.4.1. Modeling supersonic gas and particle flow  

Supersonic gas flow through a converging-diverging nozzle was simulated using computational fluid 

dynamics, with simulations being performed using ANSYS software Fluent package. The flow of the carrier 

gas through the nozzle was modeled as a 1-dimensional, isentropic, single-phase flow along the nozzle axis. 

The dimensions of the tungsten carbide nozzle used for conducting cold spray depositions were replicated 

in the nozzle geometry used for this simulation. Particle acceleration and heating in the gas flow within the 

nozzle was estimated by solving equations of motion and heat transfer and using the following assumptions: 

(i) the particle is spherical with negligible internal temperature gradients, (ii) specific heat is independent 

of temperature, (iii) interaction between particles are ignored, and (iv) the influences of particles on the gas 

flow are neglected [92]. 

First, simulation of the gas flow through the nozzle was performed. At the nozzle inlet, gas composition, 

temperature, and pressure were specified, and the simulation was allowed to converge. Then, a single 

chromium particle was introduced into the gas stream to predict its temperature and velocity as it flowed 

through the nozzle. The particle accelerates through momentum exchange with the carrier gas via fluid drag 

forces, as shown in the following equation: 

𝑚𝑚𝑝𝑝𝑉𝑉𝑝𝑝 �
𝑑𝑑𝑉𝑉𝑝𝑝
𝑑𝑑𝑑𝑑 �

=
𝐶𝐶𝐷𝐷𝐴𝐴𝑝𝑝𝜌𝜌𝑝𝑝�𝑉𝑉𝑔𝑔 − 𝑉𝑉𝑝𝑝�

2

2
 Eqn. 2.5 
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where Vp is the velocity of the particle (Vg the velocity of the gas), mp, ρp, and Ap are the mass, density, and 

cross-sectional area of the particle, respectively, and CD is the drag coefficient for a sphere [93]. Convective 

heat transfer between the carrier gas and particle is also considered: 

𝑚𝑚𝑝𝑝𝑐𝑐𝑝𝑝𝑉𝑉𝑝𝑝 �
𝑑𝑑𝑇𝑇𝑝𝑝
𝑑𝑑𝑑𝑑 �

= ℎ𝑔𝑔𝑝𝑝𝐴𝐴𝑝𝑝�𝑇𝑇𝑔𝑔 − 𝑇𝑇𝑝𝑝�, Eqn. 2.6 

where Tp is the particle temperature (Tg the gas temperature), cp is the heat capacity of the particle, and hgp 

is the convective heat transfer coefficient [144]. The temperature and velocity of the particle were collected 

along all stages of travel through the nozzle. 

The model was also benchmarked against results reported in literature. Results from this study produced 

contour plots of gas temperature and velocity as shown in Fig. 2.6 that aligned closely with Osman et al 

[145]. Next, a sensitivity study was performed to quantify the impact of each variable on the simulation 

results by changing one variable at a time. Results from this study led to the selection of second-order 

spatial discretization using least-squares method to provide better accuracy. Gas density was assumed to be 

that of an ideal gas for helium. Viscosity of helium gas was estimated using kinetic theory. Real-Gas-

Augier-Redlich-Kwong density model was used for N2 gas and Sutherland model was used for the viscosity. 

Spatial discretization was utilized using second order and least-squares techniques, and AUSM for the flux 

to provide exact resolution of contact and shock discontinuities. Full definitions of the specific models used 

can be found in the ANSYS user guide [146]. 

Mixtures of N2/He gases were modeled using the species model in Fluent coupled with species transport 

model and volumetric reaction. Since the mixture flow has fluctuations, eddy dissipation model was also 

included. Results from the gas mixture study showed that nearly all solutions converged, and results were 

in good agreement with published data. 
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Fig. 2.6. Contours of air flowing through a nozzle at 9 bar and 320 K: (a) velocity contour plot from 
Osman et al. [145]; (b) velocity contour plot from simulations in the present research; (c) temperature 
contour plot from Osman et al. [145]; (d) temperature contour plot from simulations conducted in the 
present research. 

Next, a single particle was injected into the nozzle and tracked using the discrete phase model. Two-

way turbulence coupling was selected to consider the interaction between the particle and the gas stream. 

Spherical drag law was used for the spherical particles; however, morphology of the particles plays an 

important role in the acceleration of particles [147]. Another sensitivity study was performed to examine 

the accuracy of the predicted gas and particle velocities. Fig. 2.7 shows simulation results from Hulton 

[144] compared to the simulations in the present research. The comparison confirms the reliability of the 

velocity and temperature profiles for both gas and particles developed in the present research. 

 
Fig. 2.7. Velocity and temperature of the gas and particle as a function of distance from the nozzle inlet to 
the exit. (a) Results from Hulton [144], with nozzle throat at x=0.07; (b) Results from the present study, 
with nozzle throat at x=0. 

Effects of particle shape on particle temperature and velocity was also investigated to simulate the non-

spherical electrolytic Cr powders. Sphericity (𝜓𝜓𝑠𝑠) is defined as the ratio of the surface area of a spherical 
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particle of equivalent volume to the surface area of the particle under investigation, hence, non-spherical 

particles will have 𝜓𝜓𝑠𝑠 < 1. Researchers have used 3D CFD modeling to show that particles with 𝜓𝜓𝑠𝑠 = 0.4 

can accelerate up to 200 m/s faster than particles with 𝜓𝜓𝑠𝑠 = 1 [96]. Thus, non-spherical particles can 

accelerate to much higher velocities compared to perfectly spherical particles. In ANSYS, this involves 

deviating from the spherical drag model to specifying a shape factor, which is defined the same as 

sphericity. For example, a pear-shaped and a cube-shaped particle were simulated because the shape factor 

model does not allow the complex sphero-conical geometry of electrolytic Cr particles. Nevertheless, the 

results shown in Table 2.9 revealed that increased velocity and decreased temperature can be achieved at 

the outlet of the nozzle with non-spherical particles. While the shape factor effect warrants further study, 

spherical particles were used for the remainder of the simulation work for simplicity. 

Table 2.9. Simulated particle velocity and temperature at the nozzle outlet using particles with different 
shape factors (sphericity).  

Particle shape Shape factor Vp at nozzle outlet (m/s) Tp at nozzle outlet (K) 
Spherical 1.00 595 550 
Pear 0.96 610 546 
Cube 0.80 698 522 

After performing the verification of the University of Wisconsin’s CFD model, actual cold spray 

process parameters were used as input variables in the simulation, including nozzle geometry, gas mixture 

compositions, temperature, pressure, particle size and material constants. The simulation allowed us to 

predict gas and particle temperature and velocity. Finally, these output values were then fed into the particle 

impact simulations to get the full picture of a typical cold spray process for a given set of processing 

parameters. 

Fig. 2.8 shows a typical output from the supersonic gas flow CFD simulation. Velocity and temperature 

contours of the carrier gas (95%-He / 5%-N2) and a Cr particle traveling through a nozzle are shown. The 

temperature of the carrier gas decreases as it moves through the nozzle, as expected. Meanwhile, the 

temperature of the Cr particle increases as it travels towards the throat of the nozzle, then slightly decreases 

in the diverging section. Both particle and gas velocity increase rapidly after flowing into the throat and 
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traveling down the diverging section towards the nozzle outlet. The particle velocity at the outlet is 

reasonable for the input conditions and within the typical range of particle velocities during cold spray 

deposition (300 - 1300 m/s). Based on these results, simulations were recreated using a variety of Cr particle 

sizes and process gas conditions.  

 
Fig. 2.8. Simulated velocity and temperature contours in de Laval nozzle for (a,b) 95%-He / 5%-N2 
carrier gas mixture, and (c,d) Cr particle. Indicated values are at the nozzle throat and nozzle outlet. 

The particle velocity at the nozzle outlet is shown in Fig. 2.9 (a) for several Cr particle sizes within a 

carrier gas of 100%-N2 composition. The results for velocity predictions of a 20 µm particle as a function 

of helium content in the gas mixture is shown in Fig. 2.9 (b). The plot also shows gas preheat temperatures 

that can be achieved with the reported He/N2 gas mixture using the Kinetiks system. Interestingly, the gas 

dependence of particle velocity is more pronounced as the particle size decreases. Changing the gas from 

pure N2 to pure He gas increases the particle velocity of a 40 µm diameter Cr particle by about 200 m/s, 

while the particle velocity increases by about 500 m/s for a 10 µm diameter Cr particle. This is significant 

as there is a range of particle sizes included in the hopper for a typical cold spray run. Particle velocities 

were also comparable for a 20 µm Cr particle and a 20 µm stainless steel particle (not shown). However, 

much thicker coatings were achieved with stainless steel powder than pure Cr powder, indicating that 

deposition efficiency is closely related to the feedstock powder microstructure and mechanical properties 

rather than just particle velocity – these effects are elaborated in the next section on particle impact 

modeling. 
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Fig. 2.9. Results from CFD simulation of Cr particles flowing through converging-diverging nozzle: (a) 
particle velocity at the nozzle outlet vs. N2 gas preheat temperature, as a function of particle size; (b) 
particle velocity at the nozzle outlet vs. gas mixture composition for 20 µm sized Cr particle. 

A small study was performed to investigate the effect of process gas pressure on particle temperature 

and velocity. Fig. 2.10 shows particle temperature and velocity as a function of the input gas pressure. 

Particle temperature is very comparable no matter the input gas pressure, while particle velocity increases 

by less than 100 m/s as the pressure is increased from 15 bar to 35 bar. This shows that the inlet pressure 

of the gas is mainly used to accelerate the particles up to the speed of the gas before the converging section 

of the nozzle.  

 
Fig. 2.10. Studies on the effect of carrier gas pressure for a 20 µm Cr particle deposited using 500 °C N2 
gas showing particle temperature (a) and particle velocity (b) at varying pressures: 15 bar (red), 20 bar 
(blue), 25 bar (green), and 35 bar (purple). 
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Velocity in cold spray is influenced by “bow shock effect,” which occurs when the cone of supersonic 

gas extends to the substrate. Fig. 2.11 shows the various phenomena that occur when a supersonic gas 

reaches a substrate [148], with the bow shock region and stagnation bubble at the gas jet/substrate interface. 

This effect can occur when the stand-off distance is less than the length of the potential core, i.e., increasing 

the stand-off distance should decrease the size of the bow shock region. The shock waves act to decrease 

the gas velocity outside of the nozzle and effectively decrease the particle velocity due to pressure buildup 

at the substrate. The model assumes no bow shock effect at the substrate surface, which can attenuate the 

velocity of the gas and particles as they approach the substrate [148,149]. The moderately wide standoff 

distance (30 mm), combined with the relatively high density of Cr (7.19 g/cm3), and the average particle 

size (15 µm) used in this research, result in the particles seeing minimal deceleration due to the bow shock 

effect while approaching the substrate surface.  

 

Fig. 2.11. Schematic diagram of the bow shock effect emanating from a supersonic gas interacting with a 
substrate surface [148]. 

2.4.2. Modeling high velocity particle impact and high strain rate deformation 

High velocity particle impact was modeled using ANSYS software Autodyn package to create finite 

element modeling (FEM) simulations using the Explicit Dynamics module. Particle and substrate 

geometries were generated using commercial SolidWorks software for use in 2D or quasi-2D simulations. 

The substrate was designed to be at least 5x larger than the particle diameter for an accurate description of 
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the problem but not too large to increase computational time. After both particle and substrate were mated, 

the computer aided design (CAD) assembly was imported into ANSYS workbench. 

One important aspect of the simulation is meshing, and because of this a lot of time was devoted to 

determining the best mesh for this situation. A mesh contains a set of nodes which define unique locations 

where the physical equations are evaluated. These nodes connect to form a collection of elements that satisfy 

a shape (i.e., a particle). Elements can either be structured and contain uniform elements (i.e., self-repeated 

pattern of shapes), or unstructured and contain no element pattern, which is very memory intensive. These 

elements can be arranged in various ways to create different types of meshes.  

The first method investigated is referred to as a Lagrangian mesh. This mesh contains maximized 

structured elements and is probably the most common type of mesh used in simulation work. However, a 

Lagrangian mesh may become too distorted to track during high strain rate deformation. In some cases, the 

simulation never solves to the desired end time due to error associated with the conversion of structured 

elements to unstructured elements (i.e., the element shape drastically changes over the course of the 

simulation). Fig. 2.12 (a) shows a simulation with a Lagrangian mesh that failed at 0.007 µs due to the 

formation of unstructured elements.  

 
Fig. 2.12. Still images from a simulation of a 10 µm Al particle impacting a 50 × 50 µm Al substrate at a 
particle velocity of 550 m/s. (a) Lagrangian mesh; (b) SPH mesh; (c) Euler mesh. 

The second method investigated is referred to as Smooth Particle Hydrodynamics, or SPH. This is a 

mesh-free Lagrangian technique for modeling a continuum media. This method is advantageous for high 

strain rate deformation as it avoids mesh distortion errors and does not need to include erosion controls as 
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in the case of a Lagrangian mesh. Thus, in this simulation the material would move through the nodes as it 

is being deformed. Two issues arose in implementing the SPH method. The first is that boundary conditions 

are very difficult to implement in this method and because of this, nodes arranged in high density will 

diverge into unlikely states, yielding unrealistic results (e.g., temperature values well exceeding the melting 

temperature of the material). Fig. 2.12 (b) illustrates a simulation with a SPH mesh at 0.025 µs. The mesh 

shows many gaps between elements and reaches temperatures approaching or exceeding the melting point 

of aluminum. The second issue is a significantly high computational cost when using this method. 

The third method investigated is referred to as Euler, where a void part is created with dimensions that 

encompass the particle and substrate. The element density in the void will translate to the element density 

in all objects. In Euler meshing, the elements do not move with the material, thus eliminating node distortion 

issues (i.e., a mesh-free part). Fig. 2.12 (c) illustrates a simulation with an Euler mesh at 0.025 µs, revealing 

that local heating and plastic flow contributed to particle-substrate bonding.  

Different studies have agreed that using Eulerian or Coupled Eulerian-Lagrangian reduces the error and 

yields more accurate results in this type of simulations compared to the lone Lagrangian method, which 

also produces computation termination when elements are distorted significantly [150]. However, results 

from this research revealed that using the Eulerian method for explicit dynamics produced inaccurate 

calculations and misrepresentations of the deformation suffered by the particles compared to real 

experiments. Therefore, the Lagrangian mechanics method was optimized and used for all simulations. The 

geometries of the particles were processed with a tetrahedral mesh, while the substrate used a cartesian 

mesh with element sizes between 1-3 µm to account for the possible errors from unrestructured or highly 

deformed elements generated during the simulations that would lead to the termination of the process.  

The Johnson-Cook (JC) model is widely used in FEM to predict the plasticity and flow behavior of a 

material when subjected to high strain rates and temperatures [151]. This model primarily calculates the 

energy and interactions between stress and strain as the material deforms while accounting for strain 

hardening and thermal softening [152]. The JC model in Eqn. 2.7 describes a materials equivalent stress 𝜎𝜎 
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as it relates to the plastic strain 𝜀𝜀, strain rate 𝜀𝜀̇∗ (Eqn. 2.8), and its homologous temperature 𝑇𝑇∗ (Eqn. 2.9) 

[151]: 

𝜎𝜎 = (𝐴𝐴 + 𝐵𝐵𝜀𝜀𝑛𝑛)(1 + 𝐶𝐶 ln 𝜀𝜀̇∗)(1 − 𝑇𝑇∗𝑚𝑚) Eqn. 2.7 

𝜀𝜀̇∗ =
𝜀𝜀̇
𝜀𝜀�̇�𝑐𝑟𝑟𝑟𝑟

 Eqn. 2.8 

𝑇𝑇∗ =
𝑇𝑇 − 𝑇𝑇𝑐𝑐𝑟𝑟𝑟𝑟
𝑇𝑇𝑚𝑚 − 𝑇𝑇𝑐𝑐𝑟𝑟𝑟𝑟

 Eqn. 2.9 

where 𝐴𝐴 is the initial (reference) yield stress, 𝐵𝐵 is the strain hardening constant, 𝑛𝑛 is the strain hardening 

coefficient, 𝐶𝐶 is the strengthening coefficient of strain rate, 𝑚𝑚 is the thermal softening coefficient, 𝜀𝜀 ̇ is the 

strain rate, 𝜀𝜀𝑐𝑐𝑟𝑟𝑟𝑟̇  is the reference strain rate, 𝑇𝑇𝑚𝑚 is the melting temperature, 𝑇𝑇 is the material temperature, 

and 𝑇𝑇𝑐𝑐𝑟𝑟𝑟𝑟 is the reference temperature typically set to 298 K [153]. Along with the JC parameters, density, 

specific heat, shear modulus, and equations of state and parameters from the Mie–Grüneisen model were 

required to process the simulations. These values were obtained directly from the materials database in 

ANSYS. JC parameters were obtained from literature for several common and uncommon materials used 

in cold spray, including aluminum, copper, nickel, steels, molybdenum, tungsten, tantalum, niobium, and 

zirconium and their alloys (including Zircaloy-4). Unfortunately, after an exhaustive search it was 

discovered that the JC parameters for Cr are not currently available. Instead, Fe was used as a surrogate for 

Cr given that it also has a BCC crystal structure. 

Using the finished model, FEM simulations of high velocity particle impact were compared to 

experiments performed in the literature. Fig. 2.13 shows images of single-particle impacts from LIPIT 

experiments performed by Hassani et al. [101] alongside images from particle impact modeling performed 

by this research. The experiment demonstrated that differences in materials properties manifest in the 

deformation mechanisms of dissimilar materials systems. Fig. 2.13 (a-b) demonstrates splatting behavior 

due to the low hardness and dynamic yield strength of the soft Al particle compared to the harder Ni 

substrate. Fig. 2.13 (c-d) demonstrates co-deformation behavior between Al particles and Al substrate, 
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having similar materials properties. Fig. 2.13 (e-f) demonstrates penetration behavior of a harder Ti particle 

on a softer Cu substrate at high particle impact velocities. Fig. 2.13 (g-h) shows severe penetration behavior 

of a hard, dense W particle impacting a softer Cu substrate at lower particle impact velocities due to the 

extreme mismatch of materials properties. The results from the simulations in Fig. 2.13 align closely with 

the particle morphologies shown experimentally, indicating that FEM simulations can be a powerful tool 

for predicting the deformation behavior of mismatched materials systems, so long as JC parameters are 

available. 

 
Fig. 2.13. Side-by-side images of single-particle impact morphologies from LIPIT experiments (left) and 
single-particle impact modeling performed by this research (right) for the following material-velocity 
conditions: (a-b) 11 µm Al particle impacting Ni at 1160 m/s, showing splatting behavior; (c-d) 10 µm Al 
particle impacting Al substrate at 930 m/s, showing co-deformation behavior; (e-f) 12 µm Ti particle 
impacting Cu at 790 m/s, showing penetration behavior; (g-h) 8 µm W particle impacting Cu substrate at 
620 m/s, showing deep penetration behavior. Images reproduced from Hassani et al. [101]. 

2.5. Microstructural characterization, compositional analysis, and phase identification 

Characterization of relevant materials was carried out in the Wisconsin Centers for Nanoscale 

Technology at the University of Wisconsin, Madison. Characterization of powder morphology and cross-

sectional microstructure of Cr feedstock powders and cold spray deposited coatings were performed using 

scanning electron microscopy (SEM). Multiple SEMs were used in this work, including a Zeiss LEO 1530-

1 field emission SEM and a Zeiss Gemini 450 field emission SEM, shown in Fig. 2.14 (a). Images were 

taken using the secondary electron (SE) imaging mode. Both microscopes contain energy dispersive X-ray 
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spectroscopy (EDS) for compositional analysis of the as-deposited coatings and coatings after testing. For 

high-resolution imaging, SE imaging mode with 3-5 keV accelerating voltage was used. For EDS analysis, 

12-15 keV accelerating voltage was used to ensure the criteria that the energy used exceeds twice the value 

of the characteristic X-ray energies of the majority elements present in the sample (Cr Kα ~5.4 keV, Zr Lα 

~2.0 keV).  

 
Fig. 2.14. Photographs of instruments used for materials characterization of powders and cold spray 
coatings: (a) SEM; (b) FIB; (c) TEM; (d) XRD. 

One limitation of EDS chemical analysis is that quantification of light elements (Z<11) is difficult. 

Light elements typically generate weaker signals that are easily absorbed by the sample itself and are greatly 

affected by the condition of the sample surface (i.e., contamination). Additionally, principal Kα emission 

energies of lighter elements may overlap with principal Lα and Mα lines of heavier elements, for example 

O-Kα (0.525 keV) and Cr-Lα (0.572 keV). Quantification of oxygen and nitrogen using EDS can only be 

done if the elements are present in stoichiometric oxide and nitride compounds. To overcome this issue, 

relevant materials were analyzed using a Cameca SXFive field emission electron probe micro-analyzer 

(EPMA) located in the Department of Geology at UW-Madison. EPMA can perform quantitative analysis 

at high resolution using wavelength-dispersive X-ray spectroscopy (WDS), which separates elements based 

on wavelengths of X-rays rather than energies. The EPMA is equipped with multiple crystal spectrometers 

and can analyze up to five elements per scan. The samples were polished to mirror-finish and then vibratory 

polished for several hours to achieve a defect-free surface, then sputter-coated with a 1 nm layer of iridium 

to improve conductivity. WDS scans were acquired using 10-20 keV and 20-100 nA current depending on 
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the required resolution, with a dwell time of 30 ms and a step size of 0.1-0.5 µm depending on the size of 

the map. The types of scans acquired included spectral element maps and point and line-scans. Correction 

of the continuous spectrum was performed using the off-peak background correction method.  

The microstructure of Cr feedstock powders and deposited coatings were also characterized in cross-

section using Electron Backscatter Diffraction (EBSD) on a Zeiss Gemini 300 field emission SEM with an 

Oxford Instruments Symmetry S3 detector. The samples were tilted to 70° with respect to the electron beam 

at a working distance of 8-10 mm, and data was acquired using an accelerating voltage of 30 keV and a 

step size of 30-70 nm. EBSD was used to acquire a variety of critical information including phase, grain 

orientation and size, intragranular misorientation, plastic strain, and dislocation density within Cr powders 

and coatings. 

For samples requiring higher magnification imaging, thin foils were fabricated using a FEI Helios 

Plasma Focused Ion Beam (PFIB), shown in Fig. 2.14 (b). The PFIB uses a Xe+ ion beam and operates at 

high milling currents in excess of 1 µA, allowing for fast milling of material. The first step involves 

depositing a protective Pt/C cap (3-5 µm thick) on the surface of the sample in the area of interest, which 

was done using an ion voltage and current of 12 kV and 100 pA, respectively. For surface-sensitive samples, 

this step was preceded by applying a thin (<500 nm) layer of Pt using the electron beam at 5 kV and 6.4 

nA. The sample was then oriented normal to the ion beam (52° sample tilt) and rough milling steps were 

performed at 30 kV using milling currents of 60 nA, 15 nA, and 4 nA to create a cross-section approximately 

2-3 µm thick. Next, 4 nA current was used to detach the sides and bottom of the lamella from the bulk 

sample, as shown in Fig. 2.15 (a). At this stage, the EasyLift micromanipulator was carefully moved next 

to the sample and attached with a Pt weld. Material on the remaining side was milled away and the sample 

was extracted from the bulk. Finally, the sample was moved to the Cu grid and welded using Pt, as shown 

in Fig. 2.15 (b), and then the probe was detached from the sample by milling through the Pt weld using 4 

nA current. The final lamella was stable in the center of the Cu grid, as shown in Fig. 2.15 (c). 
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Fig. 2.15. The process for creating a thin foil lamella using (P)FIB: (a) A cross-section is milled from the 
material of interest, followed by attaching a microprobe to the side and detaching the cross-section from 
the bulk; (b) The sample is welded to a conductive Cu grid using Pt and the microprobe is detached; (c) 
Initial lamella has thickness of 2-3 µm. The sample is then thinned using successively lower milling 
currents from its initial state (d) to its final state (e) of electron transparency, where the final thickness (f) 
is less than 100 nm.  

The Cu grid was transferred to a Zeiss Auriga Focused Ion Beam (FIB), which uses a Ga+ ion beam for 

more precise milling at lower currents. The sample was tilted between 54-56° to become normal to the ion 

beam. Thinning steps were performed at an accelerating voltage of 30 kV using successively lower milling 

currents of 1 nA, 600 pA, 300 pA, and 140 pA until the contrast from the SE beam (Fig. 2.15 d) became 

electron transparent (Fig. 2.15 e) at ~7 kV. A final cleaning step was conducted at 5 kV and 100 pA for 

even gentler milling and to remove any surface damage that may have occurred during the higher energy 

milling steps. The final thickness of the thinned lamella was typically less than 100 nm, as shown in Fig. 

2.15 (f). 

Thin foil samples were primarily characterized in a Tecnai TF-30 transmission electron microscope 

(TEM), as shown in Fig. 2.14 (c), using an accelerating voltage of 300 keV. For conventional imaging, 

bright field (BF) and dark field (DF) imaging modes were used to characterize microstructure and to obtain 

selected area electron diffraction patterns (SAED). BF and high-angle annular dark field (HAADF) imaging 

was performed in scanning TEM (STEM) mode to characterize grain structure, particle boundaries, and to 
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obtain higher phase contrast. EDS was also performed under STEM imaging mode by tilting the sample to 

17° towards the EDS detector, which has a short working distance of 1 mm. High resolution TEM 

(HRTEM) was performed at extremely high magnifications (>900 kX) to characterize nanoscale features, 

such as particle-substrate and particle-particle interfacial structure.  

EBSD was used to characterize samples mounted in cross-section and on samples lifted out by FIB and 

gently cleaned but not thinned to electron transparency, while transmission Kikuchi diffraction (TKD or t-

EBSD) was performed on samples thinned to electron transparency. TKD data was acquired using a 

working distance of approximately 3 mm, an accelerating voltage of 30 keV and a step size of 30 nm, while 

the samples were tilted to -20° with respect to the electron beam. TKD is often used to improve the spatial 

resolution compared to conventional EBSD. Scans were taken with an exposure time between 0.25-0.35 

ms or set to a minimum value while the Kikuchi patterns were still visible. After correcting for background, 

the indexed patterns were optimized by selecting a region of interest that minimized the mean angular 

deviation of the bands, i.e., maximized the goodness of fit, and the solutions were refined. The final 

EBSD/TKD maps were cleaned up by removing wild spikes and zero solutions using nearest neighbor 

correlation set to no more than 5 neighboring pixels. 

EBSD and TKD were used to characterize the grain structure (using band contrast maps, or BC) of the 

electrolytic soft Cr powder before and after impact, as well as to evaluate the changes in the grain structure 

of the substrate in the interfacial regions after impact. Inverse pole figure (IPF) maps give information on 

grain size, orientation, and texture according to a bcc or hcp crystal structure. Grain orientation spread 

(GOS) and grain reference orientation deviation (GROD) maps were used to assess the average 

misorientation within grains of the Cr coating and Zr-alloy substrate [107,154,155]. GOS maps were 

generated by displaying the average of the misorientation angles to the grain mean orientation, so grains in 

GOS maps are displayed as one color representing the extent of misorientation. The GROD maps were 

generated by first selecting a reference orientation within each individual grain and plotting the 

misorientation (in degrees) from the reference. Blue pixels show regions within the grain that are close to 
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the reference orientation, while a gradient from green to yellow to red indicates higher levels of 

misorientation within the grain, revealing increased levels of strain and plastic deformation. Grains that are 

uniformly blue represent recrystallized grains. 

Kernel average misorientation (KAM) maps were used to assess plastic deformation within deformed 

particles and mechanically tested samples. KAM maps were generated by selecting the average 

misorientation between each data point and its nearest neighbors. KAM is higher in deformed grains due 

to local lattice distortion, deformation, and high dislocation density, and is restricted to misorientations less 

than 5°. Geometrically necessary dislocation (GND) maps were generated from the KAM maps by 

including the Burgers vector for bcc Cr, a/2 <111>. The GND maps were analyzed to obtain a mean and 

maximum value for the estimated dislocation density within the particles and coatings. In the case of Cr 

particles impacting Cr substrates, the Cr substrates were separated from the maps so that the dislocation 

density represented that of only the Cr particles. 

A Malvern Panalytical Empyrean X-ray diffractometer (XRD) with Cu-Kα radiation, shown in Fig. 

2.14 (d), was used to identify phases in feedstock powders, as-deposited coatings, and coatings after high 

temperature oxidation and autoclave corrosion tests. Diffraction peaks are produced during X-ray radiation 

of a material if the Bragg condition (𝑛𝑛𝑛𝑛 = 2𝑑𝑑𝑠𝑠𝑖𝑖𝑛𝑛𝑑𝑑) is satisfied, where 𝑛𝑛 is the diffraction order, 𝑛𝑛 is the X-

ray wavelength (1.54 Å for Cu-Kα), 𝑑𝑑 is the inter-planar spacing of the crystal lattice, and 𝑑𝑑 is the incident 

angle between the X-ray and the scatter plane. Diffraction peaks were acquired from 20° to 120° in coupled 

2θ mode using a scanning line 1D detector. DIFFRAC.EVA software (Bruker, USA) was used to analyze 

the diffraction data by removing background and using its phase matching capabilities. 

2.6. Residual stress measurements 

Typically, compressive residual stresses exist in cold spray coatings primarily due to mechanical 

(peening) effects. Several techniques have been used by researchers to characterize residual stresses 
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including XRD, hole drilling, wafer curvature, or neutron diffraction. In this research, XRD using the sin2ψ 

method was employed using the Malvern Panalytical Empyrean XRD shown in Fig. 2.14 (d).  

A strain-free material is associated with a certain inter-planar spacing (i.e., d-spacing) that will produce 

a characteristic diffraction pattern using XRD [156], as defined by Eqn. 2.10 for cubic materials. When a 

material is strained, elongations or contractions are produced within the crystal lattice which changes the 

inter-planar spacing of the {hkl} lattice planes. This induced change in 𝑑𝑑 will cause a shift in the diffraction 

pattern, shown in Eqn. 2.11, and by precise measurement of this shift the strain within the material can be 

deduced. 

1
𝑑𝑑2

=
ℎ2 + 𝑘𝑘2 + 𝑙𝑙2

𝑟𝑟2
 Eqn. 2.10 

𝜀𝜀𝜙𝜙𝜙𝜙 =
𝑑𝑑ℎ𝑘𝑘𝑘𝑘 − 𝑑𝑑0

𝑑𝑑0
 Eqn. 2.11 

Assuming a plane-stress condition, i.e., 𝜎𝜎𝑧𝑧 = 0, residual stresses can be determined from measured 

residual strains using Hooke’s law: 𝜎𝜎𝑦𝑦 = 𝐸𝐸𝜀𝜀𝑦𝑦. In the sin2ψ method, strains are considered in terms of inter-

planar spacing and can be used to evaluate residual stresses according to Eqn. 2.12: 

𝜎𝜎𝜙𝜙 =
𝐸𝐸

(1 + 𝜈𝜈) sin2 𝜓𝜓 �
𝑑𝑑𝜙𝜙 − 𝑑𝑑𝑛𝑛
𝑑𝑑𝑛𝑛

� Eqn. 2.12 

where 𝐸𝐸 and 𝜈𝜈 are the Young’s modulus and Poisson’s ratio, respectively, of the material, 𝜙𝜙 is an angle in 

the plane of the sample between a fixed direction and the diffraction plane normal, and 𝜓𝜓 is an angle 

between the normal of the sample and the normal of the diffracting plane. Therefore, by measuring the d-

spacing of the material at multiple 𝜓𝜓-tilts (positive and negative) and at least three directions (𝜙𝜙 =

0°, 45°, 90°), one can calculate the full stress tensor for the sample. For a simpler analysis, Eqn. 2.12 can 

be simplified to analyze the stress near the coating surface:  

𝜎𝜎𝜙𝜙 = �
𝐸𝐸

1 + 𝜈𝜈
�𝑚𝑚 Eqn. 2.13 

where m is the slope of the d vs. sin2ψ curve. 
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Residual stress measurements of cold spray Cr coatings on Zry-4 were performed using the sin2ψ 

technique by closely mirroring the procedure outlined by Fitzpatrick et al. [156] and in accordance with 

ASTM standards on aligning the diffractometer [157], determining X-ray elastic constants [158], and 

measurement of stresses [159]. XRD scans were taken at 𝜙𝜙 = 0°, 45°, 90°, where 𝜙𝜙 = 0° represents the 

spray direction and 𝜙𝜙 = 90° is normal to the spray direction in the plane of the coating. At least five 𝜓𝜓-tilts 

were used, both positive and negative, ranging from 0 to 0.4. Thus, a total of 30 measurements were 

performed for each sample. Measurements were taken using Cu Kα radiation and the {220} plane in Cr. 

Higher d-spacing planes are desirable for the sin2ψ method because they are more sensitive to shifts in inter-

planar spacing.  

Following acquisition, the data was analyzed using a specially written code in MATLAB for residual 

stress analysis. Each of the 30 peaks was smoothed using Pearson VII fitting profiles, the Kα2 doublet was 

stripped, and corrections were performed for Lorentz polarization and absorption effects [156]. Following 

this, d vs. sin2ψ plots were generated and the slopes of the three curves were used in Eqn. 2.13 to calculate 

residual stresses in the three principal directions. A snapshot of this process is shown in Fig. 2.16.  
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Fig. 2.16. Process of measuring residual stress in cold spray Cr coatings: (a) acquiring diffraction peaks 
at different ψ-tilts represented by the differently colored curves; (b) peak fitting, smoothing, and 
polarization corrections; (c) plotting d vs. sin2ψ to get the slope used to calculate residual stress. 

2.7. Hardness testing 

Hardness testing (both microhardness and nanoindentation) was performed on feedstock Cr powders, 

cold spray Cr coatings, and associated substrate materials mounted in cross-section for an initial assessment 

of mechanical properties, and in the case of coatings also as a measure of work-hardening and densification. 

Microhardness indents were made using a Buehler Micromet II indenter equipped with a Vickers 

indentation tip and a 50-100 gf load, after calibrating with on a standard steel block of pre-calibrated 

hardness provided by Buehler. Indents were made in the middle of the coating thickness and in compliance 

with ASTM E92 [160] and E384 [161] standards.  

Hardness measurements of the Cr feedstock particles, Cr coatings, and Zr-alloy substrates mounted in 

cross-section were also performed via nano-indentation using a Bruker Hysitron TI 950 TriboIndenter. 

Nano-hardness values were collected using a standard Berkovich diamond tip with a constant area function 

and a standard load transducer. All indentations were performed using constant segment times, following a 

trapezoidal load function with a maximum load of 10 mN. Hardness values were corrected for compliance 

of the mounting material according to the method proposed by Slagter et al. [162]. Nano-indentation of the 

Cr coatings often resulted in pile-up, a phenomenon in which material plastically deforms and “piles up” 

along the sides of an indent resulting in an increase in indentation area. In these cases, the indents were 

observed in the SEM to acquire the real contact area, which was used to correct hardness and modulus 

values after testing. A full description of the nano-indentation procedure, including corrections and study 

of pile-up phenomenon, can be found in the work by Quillin et al. [163].  

2.8. Mechanical test methods 

High energy synchrotron X-ray diffraction in the transmission mode was performed in situ during 

uniaxial tensile testing to understand the deformation and cracking behavior of cold spray Cr-coated Zr-
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alloy specimens in both the as-deposited and annealed conditions. Testing was performed at the Advanced 

Photon Source (APS) facility located at Argonne National Laboratory (ANL). The technique was deemed 

particularly useful for the present study because of the importance of a holistic understanding the 

deformation behavior of the bimetallic system, particularly the effects of the Cr coating on the deformation 

behavior of the Zr-alloy cladding. In light of this, it is noted that testing the deformation of the coating and 

the substrate separately would not yield realistic results for the coated cladding application due to the relief 

of stresses in coating and the exclusion of effects of coating-substrate adhesion on the overall deformation 

behavior. The fracture surface of the specimens was examined using SEM. Both elastic and plastic 

deformation mechanisms during tensile deformation were quantified using detailed X-ray line profile 

analysis. More details of the experiment and results from this study are described in Section 7. 

2.9. Micro-mechanical test methods 

Cold spray Cr coatings on Zr-alloy cladding were subjected to post-deposition treatments to simulate 

various microstructures the coating may experience during prototypical reactor environments and potential 

accident exposures. Microcantilever beams with a pentagonal cross-section were fabricated at the Cr-Zr 

interface in the as-deposited, low-temperature annealed, high-temperature annealed, and ion irradiated 

conditions using PFIB and FIB milling techniques. The cantilevers were subjected to beam bending tests at 

Los Alamos National Laboratory using a picoindenter contained inside of an SEM with in situ video 

capabilities. Cantilever beams were bent to failure or until a maximum displacement was reached. 

Deformation, cracking, and fracture behavior were qualitatively assessed using in situ and ex situ SEM 

imaging as well as EBSD mapping. More details of the experiment and results from this study are described 

in Section 8.  

2.10. Autoclave corrosion testing in simulated PWR environments  

Hydrothermal corrosion testing was performed on Cr-coated and uncoated Zr-alloy cladding using a 

Parr Instruments 4650 autoclave pressure vessel. A photograph of the pressure vessel, heater, and sample 
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holder is shown in Fig. 2.17 (a). The pressure vessel and sample holder are Inconel 625 (a high strength, 

corrosion resistant nickel-based alloy), while the heater is comprised of conducting coils insulated by a 

graphite layer. Various components of the autoclave and pressure vessel are shown in Fig. 2.17 (b). The 

pressure vessel can reach a pressure of 34.5 MPa at a temperature of 500 °C, which is measured by a 

pressure transducer and a B-type thermocouple, respectively. The entire autoclave setup is enclosed by a 

safety shield during testing and is operated by the reactor controller connected to a computer that could be 

monitored remotely (Fig. 2.17 c).  

 
Fig. 2.17. Photographs of the pressurized water autoclave assembly: (a) disassembled heater, pressure 
vessel, and sample holder; (b) top-down view of the pressure vessel assembly, with relevant components 
labeled; (c) Entire assembly, including reactor controller and program monitor.  

The autoclave test for a water environment followed the ASTM-G2 standard [164], using static (non-

refreshing) deionized water and running at a temperature and pressure of 360 °C and 18.6 MPa, respectively, 

for a minimum of 72 hours and up to 30 days. Dissolved oxygen content in the deionized water was 

measured according to ASTM [165] and US-EPA [166] standards. Water was placed in an approved 300 

mL biochemical oxygen demand (BOD) bottle and dissolved oxygen content was measured using a 

luminescent dissolved oxygen (LDO) sensor with an integrated stirring system, in accordance with ASTM 
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Method C [165]. Pure water placed in the autoclave has less than 5 ppm dissolved oxygen. At the start of 

each corrosion test, the water is heated to just below boiling (93 °C), where it is degassed further by 

bubbling argon gas for roughly 6 minutes. Measurements performed after the degassing step showed less 

than 1.5 ppm dissolved oxygen. With a volume of 1000 mL, the pressure vessel could hold up to 24 samples 

at a time. The samples were placed in Inconel 625 baskets connected to the sample holder, both of which 

were conditioned in the autoclave (prior to sample insertion) to passivate the surface.  

The length, width, and thickness of each sample was measured using a digital micrometer (0.001 mm 

resolution). The samples were weighed before and after the autoclave test with a high-accuracy scale (1×10-

6 g resolution) to determine the mass change due to corrosion. The weight change of the samples was 

determined by normalizing the mass change with respect to the exposed surface area of the sample (i.e., 

mg/dm2). For Cr coated samples, only one side was coated. Therefore, uncoated Zr-alloy coupons were 

included in the autoclave tests to isolate the weight change induced by the Cr coating alone. Weight change 

of the Cr coating was calculated using the following equation: 

Δ𝑊𝑊𝐶𝐶𝑐𝑐 = Δ𝑊𝑊𝑠𝑠𝑠𝑠𝑚𝑚𝑝𝑝𝑘𝑘𝑟𝑟 − �
Δ𝑊𝑊𝑍𝑍𝑐𝑐−𝑠𝑠𝑘𝑘𝑘𝑘𝑎𝑎𝑦𝑦

𝐴𝐴𝑍𝑍𝑐𝑐−𝑠𝑠𝑘𝑘𝑘𝑘𝑎𝑎𝑦𝑦
� (2𝑙𝑙𝑡𝑡 + 2𝑤𝑤𝑡𝑡 + 𝑙𝑙𝑤𝑤)𝑍𝑍𝑐𝑐−𝑠𝑠𝑘𝑘𝑘𝑘𝑎𝑎𝑦𝑦 

Eqn. 2.14 

where Δ𝑊𝑊 is the weight change (in mg), 𝐴𝐴𝑍𝑍𝑐𝑐−𝑠𝑠𝑘𝑘𝑘𝑘𝑎𝑎𝑦𝑦 is the surface area of Zr-alloy (in dm2), and 𝑙𝑙,𝑤𝑤, and 𝑡𝑡 

represent the dimensions of the coated Zr-alloy coupon. Δ𝑊𝑊𝐶𝐶𝑐𝑐 is then determined by dividing by the surface 

area of the coated surface to calculate the weight change per unit area. 

Weight change of the cold spray Cr coatings were compared to the Zr-alloy substrates to assess the 

enhanced performance of the coating in simulated PWR conditions (360 °C, 18.6 MPa) using pure water 

chemistry. To more accurately simulate the PWR water chemistry, similar tests were performed with 

uncoated and Cr-coated Zr-alloy in the autoclave facility at WEC. These tests were performed at 360 °C, 

18.6 MPa for 30 days in static (non-flowing) water within a stainless steel 316 autoclave. The water 

contained 70 ppm of dissolved Li and its dissolved oxygen concentration was estimated to be <3 ppb. In 

both tests, incremental weight change measurements and photographs were taken to produce at least three 
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data points for each sample. A total of 30 samples were tested, 15 in pure water (UW) and 15 in elevated 

lithium water (WEC). The results from this experiment are described in Section 9. 

2.11. High temperature oxidation testing and annealing treatments 

High temperature oxidation tests for Cr-coated Zr-alloy cladding were conducted in both air and steam 

environments at temperatures ranging from 1100 to 1330 °C (for exposure times up to 60 minutes) to 

evaluate the stability of the coatings during a LOCA-type scenario. Preparation of the samples was 

described in Section 2.3.9. High temperature steam oxidation testing was performed in an alumina tube 

furnace (MTI, model GSL1600X) shown in Fig. 2.18, with a schematic diagram of the testing procedure 

shown in Fig. 2.19. The samples were placed in a quartz boat attached to a NiCr wire (Fig. 2.20 a), which 

was moved to Zone 1 (Fig. 2.19) within the furnace. The furnace was then heated to the desired temperature 

while Ar (g) flowed through the furnace to prevent any oxidation during the heating stage. Once heated, 

the temperature was checked by inserting a K-type thermocouple into the center of the heating zone. After 

the desired temperature was achieved, the steam generator was turned on. Steam was generated using 

deionized water flowing through stainless steel coil surrounded by heater tapes. This produced steam 

flowing at a velocity of ~64 cm/s and a temperature of ~500 °C. At this stage, the sample was moved to 

Zone 2 (hot zone in Fig. 2.19) by pulling the NiCr wire. The Ar (g) valve was closed and the steam valve 

was opened, allowing steam to flow through the furnace. At the end of the desired exposure time, the 

samples were moved to Zone 3 (Fig. 2.19), the steam valve was closed and the Ar (g) valve was re-opened 

to prevent further oxidation and heating of the sample while the furnace cooled to room temperature. 
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Fig. 2.18. (a) Photograph of high temperature steam oxidation test facility with components labelled; (b) 
Photograph of tube furnace exit, showing the red-hot alumina tube, steam outlet, and NiCr wire used to 
pull sample through tube furnace. 

 
Fig. 2.19. Schematic diagram of the high temperature steam oxidation testing process. The numbers on 
the top indicate the different sample positions within the furnace. 

 
Fig. 2.20. Photographs of Cr-coated Zr-alloy test coupons placed in sample holders for high temperature 
testing: (a) quartz boat used for steam testing of flat and tube coupons; (b) quartz holder used for air 
testing flat coupons; (c) quartz holder used for air testing tube coupons; (d) encapsulated flat coupon in a 
quartz tube showing red-hot surface immediately after removal from furnace. 

Using the same furnace, oxidation tests in ambient air environment were also conducted using a slightly 

different procedure. Flat coupons were placed in a custom quartz sample holder, as shown in Fig. 2.20 (b), 

while tube coupons were placed on a quartz rod connected to a quartz sample holder, as shown in Fig. 2.20 

(c). Once the furnace reached the desired temperature, the quartz sample holder was inserted into the furnace 

and placed within the hot zone. After the desired exposure time, the quartz holder was removed from the 

furnace and the samples were allowed to air-cool.  
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For investigating microstructural changes in the coating and interdiffusion effects at the coating-

substrate interface with minimal oxidation effects, the sample coupons were first encapsulated in a quartz 

ampule, as shown in Fig. 2.21. The system features a two-compartment system, one for Ti sponge oxygen 

getter and the other for the test samples. The two chambers are interconnected but separated by a thin slice 

of quartz rod with a slit that allowed gases (i.e., oxygen and argon) to pass through either side. The quartz 

tube was connected to vacuum, evacuated of air, and then backfilled with Ar (g) until reaching slightly 

below atmospheric pressure. This process was repeated at least ten times to ensure adequate oxygen 

removal. Then the quartz tube was sealed just before the vacuum fitting using an acetylene torch. An image 

of an encapsulated sample immediately after removal from the furnace is shown in Fig. 2.20 (d), illustrating 

the severity of the high-temperature exposure through the red hot color. 

 
Fig. 2.21. Cr-coated Zr-alloy sample coupons encapsulated in a quartz ampule evacuated of oxygen and 
backfilled with argon gas. A chamber of titanium sponge was used to getter any residual oxygen in the 
ampule. A sliver of quartz rod with a slit was used as a divider between the two compartments. 

After high temperature exposures in steam, air, or inert environments outlined above, the samples were 

metallographically prepared by mounting in cross-section. Material characterization using techniques 

including SEM, EDS, and EBSD were used to assess changes in microstructure, including porosity, grain 

growth, texture, thickness, composition/phase, morphology of surface oxide layers developed, and the 

composition gradient and width of inter-diffusion layers.  

2.12. Ion irradiation testing 

Cold spray Cr coatings on Zr-alloy cladding were subjected to high-energy heavy ion irradiation 

experiments to assess their overall resistance to irradiation damage. Preparation of the Cr-He coatings on 
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Zry-4 was described in Section 2.3.6. A photograph of the prepared coating is shown in Fig. 2.22 (a), 

revealing separate uncoated Zry-4 and Cr coated regions. The Cr coatings were irradiated in the Argonne 

Tandem Linac Accelerator System (ATLAS) beamline located at ANL. The sample was mounted in a 

fixture with an attached thermocouple (Fig. 2.22 b) and then loaded into the path of the ion beam (Fig. 2.22 

c). The sample was heated to 350 °C and irradiated with 80 MeV Xe26+ ions, with an average ion flux of 

2.13 × 1012 ions/cm2/s. Total irradiation time was about 2 hours. The damage accumulation in the materials 

was predicted to be 30 dpa at a depth of 5.0-5.5 µm from the sample surface using SRIM simulations. Fig. 

2.22 (d) shows a photograph of the sample after irradiation with the ion beam profile circled in red, revealing 

four unique zones of which to perform microstructural characterization. 

 
Fig. 2.22. Photographs from the ion irradiation experiment at the ATLAS facility in Argonne: (a) Sample 
surface, showing region of uncoated Zry-4 and cold spray Cr-He coating; (b) Sample secured to the 
fixture with an attached thermocouple; (c) Loading the sample into the ion beam path; (d) Sample after 
experiment, showing four regions that could be used for microstructural characterization.  

FIB was used to extract lamellae from four unique locations about the sample, generating four distinct 

microstructural conditions: unirradiated and irradiated Cr/Zr interface, and unirradiated and irradiated bulk 

Cr coating. It is worth noting that the unirradiated samples were subjected to the same thermal history as 

their irradiated counterparts, making for a better comparison than using standard as-deposited coatings. The 

samples were characterized on the TF-30 using TEM brightfield imaging and STEM BF/HAADF imaging 

modes to identify irradiation-induced changes in the microstructure and interfacial mixing effects. EDS was 

performed in the TEM to map elemental composition qualitatively and quantitatively. Nanoindentation was 
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also performed to assess any differences in mechanical properties due to irradiation. The results of radiation 

damage response in the aforementioned samples are discussed in Section 6. 
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3. Deposition of Cr Coatings on Zr-alloys by Cold Spray Technology  

3.1. Analysis of feedstock Cr powders 

Cold spray is a low temperature, solid-state deposition process. As a result, the coating generally retains 

much of the feedstock powder’s microstructure except the effects of plastic deformation. Another attribute 

of the cold spray process is that the powder itself does not undergo any thermal decomposition or phase 

transformations (including oxidation) during the coating deposition. Thus, the coating remains 

compositionally consistent with the starting powder feedstock material. Characterization of the feedstock 

Cr powder is critical for predicting how the particles will deform, and for predicting how the coating 

microstructure will develop during high strain rate deformation. Additionally, the characteristics of the 

feedstock powder particles (i.e., morphology, grain size, hardness, etc.) are strongly related to the powder 

manufacturing and processing history.  

The manufacturing process for the Cr powders used in this study were largely proprietary and, based 

on the information available, they are referred to as electrolytic soft Cr powders. Information provided in 

this paragraph relating the origins of the microstructure to the manufacturing processing steps should be 

viewed in general terms. Plan-view SEM images of the as-received Cr powder particles are shown in Fig. 

3.1 (a). Higher magnification imaging revealed the particles to be non-spherical, but they displayed rounded 

edges and a flakey appearance, as shown in Fig. 3.1 (b). Some of these flakes can be seen in cross-section 

as shown in Fig. 3.1 (c), indicated by the red arrows near the particle edges. The particles were etched using 

Murakami’s reagent (10 g NaOH, 10 g K3Fe(CN)6, 100 mL H2O) to reveal microstructural features. A 

higher magnification image of the particle interior microstructure is shown in Fig. 3.1 (d), taken from the 

region encompassed by the blue colored box in Fig. 3.1 (c). Within the interior of the particle (lower right 

of Fig. 3.1 d), the microstructure shows a larger grain with an apparent subgrain structure as well as some 

micro-porosity (<200 nm diameter). Moving towards the particle edge (upper left of Fig. 3.1 d), these 

subgrains start to resolve into individual grains as indicated by the darker contrast around the grain 
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boundaries. It is believed that these nanoscale grains formed due to a milling process involved in the powder 

manufacturing process. The roundness of the particles, however, indicates that the milling process was not 

severe but repetitious in nature, so as to yield fine grains in the peripheral regions of the particle. The 

presence of larger grains in the particle interior are reflective of an electrolytic process followed by a high 

temperature annealing and degassing treatment. For the purposes of this research, it is important to note 

that the Cr particles contain a heterogeneous grain size distribution with fine grain size on the periphery 

and coarser grains in the interior of the particle.  

 
Fig. 3.1. SEM images of electrolytic soft Cr powder used in this research, showing (a) plan-view of non-
spherical Cr particles, (b) higher magnification plan-view of Cr particle showing rounded and flakey 
exterior; (c) cross-section of a Cr particle, with red arrows indicating flakes; (d) high magnification cross 
section (blue square), showing non-uniform grain size. 

3.2. Microstructure of cold spray Cr coatings  

3.2.1. SEM characterization of as-deposited Cr coatings 

Cold spray deposition of Cr powder on flat Zry-4 substrates was performed to investigate the effects 

of specific cold spray parameters on coating thickness. Three process gas conditions were selected for this 

study: (a) 750 °C, 100%-N2 gas, (b) 550 °C, 75%-He/25%-N2 gas, and (c) 500 °C, 95%-He/5%-N2 gas. The 
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gas temperatures reflect the maximum achievable preheat temperature for the specified gas composition. 

Additionally, two robot traverse speeds were selected for this study: 400 mm/s and 200 mm/s. The rest of 

the parameters were kept constant, as listed in Section 2.3.1. It was hypothesized that gas temperature, gas 

composition, and gun traverse (spray) speed had the most influence on coating thickness.  

Low-magnification SEM images for the three conditions sprayed at 400 mm/s are shown in Fig. 3.2. 

All three conditions resulted in full coating coverage over the Zry-4 substrates. The coatings appear very 

dense with only minor defects and porosity visible at this magnification. No evidence of cracking or 

delamination along the interface was observed, indicating good adhesion with Zry-4. Fig. 3.2 reveals that 

gas composition has a large influence on coating thickness. The coating thickness for 100%-N2 process gas 

was about 25 µm, and thickness increased by a factor of 2 and 2.5x with the addition of 75%-He and 95%-

He to the gas stream, respectively. Increased concentrations of He in the process gas produced markedly 

higher particle velocities, which resulted in a greater number of particles reaching the critical velocities 

needed for particle bonding and cohesion, resulting in higher coating thickness. A plot of coating thickness 

versus particle velocity is shown in Fig. 3.3 for the mentioned gas compositions. A decrease in the gun 

traverse speed by a factor of 2 also led to roughly doubling of coating thickness for each gas condition. This 

is due to greater residence time at a given location which results in more particles being deposited per unit 

area and per unit time.  

 
Fig. 3.2. Low magnification SEM images of Cr coatings deposited on Zry-4 using a gun traverse speed of 
400 mm/s and the following gas compositions: (a) 100%-N2, (b) 75%-He/25%-N2, (c) 95%-He/5%-N2.  
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Fig. 3.3. Plot of coating thickness vs. estimated particle velocity for Cr coatings on Zry-4. The data points 
(left to right) represent the three gas compositions: 100%-N2, 75%-He/25%-N2, 95%-He/5%-N2, 
respectively.  

For a more detailed examination of microstructure, the coatings mounted in cross-section were etched 

using Murakami’s reagent to reveal additional features including porosity, grain size, and inter-particle 

boundaries. Higher magnification SEM images of the Cr coating deposited using 100%-N2 gas (henceforth 

referred to by Cr-N2) are shown in Fig. 3.4 (a-b). A continuous Cr-Zr interface is seen in Fig. 3.4 (a), with 

no cracking or delamination. Etching of the coating revealed inter-particle boundaries (IPBs), faintly 

highlighted in yellow in Fig. 3.4 (a) to preserve the image contrast. These boundaries are presented as line 

defects made up of nanoscale porosity surrounding bonded particles. Fig. 3.4 (b) shows an IPB in greater 

detail within the coating interior, where a graded microstructure is revealed with submicron-sized grains 

contained within the boundaries and larger grains away from the boundary. It is hypothesized that the 

interfaces of the colliding particles (which experience the most shear strains) underwent the highest plastic 

deformation and dynamic recrystallization, leading to grain refinement in the vicinity of these boundaries.  
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Fig. 3.4. High magnification SEM images of Cr coatings (etched with Murakami’s reagent) deposited on 
Zry-4 using a gun traverse speed of 200 mm/s and the following gas compositions: (a-b) 100%-N2 a.k.a. 
Cr-N2, (c-d) 95%-He/5%-N2 a.k.a. Cr-He. A faint highlighting of inter-particle boundaries is shown in (a).  

Higher magnification SEM images of the Cr coating deposited using 95%-He gas (henceforth referred 

to by Cr-He) are shown in Fig. 3.4 (c-d). The coatings sprayed with helium gas also show no evidence of 

cracking or delamination. Compared to the nitrogen coating, the helium coating reveals a denser 

microstructure with particle boundaries obscured and more difficult to resolve, an indication of more 

intimate interparticle bonding and greater grain deformation effects. Fig. 3.4 (d) also reveals a 

heterogeneous microstructure in terms of grain size. These differences in microstructure stemming from 

different carrier gases are due to the higher particle velocities achieved with He gas. Firstly, higher particle 

velocities lead to increased plastic deformation, leading to higher shear strains that can more effectively 

bond particle boundaries. Secondly, higher velocities mean more particles reach the threshold critical 

velocity for deposition, per unit area. This results in a “tamping effect” that further deforms and densifies 
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the coating as more particles are deposited. It should be noted that tamping effect in nitrogen cold spray 

can be enhanced by reducing the gun traverse speed.  

3.2.2. STEM characterization of as-deposited Cr coatings 

FIB lamellae were extracted from the top surface of the coatings and thinned to electron transparency 

for higher resolution imaging in the TEM. Fig. 3.5 (a) shows a BF-STEM image of the as-deposited Cr-N2 

coating. The heterogeneous microstructure is even more resolved as evidenced by grains up to 2 µm in 

diameter with a high density of dislocations (Fig. 3.5 b). A few IPBs are observed within the coating, and 

Fig. 3.5 (c) shows one of these boundaries consists of strained and elongated grains up to 1 µm in length 

but under 300 nm in width. Fig. 3.5 (d) shows the tail-end of one of these particle boundaries, revealing 

dynamically recrystallized grains less than 100 nm in diameter. No porosity was found within the thin 

lamellae, suggesting a very dense Cr-N2 coating with well bonded interparticle interfaces.  

Fig. 3.6 (a) shows a BF-STEM image of the as-deposited Cr-He coating, revealing a similar 

heterogeneous, highly strained microstructure. Fig. 3.6 (b) shows a higher magnification image near an 

IPB, which clearly shows the transition from the evolution of larger equiaxed grains to elongated grains to 

dynamically recrystallized grains as one moves towards the center of the boundary. This is also illustrated 

in the selected area electron diffraction (SAED) patterns shown in Fig. 3.6 (c-e), taken from regions 

encompassed by the blue circles shown in Fig. 3.6 (b). The SAED pattern from area (c) shows several spots 

that indicate the beam interacted with only a few grains (i.e., larger grains). The spots are roughly 5 nm-1 

away from the center of the pattern which corresponds to an interplanar spacing of 0.208 nm and the (110) 

family of planes for Cr [167]. The spots become more frequent and align themselves into rings in area (d), 

indicating that more grains were captured by the electron beam (i.e., nanocrystalline grains). Even more 

spots were observed in the SAED pattern from area (e), indicating a high density of ultrafine grains. This 

clearly indicates substantial grain refinement as the area of beam interaction was the same for all three 

locations, and the distance of the spots and rings from the center of the pattern did not change, confirming 

that the diffraction pattern corresponds to bcc Cr and no other phases.  
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Fig. 3.5. (a) BF-STEM image of the Cr-N2 coating, with selective areas of the coating imaged at higher 
magnification: (b) large grain containing high density of dislocations; (c) strained and elongated grains 
located at an inter-particle boundary; (c) dynamically recrystallized grains located at the tail end of an 
inter-particle boundary. The images illustrate the heterogeneous nature of the cold spray Cr coating 
microstructure. 

 
Fig. 3.6. (a) BF-STEM image of the Cr-He coating showing a similar heterogeneous microstructure in 
terms of grain size. (b) Higher magnification BF-STEM image near an IPB. (c-e) SAED patterns illustrate 
the evolution of grain refinement across the boundary, transitioning from spots (c) to sparsely populated 
rings (d) to heavily populated rings (e). 
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A FIB lamella was also lifted out from the Cr-Zr interface for TEM analysis. Fig. 3.7 (a) shows a BF-

STEM image of the Cr-Zr interface for a Cr-He coating deposited on Zry-4. The interface is clearly 

observed demarcating the Cr coating (lighter contrast) and Zry-4 substrate (darker contrast) bonded in 

intimate contact. Two regions were selected for higher resolution imaging. Fig. 3.7 (b) shows a high 

magnification image captured within a particle boundary, showing ultrafine dynamically recrystallized 

grains less than 100 nm in diameter, but a heterogeneous distribution of grain sizes. The associated SAED 

pattern indicates many grains were sampled by the electron beam in this region. Fig. 3.7 (c) shows a high 

magnification image of the Zry-4 substrate near the interface, also showing ultrafine dynamically 

recrystallized grains less than 100 nm in diameter. However, the grains in the Zry-4 show a more equiaxed 

microstructure, likely due to more uniform high strain rate plastic deformation over a larger contact area. 

The associated SAED pattern shows more rings due to the lower symmetry of hcp Zr planes and many more 

spots, indicating sampling of many grains [167]. It is interesting to note that such level of refined grains 

was not observed within the Cr side of the interface (Fig. 3.7 a), and this finding will be explored further in 

Section 4. 

 
Fig. 3.7. (a) BF-STEM images of the Cr-Zr interface for a Cr-He coating deposited on Zry-4, with selected 
areas imaged at higher magnifications showing; (b) recrystallized grains in the Cr coating, with associated 
SAED pattern; (c) recrystallized grains in the Zry-4 substrate, with associated SAED pattern. 
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3.3. X-ray diffraction of feedstock powder and deposited Cr coatings 

XRD was performed to confirm no phase change or oxidation of the feedstock powders occurred during 

cold spray deposition. Fig. 3.8 shows XRD scans of the electrolytic soft Cr powder and cold spray deposited 

coatings, revealing pure bcc Cr peaks and no additional oxide phases, indicating that deposition occurred 

at relatively low particle temperatures. A slight peak shift was observed in the coatings with respect to the 

standard d-spacings of Cr, indicating that some residual strain was present. Peak broadening, which can 

arise from non-uniform micro-strains and small crystallite size [168], was observed in both powder and 

coatings; however, the magnitude of broadening did not increase with increasing gas velocity. In past 

experiments, peak broadening was observed after depositing coatings with gas-atomized [34] and annealed 

electrolytic [137] Cr particles, which contained very low internal strain. Higher resolution measurements 

of residual stresses within the electrolytic soft Cr coatings are discussed in Section 3.5. 

 
Fig. 3.8. XRD of the electrolytic soft Cr powder and corresponding cold spray Cr coatings, showing no 
phase changes occurred during the deposition process. All patterns matched to pure bcc Cr. 

3.4. Hardness of feedstock Cr powder and deposited Cr coatings 

Hardness measurements of the feedstock Cr powder, Zr-alloy substrates, and resultant Cr coatings were 

performed to assess the extent of plastic deformation resulting from cold spray deposition, and the results 
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are shown in Table 3.1. The cold spray Cr-He coating and Zry-4 had hardness values of 384 HV0.1 and 180 

HV0.1, respectively. Although not a focus of this study, this result suggests that the hard Cr coating can 

potentially increase the grid-to-rod fretting resistance Zr-alloys. Previous studies (by other members of the 

author’s group) on pin-on-disk wear testing of cold spray Cr coatings showed 70% reduction in wear track 

width and 85% reduction in wear track depth compared to uncoated Zr-alloy cladding [169]. 

Table 3.1. Hardness testing results of feedstock Cr powder, Zry-4 substrate, and cold spray Cr-He 
coating. 

Sample Microhardness (HV0.1) Nano-hardness (GPa) 

Electrolytic soft Cr powder n/a 3.9 ± 0.2 

Zry-4 substrate 184 ± 5 1.8 ± 0.1 

Cr-N2 coating 363 ± 17 5.0 ± 0.8 

Cr-He coating 384 ± 20 6.4 ± 1.1 

Table 3.1 also shows results from nano-indentation testing. Hardness of the coatings increased to 5.0-

6.4 GPa from the initial hardness of the Cr powder (3.9 GPa), indicative of work-hardening. These finding 

confirm that the as-fabricated feedstock Cr powder contained appreciable capacity for plastic deformation. 

Cr powders can show a wide range in hardness depending on the manufacturing route and using a softer Cr 

powder (with hardness much lower than the coating) increases the deformation capacity and deformability 

of the particles, allowing denser coatings to be achieved. The larger standard deviation for the Cr coatings 

compared to the feedstock Cr powder results from the heterogeneous nature of coating microstructure. 

Therefore, the nanoindentation results provide a reasonable representation of the average hardness of the 

Cr coatings. Fig. 3.9 shows a cross-sectional SEM image of the nano-indents within the Cr-He coating. 

Particle boundaries were harder compared to particle interiors (due to the deformation being concentrated 

at the boundaries), resulting in smaller indents. Meanwhile, nano-indents within particle interiors were 

larger and showed more evidence of pile-up, indicating higher ductility [163]. Thus, nano-indentation is 

another technique that can demonstrate the heterogeneous nature of cold spray coatings. 
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Fig. 3.9. SEM image of the Cr-He coating in cross-section with nano-indentations. Some of the indents 
have “rounded” edges, evidence of pile-up. Indentation size also varies depending on location, indicating 
a heterogeneous coating microstructure. 

3.5. Residual stress measurements of deposited Cr coatings 

Compressive residual stresses in cold spray coatings arise from the tamping effect of the particles [170]. 

These stresses are generally beneficial as they delay the initiation of cracks during straining events. Residual 

stresses in the coatings deposited using 100%-N2, 75%-He, and 95%-He carrier gas compositions were 

measured using the XRD sin2ψ method described in Section 2.6, and the results are shown in Table 3.2. 

Values represent stresses at the surfaces of the coatings and are limited by the penetration depth of the X-

rays (<5 µm) in Cr. Compressive residual stresses in the as-deposited Cr coatings increased from 329 MPa 

to 400 MPa, indicating increasing helium gas (i.e., higher particle velocities) can enhance the compressive 

residual stress state of the Cr coatings. The results also show that the XRD sin2ψ method is more sensitive 

to revealing residual stresses than analyzing peak shift from standard 2θ scans.  

Table 3.2. Surface residual stresses in cold spray Cr coatings, measured using the XRD sin2ψ method. 

Process gas condition Surface compressive residual stresses (MPa) 

100%-N2 329 ± 21 

75%-He 397 ± 35 

95%-He 400 ± 21 
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4. Coating Formation and Bonding Mechanisms in Cold Spray Deposition of Cr on Zr-alloy 

4.1. Single-particle impact experiments of Cr on Zr-alloy and pure Cr substrates 

4.1.1. Experimental description 

An important aspect of understanding coating formation in cold spray is the impact velocity of the 

particles [95,108]. Particles must attain a critical velocity to sufficiently deform and adhere during impact 

with the substrate. The fraction of particles that get deposited vs. those that rebound off the substrate (i.e., 

the deposition efficiency, or DE) is estimated via, 𝐷𝐷𝐸𝐸 = Δ𝑚𝑚𝑠𝑠/𝑀𝑀𝑝𝑝, where Δ𝑚𝑚𝑠𝑠 is the change in mass of the 

substrate and 𝑀𝑀𝑝𝑝 is the mass of all particles that have interacted with the substrate [90]. Alternatively, 

deposition efficiency can be measured using the expression 𝐷𝐷𝐸𝐸 = 𝑛𝑛𝑝𝑝/(𝑛𝑛𝑝𝑝 + 𝑛𝑛𝑐𝑐), where 𝑛𝑛𝑝𝑝 is the number 

of deposited particles and 𝑛𝑛𝑐𝑐 is the number of impact craters from rebounded particles. This can be 

accomplished in cold spray by using a low powder feed rate and increasing the gun traverse speed to deposit 

individual particles on the substrate.  

Single particle impact experiments are insightful as both critical velocity and deposition efficiency can 

be directly measured, and the deformation behavior and bonding characteristics of the impacted particles 

can be subsequently characterized individually [101–107]. For example, Hassani et al. [101] investigated a 

number of metallic particle/substrate combinations and identified three primary deformation behaviors, 

namely splatting, co-deformation, and penetration. Collectively, these deformation behaviors can result in 

metallurgical or mechanical bonding, or a combination thereof [111]. In that experiment, the former was 

typically favored for mechanically similar materials, while the latter was common with mechanically 

dissimilar materials [101]. According to these studies, hardness and density were the initial metrics for 

mismatch and, generally, smaller differences in these properties leads to improved particle-substrate 

bonding [100].  

For the Cr cold spray deposition on Zry-4, we envision a two-stage process. First, high velocity bcc 

Cr particles impact an hcp Zry-4 substrate (i.e., the Cr-Zr system) resulting in high strain rate plastic 
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deformation at the colliding interfaces, which promotes adhesion of the particles to the substrate. Second, 

subsequent high-velocity Cr particles impact on the initially deposited and work-hardened Cr layer (i.e., 

the Cr-Cr system) resulting in interparticle cohesion and coating buildup.  

Nanoindentation of the feedstock Cr powders and microhardness measurements of the Zry-4 and bulk 

Cr substrates were performed in accordance with the procedure described in Section 2.7. STEM and 

HRTEM were used to characterize the cross-sectional microstructure of the feedstock Cr particles, as well 

as the interfacial bonding between the coatings and the substrates. After single particle impact experiments, 

characterization of the bonded Cr particles was performed using a PFIB with SEM and EDS. Plan-view 

SEM images of the impacted single particles were captured for each velocity condition at five unique 

standardized locations taken about 2.5 mm from the center of the spray plume. For the Cr particles deposited 

on Zry-4 substrates, EDS was used to distinguish the bonded Cr particles from impact craters on the Zry-4 

substrate surface. For the Cr particles deposited on Cr substrates, individually bonded particles and craters 

were counted for each image using ImageJ software. The deposition efficiency was calculated as the ratio 

of the total number of bonded particles to the sum of the total number of bonded particles and impact craters. 

PFIB was also used to section out individually bonded Cr particles on the Zry-4 and bulk Cr substrates. 

The particles were lifted out and attached to a conductive Cu grid where they were lightly thinned on the 

FIB using successively lower ion-beam milling currents to create a smooth cross-sectional surface. EBSD 

was used to characterize the impacted single particles and substrates, while TKD was used to characterize 

a feedstock Cr particle and a Cr-He coating, both of which were previously thinned to electron transparency 

for STEM analysis. The procedures for EBSD and TKD mapping were described in Section 2.5 along with 

a description of the various mapping techniques.  

4.1.2. Characterization of feedstock Cr powder 

A BF-STEM image of a Cr particle (Fig. 4.1 a) shows the presence of large grains in the center of the 

particle with contrast coming from a dislocation forest (Fig. 4.1 b). Smaller, deformed grains were observed 
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at the particle edges (Fig. 4.1 c), likely due to a mechanical milling process involved in manufacture of the 

powders. Fig. 4.1 (d) shows a thin (<10 nm) native oxide layer on the particle surface. While the presence 

of this oxide layer can potentially hinder bonding during deposition, it is thought that reaching sufficient 

impact velocities could fracture and eject the oxide layer upon impact to create the clean metallic surfaces 

necessary for bonding [111].  

The TKD maps shown in Fig. 4.1 (e-g) further reveal the grain structure of the Cr particle. The IPF 

shows a graded microstructure, with a large grain (>5 µm) in the center of the particle and smaller grains 

closer to the particle edges. The GROD map in Fig. 4.1 (f) highlights ultrafine grains along the particle 

surface with GROD < 1°, indicating that these grains resulted from recrystallization during mechanical 

milling. The GROD map also reveals misorientation gradients within the slightly larger grains, with a 

maximum GROD of 35°. The KAM map in Fig. 4.1 (g) shows low levels of strain in the grain interiors and 

increasing levels of strain closer to grain boundaries. These boundaries align with areas of higher 

dislocation contrast observed in the STEM images. 

 
Fig. 4.1. (a) BF-STEM image of Cr particle in cross-section; (b) BF-STEM image within large interior 
grain, showing a dislocation forest; (c) BF-STEM image showing deformed, submicron grains near particle 
surface; (d) HAADF STEM image showing native oxide layer (<10 nm) on particle surface, as indicated 
by the red arrows; on the bottom row, TKD mapping of a Cr particle showing (e) IPF, (f) GROD, and (g) 
KAM. 
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Nanoindentation measurements of the Cr particles revealed an average hardness of 4.1 ± 0.2 GPa. The 

Vickers microhardness values of the Zry-4 and bulk Cr substrates were determined to be 180 ± 4 and 145 

± 6 HV0.1, respectively.  

4.1.3. Single-particle impacts: deposition efficiency and critical velocity 

SEM plan-view images of deposited Cr particles on Zry-4 substrates for increasing impact velocities 

are shown in Fig. 4.2 (a-c). All velocity conditions resulted in plastic deformation of the substrate, as 

evidenced by deformation bands on the substrate surface surrounding the particle. EDS mapping (shown in 

Appendix A) revealed some of the craters contained remnants of impacted Cr particles, possibly from the 

detachment of flakes near the surface of Cr particles. At the low velocity condition (𝑣𝑣𝑝𝑝~580 𝑚𝑚/𝑠𝑠), it is 

believed that a fraction of the kinetic energy was consumed in the detachment of flakes upon impact, 

resulting in less energy for bonding and low deposition efficiency. Hassani et al. [101] observed similar 

effects in the deposition of single Ti particles on Cu, in which partial detachment occurred due to suspected 

elastic rebound forces breaking the bonds near the critical velocity [118,119]. This phenomenon is 

discussed in more detail in Appendix A. 

Fig. 4.3 (a) shows a plot of deposition efficiency vs. particle velocities for both the Cr-on-Zr and Cr-

on-Cr systems. The DE of Cr on Zry-4 is about 25% at the lowest velocity condition (𝑣𝑣𝑝𝑝~580 𝑚𝑚/𝑠𝑠), and 

signs of localized jetting was observed in various regions around the bonded particle. As the particle 

velocity increased to the medium condition (𝑣𝑣𝑝𝑝~680 𝑚𝑚/𝑠𝑠) the DE approached 100%, meaning no impact 

craters were observed above this impact velocity. At this point, jetting of the Zry-4 substrate was present 

along most of the periphery of the particles and the magnitude of the jetting increased with particle velocity. 

This would both enhance metallurgical bonding at the Cr-Zr interface and promote mechanical interlocking. 

This observation with the Cr-on-Zr system is consistent with other dissimilar metal systems consisting of a 

hard particle and a relatively soft, lower density substrate [100,101]. 
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Fig. 4.2. SEM images of single Cr particle deposition at 580, 680, and 880 m/s (using 2000 mm/s gun 
translation speed): (a-c) Cr particle impacts on Zry-4 substrates; (d-f) Cr particle impacts on bulk Cr 
substrates; (g-i) cold spray Cr coatings on Zry-4 substrates deposited using 200 mm/s gun translation 
speed. A few craters captured in the images are labeled. Insets in (a-f) show magnified images of jetting 
at the periphery of the particles.  

The Cr-on-Cr system revealed a different particle morphology after impact. Plan-view SEM images of 

Cr particles deposited on pure Cr substrates using increasing velocities are shown in Fig. 4.2 (d-f). The low 

and medium velocity conditions revealed little to no plastic deformation of the bulk Cr substrate, while 

some deformation bands indicative of plastic deformation appear on the substrate at the highest velocity. 

The inset in Fig. 4.2 (d) shows the particle resting atop the substrate with no visible particle or substrate 

jetting (𝑣𝑣𝑝𝑝~580 𝑚𝑚/𝑠𝑠). Meanwhile, signs of localized jetting of either the particle, substrate, or both were 

observed in Fig. 4.2 (f) for the high velocity condition (𝑣𝑣𝑝𝑝~880 𝑚𝑚/𝑠𝑠). The impact craters on the pure Cr 

substrates were smoother than those observed on the Zry-4 substrates and no partially bonded Cr particles 

were observed. The maximum DE for Cr-on-Cr was 35%, which was achieved at a velocity of 880 m/s. 
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Fig. 4.3. (a) Plot of deposition efficiency vs. particle velocity for Cr on Zry-4 and Cr on pure Cr; (b) Plot 
of coating thickness vs. particle velocity for Cr on Zry-4; The dotted line indicates a transition from 
100%-N2 carrier gas to a N2/He carrier gas mixture. 

4.1.4. Deformation microstructures in impacted Cr particles 

Fig. 4.4 shows representative FIB cross-sections of bonded particles. Starting with the Cr-on-Zr system 

(Fig. 4.4 a-c), the Zry-4 substrate deforms more than the Cr particles, as indicated by the depth of particle 

penetration into the substrate. In the low velocity condition (Fig. 4.4 a), trans-particle cracking and 

incomplete bonding (marked by blue arrows) can be seen both within the Cr particle and along the Cr-Zr 

interface, respectively, indicating inadequate particle velocity. For the medium and high velocity 

conditions, no particle cracking nor substrate debonding was observed, indicating that complete bonding 

was achieved. As the Cr particle velocity increased, the Zry-4 substrate experienced enhanced plastic flow 

eventually leading to substrate jetting (indicated by red arrows in Fig. 4.4). While all conditions resulted in 

some amount of substrate jetting, increasing velocity led to a more robust mechanical interlocking of the 

particle and the substrate.  

Fig. 4.4 (d-f) shows the Cr-on-Cr system after particle impact. In this case, shallow penetration depth 

of Cr particles and negligible jetting of the substrate indicate that the Cr particles deformed more than the 

pure Cr substrate. Although there is evidence of jetting at the highest velocity condition (𝑣𝑣𝑝𝑝~880 𝑚𝑚/𝑠𝑠), as 

indicated by the red arrows in Fig. 4.4 (f), it was difficult to discern if this occurred in the particle or the 
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substrate due to the intimate bonding at the interface. As the particle velocity increased a notable transition 

occurred between 680 and 880 m/s, resulting in deeper penetration of the Cr particle into the substrate 

leading to co-deformation and associated enhanced contribution from mechanical interlocking.  

 
Fig. 4.4. SEM images of bonded particle cross-sections prepared by FIB, showing Cr-on-Zr (top row) 
and Cr-on-Cr (bottom row) for the following particle velocity conditions: (a,d) 580 m/s, (b,e) 680 m/s, 
(c,f) 880 m/s. The interface between particle and substrate is overlayed with a dotted yellow line. Red 
arrows indicate areas of substrate jetting, and blue arrows indicate defects within particles. The crack-
like features above the particles represent discontinuities in the deposited protective Pt cap used for 
preparation of samples by FIB. 

The results from EBSD mapping of lamellae lifted out from particles of the Cr-on-Zr system (the same 

particles shown in Fig. 4.4 a-c) are shown in Fig. 4.5. The IPF maps shown in Fig. 4.5 (a-c) reveal that, for 

all three velocity conditions, the center of the particles is composed of large grains, while the particle edges 

consist of smaller sized grains. This is comparable to the initial condition of the representative feedstock 

(as-received) particle shown in Fig. 4.1 (e). In contrast, the Zry-4 substrate within 2-5 µm of the 

particle/substrate interface generated rather poor Kikuchi patterns (indicated by white pixels, which could 

not be indexed) suggesting the occurrence of severe plastic deformation of the Zry-4 substrate. For all 

impact velocities, the GROD maps in Fig. 4.5 (d-f) reveal relatively low amounts of intragranular 

misorientation (< 30°) in the center of the particles, with higher misorientation (> 45°) near the edges. Fine 

recrystallized grains (GROD < 2°) were observed right along the edges of particles deposited at all three 
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impact velocities. The indexed grains within the Zry-4 substrate also appear to be recrystallized, based on 

nearly all grains showing GROD less than 2°. The KAM maps in Fig. 4.5 (g-i) highlight the strained regions 

more clearly, with low strain indicated by KAM values below 1° in the central regions of the particles. 

Regions of higher strain are observed near the edges of the particle, which could be from the powder 

fabrication process or from the high velocity impact or a combination of the two. The regions of the Zry-4 

substrate that were indexed show higher KAM, indicating the substrates were subjected to large amounts 

of plastic strain.  

 
Fig. 4.5. EBSD mapping results for the Cr-on-Zr system deposited at 580 m/s (left column), 680 m/s 
(center column), and 880 m/s (right column). (a-c) IPFs; (d-f) GROD maps; (g-i) KAM maps. 

EBSD maps for the Cr-on-Cr system (from the same particles shown in Fig. 4.4 d-f) are shown in Fig. 

4.6. The IPF maps in Fig. 4.6 (a-c) reveal a remarkably different microstructure compared to the Cr-on-Zr 

system, most notably the grain size decreased within the center of the particles. The GROD maps in Fig. 

4.6 (d-f) reveal varying levels of intragranular misorientation within the particles, and the level of maximum 
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misorientation increased with increasing impact velocity. The KAM maps shown in Fig. 4.6 (g-i) reveal the 

strain within the particles also increases with impact velocity, with regions of KAM > 3° being present both 

within the particle interior and near the edges. The KAM is also more heterogeneous within Cr particles 

that impacted Cr substrates. IPF maps reveal that the pure Cr substrate initially contained large grains and 

low defect density near the surface, while the GROD and KAM maps indicate that a strain gradient began 

to emerge as the substrate was impacted with particles at higher velocities.  

 

Fig. 4.6. EBSD mapping results for the Cr-on-Cr system deposited at 580 m/s (left column), 680 m/s 
(center column), and 880 m/s (right column). (a-c) IPFs; (d-f) GROD maps; (g-i) KAM maps.  

GND maps were used to quantify dislocation densities within the Cr particles before and after impact, 

with the average and maximum values shown in Table 4.1. For the Cr-on-Zr system, the average dislocation 

density was about 1.3 × 1015/m2 and the maximum about 4 × 1015/m2, with no discernable trend with particle 

impact velocity. For the Cr-on-Cr system, both the average and maximum dislocation density increased 

with particle impact velocity, with the maximum dislocation density reaching 6.4 × 1015/m2 for the highest 
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velocity condition. This further confirms that the Cr particles experienced greater strain hardening during 

impact with the pure Cr substrates. 

Table 4.1. Dislocation densities (×1015/m2) tabulated for a feedstock (as-received) Cr particle and for Cr 
particles impacted at 580, 680, and 880 m/s. 

 Cr-on-Zry-4 Cr-on-Cr 
Condition Mean Max Mean Max 

As-received 1.27 3.24 1.27 3.24 
580 m/s 1.24 3.78 1.26 4.92 
680 m/s 1.32 4.62 1.52 5.16 
880 m/s 1.27 4.17 1.88 6.38 

4.1.5. Characterization of cold spray Cr coatings on Zry-4 

Figure 4.7 shows results of TKD mapping for a Cr coating on Zry-4 substrate deposited using 880 m/s 

particle velocity. The band contrast image of the TKD measurement allows for a clearer visualization (in 

comparison to EBSD results presented above) of the extent of deformation in the Zry-4. Low band contrast 

can be seen in the Zry-4 within 1-2 µm of the interface, indicating either a highly strained or recrystallized 

microstructure, especially within the jet lip. The GROD map in Figure 4.7 (c) picks up some of these very 

fine (<200 nm) grains of very low misorientation (< 2°) near the interface, indicating that dynamic 

recrystallization of Zry-4 has occurred. This microstructure is consistent with the single particle EBSD 

maps shown in Fig. 4.5. This recrystallized microstructure in cold-sprayed Zr-alloy was also observed by 

Fazi et al. [89], who demonstrated that these grains may be partially recovered through thermal 

recrystallization via autoclave exposure at 415 °C [37]. Further away from the interface (2-5 µm), the KAM 

map in Figure 4.7 (d) also reveals a highly strained Zry-4 microstructure (KAM > 3°) but with a larger grain 

size (>1 µm). Within the Cr coating, the microstructure is also consistent with the EBSD maps shown in 

Fig. 4.6. Chromium grains near the Cr-Zr interface are larger and contain lower amounts of misorientation 

and strain compared to grains in the interior of the coating. The variation in grain size, sub-grain 

microstructure, misorientation, dynamic recrystallization, and strain throughout the Cr coating presents a 

heterogeneous microstructure, typical of cold spray coatings. 
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Figure 4.7. TKD mapping results for cold spray Cr coating on Zry-4 deposited at 880 m/s: (a) BC; (b) 
IPF; (c) GROD; (d) KAM. 

Fig. 4.8 (a) shows an SEM image of the polished cross-section of the Cr-Zr interface for the 880 m/s 

condition (same as coating shown in Fig. 4.2 i), revealing a lightly etched microstructure within the coating. 

The Cr coating was well bonded to the Zry-4 substrate and there was no evidence of cracking or 

delamination. BF-TEM images were taken near the Cr-Zr interface, as shown in Fig. 4.8 (b). On the Zry-4 

side of the interface, a fine-grained structure was observed, whereas the Cr side of the interface shows larger 

dislocation-containing grains. The high-resolution TEM (HRTEM) image shown in Fig. 4.8 (c) also reveals 

a heavily strained contrast which, coupled with the non-indexable regions within the Zry-4 (from 

EBSD/TKD maps in Fig. 4.5 and Figure 4.7), indicate the Zry-4 experienced dynamic recrystallization in 

the near-interface region. The HRTEM image also captured continuous planes of atoms across the interface, 

showing crystallographic coherency between the coating and substrate that is indicative of a metallurgical 
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bonding. This suggests that as the near-interface regions of the Zry-4 experience dynamic recrystallization 

upon impact, the new grains orient themselves to achieve crystallographic coherency with the Cr lattice.  

Fast Fourier Transform (FFT) analysis performed on the HRTEM image in Fig. 4.8 (c) confirm 

alignment of the {0002} basal planes in Zry-4 with the {110} planes in the Cr lattice, indicating a preferred 

orientation relationship between Cr and Zr. Burgers [171] demonstrated that there exists a crystallographic 

orientation relationship between bcc and hcp structures, namely, the {110} planes of the bcc lattice are 

parallel to the {0001} basal planes in the hcp lattice. Wenk et al. [172] demonstrated that the bcc phase can 

nucleate in highly deformed hcp grains with a heterogeneous microstructure (during the high temperature 

α↔β phase transformation), and can dominate the texture by preferential growth. Thus, it is plausible that 

during the high strain rate plastic deformation of Zry-4, in which dynamic recrystallization produced a fine-

grained heterogeneous microstructure near the interface, the grains with {0001} orientation aligned 

themselves with the {110} planes in the Cr lattice. The FFT patterns indicated crystallinity across the entire 

interface with no evidence of amorphization.  
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Fig. 4.8. (a) SEM image of Cr-Zr interface for a coating deposited at 880 m/s; (b) BF-TEM image of Cr-
Zr interface, showing deformed and fine grains in Zry-4; (c) HRTEM image and associated FFT showing 
coherency between the Cr coating and Zry-4 substrate across the interface caused by reorientation of 
grains during dynamic recrystallization in the Zry-4 substrate. 

Higher magnification TKD mapping was also performed within the interior of the as-deposited cold 

spray Cr coating, as shown in Fig. 4.9. The IPF map shown in Fig. 4.9 (a) reveals a heterogeneous 

microstructure, with grain sizes in the Cr coating ranging from less than 100 nm to 5 µm. The area weighted 

grain size statistics revealed that over 50% of the grains were below 300 nm in diameter. In Fig. 4.9 (b), 

over 50% of the grains show GROD below 1°, with a few grains peaking at 12° misorientation. The KAM 

map in Fig. 4.9 (c) shows much of the Cr coating microstructure contains similar amounts of plastic strain 

(< 2°), with the highest KAM located near sub-grain boundaries. 

The TKD band contrast image in Fig. 4.9 (d) highlights two inter-particle boundaries (appearing as 

black unindexed points), with the thickness of these boundaries ranging from 400 nm to 1 µm. For a more 
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in-depth examination of these inter-particle regions, BF-STEM imaging was performed in the regions 

indicated in Fig. 4.9 (d). Within these inter-particle boundaries, two features typical to cold spray deposition 

can be seen: Fig. 4.9 (e) shows a region with elongated grains originating from high strain rate plastic 

deformation and shear, while Fig. 4.9 (f) shows a region of dynamically recrystallized grains surrounded 

by larger, equiaxed grains. The IPBs are tightly bonded throughout the microstructure, indicating high 

levels of cohesion within the Cr coating.  

 
Fig. 4.9. TKD mapping results for cold spray Cr coating deposited at 880 m/s: (a) IPF; (b) GROD; (c) 
KAM; (d) Band contrast, which highlight inter-particle boundaries (black/low contrast). Selected areas 
were observed using BF-STEM imaging, highlighting (e) interparticle boundary (red lines) containing 
elongated grains surrounded by lesser deformed grains; (f) tail end of a particle boundary, showing 
dynamically recrystallized nano-scale grains. 

4.2. Critical velocity and deposition efficiency  

Critical velocity (𝑣𝑣𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡) in cold spray has been defined as the point where either the DE rises from zero, 

or the DE reaches 50% for a powder with a normal size distribution [97]. Using the first definition of 𝑣𝑣𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡, 

experimental determination of DE through single-particle impact studies resulted in the identification of 

two critical velocities for bonding: 𝑣𝑣𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡𝐶𝐶𝑐𝑐−𝑍𝑍𝑐𝑐~540 𝑚𝑚/𝑠𝑠, and 𝑣𝑣𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡𝐶𝐶𝑐𝑐−𝐶𝐶𝑐𝑐~640 𝑚𝑚/𝑠𝑠, as shown in Fig. 4.3 (a), 

where 𝑣𝑣𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡𝐶𝐶𝑐𝑐−𝑍𝑍𝑐𝑐 was determined by extrapolating the fit to zero. Assadi et al. [100] developed an empirical 
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relationship between a particle’s mechanical and thermo-physical properties and the critical velocity for 

bonding of similar materials: 

 

𝑣𝑣𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡 = �𝑟𝑟𝜎𝜎/𝜌𝜌 + 𝑏𝑏𝑐𝑐𝑝𝑝(𝑇𝑇𝑚𝑚 − 𝑇𝑇𝑝𝑝), Eqn. 4.1 

where 𝜌𝜌 is the density, 𝑐𝑐𝑝𝑝 is the heat capacity, 𝑇𝑇𝑚𝑚 is the melting temperature, 𝑇𝑇𝑝𝑝 is the mean temperature of 

the particle upon impact, 𝑟𝑟 and 𝑏𝑏 are fitting constants, and 𝜎𝜎 is the temperature-dependent flow stress, 

approximated as: 

𝜎𝜎 = 𝜎𝜎𝑈𝑈𝑇𝑇𝑇𝑇 �1 − �𝑇𝑇𝑝𝑝−𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟
𝑇𝑇𝑚𝑚−𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟

��, Eqn. 4.2 

where 𝑇𝑇𝑐𝑐𝑟𝑟𝑟𝑟 is a reference temperature set as 25 °C. The equation assumes linear thermal softening up to the 

melting temperature. This approach was used in this study to compare it to the experimentally determined 

critical velocity for Cr-on-Cr. The values used for Cr include melting temperature (1907 °C), density (7.19 

g/cm3), heat capacity (0.46 J/g°C), and measured particle hardness from nanoindentation (~418 HV from 

4.1 GPa) in place of the tensile strength [98]. Using particle temperatures obtained from the particle flow 

simulations (discussed in Section 2.4.1), the estimated 𝑣𝑣𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡𝐶𝐶𝑐𝑐−𝐶𝐶𝑐𝑐 from Eqn. 4.1 and Eqn. 4.2 was calculated 

to be ~638 m/s for a maximum particle size of 20 µm. Fitting parameters 𝑟𝑟 and 𝑏𝑏 were chosen by correlating 

the experimental results with critical velocity calculations and were set to 4.1 and 0.3, respectively, which 

are reasonable for a standard particle size distribution [98,100].  

Two considerations should be noted for these calculations. First, the dependence of particle size on 

critical velocity was not investigated, mainly due to the tight particle size distribution used in this study (-

20+10 µm). It is generally accepted that the critical velocity increases with decreasing particle size [98,100]. 

In this experiment, the increase in 𝑣𝑣𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡 for smaller particles could be compensated by the increase in impact 

velocity (shown in Section 2.4.1). Therefore, we used a 20 µm particle to represent the minimum 𝑣𝑣𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡 

needed for Cr-Cr bonding. Second, while particle temperature was included in these calculations, it was not 

a focus of investigation. The estimated particle temperatures from CFD simulations ranged from 150-450 
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°C for carrier gases preheated from 350-750 °C, respectively. While some bcc metals undergo a brittle-to-

ductile transition (BDTT), these particle temperatures are low for refractory metals with high melting points 

such as Cr. Therefore, more weight was put on the mechanical fitting parameter over the thermo-physical 

parameter since it has been shown that initial Cr particle microstructure and hardness have a large effect on 

deposition efficiency [34,137]. 

A conservative critical velocity of 640 m/s for Cr-on-Zry-4 was proposed for this application. This 

critical velocity is slightly higher than the point where the DE of Cr-on-Zr reaches 50% (𝐷𝐷𝐸𝐸615 𝑚𝑚/𝑠𝑠
𝐶𝐶𝑐𝑐−𝑍𝑍𝑐𝑐 ~50%) 

for a powder with a normal size distribution (second definition of 𝑣𝑣𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡) [97], but provides a good starting 

point for optimizing cold spray Cr coating deposition. Namely, this critical velocity represents the stage at 

which full Zry-4 substrate coverage can be attained (𝐷𝐷𝐸𝐸640 𝑚𝑚/𝑠𝑠
𝐶𝐶𝑐𝑐−𝑍𝑍𝑐𝑐 ~77%) while simultaneously the Cr coating 

thickness begins to increase beyond the first layer of Cr particles (i.e., coating formation begins). It should 

be noted that Eqn. 4.1 cannot be used for dissimilar metals as the deformation mechanisms are more 

complex, though it is interesting that both definitions of 𝑣𝑣𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡 can be used to obtain a conservative value for 

the Cr-on-Zr system.  

4.3. Bonding at the Cr-Zr interface: role of particle/substrate mechanical property mismatch 

From the EBSD and microscopy results, it is clear the Zry-4 substrate undergoes more plastic 

deformation than the Cr particles during impact. The EBSD maps shown in Fig. 4.5 did not indicate 

significant deformation of the impacted Cr particles when compared to as-received feedstock Cr particles 

(Fig. 4.1). These results indicate that the mismatched Cr-on-Zr metal system operates in the penetration-

dominated mode of impact bonding. In this mode, as defined by Hassani et al [101], impact-induced plastic 

strain is mostly accommodated by the substrate, with no significant deformation of the particle.  

At first glance, differences in deformation seem to be due to differences in hardness (4.1 ± 0.2 vs. 1.8 

± 0.1 GPa) and elastic modulus (280 ± 10 vs. 100 ± 10 GPa) for Cr and Zry-4, respectively [173,174]. The 

yield strengths for Cr and Zry-4 are difficult to compare as they can be influenced by impurities, 
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microstructure, temperature, strain rate sensitivity, and other factors, but generally range between 200-500 

MPa [60,141,175–177]. However, the bulk Cr substrate was softer than the Zry-4 (145 ± 6 vs. 180 ± 4 

HV0.1, respectively), and differences in deformation were substantial, indicating that hardness is not 

necessarily the only metric for predicting deformation during cold spray. Johnson [178] proposed that the 

controlling physical properties influencing impact-induced deformation can be represented by a 

dimensionless parameter: 𝜌𝜌𝑉𝑉2/𝑌𝑌𝑑𝑑 , where 𝜌𝜌, 𝑉𝑉2, and 𝑌𝑌𝑑𝑑 are the density, velocity, and dynamic yield 

strength, respectively, of the substrate and particle. Hassani et al. [101] expanded on this parameter by using 

material velocities of 𝑉𝑉(𝑝𝑝,𝑠𝑠), rather than the impact velocity. This term includes shock impedance (𝜌𝜌𝐶𝐶0), 

where 𝐶𝐶0 is the Hugoniot shock velocity constant, which is related to a material’s bulk modulus. The 

resultant impact-mode ratio, 𝑅𝑅, proposed by Hassani [101] should be similar to the one proposed by Johnson 

[178]:  

𝑅𝑅 =
�𝜌𝜌𝑉𝑉𝑠𝑠
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, Eqn. 4.3 

where the subscripts 𝑝𝑝 and 𝑠𝑠 refer to the particle and substrate, respectively. A value of 𝑅𝑅=1 indicates ideal 

co-deformation, whereas increasing values of 𝑅𝑅 indicate a higher degree to which plastic deformation in 

the substrate increases.  

Materials constants were taken from literature, including density (7190 vs. 6560 kg/m3) and shock 

velocity constants (5200 vs. 3900 m/s2) for Cr and Zr, respectively [179]. Dynamic yield strengths were 

calculated using data collected from plate and particle impact experiments on Zr and Cr [180–186]. Both 

ratios (𝑅𝑅𝐽𝐽𝑎𝑎ℎ𝑛𝑛𝑠𝑠𝑎𝑎𝑛𝑛 and 𝑅𝑅𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑛𝑛𝑖𝑖) produced nearly identical values of 9.8, indicating that the Cr-Zr system is 

dominated by the penetration regime. This result can be linked to the higher shock impedance and dynamic 

yield strength of Cr (1550 MPa) compared to Zr (930 MPa), and in the tendency of bcc metals to work-

harden with increasing strain rates [184,187]. Meanwhile, evidence of strain-rate softening has been 

observed in Zr during plate impact testing [182]. 
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The microscopy and EBSD results also indicated that adhesion between Cr and Zr is facilitated by both 

mechanical and metallurgical bonding, the latter being defined by crystallographic coherency and/or 

elemental transport across the interface. Fig. 4.4 shows that some amount of mechanical interlocking is 

possible at all velocities above 𝑣𝑣𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡𝐶𝐶𝑐𝑐−𝑍𝑍𝑐𝑐, though increasing velocity led to a transition from localized jetting 

to full periphery jetting around the Cr particles [106]. Due to the penetration-dominated mode discussed 

earlier, and because 𝑣𝑣𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡𝐶𝐶𝑐𝑐−𝐶𝐶𝑐𝑐 > 𝑣𝑣𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡𝐶𝐶𝑐𝑐−𝑍𝑍𝑐𝑐, the velocities required for Cr coating buildup indicate that Cr-on-Zr 

impact will always result in interfacial jetting of Zr, leading to a strong metallurgical bond.  

The experimentally determined critical velocity for coating buildup (640 m/s) produces minimal 

particle rebounds, particle penetration at the interface, and peripheral jetting in the Cr-Zr system. The 

combination of mechanical interlocking and metallurgical bonding should result in high adhesion strength 

between the Cr coating and Zry-4 cladding. Indeed, during scratch, axial and ring hoop tension, fatigue, 

pressurized water corrosion, thermal creep, and burst tests, no reported spallation or delamination of cold 

spray Cr coating has been reported for coatings sprayed above this impact velocity [188–192].  

4.4. Coating formation mechanisms: necessity of dynamic recrystallization versus jetting 

Cr particle impacts on Cr substrates showed transition from penetration-dominated to co-deformation-

dominated impact bonding mechanism [101]. Below the critical velocity of 640 m/s, impacting Cr particles 

showed very little penetration into the bulk Cr substrates and most of the deformation was confined to the 

particle interior (Fig. 4.6 d). As particle velocity increased, IPFs and GROD maps in Fig. 4.6 (a-f) revealed 

grain refinement in the Cr particles after impact, and KAM maps shown in Fig. 4.6 (g-i) revealed a higher 

distribution of plastic strain and dislocation density within the Cr particles. At the highest velocity 

condition, deformation becomes more equitably shared between the Cr particle and the Cr substrate, 

resulting in localized particle/substrate jetting and an increase in penetration depth into the substrate (Fig. 

4.4 f), which in turn would lead to stronger bonding.  
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The commonly held view in cold spray is that only adiabatic shear instabilities (ASI) upon impact lead 

to jetting and subsequent bonding, though this assertion has been challenged in recent years 

[99,116,117,193,194]. Hassani et al. [116] argued that jetting is predominantly a pressure-driven 

phenomenon and does not require ASI. However, the authors of that study and others [113,116] maintained 

that jetting is critical for solid-state bonding in cold spray as the large mechanical distortion/plastic strain 

associated with jetting produces the clean, oxide-free surfaces and high enough contact pressures needed 

for intimate contact and metal-to-metal bonding.  

On the contrary, the current results for the Cr-on-Cr system at the intermediate velocity condition (Fig. 

4.2 e, Fig. 4.4 e and Fig. 4.6 b, e, and h) suggest that bonding can be achieved with the occurrence of 

practically negligible jetting. In other words, the high plastic strains associated with jetting are not essential 

for bonding, at least for the Cr-on-Cr system. Instead, the nanoscale structural transformations occurring at 

the impact interface at the observed levels of plastic strain must be responsible for bonding. A distinct 

feature characteristic of the Cr-on-Cr system is that demarcation of particle-substrate interface becomes 

obscured due to the presence of fine recrystallized grains on either side of the interface (Fig. 4.9). In 

particular, the presence of fine, but elongated grains (Fig. 4.9e) resulting from continuous dynamic 

recrystallization (cDRX) and ultra-fine grains (<50 nm, Fig. 4.9f) resulting from geometrical dynamic 

recrystallization (gDRX) can be seen at the center and tail-ends of the particle boundaries, respectively 

[122,195]. This suggests the plausibility of dynamic recrystallization occurring during impact to be closely 

correlated with bonding.  

In fact, prior research has shown that such a correlation between dynamic recrystallization occurring 

at the contacting particle interfaces and bonding does exist in Cu, Al and Ti-based alloy systems 

[107,115,122,126,196–198]. The fine-recrystallized structure at the interface has been described to provide 

a means for nanoscale interlocking through creation of bridging connections and nanoscale “zipper” like 

structures. The difference between those literature reports and the current observations, however, is the 

magnitude of strain at which dynamic recrystallization is observed. In Cu, Al and Ti-based systems, 
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dynamic recrystallization is initiated at a stage where the system exhibits substantial jetting, i.e., high levels 

of plastic strain. On the contrary, in the case of the Cr-on-Cr system investigated in this study, dynamic 

recrystallization is initiated at much lower strain values, where no significant jetting has been initiated.  

The most common measurement used to quantify recrystallization fraction in the microstructure is 

grain orientation spread (GOS) [199–202]. The procedure used by Ayad et al. [202], in which the criteria 

included selecting grains containing both GOS < 2.5° and normalized GOS/Di < 1.5°, where Di is the 

maximum ferret diameter, was used in this study. Additionally, the subset of grains used in the analysis 

were confined to within 1 µm of the interface to prevent sampling of prior recrystallized grains from the 

powder fabrication process. Quantification of the extent of this dynamic recrystallization during single 

particle Cr impacts on bulk Cr substrates using the EBSD results are shown in Figure 4.10. The results 

reveal two important findings: (i) internal misorientation, grain size, and grain aspect ratio decrease with 

increasing particle velocity; (ii) the number of recrystallized grains along the interface increases with 

increasing particle velocity. This suggests that during higher velocity impacts, a larger number of finer and 

more equiaxed recrystallized grains are generated along deforming interfaces. Despite the statistical 

variations in Figure 4.10 (which can be attributed to the low number of resolved interfacial grains in the 

EBSD maps), the results are consistent with the above stated hypothesis that bonding in this system is 

dependent on the extent of dynamic recrystallization, regardless of the occurrence of jetting.  

It can be concluded that the nanoscale interlocking resulting from dynamic recrystallization at the 

particle-particle interface is effective in realizing intimate bonding in the Cr-on-Cr system, even if the strain 

is not sufficient to initiate jetting. The critical localized plastic strain for triggering dynamic recrystallization 

in Cr, rather than that strain essential for causing jetting, dictates bonding. In the case of Cr, dynamic 

recrystallization occurs at a lower plastic strain than that required for jetting, compared to other softer fcc 

metals such as Cu and Al. Consequently, jetting is naturally associated with bonding in fcc metals such as 

Cu and Al, while it appears to be not strictly necessary for bonding in Cr and perhaps other less deformable 

metals. 



98 
 

 
Figure 4.10. Plots of dynamically recrystallized grain statistics for the single-particle Cr impacts on pure 
Cr substrates, calculated from EBSD results: (a) GOS and recrystallized (RX) grain diameter vs. particle 
velocity; (b) Grain aspect ratio and number of recrystallized grains (RXg) per interfacial length vs. 
particle velocity.  

4.5. Influence of feedstock Cr particle microstructure on coating formation  

Aside from reaching the critical velocity for Cr-on-Cr, it appears the main factor influencing coating 

formation in cold sprayed Cr is the propensity of the feedstock Cr particles to work-harden. GND density 

increased with increasing impact velocity for the single Cr particles (Table 4.1) as well as for the deposited 

Cr coating. Nanoindentation measurements taken within the highest velocity coating showed a hardness of 

6.4 ± 1.1 GPa, a 56% increase in hardness from the undeformed Cr particles (4.1 ± 0.2 GPa). STEM imaging 

and EBSD mapping of the feedstock Cr powder, shown in Fig. 4.9, revealed a large grained and low defect 

density particle able to undergo significant work-hardening during high strain rate deformation. In previous 

investigations by the author [34,137], three Cr feedstock powders produced by different methods were used 

to deposit coating via cold spray. These powders included: (i) electrolytic hard chromium followed by 

mechanical milling; (ii) electrolytic hard chromium followed by milling, followed by annealing in inert 

argon environment at 800 °C for 1 hour; (iii) gas atomized Cr powder; and (iv) electrolytic soft chromium 

(followed by milling) powder used in this study. These powders will henceforth be referred to as electrolytic 

hard, annealed electrolytic hard, atomized, and electrolytic soft, respectively.  
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Figure 4.11 gives an overview of the initial microstructure of the feedstock Cr powders and subsequent 

cold spray coatings: the first row shows IPFs generated using TKD, the second row shows KAM maps 

generated using TKD, and the third row shows cross-sectional SEM images of the deposited Cr coatings 

using identical cold spray parameters (𝑣𝑣𝑝𝑝~780 𝑚𝑚/𝑠𝑠). Native oxide thickness measured using HAADF-

STEM imaging, particle hardness measured using nanoindentation, and Cr coating thickness measured 

using SEM imaging are also included in Figure 4.11. 

 
Figure 4.11. TKD-produced IPF maps (first row) and KAM maps (second row), and cross-sectional SEM 
images of cold spray Cr coatings (third row) sprayed using the following Cr particles: (a-c) electrolytic 
hard Cr; (d-f) annealed electrolytic hard Cr; (g-i) spherical gas atomized Cr; (j-l) electrolytic soft Cr 
used in this research. The figure also contains HAADF-STEM measurements on native oxide scale on the 
particles, nanoindentation measurements of particle hardness, and SEM image measurements of coating 
thickness. 

The electrolytic hard powder (Figure 4.11 a-c) contained very fine, submicron-sized grains and a large 

amount of internal strain, which resulted in a coating thickness of only ~25 µm. After annealing the 

electrolytic hard Cr powder (Figure 4.11 d-f), recovery and recrystallization resulted in stress relief, which 
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led to a coating thickness increase to ~60 µm. The atomized Cr powder (Figure 4.11 g-i) showed an average 

grain size of about 3 µm and very low internal strain, resulting in a coating thickness of ~80 µm. Finally, 

the electrolytic soft powder used in this study (Figure 4.11 j-l) produced the highest coating thickness of 

~120 µm. Based on the TKD and SEM results shown in Figure 4.11, it appears the main factors governing 

coating buildup and cohesion for Cr particles, in order of importance, are hardness, grain size, and particle 

morphology.  

Hardness of the feedstock Cr particles appears to be the dominant factor governing coating formation. 

The electrolytic hard Cr powder shown in Figure 4.11 (a) had the highest hardness and most internal 

stresses, which produced the thinnest coating containing only the first layer of deposited Cr particles. The 

other three powders showed much lower hardness and internal stress levels, leading to a buildup of coating 

thickness not achievable with the electrolytic hard powder. Despite the initial hardness of the feedstock 

particles, all Cr coatings reached an average hardness between 6-7 GPa, which indicates that in each case 

Cr reaches a maximum capacity of work-hardening during deposition. Therefore, low hardness and low 

internal stress of the feedstock Cr powder are important factors that govern the ability to build up thickness. 

The second important factor for Cr coating formation is grain size. Given that hardness is closely 

linked to grain size via the Hall-Petch relationship, slight grain growth of the annealed hard electrolytic 

powder resulted in buildup of a thicker coating. Still, the annealed hard electrolytic Cr powder built up half 

the total coating thickness compared to the electrolytic soft Cr powder used in this research, despite having 

comparable hardness. The difference here mainly comes from grain size as both the atomized and soft 

electrolytic Cr powder contained grains larger than 1 µm in size. 

Interestingly, the electrolytic soft Cr powder used in this research produced thicker coatings than the 

atomized Cr powder, despite showing higher hardness, higher internal strain gradients, and lower average 

grain size. This finding leads to the third important factor in Cr coating formation, which is particle 

morphology. Maier et al. [34] showed that for spherical Cr particles (Figure 4.11 g), lower particle velocities 
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can lead to inadequately bonded inter-particle boundaries, since bonding of these spherical particles 

requires high enough kinetic energy for plastic deformation and associated adiabatic shear instabilities 

across particle interfaces. Meanwhile, Yeom et al. [137] showed that for non-spherical particles, 

interlocking along sliding/shearing interfaces may produce weak frictional bonds if particles are properly 

aligned. In other words, alignment of these particles like “teeth in a wheel” coupled with microscopic sliding 

and associated dynamic recrystallization discussed earlier may provide the necessary inter-particle cohesion 

in lieu of large-scale adiabatic shear.  

The electrolytic soft Cr powder used in this research has the “best of both worlds”, so to speak. On the 

one hand, its low hardness, low defect density, and large grain size allow it to undergo plastic deformation 

at the colliding interface, resulting in high shear strains and associated metallurgical bonding. On the other 

hand, if the particle does not have sufficient kinetic energy for plastic deformation (i.e., lower impact 

velocity due to slight differences in particle size), it may still become trapped within the coating upon 

impact due to frictional interlocking. After entrapment, the tamping effect of successive particle impacts 

will continue deforming the particle, allowing it to flow, fill in any gaps, and densify the coating. In contrast, 

the spherical atomized powder may only rely upon plastic deformation and shear for bonding and cohesion. 

Therefore, the added benefit of an irregular shape results in additional coating thickness. 

As previously discussed in Section 4.4, cohesive bonding between particles occurs on a very localized 

level, restricted to about 1 µm between colliding interfaces. Therefore, the surface characteristics of the 

feedstock particles are very important. Native oxide films on the four Cr particles shown in Figure 4.11 

measured between 5-30 nm in thickness, but the fact that coating formation occurred for all particles 

indicates that this thickness range is acceptable and film breakup should occur so long as sufficient particle 

velocities are achieved. Fine grains at the particle surface do not appear to significantly inhibit bonding so 

long as this grain size distribution does not make up the entire particle, as is the case for electrolytic hard 

chromium powder. This analysis demonstrates the complex interactions that exist between microstructural 
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features contained within a single chromium particle, and how these features influence coating formation 

and cohesion mechanisms.  
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5. Advancing Cold Spray Cr Coating for Nuclear Reactor Cladding Application 

This section focuses on steps towards advancing the understanding of Cr cold spray deposition on Zr-

alloy for PWR cladding application, including an assessment of process parameters, application of particle 

flow and particle impact models for the effective deposition of coatings, and engineering of coating surface 

and coating-substrate interfaces.  

5.1. Examination of the effects of cold spray parameters on coating quality 

5.1.1. Effects of gas preheat, particle temperature, and particle size on critical velocity 

As discussed in Section 4.2, the critical velocity of Cr-on-Cr was determined experimentally and 

verified using an empirical relationship between the mechanical and thermal properties of chromium to its 

critical velocity. Fig. 5.1 shows a plot of critical velocity vs. gas preheat temperature for Cr-on-Cr bonding, 

which shows that the critical velocity for the formation of Cr coatings decreases with increasing gas preheat 

temperature. It is possible that this is due to particle heating in the gas stream. The JC equation (Eqn. 2.7) 

explains that the flow stress of a material decreases with increasing temperature; therefore, particles 

experiencing higher temperatures upon impact are more likely to plastically deform and bond, thus 

decreasing their critical velocity. The empirical equation used to estimate the critical velocity of Cr in 

Section 4.2 is reproduced here for clarity: 𝑣𝑣𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡 = �𝑟𝑟𝜎𝜎/𝜌𝜌 + 𝑏𝑏𝑐𝑐𝑝𝑝(𝑇𝑇𝑚𝑚 − 𝑇𝑇𝑝𝑝), which reiterates that the critical 

velocity decreases with increasing particle temperature.  

However, researchers have shown that smaller particles have higher heating and cooling rates than 

larger particles [120,203]. This means that, while small particles heat up rapidly in the converging section 

of the nozzle, they quickly cool down with the expanding gas at they move towards the nozzle exit. This 

feature was revealed in the CFD simulations shown in this work and others [120,203]. In CFD simulations 

previously shown (Fig. 2.8), the particles are injected very close to the converging section of the nozzle, 

whereas in experimental conditions the particles are injected further back in the cold spray gun where they 

have longer time to acquire heat through convection. Regardless, the narrow size distribution of the Cr 
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particles used in this research should result in minimal differences in particle temperature between particles 

of slightly different sizes.  

 
Fig. 5.1. Plot of critical velocity of Cr-on-Cr bonding vs. gas preheat temperature, with respect to particle 
size. The results show critical velocity decreases with increasing temperature. 

The effect of particle size and nozzle stand-off distance were investigated by depositing electrolytic 

soft Cr powder in the larger size distribution (325 mesh, -44 µm) and varying the standoff distance between 

26 mm and 50 mm using Cr-N2 gas conditions. The study was also performed using gun traverse speeds of 

both 200 and 500 mm/s. The cross-sectional images of the deposited coatings are shown in Fig. 5.2. The 

results show that at the typical standoff distance of 26 mm, the thickness of Cr-N2-44µm coatings was 20 µm 

and 10 µm (Fig. 5.2 a, c) while the thickness of Cr-N2-20µm coatings (shown later in this section) was 54 µm 

and 45 µm, deposited using spray speeds of 200 mm/s and 500 mm/s, respectively. Increasing the standoff 

distance from 26 to 50 mm resulted in thicker coatings and improved coating uniformity, as shown Fig. 5.2 

(b, d) for the Cr-N2-44µm coatings.  
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Fig. 5.2. Cross-sectional SEM images of cold spray Cr coatings on Zry-4, deposited using larger 
electrolytic soft Cr particles (-44 µm) and Cr-N2 gas conditions. Two spray speeds and two standoff 
distances were used: (a) 200 mm/s, 26 mm; (b) 200 mm/s, 50 mm; (c) 500 mm/s, 26 mm; (d) 500 mm/s, 50 
mm. The images show reduced coating thickness when spraying with larger particle size distribution. 

In this research, CFD simulations report the particle velocity at the nozzle outlet. During experimental 

conditions, however, particles continue to accelerate between the nozzle outlet and the substrate surface. 

When the nozzle standoff distance is too short, the bow shock at the substrate surface effectively slows 

down the velocity of the particles (as discussed in Section 2.4.1). The fact that the smaller Cr particles were 

able to deposit double the thickness compared to the larger Cr particles indicates the bow shock effect is 

not very significant at a standoff distance of 26 mm. If it was, the smaller Cr particles would be much more 

affected due to their smaller mass.  

The more likely reason for the improvement in coating quality for the Cr-N2-44µm coatings at longer 

(50 mm) standoff has to do with particle acceleration and momentum. The particle velocity measurements 

from CFD calculations (Fig. 2.9 a) showed that a 30 µm particle exits the nozzle between 80-200 m/s slower 

than a 10-20 µm particle. Larger particles also have more mass, meaning they require higher kinetic 

energies to plastically deform at the substrate. The low particle velocity at the nozzle exit combined with 

the short 26 mm standoff distance resulted in limited acceleration of the larger Cr-44µm particles, leading to 

low deposition efficiency (Fig. 5.2 a). Doubling of the standoff distance to 50 mm provided more time for 

the larger Cr particles to accelerate and build up momentum (i.e., kinetic energy) to achieve plastic 

deformation at the substrate (Fig. 5.2 c).  
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5.1.2. CFD and FEM simulations of particle impact and coating formation 

Coating quality may be expressed as a function of a dimensionless parameter, 𝜂𝜂, defined as the ratio of 

the particle impact velocity to the critical impact velocity (𝜂𝜂 = 𝑣𝑣𝑝𝑝/𝑣𝑣𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡). Researchers have found that the 

quality of cold spray coatings (i.e., thickness, density, bond strength, etc.) increases with higher values of 

𝜂𝜂 [100]. In this research, assessment of 𝜂𝜂 as a function of independent cold spray parameters (namely, gas 

preheat temperature, pressure, and composition) was performed. Fig. 5.3 (a) shows a contour plot of 𝜂𝜂 as a 

function of nitrogen gas preheat temperature and pressure, which reveals that 𝜂𝜂 has a weak dependence on 

pressure but increases with temperature. Fig. 5.3 (b) shows a contour plot of 𝜂𝜂 as a function of preheat 

temperature and He composition in the carrier gas, showing 𝜂𝜂 has a stronger dependence on the amount of 

He in the gas stream than gas preheat temperature. Fig. 5.3 (c) further illustrates this point, showing that 

for Cr coatings 𝜂𝜂 can reach values of 1.04 and 1.37 using 100%-N2 and 95%-He gas compositions, 

respectively. The previous sections have demonstrated that the density and thickness of cold spray Cr 

coatings improves with He in the carrier gas, and this can be directly tied to particle velocity through 𝜂𝜂.  

 
Fig. 5.3. (a) Contour plot of dimensionless parameter ‘η’ as a function of N2 gas preheat temperature and 
pressure; (b) Contour plot of ‘η’ as a function preheat temperature and carrier gas composition (%-He); 
(c) Plot showing η increases with increasing He in the carrier gas. 
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FEM was used to simulate high velocity particle impact on a substrate. Since the materials parameters 

for Cr (relating to Johnson-Cook deformation) are not available, a pure Fe particle was used as a surrogate 

to simulate Cr particle deformation. Fig. 5.4 shows a simulation of a 20 µm Fe particle impacting Zry-4 at 

a velocity of 600 m/s. The impact lasts for approximately 30 ns, during which the evolution of stress and 

strain increases primarily within the Zry-4 substrate near the interface. The strain within the Fe particle 

remains relatively low over the course of impact, which aligns well with the microstructure of the single Cr 

particles shown in Section 4.  

 
Fig. 5.4. FEM simulation of a 20 µm Fe particle impacting a Zry-4 substrate at 600 m/s impact velocity, 
showing the evolution of plastic strain at (a) 10 ns, (b) 20 ns, and (c) 30 ns. 

Fig. 5.5 shows a single Fe particle impacting an Fe substrate at increasing particle velocities. At 670 

m/s (𝜂𝜂~1), deformation of both the particle and substrate can be seen, especially near the interface, which 

also aligns with the single particle Cr-on-Cr impact results discussed in Section 4. Fig. 5.5 (a) also shows a 

temperature spike near the interface of the colliding particle which may promote better bonding and 

dynamic recrystallization. At higher particle velocities (𝜂𝜂~1.2), the simulation shows significant 

deformation and jetting of the particle becomes more severe (Fig. 5.5 b). At the highest velocity (𝜂𝜂~1.6), 

the particle begins to experience erosion (Fig. 5.5 c). These simulations are useful for predicting the 

deformation behavior of single Cr particles. 
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Fig. 5.5. FEM simulation of single particle Fe impacting Fe with particle velocities set to 670, 750, and 
1025 m/s, respectively, displaying temperature output (in °C).  

Fig. 5.6 shows an FEM simulation of multiple Fe impacts on Zry-4, impacting at a velocity of 600 m/s. 

The images show the plastic strain at the particle-substrate interface increases when the first particles impact 

(Fig. 5.6 b), and then remains relatively constant as coating begins to buildup thickness (Fig. 5.6 c). The 

plastic strain is significantly high along inter-particle boundaries, indicating severe deformation and 

bonding. The simulations provide a useful illustration of coating buildup through interparticle cohesion and 

align well with the results shown in the previous sections.  

 
Fig. 5.6. FEM simulation of multiple particle impacts of Fe on Zry-4. The particle velocity was set to 600 
m/s. The simulation shows the evolution of plastic strain at the substrate, within particles, and along 
interparticle boundaries over (a) 10 ns, (b) 50 ns, and (c) 150 ns.  

5.2. Addressing surface roughness in cold spray Cr coatings  

Cold spray coatings inherently have a high surface roughness due to lesser deformed particles on the 

topmost layer of the coating, as shown in Fig. 5.7 (a). While this rough surface can provide the necessary 

corrosion and oxidation resistance, from a practical standpoint a smoother surface may be desirable to 

minimize CRUD deposition. Additionally, while rougher surfaces provide more efficient heat transfer, they 
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can also increase pressure drops across the cladding length. However, these considerations are outside the 

scope of this research. Cr coatings are polished using mechanical grinding to reduce the coating thickness 

and to replicate the surface roughness of traditional Zr-alloy cladding. An image of a polished Cr coating 

on an OPZ cladding tube is shown in Fig. 5.7 (b), which illustrates that the minimum thickness of the 

coating is limited by the interfacial roughness. The rest of this section will explore select experiments that 

were performed to arrive at practical methods to mitigate surface roughness and interfacial roughness of 

cold spray Cr-coated Zr-alloy.  

 
Fig. 5.7. (a) SEM image of an as-deposited Cr coating on OPZ cladding tube, showing high levels of 
surface roughness and interfacial roughness; (b) SEM of a polished Cr coating on OPZ cladding, 
showing that uniform coating thickness is limited by the interfacial roughness.  

5.2.1. Conventional shot peening to reduce surface roughness 

Shot peening (SP) is a type of severe surface plastic deformation technique in which high-energy 

spherical shots are propelled towards materials’ surface to induce plastic deformation in the near-surface 

regions of the material. There are many studies that have parametrically investigated shot peening and to 

elucidate the effects on residual stress, hardness, and fatigue and corrosion performance [204]. If a surface 

is initially smooth, shot peening will increase the surface roughness, especially with increasing shot 

diameter and/or velocity [205–212]. However, shot peening has been shown to reduce surface roughness 

of thermal spray and cold spray coatings [213–215], and the induced hardening and nanocrystalline layer 

densified the coatings while improving oxidation and corrosion resistance. 

The goal of this set of experiments was to study the effect of SP on the surface roughness of cold spray 

coatings. Six Cr-He coatings on Zry-4 substrates were shot peened for 5 to 25 seconds using 1 mm spherical 
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steel shots. A standoff distance of 3 inches and 20 psi of air pressure was used based on optimization from 

a previous investigation involving shot peening of pre-roughed 316 stainless steel. Results of 

characterization of the Cr coatings using SEM and optical profilometry are shown in Fig. 5.8, as a function 

of peening duration. The cross-sectional SEM image of the as-deposited surface (Fig. 5.8 a) illustrates some 

macroscopic peaks and valleys on the coating surface, while the plan-view SEM image (Fig. 5.8 g) 

illustrates local roughness due to lesser deformed particles. The average roughness of all Cr-coated Zry-4 

substrates before peening was measured to be 5.5 ± 0.3 µm using optical profilometry.  

The cross-sectional SEM images in Fig. 5.8 (a-f) show a qualitative decrease in roughness with 

increasing peening time. The plan-view SEM images in Fig. 5.8 (g-l) reveal the rough surface morphology 

of the as-sprayed Cr coating begins to flatten out with increasing peening time, transitioning from a crater-

like morphology to a flatter, compressed surface. Improvements in the surface reflectivity can be seen in 

the 3D surface plots in Fig. 5.8 (m-r), as increasing SP exposure led to further deformation and consolidation 

of local irregularities on the coating surfaces.  

Fig. 5.9 shows a plot of the average surface roughness (Ra) of the Cr coating surface as a function of 

peening time, quantified using optical profilometry measurements (from Fig. 5.8 m-r) and using MALAB 

via cross-sectional image analysis (from Fig. 5.8 a-f). Five seconds of peening led to a factor of 2 decrease 

in Ra to 3 µm, with a minimum roughness of 2-2.3 µm achieved after 15 seconds. The results show good 

agreement between the two measurement techniques. A slight increase in roughness for longer peening 

times suggests that 15 s is the threshold before peening begins to roughen the surface. 
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Fig. 5.8. Images of cold spray Cr-He coatings from the as-sprayed condition (top row) up to 25 s peening 
time (bottom row): (a-f) Cross-sectional SEM images; (g-l) Plan-view SEM images of Cr coating surface; 
(m-r) Optical profilometry 3D surface plots of Cr coating surface. 
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Fig. 5.9. Plot of average surface roughness (Ra) vs peening time for the as-deposited Cr-He coatings 
(black) and SP samples measured using plan-view optical profilometry (blue) and cross-sectional SEM 
images (red).  

5.2.2. Cold spray peening to reduce surface roughness  

An innovative and potentially economical approach for reducing surface roughness is to use cold spray 

peening, wherein the cold spray gun itself is used as for shot peening [16, 20-23]. Previous studies have 

used peening (shot) media different from that of the coating material. This research investigates the use of 

Cr particles (under a set of conditions different from the ones used for depositing coating) to induce peening 

effects. The Cr particle size used for peening is larger and the spray conditions are adjusted to achieve lower 

velocities so that tamping and rebound are favored. This approach, referred to as cold spray shot peening 

(CSSP), is particularly favorable for LWR cladding and other nuclear applications as it does not introduce 

a new material into the system and avoids any possibility of cross-contamination.  

In the first experiment, CSSP was performed on a variety of coating/substrate conditions. Spherical 

gas atomized Cr powder particles (~3.2 GPa) greater than 44 µm in size (Fig. 5.10) were used as the shot 

media for two reasons: (i) to explore a softer shot media than that used for coating deposition to impose a 

gentler, near-surface tamping, and (ii) to effectively utilize larger sized powders that would otherwise be 

discarded as being unsuitable for typical cold spray coating deposition, thus making the process economical 

and sustainable. Peening parameters were provided in Table 2.6 and in the experimental Section 2.3.3.  
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Fig. 5.10. Plan-view SEM image of spherical, gas atomized Cr particles. The larger particles were sieved 
out and used as shot media during CSSP. 

Table 5.1 lists the three different cold spray coatings and two substrates selected for this study. Note 

that in addition to cold spray Cr coatings, a cold spray FeCrAl alloy coating and two bare substrates of Zry-

4 and 316 stainless steel (SS316) were selected to demonstrate the universality of this approach. The Zry-

4 and SS316 substrates were intentionally roughened by grit blasting with 36 grit (30 mesh, -762 µm) 

alumina particles for 30 seconds. The Ra of the starting coating/substrate surfaces (measured using optical 

profilometry) are also included in Table 5.1. 

Table 5.1. Samples and corresponding surfaces conditions used for CSSP experiment. Average roughness 
(Ra) was measured using optical profilometry. 

Sample type Coating or substrate Surface treatment Ra (µm) 

Cr-N2 Coating As-sprayed 6.0 ± 0.7 

Cr-He Coating As-sprayed 5.4 ± 1.2 

Fe10Cr5Al Coating As-sprayed 5.1 ± 0.3 

Zry-4 Substrate Grit blast 9.4 ± 1.4 

SS316 Substrate Grit blast 8.6 ± 1.3 

Photographs of the SS316 and Zry-4 substrates after grit blasting and following CSSP are shown in 

Fig. 5.11 (a,b) and Fig. 5.11 (e,f), respectively. A noticeable change in reflectivity, surface morphology, 

and topography was observed after CSSP with spherical Cr particles. Plan-view SEM images of the SS316 
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and Zry-4 substrate surfaces (Fig. 5.11 c and g, respectively) show a very rough appearance after grit 

blasting. A noticeable improvement in roughness was observed after CSSP (Fig. 5.11 d and h), and 

individual dimples from the impacted Cr particles can be resolved. This result was interesting given the low 

hardness of the feedstock Cr media and gentle peening conditions, but this can be attributed to the 

repetitious tamping effects of cold spray and the high density of Cr itself (i.e., high mass/momentum).  

 
Fig. 5.11. (a,b) Photographs and plan-view SEM images of grit blasted substrates before and after CSSP: 
(a-d) 316 stainless steel and (e-h) Zry-4. 

Cross-sectional SEM images of the CSSP substrates are shown in Fig. 5.12. These images confirm the 

micro-roughness of the grit blasted substrates was nearly eliminated. Alumina grit blast particles were 

observed embedded in the surfaces of both substrates which are effects of the aggressive parameters used 

to roughen the surfaces. Fragments of embedded Cr particles were also observed at the near-surface of both 

substrates (also an artifact of the experiment) but in greater abundance in Zry-4, possibly due to the hardness 

of the substrates (180 HV vs. 194 HV for Zry-4 and SS316, respectively). Nevertheless, the results show 

promise for using CSSP in conjunction with larger Cr particles (than required for coating deposition) and 

lower particle velocity to reduce the roughness of pre-roughened substrates.  
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Fig. 5.12. Cross-sectional SEM images of grit blasted (a) 316 stainless steel and (b) Zry-4 after CSSP. Both 
samples show local areas where grit blast media (black arrows) became embedded in the substrate before 
peening. During peening, some Cr shot particles (blue arrows) were also deposited on the substrates. 

Photographs of the FeCrAl, Cr-N2, and Cr-He coatings before and after CSSP are shown in Fig. 5.13 

(a-b, e-f, i-k, respectively). The surfaces of the three coatings exhibited roughness after cold spraying but 

showed notable differences in reflectivity, topography, and surface morphology after CSSP. The FeCrAl 

coatings (Fig. 5.13 c) displayed very undeformed spherical particles on the surface after spraying (Fig. 5.14 

a). CSSP resulted in deformation and flattening of the particles on the coating surface (Fig. 5.13 d), but 

micro-roughness remained in the form of particle flakes that are visible in cross-section (Fig. 5.14 b).  

The surface of the as-deposited Cr-N2 coating contained some undeformed particles (Fig. 5.13 g), but 

mostly exhibited a network of partially deformed and consolidated particles. Again, CSSP of the Cr-N2 

coating resulted in a noticeable decrease in roughness (Fig. 5.13 h). The surface morphology of the as-

sprayed Cr-He coating was similar to the Cr-N2 coating, but showed even greater qualitative improvement 

in micro-roughness after CSSP (Fig. 5.13 k-l). The cross-sectional images of the Cr coatings before and 

after peening (Fig. 5.14 c-f) confirm these observations. The macroscopic surface roughness (in the form 

of undulations and waviness) was also reduced after CSSP. 
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Fig. 5.13. Photographs and plan-view SEM images of cold spray coatings on Zry-4 substrates before and 
after CSSP: (a-d) FeCrAl; (e-h) Cr-N2; (i-l) Cr-He.  

 
Fig. 5.14. Cross-sectional SEM images of cold spray coatings on Zry-4 substrates before and after CSSP: 
(a,b) FeCrAl; (c,d) Cr-N2; (e,f) Cr-He.  

Roughness measurements from cross-sectional image analysis are shown in Fig. 5.15. The FeCrAl 

coating remained the roughest at 3.9 µm, and the Zry-4 and SS316 substrates were comparable at 3.7 µm. 

The roughness of the CSSP Cr coatings decreased from 6.0 and 5.4 µm (Cr-N2 and Cr-He, respectively) to 

~3.3 µm for both coatings, near 2x reduction in roughness. 
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Fig. 5.15. Average micro-roughness (Ra) of the CSSP samples measured from cross-sectional SEM 
images  

Given the effectiveness of CSSP to reduce the roughness of as-deposited cold spray Cr coatings using 

spherical, soft Cr powder, further experiments were conducted to advance this concept to more prototypical 

manufacturing conditions for the coated cladding application. This focused on Cr-N2 cold spray coatings 

(which are favored by industry on account of the high cost of helium) and on using electrolytically soft Cr 

powders rather than the more expensive gas atomized powders. Electrolytic soft Cr powders are also used 

to deposit coatings in industry, so this would essentially entail using the larger mesh cut of the same type 

of powders that would otherwise be designated as scrap. The electrolytic soft Cr powders have a higher 

hardness (~4.1 GPa) than gas atomized powders (~3.2 GPa), as measured using nano-indentation.  

CSSP of Cr-N2 coatings on Zry-4, deposited using 300 and 500 mm/s gun translation speed, was 

performed using electrolytic soft Cr particles (-44 µm) and a gas temperature and traverse speed set to 100 

°C and 100 mm/s, respectively (Table 2.6). Cross-sectional SEM images of the Cr-N2 coating deposited at 

300 mm/s before and after CSSP are shown in Fig. 5.16 (a,b). As before, CSSP was successful in reducing 

micro-roughness at the coating surface. Cross-sectional SEM images of the Cr-N2 coating deposited at 500 

mm/s before and after CSSP are shown in Fig. 5.16 (c,d), and exhibited the same phenomenon.  
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Fig. 5.16. Cross-sectional SEM images, showing: Cold spray Cr-N2 coatings on Zry-4 deposited using 300 
mm/s spray speed, before (a) and after (b) CSSP; Cold spray Cr-N2 coatings on Zry-4 deposited using 500 
mm/s spray speed, before (c) and after (d) CSSP. Peening was performed using -44 µm electrolytic (soft) 
Cr particles.  

Fig. 5.17 shows several EBSD maps of the Cr-N2 coating deposited using 500 mm/s spray speed in 

its near-surface regions, after CSSP. The band contrast map in Fig. 5.17 (a) illustrates a very high indexing 

rate for the Cr coating, and individual Cr particles and particle boundaries were resolved. The IPF map (Fig. 

5.17 b) and KAM map (Fig. 5.17 c) of the peened coating reveal the typical strained cold spray 

microstructure. The maps do not reveal any major differences in microstructure or strain at the coating 

surface compared to the rest of the bulk Cr coating, indicating that the peening treatment was rather gentle. 

Majority of the coating exhibited no chipping or delamination, indicating peening is an effective way of 

compacting the undeformed surface particles without compromising coating integrity.  

 
Fig. 5.17. EBSD results for the Cr-N2 coating on Zry-4 sprayed at 500 mm/s after CSSP: (a) band contrast 
map; (b) IPF map; (c) KAM map.  
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It may be possible to use CSSP to achieve a coating that meets thickness specifications (<30 µm) and 

thereby minimizes or even eliminates post-deposition grinding or polishing treatments. Fig. 5.18 shows a 

Cr-N2 coating deposited using 600 mm/s spray speed, after CSSP. The minimum as-deposited coating 

thickness was about 28 µm and CSSP of this region resulted in a coating thickness between 5-20 µm. The 

compacted surface has the potential to provide protection in both normal operating and high temperature 

accident environment while avoiding spallation of loose particles, respectively.  

 
Fig. 5.18. Cross-sectional SEM image of a Cr-N2 coating on Zry-4 sprayed at 600 mm/s, after CSSP. This 
demonstrates a thin coating <20 µm thickness can be achieved with CSSP. 

5.3. Addressing interfacial roughness in cold spray Cr coatings 

5.3.1. Low velocity cold spray and dual-layered coatings 

This research is unique in that it involves a hard and less deformable particle material (Cr, hardness 

for electrolytic soft powders: 4.1 GPa) impacting a softer substrate (Zr-alloy, hardness: 1.8 GPa). This 

combination can give rise to notable interfacial roughness. To investigate the possibility of reducing 

interfacial roughness, a two-step deposition approach involving deposition of an initial layer at low particle 

velocities (referred to as seed layer, postulated to yield low interfacial roughness) followed by deposition 

at high particle velocities to create a top layer. The goal was to lower the interfacial roughness while at the 

same time achieving good bond strength between the coating and substrate. A schematic illustration of this 

concept in Fig. 5.19.  
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Fig. 5.19. Schematic illustration of the interfacial roughness of a typical high velocity coating (left). The 
proposed concept involves spraying a low velocity seed layer to minimize interfacial roughness (center), 
and then build up coating thickness with a second pass top layer sprayed at a higher velocity (right). 

The cross-sectional SEM images of seed layers deposited using different conditions of Cr-N2 are 

shown in Fig. 5.20. Three experimental campaigns were undertaken, each with a different gun traverse 

speed (Table 2.7). For Campaign 1, the seed layer sprayed at gas preheat temperature of 300 °C qualitatively 

showed the lowest interfacial roughness (Fig. 5.20 a). Campaign 2 was designed to spray at temperatures 

below 300 °C and reduced translation speed to enhance surface coverage. The images in Fig. 5.20 (d-f) 

revealed that full coverage was still not achieved for all conditions. Campaign 3 repeated the temperatures 

of Campaign 2 but decreased the translation speed further to 50 mm/s to improve seed layer coverage (Fig. 

5.20 g-i). Similarly, the 300 °C gas preheat temperature resulted in low roughness. The average thickness 

of the seed layer was about 5 µm and the average interfacial roughness was about ~1.9 µm.  

 
Fig. 5.20. Cross-sectional SEM images of the Cr/Zry-4 interface from three low velocity seed layer deposits. 
Carrier gas preheat temperatures are noted on the bottom left of each image. Additionally, each column 
compares a different gun translation speed: (a-c) 200 mm/s; (d-f) 100 mm/s; (g-i) 50 mm/s.  
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Seed layers sprayed using 50 mm/s gun translation speed (campaign 3) were used as substrates for 

deposition of a top layer at high velocity. Fig. 5.21 (d-f) shows cross-sectional images of the three seed 

layers used. The leftmost column (Fig. 5.21 a-c) shows top layers sprayed using the high velocity Cr-N2 

gas conditions, and the rightmost column (Fig. 5.21 g-i) shows top layers sprayed using the high velocity 

Cr-He gas condition. Visual examination reveal both Cr-N2 and Cr-He top layers exhibit a rough interface 

comparable to or rougher than coatings deposited without a seed layer, indicating that the underlying Zr-

alloy substrate had significant deformation capacity remaining after the deposition of the seed layer.  

 
Fig. 5.21. Cross-sectional SEM images of three seed layers (temperature listed lower left) sprayed using 
50 mm/s gun translation speed (d-f). Subsequently, a top layer was sprayed with high velocity N2 gas (a-c) 
or high velocity He gas (g-i). 

5.3.2. Effects of delay time and surface activation 

With the knowledge gained from the single-particle impact experiments (discussed in Section 4), it is 

now understood that the seed layers were deposited using particle velocities 𝑣𝑣𝑝𝑝 ≈ 520 − 610 𝑚𝑚/𝑠𝑠, which 

lie in the vicinity of the critical velocity for interfacial bonding (𝑣𝑣𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡𝐶𝐶𝑐𝑐−𝑍𝑍𝑐𝑐~550 𝑚𝑚/𝑠𝑠) but below the critical 

velocity for Cr coating buildup (𝑣𝑣𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡𝐶𝐶𝑐𝑐−𝐶𝐶𝑐𝑐~640 𝑚𝑚/𝑠𝑠).  

It is worth briefly discussing the results of low velocity cold spray in the context of the research by 

Klinkov and Kosarev [216], who deposited aluminum particles on copper substrates using cold spray to 

understand deposition efficiency. They explained that, at lower velocities, particles first impact and rebound 

from the substrate, thus cleaning and deforming the surface. After a certain time, the surface is sufficiently 
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activated (i.e., roughened) and particles begin to attach, rapidly forming a coating. This “delay time” for 

particle attachment and coating formation depends on particle impact velocity and critical velocity. The 

schematic shown in Fig. 5.22 illustrates this process, with associated plan-view and cross-sectional SEM 

images from seed layer coatings deposited in this research (𝑣𝑣𝑝𝑝 ≈ 540 𝑚𝑚/𝑠𝑠). As initial particles impact the 

substrate, they rebound and roughen the surface (Fig. 5.22 a). After sufficient activation time, particles 

begin to attach and form the first layer coating on the substrate (Fig. 5.22 b). Due to the low deposition 

efficiency of Cr-on-Cr (0%), the first layer coating is sufficiently flattened due to repeated particle rebounds 

(Fig. 5.22 c). 

 
Fig. 5.22. Schematic illustration of low-velocity coating formation for Cr on Zr-alloy: (a) surface activation 
of the substrate caused by rebounded particles; (b) after sufficient surface activation, first layer of particles 
attach; (c) flattening of the first-layer coating due to rebounding caused by low deposition efficiency. 

From this schematic, we can understand why the seed layers did not reduce interfacial roughness. Low 

deposition efficiency resulted in extreme flattening of the first layer coating, so much so that interfacial 

mechanical mixing occurred between the Cr particles and Zr-alloy substrate [217]. This essentially fused 

the Cr particles into the substrate, creating a new substrate with a roughened surface after surface activation. 
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The apparent work-hardening of the substrate due to repeated particle rebounds did not prevent roughness 

from increasing after high-velocity deposition of the top layer coating. 

Klinkov and Kosarev [216] demonstrated that, at a certain critical velocity, particles may attach if the 

surface is sufficiently activated. They also demonstrated that the delay time decreases to zero at sufficiently 

high particle impact velocities, leading to particles bonding a non-activated surface. We’ve experimentally 

identified this velocity as 𝑣𝑣𝐷𝐷𝐷𝐷=100𝐶𝐶𝑐𝑐−𝑍𝑍𝑐𝑐 ~670 𝑚𝑚/𝑠𝑠, where the deposition efficiency of Cr-on-Zr reaches 100% 

(Fig. 4.3). Theoretically, eliminating the activation requirement (i.e., roughening of Zr-alloy) for first-layer 

coating formation should yield low interfacial roughness. However, this was not the case, which led to the 

examination of the effect of high velocity particles deposited per unit. 

Fig. 5.23 shows FIB cross-sections of single Cr particles bonded to Zry-4 using increasing particle 

impact velocity (repurposed from Section 4 of this document). The measured particle penetration depth in 

Zry-4 ranged from 3.8 to 5.2 µm for Cr particles impacting from 620 to 880 m/s. This is a small change in 

penetration depth for a large change in particle velocity. The typical peak-to-valley interfacial roughness of 

Cr coatings deposited at similar particle velocities measured between 8 and 20 µm. It was hypothesized that 

the large number of particles impacting one specific area of the substrate at one specific time (during coating 

deposition) significantly increases the penetration depth and roughness of the coatings. A schematic 

illustration of this theory is shown in Fig. 5.24 (a-c). 

 
Fig. 5.23. SEM images of cross-sectioned Cr particles bonded to Zry-4 at different particle velocities: (a) 
620 m/s; (b) 680 m/s; (c) 880 m/s; Measured particle penetration depths are shown in yellow. Cracks 
observed are in the Pt cap used for FIB sample preparation and not a part of the Cr-Zr system. 
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Alternatively, if the particle flow rate was reduced, we’d expect a situation as shown in Fig. 5.24 (d-

f). Fewer particles impacting per unit area per unit time would reduce the momentum exchange to the 

substrate, and particle penetration would be influenced solely on the impacting particle velocity such as 

shown in Fig. 5.23. Additionally, the substrate would experience less deformation and work-hardening, so 

the tamping effect of additional particle impacts could potentially level out the interfacial roughness due to 

additional deformation capacity.  

 
Fig. 5.24. Schematic illustration of the effect of particle flow/deposition rate on interfacial roughness. (a-
c) High particle flow rate, causing multiple particles to impact one specific area at the same time, leading 
to increased roughness; (d-f) Low particle flow rate, which results in fewer particles impacting one specific 
at the same time, leading to reduced penetration and interfacial roughness. 

A second cold spray experiment was performed with the goal of decreasing the interfacial roughness. 

To achieve uniform particle flow through the powder feed-line, the particle flow rate was maintained using 

the same typical parameters. However, the gun traverse speed was increased to reduce the number of 

particle impacts per unit area per unit time. One consequence with increasing this spray speed is reduced 

coating thickness, which may require additional passes to build up coating. Additionally, the operation of 

the cold spray gun was changed from pressure-control to gas-flow-control. This has the effect of reducing 

the input pressure of the gas by decreasing the gas flow rates while maintaining the same gas preheat 

temperature and results in a smoother gas flow. 
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Fig. 5.25 shows cold spray Cr-N2 coatings on Zry-4 deposited using (a) 200 mm/s gun speed and 

pressure-control (P.C.) mode, and (b-f) 200-600 mm/s gun speed and flow-control (F.C.) mode. There were 

some qualitative improvements in the roughness in terms of minimization of extrusion events, however, the 

peak-to-valley roughness remained high. It’s possible the parameters used here were not aggressive enough 

to significantly lower the flow of particles impacting the substrate at the same time.  

 
Fig. 5.25. Cross-sectional SEM images of cold spray Cr-N2 coatings on Zry-4 using the following gun 
speeds: (a) 200 mm/s in pressure-control (P.C.) mode; (b-f) 200, 300, 400, 500, and 600 mm/s in flow-
control (F.C.) mode. 

To conclude, this research attempted to use the insights gained from single-particle impact 

experiments and particle impact modeling to design experiments to improve cold spray Cr coatings on Zr-

alloy substrates for the LWR application. While cold spray parameters have many competing effects that 

influence coating quality, the results in this chapter showed that improvements are possible, even with a 

mismatched materials system like Cr and Zr. 
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6. Microstructural Evolution in Ion Irradiated Cold Spray Cr Coated Zr-Alloy 

6.1. Experiment description 

This section of the research focuses on irradiation damage effects in cold spray Cr-coated Zr-alloy and 

represents the first in-depth investigation of this specific area. High energy Xe26+ ion irradiation was 

performed to understand irradiation effects in both in the bulk cold spray Cr coating and the Cr/Zr-alloy 

interface. High resolution TEM in conjunction with EDS was used to elucidate the effects of irradiation on 

interfacial mixing, compositional redistribution, and amorphization on a nanoscale, while the 

nanoindentation method was used to discern any irradiation-induced mechanical property changes.  

For this study, cold spray Cr-He coatings were deposited on Zry-4 substrate using a gun traverse speed 

of 400 mm/s, producing a coating thickness of 75 µm ± 10 µm, as shown in cross-section in Fig. 6.1 (a). 

To prepare the sample, the Cr coating was polished in such a way that that there was a gradient in coating 

thickness ranging from zero to 50 µm as shown in Fig. 6.1 (b). For ion irradiation the samples were 

progressively ground culminating with a final grinding step with 1200 grit SiC paper. This was followed 

by polishing using progressively finer polycrystalline diamond suspensions down to 0.05 µm, culminating 

in a final polishing step with 0.02 µm colloidal silica. The samples were then ultrasonically cleaned using 

micro-organic soap, pure water, acetone, ethanol, and then allowed to dry in air. 

 
Fig. 6.1. (a) Cross-sectional SEM image of as-deposited Cr coating on Zry-4; (b) Plan-view SEM image 
of the coating after polishing, showing thin Cr coating and exposed Zry-4; (c) Cross-section of thin Cr 
coating (~5 µm) lifted out from (b) using FIB. 
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The Cr-coated Zry-4 samples were irradiated in the Argonne Tandem Linac Accelerator System 

(ATLAS) beamline at Argonne National Laboratory, and with the author participating in-person and 

collaboratively with personnel at ANL. The sample was heated to 350 °C and irradiated with 80 MeV Xe26+ 

ions, with an average ion flux of 2.13 × 1012 ions/cm2/s. Total irradiation time was about 2 hours. The 

damage accumulation in the materials was estimated using SRIM software in conjunction with the Quick 

Damage Kinchin-Pease mode [218]. Displacement energies for Cr and Zr were set to 40 eV. This simulation 

indicated a maximum damage of 30 dpa at a depth between 5.0 to 5.5 µm from the Cr coating surface as 

shown in Fig. 6.2. The irradiation parameters used in this study are summarized in Table 6.1. 

 
Fig. 6.2. SRIM simulation of damage (dpa) and Xe concentration in cold spray Cr coatings on Zry-4 after 
irradiation with 80 MeV Xe26+ ions. 

Table 6.1. Summary of the irradiation parameters used in this study. 

Sample Ions Energy 
(MeV) 

Displacement damage Total fluence 
(ions-cm-2) 

Temperature 
(°C) depth (µm) dpa 

Cr-coated Zry-4 Xe26+ 80 5.0-5.5 25-30 1.5 × 1016 350 

Two cross-sectional thin foil specimens for TEM analysis were taken from the irradiated sample in 

areas corresponding to the damage calculation. One sample was taken from an area where the Cr coating 

was approximately 5 µm thick (example shown in Fig. 6.1 c) so that the peak damage occurred at the Cr/Zr 

interface and the damage profile extended slightly into the Zry-4 substrate. The other sample was taken 

where the Cr coating was thicker (>10 µm), so the damage was confined to just the Cr coating. In addition, 
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two thin foil samples were taken from the as-deposited (unirradiated) cold spray Cr coating on Zry-4, one 

encompassing the interface and one within the bulk Cr coating, to account for just thermal effects but not 

irradiation effects. 

Microstructural characterization was performed using TEM, STEM, and HRTEM imaging techniques. 

EDS was performed on the samples in STEM mode using a Bruker QUANTAX 200 EDS equipped with 

XFlash7 detector, with analysis conducted using the ESPRIT2 software. Hardness measurements of the Cr 

coating before and after irradiation were performed by nanoindentation. The sample was indented both 

within and outside of the ion beam region, so that both regions experienced the same thermal history during 

irradiation. 140 indents were performed in a 20 × 7 grid using displacement control mode, with each indent 

spaced 40 μm apart. The programmed contact depth for each row of indents increased by 1 μm, up to 7 μm 

maximum depth for the last row. The peak indentation loads varied from 85 mN (at 1 μm depth) up to 2.5 

N (at 7 μm depth). Optical microscopy and SEM were used to characterize the indents after testing, and 

atomic force microscopy (AFM) was used in tapping mode to characterize the surface topography and 

measure the pileup height for selected indents.  

6.2. Interfacial characterization of the as-deposited and irradiated Cr-coated Zry-4 

A BF-STEM image of a section of the cold sprayed Cr coating on Zry-4 near the interface is shown in 

Fig. 6.3 (a). The deformation of Zry-4 substrate around the impacted Cr particles during particle impact is 

evident. Fig. 6.3 (b) shows a higher magnification BF-STEM image of this interface, which reveals multiple 

insights into the particle impact/bonding process. First, the Zr-side of the interface contains very fine (<200 

nm) nanoscale grains, which have formed from dynamic recrystallization of Zry-4 during high strain rate 

plastic deformation upon impact [111,219]. Second, the Cr grains near the interface are larger (>500 nm) 

and show contrast from dislocations and sub-grain boundaries, indicating that they experienced less plastic 

deformation than the near-interface regions of Zry-4. Away from the interface, the Cr coating shows a 

heterogeneous microstructure with larger grains in particle interiors and smaller grains near particle 

boundaries. The Cr coating microstructure will be discussed in detail in Section 6.3.  
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Further examination of the as-deposited Cr-Zr interface was carried out by HRTEM imaging as shown 

in Fig. 6.3 (c). Fast Fourier Transform (FFT) analysis of different regions of the image reveal bcc Cr phase 

on one side of the boundary (marked region 1), and a mixed signal corresponding to both bcc-Cr and hcp-

Zr on the other side (marked region 2). It is insightful to note the presence of crystallographic coherency 

between the Cr coating and the Zry-4 substrate. A combination of mechanical interlocking from jetting of 

the substrate (shown in Fig. 6.3 a) and metallurgical bonding is evident from the strong crystallographic 

coherency between Cr and Zr (shown in Fig. 6.3 c), which ensures good adhesion of the Cr coating to the 

Zry-4 substate.  

 
Fig. 6.3. (a, b) BF-STEM images of the unirradiated cold spray Cr-coated Zry-4 sample, with the higher 
magnification image (b) taken away from the jet lip; (c) HRTEM image of the unirradiated Cr-Zr 
interface with associated FFTs, showing crystallographic coherency between the lattices of the Cr 
coating and Zry-4 substrate. 

Results of STEM-EDS measurements obtained from near the interface of the as-deposited Cr on Zry-

4 sample are shown in Fig. 6.4. A distinct contrast variation delineates the Cr/Zry-4 interface in both the 
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HAADF image and the EDS spectral maps. However, EDS maps of Cr and Fe do not reveal such a sharp 

interface. Instead, co-segregation of Cr and Fe on the Zry-4 side up to 200 nm away from the interface can 

be observed. This suggests that the high strain-rate adiabatic shear deformation and associated thermal spike 

during cold spray impact may have caused the diffusion of Cr into the Zry-4 substrate, i.e., resulting in 

nano-scale compositional mixing. The observation of co-segregation of Fe is likely attributable to the 0.18-

0.24 wt.% Fe that is inherently present in Zry-4 [220]. No other element besides Cr and Fe were found to 

segregate in the interfacial regions based on the EDS measurements. Additional EDS revealed that the 

presence of Fe was found mainly in regions where the Zry-4 substrate was highly strained, such as the jetted 

region shown in Fig. 6.3 (a).  

 
Fig. 6.4. HAADF-STEM image of the unirradiated Cr-Zr interface with associated EDS elemental 
mapping, including Cr (red), Fe (green), and Zr (blue), showing Cr and Fe co-segregation up to 200 nm 
within the Zr-side of the interface.  

A BF-STEM image of the irradiated Cr coating on Zry-4 is shown in Fig. 6.5 (a). The FIB lamellae 

contained multiple Cr-Zr interfaces (indicating this was a region of the interface with pronounced jetting), 

which makes it useful for investigating irradiation damage effects at different irradiation damage (dpa) 
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levels. Fig. 6.5 (b) shows a higher magnification STEM image taken at the interface, about 5 µm from the 

coating surface (~30 dpa). The Cr coating and Zry-4 substrate microstructure appear similar to the as-

deposited structure near the interface, with a recrystallized nanograined Zry-4 microstructure and a larger 

grained, dislocation-intense Cr microstructure.  

 
Fig. 6.5. (a, b) BF- STEM images of the cold spray Cr coating on Zry-4 after Xe26+ ion irradiation, with 
the higher magnification image (b) taken ~5 µm from the coating surface (up to 30 dpa). The arrows 
indicate the beam direction, or ion travel through the irradiated sample. (c) BF-TEM image of the 
irradiated Cr-Zr interface showing a dark band in-between the Cr and Zr regions; (d) HRTEM image 
with associated FFTs, showing an amorphous band (FFT-2) approximately 20 nm thick, with crystalline 
Cr (FFT-1) and Zr (FFT-3) phases on either side. 

However, a clearly defined intermediate contrast exists at the interfacial boundary of the irradiated 

sample that was not observed at the coating-substrate interface of the as-deposited sample. A higher 

magnification BF-TEM image of the irradiated interface focusing on the intermediate contrast layer is 

shown in Fig. 6.5 (c). The average thickness of this layer was about 20 nm. HRTEM was performed to 

investigate the microstructure in the vicinity of the irradiated interface, as shown in Fig. 6.5 (d). On either 
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side of this band, separate bcc-Cr (FFT-1) and hcp-Zr (FFT-3) phases were identified, while the band itself 

(FFT-2) was identified as amorphous, apparent from the diffuse intensity ring in the FFT. Thus, the heavy 

ion irradiation transformed about 20 nm of the crystalline cold spray Cr-Zr interface into an amorphous 

structure. This amorphous band was consistently present at all Zr-Cr interfaces that were between 4.5 to 

5.5 µm below the surface of the Cr coating, which corresponded to the peak damage depths. 

STEM-EDS of the same irradiated Cr-Zr interface is shown in Fig. 6.6. The lower magnification maps 

in Fig. 6.6 (a) do not reveal the same Fe segregation along the interface after irradiation (as seen in the as-

deposited specimen), instead manifesting in certain spots or in precipitates within the Zry-4 substrate. 

Interestingly, some Fe segregation was found near interfaces closer to the surface (<4 µm) but was not 

widespread at the peak damage interface. The higher magnification EDS maps in Fig. 6.6 (b) show the 

distribution of Cr and Zr around the interface, with more Cr signal on the Zr side of the interface. This is 

consistent with what was shown for the as-deposited sample, in that Cr is more likely to diffuse into Zr than 

vice-versa.  

 
Fig. 6.6. (a) BF-STEM image of the irradiated Cr-Zr interface with associated EDS spectral mapping. (b) 
Higher magnification HAADF-STEM image of irradiated Cr-Zr interface with associated EDS spectral 
mapping, including Cr (red), Fe (green), and Zr (blue). The amorphous layer is located between the white 
dotted lines.  
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6.3. Microstructural characterization of the as-deposited and irradiated Cr coatings 

BF-STEM imaging was used to compare the bulk microstructure of the as-deposited and irradiated cold 

spray Cr coatings, as shown in Fig. 6.7. The as-deposited Cr coating (Fig. 6.7 a) showed regions of 

elongated and dynamically recrystallized grains surrounded by lesser deformed, dislocation-intense grains. 

Dynamically recrystallized grains were typically sandwiched in between elongated grains or at the tail ends 

of particle boundaries, corresponding to regions of highest plastic strain. The irradiated sample (Fig. 6.7 b) 

presented a similar microstructure underneath the damaged region, showing a heterogeneous mixture of 

equiaxed and elongated grains. However, within the peak damage region (as indicated by the SRIM 

overlay), the inter-particle boundary at the top left of the image revealed more nanoscale, equiaxed 

recrystallized grains than a typical particle boundary found in the as-deposited coating. It is speculated that 

irradiation-induced recrystallization occurred at the interparticle boundaries of the irradiated sample, an 

effect that has been previously been observed in irradiation damage studies of heavily cold worked materials 

[81]. These fine recrystallized grains cross-over the original interparticle boundaries, partially obliterating 

them to create a stronger interparticle bonding.  

Additionally, higher magnification TEM images were captured in a grain away from the interparticle 

boundaries, but still in the peak damage region (denoted by the white box in Fig. 6.7 b). This was done to 

avoid the contrast arising from high dislocation density in the IPB regions. The images shown in Fig. 6.7 

(c-d) reveal nano-sized voids (1-3 nm) within a lesser deformed irradiated Cr grain, confirmed by using a 

common underfocus (Fig. 6.7 c) and overfocus (Fig. 6.7 d) TEM imaging technique.  
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Fig. 6.7. BF-STEM images of the cold spray Cr coated samples: (a) as-deposited condition; (b) after 
Xe26+ ion irradiation. SRIM damage vs. depth profile simulations are superimposed on the image for the 
irradiated sample that show dpa (solid red line) and Xe ion concentration profile (yellow dashed line). 
Notable inter-particle boundaries are marked between the white dashed lines. The region indicated in (b) 
was imaged using BF-TEM to reveal nano-scale voids in (c,d).  

Nanoindentation testing results of the unirradiated and irradiated Cr coatings are shown in Fig. 6.8. The 

mean contact depth was slightly lower than the maximum programmed depth, as shown in Fig. 6.8 (a). 

Hardness within 1 µm of the surface was about 5.9 GPa in the unirradiated (thermal effects only) and 

irradiated regions of the coating (Fig. 6.8 b). At the maximum contact depth, hardness dropped to 3.0 GPa 

and 1.9 GPa for the unirradiated and irradiated coatings, respectively. The reduction of hardness with 

indentation depth has been routinely observed due to the indentation size effect [221]. However, 

nanoindentation results reveal that the irradiated coating was consistently softer approaching the peak 

damage depth.  
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Fig. 6.8 (c-d) shows SEM images of indents on the surface of the unirradiated and irradiated coatings. 

Both coating conditions displayed a significant amount of pileup around the indents. Using AFM 

measurements, the average pileup of indents made at 1 and 7 μm peak depths were observed to be 260 and 

970 nm, respectively for the unirradiated coating, and 130 and 1030 nm for the irradiated coating, 

respectively. Both samples showed higher pileup with increasing indentation depth, but no discernable trend 

was discovered between samples. The morphology of the Cr coating surface also changed during 

irradiation. The polished, unirradiated surface remained smooth on the side that experienced the same 

thermal history (Fig. 6.8 c), while the irradiated surface shows a rougher, textured surface with small (<500 

nm) spherical features (Fig. 6.8 d), a product of energetic ion sputtering.  

 
Fig. 6.8. Results from nanoindentation testing of the unirradiated and irradiated Cr coatings: (a) mean 
(actual) contact depth vs. maximum depth of indent penetration; (b) mean hardness vs. mean contact 
depth; Plan-view SEM images of indents with associated AFM 3D surface plots for the (c) unirradiated 
and (d) irradiated coatings. The indents correspond to 5 µm actual maximum depth penetration. AFM 
surface plots confirm the evidence of indentation pileup. 

6.4. Fe segregation and amorphization at the irradiated Cr-Zr interface 

STEM/EDS analysis of the as-deposited interface revealed higher concentrations of Cr and Fe near the 

interface (Fig. 6.4), up to 200 nm from the interface on the Zry-4 substrate side. Fazi et al. [89] used atom 
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probe tomography (APT) to characterize the interface of cold spray Cr coating on Optimized ZIRLOTM, 

where they identified segregation of Cr, Fe, and Nb near the interfacial region and up to 200 nm away from 

the interface on the OPZ side. The Fe concentration in that study reached up to 8% within 20 nm of the Cr-

Zr interface. Optimized ZIRLOTM contains up to 1.2% Nb and 0.13% Fe [5], whereas Zry-4 contains up to 

0.24% Fe and negligible Nb. Fe concentration in this study reached up to 11% within 50 nm of the Cr/Zry-

4 interface, and no Nb nor Sn segregation was observed. Additionally, the EDS spectral maps in Fig. 6.4 

show Cr and Fe segregated within grains rather than along grain boundaries, which is in agreement with 

the work by Fazi et al. [89], which attributed the alloying element segregation from dissolution of second 

phase particles due to localized heat and shear during particle impact and plastic deformation. 

For a more fundamental understanding of the phenomenon of Fe segregation, thermodynamic 

calculations were performed with assessed thermodynamic data corresponding to the Cr-Fe-Nb-Sn-Zr 

system [222] using Thermo-Calc v.2024(b) software [223]. Fig. 6.9 (a) shows an isothermal (at 300 °C), 

composition-dependent chemical potential map of Fe in an hcp Zr-Cr-Fe ternary solid solution. The data 

points overlaid on the map represent actual concentrations of Cr and Fe measured along the interface using 

STEM-EDS. The results indicate that the initial chemical potential of Fe in Zry-4 is about 13 kJ/mol 

(marked by the arrow in Fig. 6.9 a). During the initial impact of Cr on Zry-4, high strain rate deformation 

of the substrate is expected to produce temperature spikes that accelerate the diffusion of Cr into Zry-4. Iso-

chemical potential contours from the map suggest that for the Cr concentration of 20-35 wt.% measured 

near the interface, an increase in the Fe concentration within the Zr-Cr-Fe solid solution up to 8-11 wt.% 

must occur to maintain the initial chemical potential of the Zr-alloy, i.e., equilibrium with the underlying 

substrate. In other words, the results demonstrate that a thermodynamic driving force does exist for the co-

segregation of Fe with Cr along the interface during cold spray deposition. 

Fig. 6.9 (b) also shows isothermal (at 300 °C) chemical potential curves of Fe, but along a section of 

the composition space depicted in Fig. 6.9 (a), i.e., at a fixed Cr composition of 35 wt. %, representative of 

a typical concentration dissolved in the Zry-4 substrate upon particle impact. In addition to the standard 
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single-phase chemical potential, the chemical potential of an irradiated solid solution has also been plotted, 

by including an additional irradiation enthalpy of 13 kJ/mol (assumed to be contributed by irradiation-

induced defects such as vacancies, interstitials etc.). This value of irradiation enthalpy was selected as a 

representative value, typical for the level of damage introduced into metallic materials, for illustration 

purposes [224]. For the Cr-content considered, a substantial decrease in Fe solubility from about 8 wt.% to 

1.75 wt.% as a consequence of the introduction of the irradiation enthalpy can be observed. In other words, 

the introduction of the additional irradiation-induced enthalpy triggers a re-homogenization of the Fe 

concentration, which explains the STEM-EDS observations presented in Fig. 6.6. The approach does 

contain assumptions (e.g., does not consider kinetic driving forces), but nevertheless provides an initial 

explanation of compositional redistribution during irradiation.  

It has also been observed that Fe undergoes faster diffusion in α-Zr at the irradiation temperatures and 

fluences used in this study, which could also explain the depletion of Fe in the interfacial region [225,226]. 

Wu et al. [88] used HRTEM to identify Fe at the interface of PVD Cr on Zr-alloy, and found up to 3.3 wt.% 

Fe in the form of C14 hexagonal close packed and C15 metastable face centered cubic Zr(Fe,Cr)2 Laves 

phases. In contrast to the present study, they observed a slight increase in Fe concentration along the 

interface during irradiation, which increased stability of the C14 phase and led to the dissolution of the C15 

phase.  
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Fig. 6.9. (a) Standard isothermal (at 300 °C) chemical potential map of Fe in a ternary Zr-Cr-Fe solid 
solution as a function of Cr and Fe content in the unirradiated alloy. Measured EDS concentrations of Fe 
and Cr from Fig. 6.4 are shown as points on the map; (b) Chemical potential curves of Fe against mass 
percent Fe in the Zr-Cr-Fe solid solution for a fixed Cr content of 35 wt. %, in the standard condition and 
with the introduction of 13 kJ/mol of irradiation enthalpy. The results show reduced solubility of Fe due 
to irradiation. (c) Gibbs energy curves as a function of temperature for pure Zr in the liquid phase, 
standard hcp phase, and an irradiated hcp phase assuming an irradiation enthalpy of 13 kJ/mol. 

The thermodynamics of amorphization on the Zr-rich side of the interface after irradiation was also 

evaluated using the thermodynamic data for pure Zr. Fig. 6.9 (c) shows Gibbs energy curves as a function 

of temperature for pure Zr in the liquid phase, standard hcp phase, and an irradiated hcp phase assuming an 

irradiation enthalpy of 13 kJ/mol. For these calculations, the formation of ZrCr2 Laves phase and other 

intermetallic phases was not considered in view of the extremely slow long-range diffusion kinetics at the 
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irradiation temperature [227]. With the introduction of an irradiation enthalpy of 13 kJ/mol, formation of 

the liquid (i.e., amorphous phase when extrapolated to low temperatures) becomes energetically favorable 

at the irradiation temperature of 300 °C. In other words, the calculations show that Zr is the primary driver 

for amorphization in this system. Griffiths et al. [226] demonstrated that amorphization of Zr(Fe,Cr)2 

precipitates depends on Fe and Cr concentration, and that depletion of Fe and increased Cr concentration 

stabilize the amorphous phase during irradiation between 520-600 K. It is possible that a similar 

phenomenon occurred here, with depletion of Fe from the interface into solid solution in Zr, and the 

increased Cr content from the coating promoted the stabilization of amorphous phase at the interface. Since 

the amorphous layer at the interface was quite thin (<50 nm), it is not expected to significantly affect 

adhesion of the Cr coating to the Zry-4 substrate as will be demonstrated in Section 8.3.5. 

Again, the approach discussed here has built-in assumptions (for example, not including kinetics), but 

nevertheless provides an initial explanation of compositional redistribution and phase evolution during 

irradiation.  

6.5. Recrystallization and microstructural effects in the irradiated Cr coating 

For the as-deposited Cr coating, elongated grains exceeding 1 µm in length can be seen both within and 

between inter-particle boundaries (Fig. 6.7 a), with the width of these grains ranging from less than 100 nm 

to over 400 nm, respectively. Equiaxed, dynamically recrystallized grains less than 100 nm in diameter can 

also been seen in the center and at tail-ends of the inter-particle boundaries. Both elongated and dynamically 

recrystallized grains form during the high strain rate deformation and localized shear of Cr particles and aid 

in cohesive bonding [100,195,228]. 

After irradiation, a qualitative difference in microstructure and a quantitative difference in hardness 

was observed. Additionally, the absence of elongated grains at inter-particle boundaries within the peak 

damage region is notable (left side of Fig. 6.7 b). Instead, the formation of equiaxed grains at these sites 

that tend to obliterate the interparticle boundaries, with its associated beneficial effects. Some nano-scale 
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porosity can also be seen within this inter-particle region, in the form of white contrast in the bright field 

image. In literature, similar elimination of elongated grains has been observed in 20% cold drawn steel after 

irradiation with 46 MeV Ni6+ ions up to 64 dpa [81], an effect that was attributed to grain boundary 

migration driven by dissolution of voids. Recrystallization and grain growth have also been observed in 

other bulk nanocrystalline materials subjected to ion irradiation, including pure metals (Ni, Zr, Pt, Cu, and 

Au) and high entropy alloys [229–231]. The observation of plastically deformed and cold-worked materials, 

including cold spray coatings, exhibiting innately greater resistance to irradiation damage and swelling may 

in part be attributable to irradiation-induced recrystallization [81]. In general, the closure of interparticle 

boundaries and recrystallization during irradiation may be beneficial from the standpoint of enhancing 

ductility and corrosion resistance.  

Kaoumi et al. [230] identified three temperature regimes for ion irradiation induced grain growth in 

nanocrystalline thin films: (i) purely thermal regime (above bulk recrystallization temperature); (ii) 

thermally-assisted regime; (iii) low temperature/athermal regime. In regime (ii), thermal motion and 

irradiation effects combine to increase the rate of recrystallization and grain growth. They identified a 

typical homologous transition temperature between 0.14 and 0.22 Tm [230]. For an irradiation temperature 

of 623 K, the homologous temperature for Cr was ~0.28, slightly higher than the average range of regime 

(ii). However, it is generally known that the bulk recrystallization temperature for metals is between 0.3-

0.5 Tm [232], and combined with the short irradiation time of two hours, it is more likely that 

recrystallization of cold spray Cr occurred in the thermally-assisted regime.  

The average hardness at the surface of the unirradiated (~6.0 ± 0.7 GPa) and irradiated (6.0 ± 0.4 GPa) 

Cr coating are consistent with the hardness of other cold spray Cr coatings (~6-7 GPa) indented in cross-

section using a standard load transducer and up to low indentation depth (<200 nm) [34,233]. The 

heterogeneous microstructure of cold spray coatings, i.e., differences in grain size, dislocation density, 

strain gradients, and other heterogeneities across the microstructure led to scatter in hardness values (Fig. 

6.8 b). As the indentation depth increased, the irradiated sample produced more consistent indents with 
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lower deviation in hardness than the unirradiated sample, suggesting a normalization of the microstructure. 

Since the indents were taken from the same sample, both unirradiated and irradiated regions experienced 

the same thermal history. The consistent reduction in hardness of the irradiated sample (~2 GPa over 2.5 

μm contact depth) may be a result of irradiation-induced recrystallization, grain growth, and even void 

formation in the Cr coating [85].  

Irradiation defects, such as voids and dislocation loops, were not observed within the interparticle 

boundaries outlined in Fig. 6.7 (b). This is likely due to the nanoscale grain size and possibly heavy defect 

contrast within the boundaries making it difficult to discern defects formed from irradiation in relation to 

those formed from plastic deformation. Alternatively, the large density of interfaces in the form of grain 

and sub-grain boundaries in the interparticle boundaries in the Cr coating may act as sinks for radiation-

induced defects. Radiation-induced point defects produced within this region may readily migrate towards 

these interfaces, leading to a non-equilibrium environment that induces grain boundary migration and grain 

growth through a defect-driven mechanism [224]. In other words, an absence of defects could be due to 

recrystallization out-performing void production and growth. 

A small concentration of voids <3 nm in diameter were observed in larger grains away from the particle 

boundaries (Fig. 6.7 c,d). Contrast from the STEM images of the Cr coating microstructure suggest that 

these large grains also contain dislocation networks and substructures. Gong et al. [86] correlated radiation 

hardening of Cr with the frequency and size of voids and crystallinity in the microstructure. They explained 

that a low number of larger voids may better resist dislocation motion, contributing towards hardening. 

Conversely, grains with inherent defect density clusters may increase the activation barrier to void growth, 

resulting in a larger population of smaller voids. During in situ Kr2+ irradiation of cold spray Cr, Maier et 

al. [36] observed a suppression of dislocation loop formation and overall reduction of defect size and 

number density in the as-deposited Cr coating compared to an annealed cold spray Cr coating. Thus, the 

inherent defect density of cold spray Cr imparts radiation resistance through recombination of point defects 

by sinks and associated grain boundary migration, leading to irradiation-induced deformation recovery. 
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7. In Situ Synchrotron Diffraction Studies on Mechanical Behavior of the Cr-Zr System 

7.1. Experimental description 

7.1.1. Motivation  

This chapter of the research involves a fundamental investigation of the deformation behavior and 

failure mechanisms in cold spray Cr-coated Zr-alloy system using in situ synchrotron X-ray diffraction. 

This technique is being used in recent years to characterize the evolution of lattice strain, dislocation density 

and character distribution, and load partitioning phenomena during macro-scale deformation of a wide 

variety of materials [63–66]. The technique was deemed particularly useful for the present study because 

of the importance of understanding the deformation behavior of the coating-substrate system as a whole 

and particularly the effects of the Cr coating on the deformation behavior of the Zr-alloy cladding. In light 

of this, it is noted that testing the deformation of the coating and the substrate separately will not yield 

realistic results for the coated cladding application due to the relief of stresses in coating and the exclusion 

of coating-substrate adhesion effects on the overall deformation behavior [234]. The deformation 

characteristics of as-deposited and annealed cold spray Cr coatings on Zr-alloy substrates were investigated 

to achieve a holistic understanding of the mechanical deformation behavior of the bimetallic system [233]. 

7.1.2. Sample fabrication 

Cold spray deposition of electrolytic soft chromium powder was used to deposit Cr using the Cr-He 

deposition conditions. The substrates were flat ZIRLOTM cladding material provided by WEC. Cr coating 

of approximately 80 µm thickness was deposited onto an 800 µm thick ZIRLOTM substrate. After 

deposition, a portion of the samples was polished using 600 grit SiC abrasive paper to reduce surface 

roughness inherent to cold spray deposition. The final coating thickness was approximately 60 µm.  

The other portion of the sample was annealed at 750 °C for 30 minutes to induce a slight drop in 

hardness and stress relief in the coatings, similar to the levels that might be encountered in a reactor over 
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multiple years. This temperature is also below the α↔β phase transition temperature of the Zr-alloy 

substrate [235]. The short annealing time was selected to avoid the possibility of any distortion or warping 

of the sample due to residual stresses present in the coating from the cold spray deposition process, which 

may interfere with the mechanical testing procedures. The surface of the annealed sample was also polished 

using 600 grit SiC abrasive paper to reduce the surface roughness, as well as to remove any surface oxide 

that formed during the annealing process.  

The two types of Cr coated samples were then machined into miniature tensile specimens using electric 

discharge machining (EDM). Dimensions of the tensile dog-bone specimens used for these experiments are 

shown in Table 7.1, with the as-deposited sample corresponding to an SS-J3 tensile specimen, and the 

annealed sample slightly scaled up to fit the new fixturing that was installed in the APS during the course 

of the experiments. Three tensile specimens were tested for each condition (as-deposited/annealed), for a 

total of six tested specimens. 

7.1.3. Synchrotron diffraction experiments 

In situ tensile tests were performed at Sector 1-ID of the Advanced Photon Source (APS) at Argonne 

National Laboratory. The specimens were mounted on a stage with a transducer that captured load and 

displacement data. During tensile deformation, a monochromatic synchrotron beam with a square shape 

was used to illuminate the gauge region of the sample. A CeO2 powder sample was used as a standard to 

calibrate the diffraction parameters (beam length, detector tilt, etc.). As the beam passed through the sample, 

the scattered signals were collected by a Hydra wide angle X-ray scattering (WAXS) detector array 

consisting of four GE-RT41 high-resolution (2048 × 2048 pixels) detectors. A schematic illustration of the 

synchrotron experimental system is shown in Fig. 7.1. During each tensile test, the top grip of the tensile 

device pulled a continuous displacement in the vertical direction (uniaxial tensile) while the bottom grip 

remained stationary. Simultaneously, the stage holding the device would translate through several axial 

positions along the gauge section while being scanned by the beam, with a step size equal to the size of the 
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beam. This process was repeated until gauge failure. Specific information about the beam conditions is 

provided in Table 7.1.  

The engineering stress was calculated using the sample dimensions and the load captured by the 

transducer. Because an extensometer was not used during the test, the cross-head displacement data does 

not accurately capture the engineering strain during the elastic portion of the tensile test [236]. Therefore, 

lattice strain in the Zr-alloy was used as a measure of the engineering strain up to the yield stress. The lattice 

strain was calculated using the captured diffraction data and is described further in Section 7.1.4. After 

yielding, the displacement data was used to approximate the engineering strain through the rest of tensile 

deformation. True stress and true strain were calculated from the engineering stress and strain via: 

σt=σ(1+ε), εt=ln(1+ε), respectively.  

 
Fig. 7.1. Schematic illustration of synchrotron experimental system (left) with magnified schematic of 
dog-bone specimen (right). A cross-section of the Cr-coated Zr-alloy cladding (far right) illustrates 
synchrotron beam penetration through the entire gauge section. 

Table 7.1. Parameters for tensile test and synchrotron beam used for this study. 

Tensile Test Conditions As-Deposited Specimen Annealed Specimen 
Gauge Length (mm) 5.00 12.0 
Gauge Width (mm) 1.15 2.50 

Gauge Thickness (mm) 0.86 0.86 
Strain Rate (s-1) 1.20 × 10-5 1.66 × 10-5 

Synchrotron Conditions As-Deposited Specimen Annealed Specimen 
Beam Energy (keV) 80.7 71.7 

Beam Wavelength (Å) 0.154 0.173 
Beam Size (µm x µm) 100 × 100 200 × 200 

No. Positions along Gauge 57 63 
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7.1.4. Diffraction data analysis 

For each of the four GE detectors, six 10° azimuthal intervals (denoted by 𝜙𝜙) of Debye-Scherrer 

diffraction rings were obtained from the WAXS signals. Each of these intervals was integrated into one-

dimensional diffraction data for each gauge position and strain step of the tensile test. After performing 

background corrections, the 1D data was fitted to pseudo-Voigt peak functions using an analytical program 

to obtain lattice spacing, full width at half max (FWHM), intensity, integrated intensity, and peak shape 

information. Diffraction data analysis was performed at the gauge location nearest to necking and 

macroscopic failure of the specimens. 

Elastic deformation of the specimens was investigated by examining the lattice strain evolution during 

the tensile tests. Measurements of lattice strains in a composite or a bimetallic material were made based 

on the development of Debye-Scherrer rings during the tensile tests. When an external load is applied, the 

radii of the rings decrease along the loading direction and increase in the perpendicular direction due to 

Poisson’s effect. First, the lattice spacings of the 24 different azimuth angles (6 azimuthal intervals × 4 

detectors) were fitted to the following equation to obtain lattice strains [66]: 

𝑑𝑑(𝜙𝜙) =
𝑑𝑑𝑦𝑦 − 𝑑𝑑𝑥𝑥

2
cos(2𝜙𝜙) +

𝑑𝑑𝑦𝑦 + 𝑑𝑑𝑥𝑥
2

, Eqn. 7.1 

where 𝜙𝜙 is the azimuthal angle, dy is the lattice spacing in the tensile/axial direction (𝜙𝜙 =0° and 180°), and 

dx is the lattice spacing in the transverse direction (𝜙𝜙 =90° and 270°). For each material (Cr and Zr in this 

case), the lattice strains of specific hkl-reflections were calculated using: 

𝜀𝜀𝑦𝑦𝑦𝑦ℎ𝑘𝑘𝑘𝑘 =
𝑑𝑑𝑦𝑦ℎ𝑘𝑘𝑘𝑘 − 𝑑𝑑0ℎ𝑘𝑘𝑘𝑘

𝑑𝑑0ℎ𝑘𝑘𝑘𝑘
, Eqn. 7.2 

𝜀𝜀𝑥𝑥𝑥𝑥ℎ𝑘𝑘𝑘𝑘 =
𝑑𝑑𝑥𝑥ℎ𝑘𝑘𝑘𝑘 − 𝑑𝑑0ℎ𝑘𝑘𝑘𝑘

𝑑𝑑0ℎ𝑘𝑘𝑘𝑘
, Eqn. 7.3 
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where 𝜀𝜀𝑥𝑥𝑥𝑥ℎ𝑘𝑘𝑘𝑘and 𝜀𝜀𝑦𝑦𝑦𝑦ℎ𝑘𝑘𝑘𝑘 are the lattice strains of the {hkl} reflection in the transverse and axial directions, 

respectively. The reference lattice spacing, 𝑑𝑑0ℎ𝑘𝑘𝑘𝑘, was determined by finding the intersection of 𝑑𝑑𝑥𝑥 and 𝑑𝑑𝑦𝑦 

curves plotted as a function of applied strain during the elastic portion of tensile deformation.  

To gain a comprehensive understanding of the lattice strain, the average bulk lattice strain from each 

material was calculated from the individual lattice strains using the weighted average of each reflection, as 

proposed by Daymond [237]: 

𝜀𝜀̅ = ∑ 𝛼𝛼ℎ𝑘𝑘𝑘𝑘𝜀𝜀ℎ𝑘𝑘𝑘𝑘ℎ𝑘𝑘𝑘𝑘
∑ 𝛼𝛼ℎ𝑘𝑘𝑘𝑘ℎ𝑘𝑘𝑘𝑘

, Eqn. 7.4 

where the weight coefficient, 𝛼𝛼ℎ𝑘𝑘𝑘𝑘, is defined as 

𝛼𝛼ℎ𝑘𝑘𝑘𝑘 =
𝑇𝑇ℎ𝑘𝑘𝑘𝑘𝜌𝜌ℎ𝑘𝑘𝑘𝑘𝐸𝐸ℎ𝑘𝑘𝑘𝑘

𝐸𝐸�
, Eqn. 7.5 

where 𝜌𝜌ℎ𝑘𝑘𝑘𝑘 and 𝐸𝐸ℎ𝑘𝑘𝑘𝑘 are the multiplicity and Young’s modulus of the reflections, respectively, and 𝐸𝐸� is the 

average Young’s modulus of the matrix material. The Harris texture index, 𝑇𝑇ℎ𝑘𝑘𝑘𝑘, is defined as [238]: 

𝑇𝑇ℎ𝑘𝑘𝑘𝑘 =
𝐼𝐼ℎ𝑘𝑘𝑘𝑘𝑖𝑖/𝑅𝑅ℎ𝑘𝑘𝑘𝑘𝑖𝑖

1
𝑛𝑛∑ 𝐼𝐼ℎ𝑘𝑘𝑘𝑘𝑗𝑗/𝑅𝑅ℎ𝑘𝑘𝑘𝑘𝑗𝑗

𝑛𝑛
𝑗𝑗=1

, Eqn. 7.6 

which is the ratio of the integrated intensity 𝐼𝐼ℎ𝑘𝑘𝑘𝑘 to the theoretical integrated intensity 𝑅𝑅ℎ𝑘𝑘𝑘𝑘, defined as: 

𝑅𝑅ℎ𝑘𝑘𝑘𝑘 =
1
𝑉𝑉2

�|𝐹𝐹|2𝜌𝜌 �
1 + cos2 2𝑑𝑑
sin2 𝑑𝑑 𝑐𝑐𝑟𝑟𝑠𝑠𝑑𝑑 �

�, Eqn. 7.7 

where V is the volume of the unit cell, F is the structure factor, 𝜌𝜌 is the reflection multiplicity, and the inside 

term is the Lorentz-polarization factor as a function of the diffraction angle, 𝑑𝑑. Thus, by calculating the 

average bulk lattice strain, the elastic behaviors of the coating and substrate materials could be compared 

in situ during the tensile test. 

Plastic deformation of the specimens was investigated by examining the breadth, or broadening, of the 

diffraction peaks during the tensile tests. The Williamson-Hall (WH) method assumes diffraction peak 

broadening represents the sum of crystallographic domain size and micro (internal) strain: 
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𝛽𝛽𝑐𝑐𝑟𝑟𝑠𝑠𝑑𝑑 =
𝐾𝐾𝑛𝑛
𝐷𝐷

+ 𝐶𝐶𝜀𝜀𝑠𝑠𝑖𝑖𝑛𝑛𝑑𝑑, Eqn. 7.8 

where 𝛽𝛽 is the integral breadth of the diffraction peak, 𝑑𝑑 is the diffraction angle, 𝑛𝑛 is the wavelength of the 

synchrotron beam, D is the average crystallite size, 𝜀𝜀 is the internal strain due to plastic deformation, and 

K and C are two adjustable parameters set to 0.9 and 4.0, respectively. The breadth data of diffraction peaks 

was first corrected for instrumental broadening effects, followed by plotting against the diffraction angle 

and then fitted using linear regression to obtain the internal strain. 

If the internal strain is assumed to be attributed to dislocations, the modified Williamson-Hall (mWH) 

approach can be used to quantify the evolution of dislocation density in the material [239,240]: 

𝛽𝛽𝑐𝑐𝑟𝑟𝑠𝑠𝑑𝑑
𝑛𝑛

=
0.9
𝐷𝐷

+ �
𝜋𝜋𝐴𝐴𝑏𝑏2

2 �

1
2
𝜌𝜌
1
2 �𝐾𝐾𝐶𝐶̅

1
2�, Eqn. 7.9 

where b is the Burgers vector of dislocations, 𝜌𝜌 is the dislocation density, 𝐾𝐾 = 2𝑠𝑠𝑖𝑖𝑛𝑛𝑑𝑑/𝑛𝑛, 𝐶𝐶̅ is the average 

contrast factor for dislocations, and A is an adjustable constant used to set the initial dislocation density. 

The average dislocation contrast factor 𝐶𝐶̅ characterizes the “visibility” of dislocations in diffraction 

experiments and depends on the crystal structure of the material [241]. In cubic crystals, as is the case for 

the Cr coating, the average contrast factor can be represented by the following equation: 

𝐶𝐶̅ = 𝐶𝐶ℎ̅00(1− 𝑞𝑞𝐻𝐻2), Eqn. 7.10 

where 𝐶𝐶ℎ̅00 is the average contrast factor corresponding to the h00 reflection, q is a material-specific 

parameter depending on the elastic constants of the crystal, and H2 is a fourth-order invariant of the hkl 

indices [242]. Since both edge and screw dislocations are present in the crystal, they must be represented 

by the equation: 

𝐶𝐶̅ = �𝑣𝑣𝑠𝑠𝐶𝐶ℎ̅00,𝑠𝑠 + (1 − 𝑣𝑣𝑠𝑠)𝐶𝐶ℎ̅00,𝑟𝑟�{1− [𝑣𝑣𝑠𝑠𝑞𝑞𝑠𝑠 + (1 − 𝑣𝑣𝑠𝑠)𝑞𝑞𝑟𝑟]𝐻𝐻2}, Eqn. 7.11 

where vs is the fraction of screw dislocations, (1-vs) represents the fraction of edge dislocations, and for all 

other terms the subscripts s and e represent screw and edge dislocations, respectively [64]. Values for these 
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constants were chosen for Cr (listed in Table B.1. in Appendix B) based on the method developed by Ungár 

[242]. When fitting Eqn. 7.9, vs was represented as a row vector of one thousand evenly spaced points 

between zero and one, and the value that maximized the coefficient of determination (R2) was chosen as 

the optimized fraction of screw dislocations in the Cr coating. Then, Eqn. 7.9 was refitted with the optimized 

vs values to obtain the dislocation density in the coating. 

In cubic crystals, there is only one main slip system, so the Burgers vector for BCC crystal can be 

represented by 𝑏𝑏 = (𝑟𝑟/2) < 111 >. The same cannot be said for the Zr substrate, as its HCP structure has 

three main slip systems (basal, prismatic, and pyramidal), which are further divided into 11 sub-slip-systems 

with three different Burgers vectors that can coexist: <a>, <c>, and <a+c>. Thus, Eqn. 7.9 must be re-

written to consider the complex contrast-Burgers factor, 𝑏𝑏2𝐶𝐶�����: 

𝛽𝛽𝑐𝑐𝑟𝑟𝑠𝑠𝑑𝑑
𝑛𝑛

=
0.9
𝐷𝐷

+ �
𝜋𝜋𝐴𝐴2

2 �

1
2
𝜌𝜌
1
2𝐾𝐾(𝑏𝑏2𝐶𝐶)

1
2

���������
, Eqn. 7.12 

in which the complex contrast-Burgers factor is represented by [241]: 

𝑏𝑏2𝐶𝐶ℎ𝑘𝑘.𝑘𝑘
���������(𝑚𝑚)

= �ℎ𝑖𝑖𝐶𝐶̅(𝑖𝑖)𝑏𝑏𝑖𝑖2
3

𝑖𝑖=1

, Eqn. 7.13 

where hi is the fraction of the three Burgers vector types (ha, hc, and ha+c) and 𝐶𝐶̅(𝑖𝑖) is the average over the 

sub-slip-systems corresponding to the same Burgers vector type. As in the case of Cr coating, the fraction 

of hi was represented as a row vector of one thousand points between zero and one when fitting Eqn. 7.12 

and the values of ha, hc, and ha+c that maximized the fitting confidence parameter R2 were chosen to 

represent the dislocations in the Zr substrate. Then, Eqn. 7.12 was refitted using linear regression to obtain 

the dislocation density in the substrate. The specified parameters used to calculate the contrast-Burgers 

factor for Zr are included in Appendix B in Table B.2. and Table B.3. The parameters in Table B.3. were 

separated into three groups based on the Burgers vector notation, and then averaged for use in Eqn. 7.13. 
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7.1.5. Microscopy and materials characterization 

Characterization of feedstock chromium powders and the fracture surface of strained tensile specimens 

was performed using SEM. Cr cold spray coated samples (both as-deposited and annealed) were 

characterized using SEM as well as by using a PFIB to mill out small cross-sections in desired regions of 

the samples to assess the grain structure before and after annealing. The fracture surface morphology was 

examined to understand the failure mechanisms of the Cr coating and underlying Zr-alloy substrate and to 

correlate this with data from the synchrotron experiments. Finally, hardness testing of the Cr powder 

mounted in cross section was performed using nano-indentation, and hardness testing of the Cr coatings 

and Zr-alloy substrates were performed using Vickers micro-hardness. The procedure for hardness testing 

was described in Section 2.7.  

7.2. Microstructure and hardness of Cr powder and Cr-coated Zr-alloy 

Hardness of the electrolytic soft Cr powder (measured using nano-indentation) was 3.9 ± 0.2 GPa. 

Higher magnification SEM imaging of the as-deposited Cr coating cross-section (Fig. 7.2 a) revealed details 

of the as-deposited coating microstructure. In particular, the regions of severe plastic deformation produced 

from the high-velocity impact and subsequent high strain rate deformation can be observed (represented by 

arrows in Fig. 7.2 a). A heterogeneous microstructure exists due to the edges of Cr particles deforming 

more than the particle interior, resulting in a gradation in grain size varying from the sub-micron scale at 

the interparticle boundaries to over a few microns in the particle interiors. Nano-indentation measurements 

within the coating revealed a hardness of 6.38 ± 1.10 GPa, indicating the particles underwent strain-

hardening during deformation associated with coating formation. The relatively higher standard deviation 

in the coating hardness values is due to the heterogeneous nature of the coating containing interparticle 

boundaries, subgrain structures, and dynamically recrystallized grains.  

Similar cross-sectional secondary electron imaging of the annealed sample revealed a substantially 

different initial microstructure of the Cr coating. The grain size increased with a notable annihilation of the 
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regions of severe plastic deformation (Fig. 7.2 b). This was also reflected in a reduction of the 

microhardness of the annealed Cr coating to 330 ± 10 HV0.05, from an initial hardness of 384 ± 19 HV0.05 

in the as-deposited Cr coating. Meanwhile, the hardness of the Zr-alloy substrate did not exhibit any 

variation due to cold spray or annealing (184 ± 4 HV0.05 vs. 180 ± 4 HV0.05 for as-deposited and annealed 

conditions, respectively). This is consistent with previous reports in literature which have indicated that the 

Zr-alloy substrate microstructure is largely unaffected by the cold spray process, with its deformation being 

largely restricted to the first few microns near the interface [37,89].  

 
Fig. 7.2. High magnification cross-sectional SEM images of the internal microstructure of (a) as-
deposited Cr coating, with arrows showing deformed, elongated, and dynamically recrystallized grains; 
(b) annealed Cr coating, showing more equiaxed and recrystallized grains. 

7.3. Tensile test and fractography of tested samples 

The engineering stress-strain curves from the tensile tests for as-deposited and annealed specimens are 

shown in Fig. 7.3 (a), and their conversion to true stress-strain curves are shown in Fig. 7.3 (b). The 

respective tensile properties of the as-deposited and annealed samples are summarized in Table 7.2. The 

yield strength and ultimate tensile strength of the two samples were quite similar, and comparable to those 

reported in ASTM B352 Standard for similar Zr-alloys [143]. Both samples experienced about 8% uniform 

elongation. The total elongation for the as-deposited samples was 2% greater than that of the annealed 

samples, though this could be due to the difference in gauge length between specimens. The measured 
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elastic moduli for the as-deposited and annealed samples were 110 and 96 GPa, respectively, which are 

closer in magnitude to an uncoated Zr-alloy (Cr~270 GPa [243], Zr~90 GPa [174]). Nonetheless, a detailed 

analysis of the modulus of a coated cladding (bi-metal system) was not undertaken this study. Although 

there was a small difference in sample size between as-deposited and annealed materials, both materials’ 

specimens had length-to-width ratios of greater than 4 as recommended by ASTM [244–246]. Therefore, it 

is unlikely that specimen geometry had a significant effect on the values of yield strength, ultimate tensile 

strength, and uniform elongation. These values are in good agreement with those reported for a Zr-alloy 

close in composition with ZIRLOTM [143], and are comparable to results from tensile testing of 

polycrystalline Zr [66,247,248] and Zr-alloys [249–252], suggesting that the Cr coatings have negligible 

effect on the macroscopic mechanical properties of the Zr-alloy substrates.  

 
Fig. 7.3. (a) Engineering stress-strain curves for the as-deposited and annealed samples; (b) True stress-
strain curves for the as-deposited and annealed samples.  

Table 7.2. Values for Young’s modulus (E), yield strength (YS), ultimate tensile strength (UTS), uniform 
elongation (UE), and total elongation (TE), as determined from the engineering stress-strain curves. 
Reference values for uniaxial tensile tests for uncoated Zr-alloy have been included [143]. 

Sample E (GPa) YS (MPa) UTS (MPa) UE (%) TE (%) 
As-deposited 110 ± 7 341 ± 24 433 ± 15 7.8 ± 2.0 15.2 ± 3.2 
Annealed 96.2 ± 5.1 343 ± 16 436 ± 13 8.3 ± 0.6 13.0 ± 3.7 
ZIRLOTM [143] -- 346 ± 31 480 ± 35 -- 17.5 ± 2.9 

Images of the as-deposited coating surface after completion of the tensile test are shown in Fig. 7.4 (a). 

Apart from the main failure location, multiple cracks developed in the Cr coating perpendicular to the 
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elongation direction throughout the gauge region. Fig. 7.5 (a–b) shows SEM images of the fracture surface 

of the as-deposited sample. The fractographs show evidence of brittle cleavage fracture in the Cr coating 

contrasted with typical dimples and micro-void coalescence in the Zr-alloy substrate. The reduced width of 

the specimen, particularly on the uncoated sides of the Zr-alloy substrate, indicates the occurrence of 

necking in the Zr alloy. The higher magnification SEM image shown in Fig. 7.5 (b) reveals that the Cr 

coating remained adhered to the substrate up to strain to failure.  

Images of the annealed coating surface after the tensile test are shown in Fig. 7.4 (b). The SEM images 

again revealed multiple cracks in the Cr coating, but these cracks differ from those observed in the as-

deposited specimen in two distinct ways. Firstly, the cracks are more circuitous and often terminate within 

the width of the gauge section, indicating the presence of microstructural features within the coating that 

impede crack propagation. For example, the blue arrow in Fig. 7.4 (b-inset) shows some cracks terminating 

in the middle of the gauge region. Secondly, some thin cracks (<5 μm) run nearly parallel to the elongation 

direction, shown by the red arrow in Fig. 7.4 (b-inset), indicating cracking was not restricted only to the 

transverse direction of the coating surface.  

The cross-sectional SEM images of the main fracture surface of the annealed sample are shown in Fig. 

7.5 (c–d). Similar to the as-deposited specimen, the coating surface reveals brittle cleavage fracture in the 

Cr coating with ductile micro-void coalescence failure in the Zr-alloy substrate. The annealed Cr coating 

also remained strongly adhered to the Zr-alloy substrate. A few instances of accumulation of voids at inter-

particle boundaries due to reorientation of grains during annealing were observed before tensile strain (Fig. 

7.2 b) and after tensile failure (Fig. 7.5 d), which sometimes appeared as micro-cracks suggesting either 

these cracks formed during the annealing process due to reorientation of grains, or they are not cracks but 

instead accumulation of voids at inter-particle boundaries. Regardless, both cohesion strength within the Cr 

coating and adhesion strength at the Cr/Zr interface remained high for both as-deposited and annealed 

samples throughout the duration of the tensile tests, as no spallation of the coating was observed in either 

case. 
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Fig. 7.4. (a) SEM images of cracking along the surface of the as-deposited Cr coating; (b) SEM image of 
cracking along the surface of the annealed Cr coating, with the inset showing a higher magnification 
SEM image of cracking in the axial direction (red arrow) and crack termination in the transverse 
direction (blue arrow). The lighter contrast areas (“white spots”) on the surfaces of the coatings 
represent remnants of surface roughness left behind on the coating surface even after polishing. 

 

 
Fig. 7.5. (a, c) SEM images of the fracture surfaces of the as-deposited and annealed samples, 
respectively; (b, d) Higher magnification SEM images of the Cr/Zr interface of as-deposited and annealed 
samples, respectively. The images show Cr coating (dark contrast) and Zr-alloy substrate (light contrast) 
with interface marked with yellow line. 
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7.4. In situ synchrotron diffraction results 

7.4.1. As-deposited specimen 

Fig. 7.6 (a) shows the Debye-Scherrer rings measured for the as-deposited sample from one of the four 

detectors just before sample failure. The highest intensity Cr peak (b) and Zr peak (c) have been indicated 

on the plot. Pseudo-Voigt fitting was performed for five Cr peaks and fifteen Zr peaks to extract the 

d-spacing, intensity, FWHM, and integrated intensity of the peaks. Fitting of the Cr peaks was especially 

challenging for multiple reasons. First, Cr exhibits only a small number of peaks due to its high crystal 

symmetry compared to HCP-Zr. Second, the relatively small thickness of the Cr coating (~7% of total 

sample thickness) yielded relatively low peak intensities for Cr in comparison to Zr. Third, as the Cr peaks 

shifted and became broader during the course of the measurements due to elastic and plastic strains, 

respectively, some of the Cr peaks began to shift towards higher-intensity Zr peaks, making it difficult to 

fit a proper background. This is especially evident by observing the evolution of peak positions and peak 

broadening as a function of macroscopic strain, as shown in Appendix B, Fig. B.1. For example, texture 

evolution in Zr is evident by the presence of certain peaks in the GE-2 detector (see d~1.46 Å) but absent 

in the GE-1 detector, thus obscuring the {200} Cr peak. Nevertheless, care was taken when fitting Cr peaks 

to reduce the amount of error in the peak fitting outputs, which were used for the subsequent strain analysis. 

 
Fig. 7.6. (a) Transformed diffraction image for as-deposited sample showing Debye-Scherrer rings 
across detector azimuth; Pseudo-Voigt fitting of (b) Cr {110} peak and of (c) Zr {110} peak. 
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Calculated lattice strains for each hkl reflection and bulk lattice strains (defined by Eqn. 7.4-Eqn. 7.7) 

as a function of applied strain are presented in Fig. 7.7 (a-c). Before straining (i.e., in the as-deposited 

condition), the Cr coating exhibits a small amount of compressive lattice strain in the transverse direction 

(Fig. 7.7 b). This is due to compressive residual stresses inherently induced by the cold spray deposition 

process due to the peening effect. The Zr-alloy substrate also exhibits some initial non-zero lattice strain 

(Fig. 7.7 c), though it is centered about zero in the axial and transverse directions. It appears that Cr coating 

begins to yield at about 170 MPa of applied stress as the linearity of the Cr lattice strain curves begins to 

diverge (transition from regime I). However, the Zr-alloy substrate does not yield until the yield stress of 

332 MPa (regime II). As the sample begins to plastically deform (regime III), the Cr lattice strain in the 

axial direction begins to substantially recover while that in the transverse direction reaches its maximum 

value of between 3-5 × 10-3. It is plausible that cracks started to form in the coating during regime II before 

the Zr-alloy substrate yielded. Upon transition to regime III when the substrate began to undergo 

macroscopic yielding, the coating would have sufficiently cracked such that it could no longer continue 

sharing the load with the substrate. Further, after macroscopic yielding, the lattice strain evolution in Zr 

becomes highly anisotropic, with lattice strain in the longitudinal direction continuing to increase until 

reaching a maximum between 5 to 7 × 10-3 just before failure. In the transverse direction, the Zr reflections 

experienced mixed straining/relaxation behavior, indicating that the substrate is textured. The elastic 

modulus of each fitted reflection calculated from the slope of the lattice strain vs. applied stress during 

elastic deformation is presented in Table B.4. of Appendix B. 
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Fig. 7.7. (a) Bulk lattice strain evolution for as-deposited Cr and Zr; (b) Lattice strain evolution for Cr 
diffraction peaks; (c) Lattice strain evolution for Zr diffraction peaks. The axial and transverse directions 
are labeled as εyy and εxx, respectively. 

Dislocation density evolution for as-deposited Cr and Zr, calculated from the modified Williamson-

Hall (WH) fitting, is shown in Fig. 7.8. The initial state of the cold spray Cr coating consists of severe 

plastic deformation with a high density of dislocations of about 1016/m2. On the other hand, the Zr-alloy 

substrate exhibits a lower density of dislocations of about 1014/m2. This once again demonstrates that the 

bulk of the substrate is not affected by the cold spray process (Fig. 7.8 a,d). The dislocation density in the 

Cr coating increases to a maximum of about 3 × 1016/m2, while the dislocation density in the Zr-alloy 

continued to increase until reaching a maximum of about 5 × 1016/m2 near failure of the specimen. 

The open symbols in Fig. 7.8 represent dislocation density values that were calculated using a slope 

generated from a modified WH fitting with lower fitting confidence (R2 < 0.8). For Zr, there are relatively 

few open symbols indicating a high level of confidence. In other words, the internal strain evolution in the 

Zr-alloy substrate can be attributed to an increase in dislocations. Meanwhile for Cr, the level of confidence 

decreases at about 5% and 10% applied strain in the axial and transverse directions, respectively. It is likely 

that at 5% applied strain the cracking in the Cr coating (Fig. 7.4 b) was quite significant. Therefore, while 

still being bonded to the underlying Zr-alloy substrate (Fig. 7.5 b), it was no longer plastically deforming 

in the axial direction.  
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Fig. 7.8. (a) Dislocation density evolution for as-deposited Cr and Zr in the axial direction, with (b) 
Evolution of screw/edge dislocations in the Cr coating in the axial direction and (c) Evolution of various 
types of dislocations for Zr in the axial direction; (d) Evolution of dislocation density for as-deposited Cr 
and Zr in the transverse direction, with (e) Evolution of screw/edge dislocations in the Cr coating in the 
transverse direction, and (f) Evolution of various types of dislocations in Zr in the transverse direction. 
Any open symbols represent values with a coefficient of determination R2 < 0.8.  

Fig. 7.8 (b, e) shows the breakdown of screw and edge dislocation density evolution for the Cr coating 

using the contrast factors for the BCC system. It is interesting to note that in the as-deposited condition 

(i.e., at zero applied strain), the fraction of screw dislocations is slightly larger than the edge dislocation 

fraction in the Cr coating. Such a distribution of dislocation character is rather unusual for BCC 

metals/alloys deformed to such large strain values (as is the case in cold spray deposition) at room 

temperature. When subjected to conventional tensile loading, the edge dislocation fraction is expected to 

be dominant at comparable strain values [64]. Nevertheless, with increasing strain, the proportion of edge 

dislocations increases until it saturates at about 2 × 1016/m2, while the screw dislocation density remains 

largely constant. This is consistent with what is expected from the low relative mobility of screw 

dislocations in BCC alloys at room temperature. Fig. 7.8 (c, f) shows the evolution of the three types of 

dislocation systems (i.e., <a> type, <c> type and <a+c> type) that exist in the Zr-alloy substrate. As 

expected, the <a> type dislocations represent the largest fraction in Zr (~80%) while the <a+c> type 
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dislocations are the next highest (<20%). It appears the <c> type dislocations are more active towards the 

later stages of plastic deformation. 

7.4.2. Annealed specimen 

The calculated lattice strain from the 2D diffraction data for annealed Cr and Zr is shown in Fig. 7.9 

(a-c). The strain in both Cr and Zr lattices are centered around zero at the beginning of the tensile test, 

indicating annealing had a stress relieving effect in the Cr coating. The axial-direction lattice strain recovery 

in Cr at about 1% applied strain in regime I indicates the initiation of cracks in the Cr coating. Lattice strain 

in the transverse direction however continues to increase to an average of 4 ×10-3. Lattice strain in the Zr-

alloy substrate shows typical behavior throughout the test, indicating it bore most of the load and was not 

impacted by cracking of the Cr coating. The calculated elastic moduli for certain reflections, is shown in 

the Supplemental Information (Table S4). Like the as-deposited sample, the Zr lattice planes display 

modulus values comparable to bulk values, while the moduli of the Cr planes are much lower in the axial 

direction. 

 
Fig. 7.9. (a) Bulk lattice strain evolution for annealed Cr and Zr, averaged using (b) Calculated lattice 
strain evolution for Cr diffraction peaks, and (c) Calculated lattice strain evolution for Zr-alloy 
diffraction peaks. The axial and transverse directions are labeled as εyy and εxx, respectively. 

Dislocation density evolution for annealed Cr and Zr is shown in Fig. 7.10 (a, d). In the Cr coating, the 

initial dislocation density has dropped by about an order of magnitude to 1015/m2 after annealing, while for 

the Zr-alloy substrate it remains at about 1014/m2. Early in the tensile test (less than 1% applied strain), 

dislocation density in the Cr coating increases in the axial direction up to 3 × 1015/m2, after which it remains 
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constant. This coincides with the lattice strain shown in Fig. 7.7 (a), further validating that cracking in the 

Cr coating began early and was no longer plastically deforming in the axial direction. In the transverse 

direction, however, the dislocation density in the Cr continues to increase up to 2 × 1016/m2, where the 

fitting confidence degrades at about 11% applied strain. This appears to be the saturation limit of 

dislocations for cold sprayed Cr. The dislocation density evolution in the annealed Zr-alloy behaved 

similarly to the as-deposited specimen, continuing to increase during tensile deformation until reaching a 

maximum at 3.5 × 1016/m2. 

 
Fig. 7.10. (a) Dislocation density evolution for annealed Cr and Zr-alloy in the axial direction, with (b) 
Evolution of screw/edge dislocations in the Cr coating in the axial direction and (c) Evolution of various 
dislocation types in Zr-alloy in the axial direction; (d) Evolution of dislocation density for annealed Cr 
and Zr-alloy in the transverse direction, with (e) Evolution of screw/edge dislocations in the Cr coating in 
the transverse direction, and (f) Evolution of various types of dislocations in Zr-alloy in the transverse 
direction. Any open symbols represent values with a coefficient of determination R2 < 0.8. 

An interesting effect of the annealing treatment within the Cr coating can be observed in the edge and 

screw dislocation populations of the annealed sample at zero applied strain. It can be seen that while these 

populations have been measured to be roughly equal in the axial direction (Fig. 7.10 b), the edge dislocation 

density appears to be reduced by an order of magnitude in the transverse direction (Fig. 7.10 e). This has 

important consequences on the failure mechanism of the annealed Cr coating and has been discussed in 
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detail in Section 7.6. With increasing strain, the edge dislocation density increases sharply in both the 

transverse and axial directions (Fig. 7.10 b&e). Interestingly, even after the coating starts to exhibit cracks 

at about 1% applied strain, the edge dislocation population continues to increase in the transverse direction 

until just before failure (Fig. 7.10 e). As the cracking in the Cr coating was discontinuous or circuitous in 

the annealed sample and there was no bulk sectioning of the coating (Fig. 7.4 d), the Cr coating continued 

to deform in the transverse direction thus increasing the population of edge dislocations. Meanwhile, the 

annealed Zr-alloy substrate contains mostly <a>-type dislocations (~85%) with mixed percentages of <c> 

and <a+c> becoming active during different stages of tensile deformation. Both <c> and <a+c>- type 

dislocations increase just after yield, with <a+c> type dislocations becoming more active at the start of 

plastic deformation in the axial direction (Fig. 7.10 c) and <c> type dislocations increasing in the transverse 

direction (Fig. 7.10 f).  

The complete in situ diffraction data from this experiment are summarized for the Cr coatings and the 

Zr-alloy substrates in Table 7.3 and Table 7.4, respectively.  

Table 7.3. Tabulated synchrotron diffraction data for as-deposited and annealed Cr coatings, including 
lattice strains (Eqn. 7.4), modified Williamson-Hall fitting results and dislocation densities (Eqn. 7.9). 
Dislocation densities and edge/screw components at fracture were taken from the axial direction. The 
values between 3-5% applied strain were averaged. 

Parameter As-Deposited 
Cr (initial) 

Annealed Cr 
(initial) 

As-Deposited Cr  
(at fracture) 

Annealed Cr  
(at fracture) 

Lattice strain, εyy (x10-3) 0.23 0.18 1.7 0.99 

Lattice strain, εxx (x10-3) 0.72 0.08 4.3 3.3 

mWH slope (x10-3) 7.5± 0.1 2.5± 0.1 8.6 ± 0.1 3.7 ± 0.1 

mWH intercept (x10-3) 0.8± 0.1 1.6± 0.1 0.7 ± 0.1 1.4 ± 0.1 

Dislocation density (x1015 m-2) 10± 3 1.3 ± 0.2 20 ± 5 2.4 ± 0.1 

Edge dislocations (x1015 m-2) 3.8 ± 2.4 0.4 ± 0.1 20 ± 5 2.4 ± 0.1 

Screw dislocations (x1015 m-2) 6.7 ± 3.9 0.9 ± 0.2 0.01 0.01 
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Table 7.4. Tabulated data values for as-deposited and annealed Zr-alloy substrates, lattice strains (Eqn. 
7.4), modified Williamson-Hall fitting results and dislocation densities (Eqn. 7.12).  

Parameter As-Deposited 
Zr (initial) 

Annealed Zr 
(initial) 

As-Deposited Zr  
(at fracture) 

Annealed Zr  
(at fracture) 

Lattice strain, εyy (x10-3) 1.7 0.3 6.7 6.0 

Lattice strain, εxx (x10-3) 1.0 0.02 2.1 0.7 

mWH slope (x10-3) 0.4± 0.01 0.4± 0.05 4.7 ± 0.1 4.9 ± 0.01 

mWH intercept (x10-3) 1.3± 0.01 1.7± 0.01 0.1 ± 0.4 0.9 ± 0.2 

Dislocation density (x1015 m-2) 0.2± 0.03 0.2 ± 0.04 30 ± 7 25 ± 4 
<a> Dislocation density 
(x1015 m-2) 0.2 ± 0.03 0.2 ± 0.04 23± 6 19 ± 3 

 

7.5. Deformation mechanisms in the Zr-alloy substrates 

The synchrotron XRD data, particularly on the populations of various dislocation types (presented in 

Fig. 7.8 and Fig. 7.10) reveal important insights into the deformation mechanisms of both as-deposited and 

annealed Zr-alloy substrate. <a>-type screw dislocations in Zr alloys can undergo prismatic, basal as well 

as pyramidal slip [253–256]. Out of these, prismatic slip of these dislocations has been well known to be 

the primary slip mechanism in Zr alloys. The fact that <a>-type dislocations form a major part of the 

dislocation population in both the samples at all stages of deformation is in good agreement with the primary 

deformation mechanism agreed upon in the literature. For the major operational secondary deformation 

mechanism in Zr alloys, several competing slip mechanisms have been identified. These candidate 

mechanisms include basal slip of <a>-type dislocations, <c>-type dislocation slip, and pyramidal slip of 

<a>-type dislocations, which actually proceeds by decomposition of <a>-type dislocations into <a+c>-

type dislocations [253–257]. The mechanism selection has been observed to be dependent on multiple 

factors including alloy composition and c/a ratio (which govern the critical resolved shear stress (CRSS) 

for different slip systems), magnitude of strain and strain rate, and finally crystallographic texture, which 

governs the Schmid factor distribution.  
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The results indicate that the major operational secondary deformation mechanism is different in the 

as-deposited and annealed samples, and also at different stages of deformation. In case of the as-deposited 

specimen, the dominance of <a+c>-type dislocations over <c>-type dislocations during the initial stages 

of deformation suggests that pyramidal slip of <a>-type dislocation is the secondary deformation 

mechanism at the corresponding strain levels. With increasing plastic strain, approaching the stage of 

necking, activation of <c>-type dislocation slip can be observed. <c>-type dislocation slip has been found 

to contribute towards maintaining mechanical compatibility between deforming grains [258]. For the 

annealed specimen, the dislocation populations appear to be significantly different when measured by the 

longitudinal and axial detectors. Moreover, they differ significantly from the behavior of the as-deposited 

substrate. The primary reason for this difference could be the evolution of crystallographic texture during 

the annealing treatment (see texture factors for as-deposited and annealed substrate in Table B.5. of 

Appendix B), resulting in a modification of the Schmid factor distributions for the different slip systems 

[259–261]. As a result, in the initial stages of deformation, <a+c>-type dislocations predominate over 

<c>-type dislocations in the axial detector results (Fig. 7.10 c) while the opposite is true in the transverse 

detector results (Fig. 7.10 f). In other words, the secondary slip system activation is not uniform across 

differently oriented grains in the alloy and depends on their respective Schmid factors. In the later stages 

of deformation, <c>-type dislocation activity takes over as the major secondary deformation mechanism, 

as in the as-deposited sample (Fig. 7.8 c&f). These differences in the secondary deformation mechanisms, 

resulting from the texture evolution during the annealing treatment, are speculated to be responsible for the 

minor differences in ductility and necking behavior observed between the two Zr alloy substrates. As a final 

point, it must be mentioned that these subtle differences in the deformation behavior of the two substrates 

do not affect the coating deformation behavior in any significant manner, which is discussed in the 

following section. 
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7.6. Deformation mechanism in the Cr coatings 

In terms of its dislocation sub-structure, the as-deposited Cr coating (Fig. 7.8) appears to present a 

significant deviation with respect to literature reports on BCC Cr subjected to low strain-rate, room 

temperature tensile deformation. Early theoretical work [262] and recent experimental investigations [140] 

on the dislocation sub-structure of low strain-rate deformed Cr during the stages of work hardening and 

beyond have shown the dislocation network to be populated by a significantly higher fraction of edge 

component than the screw component. The theoretical basis for this observation has been detailed as 

follows. Screw dislocations have a mobility that is at least two orders of magnitude lower than edge 

dislocations at room temperature. This is due to the necessity of a thermally-activated double kink pair 

nucleation mechanism for their glide. Consequently, the rate of annihilation of screw dislocations entering 

within a critical proximity of each other by means of cross-slip becomes significant at these later stages of 

deformation (post macroscopic yielding). This leads to a saturation, or even decrease in the screw 

dislocation density with increasing deformation strain, which is accommodated by the increasing edge 

dislocation fraction. This theoretical understanding has also helped explain the sharp ductile-brittle 

transition temperature of BCC Cr [140]. 

However, it appears from the dislocation density results of the as-deposited Cr coating that the 

mechanisms of dislocation activity during the cold spray deposition-induced high strain-rate deformation 

of Cr differ significantly. Despite the as-deposited Cr coating being in an advanced stage of deformation 

(with significant dislocation multiplication and strain hardening), it can be seen from Fig. 7.8 (b & e) that 

the screw dislocation fraction is slightly higher than the edge dislocation fraction. While it may not be 

possible to experimentally verify the microscopic mechanisms occurring at such high deformation rates, 

some explanations could be offered. The first is based on the discussion of Essmann and Mughrabi on the 

effect of ‘correlated glide’ of screw dislocations on their annihilation rate [262]. If it is assumed that the 

high strain rate deformation facilitates correlated glide of groups of dislocations, annihilation of individual 

segments would not occur even if they were closer to each other than the critical annihilation distance. A 
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significantly reduced annihilation rate could possibly explain the high screw dislocation density. Secondly, 

numerical simulations of cold spray particle impact and coating formation reveal that local temperature rise 

of contacting particle surfaces instantaneously during impact can range from 400 K up to 1000 K 

[111,108,263–265]. This localized transient heating could take the system locally, for short time periods, 

above the ductile-brittle-transition temperature [61,266,267]. Such local thermal spikes would result in a 

significantly higher mobility for screw dislocations contributing towards an enhancement in their 

population. In either case, theoretical investigations would be essential to clarify the occurrence and relative 

importance of either or both mechanisms. 

The behavior of the as-deposited coating upon being subjected to tensile stress, however, is consistent 

with conventional understanding. A small amount of plasticity is facilitated by increasing edge dislocation 

density, with the screw dislocation density remaining either constant or decreasing. Cracks can then initiate 

homogeneously within the coating at a strain level close to 1%, apparent from the relaxation in lattice strain 

shown in Fig. 7.7 (a) when the dislocation density is high enough for crack nucleation. Considering that 

there are no other microstructural features to resist crack propagation, trans-particle cracks propagate 

readily. This is reflected in the form of linear cracks, propagating over the entire width of the gauge cross-

section transverse to the loading direction. 

The behavior of the annealed sample on the other hand differs significantly from the as-deposited 

sample. In fact, it presents another unique dislocation sub-structure in BCC Cr by virtue of its unique 

processing history. Notably, it is a significantly screw dislocation-dominated structure and, importantly, the 

reduction in edge dislocation density is particularly pronounced in the transverse direction in comparison 

to the axial direction (Fig. 7.10 e & b, respectively). This difference in dislocation density along different 

diffraction directions once again implies that the distribution of edge dislocation density is not uniform 

across all grains in the annealed coating microstructure. Upon comparison of grain sizes (Fig. 7.2), 

dislocation densities (Fig. 7.8 & Fig. 7.10) and the texture factors (calculated from Eqn. 7.6 and shown in 

Table B.6. in Appendix B) for the annealed and as-deposited coatings, it is apparent that the microstructural 
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evolution in the course of annealing is a rather complex phenomenon. Occurrence of the processes of 

recovery, recrystallization, and grain growth, each to a different extent of completion can be inferred. 

Therefore, a separate investigation is essential to understand the exact processes occurring during annealing. 

However, the observed heterogeneity in dislocation density distribution among different grains in the 

annealed microstructure can explain the enhanced resistance of the annealed coating to the propagation of 

the localized cracks. Initiation of cracks possibly occurs in those grains with a higher dislocation density 

and low Schmid factor. However, resistance to the propagation of these cracks is facilitated by the presence 

of low dislocation density grains in the microstructure, which still have a potential to exhibit plasticity. In 

other words, when these low dislocation density grains are encountered by the crack tips, they undergo 

plastic deformation (predominantly in the transverse direction) and thus impose a back stress on the growing 

crack. This would hinder the occurrence of linear propagation of the cracks, thus imparting toughness to 

the coating.  

It must be mentioned that the plasticity of the low dislocation density grains – which is facilitated by 

rapid multiplication of the edge dislocation segments (over an order of magnitude, as seen in Fig. 7.10 e) – 

is not always observed in BCC metals/alloys [268]. In fact, increasing brittleness has been observed in some 

BCC alloys with decreasing initial edge dislocation density [269]. However, the rapid multiplication in this 

case could be resulting from the pre-existence of a relatively high fraction of screw dislocation segments, 

which is rather unique to the annealed coating microstructure. Due to their low mobility, the screw segments 

would act as efficient pinning sites for edge dislocations. A large number of these screw segments would 

imply the operation of a large number of edge dislocation sources, leading to rapid multiplication. In 

conclusion, it can be said that although initiation of cracks occurs in the annealed coating at almost the 

same macroscopic strain as in the as-deposited coating, their overall propagation length is much more 

circuitous, making the coating tougher and more effective in serving as an environmental barrier under the 

influence of external stress. 
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8. Annealing Treatments and Micromechanical Testing of Cold Spray Cr-coated Zr-alloy 

Post-deposition annealing has historically been used on cold spray coatings to improve the 

microstructure and mechanical properties of work-hardened deposits. However, in the PWR application, 

the cladding is exposed to elevated temperature for extended periods of time which will lead to annealing 

of the coating with associated effects of softening and stress relief. In the case of high temperature transients 

or LOCA, the temperatures could exceed 700 °C or even 1000 °C and result in very rapid stress relief, 

softening, and grain reorientation in the coating. Additionally, this research has shown that irradiation itself 

can potentially lead to recrystallization and softening. Therefore, it was deemed important to understand 

the annealing response of the coatings, particularly as it relates to change in mechanical properties.  

Section 8.1 will explore several different annealing conditions and their effects on microstructure and 

local mechanical properties of Cr-coated Zr-alloy cladding. Section 8.2 will discuss results from annealing 

experiments that are intended to simulate potential microstructural changes that the cold spray Cr coating 

may undergo in nuclear service. Section 8.3 will discuss the results of micro-cantilever beam bending 

testing of annealed samples to assess the microstructural effect on adhesion at the Cr-Zr interface.  

8.1. Low temperature annealing of cold spray Cr coatings  

Previous annealing treatments of Cr coatings deposited with electrolytic hard Cr powder (different than 

the powder in this research) were performed between 350-650 °C for 8 hours at each temperature [169]. 

Microhardness measurements from this experiment revealed a relatively small change in hardness (~75 

HV.05) up to 550 °C, which could indicate recovery within cold spray Cr. Recovery is the process of 

annihilation and rearrangement of defects within a deformed metal without migration of high angle grain 

boundaries, and is often used to reduce residual stresses [270]. At 650 °C, the hardness dropped an 

additional 125 HV.05 which could represent the start of recrystallization in chromium. 650 °C represents a 

homologous temperature (T/Tm) of 0.42, and it is well known that the recrystallization temperature for most 

metals initiates in the range of 0.3 to 0.5 Tm (expressed in deg. K) [270]. Increasing cold work in the metal 
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increases the driving force for recrystallization [232], which is an important consideration in annealing of 

cold spray coatings. Previous published data on bulk chromium metal showed that higher temperatures 

(>750 °C) could rapidly recrystallize rolled chromium (<1 h) [271–273].  

Using our previous experiment as a benchmark, microhardness measurements from several annealing 

treatments performed throughout the course of this research are shown in Fig. 8.1. Cr-N2 and Cr-He 

coatings were annealed at several temperatures and times and later used for testing purposes. Annealing at 

350 °C (T/Tm ~0.28) for 24 hours to 168 hours showed no significant change in hardness, suggesting that 

significantly longer times may be required to induce recrystallization and softening.  

 
Fig. 8.1. Microhardness measurements from as-deposited and annealed cold spray Cr-N2 and Cr-He 
coatings, deposited using the electrolytic soft Cr powder used in this research. The hardness at 25 °C 
represents the as-deposited coating hardness. Annealing times are listed next to their respective data 
points. 

To understand long-time annealing effects on the Cr coating microstructure during in-reactor service, 

Cr-N2 and Cr-He coatings were annealed at 350 °C for a total of 90 days (~1500 hours) with samples being 

removed for cross-sectional EBSD analysis at increments of 30 days. Fig. 8.2 shows EBSD results for the 

as-deposited Cr-N2 coating before and after annealing for 60 days. The IPF and KAM maps (a, c) reveal 

the typical microstructure of cold sprayed Cr, with larger grains representing the interior of strained 

particles (KAM >2°) that are surrounded by nano-scale grains showing KAM <1°, indicative of dynamic 
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recrystallization. The KAM maps reveal even more reduction of local strain (KAM <1°) after annealing, 

especially within particle interiors (Fig. 8.2 d). This indicates that annealing has reduced the dislocation 

density within the Cr-N2 coating, suggesting that recovery is taking place.  

 
Fig. 8.2. EBSD results for Cr-N2 coatings annealed at 350 °C: (a-b) IPF maps before and after 
annealing for 60 days, respectively; (c-d) KAM maps before and after annealing 60 days, respectively. 

Fig. 8.3 shows EBSD results for the as-deposited Cr-He coating before and after annealing for 60 days. 

The IPF map in Fig. 8.3 (a) shows larger grains that are slightly more deformed than in the Cr-N2 coating, 

due to higher particle impact velocities inducing greater plastic deformation. This is also revealed in the 

KAM map shown in Fig. 8.3 (c), where the large grains have a more uniform distribution of plastic strain 

(KAM > 2.5°) indicating higher dislocation density from plastic deformation. Indications of stress relief 

are observed as the mean KAM value dropped below 1° (Fig. 8.3 d). The average grain size for the Cr-N2 

and Cr-He coatings calculated in the as-deposited and annealed conditions showed no difference. This 

suggests that annealing of the coating was in the recovery stage and higher temperatures and longer times 

are needed to induce recrystallization and grain growth. 
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Fig. 8.3. EBSD results for Cr-He coatings annealed at 350 °C: (a-b) IPF maps before and after 
annealing for 60 days, respectively; (c-d) KAM maps before and after annealing 60 days, respectively. 

The KAM results from Fig. 8.2 (c-d) and Fig. 8.3 (c-d) were compiled to get a quantitative sense of the 

amount of recovery during annealing of the cold spray coatings. Fig. 8.4 shows the evolution of KAM in 

the Cr-N2 and Cr-He coatings up to 60 days annealing at 350 °C. The y-axis represents the percentage of 

grains having KAM >2.5°, which represents plastically deformed grains in the coating and excludes 

dynamically recrystallized grains which typically have KAM <1°. Fig. 8.4 indicates that the as-deposited 

Cr-He coating contains a larger percentage of plastically deformed grains than the Cr-N2 coating (5.5% 

and 1.5%, respectively), which is expected due to higher impact velocities leading to more severe plastic 

deformation. After 60 days annealing, both coatings showed a decrease in the number of grains with higher 

kernel average misorientation, with the Cr-He coatings showing a more significant drop. The EBSD results 

suggest that the Cr coatings will undergo low-temperature stress relief during extended exposure to normal 

operating temperature in a PWR [37].  
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Fig. 8.4. Plot of kernel average misorientation vs. annealing time (in days) for Cr-N2 and Cr-He coatings 
annealed at 350 °C. The plot shows the percentage of grains with KAM > 2.5° decreases with annealing 
time.  

Fig. 8.1 also shows results of annealing experiments performed at higher temperatures. Annealing at 

650 °C (T/Tm ~0.42) for 24 h and 750 °C (T/Tm ~0.47) for 1 h (i.e., short times) resulted in modest hardness 

decreases of about 60 HV.05, indicating the cold spray Cr coating underwent some degree of 

recrystallization. The microstructure of the Cr-He coating annealed at 750 °C for 1 hour was previously 

shown in Section 7, Fig. 7.2 (b). Annealing for longer times showed hardness decreases to 316 ± 17 HV.05 

(500 °C), 298 ± 21 HV.05 (600 °C), and 215 ± 10 HV.05 (700 °C) after 72 hours. Residual stresses in the 

coatings annealed at 500 °C were measured to be 53 ± 47 and 10 ± 84 MPa in the Cr-N2 and Cr-He coatings, 

respectively, using the XRD sin2ψ method. These stresses have shifted slightly into the tensile regime. This 

represents a notable annealing away of compressive residual stresses present in the as-deposited cold 

sprayed Cr-N2 and Cr-He coatings, which were -329 ± 21 and -400 ± 21 MPa, respectively. 

The results reveal that annealing temperature and time must be carefully selected to achieve the desired 

mechanical properties of the cold spray Cr coating. High temperatures and low annealing times could be an 

economical approach to intentionally to induce stress relief in the Cr coatings, but the temperatures should 

remain below the 𝛼𝛼 ↔ 𝛽𝛽 transformation temperature for the Zr-alloy (~860 °C from the Cr-Zr phase 

diagram shown in Fig. 8.5 [227]). The hardness of the Zry-4 substrates remained the same after all annealing 

treatments, though it is important to note that only a small fraction of the substrate thickness was affected 
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by cold spray deposition (<50 µm). This is a positive result as cold spray was chosen to limit the thermal 

impact to the original Zr-alloy cladding during coating deposition. 

 

Fig. 8.5. Binary Cr-Zr phase diagram, reproduced from Okamoto [227]. 

8.2. Annealing treatments to simulate effect of reactor environment 

Cr-coated Zr-alloy cladding is expected to operate in PWR systems for a minimum of 36 months at 

temperatures between 300-350 °C. In the case of a DBA or BDBA, however, power transients in the core 

can cause rapid heating of the Zr-alloy cladding. Fig. 8.6 shows a schematic of the accident progression 

inside a PWR core, reproduced from Zinkle et al. [7]. Thus, it is important to understand the mechanical 

properties and performance of Cr-coated Zr-alloy at normal operating conditions and potential accident 

scenarios. Carefully considered annealing treatments were designed to simulate different microstructures 

that the cold spray Cr coatings may experience during the simulated reactor environments shown in Fig. 

8.6. These effects include: 

a) As-deposited (“Cr-AD”) – represents reactor insertion and possibly normal operation 

b) 600 °C, 24 h (“Cr-600C”) – represents power transient or long-term annealing 

c) 1000 °C, 1 h (“Cr-1000C”) – represents extended LOCA 

d) Ion irradiation up to 30 dpa (“Cr-IRR”) – represents end-of-life irradiation effects 
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Fig. 8.6. Schematic overview of LOCA progression inside a PWR core, without ballooning/burst events 
(for simplicity). Reproduced from the work by Zinkle et al. [7]. 

The process for preparing samples for annealing treatments is shown in Fig. 8.7. Cold spray Cr coatings 

deposited on Zry-4 cladding tubes using both Cr-N2 and Cr-He conditions were polished down to 20-25 

µm total thickness using the procedure outlined in Section 2.3.7. After sectioning, the samples designated 

for annealing (conditions (b) and (c) listed above) were encapsulated in high-purity quartz ampules 

backfilled with argon gas, as explained in Section 2.11, to prevent oxidation of the coatings or underlying 

substrates. After annealing, both sides of thin specimens were polished to a mirror-like finish to remove 

any residual surface effects from the cutting and/or annealing processes. The final cross-sectional specimen 

thickness was approximately 1.28 ± 0.02 mm.  

 
Fig. 8.7. Photographs of the sample preparation process for creating small specimens for annealing 
treatments and micro-cantilever beam bending tests. 

Three representative specimens were mounted in cross-section and imaged using SEM to check coating 

thickness and microstructure after annealing treatment, as shown in Fig. 8.7. Following this, EBSD mapping 

was performed near the interfaces of the Cr-He-AD, Cr-He-600C, and Cr-He-1000C specimens, and the 
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results are shown in Fig. 8.8. The legend at the top of the figure provides additional information about pixel 

intensity, phases, and grain orientations for the band contrast (a-c), phase (d-f), and IPF (g-i) maps. The BC 

map for the Cr-He-AD condition (Fig. 8.8 a) shows clearly defined deformed particles and particle 

boundaries within the cold spray coating. Nearly all grains in the coating are resolved besides the regions 

with the smallest dynamically recrystallized grains. The BC map for the Cr-He-600C condition (Fig. 8.8 b) 

shows similar resolution and slightly more smearing within the coating, which could be a result of 

recrystallization. The BC map for the Cr-He-1000C condition shows a very high-quality map due to the 

extent of recrystallization and grain growth in the coating.  

 
Fig. 8.8. EBSD results for the Cr-He coatings on Zry-4 in the following conditions: as-deposited (left 
column), 600 °C (center column), 1000 °C (right column). The maps show: (a-c) BC, (d-f) phases, (g-i) 
IPFs. The legend at the top provides additional information for the various maps. 

The phase maps shown in Fig. 8.8 (d-f) reveal bcc Cr phase present in the coating with some 

misidentified Zry-4 pixels. Fig. 8.8 (f) also reveals a thin (~1 µm) ZrCr2 intermetallic phase that formed 
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during the 1 hour anneal at 1000 °C, which is possible due to high temperature inter-diffusion (Fig. 8.5). 

Indexing of the phases in the Zry-4 near the interfacial regions (5 to 10 µm) was limited for two reasons. 

First, this region contained very fine dynamically recrystallized grains as was shown through STEM 

imaging in Sections 3 and 4. While the extremely small grain size made it difficult to index using EBSD, 

the band contrast maps show it was possible within the Cr coating. This leads to the second reason, that is 

that Cr and Zr exhibit different polishing rates during metallographic preparation. Fig. 8.8 (d-f) reveals that 

the number of indexed grains in the Zry-4 substrate increases with annealing temperature due to the 

softening of the Cr coating.  

The IPF maps in Fig. 8.8 (g & h) reveal a similar grain structure before and after 600 °C annealing for 

24 hours. The Cr-He-600C IPF shows some unindexed pixels around particle boundaries, which could be 

due to porosity or inadequate polishing. However, the Cr-He-1000C IPF (Fig. 8.8 i) reveals a remarkably 

different grain structure, showing very large grains and hardly any nanoscale grains or particle boundaries. 

The large grains also show mixed coloring, indicative of multiple orientations present within one grain. The 

grain size statistics for the three conditions are shown in Fig. 8.9. Notably, the combined plot shown in Fig. 

8.9 (d) reveals that the Cr-He-AD sample has the highest number density of grains lower than 2 µm in 

diameter, which decreases with annealing temperature. The individual plots show that the grain size shifts 

from a skewed-left to bi-modal to skewed-right as annealing temperature increases. Therefore, these plots 

appropriately demonstrate that the Cr coating is predominately fine-grained after deposition, undergoes 

recrystallization at 600 °C, and undergoes grain growth at 1000 °C.  
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Fig. 8.9. Grain statistics for (a) Cr-He-AD, (b) Cr-He-600C, (c) Cr-He-1000C, and (d) combined. Plots 
show area-weighted fraction of grains according to max Feret diameter (in µm).  

The extent of annealing in the Cr coating microstructure can also be characterized by internal 

misorientations. EBSD results in Fig. 8.10 show grain orientation spread (GOS), grain reference orientation 

deviation (GROD), and kernel average misorientation (KAM), which were defined in Section 2.5. The GOS 

maps shown in Fig. 8.10 (a-c) reveal the mean misorientation within each grain decreases with increasing 

annealing temperature. Several grains near the interface in the Cr-He-AD sample show high levels of 

internal misorientation (25-30°), while this number drops below 20° after 600 °C anneal and below 10° at 

1000 °C. The GROD maps shown in Fig. 8.10 (d-f) are good illustrations of degree of recrystallization that 

has occurred in the Cr coatings. The Cr-He-AD sample shows dynamic recrystallization along inter-particle 

boundaries (denoted by nanoscale grains in blue color). Annealing at 600 °C reveals that recrystallization 

has taken place within the larger deformed particles. Annealing at 1000 °C results in an almost completely 

recrystallized microstructure. The KAM maps shown in Fig. 8.10 (g-i) revealed that high levels of plastic 

strain remain after 600 °C annealing, and a reasonably high density of dislocations is maintained within the 

particles near the Cr-Zr interface after the 1000 °C annealing. This suggests that the heavily deformed Cr 

coating may still provide enhanced strength at higher temperatures while simultaneously improving 
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ductility. The next section will describe micro-mechanical testing experiments performed to assess the 

effects of these microstructural changes on the mechanical performance of Cr-coated Zr-alloy cladding. 

 
Fig. 8.10. EBSD results for the Cr-He coatings on Zry-4 in the following conditions: as-deposited (left 
column), 600 °C (center column), 1000 °C (right column). The maps show: (a-c) GOS, (d-f) GROD, (g-i) 
KAM. The legend at the top provides additional information for the various maps. 

8.3. In situ micro-cantilever beam bending tests of cold spray Cr-coated Zr-alloy 

8.3.1. Experimental description 

The deformation and cracking behavior of Cr-coated Zr-alloy cladding were investigated by bending 

micro-cantilever beams (in various microstructural conditions) in situ in a SEM. The samples investigated 

in this study with associated details are summarized in Table 8.1. Thin ring samples of Cr-coated Zr-alloy 

cladding (shown in Fig. 8.7) in the conditions listed were fabricated according to the procedure described 

in Section 8.2. After final polishing, one third of the ring sample was sectioned using a low-speed saw 

equipped with a high concentration diamond blade and mounted to a standard aluminum SEM pin stub 
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using high strength super glue and allowed to dry. A thin layer of conductive carbon paste was applied to 

the stub around the sample to increase conductivity in the SEM.  

Table 8.1. Cold spray and post-processing conditions for Cr coated Zr-alloy cladding samples subjected 
to micro-cantilever beam bending studies. 

Cold spray deposition parameters 
Velocity 
effect 

Annealing 
effect 

Intermetallic 
and grain 
growth 
effects 

Irradiation 
effect 

Gas 
Composition 

Gas 
Temperature 

Particle 
velocity Cr-AD Cr- 600C Cr-1000C Cr-IRR 

100%-N2 750 °C 680 m/s As-Deposited 600 °C, 24h 1000 °C, 1h 30 dpa 

95%-He 500 °C 880 m/s As-Deposited 600 °C, 24h 1000 °C, 1h 30 dpa 

Micro-cantilever beams were fabricated using a PFIB available in the NIAC facilities at the University 

of Wisconsin-Madison. Five cantilever beams were fabricated for each sample. First, the Cr coating was 

milled into a rough rectangular shape using a Xe+ ion beam (different from ion irradiation) at 30 kV and 

0.2 μA current. Second, the beams were tilted to -8° with respect to the electron beam and milled at 30 kV 

using a 60 nA milling current. This was done to remove excess material and to create a pentagonal cross-

section, resulting in a cantilever that is symmetrical on its vertical axis. Third, the sample (on the stub) was 

mounted to a pre-tilted 45° stage and milled using 1 nA beam current to remove re-redeposited material 

and to achieve a smooth, flat surface. This process was repeated using successively lower milling currents 

(15 nA, 4 nA, and 1 nA) until final dimensions were reached. 

A schematic of the cantilever beam geometry alongside an SEM image of a finished beam is shown in 

Fig. 8.11. The beam dimensions for the as-deposited and annealed Cr coatings were 8 × 8 × 15 µm, while 

the beam dimensions for the ion-irradiated Cr coatings were 3 × 3 × 5 µm. The ion-irradiated cantilever 

beams were made smaller due to the limitation in size of the damage region imposed by the ion beam. For 

each sample condition, three cantilever beams remained un-notched while two samples received a thin 

trench (i.e., notch) less than 300 nm deep along the Cr-Zr interface to promote failure at the interface. 
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Finally, a shallow (2 µm × 2 µm × 300 nm) pit was milled approximately 10 µm from the Cr-Zr interface 

to prevent slipping of the indenter tip on the beam surface as it presses down to create a bending stress on 

the on the micro-cantilever beam. Once final milling was completed, SEM was used to image multiple sides 

of the cantilever beams to measure every dimension of the pentagonal cross section, as shown in Fig. 8.12.  

 
Fig. 8.11. (a) Schematic illustration of the micro-cantilever beam geometry with dimensions; (b) SEM 
image of a Cr cantilever beam on Zr-alloy cladding, fabricated using a PFIB, showing the Cr-Zr 
interface with a thin trench that serves as a notch (not all samples were notched). 

 
Fig. 8.12. SEM images of the PFIB-milled notched cantilever beams of Cr-coated Zr-alloy, showing Cr-
N2 beams (top row) and Cr-He beams (bottom row) in the following conditions: (a, b) as-deposited; (c, d) 
600 °C, 24 h anneal; (e, f) 1000 °C, 1 h anneal; (g, h) ion irradiated up to 30 dpa at the Cr-Zr interface.  

The fabricated micro-cantilever beams were then transported to Los Alamos National Laboratory by 

the author for testing. Micro-cantilever beam bending tests were performed using a PI-85 picoindenter 

system (Bruker/Hysitron Inc., Madison, USA) located inside of an Apreo-2 FE/SEM (Thermo Scientific, 

Madison, USA) equipped with in situ video recording software. The beams were loaded using a spherical 
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indenter tip (2 µm diameter) aligned with the pit and displaced downward and normal to the top face of the 

cantilever beam, shown schematically in Fig. 8.11 (a). The displacement rate was set to 10 nm/s to ensure 

a nominal strain rate of 10-3 s-1. Each test was initially set to stop after 3 µm of total displacement; however, 

some tests were stopped immediately after fracture, and some tests continued beyond 3 µm displacement 

depending on the cracking and facture behavior observed during the in situ bending tests. 

Ex situ imaging using SEM was used to examine all deformed surfaces of the cantilever beams. Crack 

lengths were measured using the in situ SEM video and compared to the final crack lengths measured using 

SEM imaging. PFIB was used to extract a thin lamella from the center of one representative cantilever beam 

from each microstructural condition (excluding irradiated beams which were characterized extensively in 

Section 6). The lamellae were welded to a conductive copper grid where FIB milling was used to reduce 

ion beam damage induced by the PFIB. EBSD was used to characterize the deformed surfaces according to 

the procedure described in Section 2.5. The Aztec Crystal software was used to generate phase, IPF, and 

KAM maps around the fractured region to ascertain information regarding cracking, deformation, and strain 

behavior during bending tests. 

8.3.2. Micro-cantilever beam bending of as-deposited Cr coatings (particle velocity effect) 

A typical load-displacement profile for an unnotched Cr-He-AD cantilever beam bent to failure is 

shown in Fig. 8.13 (a). At about 1130 nm of displacement (19.9 mN of applied load), cracking initiates and 

propagates at the interface of the Cr coating/Zry-4 substrate resulting in a load drop. The crack propagation 

event was abrupt, representing brittle failure, which is preferred in bending tests to gain an accurate 

representation of the fracture toughness and adhesion strength [274,275]. The load drop phenomenon was 

captured by the load-displacement profile and correlated with the crack extension captured by the in situ 

SEM video. Fig. 8.13 (b-f) shows the evolution of crack propagation during beam bending and the indicated 

displacements are labeled in Fig. 8.13 (a). The crack propagated a short distance and was arrested within 

the near-interface regions of the Zry-4 substrate. The final crack length was 2.8 and 4.2 µm, measured ex 

situ on both sides of the beam using SEM.  
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Fig. 8.13. (a) Load-displacement profile of a typical micro-cantilever beam bending test of Cr-He-AD on 
Zry-4; (b-f) In situ SEM images showing beam bending and crack propagation within the cantilever beam 
at various displacement magnitudes. 

Fig. 8.14 shows in situ SEM images of selected cantilever beams bent to failure. Cracking in the Cr-

N2 coating containing a milled trench (Fig. 8.14 a) began at a point near the trench, propagated along the 

interface and into the Zry-4 substrate and arrested just upon entry due to the ductility of Zry-4. Cracking in 

the Cr-N2 coating without a trench (Fig. 8.14 b) also initiated at the interface and propagated along the 

interface before entering the near-interface regions of Zry-4 substrate to be arrested there. Similarly, 

cracking in the Cr-He coating with and without a trench (Fig. 8.14 c & d, respectively) initiated at a small 
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region of the Cr-Zr interface and then propagated slightly into the substrate. Interestingly, the presence of 

a trench was less important for the initiation of fracture compared to the location of the interface relative to 

the bending moment of the beam.  

 
Fig. 8.14. SEM images of micro-cantilever beams with trench (wt) or no trench (nt) tested to failure, 
showing: Cr-N2-AD cantilever beams with trench (a) and no trench (b); Cr-He-AD cantilever beams with 
trench (c) and no trench (d).  

8.3.3. Micro-cantilever beam bending of 600 °C annealed Cr coatings (annealing effect) 

A typical load-displacement profile for a notched Cr-He-600C cantilever beam is shown in Fig. 8.15 

(a), with the evolution of beam bending behavior captured by in situ SEM video stills shown in Fig. 8.15 

(b-f). The beam exhibited ductile behavior and displayed no distinct crack initiation or failure up to 5 µm 

of displacement. Rather, a peeling of the coating from the substrate and peeling along some Cr-Cr 

interparticle boundaries was observed, which correlated with small drops and recovery in load (rather than 

larger drops in load observed for as-deposited samples). This behavior is suggestive of the ability of the 

materials system to resist crack propagation during plastic deformation.  
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Fig. 8.15. (a) Load-displacement profile of a typical micro-cantilever beam bending test of Cr-He-600C 
on Zry-4; (b-f) In situ SEM images showing beam bending and ductile failure near the Cr-Zr interface 
and within Cr particle boundaries, corresponding to small decreases in applied load.  

Fig. 8.16 shows in situ SEM images of selected micro-cantilever beams, which show ductile plastic 

deformation near the interface. The beams containing a trench (Fig. 8.16 a & c) were more likely to exhibit 

peeling near the interface. Beams without a trench showed mixed behavior, with some beams (Fig. 8.16 b) 

remaining intact up to 5 µm of displacement while other beams (Fig. 8.16 d) exhibited peeling and slow 

tearing behavior. Overall, the 600 °C annealed beams withstood higher loads than the other sample 
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conditions and six of the ten beams were displaced up to 5 µm without showing any failure via crack 

propagation before the bending test was terminated.  

 
Fig. 8.16. SEM images of micro-cantilever beams with trench (wt) or no trench (nt) tested to failure, 
showing: Cr-N2-600C cantilever beams with trench (a) and no trench (b); Cr-He-600C cantilever beams 
with trench (c) and no trench (d). 

8.3.4. Micro-cantilever beam bending of 1000 °C annealed Cr coatings (interdiffusion and 
intermetallic phase effect) 

A typical load-displacement profile for a Cr-He-1000C cantilever beam bent to failure is shown in Fig. 

8.17 (a). After about 510 nm of displacement (11.3 mN of applied load), the beam experienced its first 

minor cracking event as shown in Fig. 8.17 (b). The load continued to increase until 1.25 µm of 

displacement (13.8 mN of applied load), where the crack began to propagate along the interface (Fig. 8.17 

c). The crack did not divert to the Zry-4 substrate but rather continued along interface, presumably due to 

the ZrCr2 phase that formed due to high temperature interdiffusion between Cr and Zr. The minimal load 

drops captured by the load displacement profile that correlated with the short crack extensions captured by 

the in situ SEM video are indicative of improved ductility and the ability of the materials system to recover 

from crack damage. The first cracking event measured 1.2 µm along the side of the beam, and the final 

crack length was about 6.4 µm. Thus, while the formation of brittle ZrCr2 phase at the interface high 
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temperatures can influence crack initiation, the overall enhanced ductility of the coating and the substrate 

confines crack propagation to the interfacial regions and mitigates its propagation.  

 
Fig. 8.17. (a) Load-displacement curve of a typical micro-cantilever beam bending test of Cr-He-1000C 
on Zry-4; (b-f) In situ SEM images showing beam bending and interrupted crack propagation within the 
cantilever beam at various displacement magnitudes. 

Fig. 8.18 shows in situ SEM images of selected micro-cantilever beams bent to failure. Again, 

regardless of trench, all beams cracked near the interface and propagated into the near-surface regions of 

the Zr-alloy and propagated approximately parallel to the interface. The major difference between the 

fracture behavior of Cr-1000C beams (as compared to the Cr-AD beams) was in the length of crack 

propagation, in which the 1000 °C annealing promoted ductility by way of interrupted cracking behavior. 

The average crack length was about 4 µm and 2 µm for the Cr-AD and Cr-1000C cantilever beams, 

respectively.  



185 
 

 
Fig. 8.18. SEM images of micro-cantilever beams with trench (wt) or no trench (nt) tested to failure, 
showing: Cr-N2-1000C cantilever beams with trench (a) and no trench (b); Cr-He-1000C micro-
cantilever beams with trench (c) and no trench (d). 

8.3.5. Micro-cantilever beam of ion irradiated Cr coatings (irradiation effect) 

A typical load-displacement profile for a Cr-He-IRR micro-cantilever beam is shown in Fig. 8.19 (a). 

The beam exhibited ductile behavior and displayed no crack initiation or failure, which could be a result of 

irradiation-induced mixing at the interface enhancing the Cr-Zr interfacial bond. Fig. 8.19 (b-f) shows the 

evolution of bending behavior within the beam and the indicated displacements are labeled in Fig. 8.19 (a). 

At 455 nm of displacement (5.9 mN of applied load), the first peeling event occurred at the Cr-Zr interface 

as shown in Fig. 8.19 (c) and continued to widen with further bending as shown in Fig. 8.19 (d-f). The top 

surface of the beam near the interface exhibited failure by way of plastic collapse. The noticeable absence 

of drops in load compared to what was observed in previous samples clearly indicates the superior 

mechanical performance on the irradiated coating-substrate system. 
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Fig. 8.19. (a) Load-displacement curve of a typical micro-cantilever beam bending test of Cr-He-IRR on 
Zry-4; (b-f) In situ SEM images showing beam bending and beam bending and ductile failure within the 
cantilever beam at various displacement magnitudes. 

Fig. 8.20 shows additional in situ SEM images of selected micro-cantilever beams, which displayed 

mixed brittle-ductile behavior during bending tests. Both Cr-N2-IRR samples experienced peeling at the 

Cr-Zr interface with increasing load, as shown in Fig. 8.20 (a-b), which closely resembled the behavior of 

the Cr-600C coatings. The Cr-He-IRR coating with a trench (Fig. 8.20 c) saw sudden crack initiation away 

from the trench and crack propagation into the Zry-4 substrate, while the Cr-He-IRR coating without a 
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trench (Fig. 8.20 d) exhibited ductile plastic deformation within the Zry-4 substrate and some peeling near 

the interface.  

 
Fig. 8.20. SEM images of micro-cantilever beams with trench (wt) or no trench (nt) tested to failure, 
showing: Cr-N2-1000C cantilever beams with trench (a) and no trench (b); Cr-He-1000C cantilever 
beams with trench (c) and no trench (d).  

8.3.6. Microstructure effect on beam bending behavior of Cr-coated Zr-alloy 

To further understand the role of microstructure on the deformation behavior near the interface, FIB 

lift-outs were performed for select Cr-N2 micro-cantilever beams in the Cr-AD, Cr-600 °C , and Cr-1000 

°C conditions as shown in Fig. 8.21 (a-c), respectively. SEM images of the cleaned lamellae are shown in 

Fig. 8.21 (d-f), which reveal the microstructure of the Cr coatings and Zry-4 substrates on either side of the 

interface, separated by a crack or peeling event. EBSD of the thinned lamellae was performed according to 

the procedure described in Section 2.5. The phase maps shown in Fig. 8.21 (g-i) give a sense of the Kukuchi 

band indexing fraction within the Cr and Zry-4. Indexing in the Cr-N2-AD could be accomplished but the 

band contrast remained low in the near-interfacial regions of Zry-4 substrate due to fine recrystallized 

microstructure. The Cr-N2-600C coating and substrate were fully indexable. Finally, the Cr-N2-1000C 

coating showed unindexed bands along the interface and near the surface of the Zry-4.  
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Fig. 8.21. Characterization of Cr-N2 micro-cantilevers after beam bending tests, showing Cr-AD (left 
column), Cr-600C (center column), and Cr-1000C (right column): (a-c) SEM images of Cr-N2 
cantilevers after beam bending tests, with locations of FIB lift-outs marked in red; (d-f) SEM images of 
thin lamellae lifted out and cleaned using FIB, which were used for EBSD analysis; (g-i) Phase maps; (j-
l) IPF maps; (m-o) KAM maps. 
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The phase map for the Cr-N2-AD coating (Fig. 8.21 g) reveals that cracking occurred within the Cr 

coating (shown in the top of the image), and then propagated along the Cr-Zr interface. The IPF map (Fig. 

8.21 j) shows very fine grains within the Cr coating next to the crack, which could be a reason for the crack 

propagating in this region. Nanoindentation measurements taken in fine-grained regions of the Cr coating 

were typically indicative of higher hardness than measurements taken within the larger-grained particle 

interiors due to the Hall-Petch relationship. The KAM map in Fig. 8.21 (m) did not indicate a large stress 

concentration at the crack tip, which is indicative of brittleness. The SEM image in Fig. 8.21 (a) shows the 

crack terminated in a more ductile region of the Zry-4 about 2 µm away from the interface. The SEM image 

in Fig. 8.21 (d) shows a dark contrast microstructure within the Zry-4 at the surface of the cantilever beam, 

likely due to high tensile strains during bending, another reason for the poor indexability during EBSD 

characterization.  

The phase map for the Cr-N2-600C coating (Fig. 8.21 h) shows ductile peeling along the Cr-Zr 

interface. The IPF shown in Fig. 8.21 (k) reveals large grains in the Cr coating and a fully recrystallized 

Zry-4 microstructure on the other side of the interface, which would provide more resistance to crack or 

peel propagation. The KAM map in Fig. 8.21 (n) displays a microstructure consisting of mostly low strain 

except along subgrain boundaries. There is a small stress concentration at the tip of crack or peeled region, 

which slows its propagation along the Cr-Zr interface. The EBSD images reveal that the 600 °C annealing 

treatment both strengthened the interface and enhanced ductility through recrystallization. 

The phase map for the Cr-N2-1000C coating (Fig. 8.21 i) shows that crack propagation remained highly 

restricted to the interface, likely due to the formation of ZrCr2 intermetallic layer at the interface. The IPF 

in Fig. 8.21 (l) shows a fine-grain structure of the ZrCr2 surrounded by a single grain of Zry-4, which was 

recrystallized and experienced grain growth during high temperature annealing. The KAM map in Fig. 8.21 

(o) shows a mostly strain-free microstructure within the Cr and Zry-4 with more strain contained within the 

ZrCr2 grains. The large stress concentration present at the edge of the propagating crack tip explains why 

the load-displacement curves display recovery in load in-between crack propagation events. It is likely that 
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the recrystallized Zry-4 microstructure, containing a low density of dislocations after annealing, provided 

considerable ductility to arrest the cracks soon after propagation. Additionally, the SEM image shown in 

Fig. 8.21 (f) reveals the same strain contrast near the top of the cantilever beam as seen in the as-deposited 

condition (Fig. 8.21 d). Overall, the results indicate good ductility of Cr-coated Zr-alloy under accident 

conditions. It is worth noting that micro-cantilever tests were performed at room temperature, so the Zry-4 

substrate transformed back to the α-Zr phase. It is unknown if this same mechanical behavior would be 

present in the β-phase in Zry-4. 

EBSD was not performed for the ion irradiated Cr coatings, though some insights may be gained from 

characterization of the annealed and irradiated samples described in Section 6. Most of the micro-cantilever 

beams experienced ductile behavior similar to the Cr-600 °C beams. This is likely due to a combination of 

effects, including amorphization and ion-beam mixing near the interface and softening of the Cr coating 

due to irradiation-induced recovery and recrystallization. 

Compiled load-displacement profiles for all the tested micro-cantilever beams are shown in Fig. 8.22, 

plotted on the same scale. The differences in load-displacement behavior can be attributed to the 

microstructural conditions described above. It is important to note that the plots shown in Fig. 8.22 were 

not normalized with respect to the size of the micro-cantilever beams, so the magnitude of load and 

displacement for the Cr-IRR beams was lower due to having smaller beam size. Future work will involve 

removing beams that fractured at pre-existing defects (due to ion beam milling) and normalizing the load-

displacement curves for a quantitative analysis of stress-strain behavior.  
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Fig. 8.22. Load-displacement profiles (up to failure) for the tested Cr-N2 (black) and Cr-He (red) micro-
cantilever beams: (a) Cr-AD; (b) Cr-600C; (c) Cr-1000C; (d) Cr-IRR. Note the Cr-IRR beams 
experienced lower load due to the smaller beam size. Results are plotted on the same scale for 
comparison. 
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9. High temperature oxidation and hydrothermal corrosion of cold spray Cr coated Zr-

alloy 

9.1. High temperature air and steam oxidation testing of cold spray Cr coated Zr-alloy 

The ability of chromium to provide high temperature oxidation resistance is well-known. Even as an 

alloying element, as for example in stainless steels, Cr provides outstanding oxidation resistance due to the 

formation of a tenacious and impervious Cr2O3 layer on the surface that resists further oxidation. This effect 

is likely to be even more accentuated in the case of pure Cr on account of its highly favorable Pilling-

Bedworth ratio (approximately 2 for dense chromia [276]). This section evaluates the performance of cold 

spray Cr coatings for high temperature oxidation resistance, one of the most significant criteria for selecting 

Cr for the ATF application. For this limited study, samples of cold spray Cr coated Zry-4 were subjected to 

high temperature (> 1000 °C) air and steam environments, as per the procedure discussed in Section 2.11. 

The as-deposited samples were polished to a coating thickness of ~60 µm, as shown in Fig. 9.1 (a). 

Photographs of the coating surface after exposure to ambient air and flowing steam for 30 minutes are 

provided in Fig. 9.1 (b & c). While the surface morphology indicates slight differences in oxidation behavior 

between the samples tested in air and steam, the evolution of greenish coloration of the surface is indicative 

of chromium oxide formation.  

 

Fig. 9.1. Photographs of cold spray Cr coating on Zry-4: (a) polished to 60 um thickness, and tested at 
elevated temperatures (simulating accidents) for 30 minutes in the following environments: (b) ambient 
air at 1280 °C, (c) flowing steam at 1310 °C. 

XRD patterns of the cold spray Cr coatings before and after oxidation are shown in Fig. 9.2. The typical 

bcc Cr peaks all but disappear as the thickness of the chromium oxide scale (identified as chromia, Cr2O3) 
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exceeded the X-ray penetration depth. The oxide peaks for all high temperature tested samples were 

consistent with chromia peaks (Cr2O3), though differences in peak intensities of this oxide phase could 

indicate slight changes in oxide thickness or texture. For example, Fig. 9.2 shows the Cr coating tested in 

1310 °C flowing steam displayed preference for the (110) Cr2O3 orientation.  

 
Fig. 9.2. XRD scans of as-deposited and high temperature tested cold spray Cr coatings. The bcc Cr 
peaks decrease in intensity as the thickness of the chromium oxide scale increases on the coating surface. 

9.1.1. High temperature air oxidation 

The Cr-coated Zry-4 sample tested in 1280 °C ambient air for 30 minutes produced a dark green oxide 

scale on the coating surface (Fig. 9.1 b). The cross-sectional SEM image shown in Fig. 9.3 (a) reveals the 

microstructure of the expected high temperature oxidation reaction of Cr-coated Zry-4 with the relevant 

phases labeled. A chromia oxide layer (10-12 µm) formed on the surface, followed by unreacted Cr coating 

(30-40 µm) and ZrCr2 intermetallic compound (5-10 µm) at the interface. These phases were confirmed by 

the EDS line-scan shown in Fig. 9.3 (b). Below the ZrCr2 phase an oxygen-stabilized alpha zirconium 

(referred to as α-Zr(O)) layer develops, which is typical during high temperature oxidation of Zr-alloys 

[277–279]. However, there was no oxygen profile in the interior of the Cr coating suggesting perhaps that 

the oxygen may have entered from the sides of the sample at these high temperatures. Otherwise, the EDS 
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spectral maps in Fig. 9.3 (c) confirm oxygen was restricted to the Cr coating and outer surface oxide. Fig. 

9.3 (c) also highlights many small (<1 µm) Cr-rich precipitates within the substrate, which emerge as the 

Zry-4 transitions from β-Zr to α-Zr upon cooling, resulting in reduced solubility of Cr in the Zry-4 matrix 

from 8% to less than 1% as seen from the Cr-Zr phase diagram in Fig. 8.5.  

 
Fig. 9.3. (a) Cross-sectional SEM image showing Cr coating oxidized in 1280 °C air for 30 minutes; (b) 
EDS elemental line-scan showing the change in composition from surface oxide layer towards the 
substrate; (c) EDS spectral imaging maps of the same region. 

Fig. 9.4 (a) shows that some porosity developed along the Cr2O3/Cr interface. Growth of the chromia 

oxide layer requires diffusion of chromium ions from the bulk metal through the existing oxide film to react 

with oxygen at the oxide/gaseous interface [280,281]. It’s been suggested that solute elements (such as 

nitrogen) can accumulate at the oxide/metal interface due to the low solubility of chromium oxide, which 

can increase risk of spallation [280]. Alternatively, delamination of the oxide scale could be due to the 

thermal expansion coefficient mismatch between chromium and its oxide [282], outward diffusion of 

chromium and inward diffusion of oxygen along grain boundaries resulting in void growth and stresses 

[283], or simply an artifact of sample preparation. Fig. 9.4 (b) shows a higher magnification image of the 

chromia microstructure, revealing a fine (<2 µm) grain size with some nanoscale porosity along grain 

boundaries. Nonetheless, the chromium coating offered a factor of improvement of over 50 times in terms 
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of high temperature oxidation resistance compared to uncoated Zr-alloy, which showed ~500 µm of 

unprotective zirconium-oxide (ZrO2) growth under the same test conditions (Fig. 9.4 c). 

 

Fig. 9.4. Cross-sectional SEM images of (a) Cr coating oxidized in 1280 °C ambient air for 30 minutes; 
(b) Higher magnification image showing the microstructure of the chromium oxide film on the surface; 
(c) Backside of the sample (uncoated Zry-4) showing thick ZrO2.  

Interestingly, small protrusions were observed on the surface of the 1280 °C air oxidized sample Fig. 

9.1 (c). Plan-view SEM images of the sample surface (Fig. 9.5 a) reveal the morphology of these 

protrusions. These lift-offs are shown in cross-section in Fig. 9.5 (b), and higher magnification SEM 

imaging shows that separation occurred beneath the ZrCr2 intermetallic layer, below the Cr-Zr interface. 

This cracking initiated in the α-Zr(O) layer discussed earlier. It is important to emphasize that the coating 

remained adhered to the substrate in the peaks and valleys of the lifted-off regions. A similar observation 

was made by Hu et al. [284] for Cr coatings on Zircaloy-4, which was attributed to high temperature 

segregation of Sn and Cr within the Zr below the interface. It is important to note that this phenomenon has 

not been observed during any other high temperature experiments and is unlikely to occur with Cr-coated 

ZIRLOTM (standard cladding for LWR operation) due the lower Sn content of the alloy.  
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Fig. 9.5. SEM images of the Cr coating oxidized in 1280 °C air for 30 minutes: (a) Plan-view SEM image 
of protrusions on the Cr coating surface; (b) Low magnification cross-section shows areas of coating lift-
off from the substrate; (c) High magnification image showing separation happens within the Zry-4, just 
below the coating. 

9.1.2. High temperature steam oxidation 

Visual examination of the Cr coating exposed to 1310 °C flowing steam environment showed a typical 

dark green oxide formed on the coating surface (Fig. 9.1 d). A continuous oxide layer was observed in the 

cross-sectional SEM images in Fig. 9.6, noting that the detached oxide layer was an artifact of 

metallographic sample preparation. High magnification imaging of the oxide layer (Fig. 9.6 b) shows it is 

about 5 µm thick, contains some porosity, and displays a heterogeneous grain size distribution. The coating 

also shows a thin (<2 µm) intermetallic ZrCr2 layer formed at the Cr/Zr interface, with the existence of an 

α-Zr(O) layer followed by Cr-rich precipitates in the Zry-4 matrix. This experiment demonstrated the 

improved oxidation resistance of the cold spray Cr coating in high temperature steam environment. The 

thicknesses of both the surface Cr2O3 (Fig. 9.6 b) and the uncoated ZrO2 (Fig. 9.6 c) were thinner after high 

temperature steam exposure compared with high temperature air exposure.  

 
Fig. 9.6. Cross-sectional SEM images of (a) Cr coating oxidized in 1310 °C flowing steam for 30 
minutes; (b) High-magnification image of Cr oxide layer; (c) Backside of the sample (uncoated Zry-4) 
showing thick ZrO2. Note the detachment of the oxide layer was an artifact of sample preparation. 
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An extensive study of high temperature steam oxidation and microstructural evolution of cold spray Cr 

coatings on Zry-4 was performed by the author in collaboration with Yeom, et al. [35]. For this study, Cr 

coatings were deposited using spherical atomized Cr powder using the Cr-He condition [34]. It was 

hypothesized that the coatings used in this research, i.e., electrolytic soft Cr, with comparable deposition 

parameters (Cr-He), coating thickness, and surface finish, would exhibit similar behavior and performance 

as atomized Cr coating [137]. Fig. 9.7 shows XRD patterns of the as-deposited atomized Cr coating and 

steam-tested coatings subjected to increasing temperatures (1130, 1230, and 1310 °C) and increasing 

exposure times (10, 30, and 90 min). A clear evolution of decreasing bcc Cr peak intensity and increasing 

Cr2O3 peak intensity with temperature and time was observed, corresponding to thickening of the surface 

oxide scale. Narrowing (decrease in FWHM, full width half maximum) of the bcc Cr peaks was also 

observed, indicating high temperature exposure had relieved the residual stresses in the coating. 

 
Fig. 9.7. XRD patterns of the as-deposited atomized Cr coating (top) and atomized Cr coatings oxidized 
at increasing temperatures (1130-1310 °C) for increasing exposure times (10-90 min) in steam [35].  

Cross-sectional SEM images were used for measuring the thickness of the oxide layers for all tested 

conditions [35]. The oxidation kinetics at 1130 °C were fit to a parabolic growth function (n~0.5), while 
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oxidation kinetics at 1230 °C and above were fit to power law growth (n~0.25-0.3). Deviation from typical 

parabolic oxidation kinetics was attributed to volatility of the oxide layer during initial stages of the tests 

and at higher temperatures. Nonetheless, it represented the first instance of estimating oxidation rate 

kinetics of cold spray Cr coatings. Thickness of the oxide layer for electrolytic Cr (6.1 ± 0.8 µm, this study) 

and atomized Cr (6.3 ± 0.6 µm, [35]) after 1310 °C steam exposure for 30 minutes were comparable. This 

is an important result as it shows that the high temperature steam oxidation resistance is similar for powders 

manufactured by distinctly different routes.  

Detailed surface morphologies of the Cr coatings oxidized at 1310 °C for 30 minutes are shown in Fig. 

9.8. High temperature steam oxidized atomized Cr coatings (Fig. 9.8 a) displayed needle-shaped and faceted 

blade morphologies on top of the dense, continuous oxide scales [35]. The size of these flakes tended to 

increase with increasing exposure time to steam, while the number density of flakes tended to decrease with 

temperature, indicating nucleation of flakes was affected by temperature. Oxide growth through whiskers 

and platelets in chromia-forming alloys has been reported in literature and typically occurs in water vapor 

environments with low oxygen potentials [285–287]. Fig. 9.8 (b) shows the surface morphology of the 

coatings produced from electrolytic soft Cr coatings after oxidation in steam (same coating shown in Fig. 

9.6). The surface morphologies of both Cr coatings were identical, indicating cold spray Cr coatings that 

are dense and polished to similar conditions should behave similarly in high temperature steam 

environments. Fig. 9.8 (c) shows the surface morphology of air oxidized electrolytic soft Cr coating (same 

coating shown in Fig. 9.4), revealing large, plate-like oxide crystals on the coating surface surrounded by 

blocky, gravel-type crystals of smaller size. It is possible that there was some moisture present during air 

oxidation that resulted in the formation of oxide plates.  
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Fig. 9.8. Plan-view SEM image showing Cr coatings surfaces after 30 minutes of high temperature 
oxidation: (a) the surface of atomized Cr coating after 1310 °C steam (reproduced from Yeom and 
Dabney et al. [35]; (b) the surface of electrolytic soft Cr coating after 1310 °C steam; (c) the surface of 
electrolytic soft Cr after 1280 °C air.  

9.2. Hydrothermal corrosion testing of cold spray Cr coated Zr-alloy 

One key criterion for the selection of materials for accident tolerant fuels is that they maintain or 

improve hydrothermal corrosion performance during long-term normal operation in LWRs. This refers to 

the reactor operating under normal power generating conditions. Typical reactor coolant parameters and 

water chemistry in PWRs are provided in Table 9.1. To simulate hydrothermal corrosion behavior in PWR 

environment, cold spray Cr coated Zry-4 cladding were subjected to normal operation temperature, 

pressurized water corrosion experiments (360 °C, 18.6 MPa) for 30 days in accordance with the ASTM G2 

standard [164]. These corrosion tests are slightly more aggressive than typical PWR conditions with the 

intent of accelerating corrosion and evaluate performance in shorter exposure times. 

Table 9.1.Typical PWR coolant parameters and water chemistry specification [288]. 

Parameter Specification 
Coolant  H2O with additives 
Inlet temperature (°C) 280-295 
Outlet temperature (°C) 310-330 
Pressure (MPa) ~15 
E(V) vs. SHE -0.5 
[O2] (ppb) <5 
[H2] (ppm) 2-5 
pH 6.9-7.4 
B (as H3BO3) (ppm) 0-2200 
Li (as LiOH) (ppm) 0.5-5.0 

Section 9.2.1 describes results of static water autoclave testing of Cr-coated Zr-alloy performed at the 

University of Wisconsin-Madison (UW), while Section 9.2.2 describes results of static water autoclave 
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testing of Cr-coated Zr-alloy performed in more prototypical PWR conditions at Westinghouse (WEC). 

The UW corrosion test used pure water coolant (<3 ppm [O2]) in an Inconel 625 autoclave, while the water 

coolant for the WEC corrosion test contained 70 ppm lithium (<3 ppb [O2]) and was performed in a 316 

stainless steel autoclave. All other testing conditions were identical as described in Section 2.10. 

9.2.1. Static, pure water autoclave corrosion testing 

Weight change results after corrosion tests are shown in Fig 9.9 for uncoated Zry-4 and OPZ substrates 

and Cr-N2 and Cr-He coatings on Zry-4 substrates. The exposure time for uncoated Zry-4 was longer as 

these sample coupons are used as standards in every autoclave corrosion test. The results reveal significant 

improvement in hydrothermal corrosion resistance imparted by the cold spray Cr coatings, showing 

considerably lower (factor of 17) weight gain compared to uncoated Zry-4 and lower weight gain (factor 

of 7) compared to OPZ. The weight change data agrees well with previously published data on uniform 

corrosion of Zr-alloys and Cr-coated Zr-alloys (summarized by Motta [289] and Yang [26], respectively). 

Additionally, no significant difference in weight change was observed between Cr-N2 and Cr-He coatings, 

which is worthy of attention. Helium imparts higher particle velocities and hence results in denser coatings, 

which would be more beneficial for corrosion resistance given that corrosion is expected to occur 

preferentially at the interparticle boundaries. However, helium is also significantly more expensive than 

nitrogen. The observation that corrosion resistance is not compromised by using nitrogen carrier gas for 

cold spray is therefore significant.  
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Fig 9.9. Weight change data after static, pure water autoclave corrosion testing of OPZ tubes, Zry-4 flat 
substrates, and cold spray Cr-N2 and Cr-He coatings on Zry-4 flat substrates. Note that the two types of 
Cr coatings show nearly identical corrosion resistance.  

Photographs taken after 30 days of autoclave testing are shown in Fig. 9.10 (a-d). Both Zry-4 and OPZ 

show a dark gray oxide film on the surface, while the Cr coatings display a golden colored oxide film on 

the surface suggesting that the oxide film is hundreds of nanometers thick and of Cr2O3 stoichiometry 

[26,290]. Plan-view SEM images of the uncoated and Cr coated samples shown in Fig. 9.10 (e-g) reveal 

very fine (<100 nm) oxide particles on the surface. The visibility of scratches from polishing is also 

suggestive of formation of a thin oxide scale, though the oxide particles are much more numerous for the 

uncoated Zry-4 (Fig. 9.10 e) compared to the Cr coatings (Fig. 9.10 f,g). Cross-sectional SEM images 

shown in Fig. 9.10 (h-i) reveal a 1.0-1.5 µm ZrO2 oxide scale on Zry-4, while the Cr2O3 oxide film on the 

Cr coatings are much thinner (<200 nm). The thickness of Cr2O3 film is somewhat speculative given the 

resolution limits of SEM, but the fact that they are largely not visible is a testament to the hydrothermal 

corrosion resistance imparted by Cr cold spray coatings. Fig. 1.4 of this document showed that under PWR 

conditions, Cr2O3 is the most thermodynamically stable corrosion product phase over a wide range of pH 

values and electrode potentials.  
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Fig. 9.10. (a-d) Photographs of samples exposed to 30 days of corrosion in pure water autoclave: (a) 
Zry-4; (b) OPZ; (c) Cr-N2 coating on Zry-4; (d) Cr-He coating on Zry-4. (e-g) Plan-view SEM images of 
sample surfaces after 30-day corrosion: (e) Zry-4; (f) Cr-N2 coating on Zry-4; (g) Cr-He coating on Zry-
4. (j-i). Cross-sectional SEM images of samples after 30-day corrosion: (j) Zry-4; (k) Cr-N2 coating on 
Zry-4; (i) Cr-He coating on Zry-4.  

X-ray diffraction patterns of the samples after corrosion tests are shown in Fig. 9.11. The uncoated Zry-

4 showed a mixture of α-Zr and ZrO2 peaks. The chromium coatings showed mainly bcc Cr peaks, again 

indicative of a thin surface oxide scale. Two low-intensity peaks were matched to CrO and CrO2 phases, 

but it is highly likely that chromia film was too thin to be detected by XRD. 

 
Fig. 9.11. XRD profiles of Zry-4, Cr-N2 and Cr-He coatings after 30 days autoclave corrosion in pure 
water, with phases labeled. 
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9.2.2. Static, lithium-enhanced hydrothermal corrosion testing 

Photographs of uncoated Zry-4 and Cr-N2 and Cr-He coated Zry-4 after 30 days autoclave corrosion 

in 70 ppm Li-enhanced water chemistry are shown in Fig. 9.12. All samples appeared slightly dusty due to 

the presence of a corrosion product. The Zry-4 showed the typical gray oxide appearance, but the Cr 

coatings did not appear golden as they did after pure water autoclave exposure (Fig. 9.10 c,d), instead 

appearing slightly darker in color. This could indicate thinner oxide or a more discontinuous oxide layer 

than the one formed in pure water environment.  

 
Fig. 9.12. Photographs of uncoated Zry-4 and Cr-N2 and Cr-He coated Zry-4 after exposure to 70 ppm 
Li-enhanced water chemistry during autoclave corrosion for 30 days. 

Plan-view SEM images of the Cr coatings after Li-enhanced water corrosion are shown in Fig. 9.13. 

The surface of the uncoated Zry-4 after exposure is not shown as it closely resembled the surface of the 

uncoated Zry-4 exposed to pure water shown in Fig. 9.10 (e). At low magnification, the Cr-N2 coating 

shows some pits on the surface while the Cr-He coating appears dense (Fig. 9.13 a & c, respectively). These 

pits represent areas of rough Cr coating that were not fully polished before corrosion testing and do not 

represent spallation or loss of coating. At higher magnification nanoscale oxide crystals were resolved, 

measuring less than 500 nm in diameter. The Cr-N2 coating (Fig. 9.13 b) contained a higher number density 

of oxide particles of similar size, while the Cr-He coating (Fig. 9.13 d) contained a lower number density 

of oxide particles of mixed size distribution. Image analysis was used to calculate the number density of 

particles (>200 nm diameter) per square micrometer, revealing 11 and 6 particles+200 nm/µm for the Cr-N2 

and Cr-He coatings, respectively. It is possible that the unpolished sites on the surface of the Cr-N2 coating 
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left a greater number of nucleation sites for the oxide particles to form due to preferential attack by Li-

containing water.  

 
Fig. 9.13. Plan-view SEM images of Cr coatings on Zry-4 after 30 days autoclave corrosion in Li-
enhanced water: (a,b) Cr-N2 coating; (c,d) Cr-He coating. 

X-ray diffraction of the samples tested in Li-enhanced water for 30 days are shown in Fig. 9.14. For 

the uncoated Zry-4 sample the same phase mixture of α-Zr and ZrO2 as the sample exposed to pure water 

was observed (Fig. 9.11). Previous autoclave corrosion of Zry-4 in 70 ppm Li water chemistry showed 

similar corrosion kinetics to pure water exposure during the first 100 days [24,291,292], so it’s likely both 

Zry-4 samples experienced similar corrosion behavior over 30 days. XRD profiles of the Cr coatings 

showed bcc Cr peaks in addition to two low-intensity peaks matching iron chromite spinel (FeCr2O4). These 

peaks were not observed in the Cr coatings exposed to pure water corrosion. It is likely that this chromite 

phase was a result of deposition of corrosion product from the stainless-steel autoclave wall itself, and 

hence an artifact of this experiment. No chromia peak was observed on either Cr coating, suggesting that 

the oxide layer was quite thin. 
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Fig. 9.14. XRD profiles of Zry-4, Cr-N2 and Cr-He coatings after 30 days autoclave corrosion in Li-
enhanced water, with phases labeled. 

FIB lift-outs were taken from the surfaces of the Cr coatings exposed to Li-enhanced water corrosion 

to characterize the microstructure of the oxide layers that developed in the near-surface regions of the 

sample due to corrosion. HAADF-STEM images in Fig. 9.15 (a,b) show the oxide films of the Cr-N2 and 

Cr-He coatings, respectively. Both coatings contained crystallites 100-400 nm in length resting on a 

uniform oxide layer 20-50 nm thick at the Cr metal surface. EDS spectral maps shown in Fig. 9.15 (c,d) 

revealed the crystallite particles to be comprised of mostly Fe and O with small amounts of Cr. Most of the 

Fe signal was contained within these crystallites. However, EDS signal at the Cr metal interface showed 

higher signal of Cr and O contained within the uniform oxide layer.  
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Fig. 9.15. HAADF-STEM images of (a) Cr-N2 and (b) Cr-He coating surfaces after 30 days autoclave 
corrosion in Li-enhanced water. The surface is comprised of a continuous (20-50 nm) oxide film 
(indicated by blue arrows) and larger (100-400 nm) oxide crystallites. The thin line above the oxide layer 
simply delineates two deposited layers of protective platinum film. (c,d) Higher magnification HAADF-
STEM images with EDS spectral maps of the oxide films for (c) Cr-N2 and (d) Cr-He coatings. 

From the nominal concentration of Fe in the Zry-4 cladding (~0.18-0.24 wt.%) and impurity levels in 

the Cr coating (~0.17-0.20 wt.%), it is unlikely that diffusion of Fe from the coating towards the surface 

promoted growth of these relatively large oxide crystallites. Therefore, as mentioned earlier, it is likely that 

these crystallites represent corrosion products of the 316 stainless steel autoclave in which the tests were 

conducted. The crystallites enter the coolant from the walls of the autoclave and deposit on the surface of 

the samples. This is very similar to what are commonly termed as CRUD (Chalk River Unidentified 

Deposits), which are oxides containing metallic impurities (Fe, Ni, Cu, etc.) that arise from corrosion of 

pressure vessel structural materials and deposit on the cladding surface [292]. CRUD contaminants in PWR 

vessels are typically iron-rich oxides (Fe2O3 and Fe3O4) and iron-rich spinels ((Ni,Zn,Cr)xFe3-xO4) [292–
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296]. Fig. 9.16 (a-b) shows high magnification HAADF-STEM images of the large oxide crystallite 

deposits observed on the Cr-He surface. These crystallites show blocky, faceted morphologies that closely 

resemble the morphology of oxide spinels with AB2O4 stoichiometry, with chromium cations in the coolant 

entering the spinel lattice structure via substitution [293,295]. Elevated lithium concentration in the coolant 

is used to accelerate corrosion in Zr-alloys, so it would also simultaneously accelerate the corrosion of the 

autoclave pressure vessel components [292].  

 
Fig. 9.16. HAADF-STEM images of the Cr-He oxide layer after 30 days autoclave corrosion in Li-
elevated water: (a,b) Images showing blocky and faceted morphologies of the oxide crystallites; (c) High-
magnification image showing various layers in the oxide scale, with EDS point scan measurements (at. 
%): 1 – Cr metal, 2 – Cr2O3 continuous oxide, 3 – short, compact crystallites, 4 – large, blocky 
crystallites. 

EDS point measurements of the surface oxide are shown in Fig. 9.16 (c), which distinguish three distinct 

layers of the oxide scale. EDS confirmed the stoichiometry of the rhombohedral Cr2O3 phase at the Cr metal 

interface, which is based on the corundum prototype crystal structure [297]. The protective Cr2O3 oxide 

scale was thinner than previously expected (<20 nm), which confirms its absence in the XRD scans. Above 

this layer rests a compact oxide scale consisting of 30-35 at.% Cr and 6-12 at.% Fe, which most closely 
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matches the stoichiometry of FeCr2O4 spinel. The final layer containing the loose oxide crystallites 

measured 10-20 at.% Cr and 25-35 at.% Fe, which most closely matches the stoichiometry of CrFe2O4 

spinel.  

The HAADF-STEM image shown in Fig. 9.15 (d) indicate a particle boundary near the surface of the 

Cr-He coating. The EDS spectral maps highlight a slight enrichment of Fe and depletion of Cr at the particle 

boundary, though the oxygen signal at this boundary cannot be discerned from the background. It is well 

known that Cr depletion at grain boundaries is due to Cr cation transport to the surface to facilitate oxide 

formation. However, unsealed particle boundaries present pathways to oxygen diffusion from the coolant 

to the substrate. This phenomenon may be mitigated by modifying the cold spray parameters (such as 

increasing particle velocity) to create more well-bonded inter-particle boundaries. 

For a greater understating of corrosion attack under hydrothermal corrosion conditions, electron probe 

micro-analysis (EPMA) in conjunction with wavelength dispersive X-ray spectroscopy (WDS) was 

performed on the as-deposited Cr-N2 coating, as shown in Fig. 9.17. The WDS line-scan was captured 

starting in the Zry-4 substrate and continuing across the interface and the Cr coating up to its surface. Fig. 

9.17 (b) shows low concentrations of oxygen (2-2.5 wt.%), tin (~1.3 wt.%), and iron (0.15-0.25 wt.%) in 

the Zry-4 substrate. The Cr coating shows a slight increase in oxygen (~0.5 wt.%), particularly at regions 

where the line scan intercepts the interparticle boundaries. The maximum detectable nitrogen was about 

0.18 wt.%, indicating the coating and substrate did not entrap nitrogen during N2 gas cold spray deposition. 

Finally, no stoichiometric oxide or nitride phases were found in the coating and substrate. 

Fig. 9.17 (c) shows maps of O, N, Fe, and Sn elemental distributions in the coating and substrate, 

presented as total counts. Nitrogen concentration was negligible, and Sn, being an alloying element in Zry-

4, is concentrated within the substrate. Fe counts were also low, with some spikes found within inter-particle 

boundaries. There is some oxygen concentration along the Cr-Zr interface, though it was not uniform. This 

represents the innate oxide that was jetted from the Cr particle/Zry-4 surface during high velocity impact 

and shear during bonding. There is a noticeable concentration of oxygen along inter-particle boundaries 
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within the cold spray Cr coating. This is the native oxide film that was present on the surface of the feedstock 

powder particles that could not be fully jetted away high velocity impact an associated high strain rate 

deformation. Furthermore, it has been shown in other sections of the thesis that adiabatic shear does not 

necessarily occur in the case of less deformable metal powders such as Cr. If instead, a sliding friction 

mechanism is responsible for interparticle bonding, which could lead to continued presence of the native 

oxide layer at the interparticle boundaries.  

 
Fig. 9.17. EPMA near the interface of as-deposited Cr-N2 coating on Zry-4: (a) Cross-sectional SEM 
image of coating/substrate; (b) WDS line-scan (low magnification) of impurities, starting in Zry-4 moving 
across the interface into the Cr coating; (c) WDS elemental maps show counts of O, N, Fe, and Sn.  

Fig. 9.18 shows maps of O, Fe, and Zr element distributions for the Cr-N2 and Cr-He coatings on Zry-

4 after 30 days autoclave corrosion in Li-enhanced water. The oxygen signal present at the inter-particle 

boundaries after corrosion testing is comparable to the signal present in the as-deposited coatings shown in 

Fig. 9.17 (c). This suggests that the coatings were quite impervious to oxygen permeation. Diffusion of 

oxygen from the coolant through the inter-particle boundaries would likely have manifested as 

stoichiometric Cr2O3 along the particle boundaries or as ZrO2 along the Zry-4 interface, neither of which 

were detected by WDS, a technique highly sensitive to stoichiometric oxide phases. Additionally, the Fe-

rich oxides are present on the surface of the Cr-N2 coating (Fig. 9.18 a) but not on the Cr-He coating, which 
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was likely removed during sample preparation. To summarize, the WDS maps confirm that oxygen did not 

permeate or diffuse through either Cr-N2 or Cr-He coatings during exposure to simulated PWR water 

environment, demonstrating the protective nature of the cold spray Cr coating.  

 
Fig. 9.18. EPMA results for (a) Cr-N2 and (b) Cr-He coatings on Zry-4 after 30 days autoclave corrosion 
in Li-enhanced water. WDS elemental maps show counts of O, Fe, and Zr. 
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10. Concluding Remarks 

This research focused on the development of cold spray deposited chromium coatings on zirconium-

alloy cladding for advanced nuclear fuel cladding. This technology has the potential to improve resistance 

to high temperature oxidation, ballooning, and burst during accident scenarios, thereby increasing the 

accident tolerance of light water reactor systems. What’s more, Cr coatings impart improved hydrothermal 

corrosion resistance to Zr-alloy cladding, which opens the door to the use of higher burnup fuels for 

increased economic benefit in light water reactors. Cold spray Cr coatings deposited on full-length Zr-alloy 

fuel cladding and tested in a commercial reactor over a period of 36 months have shown good performance, 

exhibiting mechanical integrity, limited corrosion, and reduced hydrogen pickup compared to uncoated Zr-

alloys. 

The research focused on answering key scientific and engineering questions pertaining to four 

strategically selected areas of materials research, namely: (i) coating deposition and formation mechanisms, 

(ii) irradiation effects in coatings and at the coating-substrate interface, (iii) mechanical behavior of the 

coating and the coating-substrate system, and (iv) hydrothermal corrosion and oxidation in high temperature 

accident conditions. Testing of coatings in prototypical reactor environments and simulated accident 

conditions has realized the benefits of cold spray Cr coatings for advanced nuclear fuel.  

Electrolytic soft Cr powders produced by a combination of electrolytic extraction, high temperature 

degassing, and gentle ball milling were used as the feedstock material in this research. Cold spray was used 

for deposition of pure Cr coatings on Zr-alloys specifically used as PWR cladding material, including 

Zircaloy-4, ZIRLOTM, and Optimized ZIRLOTM in both flat and tubular cladding geometries. The Cr 

coatings exhibited a heterogeneous microstructure over multiple length scales, consisting of large, micron-

sized grains containing high dislocation density and strained structures as well as inter-particle boundaries 

containing elongated, nanocrystalline, and dynamically recrystallized ultrafine grains. High resolution 

imaging techniques were utilized to characterize the microstructural evolution and characteristics of 
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coatings as a function of independent deposition process variables in cold spray – including gas preheat 

temperature, carrier gas composition, spray gun traverse speed.  

Because of the higher imparted particle velocity, the Cr-He coatings exhibited a denser microstructure 

with higher strain, more cohesive interparticle boundaries, and more dynamically recrystallized grain 

structure compared to the Cr-N2 coatings. Nitrogen cold spray is a more economically feasible option, and 

this study demonstrated that it can yield coating microstructures and interface bonding sufficiently similar 

to Cr-He coatings to yield sufficient performance for advanced nuclear fuel cladding. Given the importance 

of particle velocity, CFD models were developed and used to predict powder particle velocity as a function 

of process variables such as carrier gas mixture and particle size. The estimated particle velocities were fed 

into FEM simulations to gain insights into the high strain rate deformation mechanisms involved during 

high velocity particle impact on the substrate. 

Single-particle impact experiments were performed separately on Zr-alloy and bulk Cr flat substrates 

to study interfacial bonding and inter-particle bonding during initial stages of coating formation and coating 

buildup, respectively. Critical velocity was experimentally determined based on the ratio of the number of 

particles adhered to the total number of particles impacted, and the results were verified using empirical 

equations based on materials properties of Cr. For the Cr-on-Zr system, the critical velocity was determined 

to be 540 m/s and the deposition efficiency reached 100% at 680 m/s, while for Cr-on-Cr system, the critical 

velocity was determined to be 640 m/s with deposition efficiency reaching a maximum of 35% at 880 m/s. 

EBSD characterization of the bonded particles revealed a penetration-dominant mechanism at the Cr-Zr 

interface, causing high strain rate deformation, jetting, and dynamic recrystallization in near-interface 

regions (<5 µm) of the Zr-alloy substrate while the Cr particles experienced deformation only in their outer 

regions. HRTEM of the interface provided a graphic demonstration of crystallographic coherency between 

the Cr and Zr-alloy which, in combination with mechanical interlocking, resulted in strong particle-

substrate adhesion.  



213 
 

For the Cr-on-Cr system, EBSD revealed that deformation and high dislocation densities extended to 

the particle interior, and regions of dynamically recrystallized grains were observed at the interparticle 

boundaries. It was determined that interparticle bonding could be achieved even at particle velocities where 

clear jetting was not observed. In this case, the critical factor governing Cr interparticle bonding is dictated 

by the localized plastic strain necessary to trigger dynamic recrystallization across interparticle boundaries. 

This is further supported by the observation that Cr-to-Cr bonding occurs much more readily (i.e., at lower 

particle velocities) in multiple particle impact than indicated by single particle impact studies. It is proposed 

that interparticle intrusions provide the necessary local plastic deformation for dynamic recrystallization 

and bonding. This suggests that cold spray is not limited to the widely held notion that bulk plastic 

deformation of the particle and associated adiabatic shear mechanisms are necessary to induce interparticle 

bonding, but rather that such bonding is also possible for relatively difficult-to-deform material particles. 

TKD characterization of the microstructural developments in as-deposited Cr coatings correlated well with 

the insights gained from single particle impacts. 

As a part of the campaign to understand coating formation mechanisms, experiments were conducted 

using low particle velocity deposition (𝑣𝑣𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡𝐶𝐶𝑐𝑐−𝑍𝑍𝑐𝑐 < 𝑣𝑣𝑝𝑝 < 𝑣𝑣𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡𝐶𝐶𝑐𝑐−𝐶𝐶𝑐𝑐) to first form a seed layer (to induce low 

interface roughness) followed by spraying at high particle velocities (𝑣𝑣𝑝𝑝 > 𝑣𝑣𝑐𝑐𝑐𝑐𝑖𝑖𝑡𝑡𝐶𝐶𝑐𝑐−𝐶𝐶𝑐𝑐) to build up a coating. 

This study provided additional insights into the deformation behavior of the Cr-on-Zr system during cold 

spray but was not successful in lowering interface roughness. To lower the coating’s outer surface 

roughness, a cold spray shot peening (CSSP) process was developed in which larger particle sizes of Cr 

(<44 µm) propelled under low velocity conditions were effectively used to peen the surface to notably lower 

the surface roughness of the coatings. This process has the potential to bypass expensive post-deposition 

mechanical grinding processes and the use of Cr particles for this process eliminates the possibility of 

material cross-contamination.  

STEM characterization of the coating-substrate interface of the as-deposited Cr-He cold spray coatings 

revealed cold spray induced co-segregation of Cr and Fe at the interface. Irradiation studies of these samples 
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were performed at 350 °C using 80 MeV Xe26+ ions, with damage profiles reaching 30 dpa at the Cr-Zr 

interface. Irradiation led to homogenization of Fe in the Zr-alloy matrix and the formation of a 20 nm thick 

amorphous layer at the Cr-Zr interface. Thermodynamic calculations revealed that both Fe dissolution and 

amorphization are favored due to the increased enthalpy provided by the high energy irradiation. STEM 

characterization of the irradiated Cr coating revealed obliteration of elongated grains and recrystallization 

across interparticle boundaries, in essence densifying the coating. Nanoindentation testing revealed 

softening of the coating, which was attributed to irradiation-induced recrystallization and deformation 

recovery. Overall, the heterogeneous, dislocation-heavy microstructure of cold spray Cr coatings exhibit 

good radiation damage resistance. 

In situ high energy synchrotron X-ray diffraction coupled with tensile deformation capabilities was 

used to investigate the mechanical behavior of the Cr coating-Zr-alloy substrate bimetal composite system 

in as-deposited and 750 °C annealed conditions. X-ray line profile analysis of the as-deposited Cr coating 

revealed a high dislocation density with a unique distribution of edge and screw fractions and non-zero 

lattice strain caused by high strain-rate deformation during cold spray deposition. The annealing treatment 

reduced both residual lattice strain and dislocation density in the Cr coating, with preferentially higher 

reduction in edge dislocations. This led to a heterogeneous distribution of dislocation density and character 

among different grains that is believed to enhance resistance to crack propagation in the annealed Cr 

coating. The mechanical properties of the Zr-alloy in both types of samples were not significantly altered 

by the presence of the Cr coating. 

The adhesion, ductility, and cracking behavior of the Cr-coated Zr-alloy was evaluated via micro-

cantilever beam bending tests in conjunction with in situ SEM imaging and acquisition of load-

displacement profiles. Four microstructural conditions of micro-cantilevers were studied to simulate 

different environmentally-induced changes in the reactor, including coating insertion (as-deposited Cr-N2 

and Cr-He), high temperature transients (600 °C anneal), extended LOCA event (1000 °C anneal), and 

extended irradiation damage (30 dpa at the Cr-Zr interface). EBSD revealed that recovery and partial 
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recrystallization occurred after annealing at 600 °C, while recrystallization, grain growth, and high 

temperature interdiffusion leading to a 1 µm thick ZrCr2 intermetallic occurred after annealing at 1000 °C. 

Full recrystallization of the Zr-alloy substrate occurred during both annealing treatments. In all cases the 

cracks initiated at the coating-substrate interface and the trends in the load-displacement plots (supported 

by post-test ex situ EBSD) provided profound insights into crack propagation. For the as-deposited coating, 

cracking initiated at high load (indicative of high adhesion strength) in a brittle manner as observed by an 

associated sharp drop in load. For the 1000 °C annealed condition, failure initiated at the Cr-Zr interface at 

a lower load (due to the presence of a ZrCr2 intermetallic phase) and then propagated slightly into the near-

interface region of the Zr-alloy but still parallel to the interface. However, the high ductility of both the 

substrate and the coating led to shorter crack propagation. The 600 °C annealed and ion irradiated Cr 

coatings resulted in ductile failure behavior involving peeling of the Cr/Zr interface and interparticle 

boundaries within the Cr coating, which was attributed to the effects of interdiffusion (with no intermetallic 

phase formation) and ion-beam mixing, respectively, at the Cr-Zr interface. The load-displacement plots in 

these cases showed small drops in load and recovery suggesting ductile behavior.  

Hydrothermal corrosion testing of Cr-He and Cr-N2 coatings in prototypical PWR conditions (of 

temperature and pressure) performed in pure water and Li-enhanced water chemistries showed that the 

coatings imparted significant enhancement in corrosion resistance. Testing for 30 days in pure water 

showed a factor of 10 improvement in corrosion rate compared to uncoated Zr-alloy cladding. Cross-

sectional SEM imaging of the coatings tested in Li-enhanced water revealed the uncoated Zr-alloy 

developed a 1.5 µm thick ZrO2 oxide layer, while STEM imaging revealed less than 50 nm of Cr2O3 formed 

on the surfaces of both Cr-N2 and Cr-He coatings over the same exposure time. There was no significant 

difference in performance between Cr-N2 and Cr-He coatings, suggesting that the lower particle velocity 

Cr-N2 coating provided sufficient interparticle bonding to resist corrosion attack. WDS scans acquired 

using EPMA revealed no oxygen permeation into the bulk of either type of cold spray Cr coating. High 
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temperature air and steam oxidation tests at 1300 °C demonstrated that Cr coatings provide a high degree 

of protection due to the formation of a thin, tenacious Cr2O3 layer on their surface. 
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Appendices 

Appendix A:  Supplementary information for single particle impact tests 

For the spraying of Cr particles on the Zry-4 substrate (i.e., the Cr-Zr system), EDS was used to 

distinguish the bonded Cr particles from impact craters on the Zr-alloy substrate surface. For the spraying 

of Cr particles on the Cr substrate (i.e., the Cr-Cr system), individually bonded particles and craters were 

counted for each image using ImageJ software. The deposition efficiency was calculated as the ratio of the 

total number of bonded particles to the total number of bonded particles plus impact craters. Representative 

SEM/EDS images used for image analysis are shown in Fig. A.1.  

 
Fig. A.1. SEM images of deposition at 580, 680, and 880 m/s: (a-c) single Cr particle impacts on Zry-4 
substrates, with EDS overlay of Cr (blue); (d-f) single Cr particle impacts on pure Cr substrates. 

At lower particle velocities (𝑣𝑣𝑝𝑝~580 𝑚𝑚/𝑠𝑠), a number of impact craters on the Zry-4 substrate showed 

remnants of impacted Cr particles, highlighted in white using EDS mapping (Fig. A.2. a). The higher 

magnification SEM image of the selected region, shown in Fig. A.2. (b), reveals the morphologies of these 

unique impact features. Excluding bonded Cr particles and bare impact craters, two notable phenomena 

were observed: (i) some of the craters contained bonded flakes that detached from the bulk Cr particles, 
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and (ii) some of the craters contained portions of bonded particles that fragmented from the bulk Cr 

particles. The occurrence of these detached flakes and fragmented particles within craters decreased with 

increasing impact velocity. It is also worth noting that the number of craters decreased as well due to 

increase in deposition efficiency.  

 
Fig. A.2. Single Cr particle impacts on Zry-4, deposited at 580 m/s: (a) EDS overlay of single Cr 
particles (white) on Zry-4 (red) substrate, with some Cr particle remnants within craters; (b) Higher 
magnification SEM image (from ‘b’ region) with notable impact phenomena labeled. 

Cross-sectional SEM imaging and EBSD mapping showed conclusively that the Zry-4 substrate 

deformed to a higher degree than the Cr particles. Thus, during impact, a higher fraction of kinetic energy 

was expended in deforming the substrate compared to the particles themselves. Rahmati and Jordoin [119] 

divided the cold spray process into two parts: first, impact and plastic deformation occur at high strain rates; 

second, particle rebounding from the substrate occurs at low strain rates due to releasing of elastic energy. 

In this framework, the Cr particle initially deforms the Zry-4 plastically, causing substrate jetting at high 

strain rates. However, at lower particle velocities, only incipient/localized jetting around the 

particle/substrate interface was observed, meaning a larger fraction of the total energy was expended in 

elastically rebounding the particles [118]. This localized bonding likely occurred more frequently within 

particles containing more flakes or surface defects – if the propagating pressure wave reaches a flake/defect, 

that portion of the particle may experience bonding while the rest of the particle may fragment across this 

interface and rebound. At higher impact velocities, more kinetic energy is spent on jetting across the 
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particle/substrate interface, leading to a higher fraction of metallic contact and metallurgical bonding. This 

promotes more thorough adhesion of the particle to the substrate and diminishes the effects of elastic 

rebound forces during high velocity impact. 

FEM simulations were performed for a 30 µm Ni particle impacting a SS304 substrate at 500 m/s. The 

spherical morphology was altered by adding several flakes to the surface of the particle, as shown in the 

top row of Fig. A.3 (a-c). The maximum elastic and plastic strains were similar between the particles at the 

end of the impact simulations. One difference observed was the deformation behavior at the interface – the 

particle without a flake showed deeper penetration into the substrate. It appears the flake acts like a cushion 

that limits penetration into the substrate. Another difference observed was deformation within the particle, 

in which the presence of flakes led to increased material being ejected from the particle bulk, which supports 

the theory of flakes acting as initiation sites for fracture.  

 
Fig. A.3. FEM simulations of a 30 µm Ni particle impacting a SS304 substrate at 500 m/s impact velocity. 
The particle morphology before impact (top row) consisted of (a) defect-free, (b) containing one flake, 
and (c) containing three flakes. The main difference observed during impact was an increase in material 
ejected from the particle. 

The phenomena of flake detachment and particle fragmentation were not observed in the Cr-on-Cr 

system because the Cr particles deformed more than the bulk Cr substrates. In other words, if the Cr particle 

did not reach the critical velocity for bonding, the entire particle rebounded from the substrate. Fig. A.4. 

shows plan-view SEM images of bonded particles deposited at the three particle velocities discussed in 
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Section 4. One interesting finding was that jetting was not obvious for the particles impacting at lower 

velocities. Some of the particles (Fig. A.4. b & d) show what appear to be small ejecta in localized areas 

around the periphery, but others (Fig. A.4. a & c) do not show this feature. Meanwhile, many particles that 

impacted at the highest velocity (like the one shown in Fig. A.4. e) contained this ejecta, while a select few 

particles (Fig. A.4. f) showed complete peripheral jetting. In this case, the substrate clearly participates in 

jetting as indicated by wrinkling/raising of the substrate (blue arrows). This feature was not observed in the 

lower velocity conditions, indicating the substrate did not participate in jetting to any significant extent 

(also observed in cross-section in Section 4.1.4, Fig. A.4. a).  

 
Fig. A.4. SEM images of single Cr particle impact on bulk Cr substrates: (a-b) deposition at 580 m/s; (c-
d) deposition at 680 m/s; (e-f) deposition at 880 m/s. The arrows refer to particle jetting (orange) and 
substrate jetting (blue), with dotted arrows possibly jetting. 
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Appendix B:  Supplementary information for synchrotron diffraction experiment 

This section contains supplementary information pertinent to Section 7. Table B.1., B.2., and B.3. 

contain materials parameters used for calculating contrast factors for the cold spray Cr coatings and 

ZIRLOTM substrates, taken from the references included in the table captions. 

Table B.1. Parameters used in the calculation of contrast factors for Cr coating [242,243]. 

Parameter Cr 
a (Å) 2.884 
c11 (GPa) 346 
c44 (GPa) 100 
c12 (GPa) 66.0 
Ai = 2*c44/(c11-c12) 0.714 
c12/c44 0.660 
𝐶𝐶ℎ̅00,𝑠𝑠 0.140 
𝐶𝐶ℎ̅00,𝑟𝑟 0.138 
qs 1.409 
qe -1.533 

 

Table B.2. Materials constants obtained for ZIRLOTM substrates [174]. 

Parameter Zr 
a (Å) 3.239 
c (Å) 5.156 
c11 (GPa) 145.5 
c33 (GPa) 168 
c44 (GPa) 26.6 
c12 (GPa) 71.3 
c13 (GPa) 71.8 
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Table B.3. Parameters used in the calculation of contrast Burgers factors for ZIRLOTM substrate [298]. 

Slip System Burgers Vector 
Notation Chk.0 q1 q2 

BE a 0.813 0.428 -0.416 
PrE a 0.344 -1.184 0.351 
PrE2 c 0.045 5.851 -0.270 
PrE3 a+c 0.089 3.224 -1.317 
PyE a 0.301 -0.855 0.163 
Py2E a+c 0.084 2.506 -0.359 
PyE3 a+c 0.086 3.130 -1.089 
PyE4 a+c 0.084 2.759 -0.605 
S1 a 0.119 1.436 -1.199 
S2 a+c 0.105 0.640 -0.138 
S3 c 4.7e-6 2440 -1440 

Fig. B.1. shows synchrotron diffraction line profiles of the as-deposited specimen from the beginning 

(bottom) to the end (top) of tensile straining up to failure. Fig. B.1. (a) shows integrated diffraction profiles 

from the GE1 detector (direction of tensile straining), and Fig. B.1. (b) shows profiles from the GE2 detector 

(transverse direction). Five fitted Cr peaks are labeled, and noticeable peak shift and broadening can be 

observed for {200}, {211}, and {220} peaks. Noticeable peak shift and broadening can be seen in the 

unlabeled α-Zr peaks as well, indicative of uniform and non-uniform plastic strain, respectively.  

Fig. B.2. shows similar synchrotron diffraction line profiles for the annealed specimen in the (a) axial, 

and (b) transverse, directions. The larger annealed specimen size allowed for more scanning points along 

the gauge section, and the adjusted beam parameters allowed for higher quality scans. This resulted in a 

clearer evolution of diffraction peaks in Fig. B.2. (a & b). For example, the (010) α-Zr peak (d~1.89 Å) 

shows lower intensity peaks shifting to the right with increasing strain (Fig. B.2. a), indicative of tensile 

strain. Meanwhile, the same lattice plane shows higher intensity peaks shifting to the left with increasing 

strain (Fig. B.2. b), indicative of compressive strain. Texture evolution was also observed in the annealed 

ZIRLO substrate. In Fig. B.2. (a), the {200} bcc-Cr peak was observed near the low-intensity (103) α-Zr 

peak (d~1.46 Å) at the beginning of tensile strain, but this peak quickly subsided into the background due 

to broadening. Meanwhile, Fig. B.2. (b) showed the same (103) α-Zr peak at higher intensities that remain 
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throughout tensile straining. Peak shifting and broadening caused the {200} bcc-Cr peak and the (103) α-

Zr peak to move towards each other as tensile straining increased. 

To summarize, Fig. B.1. and Fig. B.2. provide visual examples of the challenges with peak fitting the 

synchrotron diffraction line profiles at different stages of tensile straining. Care was taken to utilize 

sophisticated peak separation and fitting techniques to obtain accurate peak information (d-spacing, 

FWHM, etc.) at all selected peaks at all stages of tensile straining.  

 
Fig. B.1. Evolution of peak position and peak width for as-deposited sample from beginning of tensile test 
(bottom of plots) until failure (top of plots), as indicated by the arrow, for (a) GE-1 detector (tensile 
direction) and (b) GE-2 detector (transverse direction), respectively. The five fitted Cr peaks are labeled. 
Notice the shift and broadening of the {200}, {220}, and {310} Cr peaks towards the higher-intensity Zr 
peaks as the applied strain increases. 
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Fig. B.2. Evolution of peak position and peak width for annealed sample from beginning of tensile test 
(bottom of plots) until failure (top of plots), as indicated by the arrow, for (a) GE-1 detector (axial/tensile 
direction) and (b) GE-2 detector (transverse direction), respectively. The five fitted Cr peaks are labeled. 
Notice the shift and broadening of the {200}, {220}, and {310} Cr peaks towards the higher-intensity Zr 
peaks as the applied strain increases. 

Table B.4. and Table B.5. show calculated elastic moduli for certain reflections of Cr and Zr for the as-

deposited specimens. The bulk elastic constants for Cr and ZIRLOTM are known to be ~270 GPa [243] and 

~95.7 ± 5.4 GPa [174], respectively. In the loading direction, the modulus of the Zr-alloy substrate is within 

the range of bulk values while the modulus of the cold spray Cr coating is lower. However, the trend in Cr 

modulus variation across reflections is consistent with values calculated from bulk elastic stiffness constants 

[243]. While it has been repeatedly shown that the elastic moduli of cold spray coatings are lower as 

compared to their bulk material counterparts [299], most experiments completely exclude the substrate 
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effects and assess the elastic properties of the free-standing cold spray deposit. Although it is possible to 

use the lattice strains measured by synchrotron in combination with texture analysis [300,301], this was not 

performed as was not the focus of this study.  

Table B.4. Elastic moduli for certain reflections of Cr and Zr for the as-deposited specimens (units: GPa). 

Reflection {110} {200} {211} {220} {310} 
Cr, As-Dep. (εyy) 103 144 104 107 126 
Cr, Anneal (εyy) 125 143 130 134 139 
Cr, Calculated 268 298 268 268 287 
Reflection {010} {110} {210} {211} {320} 
Zr, As-Dep. (εyy) 114 99.6 91.1 99.6 115 
Zr, Anneal (εyy) 92.6 93.3 89.6 95.7 96.1 

 

Table B.5. List of Harris Texture Index, Thkl, calculated using Eqn. 7.6 for certain reflections of the Zr-
alloy substrate. These values were calculated from diffraction measurements made at the start of the 
tensile test (i.e., just before straining); thus, they represent the texture of the material in its as-fabricated 
or as-annealed state. Values closer to 1 indicate a random orientation of crystallites. 

Reflection {010} {110} {210} {011} {020} {211} {120} 
As-Deposited 0.96 0.34 0.06 1.14 0.97 0.48 4.08 

Annealed 0.86 0.42 0.12 1.64 1.11 0.62 2.79 
Reflection {220} {320} {021} {121} {221} {030} {321} 

As-Deposited 0.14 0.82 0.23 0.88 1.51 0.37 2.01 
Annealed 0.13 0.90 0.33 0.97 0.90 0.44 2.77 

 

Table B.6. shows calculated Harris texture index, Thkl, calculated using Eqn. 7.6 for certain reflections 

of the cold spray Cr coatings taken from diffraction peaks measured at the start of the tensile tests. Thus, 

they represent the texture of the material in its as-fabricated or as-annealed state. Values closer to 1 indicate 

a random orientation of crystallites. Slight differences are observed between the two coated specimens, but 

the differences are not very significant. However, a full texture analysis (i.e., rotation of the sample during 

synchrotron diffraction) would be better appropriate to determine the effect of annealing on texture within 

the Cr coatings. 
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Table B.6. List of Harris Texture Index, Thkl, calculated using Eq. (7.6) for certain reflections of the cold 
spray Cr coating. These values were calculated from diffraction measurements made at the start of the 
tensile test (i.e., just before straining). 

Reflection {110} {200} {211} {220} {310} 
As-Deposited 1.07 1.13 0.98 0.94 0.87 

Annealed 0.92 1.08 0.95 1.03 1.01 
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