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A method is described for forming duplex layers including 
an interlayer and a corrosion resistant boundary layer on a 
nuclear fuel rod cladding tube for use in a water cooled 
nuclear reactor. The method includes forming, by thermal 
deposition or physical vapor deposition, on the exterior of a 
substrate, an inner interlayer with Mo, Ta, W or Nb or other 
particles, and forming, by thermal deposition or physical 
vapor deposition, on the interlayer, an outer corrosion resis­
tant layer with particles selected from the group consisting 
of Cr, a Cr alloy, and combinations thereof. The interlayer 
prevents eutectic formation between the corrosion resistant 
layer and the substrate. 
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DUPLEX ACCIDENT TOLERANT COATING 
FOR NUCLEAR FUEL RODS 

STATEMENT REGARDING GOVERNMENT 
RIGHTS 

This invention was made with government support under 
Contract No. DE-NE0008222 awarded by the Department of 
Energy. The U.S. Government has certain rights in this 
invention. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The invention relates to coatings for nuclear fuel rod 
cladding, and more particularly to the methods for deposit­
ing duplex protective layers on a zirconium alloy substrate. 

2. Description of the Prior Art 

Zirconium alloys rapidly react with steam at temperatures 
of 1100° C. and above to form zirconium oxide and hydro­
gen. In the environment of a nuclear reactor, the hydrogen 
produced from that reaction would dramatically pressurize 
the reactor and would eventually leak into the containment 
or reactor building leading to potentially explosive atmo­
spheres and to potential hydrogen detonations, which could 
lead to fission product dispersion outside of the containment 
building. Maintaining the fission product boundary is of 
critical importance. 

U.S. Patent Application US 2014/0254740 discloses 
efforts to apply metal oxides, ceramic materials, or metallic 
alloys that contain chromium to a zirconium alloy cladding 
tube using a thermal spray, such as a cold spray technique 
wherein powderized coating materials are deposited with 
substantial velocity on a substrate in order to plastically 
deform the particles into a flattened, interlocking material 
that forms a coating. 

Metallic chromium is known to provide excellent corro­
sion resistance, but it is a hard and brittle metal that not been 
considered to be a good candidate for deposition by cold 
spray because of its lack of ductility and high melting point. 
Because of their corrosion resistance, chromium and chro­
mium alloys have nonetheless been proposed for corrosion 
resistance. 

The performance of these corrosion coatings is limited, 
however, when temperatures reach the eutectic range point. 

SUMMARY OF THE INVENTION 

The method described herein addresses the problem asso­
ciated with the potential reaction of steam with zirconium in 

2 
corrosion resistant layer on the interlayer with particles 
selected from the group consisting of Cr, a Cr alloy, and 
combinations thereof. The corrosion resistant layer particles 
may have a diameter of 100 microns or less. 

The substrate is preferably a zirconium alloy and the 
component, in various aspects, may be a cladding tube for a 
nuclear fuel rod. The substrate may be any shape associated 
with the component to be coated. For example, the substrate 
may be cylindrical in shape, curved, or may be flat. In a 

10 nuclear fuel rod, the substrate is preferably cylindrical. 
When the corrosion resistant layer particles are chro­

mium-based alloys, they may comprise 80 to 99 atom % of 
chromium. In various aspects, the chromium-based alloy 
may include at least one element selected from the group 

15 consisting of silicon, yttrium, aluminum, titanium, niobium, 
zirconium, and transition metal elements, at a combined 
content of 0.1 to 20 atomic %. In various aspects, the Cr 
alloy may be one of FeCrAIY or FeCrAI. 

The interlayer and the corrosion resistant layer may be 
20 formed by any suitable method. In various aspects, the 

layers are formed by a thermal deposition process, such as 
a cold spray process. When the interlayer deposition process 
is a cold spray process, the method may further include 
heating a pressurized carrier gas to a temperature between 

25 200° C. and 1000° C.; adding the interlayer particles to the 
heated carrier gas; and spraying the carrier gas and entrained 
particles at a velocity of 800 to 4000 ft./sec. (about 243.84 
to 1219.20 meters/sec.) onto the substrate. 

When the corrosion resistant layer deposition process is a 
30 cold spray process, the method may further include heating 

a pressurized carrier gas to a temperature between 200° C. 
and 1000° C.; adding the Cr or Cr alloy particles to the 
heated carrier gas; and spraying the carrier gas and entrained 
Cr or Cr alloy particles at a velocity of 800 to 4000 ft./sec. 

35 (about 243.84 to 1219.20 meters/sec.) onto the interlayer. 
The carrier gas is advantageously selected from inert and 

unreactive gases. In various aspects, the carrier gas may be 
selected from the group consisting of nitrogen, hydrogen, 
argon, carbon dioxide, helium, and combinations thereof. 

40 The carrier gas may be heated at a pressure up to 5.0 MPa. 
The carrier gas and particles are preferably sprayed con­

tinuously at very high rates until the desired coating thick­
ness is reached. The coating thickness may, for example, be 
between 5 and 100 microns, but greater thicknesses of, for 

45 example, several hundred microns, may be deposited. 
In various aspects, the interlayer and the corrosion resis­

tant layer are formed by a physical vapor deposition process. 
The physical vapor deposition process may be any suitable 
known process, such as a cathodic arc vapor deposition, 

50 magnetron sputtering deposition, or pulsed laser deposition. 

a nuclear reactor and the limitations that can be experienced 
when temperatures exceed the eutectic point for the alloys 55 

used. The method described herein provides a layer between 

In various aspects of the method, one of the interlayer and 
the corrosion resistant layer is formed by a thermal deposi­
tion process and the other the interlayer and the corrosion 
resistant layer is formed by a physical vapor deposition 
process. 

Following formation of the interlayer and the corrosion 
resistant layer, the method may further include amiealing the 
coating. Amlealing may impart ductility and may create 
sub-micron sized grains that, it is believed, will be beneficial 
for isotropy in properties and resistance to radiation damage. 

a chromium or chromium alloy corrosion resistant layer and 
a substrate to avoid eutectic formation between the corrosion 
resistant layer and the substrate. 

A method is provided for forming a corrosion resistant 60 

layer on a substrate of a component for use in a water cooled 
nuclear reactor. In various aspects, the method includes 
providing a substrate; forming on the exterior of the sub­
strate an interlayer with particles, preferably transition metal 
particles, such as molybdenum (Mo), niobium (Nb), tanta- 65 

!um (Ta), tungsten (W) and other particles, each particle 
having a diameter of 100 microns or less; and forming a 

The method described herein provides in various aspects, 
a cladding tube formed from a zirconium alloy and having 
an interlayer coating and an outer coating formed from 
chromium or a chromium alloy. In general, the interlayer 
material may be chosen from those materials having a 
eutectic melting point with the zirconium or zirconium 
alloys that is in various aspects, above 1400° C., and 
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preferably in certain aspects, above 1500° C., and may in 
addition, be chosen from those materials having thermal 
expansion coefficients and elastic modulus coefficients com­
patible with the zirconium or zirconium alloy on which it is 
coated and the coating which is applied above it. Examples 5 

include transition metals such as Mo or other metals such as 
Nb, Ta, and W that have a high melting point (greater than 
1700° C.) and do not form a eutectic or metals that do form 
a eutectic but at higher temperatures (greater than 1400° C.) 
than the eutectic that may be formed between the zirconium 10 

alloy tube and an outer coating formed from chromium or a 
chromium alloy (around 1333° C.). 

In various aspects, the corrosion resistant layer acts as a 
corrosion barrier for the substrate. When the substrate is a 

15 
zirconium alloy cladding, the chromium coating provides a 
barrier against corrosion at normal operating conditions, for 
example, between 270° C. and 350° C. in pressurized water 
reactors and between 200° C. and 300° C. in boiling water 
reactors. The coating reduces the steam zirconium and air 20 

zirconium reactions and hydrogen generation at high tem­
peratures, i.e., those greater than 1100° C. 

The interlayer is introduced to mitigate eutectic formation 
between the corrosion resistant layer and the substrate that 
limits the performance of the corrosion resistant layer at 25 

temperature higher than, for example, 900° C., for Zr or Zr 
alloy and Cr or Cr alloy materials, such as FeCrAl or 
FeCrAlY, and thus improves the accident tolerance of this 
embodiment of a corrosion resistant layer at temperatures 
higher than 900° C. 30 

BRIEF DESCRIPTION OF THE DRAWINGS 

The characteristics and advantages of the present disclo-
35 

sure may be better understood by reference to the accom-
panying FIGURE. 

FIG. 1 is a schematic illustration of a cold spray process. 

4 
ent description should at least be construed in light of the 
number of reported significant digits and by applying ordi­
nary rounding techniques. 

Further, any numerical range recited herein is intended to 
include all sub-ranges subsumed therein. For example, a 
range of "1 to 10" is intended to include all sub-ranges 
between ( and including) the recited minimum value of 1 and 
the recited maximum value of 10, that is, having a minimum 
value equal to or greater than 1 and a maximum value of 
equal to or less than 10. 

"Pure Cr", or "pure chromium", as used herein, means 
100% metallic chromium that may include trace amounts of 
unintended impurities that do not serve any metallurgical 
function. For example, pure Cr may contain a few ppm of 
oxygen. "Cr-alloy," "chromium alloy," "Cr-based alloy," or 
"chromium-based alloy" as used herein refer to alloys with 
Cr as the dominant or majority element together with small 
but reasonable amounts of other elements that serve a 
specific function. The Cr alloy may comprise 80% to 99 
atom % of chromium. Other element in the Cr alloy may 
include at least one chemical element selected from silicon, 
yttrium, aluminum, titanium, niobium, zirconium, and other 
transition metal elements. Such elements may be present for 
example at a content of 0.1 atomic% to 20 atomic%. 

A method is described herein for improving the corrosion 
resistance of a substrate, by adding a layer of a material 
between the substrate and the corrosion resistant layer that 
mitigates eutectic formation between the corrosion resistant 
layer and the substrate at temperature higher than the 
eutectic point of the materials. For example, when the 
substrate is Zr or a Zr alloy and the corrosion resistant layer 
is Cr or a Cr alloy or Cr based alloy, such as FeCrAl, the 
interlayer mitigates eutectic formation at temperatures 
higher than 900° C. 

The duplex structure of a cladding tube described herein, 
with the addition of an interlayer between the substrate and 
the corrosion resistant layer improves the accident tolerance 
of, for example, a coated zirconium alloy cladding at high 
temperatures so that eutectic formation between the corro-

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

40 sion resistance layer and the zirconium alloy substrate can 
be avoided. 

As used herein, the singular form of "a", "an", and "the" 
include the plural references unless the context clearly 
dictates otherwise. Thus, the articles "a" and "an" are used 
herein to refer to one or to more than one (i.e., to at least one) 
of the grammatical object of the article. By way of example, 
"an element" means one element or more than one element. 

Directional phrases used herein, such as, for example and 
without limitation, top, bottom, left, right, lower, upper, 
front, back, and variations thereof, shall relate to the orien­
tation of the elements shown in the accompanying drawing 
and are not limiting upon the claims unless otherwise 
expressly stated. 

In the present application, including the claims, other than 
where otherwise indicated, all numbers expressing quanti­
ties, values or characteristics are to be understood as being 
modified in all instances by the term "about." Thus, numbers 
may be read as if preceded by the word "about" even though 
the term "about" may not expressly appear with the number. 
Accordingly, unless indicated to the contrary, any numerical 
parameters set forth in the following description may vary 
depending on the desired properties one seeks to obtain in 
the compositions and methods according to the present 
disclosure. At the very least, and not as an attempt to limit 
the application of the doctrine of equivalents to the scope of 
the claims, each numerical parameter described in the pres-

A method is described herein of coating a substrate with 
at least two layers for use in a nuclear water reactor, and of 
a cladding tube comprising a substrate and at least two layers 

45 applied on the exterior thereof, having an outer layer pro­
viding corrosion resistance and an inner layer that prevents 
eutectic formation at high temperatures. In various aspects, 
the outer layer comprises Cr or a Cr alloy, such as FeCrAlY, 
and the inner layer comprises a transition metal, such as Mo, 

50 Nb, Ta, or W. Both layers can be applied using a thermal 
deposition process, such as a cold spray process. Alterna­
tively, both layers can be applied using a physical vapor 
deposition (PVD) process, such as cathodic arc physical 
vapor deposition, magnetron sputtering, or pulse laser depo-

55 sition (PLD). The inner layer will be deposited first and may 
be ground and polished before deposition of the outer layer, 
which can be ground and polished thereafter. 

The improved coating method described herein improves 
the integrity of the cladding tube coating under high tem-

60 perature accident conditions and equally as important, under 
normal operating conditions. Even under normal operating 
conditions hydrogen may form due to Zr oxidation or may 
be present in water. This hydrogen diffuses into the Zr­
cladding ( called hydriding) and causes brittleness in the 

65 cladding. The improved duplex coated cladding tube will be 
less susceptible to hydriding of Zr-cladding which would 
contribute to increased cycle length, and thus, improve the 
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economics of operating the reactor. The duplex coated 
cladding tube is also expected to resist delayed hydride 
cracking, so it would perform better in subsequent dry cask 
storage. 

In various aspects, the Cr or Cr-based alloy coating 
provided by the method described herein will reduce hydrid­
ing by way of reduced oxidation and by acting as a diffusion 
barrier to hydrogen in the water from entering the cladding. 
There are important benefits to having such a Cr coating 
even under normal conditions, but the role of the Cr or 
Cr-based coating becomes indispensable during higher tem­
perature accident conditions. 

Cr exhibits negligible thermal diffusion into the underly­
ing Zr under normal operating conditions and even at 
temperatures up to 650° C. Despite the intimate contact 
between the coating and the substrate induced by cold spray 
there is only very limited inter-diffusion between the pure Cr 
coating and the substrate at 1200° C. It is believed that in 
fact, the slight thermal diffusion that occurs under accident 
temperatures may be beneficial in keeping the coating 
anchored to the substrate. 

The benefits of the corrosion resistant coating are 
improved further by the addition of an interlayer between 
the corrosion resistant coating layer and the substrate. As 
explained above, the interlayer further improves the accident 
tolerance of the coated zirconium alloy cladding by avoid­
ance of eutectic formation between the corrosion resistance 
layer and the zirconium alloy substrate at eutectic tempera­
tures. The exact temperature will vary depending on the 
materials used for the substrate and the corrosion resistant 
layer. Eutectic phase diagrams for determining the eutectic 
point are readily available in the literature. 

In various embodiments, the method proceeds by deliv­
ering a carrier gas to a heater where the carrier gas is heated 
to a temperature sufficient to maintain the gas at a reasonable 
temperature (e.g., 100° C. to 500° C.) after expansion in the 
gas delivery nozzle. The expansion of the gas propels the 
particles. In various aspects, the carrier gas may be heated to 

6 
change depending on the type of the equipment used and that 
equipment can be modified to adjust the temperature, pres­
sure and volume parameters. 

Suitable carrier gases are those that are inert or are not 
5 reactive, and those that particularly will not react with the 

interlayer particles, the Cr or Cr-based alloy corrosion 
resistant layer particles or the substrate. Exemplary carrier 
gases include nitrogen (N2 ), hydrogen (H2 ), argon (Ar), 
carbon dioxide (CO2), and helium (He). There is consider-

IO able flexibility in regard to the selected carrier gases. Mix­
tures of gases may be used. Selection is driven by both 
physics and economics. For example, lower molecular 
weight gases provide higher velocities, but in certain 

15 
aspects, the highest velocities should be avoided as they 
could lead to a rebound of particles and therefore diminish 
the number of deposited particles. 

In various aspects, one or both layers may be applied 
using a thermal deposition process. For example, the process 

20 may be conducted in an assembly such as that shown in FIG. 
1. Referring to FIG. 1, a cold spray assembly 10 is shown. 
Assembly 10 includes a heater 12, a powder or particle 
hopper 14, a gun 16, nozzle 18 and delivery conduits 34, 26, 
32 and 28. High pressure gas enters conduit 34 for delivery 

25 to heater 12, where heating occurs quickly; substantially 
instantaneously. When heated to the desired temperature, the 
gas is directed through conduit 26 to gun 16. Particles held 
in hopper 14 are released and directed to gun 16 through 
conduit 28 where they are forced through nozzle 18 towards 

30 the substrate 22 by the pressurized gas jet 20. To form the 
interlayer, the sprayed particles 24 are deposited onto sub­
strate 22 to form interlayer 30 comprised of particles 24. 

In general, the interlayer material may be chosen from 

35 
those materials having a eutectic melting point with the 
zirconium or zirconium alloys that is above 1400° C. and 
thermal expansion coefficients and elastic modulus coeffi­
cients compatible with the zirconium or zirconium alloy on 
which it is coated and the coating which is applied above it. 

40 The particles used to form the interlayer may be Mo, but 
alternatively Ta, W or Nb particles, all of which form 
eutectics with Zr or Zr alloys greater than 1400° C., and in 
various aspects, greater than 1500° C. 

a temperature between 100° C. and 1200° C., with a pres­
sure, for example, of 5.0 MPa. In certain aspects, the carrier 
gas may be heated to a temperature between 200° C. and 
800° C. In certain aspects, the carrier gas may be heated to 
between 300° C. and 800° C. and in other aspects, may be 
heated to a temperature between 500° C. and 800° C. The 
temperature to which the gas is preheated depends on the gas 
used as the carrier and on the Joule-Thomson cooling 
coefficient of the particular gas. Whether or not a gas cools 
upon expansion or compression when subjected to pressure 
changes depends on the value of its Joule-Thomson coeffi­
cient. For positive Joule-Thomson coefficients, the carrier 
gas cools and must be preheated to prevent excessive 
cooling which can affect the performance of the cold spray 
process. Those skilled in the art can determine the degree of 
heating using well known calculations to prevent excessive 55 

cooling. See, for example, for N2 as a carrier gas, if the inlet 
temperature is 130° C., the Joule-Thomson coefficient is 

In certain aspects, the particles used to form the interlayer 
45 may be Mo particles. Mo particles ( or any of the other 

suitable interlayer particles) are added to hopper 14. The 
interlayer particles 24 become entrained in the carrier gas 
when brought together in gun 16. The nozzle 18 narrows to 
force the particles and gas together and to increase the 

50 velocity of the gas jet 20 exiting nozzle 18. The particles are 
sprayed onto the substrate at a velocity sufficient to provide 
a compact, impervious, or substantially impervious layer. In 
various aspects the velocity of the jet spray may be from 800 
to 4000 ft./sec. (about 243.84 to 1219.20 meters/sec.). 

The interlayer may be ground and polished before depo­
sition of the outer, corrosion resistant layer, which can be 
ground and polished thereafter. 

0.1 ° C./bar. For the gas to impact the tube at 130° C. if its 
initial pressure is 10 bar (-146.9 psia) and the final pressure 
is 1 bar (-14.69 psia), then the gas needs to be preheated to 
about 9 bar*0.1 ° C./bar or about 0.9° C. to about 130.9° C. 

For example, the temperature for helium gas as the carrier 
is preferably 450° C. at a pressure of3.0 to 4.0 MPa, and the 
temperature for nitrogen as the carrier may be 1100° C. at a 
pressure of 5.0 MPa, but may also be 600° C.-800° C. at a 
pressure of 3.0 to 4.0 MPa. Those skilled in the art will 
recognize that the temperature and pressure variables may 

The cold spray process relies on the controlled expansion 
of the heated carrier gas to propel the particles onto the 

60 substrate. The particles impact the substrate or a previous 
deposited layer and undergo plastic deformation through 
adiabatic shear. Subsequent particle impacts build up to 
form the coating. The particles may also be warmed to 
temperatures one-third to one-half the melting point of 

65 powder expressed in degrees Kelvin before entering the 
flowing carrier gas in order to promote deformation. The 
nozzle is rastered (i.e., sprayed in a pattern in which an area 
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is sprayed from side to side in lines from top to bottom) 
across the area to be coated or where material buildup is 
needed. 

8 
Transient heating occurs over micro- or even nano-second 
time scale and over nanometer length scales. It can also 
result in in the fragmentation and removal of nanometer 
thickness oxide layers that are inherently present on all Coating tubular geometries, rather than just flat surfaces, 

has heretofore been challenging. Whereas flat surfaces can 
readily be coated, tubular and other curved surfaces have 
been economically challenging. Coating a tubular or cylin­
drical geometry requires the tube be rotated as the nozzle 
moves lengthwise across the tube or cylinder. The nozzle 
traverse speed and tube rotation are in synchronized motion 
so that uniform coverage is achieved. The rate of rotation 
and speed of traverse can vary substantially as long as the 
movement is synchronized for uniform coverage. The tube 
may require some surface preparation such as grinding or 
chemical cleaning to remove surface contamination to 
improve adherence and distribution of the coating. 

5 powder and substrate surfaces. The spray continues until a 
desired thickness of the interlayer on the substrate surface or 
the corrosion resistant layer on the interlayer is reached. In 
various aspects, a desired thickness for the corrosion resis­
tant layer may be several hundred microns, for example, 

10 from 100 to 300 microns, or may be thinner, for example, 
from 5 to 100 microns. The corrosion resistant layer coating 
should be thick enough to form a barrier against corrosion. 
The coating barrier reduces, and in various aspects may 
eliminate, any steam zirconium and air zirconium reactions, 

In various aspects of the method, the particles used for the 
corrosion resistant layer are pure metallic chromium par­
ticles that have an average diameter ofless than 20 microns. 

15 and reduces, and in various aspects eliminates, zirconium 
hydride formation at temperatures of about 1000° C. and 
above. 

By "average diameter," as used herein, those skilled in the 20 

art will recognize that the particles may be both spherical 
and non-spherical so that the "diameter" will be the longest 
dimension of the regularly or irregularly shaped particles, 
and the average diameter means that there will be some 
variation in the largest dimension of any given particle 25 

above or below 20 microns, but the average of the longest 
dimension of all particles used in the coating are together, 20 
microns or less. 

The chromium or chromium-based alloy particles are 
solid particles. Following application of the interlayer 30, 30 

the corrosion resistant layer is applied. If cold spray is used 
to apply this outer layer, the chromium or chromium alloy 
particles 36 or a combination thereof, are added to the 
hopper 14 in place of, for example, the Mo particles, or a 
separate assembly with its own chamber and a separate 35 

hopper for application of the corrosion resistant layer may 
be used. The chromium or chromium alloy particles 36 
become entrained in the carrier gas when brought together in 
gun 16. The nozzle 18 narrows to force the particles and gas 
together and to increase the velocity of the gas jet 20 exiting 40 

nozzle 18. The particles 36 are sprayed at a velocity suffi­
cient to provide a compact, impervious, or substantially 
impervious, Cr and/or Cr-based alloy layers. In various 
aspects the velocity of the jet spray may be from 800 to 4000 
ft./sec. (about 243.84 to 1219.20 meters/sec.). The particles 45 

36 are deposited onto the surface of the interlayer 30 at a rate 
sufficient to provide the desired production rate of coated 
tubing, at a commercial or research level. 

The rate of particle deposition for either of the layers 
depends on the powder apparent density (i.e., the amount of 50 

powder vs. the air or empty space in a specific volume) and 
the mechanical powder feeder or hopper used to inject the 
powder particles into the gas stream. Those skilled in the art 
can readily calculate the rate of deposition based on the 
equipment used in the process, and can adjust the rate of 55 

deposition by altering the components that factor into the 
rate. In certain aspects of the method, the rate of particle 
deposition may be up to 1000 kg/hour. An acceptable rate is 
between 1 and 100 kg/hour, and in various aspects, between 
10 and 100 kg/hour, but higher and lower rates, such as 1.5 60 

kg/hour, have been successfully used. 
The rate of deposition is important from the standpoint of 

economics when more tubes can be sprayed per unit of time 
at higher deposition rates. The repetitive harmnering of 
particles one after the other has a beneficial effect on 65 

improving intraparticle bonding (and particle-substrate 
bonding) because of the longer duration of transient heating. 

In various aspects, a method of forming a corrosion 
resistant layer on the interlayer comprises providing a zir­
conium alloy substrate, and coating the substrate to a desired 
thickness with particles selected from Mo, Ta, W, or Nb 
particles, followed by coating the interlayer with particles 
selected from the group consisting of Cr and a Cr alloy, such 
as FeCrAl or FeCrAlY. The particles of each layer have an 
average diameter of less than 20 microns and a maximum 
particle size of 100 microns. 

In various aspects, the duplex accident tolerant coating 
may comprise an outer corrosion resistant layer of Cr or a Cr 
alloy and inner layer of particles selected from Mo, Ta, W, 
or Nb. The layers are applied to zirconium alloy tubes to 
reduce the reaction of zirconium with steam or air at both 
normal operating conditions and accident conditions. The 
two layers of coatings can be applied using cold spray in 
sequence, as described above, and the parameters are estab­
lished utilizing a carrier gas to apply the particles with a size 
of preferably less than about 20 microns average diameter 
but up to 100 microns in diameter, for a coating of from 5 
to 100 microns. 

As stated, particles may be applied by a thermal deposi­
tion process. Thermal evaporation is a deposition technique 
that relies on vaporization of source material by heating the 
material using appropriate methods in vacuum. The cold 
spray process described herein is exemplary. 

In various alternative aspects, the two layers of coatings 
can also be applied using a type of physical vapor deposition 
method such as cathodic arc physical vapor deposition, 
magnetron sputtering, or pulse laser deposition. 

Several physical vapor deposition (PVD) processes are 
known in the art for depositing thin layers of materials, such 
as particles, to a substrate and may be used to apply one or 
both of the interlayer and the corrosion resistant layer. PVD 
may be characterized as a collective set of vacuum deposi­
tion techniques consisting of three fundamental steps: (1) 
vaporization of the material from a solid source assisted by 
high temperature vacuum or gaseous plasma; (2) transpor­
tation of the vapor in vacuum or partial vacuum to the 
substrate surface; and, (3) condensation onto the substrate to 
generate thin films. 

The most common of the PVD coating processes are 
evaporation (typically using cathodic arc or electron beam 
sources), and sputtering (using magnetic enhanced sources 
or "magnetrons", cylindrical or hollow cathode sources). All 
of these processes occur in vacuum at working pressure 
(typically 10-2 to 10-4 mbar) and generally involve bom-
bardment of the substrate to be coated with energetic posi­
tively charged ions during the coating process to promote 
high density. Additionally, reactive gases may be introduced 
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into the vacuum chamber during metal deposition to create 
various compound coating compositions. The result is a very 
strong bond between the coating and the substrate and 
tailored physical and properties of the deposited layer. 

10 
various aspects, a zirconium alloy substrate having an inner 
coating formed from Mo or alternatively Ta, W or Nb, and 
an outer coating formed from chromium or a chromium 
alloy. 

The inner and outer coatings may be a desired thickness. 
In various aspects, the thickness of the coating may be about 
100 to 300 microns or more. Thinner coatings from about 50 
to 100 microns thick may also be applied. In various aspects, 
the coatings may be up to 100 microns thick. In various 

Cathodic arc vapor deposition involves a source material 5 

and a substrate to be coated placed in an evacuated depo­
sition chamber. The chamber contains only a relatively small 
amount of gas. The negative lead of a direct current (DC) 
power supply is attached to the source material (the "cath­
ode") and the positive lead is attached to an anode. In many 
cases, the positive lead is attached to the deposition cham­
ber, thereby making the chamber the anode. The electric arc 

10 aspects, the coatings may each be from 20 to 50 microns 
thick. The Cr alloy may be, for example, FeCrAl or 
FeCrAlY. 

All patents, patent applications, publications, or other 
disclosure material mentioned herein, are hereby incorpo-

is used to vaporize material from the cathode target. The 
vaporized material then condenses on the substrate, forming 
the desired layer. 15 rated by reference in their entirety, except that all references, 

and any material, or portion thereof, that are said to be 
incorporated by reference herein are incorporated herein 
only to the extent that the incorporated material does not 

Magnetron Sputtering is a plasma vapor deposition pro­
cess in which a plasma is created and positively charged ions 
from the plasma are accelerated by an electrical field super­
imposed on the negatively charged electrode or "target". The 
positive ions are accelerated by potentials ranging from a 20 

few hundred to a few thousand electron volts and strike the 
negative electrode with sufficient force to dislodge and eject 
atoms from the target. These atoms will be ejected in a 
typical line-of-sight cosine distribution from the face of the 
target and will condense on surfaces that are placed in 25 

proximity to the magnetron sputtering cathode. 

conflict with existing definitions, statements, or other dis­
closure material expressly set forth in this disclosure. As 
such, and to the extent necessary, the disclosure as set forth 
herein supersedes any conflicting material incorporated 
herein by reference and the disclosure expressly set forth in 
the present application controls. 

The present invention has been described with reference 
to various exemplary and illustrative embodiments. The 
embodiments described herein are understood as providing 
illustrative features of varying detail of various embodi­
ments of the disclosed invention; and therefore, unless 

Pulsed laser deposition (PLD) is a physical vapor depo­
sition technique where a high-power pulsed laser beam is 
focused inside a vacuum chamber to strike a target of the 
material that is to be deposited. This material is vaporized 
from the target (in a plasma plume) which deposits it as a 
thin film on a substrate. The process of PLD can generally 
be divided into five stages: (1) laser absorption on the target 
surface; (2) laser ablation of the target material and creation 
of a plasma; (3) dynamic of the plasma; ( 4) deposition of the 
ablation material on the substrate; and (5) nucleation and 
growth of the film on the substrate surface. 

30 otherwise specified, it is to be understood that, to the extent 
possible, one or more features, elements, components, con­
stituents, ingredients, structures, modules, and/or aspects of 
the disclosed embodiments may be combined, separated, 
interchanged, and/or rearranged with or relative to one or 

Following the deposition of the corrosion resistant layer 
onto the interlayer, the method may further include anneal­
ing the corrosion resistant layer. Annealing modifies 
mechanical properties and micro structure of the coated tube. 
Annealing involves heating the coating in the temperature 
range of 200° C. to 800° C., and preferably between 350° C. 

35 more other features, elements, components, constituents, 
ingredients, structures, modules, and/or aspects of the dis­
closed embodiments without departing from the scope of the 
disclosed invention. Accordingly, it will be recognized by 
persons having ordinary skill in the art that various substi-

40 tutions, modifications or combinations of any of the exem­
plary embodiments may be made without departing from the 
scope of the invention. In addition, persons skilled in the art 
will recognize, or be able to ascertain using no more than 
routine experimentation, many equivalents to the various to 550° C. It relieves the stresses in the coating and imparts 

ductility to the coating which is necessary to sustain internal 
pressure in the cladding. As the tube bulges, the coating 
should also be able to bulge. Another important effect of 
annealing is the deformed grains formed for example during 
cold spray process get recrystallized to form fine sub-micron 
sized equiaxed grains which may be beneficial for isotropic 50 

properties and radiation damage resistance. 

45 embodiments of the invention described herein upon review 
of this specification. Thus, the invention is not limited by the 
description of the various embodiments, but rather by the 
claims. 

Annealing following for example the cold spray deposi­
tion of the corrosion resistant layer results in structures that 
are rather unique to cold spray coatings. This is very 
beneficial to achieving higher ductility, to better sustain tube 55 

bursts, as shown in testing, and is believed to be beneficial 
for radiation damage resistance. The coatings provided by 
the method described herein create the initial structure for 
giving rise to fine equiaxed grains. 

The duplex coated substrate may also be ground, buffed, 60 

polished, or treated by other known techniques to achieve a 
smoother surface finish. 

What is claimed is: 
1. A method of forming a corrosion resistant boundary on 

a substrate of a component for use in a water cooled nuclear 
reactor, the method comprising: 

providing a zirconium alloy substrate; 
forming on the zirconium alloy substrate, an interlayer 

with particles selected from the group consisting of 
Mo, Ta, W, and Nb; and 

forming a corrosion resistant layer on the interlayer with 
particles selected from the group consisting of Cr, a Cr 
alloy, and combinations thereof; 

wherein the interlayer is formed by a physical vapor 
deposition process and the corrosion resistant layer is 
formed by a cold spray thermal deposition process. 

The method as described herein produces a duplex coated 
substrate. In an exemplary embodiment, the method pro­
duces a cladding tube for use in a water cooled nuclear 
reactor. The cladding tube may be formed from a zirconium 
alloy. The cladding tube described herein may comprise in 

2. The method recited in claim 1 wherein Cr alloy of the 
corrosion resistant layer comprises one of FeCrAl or 

65 FeCrAlY. 
3. The method recited in claim 1 wherein the cold spray 

process comprises: 
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heating a pressurized carrier gas to a temperature between 
100° C. and 1200° C.; 

adding the particles to the heated carrier gas; and 
spraying the carrier gas and entrained particles at a 

velocity of 800 to 4000 ft./sec. (about 243.84 to 5 

1219.20 meters/sec.). 
4. The method recited in claim 3 wherein the carrier gas 

is selected from the group consisting of nitrogen (N2), 

hydrogen (H2), argon (Ar), carbon dioxide (CO2), and 
helium (He) and combinations thereof. 10 

5. The method recited in claim 1 wherein the physical 
vapor deposition process is selected from the group consist­
ing of cathodic arc vapor deposition, magnetron sputtering 
deposition, and pulsed laser deposition. 

6. The method recited in claim 1 further comprising, 15 

following the formation of the interlayer, at least one of 
grinding, buffing, and polishing to increase the smoothness 
of the coating. 

7. The method recited in claim 1 further comprising, 
following the formation of the corrosion resistant layer, at 20 

least one of grinding, buffing, and polishing to increase the 
smoothness of the coating. 

8. The method recited in claim 1 wherein the particles 
forming the corrosion resistant layer are pure chromium 
particles. 

12 
9. The method recited in claim 1 wherein the particles 

forming the corrosion resistant layer are Cr alloy particles. 
10. The method recited in claim 1 wherein the particles 

forming the corrosion resistant layer are selected from the 
group consisting of FeCrAl and FeCrAlY particles. 

11. The method recited in claim 1 wherein the particles 
forming the interlayer are Mo particles. 

12. The method of claim 1, wherein the thickness of the 
interlayer is between 100 and 300 microns and the thickness 
of the corrosion resistant layer is between 100 and 300 
microns. 

13. A method of forming a corrosion resistant boundary 
on a substrate of a component for use in a water cooled 
nuclear reactor, the method comprising: 

providing a zirconium alloy substrate; 
forming on the zirconium alloy substrate, an interlayer 

with particles selected from the group consisting of 
Mo, Ta, W, and Nb; and 

forming a corrosion resistant layer on the interlayer with 
particles selected from the group consisting of Cr, a Cr 
alloy, and combinations thereof; 

wherein the interlayer is formed by a cold spray thermal 
deposition process and the corrosion resistant layer is 
formed by physical vapor deposition. 

* * * * * 


