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APPLICATION OF THERMAL SPRAY AND CERAMIC COATINGS
AND REINFORCED EPOXY FOR CAVITATION DAMAGE REPAIR
OF HYDROELECTRIC TURBINES AND PUMPS

1 INTRODUCTION

Background

The U.S. Army Corps of Engineers is one of the largest single producers of hydroelectric power in
the United States, operating more than 70 projects that house 344 turbine units. The Corps has about 30
percent of the total hydroelectric capacity in the nation, approximately 20.9 million kilowatts (kW). More
than 60 percent of this capacity is generated in the Pacific Nurthwest.

The ability to generate power can be reduced by cavitation in hydroelectric turbines. Cavitation is
damage that results from high velocity liquid flow and pressure changes. The Electric Power Research
Institute (EPRI) has published a detaiied report on cavitation and techniques used to mitigate and repair
the damage in hydraulic turbines by using epoxy and welding techniques.’

Nonfusion repair methods such as thermal spray and the use of reinforced epoxies have several
advantages when compared to welding techniques. Welding requires high temperatures, and as a
conscyuence, the component being repaired may become distorted and damaged by thermal stresses
induced by frequent maintenance. Welding techniques also require that the substrate be maintained at an
elevated temperature during repair. In contrast, nonfusion repair methods do not involve the high
temperatures that may damage the component. Although reinforced epoxies may require added heat to
achieve a specific curing temperature (e.g., if the temperature of the component being repaired is below
40 °F," which is a typical lower temperature limit for these materials), the amount of heat needed usually
would not be detrimental to the structure. Thermal spray methods involve particles with high temperatures
and velocities, but not sufficiently high to damage the component.

Reinforced epoxy and thermal spray coatings are repair technologies that have been used for
cavitation damage repair in turbines and pumps. Comparisons between traditional welding techniques and
these nonfusion repair methods need to be researched and evaluated for Corps applications.

Objectives

The objectives of this research were to (1) identify nonfusion technologies such as reinforced
epoxies, thermal spray, and ceramic coatings for further testing and evaluation in the cavitation damage
repair of turbines and pumps and (2) summarize Corps experiences with the use of nonfusion materials
for repair of turbines and pumps.

1 1.0, Sinclair and P.R. Rodrigue Cavitation Pitting Mitigation in Hydraulic Turbines, Volumes | and II, EPRI AP4719 (Electric
Power Research Institute [EPRI}, Acres International Corporation, August 1986).
* A metric conversion table is on page 40.




Approach

Emerging nonfusion repair technologies such as reinforced epoxy repair compounds, metallized
coatings, and reinforced ceramic matrix coatings were identified and their cavitation rates evaluated by
various investigators at the U.S. Bureau of Reclamation, Tennessee Valley Authority, and the Corps of
Engineers. Advanced thermal spray technologies such as plasma arc and high velocity oxyfuel (HVOF)
are being investigated by the Navy for rehabilitation of ship propellers. These technologies have potential
application for turbines and pumps. Testing procedures used by the Navy, U.S. Bureau of Reclamation,
and the electric power industry were identified and their use for evaluating rehabilitation compounds for
turbines and pumps for further field testing was determined. Finally, field repair performances of these
nonfusion coatings at Corps of Engineers projects was documented.




2 CAVITATION AND FOWER EQUIPMENT

The Cavitation Process

Cavitation is a major problem confronting both designers and operators of modem high-speed
hydrodynamic systems. Cavitation dainages hydraulic turbines, pump impellers, and other surfaces as a
result of high velocity liquid flow and pressure changes. The turbine components most often damaged
include turbine runners, draft tube liners, discharge rings, and wicket gates. Maintenance personnel
attempt to minimize cavitation damage by changing the operating conditions. Because cavitation results
in high repair costs, significant downtime, high cost of replacement power, and an overall reduction in the
service life of equipment. Cavitation in turbines and pumps can cause vibration which rapidly wears
bearings and contributes to fatigue damage of components in the entire system.

Cavitation occurs when the pressure in a fluid drops below its vapor pressure. Vapor bubbles can
then be created when the fluid flow is constricted in low-pressure areas. These bubbles are haimless until
they are subjected to higher pressurcs when they subsequently implode and cause cavitation damage to
the components. The bubble collapse creates intense shock waves that can yield pressures as high as
60,000 pounds per square inch (psi).? The impact of these shock waves can adversely affect both metallic
and nonmetallic surfaces. In metals and alloys, cavitation can destroy passive films, tear surface particles,
and plastically deform the materials in the cavitating region.

Cavitation is not solely a mechanical phenomenon. Researchers* concluded from results of
laboratory tests wherein damage was observed to be more severe in seawater than in fresh water, that both
mechanical and electrochemical factors are involved in cavitation. Reinforced epoxy materials can help
mitigatc galvanic corrosion that can occur as a result of using a weld metal that is dissimilar to the original
component composition. Cavitation damage in fresh water can be simulated in the laboratory using a
number of tests, including vibratory methods.” The data obtained from the vibration apparatus reveals
that smooth surfaces such as cold-rolled steel have better resistance to cavitation damage than rougher
surfaces such as cast iron.% This may be due to the fewer bubble nucleation sites associated with smooth
surfaces.

Turbines

Hydraulic turbines extract energy from water as it passes through the rotating turbine runner system.
As the water flows from a higher clevation to a lower elevation, the velocity gained from the potential
energy (head) imparts momentum to the water. Water is stored behind a dam in the forebay and is
released at desired intervals through an intake water passage, which directs the water to the turbine-driven
generator that produces hydroelectricity. The output energy of a hydroelectric plant depends on the head
and the volume of water available. The overall turbine efficiency is the ratio of the power output to the
total available water power input, based on flow rate and the net head.

2 M.G. Fontana and N.D. Greene. Corrosion Engineering (McGraw Hill, 1978), p 84.

3 Corrosion Handbook. H.H. Uhlig, ed. (John Wiley and Sons, 1948), p 597.

4 Corrosion Handbook.

5 ASTM G32-85, "Standard Methods of Vibratory Cavitation Erosion Test,” Annual Book of ASTM Standards, Vol 03.02
(American Society for Testing and Materials, 1991).

S HH. Uhhg, Corrosion and Corrosion Control (John Wiley and Sons, 1971), p 112.
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Hydraulic turbines are classified according to type and flow direction of the water through the
runner. The three general types of hydraulic turbines currently used are: the Francis turbine; the propelier
(fixed and adjustable) turbine, also known as a Kaplan turbine; and the impulse or pump-type turbine.
The Francis type is a radial or mixed-flow turbine with fixed runner blades. It is most efficient at inter-
mediate heads. The Kaplan turbine is an axial-flow turbine with either fixed or adjustable blades and is
used in low head applications. The impulse turbine is a paddie wheel design typically used at high heads.

Cavitation damage can occur to components of all reaction-type turbine equipment, including fixed-
blade propeller turbine units, adjustable blade propeller turbines, and reversible Francis pump-turbines.
Impulse turbines generally do not experience cavitation but are exposed to erosion. Areas on Francis units
where cavitation damage can be expected to occur (Figures 1 and 2) include:

« runner blades - suction side, near band and trailing edge

< runner blades - leading edge, near the band on both the suction side and the pressure side
« runner blades - trailing edge, on suction side

« runner blades - near crown (leading edge)

« the air vents in the crown on the runner

» the discharge ring opposite the runner band

+ below the band on the draft tube liner

*  wicket gates sides.”
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Figure 1. Typical Areas of Cavitation in Francis Turbines. (Copyright ©1986. Electric Power Research Institute. EPRI
AP-4719. Cavitation Pitting Mitigation in Hydraulic Turbines. Reprinted with permission.)

7 1.P. Sinclair and P.R. Rodrigue.
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Figure 2.
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l‘-T..—TRAILING EDGE CAVITATION

SECTION A-A

Areas of Cavitation on the Runner in Francis Turbines. (Copyright ©1986. Electric Power Research Institute.
EPRI AP-4719. Cavitation Pitting Mitigation in Hydraulic Turbines. Reprinted with permission.)

Areas on propeller units where cavitation damage can occur (Figures 3 and 4) include:

runner blades - suction side from the centerline to the trailing edge
runner blades - leading edge, both the suction side and the pressure side
runner blades - trailing edge, pressure side

runner blade - suction side of the peripheral edge

near the runner periphery, suction side

the runner hub, discharge ring, and draft tube liner.?

8 J.P. Sinclair and P.R. Rodrigue.
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Figure 3. Typical Areas of Cavitation in Propeller Turbine. (Copyright ©1986. Electric Power Research Institute. EPRI
AP-4719. Cavitation Pitting Mitigation in Hydraulic Turbines. Reprinted with permission.)

Areas on pump-type turbines where cavitation damage can occur (Figures 5 and 6) include:

* runner blades - suction side, near and at the pump leading edge

*  runner blades - pressure side, at pump leading edge

* runner blades - both the suction side and pressure side, near the band at turbine leading edge
e crown, or runner blade, turbine leading edge near crown

* the discharge ring near the runner

* under the bottom of the band on the draft tube liner

«  below the band on the draft tube liner

*  wicket gates sides.?

9 1.P. Sinclair and P.R. Rodrigue.
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Figure 6. Areas of Cavitation on the Runner in Pump Turbines. (Copyright ©1986. Electric Power Research Institute.
EPRI AP-4719. Cavitation Pitting Mitigation in Hydraulic Turbines. Reprinted with permission.)
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3 REPAIRING CAVITATION

Repair Techniques

Techniques available for cavitation damage repair include: weld overlays and inlays, reinforced
epoxy coatings, and thermal spray and ceramic coatings. Of these, the most commonly used method that
produces the most durable coating is the weld overlay technique. This method involves removing material
from the damaged areas (and any old repair material), filling the space with an alloy such as mild steel,
and welding the top 1/4 in. with 308 stainless steel, which has good cavitation resistance.'® The mate-
rial used to repair cavitation damage should be selected to optimize the costs and maximize the service
life under expected operating conditions. Due to the condition of most cavitated surfaces, damage
generally cannot be repaired by directly filling the pitted areas. The pitted surface is usually excavated
(undercut) to remove the damaged area and to provide a surface that can adequately be cleaned before the
filling repair.

Reinforced epoxies, which are nonmetallic coatings, have also been used widely. Although these
materials have enjoyed some success, it is difficult to predict their perfformance. The bond strength
between the epoxy and metallic substrate depends on the surface condition and, over time, the repair
compounds may fail due to cavitation and mechanical fatigue of the bond interface.

Consider the following aspects when choosing a material for cavitation damage repairs:

+  The material should be able to completely fill the cavitated area and be machined to the origi-
nal component contours.

» The strong mechanical and chemical adhesion that must exist between the coating and the
metallic substrate may not always be present in epoxy repair compounds.

« The material must not initiate galvanic corrosion between the repair material and the substrate.

»  The costs of labor, materials, and system downtime vary.

The condition of the substrate surface is an important factor that can impart properties necessary for
obtaining high quality coatings. Coatings that exhibit good adhesion and do not fail prematurely are
considered high quality. Coating adhesion is directly related to the surface preparation method, surface
cleanliness, and surface roughness. These factors and methods subsequently depend on the substrate
material.

Surface Preparation

Adhesion is a macroscopic property influenced by the characteristics of the interface between the
substrate and the coating, the magnitude of local stress levels, and the presence of deformation or failure
modes.!! Coating materials have good adhesion if the interface does not fail under normal operating
conditions or at low stress levels. Substrate surface preparation is very important for assuring that the
coating will exhibit good adhesion. The extent to which a surface must be cleaned is determined by the
coating material and the coating process. Consequently, it is very important that the user understand the
substrate, coating material, and operating environment in order to provide an adequately clean surface.

10 5 p. Sinclair and P.R. Rodrigue.
1 D, A. Mattox, “Adhesion and Surface Preparation,” Deposition Technologies for Films and Coatings, Rointan F. Bunshah, ed.
(Noyes Publishing, 1982).
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Surface contaminants can be reaction layers, adsorbed layers, particulate contaminants, or variable
composition layets.12 Reaction layers are typically in the form of oxides. Adsorbed layers form when
the substrate adsorbs material from the environment or when contaminants are diffused over the surface
from the surroundings. Variable composition contaminants may form by the diffusion of a minor consti-
tuent from the substrate to the surface, giving a high surface concentration, or by the formation of a
second-phase material.

Cleaning procedures are designed to remove specific types of contaminants without changing the
physical or chemical properties of the substrate surface. Cleaning can be done with solvents, which dis-
solve contaminants without attacking the surface, or with volatilization techniques, where the contaminant
is vaporized by heating or is reacted with a gas to form a volatile compound. General cleaning techniques
often involve removing some of the surface material as well as the contaminants. After cleaning, the
surface must have a suitable profile that will enhance the coating adhesion. A rough profile has a greater
surface area, which increases bonding capability.

The surface can be roughened by grit blasting or by macroroughening (machining the surface).
These roughening techniques provide compressive surface stresses, aid in decontaminating the surface,
increase the bond surface area, and create interlocking layers. The roughening technique must be matched
to the substrate material, the coating material, the coating process, and the operating conditions of the part.

Grit Blasting

Grit blasting, the most commonly used surface preparation method, uses abrasive particles to
impinge on the surface and create a rough profile. The substrate type, hardness, thickness, and size are
factors affecting the choice of grit material used. Other factors to consider include coating type, roughness
requirements, coating operating conditions, and blasting equipment parameters.

The American Welding Societg has published information that can be used to properly match grit
blasting material with the substrate.!® Correct choice of the type and size of the grit material is crucial.
Sharp, angular, hard particles generally provide the best results—a rough profile. Refractory blasting
materials, for example, can be used on hard substrates, such as martensitic steel, but may embed in softer
surfaces. The grit material is available in different sizes to allow for various surface roughnesses.
Generally, small particles increase the blasting velocity while large particles remove material more rapidly
and produce rougher surfaces.

Macroroughening

Macroroughening involves grinding or machining the surface and can be used in conjunction with
grit blasting and/or the use of bond coats. Undercutting, grooving, and course grit blasting are all macro-
roughening techniques. When cavitation damage is severe, the areas needing repair are usually undercut
to remove the damaged material. The area is subsequently rebuilt to the original contour using the repair
material. Undercutting provides a uniform thickness and removes surface material that has been work-
hardened, oxidized, cavitated, or previously coated. Excessive undercutting, however, can significantly
reduce the strength of the substrate and induce stress.

Grooving methods involve cutting deep. closely spaced striations into the substrate and are used to
restrict shrinkage and internal stresses, and increase the bonding surface area. Grooving should be used

12 p A. Mattox.
13 American Welding Society, Thermal Spraying: Practice, Theory and Application (1985).
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for coatings over 0.050-in. thick at the edges or for coatings with high shrinkage (over 0.030 in.) at the
edges. Coarse grit blasting can yield results similar to grooving, when grooving is not practical.

Epoxy Compounds

A wide variety of nonfused materials have been used with varying success to repair cavitation
damage on turbine components. Generally, the use of nonfused materials should be considered primarily
as a sacrificial coating in areas of low-intensity cavitation and on nonrotating components.14 Compared
to the weld overlay technique, the advantages of nonfused repair materials include: (1) significantly
reduced labor costs, (2) avoidance of thermally-induced residual stresses in the repaired components, and
(3) improved control of component contours through the use of templates. Although less time is required
to apply epoxy repair materials, the time necessary for the material to cure must be considered in the
downtime.

The primary concern associated with the use of reinforced epoxies for repair is in inadequate
bonding between the coating/filler material and the substrate. Although polymeric coatings effectively
absorb the energy produced during bubble collapse, in most applications, epoxy repair materials are used
as sacrificial coatings extending the service life of the component.ls Although the resiliency of neoprene
would be expected to mitigate cavitation damage by cushioning bubble collapse,16 neoprene is not a
feasible option for cavitation damage repair of most components because it tends to separate (peel) from
the substrate when subjected to even moderate cavitation intensity. When used as a sacrificial coating,
epoxy compounds reinforced with ceramic and metal powders provide mechanical strength and galvanic
protection from the carbon steel/stainless steel electrical potential difference.

Epoxy compounds are much cheaper to apply than weld metal, though they are not as resistant to
cavitation damage as weld metal overlays. The major cost in repairs using epoxy is the labor involved
and the cost of downtime. The cost of downtime in terms of the lost generated power and the cost of
replacement electric current especially at peak loads, may be as much as several hundred thousand dollars,
depending on the plant size.

Reinforced epoxies have met with limited success in repairing cavitation damage because their
performance in laboratory tests is difficult to correlate with actual operating conditions and environment.
Table 1 contains laboratory test data for several commercial reinforced epoxy repair materials. Although
the materials were tested using American Society for Testing and Materials (ASTM) procedures, their
performance as cavitation damage repair materials in field conditions is limited. The success of epoxy
coatings for repair of dynamic systems such as turbine biades and pump impellers is not as impressive.

Due to these facts, the average life of epoxy coatings is relatively short—from 6 months to 1 year
in turbines where cavitation is low. No coating is totally immune to cavitation damage. Some coating
methods are better suited to long repair cycles while others offer temporary repair where it is costly and
time consuming to replace parts or equipment. Epoxy coatings used sacrificially are relatively cost
effective when materials and labor are considered. The fact that epoxy coatings need to be replaced
frequently may make the life-cycle cost less impressive when compared to other repair methods. Analysis
of epoxy coatings will need to be done on a case-by-case basis.

14 5 p. Sinclair, PR. Rodrigue, and R.L. Voight, Jr., Hydro Review, Vol 9, No. 3 (June 1990).

15 p.A. March, Evaluation of Relative Cavitation Erosion Rates for Base Materials, Weld Overlays, and Coatings, Report No.
WR28-1-900-157 (Tennessee Valley Authority [TVA] Engineering Laboratory, October 1986).

16 5 P. Sinclair, P.R. Rodrigue, and R.L. Voight, Jr.
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Table 1

Results of Epoxy Laboratory Tests
PROPERTY CERAMIC  HARD PUMP FEL- NR 858 CERAMIC Pl ASTM
R-METAL WEARING REPAIR POXY S-METAL FLUID- TEST
COMPD CERAMIC  PROCEDURE
MIXING RATIO, (wt.) 5:1 5.16:1 71 911 71 8.8:1 9.8:1
MIXING RATIO, (vol.) 3:1 e 4.3:1 - 4.25:1 3.5:1 6:1
CONSISTENCY Siiff Paste  Fluid Paste  Stiff Fiuid Stiff Liquid Liquid
Paste Paste Paste
CURED DENSITY 2.27 2.02 1.61 2.74 1.65 2.34 1.79 D792-66,
(g/em?) 10.02 £ 0.00 £0.01 +0.00 +0.00 +0.01 +0.01 Method A-1
COMPRESSIVE STR. 13,659 12,463 14,734 15,782 12,236 16.681 14,052 D695-80
(psi) +473 198 +84 188 + 550 +107 + 426
FLEXURAL STR. 7.310 6,499 5,198 5,739 7,133 — —— D790-81,
(psi) + 108 + 726 722 + 984 1116 Method |
TENSILE-SHEAR STR. 1,865 2,029 1,451 1,808 395 2,308 2,670 D1002-72
(psi) +99 +89 £165 £246 £118 4181 1233
TENSILE STR. 3,885 3,844 4,370 3,532 3,124 L B D638-82a
(psi) +377 4842 + 417 41045 252
HARDNESS 89.9 89.3 88.2 90.4 89.1 896 86.8 D2240-81
(Shore D) +08 +15 10 06 +06 +08 08
WORKING TIME (min) 25 25 20 35 35 23 24
CURE SHRINKAGE <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 D2566-79
(in/in)
THERMAL EXPANSION  1.1E-4 1.1E-4 2.0E-4 1.1E-4 1.5E-4 e — 0°-80°C
(rC)
SAG RESISTANCE Exc Fair Exc Good Exc Good Poor ‘
APPLICATION Exc Exc Exc Exc Poor V. Good Fair ¢
PROPERTIEES

When repairing cavitation damage using reinforced epoxies, the manufacturers’ instructions should
be followed closely. In most cases, the steps include: blast cleaning the area to near-white metal, mixing
and applying the filler/paste material, and forming it to the desired contour, without voids. If conditions
warrant, the component may be heated to a temperature of 130 to 140 °F using electric blankets or radia:..
heaters. The filler/paste material is allowed to cure for approximately 12 hours before the finishing
material is applied to a thickness of 0.06 to 0.13 in. in two coats with contrasting colors. The filler and
finish materials must be applied in strict accordance with the manufacturers’ recommended procedures.

Thermal Spray Technologies
Applying a metallic or ceramic coating by thermal spraying can be accomplished using several

different methods. The following temperature and velocity ranges are associated with the various thermal
spray methods.
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Spray Method Temperature Range, °F Velocity Range, fi/s

Flame spray 3500 to 5500 100 to 1100
Electric-arc 4000 to 10,500 800 to 1100
Plasma-arc 5000 to 30,000 1500 to 2300
High-velocity 4200 to 6000 approaches 4500

The temperature and velocity of the coating material is important for producing the desired coating.
The temperature during application dictates the degree of melting of the coating material and the velocity
imparted to the particles during application affects the final coating density.

Engineers have three choices when they want to apply a hard facing onto high-wear steel substrates.
They can use plating, overlay welding, or thermal spray coating. Thermal spray coatings are considered
cold repair methods because they do not require an increase in the substrate temperature. The thermal
spray coating is not fused to the surface as is the case with welding procedures. Thermal spraying
involves propelling molten droplets of coating material against a substrate. These droplets flatten upon
impact, cool, and coalesce.

Welding methods, in contrast to thermal spraying, apply metallic coatings that are more dense. One
drawback is that welding adds heat to the substrate, which can be detrimental to the life of the component.
The increase in temperature can be enough to change the physical structures of the substrate, which can
introduce distortion and residual stresses that weaken the structure.

Thermal spraying is one of the most versatile methods available for applying a variety of coatings
on a range of substrates. The development of thermal spray coatings over the past 20 years has been
largely empirical, due to the lack of understanding of the physical and chemical processes involved.

Phases of Coating Film Formation

Thermal spray coatings are formed by a number of interacting mechanisms. Each step affects the
physical characteristics of the final coating. The properties of the coating material, and the particle
velocity and temperature will greatly affect the coating formation. A coating generally forms as outlined
below.

Nucleation. Coating atoms lose kinetic energy by forming stable nuclei when they hit the surface
and condense. When the coating atoms have a high affinity for the surface, the strong interface will
produce a relatively high density of nuclei. Weak interfaces will result from widely spaced nuclei that
form on surface discontinuities. These nuclei will continue to overlap and grow to form a continuous
coating film layer.17

Interface formation. The type of interface formed during the coating deposition depends on the
substrate surface morphology, the surface preparation, the interfacial chemical reactions, the available
energy during interface formation, and the size and number of nucleating coating atoms.

Film formation. The coating nuclei overiap and form a layered interface. The manner in which the
coating film develops determines the final properties of the coating. The factors that most strongly affect

17 D A. Mattox.
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the mechanical properties of the coating are the microstructure, incorporated impurities due to surface
preparation, and internal stresses. These properties interact with the deposition variables.

Microstructure development. The microstructure of the coating is determined by nucleation and
growth of the film from the coating atoms. Nucleation of the coating atoms will be affected by the
interfacial interactions and the surface mobility of the coating atoms. Growth will be affected by the
surface mobility of the coating atoms, atomic arrangement on condensation and subsequent rearrangement
of the structure.

Bond Coats in Thermal Spraying

Bond coats were developed to increase the performance and reliability of coating systems. They
are usually applied to substrates that will be repaired by thermal spray techniques because they serve as
protective coatings that increase adhesion. The composition of bond coats has changed from materials
consisting of molybdenum in the early 1940’s, to nickel-chromium, nickel-aluminum, aluminum-bronze
and prealloyed nickel aluminum used today. All of these materials have been developed to increase the
adherence of coatings.

Thermal sprayed coatings may spall because corrosion products form at the coating/substrate
interface, even when a metallic bond coat has been used. Nickel alloys play a key role in the thermal
spray process by increasing coating adhesion. Many of the coatings for thermal spray application use
nickel either as a bond coat alioy to provide a ductile interface between the substrate and the coating, or
as an alloying element in a ductile corrosion-resistant matrix alloy."‘1 Because nickel-containing alloys
have the ability to be self-bonding, they are used extensively as a bond coat. The most common alloy
compositions are 95 percent nickel with 5 percent aluminum and 80 percent nickel with 20 percent
aluminum. Selecting a proper bond coat must include consideration of the operating environment,
substrate material, coating material, and coating process. Bond coats are generally 0.003 to 0.007 in. thick
and often limit the thickness of the topcoat.

Nickel/aluminum (Ni;Al) powders are widely used as bond coats although the mechanism that
enhances adhesion is not well understood. The powder is a tough intermetallic material that increases in
strength with increasing temperature, up to a maximum of 1472 °F. Studies have shown that a small
amount of boron in Ni;Al tums the brittle compound into a ductile alloy at room temperature. This
material is extremely resistant to cavitation in pump impellers and hydroelectric power turbines.'®

A zinc-nickel alloy bond coat can effectively protect a carbon steel substrate. Plasma sprayed
coatings of Cr,03 and Al,0,/TiO, deposited on steel without a zinc-nickel bond coat are susceptible to
corrosion and exhibit a sharp decrease in bond strength in corrosive environments. A zinc-nickel bond
coat provides protection by prohibiting chemically active ions from passing through the coating porosity.

Plasma Spraying
Plasma spraying is a line-of-sight process that has been used in industry for approximately 25 years.

It consists of an inert carrier gas that is passed through a direct current (DC) arc formed between the gun
housing (cathode) and the nozzle (anode).

18 Nickel Development Institute, Nickel Alloys in Thermal Spray, Vol 6, No. 3 (March 1991).
19 Nickel Development Institute.
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