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ABSTRACT 

The railroad industry has historically sought 

improvements in rail lubrication techniques. The Association 

of American Railroads (AAR) has sponsored research into novel 

solutions to this problem. Plasma sprayed coatings were 

thought to show promise as a lubricant reservoir or as a 

vehicle to produce a self-lubricating coating. A high carbon 

steel coating was to be developed that would withstand the 

high slide/roll ratios and loading conditions seen at the 

wheel/rail interface. A 1080 steel was selected because of its 

similarity to the composition of rail steel. 

A literature review, concentrated on plasma generation 

and particle behavior in the plasma jet, was made. Substrate 

preparation techniques were researched and a protocol 

established that assured an acceptable bond, which is largely 

mechanical, between coating and substrate. Single splat 

analysis, a technique for predicting coating quality, was 

developed. Plasma spray parameters and techniques were 

optimized using the single splat analysis method. Backside 

cooling, a substrate cooling method, was initiated. N, and IE, 

were used as primary and secondary gases. 

Coatings were sprayed onto Amsler rollers and tested on 

an Amsler wear test machine. Up to 35% slide/roll and 1220 MPa 

contact pressures, dry and lubricated, were used to test 

coating performance. Wear rates for coatings were 

significantly lower than uncoated rollers. The spray parameter 

envelope was established by the likelihood of debonding rather 

xvii 



than by a fall off in wear performance. Two debonding 

mechanisms were identified and techniques implemented for 

their control. Reliability of the process in producing 

coatings that would consistently yield good wear performance 

was proven. The goal of developing a plasma sprayed 1080 steel 

coating that would withstand the rigors of laboratory test was 

met. 



CHAPTER ONE 

INTRODUCTION 

Control of friction at the wheel/rail interface is the 

subject of ongoing research within the railroad industry. This 

research includes both friction reduction and friction 

enhancement. The delivery of the proper amount of grease to 

the correct location at the right time would prolong component 

life and generate significant savings in maintenance costs to 

the railroad companies. From the '70's to the '90's the 

standard axle load has increased significantly, to the general 

level of 33 tons, and with 39 tons being introdu~ed.(~v~.~) This 

has been in response to meeting the demands of a growing 

market.(4v0 Rail costs are continuing to rise, as are 

installation costs, and maintenance cost is roughly three 

times the original cost over the life of a rail section(@. 

Current technology, in the form of wheel and track oilers, is 

inadequate to provide a reliable lubricant delivery to the 

wheel/rail interface. 

In areas where increased traction is desirable, the 

current method to increase the friction coefficient between 

wheel and rail is to apply sand to the track. Generally loss 

of traction is attributed to the ac~~~nulation of foreign 

matter, organic matter such as leaves and so forth mixed with 

other debris, that has adhered to the track. When the driver 

wheel is powered, slippage at the wheellrail interface can 



wheel is powered, slippage at the wheellrail interface can 

occur. Sand application works to some degree, however 

significant improvement is desired. 

Innovative technology is sought to address the problem of 

wheellrail friction control. The use of surface engineering 

techniques was thought to be a promising approach to the 

problem. In its most essential form, surface engineering 

involves imbuing the surface of a material or component with 

qualities that are either not required or desired in the bulk 

of the material. Desirable implementation for the wheel/rail 

friction problem would be surface treatment in localized areas 

of track without affecting track performance in adjacent 

areas. Also the treatment used should be able to be 

retrofitted into existing track. It would be desirable for the 

same technology be used for friction reduction and for 

friction enhancement, thus allowing greater efficiency of 

application. The materials used would of necessity vary with 

the application, however the equipment and technique could be 

the same. 

Thermal spray technology was the proposed surface 

engineering technique. Plasma spray was the thermal spray 

technique selected. The scope of the work in general includes 

both friction reduction and friction enhancement. A plasma 

sprayed coating could be applied onto specific areas of track 

where the coefficient of friction should be either reduced or 

enhanced in order for more efficient train movement 

operations. The research reported in this thesis is part of 

the greater work just described. 

A 1080 steel coating was to be developed that would 

adhere to the track, maintain adherence under the severe 



slide/roll wear conditions encountered in rail service, and 

display high wear resistance properties. In addition to the 

above qualities, the steel coating was to be assessed for 

possible use as a lubricant reservoir. In any event, the 

techniques developed for successful application of this 

coating could be transferred for use in any variation where 

similar results are desired. Even if the lubricant reservoir 

did not materialize, the coating could act as a base for 

polymers or other lubricating films. A solid lubricant, such 

as graphite or molybdenum disulf ide, might be included as part 

of the coating. This would make a self-lubricating coating 

with more lubricant being exposed as part of the wear process. 

For friction enhancement, a coating could be made of a 

material known to have a high coefficient of friction, such 

Ni-Ti. The key to obtaining the benefits described is the 

development of the 1080 steel coating. 

Plasma spray is an emerging technology. Coatings have 

been developed for wear purposes, however there has been no 

experience in the industry with testing coatings under 

anything even resemblingthe severe slide/roll wear conditions 

present in railroad applications. Very little help was 

obtained from research literature. Enough work has been done 

on coatings in general to promote confidence in the technology 

as a whole, however virtually no published work is available 

on the rolling/sliding behavior of coatings. Any work in this 

direction would be breaking new ground. 

Once the concept of using plasma spray technology to 

produce a coating with desirable qualities was accepted and 

the goals of the research clear, work in earnest could begin. 

For clarity, the goals of the research are stated here: 



Primary goals: 

1. Develop a high-carbon plain steel coating that would 

withstand the extreme slide/rollwear conditions that are 

present at the wheel/rail interface. 

a. This coating could subsequently be used as a 

vehicle to anchor polymer or other lubricating 

coatings, or contain additives such as a soft 

metal, i.e. copper, a solid lubricant, i.e. 

graphite or molybdenum disulfide, that would make 

it a self-lubricating coating. 

2. Investigate the possibility of the steel coating 

acting as a lubricant reservoir. 

Secondary goals were designed to fall out of the primary 

goals if the primary aims were achieved. 

Secondary goals: 

1. Establishing protocols that would assure repeatable 

results. 

2. Determine, at least conceptually, whether the 

technology could be used in the field. 

3. Obtaining an understanding of the technology such that 

there could be a transfer of knowledge to address similar 

problems. 



The extreme conditions seen in wheel/rail service are 

thought to be reproduced by a 35% slide/roll ratio at a 

contact pressure of 1220 MPa in small scale laboratory tests. 

As part of evaluating coating performance, wear tests were 

performed up to these extremes on the Amsler wear test 

machine. Some important issues were raised during wear testing 

that needed addressing in the research. Debonding failure at 

the coating/substrate interface immediately surfaced as a 

problem. The friction coefficient between a coated and an 

uncoated roller was lower than expected. Specimen geometry was 

identified as a major factor. 

The major goals of the research were achieved, with the 

results offering a mixture of optimism and pessimism as far as 

use in the field is concerned. However, it is the growth of 

knowledge and understanding in coating performance that is the 

real value of this research. This is what is reported in the 

thesis. 

Single splat analysis is a technique for predicting 

coating quality without destructive analysis. Behavior of the 

individual particles that make up a coating was studied in 

great detail. Individual splat size, morphology, spreading, 

flattening, and size distribution are looked at individually 

and collectively. Particle behavior in the plasma jet is also 

looked at. The condition of the plasma jet determines particle 

behavior in the jet, and in turn influences particle behavior 

at impact. The temperature and velocity of the plasma jet is 

determined by various spray parameters such as primary and 

secondary gas flows, electrical energy input, and gas 

selection. 



Debonding was an issue of great importance during 

experimental work. Two debonding modes were identified, 

experiments made, and controls instituted that minimized 

incidence. Wear mechanisms that may be unique to coatings were 

identified. The lamellar structure of the coating caused not 

only a unique wear mechanism, but debonding and lubrication 

problems as well. 

At the onset of the work, a survey of available 

literature was undertaken to determine what information was 

available. As previously stated, there was virtually no 

reported work on the wear performance of coatings under 

sliding/rolling load conditions. The absence of such research 

may be because of the substrate/coating bond quality issue, 

however this is only speculation. 

Two basic areas of study were concentrated upon during 

preparatory work. First was a good background in plasma spray 

technology. It was necessary to understand the principles 

involved in producing a properly conditioned plasma jet. All 

materials, wire or powder, require a plasma jet at the proper 

temperature and velocity to melt and propel particles so that 

they will impact the substrate in the proper condition. The 

second area was individual particle behavior. Coatings, all 

types of coatings, whether they are used in wear, thermal 

barrier, free-standing, or any other application, are made up 

of individual particles. These two studies were synthesized 

and the principles tested in the laboratory. This study, from 

its beginnings in a literature survey to present, is a 

dynamic, growing body of knowledge, and is frozen here only 

for the purpose of reporting in this thesis. 



Other necessary issues are dealt with in the literature 

review, such as rolling/sliding wear, friction, and wear in 

general, however the main emphasis is in the areas mentioned 

above. 

This is applied research, with the requirement of 

answering the proposal of a new, innovative product idea with 

a go or no-go. Necessarily there is an enormous amount of 

cross-disciplinary elements present in the work. For example, 

a harnessed plasma is assumed, yet some understanding of 

plasma science is required for the generation, conditioning, 

and control of the plasma jet. To do an exhaustive review, 

conduct experimentation, and evaluate results from a plasma 

science point of view would require as much time as was 

available for the entire project. The study of plasma science 

is limited to the understanding of the production a specific 

plasma jet for use in producing a steel coating. This should 

not minimize the importance of this understanding, only 

emphasize the enormity of the problem in research performed 

when cross-discipline elements are required. 

The study of plasma spray technology includes plasma 

science, gases, electric arc production and control, fluids, 

thermodynamics, and other issues. The application is a 

properly conditioned plasma jet for the material to be used. 

Individual particle study includes material-related issues, 

particle behavior in the plasma jet, and behavior upon impact 

through solidification. Understanding of these two areas allow 

the study of any coating. 

The coating has been produced. It stays on the substrate 

under the severe service requirements set forth at the 

beginning of the research. Its wear performance compares very 

favorably with uncoated steel. The coefficient of friction is 



lower than that of uncoated steel tested at the same extreme 

conditions. It does not act as a lubrication reservoir. The 

basic requirements of the research have been met in this 

product, with the only disappointment being failure as a 

lubricant reservoir. 



1.0 LITERATURE REVIEW 

1.1 Introduction. 

This literature review concentrates on the relevent 

elements with which to accomplish the work. Required is a 1080 

steel plasma sprayed coating that will provide improved wear 

performance under the severe slide/roll conditions of 

wheel/rail service. To make such a coating, a thorough 

understanding of plasma spray technology is required. Though 

plasma spray may be considered as a tool in the production of 

the coating, without in-depth understanding of the nuances of 

plasma generation and control the final product could not have 

been worked out. 

The second area of concentration is particle behavior 

within the plasma jet and at impact, flattening, and 

solidification. Understanding of the basic constituent of a 

coating, the individual particle (splat) , is imperative in 
making and evaluating a coating. This portion of the review is 

continued in Chapter 2 as part of the explanation of Single 

Splat Analysis, a key part of the work. 

Other areas, those dealing with wear evaluation, test 

matrix, lubrication selection, and experimental procedures, 

are covered with less rigor. These elements of the research 



were established in a previous work relating to lubrication 

testing of rail stee1.O This work required a significant 

cross-disciplinary integration of work, making it more than 

difficult to perform a comprehensive literature survey of all 

fields present in the research. For these reasons the bulk of 

the literature review is concentrated in the areas previously 

mentioned. 

1.2 Introduction to Thermal Spray. 

The main objective for a thermal spray system is to 

deposit a coating onto a substrate that provides surface 

attributes not required in the bulk material. A coating is 

made by presenting a molten stream of particles to the 

substrate which develops an overlay that has the desired 

properties. 

There are many types of coatings, including metallicss9 and 

intermetalli~'~~", ~eramic'~.'~, and cornp~sites'~,'~ 

Applications include wear prote~tion'~.'~, corrosion 

prote~tion~~~~', meeting special surface requirements such as a 

thermal barrier22-23, or to attain specific electrical or thermal 

A near-net-~hape~~ product can be manufactured 

without the intermediate steps of pouring and solidification. 

1.3 Thermal Systems. 

1.3.1 General. 

A thermal spray coating is produced by the successive 

accumulation of molten particles that rapidly flatten and 



solidify after impingement on the substrate surf ace26. There 

are five main types of thermal spray systems: 

1. Flame Spray. 
2. High Velocity Oxygen Fuel (HVOF). 
3. Twin-Wire Arc. 
4 .  D-Gun. 
5 .  Plasma Spray. 

The coating material may be in a wire27*28 or p~wder~~.~' 

form. Four of the five processes require a hot gas stream to 

melt and propel coating particles to the substrate. Twin-wire 

arc uses an arc to melt the wires and a hot gas jet moves the 

molten particles to the substrate. A brief description of each 

thermal spray system follows. 

1.3.2 Flame   pray.^' 

The earliest of the thermal spray technologies. It is 

used when a low temperature and low velocity coating is 

required32. An oxy-acetylene style torch is used as a heat 

source, which melts a wire or powder. Compressed air is then 

used to break the wire down into particles and propel them to 

the substrate. The gas temperature limit is about 5625" F, 

3100°C, because of the fuel-gas heat of combustion 

properties33, which restricts the use of flame spray 

to non-refractory materials. Particle velocity ranges from 10- 

50 m/s for powder and 100-250 m/s for wire. 

1.3.3 High Velocity Oxygen Fuel (HVOF) .  34 

An oxygen + fuel system that reaches sonic ve1ociti.e~~~ in 

the jet plume. Its chief feature is the high impact velocity 

of the spray particles with moderate heating of the spray 



material.36 It is used for a wide variety of industrial 

applications, ranging from wear surfaces to mirror-finished 

coatings". HVOF has the same temperature upper limit 

(determined by the fuel-gas properties) as flame spray, about 

5625" F or 3100" C. Particle velocities range from 550-1000 

m/s. 

1.3 .4  Twin-Wire Arc. 

This system uses a dual wire feed, with the wires 

functioning as an anode and as a cathode. An arc is formed 

between them, and the resulting high temperature, from 12,000 

to 20,000 K, melts the wire. The molten particles are 

propelled to the substrate by a carrier gas, such as air or 

Nitrogen. 

This is a proprietary system of the Union Carbide Co. The 

particles are melted and accelerated by the detonation of a 

gas mixture, similar to cannon fire. The D-Gun, or detonation 

gun, has a long barrel in which to propel the particles, and 

particle velocities reach 800-1000 m/s, which is the highest 

particle speed of all the thermal spray systems. Generally 

speaking, high particle speeds result in a very high quality, 

fine grained, low porosity coating. Gas temperatures are 

limited to about 5625"F, or 3100" C, for the same reason as 

listed for the HVOF and flame spray processes, and the system 

is used for non-refractory materials. 



1.3.6 Plasma Spray. 

Pressurized gas is directed through a nozzle that houses 

a high energy electric arc. Electrical energy is converted 

into thermal energy in the gas, the sudden increase in 

temperature provides sufficient energy to ionize the gas, 

converting it into a plasma. Plasma temperatures can reach up 

to 20,000 K. The plasma jet melts the powder or wire and 

propels the molten particles onto a substrate at high speeds. 

System temperatures are high enough to melt any material39. 

1.3.7 Versions of Plasma Spray. 

There are several ways to implement plasma spray 

technology, depending on the desired results. Vacuum Plasma 

Spray (VPS) is used when atmospheric influences need to be 

eliminated completely4'. Low pressure plasma spray (LPPS) is 

carried out in a partial vacuum4'. An inert environment can be 

achieved by spraying into a chamber that has been purged of 

the normal atmosphere by argon, or other inert or non-reactive 

gases, and the inert atmosphere maintained. All of these 

methods control the formation of undesirable oxides, in 

addition the velocity and thermal profiles are also enhanced. 

High pressure plasma spray (HPPS) is used to spray coatings 

under water42. Particle velocity is also reduced and the higher 

gas density yields an improvement in heat transfer from the 

plasma to the powder43. Air plasma spray (APS) is the most 

versatile application, and can be used nearly anywhere. 



1.4 Plasma Spray System Components. 

1.4.1 General. 

A basic plasma system requires a cathode, an anode, and 

a power supply to obtain a continuous plasma jet. Figure 1.1 

schematically shows a controllable plasma jet. Figure 1.2 

shows basic system requirements with the workpiece acting as 

the anode, an arrangement called plasma transferred arc 

(PTA) 44. The power supply is normally direct current45, though 

radio frequency plasmas are used in some highly specialized 

 application^^^.^^. Alternating current power results in a higher 
contamination level and lower enthalpy when compared with dc 

plasma generators4*. The cathode and anode are non-consumable. 

The cathode is typically made from thoriated tungsten4' and the 

anode is copper. 

To obtain a plasma, a gas must be introduced into the 

system and forced through the arc. This brings up the 

consideration that the arc must now be confined so that the 

gas can be presented to the arc, a plasma formed, and the 

resulting energy directed in a controlled manner. A housing, 

the plasma gun, is constructed to accomplish this. The plasma 

gas, typically N, or N,-H,, is fed under pressure into the arc 

chamber. There, the electrical energy is converted into 

thermal energy, and the gas, as it is ionized, is converted 

into a plasma. The gas expands rapidly, and exits the chamber 

through a passage, or nozzle. The anode is configured to act 

as a nozzle. Water cooling in the nozzle is required to 

protect the components from the high temperatures in the arc. 



1.4.2 The Plasma Gun. 

The arc needs to be confined, with the gas entering the 

arc chamber under pressure. Figure 1.3 shows an enclosed 

system. The plasma gun houses the cathode, the anode, which 

also serves as a nozzle, the arc chamber, and a gas intake. 

High pressure water circulating through the housing provides 

the needed cooling. Figure 1.4 shows the gun used in the OGI 

system. Note the extent of the water cooling employed, with 

water pressure about 200 psi and flow rate of 5-10 gpm, in 

this gun. 

The components of a complete plasma spray system49 are: 

1. A plasma-generator (gun). 
2. Power supplies, typically dc rectifiers. 
3. A water-cooling/heat exchanger/pump circuit. 
4. Powder or wire feeder. 
5. A gas supply. 
6. A control console with meters for power, gas, 
and water control. 

Other components may be used, especially to control the 

environment, such as a vacuum or low pressure chamber, high 

pressure chamber, radiation (infrared and ultraviolet) 

protection, etc, however they are auxiliary to the basic 

system components. 
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1.4.3 The Arc.

The arc is the energy source for the system. It is not a

solid body, but an electrically conductive region of gas~,

whose function is to convert electrical energy to thermal

energy53. This is accomplished by establishing a neutral plasma

state by electron collision processes within the electrical

field. The arc consists of three major regions: the cathode

sheath, the positive column, and the anode sheath. The

positive column is an electrically neutral region that

supplies energy for the thermal spray system to convert the

gas into a plasma. It has charge equilibrium, the true plasma,

while the cathode- and anode-sheath regions have a negative

and a positive charge respectively, with high potential

gradients54. Approximate thermal equilibrium is achieved in the

positive column region, with arc temperatures reaching to

30,000 K, in pure inert gas arcs depending upon the current

intensity involved55. The anode and cathode sheaths strongly

control the stability of the arc. See figure 1.5 for a

schematic of the arc regions~.

1.4.4 Arc stability.

Arc stability is achieved when the arc is aligned between

the cathode and the anode without fluctuation56. The arc is

anchored at the cathode and the anode. The length of the arc

is dependent on the input power, reaching 3-4 inches in the

OGI system. Arc length is a function of the applied voltage.

Stabilization can be achieved by the way the gas is introduced

into the arc chamber, or nozzle. A swirl gas flow is created

by injecting the gas in tangentially, causing a swirl around



the periphery of the chamber26, see figure 1.6. This causes the 

anodic arc root to strike into the nozzle. The chamber is 

water cooled, to prevent damage from the intense heat and to 

help further stabilize the arc. The outer layer of gas, in 

contact with the walls of the nozzle, or anode, is cooler than 

the core, thus further constricting and stabilizing, the arc57. 

This is called a "thermal pinchM, which constricts the current 

to the core of the arc, greatly increasing the arc core 

temperature. There are other ways to aid in arc stabilization, 

such as water and magnetic stabili~ation~~, but the vortex gas 

method is the most commonly used in a plasma spray system. 
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Figure 1.5. Arc schematic showing basic arc regionsY. 
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Figure 1 . 6 .  S w i r l  gas flow for arc stabil ityz6.  



1 . 5  Plasma characteristics. 

1.5.1 The Plasma. 

A plasma is ionized matter in a gaseous state5'. A plasma 

occurs when the energy present in a gaseous system is greater 

than the ionization potential for the gas particles. The 

ionization potential of an atom is the energy required to 

overcome the bonding energy of an outer valence electron to 

the atom5'. There are three components to a plasma, 

electrically neutral gas molecules; charged particles 

(positive ions, negative ions and electrons) ; and 

electromagnetic radiation (photons) permeating the plasma- 

filled spaces0. When a gas is highly ionized, intense particle 

motion throughout the plasma, which varies in magnitude and 

direction, produces strong localized electrical fieldss0. A 

basic property of a plasma is its tendency toward electrical 

neutralitys9, even though containing both positive and negative 

particles within the system. 

The atoms can be either excited or in the ground state, 

determining the degree of ionization. Examples of a cold 

plasma, a weak plasma where the mean energy is much lower than 

the ionization potential for the gas particles, are a neon 

lamp or sign, sodium or mercury vapor lamps, and the aurora 

sometimes visible in earth's atmosphere. A thermal plasma is 

defined as the mean energy being much higher than the 

ionization potential for the gas, and the electron 

temperatures equal the ion  temperature^^^, an extreme example 
of which is a thermonuclear plasma. 



The harnessing of the plasma has been successfully 

accomplished in plasma spray technology, a seemingly 

significant accomplishment when viewed from a cosmic 

perspective, where more than 95 percent of all matter in the 

universe is thought to occur in the form of a plasma6'. From a 

more practical point of view, required is a steady, or 

continuous, plasma with the plasma jet directed in a 

controlled manner, see figure 1.1. An arc is struck between 

graphite or watercooled metal electrodes, providing an energy 

source wherein electrical energy is converted into thermal 

energy. A gas is forced under pressure through the arc, 

rapidly heating the gas, creating an ionized condition. As the 

gas is heated, rapid expansion occurs. This effect, plus the 

input pressure of the gas as it is introduced into the arc 

chamber, causes the hot plasma to be forced out of the nozzle 

at high velocity. The plasma jet will remain continuous as 

long as the gas supply is adequate and the arc remains intact. 

With plasma temperatures ranging from 12,000 to 20,000~~~, and 

the high exit speeds, any material can be melted and propelled 

with this system4'. 

1.5.2 Plasma Gas. 

Nitrogen and argon are frequently used as primary plasma 

gases because of their stable natures. Neither tend to react 

with the powders or wire being sprayed, however in those 

conditions where nitriding may be a problem, Ar is normally 

used. Nitrogen is diatomic, N2, with a higher heat content 

than the monatomic argon, Ar. Energy is not only released 

through ionization, but molecular recombination as wells4. An 

example of the ionization process is partially shown in figure 

1.7. The process for nitrogen is: N2 + N + N -* N+ + e. 



Dissociation of N, begins at about 3,000°C and ionization at 

about 8,000°C, and Ar ionization begins at about 10,OOO°C. Ar 

plasma must be heated to about 16,000° to achieve the same 

enthalpy as N, plasmas4. Good particle heating can be expected 

from Ar because of this very high temperature, along with very 

high plasma speeds. The higher the temperatures involved, the 

more rapid the gas volume expansion, and it is this rapid 

expansion that governs the plasma jet speed. N, plasma 

temperatures are roughly half that of Ar plasma, so the 

nitrogen plasma velocity should be about half that of the Ar 

plasma, given the same nozzle  parameter^^^. Because particle 
acceleration is a function of momentum transfer from the 

plasma to the particles, the higher molecular weight of the Ar 

contributes to higher particle speeds than what is achieved in 

a N, plasma jet. 

Hydrogen is often used when a secondary gas is required 

or desirableH. H2 is used with N2 or Ar in amounts of 5 to 35 

percent to raise the arc voltage. Helium is sometimes used 

with Ar when hydrogen embrittlement, particularly on titanium 

substrates, is a consideration. A secondary gas is also used 

to narrow the spray core, resulting in higher plasma velocity 

and an increased thermal efficiency in the plasma plume, 

yielding among other benefits an increased deposition 

efficiency on small partd3. These gases can be readily ionized 

and the speed and density of the resulting plasma is high 

enough to propel melted spray particles. These gases are also 

inexpensive, although Ar and He are higher priced than N, and 

H,, and are readily available. 
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Figure 1.7. A neutral atom ionized, a component of a plasmas3. 



1.5.3 Plasma Thermal and Velocity Profiles. 

The temperature, or heat content, and the velocity of the 

plasma jet depend on the nozzle geometry and operating 

conditions of the plasma gun49. Assuming a constant nozzle 

geometry, a reasonable assumption given that it is the most 

difficult parameter to change, the variables most responsible 

for plasma characteristics are 1) power input, amperage and 

voltage; 2) primary gas flow rate; and 3) secondary gas flow 

rate. For a given material there is an optimum parameter set 

that maximizes deposition efficiencies. An examination of the 

effects of changes in these parameters can be made if, when 

considering an individual parameter, the assumption is made 

that other relevant parameters are held constant. 

Determining the effects of increased electrical input, or 

power, into the plasma torch requires an analysis of both 

amperage and voltage. Raising the amperage input increases the 

temperature of the arc. Because plasma velocity is a function 

of gas expansion when heated, the result is both an increase 

in plasma temperature, due to the higher heat content of the 

arc, and of plasma velocity, resulting from more rapid 

expansion of the gas. The arc length is a function of voltage, 

so that increasing amperage, while raising arc temperature by 

increasing arc diameter, does not change the arc length. An 

increase in voltage results in a longer arc, which provides a 

greater time period for the gas to be in contact with the arc. 

This also has the effect of increased plasma temperature and 

velocity. By controlling the power to the system, a large 

measure of control of the plasma is gained. Most commercial 

plasma spray systems are of a high amperage, low voltage 



configuration, 40 to 1 0 0 k ~ ~ ~ .  The plasma gun anode and cathode 

are subjected to extremely high current densities, and 

frequent replacement of parts is required. A great advantage 

is gained if a lower amperage input can be achieved. A high 

voltage, low amperage system has much less heat resident in 

the gun, allowing significantly longer component life65. 

The primary gas flow rate is the second parameter 

relative to heat content and velocity of the plasma. As the 

flow rate increases, there is more gas passing through the 

arc, more gas to heat means a cooler plasma. When the flow 

rate becomes too high, the layer of gas in contact with the 

water cooled nozzle wall becomes cooler resulting in a higher 

plasma core temperature, but with a smaller arc radius, 

because of increased thermal-pinch effectsM. A reduced flow 

rate presents a lower gas volume to the arc, and with a 

constant thermal energy present in the arc, the gas is heated 

faster, yielding a higher plasma temperature. The higher 

temperature plasma is less dense, however, and while the 

particles in the plasma plume are heated to a higher 

temperature, the resulting particle speeds are lower. To 

achieve high particle speeds, both high plasma speeds and a 

high plasma density are required. Powder size will also play 

a part in final particle speed, and must be considered when 

determining primary gas flow parameters. Powder size effects 

are discussed in detail in a later section. If the flow rate 

is too low, the arc becomes less stable because the beneficial 

effects of the thermal pinch is lost, resulting in reduced 

core temperature because of the larger diameter of the arc. 

With the loss of core temperature, plasma speeds are reduced. 



Secondary gas serves to increase the voltage input in the 

arc, with a resulting increase in the length of the arc. 

Increased arc length means longer exposure of the gas to the 

arc, increasing plasma temperature, and in turn increasing 

plasma speed. The addition of a secondary gas also increases 

plasma density, further increasing momentum and heat transfer 

to the particles. 

Mapping of a plasma plume is difficult at best. There are 

steep thermal gradients in most areas of the plume, especially 

close to the plasma core. Core temperatures reach in excess of 

12 000 K at the nozzle exit, cooling rapidly as the distance 

from the nozzle increases. It is useful, however, to draw 

isotherms to give a general picture of the shapes of the 

thermal regions between the nozzle and the target. The same 

procedure is used to draw velocity lines. Figure 1.8 shows 

velocity and thermal profiles of a N2-H2 plasma jet67. It should 

be remembered that it is the shape of the profiles that are 

important here, actual distances vary with any change in spray 

parameters. 

A significant consideration influencing thermal and 

velocity conditions is the atmospheric status at the time of 

spraying. When spraying in air, the plasma-atmosphere 

interface becomes compromised at the nozzle exit. Air becomes 

entrained in the plasma, making this boundary region ever 

wider until the target is reached. For this reason the plasma 
center region is the area of real interest. Particles should 

be introduced to the plume center to obtain proper melting and 

maximum speeds, regardless of the atmospheric conditions 

during spraying. Low pressure plasma spray (LPPS) and vacuum 

plasma spray (VPS) are alternative atmospheric spraying 



conditions developed to reduce or eliminate the air 

entrainment problems. 
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Figure 1.8. a) Temperature profile. b) Velocity profile6'. 
Temperature and velocity variation within dc N,-H, plasma jet. 



1.6 Behavior of Individual Particles. 

As noted in a previous section, materials selection is an 

important factor when planning spray parameter optimization. 

The aspects of powder size or wire diameter, density, melting 

temperatures, and possible atmospheric reactions must all be 

considered. 

Powder technology is such that most materials can be 

manufactured in powder form for thermal spraying. Ceramics to 

polymers, composites to metallics, many powders are readily 

available. Generally speaking, wires are limited to metallics. 

Powders and wires can be co-sprayed. In the development of a 

self lubricated coating, spraying graphite or other 

lubricating powder with a high carbon steel wire is one 

approach. 

Wire should be of a hardness that will allow smooth wire 

feeding, of an appropriate diameter that will allow a 

consistent particle size to be melted and propelled by the 

plasma. Density of material and particle size are 

considerations of both powder and wire. For powders, sprayed 

particle size is determined by powder size, and density 

becomes even more critical. If the powder is light, it is more 

difficult to inject into the plume core. The particles cannot 

be fully melted and are propelled to the target in the outer, 

cooler, region of the plume. Proper adjustment of the carrier 

gas flow rate will in most cases overcome this, however there 

is a discrete range of powder sizes that a particular system 

can accommodateb8. Dense particles can be injected past the 

plume core, with the same result of being propelled in the 

cooler and slower outer plasma regions. If the particles are 



too dense for the plume, usually because they are too large, 

they will fall below the plasma center line. This results in 

unmelted particles and/or missing the target altogether. If 

the powder particles are too small, especially if they are 

injected to the plasma core, they can vaporize and disappear 

from the system. This can also happen if the range of powder 

size is too large, because parameter optimization for one 

powder size may generate conditions that are too hot or too 

cold for other powder sizes. For this reason the powder size 

range must be narrow@. The most appropriate size is dependent 

on the material and the thermal spray system employed. 

Melting temperatures and atmospheric conditions must also 

be considered. Refractory materials, for example, require a 

hotter, longer arc than polymers, which require much cooler 

plasma conditions. Normally a desirable coating requires a 

fully melted particle impacting at high speeds, resulting in 

a dense, nonporous, coating. Sometimes, however, a porous 

coating is desired, requiring a partially melted particle at 

time of impact. Porosity enhances thermal shock resistance 

while decreasing thermal condu~tivity~~. Other factors such as 

the likelihood of a material reacting with atmospheric oxygen, 

or with a plasma gas, such as nitrogen or hydrogen, must also 

be considered. 

1.7 Slide/Roll Ratio. 

Pure rolling between two bodies occurs when the rotation 

of one exactly coincides with that of the other. When slippage 

happens, due to acceleration or braking of one component, 

creepage, or sliding/rolling, occurs. The slide/roll ratio is 

the difference of the surface velocities divided by the mean 



of the two vel~cities.~'.".~~ Equations for the mean surface 

velocity and the slide/roll ratio are: 

D, and D, are the diameters of the bottom and top rollers and 

N, and N, are the bottom and top roller revolutions. Before 

slide/roll reaches saturation, a stick/slip regime is 

predominant, reaching incipient slip at saturation. 

Severe slide roll ratios, up to 35%, occur in railroad 

operation and have been reproduced in laboratory tests using 

the Amsler Wear Test ~achine. 74.75.76.n Specimen geometry, 5% and 

35% slide/roll ratios, and contact pressure parameters for 

this work were selected to be consistent with previous work 

cited. No previous coating work had been performed, so this 

work concentrated on coating development and used evaluation 

protocols already established. 

1.8 Wear. 

Wear mechanisms in general were reviewed in the 

literature with respect to their application to coatings under 

rolling/sliding load conditions. Some wear mechanisms were 

identified as minor contributors in the research, and as such 

are commented on in this section. ~ r o s i o n ~ ~ , ~ ~ ,  chemical, 

oxidat ive80.81, f rettir~g~~.~~, cavitati~n~~.~~, and other wear 



mechanisms that obviously played no part in this application 

are not commented upon here. 

The wear regimes expected under rolling/sliding 

conditions have been detailed by Bolton and claytong6 as type 

I, mild wear, with the wear debris containing oxide particles; 

type 11, a more severe wear, with the wear debris almost 

entirely metallic; and type 111, a very severe wear condition 

that included roughening of the wear surface, with prominent 

score marks and gouging present. Before this work, much more 

loosely defined 'mildf and 'severe' were the wear mechanisms 

defined.87 Work on coatings under rolling/sliding wear testing 

is noticably absent from the literature. It was expected that 

the lamellar structure of a coating will have wear mechanisms 

not observed in uncoated steel. 

  bras ion^'>^^, wear by displacement of the material caused 
by hard particles, may be a factor in rolling/sliding 

conditions, especially if wear debris is loosened or broken. 

A hardness difference in abrading materials is normally 

present unless particles are actually loosened. 90,91 An 

occasional three body abrasion effect was observed during wear 

testing of the coating. 

~dhesion~~," is also a factor in the stick/slip regime 

dominant during rolling/sliding before slide/roll saturation 

is achieved, especially during start-up when the surface area 

of asperities is increasing with the increasing load. 95 Sliding 

wear, with its attendant microstructural changes in the 

surface layer plays a significant role in the wear debris 

formation and in the conditioning of the Sliding 

tends to create a preferred orientation in the immediate 



subsurf ace of the material. 98 Material transfer from the coated 

roller was observed during the first few hundred revolutions 

during wear testing. Materialtran~fer~~ was a minor factor in 

wear of the coatings. Transfer from one component to another 

and back again is observed in many sliding  condition^'^^. 

There are many factors controlling the frictional force 

generated by two surfaces in contact. The relative 

hardness1'', asperity deformation, adhesion or the formation of 

wear debrisIo2 and different phases in steelslo3 are some that 

have been considered. 

1.9 Rolling Contact Fatigue. 

It is recognized that under the very high axle load 

conditions of modern railroad usage that rolling contact 

fatigue (RCF) is a significant factor in rail damage'04~'0s~1M~'~ 

Surface defects such as surface intrusions108 and near surface 

 inclusion^'^ are RCF crack initiation sites. A crack may 

initiate without defects in the plastic flow regi~n."~~~'' Severe 

surface deformation layers have been observed in rail steels, 

especially under increased axle load, up to 5-10 times greater 

in curved track than in tangential track, which is consistent 

with increased RCF damage in curved track.'" The plastic flow 

occurs from the accumulation of plastic deformation occurring 

over many RCF cycles.H3 Steel coatings may display some of the 

work-hardening behavior associated with plastic def~rmation~'~, 

but this was not determined. SU"~ has shown that RCF cracks 

can display severe branching behavior, something that would be 

significant in a lamellar structure such as a plasma sprayed 

coating. Lubrication serves to exacerbate the cracking, once 
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initiated, by exerting a powerful hydraulic opening force at 

the crack tip. 

Lubrication. 

Trackside lubricators, a mechanical pump which draws 

lubricant from a reservoir and delivers it to the track, are 

presently used in the railroad industry.ll6 Mechanical problems 

with these devices have shown them to be less than reliable.ll7 

The latest versions of the lubricators show improved 

performan~e"~~~"~, however further improvement in wheel/rail 

lubrication is very much desired. Lubricating grease is 

defined as 'a solid semi-fluid product of dispersion of a 

thickening agent in liquid lubricant. Other ingredients 

imparting special properties may be included. 1120 Greases are 

most often used where lubricant is required to maintain its 

initial position in a mechanism, especially where frequent 

relubrication is limited. Lubricant additives include 

viscosity index improvers, detergents, dispersants, oxidation 

inhibitors, emulsifiers, demulsifiers, and many others.12' 

Greases are available, including synthetics1229123, with 

lubricant selection124 made from a range of industrial 

 classification^^^^ that may provide the full f ilm126 lubrication 
desired in the evaluation of the lubricant reservoir quality 

of a 1080 steel plasma sprayed coating. Texaco 904 grease was 

chosen because of its successful use in previous 

Further investigation into finding the best grease product for 

this application was not done because it was determined that 

the coating did not display lubricant reservoir qualities. 



A solid lubricant is a thin film of solid superimposed 

between two rubbing surfaces to reduce friction and wear."' 

Laminar solids have layers of crystal lattices with strong 

covalent bonds and relatively weak bonds between layers. 

Molybdenum disulfide, MoS,, and graphite are solid lubricants 

with different qualities that may be considered in a coating. 

Graphite requires a thin film of contaminant such as oxygen or 

water to help weaken the bonds between lattice planeslM. 

Molybdenum disulfide has a lattice layer of sulphur between 

lattice planes131, and its efficiency is reduced in the 

presence of a contaminant. MoS, has wide lattice spacing 

between closed packed planes allowing easy slip. Graphite may 
not be a good choice to include with the coating because the 

plasma jet, while operating in air, is made up of nitrogen and 

hydrogen. At plume center, the desired area for coating 

particles to be propelled, there is little oxygen available. 

Plasma sprayed coatings have been used for self lubricating 

~oatings'~~,~~~~'~, largely in the aerospace and automotive 

industries. The self lubrication possibility is one reason 

given as justification for this research. 



CHAPTER TWO 

2.0 SINGLE SPLAT ANALYSIS 

2.1 Introduction. 

This chapter is a synthesis of a literature survey, 

experimental work, and a concept. As a literature review, it 

is an extension of the previous chapter. As experimental work 

it is presented ahead of work done on coatings because it was 

a technique upon which much of the rest of the work rested. 

The concept came from a dem~nstration'~~ of plasma spray 

equipment. Demonstrated was the collection of spray patterns 

onto glass slides to augment metallographic examination of a 

coating in the evaluation of the effect of working distance 

change. This demonstration illustrated various techniques used 

to help in spray parameter optimization. 

The concept was to expand and improve on the spray 

pattern collection to the point of utilizing individual splats 

and splat distribution patterns to determine optimum spray 

parameters. Plasma sprayed coatings are made from individual 



splat accumulation. A molten droplet becomes a splat upon 

impacting the substrate, flattening, and solidifying. If ideal 

splats could be achieved through a balance of the deposition 

parameters, then the conglomerate of splats, the coating, 

should be of high quality. Adjustable deposition parameters 

are power input, primary and secondary gas flow rates, wire 

feed rates, and working distance. 

Observations from the laboratory microscopic examination 

is blended with the literature review to present a practical 

application of theory and experiment to produce a research 

technique that works. 



2.2  single Splat  Analysis 

A method to predict coating quality quickly and easily is 

very desirable when faced with the task of determining plasma 

spray parameters. Such a method should allow nondestructive 

analysis of specimens and promote quick evaluation even during 

the fine tuning of spray parameters. When appraising coating 

quality it is useful to examine the behavior of the most basic 

coating component, the individual splat. Such a technique is 

described here, and is called 'single splat analysisf. 

When using the single splat analysis technique, it is 

necessary to connect what is noted in individual splat 

observation to spray parameters. The connection trail involves 

relating splat morphology to the incoming particle conditions 

of velocity, temperature and size. Particle conditions are 

directly related to the plume conditions of velocity and 

temperature. Plume conditions are a result of spray 

parameters. The adjustable spray parameters are primary and 

secondary gas flow rates, powderlwire feed rates, working 

distance, amperage and voltage. 

A brief review of the effect of each of the spray 

parameters on the plume condition may be useful here. 

Increasing or decreasing the flow rate of the primary gas will 

lower or raise the plume temperature respectively. It will 

also increase or decrease the mass density of the plume, 

affecting the thermal and velocity transfer to the particles 

while in flight. The use of a secondary gas also affects the 

thermal and velocity transfer. In addition, the secondary gas 

serves to increase the system voltage, thus lengthening the 

arc, increasing the temperature and velocity of the plume. 



Working distance controls the length of time the particle is 

in the plume. System amperage controls the temperature of the 

arc, and voltage the arc length. 

Single splat analysis is a useful tool for predicting 

coating quality. During spray parameter development, 

individual splats are collected by rapidly passing a glass 

slide or metal coupon through the spray pattern at a specific 

working distance. Aluminum and steel coupons were used to 

determine whether the molten particle would spread in the same 

manner as on the glass slide. It is thought that the 

flattening and solidification behavior of the particle is very 

similar when collecting single splats as long as the material 

is polished smooth. A smooth specimen is required for single 

splat analysis because as soon as surface roughness is 

introduced the splat flattening behavior is changed by the 

nature of the roughness. 

These samples are then examined under a stereo 

microscope. Identification of splatcharacteristics give clues 

as to which parameters should be adjusted. Poor splat 

morphologies such as bounce back, star patterns, empty splat 

centers, lack of small particles, and otherwise misshapen 

splats each give their own hint as to what is out of balance: 

particle size, speed and/or temperature. Adjustment to spray 

parameters can then be made to achieve better and better 

individual splats until optimum parameters are achieved. The 

most important adjustable parameters are primary and secondary 

plasma gas flow rates, the powderjwire feed rate, and the 

working distance. The single splat analysis technique works 

very well for thin coatings, however when thicker coatings are 

required, additional information is necessary for coating 

evaluation. As coating thickness increases, substrate 



temperature increases. If this temperature increase is too 

great, the arriving particles impact a changing surface 

condition, different than that for which optimum parameters 

were developed. This can affect the mechanical properties, 

such as strength, ductility and hardness, of the resulting 

coating144. Substrate cooling is required, and metallographic 

examination of the coating cross-section is recommended. 

2.2.1 Stereomicroscopic Examination of Splats. 

Some simple adjustments to the conditions of examination 

under the stereo microscope will be helpful in single splat 

analysis. The idea is to collect individual splats on the 

glass slide, so there will be areas of the glass that will be 

uncoated. When the slide is placed for viewing in the 

microscope, it is helpful to use different colored 

backgrounds. For steel, such as is used in this research, 

white, yellow, and orange are very good background colors. For 

example, if black is used, the splat surface can be seen very 

well, but if there is a center missing from the splat it often 

appears that there is a thin layer of material in the center. 

Looking at the same splat on white, yellow, or orange clearly 

shows the center missing, see Figures 2.1 & 2.2. Use of black 

allows too much opportunity for misleading information. White 

allows very clear views of outer surfaces, and, in conjunction 

with the other recommended colors, effective single splat 

analysis can be made without false impressions arising during 

microscopic observation. The slide can be conveniently passed 

over a specially prepared white/yellow/orange strip or placed 

on larger, individually colored backgrounds. Not using the 

multiple colored system may result in passing over subtle 



information that can favorably influence the selection of 

optimum parameters. 

Single splat analysis should concentrate on splats taken 

from plume center. Splats from the outer regions should be 

observed, but only to confirm analysis from plume center or to 

look for clues as to the cause for poor splat morphology 

present in the center region. As the glass slide is passed 

through the plume, normally in a vertical pass, a region on 

the slide can easily be determined as containing splats from 

plume center. This zone is much denser and has smaller splats, 

with the density decreasing with distance from the center 

region. Splat size can increase considerably in the area just 

outside this center region, especially when spray parameters 

are not in the optimum range. The closer to optimum spray 

parameters, the more apparent becomes the center region 

because of the increased numbers of very small splats. 

The reason for a greatly increased amount of very small 

splats as optimum parameters are approached is that the plume 

is fine tuned to the correct temperature and velocity 

conditions to allow the very small particles to be melted, 

propelled, and impact their target in a molten or plastic 

state. Too much heat, either because the plume is too hot, 

vaporizing the particles, and/or too slow, with the particle 

in the plume too long resulting in overheating and vaporizing, 

will cause the very small particles to disappear from the 

system. Underheating, because the plume is too cold and/or too 

fast, will cause these particles to be unmelted at time of 

impact. If the plume is too slow relative to jet temperature 

the particles can solidify before impact. Unmelted particles 

bounce off rather than adhering. If there is a lack of these 

small particles in plume center region of the specimen, then 



optimum parameters have not been achieved. This is especially 

significant when spraying wire, because of the wide range of 

particle sizes possible. 

It is tempting to look at larger splats for idealized 

splat morphology and not consider the range of splat sizes 

present, but the first priority in parameter development is to 

maximize the quantity of these very small particles. Once this 

is achieved, optimum parameters are in the neighborhood. 

Figures 2.3 & 2.4 show how fine tuning the secondary gas 

parameters affect the splat pattern, especially the small 

splats. Attention is then shifted to larger splats, again 

concentrating on the plume center region. Clues for which 

parameters to adjust can be taken from the morphology of 

larger splats. 
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Figure 2.1. Splat field at plume center with black/white
backgrounds. Especially note the centers of the larger splats.

Figure 2.2. Splat field with yellow (top)/orange (bottom)
backgrounds.



47

Figure 2.3. Primary gas (Nz): 235slm,
30slm, working distance: 225mm.

secondary gas (Hz) :

Figure 2.4. Nz: 235slm, Hz: 35slm, working distance: 225mm.
Notice the increase in small splats with the small increase in
secondary gas volume.



2.2.2 Splat Morphology. 

Particles are mostly spherical during flight, and upon 
impact flatten, the material flows outward, and then 

solidifies into a final shape. Ideally this shape resembles a 

thin, flat pancake. see Figures 2.5 & 2.6. The splat cooling 

rate depends on splat thickness, material thermal properties, 

and contact area between the splat and the substrate14s. The 

flattening time is much faster than the freeze time, allowing 

the particle to completely flow and flatten before 

solidifying. Flattening time is on the order of seconds 

and freeze time about seconds146. The degree of flattening 

is dependent largely upon particle temperature, impact 

velocity, viscosity, and surf ace tension of the droplet147. 

Wetting between the coating material and the substrate is a 

factor, although normally a minor consideration.14' 

If the material is not fully melted at impact, it will 

either be flattened and the unmelted portion becomes an 

inclusion, or the unmelted portion will bounce off, leaving a 

splat with no center. Some applications require a partially 

molten condition to produce desired coating properties, 

however, most coatings are of best quality when few or no 

inclusions are present. Porosity is nearly always found when 

inclusions exist because incoming particles cannot penetrate 

into the voids resulting from partially flattened particles. 

Thermal conductivity of the spray material is important 

to the adherence of the  plat'^^. If the incoming particle is 
overheated, it will strike the substrate and flow too much 

before solidifying. This is the same effect of too high a 

velocity at impact. The particle shatters, leaving a center 



with a star shaped outer region. If an overheated particle is 

too large, the bounce back effect occurs. Bounce back will 

also happen when incoming particles are larger than optimum 

size for the spray parameters and are fully melted upon 

impact. During powder or wire spraying, large particles can 

result from in-flight collisions occurring in the plasma jet 

regions away from the center line. When spraying wire, large 

particles can also result from either too fast or too slow 

wire feed rates. 

Impact velocity also affects final splat morphology. If 

the velocity is too low, the splat cannot penetrate into all 

the surface cavities, resulting in porosity and poor adhesion 

at the substrate interface and poor cohesion within the 

coating thickness. The splats may be too thick, not flat, or 

the particle may bounce off upon impact. If the velocity is 

too high, the larger splats may shatter, yielding a malformed 

splat with poor adhesion. Generally speaking, high impact 

velocities and small particle sizes are required to achieve a 

low porosity, tightly adhering, small grained coating. High 

impact velocity assures maximum penetration into surface 

irregularities on the substrate. As the coating thickness 

builds, the same surface-filling benefits are present. This is 

why the spray parameters are optimized for the very small 

particle sizes. 
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Figure 2.5. An idealized splat field. Steel sprayed on steel.

Figure 2.6. An idealized individual splat from the above
field.



2.2.3 Working Distance Effects. 

Time in flight is a critical parameter for achieving 
proper melting and impact speed for spray particles. The 

distance must be far enough to attain full melting and high 

speeds, yet close enough not to allow vaporization of small 

particles, Full melting and high particle speed, resulting 

from heat and momentum transfer from the plasma jet to the 

particles150, is required to achieve dense, low porosity 

coatings. Too long a distance allows the particles, especially 

heavy particles, to fall too far below the plume center, 

resulting in falling out of the high temperature, high 

velocity region, possibly missing the target entirely. If this 

particle does hit the target it is too slow, not fully melted, 

or both. Unmelted particles bounce off. Partially melted 

particles impact, the melted outer surface adheres to the 

substrate, and the unmelted portion bounces off. In the latter 

case, a splat without a center can be observed when performing 

single splat analysis. Much of the same phenomena can be 

observed if the distance is too close, with unmelted particles 

bouncing off and partially melted particles acting as 

described above or being held as inclusions in the resulting 

coating. There may be in-flight impacting between particles 

when long working distances are utilized. This will result in 

some very large splats in an otherwise small splat field, 

especially noticeable in the regions away from plume center on 

the glass slide. Figures 2.7 61 2.8 show the effect of working 

distance when the other parameters are close to optimum. 

As optimum gas parameters are approached, fine tuning of 

the resulting coating can be achieved by adjusting the working 

distance. If particles are fully melted and the plume is hot 



enough to continue heating the particles during flight, 

overheating can occur. Overheating of small particles can 

result in vaporization, they disappear from the system. Only 

larger splats are visible on the substrate. Large particles, 

in the overheated condition, impact the substrate at high 

speeds. Ideally the particle impacts, spreads, flattens, and 

freezes. If a large particle is too hot upon impact, instead 

of flattening and freezing it will spread and the center 

portion, having significantly more mass than the outer region 

that is spreading and freezing, will bounce back away from the 

substrate, similar to the way a drop of water will bounce when 

striking a surface, and solidify in this position. All 

particles are subject to later-arriving particles impacting 

them as the coating thickness increases. The bounced back 

particles can then be broken off and captured as unmelted 

inclusions in the coating. As previously pointed out, at 

longer distances in-flight particles can strike each other, 

causing a much larger particle to be impacting the substrate. 

It is these large particles, especially if they are in a 

superheated condition, that are the most pronounced bounce- 

back splats. In general this occurs some distance away from 

the center of the plume, where there are more severe velocity 

and temperature variations than at plume center. 
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Figure 2.7. Working distance of 195mm (left) and 210mm. At
195mm there are unmelted particles and some empty centers.

Figure 2.8. 210mm and 230mm. At 230mm there are empty centers
and a lower particle density. other spray parameters are the
same. Zirconia on glass.



54 

The following charts give an overview to the single splat 

analysis technique. 

Table 2.1. SINGLE SPLAT ANALYSIS 

PLUME CONDITIONS: 

Velocity 

Temperature 

PARTICLE CONDITIONS: 

Velocity 

Temperature 

Size 

SPRAY PARAMETERS: 

Primary Gas Flow Rate 

Secondary Gas Flow Rate 

Working Distance 

Wire Feed Rate 

Amperage - 
Voltage 



Table 2.2. PARTICLE CONDITIONS 

PARTICLE CONDITION 

Overheating: 

Underheat ing : 

Velocity Too High: 

Velocity Too Low: 

Particles Too Large: 

OBSERVATION 

Vaporization, lack of small 
splats. Bounceback. Too much 
outward flow, empty center 
region. 

Particles bounce off, lack of 
small splats. Empty center 
region. Unmelted center may 
stick but be malformed. 
Unmelteds, partially melteds. 

Particle shatter, leaving a 
center with a star shaped 
outer region. Poor adhesion 
resulting from bounce. 

Poor penetration into voids. 
Splats not flattened. Lack of 
small particles. 

Bounceback. Partially 
melteds. Too narrow a size 
range. 



Table 2.3. PARAMETER ADJUSTMENTS 

PARTICLE CONDITION 

Overheating: 

Underheating: 

Velocity Too High: 

Velocity Too Low: 

Particles Too Large: 
(Lack of small particles) 

PARAMETERS 

Decrease secondary gas flow. 
Increase primary gas flow. 
Decrease amperage, voltage. 

Increase secondary gas flow. 
Decrease primary gas flow. 
Increase amperage, voltage. 

Decrease primary and/or 
secondary gas flow rates. 

Increase gas flow rates. 

Adjust wire feed rate. Other 
parameters not close to 
optimum . 



2.3 Practical Applications of Single Splat Analysis. 

2.3.1 Process Changes. 

As changes were made in the process, such as wire sizes, 

fixturing changes that allowed parameter changes, substrate 

cooling evaluation, changes in working distances, and 

exchanges of anode. Spray parameter optimization was confirmed 

through the use of single splat analysis. 

2.3.2 Wire Selection. 

Wire selection evolved through a series of materials. The 

first wire used was a 3/3211 diameter, 1075 flux-cored steel. 

Several tests were made using this material, with mixed 

success. The basic problem turned out to be something perhaps 

unique to the thermal spray process. The behavior of the wire 

during melting appeared to be erratic. Single splat analysis 

showed that the splat morphology was not consistent. Fine 

tuning of the spray parameters did not improve this condition. 

It was determined that the coring materials reacted 

differently than the steel particles during the melting 

process in the plasma jet. 

A 3/32" diameter music wire, 1080 plain steel, was next 

used. This produced a more consistent splat morphology, as 

determined by single splat analysis. The splat pattern was not 

optimal, however. Across the pattern many more large splats 

were present than were thought to be an ideal condition. Small 

splats delivered at high velocity produce the highest quality 

coatings. In an effort to attain a more consistent range of 

splat sizes, a 1/16'' diameter wire was tried. This wire is the 

same high carbon steel wire as the larger diameter product, 



only the wire diameter was different. It immediately was 

apparent that the smaller wire was melting in a more efficient 

way, with a greatly improved spray pattern. It was then 

possible to achieve large numbers of very small splats when 

optimum spray parameters were achieved. This wire, with all of 

its advantages, had a major drawback to the research. It was 

available only in one pound rolls. It was necessary to unwind 

the roll and coil it onto a reel for feeding into the spray 

system. 

Spraysteel 80, a 1080 plain steel wire developed for a 

twin-wire arc system, 1/1611 diameter, was the next wire used. 

This wire has all of the desirable features of the music wire 

plus availability in 30 pound coils ready for the wire feeder. 

1080 plain steel, 1 / 1 6 "  diameter, was the wire used for the 

balance of the experimental work. Optimum parameters were 

worked out for this wire, through single splat analysis and 

metallographic examination, and used throughout most of the 

rest of the work. 

Figure 2.9 is a photograph showing the microstructure 

typical for high wear resistant coatings. Its features include 

a dense microstructure, few large unmelted particles, and many 

very small particles. These small particles resulted from 

being molten when taken from the wire and are so small that 

they have solidified into a plastic state during flight and 

then are assimilated into the coating. 
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Figure 2.9. AMST27. Typical microstructure of high performance
coating.



CHAPTER THREE 

3.0 EXPERIMENTAL PROCEDURES 

3.1 Introduction. 

This section encompasses the experimental protocol 

required to produce specimens and conduct experiments to 

measure performance. It is necessary to include details 

regarding equipment, fixturing, and process control in order 

that experimental procedures may be understood. 

At the onset of the experimental work, certain basic 

assumptions were made regarding the coating, its method of 

manufacture, desired performance characteristics, and 

experimental procedures to measure the performance. 

The coating material was to be a high carbon plain steel, 

similar to the rail steel that would receive the coating, 

plasma sprayed onto Arnsler rollers for wear testing under 

slide/roll conditions. Amsler rollers, made from rail steel, 

were to be of the same geometry as rollers used in previous 

work'", to be as consistent as possible for data comparison. 

Figure 3.1 shows an Amsler roller. All wear tests were to be 

performed in the as-sprayed condition, to simulate as closely 

as possible the conditions that would be encountered in field 



operations. Amsler wear tests were planned for various 

slide/roll ratios, under various contact pressures, again for 

consistency in comparison with previous work. The contact 

pressure and slide/roll ratio test matrix was: 

Slide/roll Contact pressure (MPa) 

35% 1220 1050 900 700 500 

5 %  1220 1050 900 700 

These guidelines were observed throughout the research 

with only minimal revision. Those revisions were to test 

specific conditions and their relationship to coating 

performance. For example, coating thicknesses have ranged 

from 0.3mm to 2mm to determine the influence of coating 

thickness, if any, on wear performance and the incidence of 

debonding. Some post-spray processed rollers were tested, 

grinding the wear surface flat, in an attempt to minimize edge 

effects. 



Figure 3.1. Amsler roller. 



3.2 Plasma Spray Equipment. 

The equipment used to make the coating is powered by two 

DC rectified constant current power supply devices. The plasma 

gun consists of a thoriated tungsten cathode and a copper 

anode in a water cooled brass housing. Plasma gases, power, 

and cooling water are routed through a control panel to the 

plasma gun. Figure 3.2 schematically shows the spray system. 

Cooling water flow rates are stepped up from about 2 gpm 

incoming to 5-7 gpm at 200 psi to achieve proper spray gun 

cooling. The wire feeder and the powder feeder are independent 

of the control panel and are adjusted directly on the 

individual device. Working distances are measured and set 

manually. Translation of the plasma jet is also performed 

manually. Further automation, even computer controlled 

operation, of the spray process could be implemented, however 

during the research phase it is impractical. 

Surface preparation of the substrate before coating is an 

element of the research that required much experimental 

activity. Detailed protocol for substrate surface preparation 

in the laboratory is fully reported in the body of this work, 

and includes elements of both surface cleanliness and 

controlled roughening for improved mechanical bonding. Rail 

surface preparation in the field will call for using 

techniques developed in the laboratory on a very broad scale. 

Such techno logy is available in the corrosion field . '35,136~137.'38 
Abrasives, in particular, are used in the laboratory and will 

be required in field operations. Proposed standards are 

available for high and low pressure wet abrasives that provide 

excellent guidelines'39 Wet abrasives applications'40, both high 



and low pressure14' may be appropriate, with the precaution 

that the original profile not be c~rnprornised.'~~ 

The first shot blast station is a sheet metal cabinet 

outside the spray booth. The grit can either be a chilled 

steel shot, alumina, or sand. In this cabinet grit can be 

easily changed according to surface preparation requirements. 

Secondary shot blasting was performed after clamping the 

substrate for spraying. A hand-held shot blasting gun was 

used, drawing grit from a portable container. Figure 3.3 shows 

secondary shotblasting. 

Spraying was performed inside a sound-deadening spray 

booth. The sound level inside the booth is lOOdB or more, with 

a sound attenuation of about 60dB through the booth walls. 

Appropriate ear and eye protection were standard procedure 

during all spraying operations. An exhaust fan removed 

residual heat and fumes from the booth. A water curtain was 

employed behind the spray target to capture overspray 

particles. 



Water and Power Target 

Figure 3.2. Plasma spray system schematic. 



Figure 3.3. Secondary shotblast layout.
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3.3 Plasma Spray Operation. 

Power is set by selecting an operating amperage, voltage 

is a function of the amperage and gas parameters. Gas 

parameters and working distances are easy to duplicate, as 

they are metered or measured. The wire feed rate is also 

relatively easy to calibrate. The wire feeder has an infinite 

controller that can be set, moved, then reset with reasonable 

accuracy. Setting the wire feed rate by eye also yields a 

reasonable repeatability because of the fairly narrow optimal 

operating range. The spray pattern is highly visible during 

adjustment, and even very small variations in the feed speed 

is immediately noticeable in the spray pattern. 

Establishing optimum feed rates for powder is more 

difficult because of the uneven manner which powder is 

introduced into the carrier gas stream. When observing powder 

feed into the atmosphere, it appears to be a repeated puffing 

pattern. Observing in air is a good start in setting powder 

feedrates, but final setting is done with the plasma jet 

operating. Direct observation of the powder feed can be made 

using a welding hood with a dark lens. The powder should be 

injected to the plume center, adjustments to the carrier gas 

flowrate are made to deliver the powder to this point. The 

powder volume is usually determined as the maximum amount that 

can be delivered to plume center and melted as it is propelled 

to the target. Single splat analysis can help in determining 

this, metallographic analysis of a full thickness coating can 

confirm the correct feedrate as well as other spray 

parameters. 



3.3.1 Anode Calibration. 

An improved anode was installed in the spray gun 

beginning with AMST23. This anode, and subsequent replacement 

anodes, were of a similar internal geometry. Anodes must be 

calibrated to optimum gas parameters when first put into 

service. This is accomplished by comparing gas parameters to 

the appearance of specific shock diamonds in the plasma jet 

and confirmed through single splat analysis. 

Figure 3.4 schematically shows shock diamond formation. 

Visually the shock diamonds appear in the jet as little balls 

of light when viewed through a welders mask. The mask is 

required to eliminate the intense illumination present in the 

jet. 

Often used parameters for the steel coatings in this 

research : 

Power: 350 Amps 
Primary gas: N, = 235 slm 
Secondary gas: H, = 30 slm 

At these parameters, voltage should be 390. The fourth 

shock diamond first appears about H, = 24-25 slm (standard 

liters per minute). If these values hold from old anode to new 

anode, the coating quality should be the same. If these values 

are even slightly different, parameters should be fine tuned 

to achieve optimization. To confirm that these observations 

will hold, the operator is required to perform this 

calibration at each anode change. 



Spray parameters were nearly the same throughout the rest 

of the research except when puposely varied for parameter 

envelope testing. Spray parameter optimization was 

periodically confirmed with single splat analysis and 

metallographic examination. One reason was to make sure there 
was no drift in optimum parameters due to deterioration of the 

anode. Such deterioration can come about because of 

overheating, damage because of anchoring the arc, mechanical 

deformation from mishandling, and the like. 



" Ccmpressim waves 

Figure 3.4. Calibration of anode to spray parameters is 
achieved by determining the gas parameter value of the 
appearance of the fourth shock diamond in the plasma jet.'" 



3.3.2 Fixturing. 

Successful coatings are in some manner dependent on the 

process used to generate the coating. Fixturing, how an object 

is held in position for coating, is an important aspect of the 

plasma(spray process. Fixturing includes the clamping in place 

of Amsler rollers and rail sections, the spray targets, and 

the proper positioning of wire feeds, cooling gas and other 

elements of spray procedure. Because of the high temperatures 

present in the procedure, a continuous process of fixture 

development, replacement, and improvement was required. 

A motorized chuck with a rotational speed of 200 rpm 

during spraying was used for all Amsler rollers. Because of 

the high heat present in the region within and adjacent to the 

plasma jet, the chuck required protection. It was determined 

that if 18 inches were allowed between the plasma jet and the 

chuck jaws there would be no damage to the chuck. 

When two or more rollers were coated at the same time, it 

was very difficult to separate them after spraying. Fiberglass 

tape was used, but there was not enough distance between 

rollers on the fixture to allow easy separation in the region 

where overspray held them together, so graphite spacers in the 

shape of washers were used. The spacer can be easily broken 

when struck with a hammer, making roller separation fairly 

easy. Rollers were arranged with appropriate spacers and 

graphite washers for spraying. Up to ten rollers can be 

sprayed simultaneously using this device. Figure 3.5 shows a 

five roller array after spraying. 

Glass slides were used in the single splat analysis 

technique. A simple fixture of a lx3x% steel bar 3 feet in 



length with a spring clamp to hold the slide was used. The 

slide can then be quickly passed through the plasma jet to 

collect individual splats. Figure 3.6 shows single splat 

collection. 

A bracket was made to hold the wire feed in different 

positions relative to the plasma spray nozzle. Injection 

angles of 45O and 90° can be used at different distances from 

the nozzle. It was determined that 90° and 45" injection 

angles as close to the nozzle as possible are the correct feed 

positions when spraying 1080 steel wire. Figure 3.7 shows the 

plasma gun with wire feed, powder feed, and cooling tubes. 

A graphite rod with a one inch flat machined on one side 
was made to hold steel coupons. These coupons were used for 

microstructure specimens. The graphite rod works well because 

it acts as a heat sink during this process, and is relatively 

unaffected by the high temperatures of the plasma jet. Figure 

3.8 shows a steel coupon being sprayed. 
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Figure 3.5. Five roller array, after spraying. Rollers are
separated by graphite washers.

Figure 3.6. Single splats are collected by rapidly passing a
glass slide through the plasma jet.
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Figure 3.7. Plasma gun with wire and powder feed tubes.
Backside cooling tubes extend some distance from nozzle.

Figure 3.8. Steel coupon being spray coated for later use in
metallographic examination.



3.3.3 Dwell and Traverse. 

In the early stages of the research only one roller at a 
time was coated. The roller fit nicely into the center of the 

spray pattern at the desired working distance of 225mm. The 

dwell method was used, it was efficient because a shorter time 

was needed to achieve the desired coating thickness. Also only 

those splats from plume center, those that were optimized, 

were going onto the substrate. Difficulties arose when long 

dwell times, longer that 30 seconds, were required. Three 

minutes dwell was needed for a lmm coating thickness. 

Traversing involves moving the spray pattern across the 

target until it sees the boundaries of the pattern, much as 

one would if operating a paint sprayer. The jet can be briefly 

held off the target for additional cooling, or panned back 

immediately. Traversing did not appreciably lengthen the time 

on target beyond that of a dwell. ~raversing is required when 

more than one roller is sprayed at the same time because they 

will not fit within the spray pattern center region and thus 

will coat unevenly. To spray thicker coatings, a substrate 

cooling had to be initiated. 

3.3.4  Substrate Cooling. 

Substrate cooling is required when spraying a thick 

coating. Enough heat must be removed from the accumulated 

coating to ensure that there will be no molten layer upon 

which the incoming particles could strike. The substrate 

cooling methods considered were: 



Traversing, allowing brief cooling periods between 
passes. 

Internal cooling of the substrate with liquid nitrogen. 

A screen of cooling gas for the incoming particles to 
pass through just before reaching the target. 

Back side cooling with a gas jet, such as N, or CO,. 

Substrate cooling was accomplished by focusing jets of 

CO, gas onto the rollers during spraying. It is called 

backside cooling because the jets are directed onto the 

rollers just to the rear of vertical, at approximately the one 

and 5 of clock positions, when oriented to a plasma jet flowing 

from left to right. See figure 3.9. The ends of the tubes were 

flattened out to give a wide pattern of gas onto the 

substrate. The cooling tubes were mounted on the plasma gun so 

that during the traversing operation the cooling jets follow 

the movement of the gun. Insulation of the tubes is not 

required because of the movement of the CO,, and the 

accumulation of a thin layer of coating, although clearing the 

overspray that tends to clog the tube ends is necessary during 

process set-up. A gauge pressure of 60 psi was required to 

maintain adequate flow for cooling. 
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Figure 3.9. Backside cooling during spraying operation.



3.4 Materials. 

The selection of a material of choice for the research 

involved experimentation with a variety of steel wires. Part 

of the original requirements of the research was that the 

sprayed coating be made from steel with approximately the same 

carbon content as that in rail steel. 

The first wire was a 3/32!" diameter 1075 flux-cored 

steel. AMST1-8 were performed with this wire. 35% slide/roll 

and contact pressures of 700-1220 MPa were used. A 3/32" 

diameter 1080 steel wire was then tried under 5% and 35% 

slide/roll and contact pressures from 500-1220 MPa, AMST7-15. 

A smaller diameter wire was thought to produce a better 

individual splat, so 1/16" diameter 1080 steel was tried, 

AMST16-22. This progression through a variety of similar wires 

lead to obtaining Spraysteel 80, a 1080 steel wire, 1/16" 

diameter, that was manufactured for twin-wire operations. This 

wire was used throughout the balance of the experimentation. 

All experiments beginning with AMST23 were performed on 

coatings made from this wire. During this selection process 

all wires tested were subjected to a wide range of slide/roll 

ratios and contact pressures. A complete history of wires used 

is discussed in detail in section 2.3.2 

3.5 Substrate Preparation. 

Surface preparation is vital in producing a coating that will 

not debond. A detailed protocol was worked out and meticuously 

followed. This surface preparation procedure was vital in 

reducing the incidence of type I debonding. 



3.5.1 Surface Preparation Procedure. 

The first step in surface preparation for Amsler rollers 

was washing with soap and water to eliminate as much as 

possible the oils present from machining. Just before spraying 

they were acetone rinsed, shot blasted, and rewashed with 

acetone. The substrate was roughened to improve the mechanical 

bonding between substrate and coating particles. 

There is a necessary five plus minutes time lag between 

shotblasting and spraying, because of time requirements to 

chuck the roller and start the spray equipment. It was thought 

that surface oxides may accumulate during this time so a 

second shot blast operation was installed, such that there 

would be no time lag between shot blasting and spraying. One 

further bit of information was gathered when a handful of the 

chilled steel shot was placed in a beaker of acetone. Small 

particles of contaminant, dust and a discoloration in the 

acetone, became visible. To eliminate possible contamination 

of the substrate because of this contamination of the shot, a 

flood wash of acetone immediately after the secondary blasting 

was implemented. A flood wash consists of flooding the rollers 

while chucked and rotating and then removing the acetone with 

a strong air blast. An air blast is used as a way of 

mechanically removing any contaminant suspended in the acetone 

rather than allowing the acetone to evaporate. Evaporation 

tends to leave a possible contaminant residue concentrated in 

one location on the roller. Spraying should commence 

immediately upon completion of removal of the acetone flood. 



3.5.2 Substrate Surface Appearance. 

The surface finish after shot blasting is a function of 

the size of the blasting particles and the velocity at impact. 

After the surface has been blasted such that the entire 

original surface area has been altered, further blasting 

serves to remove surface material without additional change to 

the surface texture. Additional surface roughness can be 

achieved only through a larger particle size, increased 

particle velocity at impact, or softening of the surface. 

Figures 3.10 & 3.11 show the surface appearance of rollers 

blasted with silica and with steel shot. 

Shot particle size change was accomplished by changing 

from silica to steel shot, the largest shot medium used. 

Amasteel LG25 cast steel grit was used. Increased velocity can 

be accomplished by moving the blast gun nozzle closer to the 

target, but this distance is already very small, and not much 

improvement can be expected. 
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Figure 3.10. Specimen surface appearance with silica as shot
medium.

Figure 3.11. Specimen surface appearance with a steel shot
medium.
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3.5.3 Knurlinq.

Knurling, a surface roughening technique, was tried as a

way to increase surface texture which, in turn, would increase

the mechanical bonding of the coating to the substrate. Figure

3.12 shows a knurled roller.

Figure 3.12. Very heavy knurling surface texture.



3.5 .4  Substrate Preheating. 

Substrate preheating was also tried as a way to make 
progress in the debonding problem. Substrate heating is 

accomplished by dwelling the plasma jet on the substrate to 

increase the surface temperature the incoming melted particles 

encounter upon impact. The effect is that the particles flow 

farther upon impact, and the surface area is greater as the 

splat thickness is reduced. Also residual stresses may be 

reduced in this condition. Preheating was accomplished by 

dwelling the plasma jet on the target for 30 seconds. The 

magnitude of substrate temperature increase was not 

determined, but the splats were shown to behave in their 

formation as that previously described. One experimental set, 

amst131-133, see Appendix 1, included preheating the substrate 

just before the second blasting. The idea was to more equalize 

particle and substrate temperatures to see if this might 

improve bonding. 

3.5.5 NiCr Intermediate Layer. 

It was thought that an intermediate layer of NiCr may 

absorb more of the shear forces at the interface without 

debonding. A O.lmm layer and a 0.35mm NiCr layer were sprayed 

as intermediate layers between the substrate and 1080 steel 

coating. The gas parameters for spraying were the same for the 

NiCr powder as for the 1080 steel wire. The NiCr was sprayed 

for a specified time to achieve the desired thickness, then 

discontinued when the wire feeder for the steel was turned on. 

The NiCr was a discrete layer except for the very small 

thickness where the transition from NiCr to 1080 steel was 

made. 



3.5.6 Coating Froth and Interrupted Spray. 

A test matrix was formed to show that a coating could be 
sprayed on a roller with high confidence of expecting it to 

not debond during testing. Improved techniques were worked out 

on the experimental side. Zero time lag between shotblast and 

spray, flood washing of the blasted roller, and improved 

handling of the roller before spraying were featured. This was 

to include all of the substrate preparation improvements made 

up to this time. This is reported as AMST77-96, whose rollers 

were sprayed in blocks of five, with consistent spray 

conditions. The first block of five resulted in frothy 

coatings. llFrothw is the result of the coating substrate 

becoming overheated during the spraying operation. In this 

case the cooling gas, CO, for backside cooling, ran out 

without the operator noticing. The substrate heated enough 

that the incoming particles in the plasma jet impacted on a 

molten or partially molten surface. This results in the molten 

substrate splashing out, then solidifying in this splashed 

condition. The resulting coating is very porous and brittle, 

and coating failure occurs within a few revolutions. 

AMST87-91 was a block that featured an interrupted spray. 

During spraying there was a wire feeder failure. Spraying was 

stopped to clear the feeder, which took long enough for the 

coating to cool much of the way to room temperature. Also edge 

effects were introduced during the grinding operation that 

flattened the rollers. 



3.6 Wear T e s t  Equipment. 

All wear testing has been performed on the Amsler Wear 
Test Machine, see figure 3.13. Various slide/roll ratios are 

achieved by the combination of differing rotational speeds of 

the upper and lower shafts and by varying the diameters of the 

test rollers. The lower shaft rotates 1.104 times faster than 

the upper shaft. The upper roller diameter was fixed at 35mm 

and the lower roller diameter was determined by the desired 

slide/roll ratio. 



86

4' ~Sl.73/135 - 2

Figure 3.13. Amsler Wear Test Machine. Rollers mated, ready
for testing.



3 . 7  Amsler Testing Equations. 

Wear testing is accomplished by rotating mated rollers 

against each other under a load. Loading is accomplished by 

spring tension, loading reported in this research was 2,100 

MPa or less. The load was calculated from the equation: 

where Po is the contact pressure, L is the load, E is the 

modulus, and l/R=l/R,+l/R,. The elastic constants are not known 

for the coating material, but were approximated by that of 

plain steel. All contact pressures reported are based on 

calculations using this assumption. 

The slide/roll ratio was calculated from the equation: 

where D, and D, are the upper and lower roller diameters, 

respectively. 

The coefficient of friction can be calculated from data 

gathered during Amsler testing. There is a pendulum attached 

to the lower roller with specified weights attached. A trace 

of pendulum deflection was made by a chart recorder during 

testing. Depending on the amount of deflection, the 

coefficient of friction at any point of the test can be 

calculated from the equation'53: 



where d is the amount of deflection in Nm, read from the 

friction trace or from the scale on the machine, L is the load 

(Newtons), and R is the radius of the lower roller (meters). 

The constant'54, 2.75, was determined by weights added to the 

pendulum. 

The Amsler machine has two rotational speeds, 400 and 200 

rpm. All tests were performed at 200 rpm. The machine has 

capability to perform wear tests under several different 

conditions, however the mode of single plane, rotational 

testing was the only one used. 

3.8 Dry Wear testing. 

A I1full1* wear test, unlubricated, was defined as a 

coating tested under the specified contact pressure/creep 

conditions for 6000 revs. Normally this is with six 1000 rev 

iterations, although some were tested with no iterations, just 

running for either 6000 revs or to failure regardless of the 

number of revolutions. During the early work, Amsler testing 

was done at 100 revolution increments, at least for the first 

1,000 revolutions. This was done to establish wear patterns 

during any break-in period. An example of running the wear 

test to the substrate is AMST133, which was run to a final 

coating thickness of 0.07mm1 and then stopped because a large 

edge effect encroached upon the wear track, see figure 3.14. 

This is worn thin enough to consider it fully wearing out the 

coating. 
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Figure 3.14. Appearance of a large edge effect on the wear
track signalled the end of this test.



3.9 Lubricated Wear Testing. 

Texaco 904 grease was used in all lubricated tests. All 

tests were performed in the as-sprayed condition. Rollers were 

cleaned in the normal manner by washing with acetone. The 

acetone was removed by blowing it off with an air blast or by 

evaporation with a heat gun. The rollers were mounted in the 

Amsler machine, a bead of lubricant was applied, and the 

rollers were rotated by hand for two revolutions, which served 

to spread the lubricant across the entire wear surface. Excess 

lubricant was removed from the sides of the roller with a 

spatula. The rollers were then removed from the Amsler machine 

and weighed to see how much lubricant was retained by the 

system of coated and uncoated rollers. These data are reported 

as "retained lubricantI1. The test was then begun, or 

continued, until the lubricant disappeared from the system, 

which was determined by the coefficient of friction increasing 

from a nominal 0.1 under full lubrication condition, to 0.4, 

representing the dry condition. 

This cycle, application of lubricant, measuring the 

lubricant, and running until the lubricant disappeared, is 

termed an "intervalIg during the test. Each full test consisted 

of several intervals. Data reported are 1) retained lubricant 

(grams) per interval, 2) revolutions per interval, and 3) the 

wear rate (ug/m/mm). The wear rate for these lubricated tests 

is not useful as a statistic on its own, but it does allow one 

more point of comparison between similar tests. 



3.10 Lubricated Test Procedures. 

3.10.1 First Series: (AMST46-51) 

Use roller "as sprayedw and 1220 MPa contact pressure. 

1. Weigh the roller after cleaning. 

2. Apply grease to roller with a syringe. 

3. Put roller onto Amsler machine and rotate two times 
against the bottom roller. 

4. Remove roller from Amsler, remove excess grease from 
roller sides and surface with a spatula. 

5. Weigh lubricated roller. 

6. Clean the bottom roller of all grease. 

7. Run test until cut-off point of 6.5 N-m on deflection 
scale is reached. 

8. Clean the roller, record data, repeat 1-6 until test is 
complete. 

In this series, the coating thickness range was 0.6- 

1.Omm. Wire was Spraysteel 80, 1/16 diameter. The goal was to 

determine how much grease the coating could retain and the 

number of revolutions that could be achieved with this amount 

of grease. Figures 3.15 & 3.16 show application of grease with 

a syringe and excess grease removed with a spatula. It should 

be noted that as the test series progressed, greater skill was 

acquired in the excess grease removal (step 4 above). The 

bottom roller was cleaned of all grease before commencing each 

test, so that only the top roller was lubricated. After the 

first iteration the bottom roller became progressively 

roughened, and perhaps it should have been greased in the same 



manner as the coated roller. In each case, the coating 

debonded before the completion of the test. 
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Figure 3.15 Application of grease with a syringe.

Figure 3.16. Removal of excess grease with a spatula.



3.10.2 Series Two: (AMST52-59). 

Lubricant applied in these tests was applied by syringe 

to a clean bottom roller, laying a small bead of grease all 

the way around the perimeter. After weighing to record the 

exact amount of grease, the rollers were then mounted in the 

Amsler machine and turned by hand two revolutions. Excess 

grease was squeezed to the outside. This excess was not 

removed, the test was made with an excess amount of grease 

clinging to the outside of the rollers. An air blast was used 

to cool the rollers, with the air turned on at about 500 

revolutions. This air blast blew off most of the excess 

grease, at least removing it from easy entry to the wear 

track. Waiting 500 revs to turn on the air allowed 

considerable heat to develop in the rollers, and they were 

warm to the touch when removing for cleaning and weighing. 

Applying grease in this manner makes it difficult to mete 

out the exact amount each time, but by noting the volume 

exiting the syringe a reasonably consistent amount can be 

applied. For these tests, two rollers were knurled in various 

degrees to attempt to improve coating substrate bonding. In 

one case, AMST53, an increased coating thickness with normal 

substrate preparation, shot blasting only, no knurling, was 

prepared and tested to see whether coating thickness was a 

factor. Ten successful lubricated iterations were made before 

attempting dry tests. Dry tests were thought to be a way to 

accumulate data and reduce the coating thickness at the same 

time. The surface had roughened during lubricated tests, quite 

the opposite to what happens during dry testing, and debonding 

failure occurred during the first dry iteration. Coating 



thickness was 1.65 mm, 12,900 revolutions over ten iterations 

were made. Average lubricant used was 0.0725 grams. A 

combination of knurling and coating thickness was attempted in 
an effort to produce better results. Knurling was later 

determined to not significantly improve bond quality and was 

discontinued as a substrate surface preparation technique. 

3.10.3 Series Three (AMST175-183) 

Debonding was such a problem during the lubrication 

testing it was decided to direct a major effort to understand 

debonding and to minimize its effects before further 

lubricated testing. The final tests were to be made using the 

techniques developed over the life of the research that were 

thought to minimize debonding incidence. Wear testing 

conditions were to be the same as earlier. 

The matrix for this series included 5% and 35% slide/roll 

ratios at contact pressures of 700, 900, 1050, and 1220 MPa. 

The cut-off friction coefficient was 0.3, defining each 

interval during testing. The purpose of this series was two- 

fold. First, would debonding incidence be reduced from the 

earlier work, and second, evaluate the use of the coating for 

a lubrication reservoir. 

To eliminate the possibility of some irregularity in the 

spray process influencing test results, one roller from the 

group of ten was tested dry. The rollers were sprayed in 

groups of five, the one selected for the dry test was chosen 

at random, without regard to position during spraying. 



3.11 Water Lubrication. 

It is very difficult to observe any defects in the 
coating during testing because of the grease on the roller. It 

was thought that closer observation could be made if water was 

used as a lubricant. This was tried, AMST174, with the idea 

that the failure mechanism under water lubricated conditions 

would be the same as that under greased conditions. Water was 

dripped onto the top roller at a rate that assured a 

continuous lubrication at the contact region. 

3.12 Layered Coatings. 

A layered coating is the coating of a roller, cooling to 

room temperature, then adding a second application of coating. 

The blank roller is shotblasted, knurled if desired, then 

shotblasted again. After the first coating, the roller is only 

shotblasted. Layers range from 1 to 3.5 minutes dwell time, 

0.3 to l+mm to over lmm thick. 

3.13 Parameter Envelope Study. 

Much data had been accumulated from wear tests and 

metallographic examination of coatings that were made at what 

was thought to be optimum spray parameters. With the idea to 

determine how much of a range in these parameters, if any, 

would yield an acceptable wear performance, a series of tests, 

AMST61-76, was initiated to address this issue. This series 

included single splat analysis slides, metal coupons for 

metallographic specimens, and Amsler rollers of selected 

parameters for wear testing. All tests were made at 1220 MPa 

contact pressure and approximately 35% slide/roll ratio. The 

slide/rollvaries somewhat according to coating thickness. The 



rollers are machined to 33mm diameter and a lmm coating 

thickness brings the roller to a target diameter of 35mm, 

which for the Amsler machine operating conditions and the 

lower roller diameter combination yields a 35% slide/roll 

ratio. It was expected that there would be a close range of 

wear rates until envelope limits are reached when there would 

be a sudden large jump in the wear rate and/or early coating 

failure. These tests were made using both W-8, HB260 a class 

U wheel steel, and W-3, HB301, a class C wheel steel. It was 

expected that there would be little if any difference in 

coating performance because of the different wheel steels, 

even though one was harder than the other. 

3.14 Data Accumulation. 

Before going into details on the experimental results, a 

general explanation of the reporting procedure and some of the 

common features of the graphs may be useful. Figure 3.17 shows 

a raw data sheet from a typical dry wear test. Calculations 

for load, slidelroll, and typical coefficient of friction is 

shown on this sheet. Central to the work is the weight loss 

data, from which wear rates are determined. Also recorded are 

revolutions and diameter changes. Contact width changes were 

recorded in uncoated specimen tests, largely during previous 

work, however because of overspray this is not possible for 

coated specimens. 

The Amsler test identification numbers were assigned 

consecutively without regard to the type of test or wire used, 

AMSTl through to the end. It was thought that if the coating 

could stand up to the most extreme test conditions, 35% at 

1220 MPa, that it would hold up to the rest of the matrix. 

Most of the testing was conducted under these conditions. 



Contact width of the lower (uncoated wheel) roller was 

fixed at 5mm, see figure 3.1 for details of Amsler roller. 

Contact width of the coated roller was 5rnm in most cases, 

however it ranged from 3mm to 5mm depending on the test. 

Rotation speed of the Amsler was a nominal 200rpm throughout 

the work. Coating thickness was targeted to be lmm, however 

testing was performed over a range of 0.3 to 3.0mm. 

High carbon, plain steel wire was used in all of the wear 

testing. The individual wire designation was noted for each 

test. The parameter set noted in the work sheet describes the 

primary gas, secondary gas, working distance and, in some 

cases, the injection angle of the wire into the plasma jet. 

The reference to steel type of top and bottom rollers refers 

to the rail (top roller) and the wheel (bottom roller) the 

from which the specimen was taken. Wheel steels were of both 

type U and type C wheels. The test conditions were DAS (dry, 
as sprayed), DGF (dry, ground flat), and lubed (lubricated 

with grease). 

Each interval, usually a specified number of revolutions, 

in the test has weight loss, diameter change, and revolution 

count data recorded. This raw data was transferred to a 

spreadsheet and organized graphically as shown in figure 3.18. 



Amsler Wear Test Data Sheet 

P0=0.418 * 2*(LE/R) A 0.5 gamma=2*(1.104*D2-Dl)/(l.l04*D2+D1) u=(27SaM)/(L*R) 
L-Po *Z*R/(0.418^2*E) Stable M = 7.5 
Po= f+Zo S/R ratio= 55 
E=ZlxlO * 5 U= 0 ,  f5 7 
l/R=l/Rl=l/R2 
R= q.$b .. .- 

L= 400 

5L= Po0 

rj. n 
step r - 5 ,  I ,,?a LLf j 

Figure 3.17. Typical raw data sheet from a dry Amsler w e a r  
t es t .  
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Figure 3.18. Raw data organized into spreadsheet and graphs. 



3.15 Wear Curve Guidelines. 

To appropriately interpret results, certain principles 

relative to the spraying process must be clarified. Wear rate 

calculation, curve pecularities, and basic relationships of 

the top and bottom rollers are presented here with this in 

mind. 

The method of relating data gathered during wear testing 

to calculating wear rates can be illustrated by examining 

AMST27. This test was made with data collection at 100 

revolution intervals for a total of 8500 revolutions, see 

figure 3.19. Note the correspondence between weight loss and 

diameter reduction in the top roller. This correspondence 

holds generally true throughout all the Amsler testing. The 

bottom roller generally can be said to add a small amount of 

weight very early in the test because of material transfer 

from the upper roller. This weight addition is small, and 

disappears within the first few hundred revolutions. In the 

case of AMST27, a weight gain of 0.0124 grams was recorded at 

100 revolutions, and a net gain/loss of 0.000 grams at 200 

revolutions. This temporary material transfer is thought to be 

insignificant, given that a successful coating must last much 

longer than 100 revolutions. The wear of the top roller is 

always greater than that of the bottom roller. The wear rate 

of the top roller is 350 ug/m/mm as opposed to the bottom 

roller wear rate of 16 ug/m/mm. The diameter reduction of the 

bottom roller is also minimal, as would be expected, given 

that the wear rate is so low. Total diameter reduction was 

0.005mmt and that occurred during the first 25% of the test. 

Wear rates are determined by the slope of the weight loss 

(g) vs revolutions curve. The units are weight loss per meter 



rolled per millimeter of contact width, (ug/m/mm) . When 
calculating wear rates, care must be taken to choose a section 

of the curve that is most linear, avoiding break-in zones and 

areas of sudden, localized weight-loss areas such as might 

come from edge effects or other artifacts of the test. 
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Figure 3.19. AMST27. Data collection interval is 100 
revolutions. 



CHAPTER FOUR 

4 . 0  EXPERIMENTAL RESULTS 

4.1 Introduction. 

Wear rates of coated rollers compare very favorably with 

that of uncoated rollers. To set the tone for the results 

chapter a comparison of these results is presented here, see 

figure 4.1. The wear resistance of the coated rollers is much 

greater, by a factor of ten, than that of the uncoated rail 

steel wear tested in previous research. 



Uncoated Rail Steels 
1220 MPa 35% Slide/Roll 

X37-311 XI 36-369 
Steels 

Figure 4.1. Wear rates of uncoated steels compared with coated 
steel. 



4.2 Experimental Grouping. 

There are details in each individual experiment that 

makes it unique, though in many cases the data from an 

individual experiment is applicable in more than one area of 

study. Wear data, for example, were collected during all 

testing, making debonding experiments and the spray parameter 

envelope trials compatible to the overall experimental scheme. 

For convenience of explanation it can be said that 

experimental work has fallen into five general groups. The 

categories are: 

1. Early work. 
2. Dry wear testing. 
3. Lubricated wear testing. 
4. Spray parameter envelope. 
5. Debonding studies. 

4.3 Early work. 

4.3.1 Overview. 

The category of 'early workf generally defines the 

experimental work from the onset of the research until the 

selection of 1/16 in. diameter Spraysteel 80 steel wire as the 

material of choice. For results and discussion purposes, the 

early work has been expanded to cover all work up to the 

lubricated coating test matrix. 

In one case, the coating wore through after only 360 

revolutions, and the longest lasting only 420 revs, and the 

other cases, failure occurred even earlier because of sections 

of coating breaking off, either from the edges or from 



blistering of the coating. Figure 4.2 shows test results, 

AMST1-6. Wear rate information was calculated, however the 

test duration is too short for this to be reliable 

information. 

AMST7-15 were testing a new wire, various substrate 

cooling methods, and layering. Figure 4.3 and 4.4 shows 

experimental results of this series of trials. 

Because of a vastly improved spray pattern, 1/16" 

diameter wire was tested in AMST16-22. An immediate 

improvement in coating quality, measured in wear performance 

and durability, was noted. Spraysteel 80, a 1080 steel 

prepared for twin wire arc thermal spraying, was then used as 
a replacement. This wire had the advantage of being 

manufactured for use with a wire feeder, and was used on a 

continuing basis for most of the balance of the research. 

Figure 4.5 shows details of early work testing, AMST1-22. 



1075 Cored Wire 

Figure 4.2. Early work. Test duration of coatings from 0.094 
diameter 1075 Cored wire. 



Figure 4.3 Early work. AMST7-11, 352 slide/roll. 



Contact Pressure (MPa) 

Figure 4.4. Early work. AMST12-15, 5% slidelroll. 





4.3.2 Wear Rates For Various Materials. 

Figures 4.6, 4.7, and 4.8 show wear rates for each type 
of wire used during this period until the 1/16 diameter wire 

was proven, AMST1-22. No results are given in these figures 

for test lengths of less than 200 revolutions, and it should 

be kept in mind that these tests were performed under various 

contact pressure and slide/roll conditions. The wear rates of 

the lower, uncoated roller is much lower than that of the 

upper, coated roller. Lower roller wear rates can be read from 
the overall experimental chart in Appendix 1. 

Significant individual test results from this period 

includes two tests made at 5% slide/roll ratio. AMST12, figure 

4.9, shows a coating that did not wear out. The contact 

pressure was 700 MPa. This test was halted after 20,000 

revolutions with little evidence of wear. Note that the wear 

rate is only 15 ug/m/mm. This test was run dry, as sprayed, 

with the diameter reduction of 0. llmm, which is only enough to 

flatten the surface roughness of the as sprayed condition. 

AMST25 and AMST27 were tests of high performing coatings 

made at 1220 Mpa contact pressures. AMST27 has been fully 

reported earlier, Figure 3.18. AMST25 was tested at 5% 

slide/roll with 10,700 revolutions, see Figure 4.10. This 

roller was run until there was very little coating remaining. 

Note that the wear rate is 208 ug/m/mm, which fits into the 

lower region of that expected for 35% slide/roll. Throughout 

the wear testing, the wear rates of the 5% vs the 35% 

slide/roll conditions are very similar. Generally the 5% tests 

are slightly lower, however the envelope of wear rates for 35% 

would generally include the 5% results. 



Early Work Wear Rates 
1075 Cored Wire 3/32 in Dia. 

F i g u r e  4 . 6 .  E a r l y  work wear rates. 0 . 0 9 4  diameter 1075  cored 
w i r e .  



Early Work Wear Rates 
.094 Dia. Music Wire 

Figure 4.7. Early work wear rates. 0.094 diameter 1080 steel 
wire. 



Early Work Wear Rates 
0.625 Dia. Music Wire 

F i g u r e  4 . 8 .  E a r l y  w o r k  w e a r  rates. 0 . 0 6 2 5  d i a m e t e r  1080 steel 
w i r e .  
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Figure 4.9. Early work. AMST12, a coating that did not wear 
out. 5% slide/roll, 700 MPa contact pressure. 
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Figure 4.10. AMST25. 5% slidejroll, 1220 MPa contact pressure. 



4.4 Dry Wear Testing. 

Most of this testing was performed at 35% slide/roll 

ratio and at 1220 MPa contact pressure. Early experimentation 

showed that contact pressure did not influence wear rates 

much, so it was thought that repeated testing under the most 

rigorous conditions would furnish the most useful and telling 

results in developing a quality coating. 

Most of the wear tests in this work were performed in the 

dry condition. While testing lubricated coatings was close to 

the heart of the research, it was necessary to work out the 

best quality coating upon which to perform lubricated tests. 

Problems such as parameter development, establishing the 

parameter envelope, and debonding issues were best addressed 

in the dry condition. Dry wear testing as a category 

encompasses all the others, even providing a basis for 

lubricated tests and was separated only for explanation and 

discussion purposes. 

4.5 Lubrication Tests. 

4.5.1 General Results. 

Lubrication tests were performed to address the question 

as to whether coatings could act as an improved reservoir for 

lubricants under slide/roll loading conditions. In earlier 

research R. Devanathan performed Amsler tests using uncoated 

rollers to evaluate the performance of various  lubricant^'^^. 
Data collected during his work was used for comparison with 

test results in this work. Of interest was the number of 



revolutions per interval and the amount of retained lubricant 

per interval. An interval is described as one cycle of a test, 

where lubricant is applied, by syringe, and spread, the amount 

of lubricant recorded, the Amsler machine started and run 

until the lubricant disappeared from the system. The 

coefficient of friction was about 0.1 fully lubricated and 

about 0.45 if tested dry. The cycle, or interval, was 

considered complete when the friction coefficient reached 0.4. 

Several intervals were made for each test. In most cases the 

first interval, when the roller was the roughest, as it would 

be in the as-sprayed condition, retained the most grease. 

Also, not surprisingly, the most revolutions were achieved 

during the first interval. 

The series AMST46-51, see Figures 4.11 & 4.12, consisted 

of rollers of approximately the same coating thickness and 

were tested under the same conditions. 

An increase in revolutions per interval did not 

necessarily follow an increase in lubrication retained. The 

coatings in this series debonded before achieving what was 

considered a complete test. The longest performance was 

AMST46, lasting 3390 revolutions, 7 intervals. 4 of the 5 

tests lasted only 3 or less intervals. AMST50 debonded during 

the first interval. 

Coating failure due to debonding was a common occurrence 

during early lubrication testing. Debonding incidence was 

nearly 100% during this time, however some data were gathered 

before debonding. All of the rollers were sprayed under 

optimum spray parameters, which had been determined during 

earlier dry testing. Thicker coatings were made to test the 

idea that an increased coating thickness may improve the 



debonding problem. Figure 4.13 shows little effect of coating 

thickness on test duration. 

Wear rates were calculated for the lubrication tests, see 

figure 4.14. The results show that the wear rates fall into a 

fairly narrow band, showing the same basic trend as the dry 

tests. It should be noted that the wear rates are not a valid 

way to evaluate coating performance under lubricated 

conditions, and are used only as an additional data point to 

compare to other tests performed under the same or similar 

conditions. 

Three additional tests, AMST53-55, were made under 

similar conditions, see figures 4.15 & 4.16. The main 

difference was the amount of lubricant applied before each 

interval. A larger amount of grease was applied, but the 

excess was not removed by spatula. It was allowed to remain 

for the test start, but then was quickly removed by the air 

blast employed for cooling during the test. One coating was 

thicker than usual, 1.65mm. Ten intervals were run, then this 

portion of the test was stopped. There had been a diameter 

reduction of 0.375mmI and the coating thickness was still 

greater than the l.Omm of the other coatings. See figure 4.17 

for coating thickness influence on the test duration. An 

attempt to run the coating under the same slide/roll ratio and 

contact pressure in the dry condition was made with the idea 

of reducing the diameter still more and obtain useful wear 

data at the same time. This coating failed by debonding soon 

after starting the first dry interval. 

The lmm coatings performed very much the same as the 

previous series AMST46-51. See figure 4.18 for wear rates. 



Once again, wear rates are shown only as a point of similarity 

between lubricated coatings tested under the same conditions. 



Revolutions Per Interval 
1220 MPa 35% SlideIRoll 

Interval 

Figure 4.11. Lubrication tests. AMST4651, 35% slide/roll, 1220 
MPa. Revolutions per interval. 



Retained Lube Per Interval 
1220 MPa 

Interval 

Figure 4.12. Lubrication tests. AMST4651. 35% slidelroll, 1220 
MPa. Retained lubricant per interval. 



Lube Tests 
1220 MPA 35% Slide/Roll 

Figure 4.13. Lubrication tests. AMST4651. Little effect oi 
coating thickness on test duration. 



Lube Tests 
1220 MPa 35% Slide/Roll 

Figure 4.14. Lubrication tests. AMST4651 wear rates. 



Lubricated Wear Tests 
1220 MPa 35% SlideIRoll 

- 

Interval No. 

Figure 4 . 1 5 .  Lubricat iontests .  AMST5355. 35% s l i d e / r o l l ,  1220 
MPa. Revolutions per interval .  



Lubricated Wear Tests 
1220 MPa 35% Slide/Roll 

Interval No. 

Figure 4.16. AMST5355. Retained lubricant per interval. 



Lubricated Wear Tests 
1220 MPa 35% Slide/Roll 

0.95 1 .OO 1.65 
Coating Thickness (mm) 

Figure 4.17. AMST5355. Influence of coating thickness on test 
duration. 



Lubricated Wear Tests 
1220 MPa 35% Creep 

Coating Thickness (mm) 

Figure 4.18. AMST5355. Little effect of coating thickness on 
wear rate. 



4.5.2 Coated Vs Uncoated Lubrication Tests. 

Tests were made with the idea of comparing lubrication 

test results of a coated roller with that of a lubricated 

uncoated roller, AMST56-57. Test conditions were the same. 

Reported are lubrication/interval, revolutions/interval, and 

wear rates. At least 10 intervals were made for each test. In 

these tests the trend was that the coated roller retained more 

lubricant per interval, but that the uncoated roller actually 

achieved more revolutions per interval. Wear rates are nearly 

the same. Figures 4.19-4.21 show these test results. 



COATED VS UNCOATED 

Interval No 

Figure 4.19. AMST5657. 35% slidelroll, 1220 MPa. Comparison of 
coated and uncoated rollers. Revolutions per interval. 



COATED VS UNCOATED 
1220 MPa 35% Slide\Roll 

Interval No 

Figure 4.20. AMST5657. 35% slide/roll, 1220 MPa. Comparison of 
coated and uncoated rollers. Retained lubricant per interval. 



COATED VS UNCOATED 
1220 MPa 35% Slide/Roll 

Coated Uncoated 

Figure 4.21. AMST5657. 35% slidejroll, 1220 MPa. Comparison of 
coated and uncoated roller wear rates. 



4.5.3 Lubrication Test, Pure Rolling. 

One test, AMST59, figure 4.21, was made with 0 slide/roll 

ratio. The first test interval was 10,000 revolutions, and the 

interval was increased until a final interval of 110,000 

revolutions. There was virtually no wear detected on the 

coating. The friction coefficient did not change over the 

entire life of the test. 



Lubrication Test: Weight LOSS S ~ ~ E ~ ~ O C Y  ~ r t  0.0141492 
1220 MPa No Creep (AMST591 R S q u a d  0.9882558 

No. of ObSematioIU 6 

Degrees of Fmdom 4 

X Coefficient(s) 1.617E-M 
Std Err of Coef. h814E-M 

mo-'Kw 

Retained Lubricant 
1220 MPa No Creep (AMST59) 

Figure 4.22. Lubrication test. Pure rolling. 



4 . 5 . 4  L u b r i c a t e d  T e s t i n g  of L a y e r e d  Coatings. 

Amsler tests, lubricated, were made with the layered 
coatings. In each case, debonding occurred after a short test 

duration. The break-in iteration was satisfactory, but the 

first or second iteration after break-in resulted in debonding 

at the coating/coating interface. One test, AMST58, see figure 

4.23, was made with final coating thickness 1.65mm1 with two 

layers of coating. Coating failure by debonding occurred at 

the interface for each layer. It appears that coating 

thickness under these conditions should be reported as the 

layer thickness and number of layers rather than the overall 

thickness of sprayed material. Figure 4.23 shows the 

appearance of the coating/coating interface. 

Previous testing resulted in debonding when thin 

coatings, less than 1 mm, were used. The layered coatings 
would fit into this general category of thin coatings if each 

layer were defined as a coating. 



Figure 4.23. Lubrication test. Layered coating. 



Figure 4.24.
visible.

Layered coating with the layer
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interfaces



4.6 Parameter envelope. 

4.6.1 General. 

It had been determined that the parameter set 2351351225 

90" (primary gas, secondary gas in standard liters per min, 

working distance in mm, and 90' wire injection angle) provided 

optimum conditions for spraying. A substantial data base had 

been collected over the first 33 Amsler tests, and it was 

thought useful to see if there was a wider envelope of 

parameter sets available. AMST34-39 were made at various spray 

parameters to explore this idea, see figure 4.25. It was shown 

that there was a fairly wide envelope in which to work when 

evaluated by wear rates. Four of the five tests showed a range 

of 357 to 426 ug/m/mm. The fifth one shows a wear rate of 3893 

ug/m/mm, clearly outside the envelope, and coating failure 

occurred quite early, about 700 revolutions. Only one other 

coating failed before 1000 revolutions, and one test even went 

more than 6000 revolutions. 

It was also of interest to see the change in wear rate as 

the contact pressure was changed. AMST40-44 was a series to 

look at this. The nominal slide/roll ratio was 35%, and the 

contact pressures 1220, 900, 700, 500, and 1220 MPa, see 

figure 4.26. The wear rate range was 319 to 577 ug/m/mm, which 

is within the range of wear rates developed over time for 

1220MPa. It seems that over this range of contact pressures 

the loading does not affect the wear rate of the coating. 

After establishing techniques for parameter optimization 

through single splat analysis and metallography, it was of 

interest to determine the envelope of parameters that would 



yield a quality coating, defined by wear rate. The block of 

tests, AMST61-76, to determine the spray parameter range that 

would yield coatings with acceptable wear performance showed 

many differing results. Figure 4.27 is an overview of this 

matrix. It attempts to show the effect of increasing, or 

decreasing, the amount of secondary gas in the plasma jet with 

a constant primary gas flow. It also shows the effect of 

maintaining a constant amount of secondary gas and increasing 

the volume of primary gas. 

Wear rates show a non-distinctive pattern relative to the 

parameter changes, see figure 4.28. At higher secondary flow 

rates, the wear rate seems to increase, however it is likely 

that this is because of increased edge effects during wear 

testing. Wear rates for coatings that tested over the full 

6,000 revolutions, definition of a full wear test as given in 

the experimental section, all tested within the expected range 

of 200 to 700 ug/m/mm. Generally, the very short duration 

tests had very high wear rates. In these cases, heavy edge 

effects occurred at the onset of the test. It can be also 

noted from looking at the comments column in Appendix 10 that 

edge effects were noted in nearly all of the tests. It is very 

difficult to determine the limits of the parameter envelope 

because of the debonding that occurs because of the formation 

of edge effects. 

Photographs and image analysis show that as the gas 

volume is increased in the plasma generation, both primary and 

secondary gas, the amount of the oxide phase in the 

microstructure decreases. Figure 4.29 shows the change in 

microstructure as gas parameters were changed. 



WEAR RATES 
35% Creep DryIAs Sprayed 

Contact Pressure (MPa) 

Figure 4.25. Wear rates are about the same regardless of 
contact pressures. 
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Figure 4.26. Wear rates about the same regardless of gas 
parameters. 



Figure 4 . 2 7 .  The parameter envelope test matrix. 



Gas Parameters (slm) 

Figure 4.28. Parameter envelope. Wear rates and test durations 
for changing gas parameters. 
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a. 210/30.

b. 240/30.

c. 270/30

Figure 4.29. The change in microstructure as gas parameters
are changed. 400x.
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d. 230/10

e. 230/40

f. 230/70

Figure 3.41 cont' d. The change in microstructure as gas
parameters are changed. 400x.



g. 250/10

h. 250/50.

i. 250/70

Figure 41 cont'd. The change
parameters are changed. 400x.

in microstructure
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as gas



j. 210/0

k. 230/0

1. 250/0.

Figure 41 cont'd. The change
parameters are changed. 400x

in microstructure
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as gas



4.6.2 Microhardness. 

Microhardness measurements were made to generate hardness 

profiles of these coatings. Figure 4.30 shows no clear pattern 

of hardness change relative to gas parameter change. 

Figure 4.30. Microhardness results of parameter envelope 
study. 



4.7 Debonding Results, Dry. 

During the early work, AMST1-44, debonding occurred 20 

times, see figure 4.31. In several of the other tests 

debonding would have occurred had the test been carried 

further, but either testing was halted to retain a coating 

that was close to failure, or failure was thought to occur 

very soon. During this time the concept of a full wear test 

was not fully developed, tests were carried out until there 

was a compelling reason to halt. It can be seen that near the 

end of this period some progress had been made in reducing 

debonding. Figure 4.32 shows 8 consecutive tests that were 

carried out with no debonding. The wear rates of this group 

fits well with the other tests that are reported in the 

repeatability section. 

Debonding incidence was also high during the parameter 

envelope matrix, AMST60-75. During this matrix it was 

discovered that wear performance was not much influenced as 

spray parameters were moved from optimum. What did happen was 

that as the volume of secondary gas was increased the 

formation of edge effects during testing was amplified. 

Coating failure occurred largely because of edge effects 

throughout this matrix. Parameter envelope limits were very 

difficult to determine because of this, and were not clearly 

identified. Figure 4.33 shows test durations, with 6,000 

revolutions established as a full length wear test. 

Figure 4.34 shows an overview of debonding test matrix 

AMST77-96. This matrix features coating froth, interrupted 

spray, and optimum spray conditions. Figure 4.35 shows 5 

rollers from this matrix and 5 rollers that were sprayed at 

another time that had frothy coatings. Note the short test 



duration. Coating failures of this type are not debonding 

failures, but are reported here because the end result of this 

failure is a bare substrate, with no coating adhering. A 

frothy coating disintegrates rapidly under loaded conditions. 

AMST87-91 was a block that featured an interrupted spray. 

It was predicted that failure from edge effects would occur, 

and figure 4 . 3 6  shows the results of this block in terms of 

test duration. 

Ten rollers, AMST82-86 and AMST92-96, were sprayed under 

what was thought to be optimum conditions. In the first block, 

no debonding occurred. In the second, 2 coatings failed under 

type I1 debonding, surface initiated edge effects, debonding. 

This matrix was 80% successful of all types of debonding, and 

no incidence of type I debonding. This shows that proper 

substrate preparation and strict control of the spray process 

will yield coatings that don't fail because of interfacial 

initiated type I debonding. Figure 4 . 3 7  shows the test results 

featuring wear rates and test duration. Within this group the 

wear rates fall into the expected range. 

One test block, AMST117-121, featured knurling. One of 

five went the distance of 6,000 revolutions, see figure 4 . 3 8 .  

AMST122-123 rollers were shot blasted with the steel shot. One 

roller was knurled and one not. The knurled roller did not 

debond, but the unknurled roller went 5090 revs, nearly a full 

test, see fig 4 . 3 9 .  It is now thought that knurling does not 

improve surface roughening for achieving a good mechanical 

bond at the substrate/coating interface. Silica, used in an 

attempt to roughen the knurled channels, is also thought not 

to be an effective blasting medium because of its small 

particle size. 



During the test matrix from AMST97-154, see figure 4.40, 

note that only 2 of the coatings failed by type I debonding, 

AMST126 and AMST144. Experience shows that edge effects begin 

between 1,000 and 2,000 revolutions in the high quality 

coatings. Failure before 1,000 revs is nearly always type I if 

proper substrate and spraying procedures are observed, and 

optimum spray parameters are used. Failure between 1,000 and 

2,000 revolutions may be of mixed mode, but debonding after 

2,000 revolutions is nearly always type I1 in Amsler rollers. 

In the sense of type I debonding prevention, this matrix shows 

a 96% (51 of 53) success ratio. Total debonding was 49% (26 

of 53), excluding the frothy coatings, AMST108-112. 



Debonding: Early Work 
AMSTI -44 

Type I & Type l/ll Debonds 

Figure 4.31. Early work. Test duration of debonded coatings. 



Earlv Work 

Figure 4.32. Early work. Wear rates and test durations of 
coatings without debonding. 

250 
+ 

I 1 1 I I 

4500 5000 5500 6000 6500 7000 7 
Revolutions 



Debonding: Parameter Envelope 
1220 MPa 35% slidelroll (AMST60-76) 

Various gas parameters 

Figure 4.33. Debonding incidence during parameter envelope 
study. 



Figure 4.34. Debonding study test block. 



Debonding: Frothy Coatings 
1220 MPA 35% slide/roll 

10 tests made with coating froth 

Figure 4.35. The effect of coating froth. 



Debonding: Interrupted Spray 
1220 MPA 38% Slide/Roll 

5 rollers Interrupted Spray 

Figure 4 . 3 6 .  Interrupted spray t e s t  duration. 
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No Debonding 
1220 MPa 35% slide/roll 

Figure 4.37. Ten roller block with no type I debonding, 2 
events of type I1 debonding. 



Debond: Knurling 
1220 MPA 35% Slide/roll 

Substrate Preparation 

Figure 4.38. Knurled and normal substrate preparation effect 
on debonding. 



Debond: Knurling 
1220 MPa 35% Slide/Roll 

V I 

Knurled Normal 
Substrate Preparation 

Figure 4.39. Knurling did not significantly improve the 
resistance to type I debonding. 



Figure 4.40. Overview of AMST97-154. 



4.8 Debonding Results, Lubricated. 

The lubrication test matrix, AMST45-59, showed a higher 
incidence of debonding. Of these 15 tests, 14 were of coated 

rollers. 11 of the 14 debonded, and the one of those that 

didn't debond was performed at zero creep. Figure 4.41 shows 

the lubricated test matrix of debonded coatings. 

Debonding incidence was very high during early lubricated 

testing, however some data were gathered before the debonding. 

Some of the tests reported were from this group, as can be 

determined by the relatively short test duration, see Figure 

4.42. These rollers were sprayed under optimum parameters to 

different coating thicknesses. Notice that the retained 

lubricant is somewhat greater for the first iteration. This is 

because the roller in the as sprayed condition is much rougher 

and will accept more lubricant. The revolutions per interval 

are not very linear, even with approximately the same amount 

of lubricant each interval. 

The wear rates of all lubricated tests fall into a fairly 

narrow band, Figure 4.43, showing the same basic trend as the 

dry tests. 

Further lubricated wear testing was done after the 

failure mechanisms were identified in the dry test conditions. 

Substrate preparation techniques were improved to the point 

that type I debonding was reduced to a very small percentage 

of occurrences. It was thought appropriate to run another test 

series of lubricated rollers using coatings sprayed under 

optimized substrate preparation and coating deposition. 



The results of this test matrix did not differ 

significantly from that reported in the earlier round of 

testing. The lubricant used and the number of revolutions run 

from each test interval is approximately the same. In this 

series debonding occurred early in each test, with only one 

test going as long as 6 intervals, and this test was under a 

low contact pressure, 700 MPa. Figures 4.44 and 4.45 show the 

results of this series, AMST175-183. The series is divided 

into two groups, 5% and 35% slide/roll ratios. All of the 5% 

group debonded, the longest test debonding early into the 4th 

interval. 

The roller selected for dry testing from this group 

tested without debonding for the full dry test length of 6,000 

revs. Figure 4.46 shows that this roller fits in every way the 

pattern shown to be typical of a successful dry wear test. 

This shows that the process of specimen preparation was not 

faulty, but that the debonding is actually a function of the 

coating itself and the Amsler test conditions. 

A water-lubricated roller was tested to try to observe 

edge effect occurrence. Failure occurred at 4890 revolutions. 

The Amsler machine was stopped before the coating was thrown 

off the substrate, however there was a short section of 

coating debonded, see figure 4.47. This photograph shows that 

the wear track of this coating had significant edge effects, 

especially at the crack site, and the diameter reduction 0.3 

mm was enough for edge effects to occur. This diameter 

reduction is not nearly as much as a dry roller would have 

after this many revolutions, see figure 4.46, however it is 

more than grease lubricated rollers. This would be expected 

when comparing friction coefficients of the three conditions, 

0.1 for grease lubrication (before the grease begins to 



disappear) , 0.26 for water lubrication, and 0.46 during dry 

testing. 



Debonding: Lubricated Tests 
1220 MPa 35% Slide Roll 

Lubricated coatings 

Figure 4.41. Very high debonding incidence of lubricated 
coatings. Wear rates and test duration. 



Lube Tests 
1220 MPa 35% SlideIRoll 

- 

Interval 

F i g u r e  4 . 4 2 .  AMST4651. Most tests w e r e  of short duration. 



Lube Tests 
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Figure 4 . 4 3 .  Wear rates  of lubricated tests f a l l  within an 
expected range. 



Summary 
Lubricated Wear Tests: 5% Slide/Roll 

Interval Number 

1220 MPa I050 MPa 900 MPa 700 MPa 

Summary 
Lubricated Wear Tests: 5% SlideIRoll 

Interval Number 

Figure 4.44. Lubrication tests. 5% slide/roll. a- revolutions 
per interval. b. Retained lubricant per interval. 



Summary 
Lubricated Wear Tests: 35% Slide/Roll 
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Summary 
Lubricated Wear Tests: 35% Slide/Roll 

Interval 

Figure 4.45. Lubrication tests. 35% slidelroll. a. revolutions 
per interval. b. Retained lubricant per interval. 



Figure 4.46. AMST184. Dry wear test of a roller from the same 
group as the lubricated tests has been run to full dry wear 
test duration. 
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Figure 4.47. AMST174. Water lubricated coating failed after
4890 revolutions.



4 . 9  Intermediate Layers. 

Some work was done to evaluate the effect of using an 

intermediate Nickel/Chromium layer between the steel coating 

and the substrate, AMST159-161 and AMST167-170. Figure 4.48 

shows the durations of these tests. One roller, AMST160, was 

made with a Ni-Cr layer of 0.38mm thickness. This coating 

failed almost immediately and it was determined that the 

intermediate layer was too thick. The other rollers had a 

O.lmm Ni-Cr layer. Two rollers, AMST159 and AMST161, ran to a 

full 6,000 revolution test, however the others faile@dbecause 

of type I1 debonding. Note that the wear rates of these two 

full tests fell into the expected range of 200 to 700 ug/m/mm. 

The use of an intermediate layer did not improve the debonding 

problem. Here again, as long as the thickness of the layer was 

not excessive, no type I debonding and substantial type I1 

debonding can be expected. 



Debonding Study 
1220 MPA 35% Slide/Roll 

Tests with Ni/Cr Intermediate Layer 

Figure 4.48. Test duration using a NiCr intermediate layer. 



CHAPTER FIVE 

5.0 DISCUSSION 

5.1 Debonding 

5.1.1 Bonding And Surface Preparation. 

Debonding is a problem that has caused much discussion and 

experimentation in this research. The debonding in question 

occurs at the substrate/coating interface. It occurs most 

frequently under lubricated conditions, but is still a 

consideration for dry testing. Two effects are thought to be the 

main causes of this problem. One is the location of the zone of 

maximum shear in the depth of the coating. If this zone 

approaches the interface, this added shear force could influence 

the mechanical bond strength at the interface. Second is the 

quality of the mechanical bond. Surface preparation before 

spraying is the key to maximizing the mechanical bond. Surfaces 

were cleaned with soap and water, washed with acetone, grit 

blasted with steel shot, rewashed in acetone, placed in the 



spraying fixture and sprayed. As short a time as possible is 

allowed between the grit blast and spraying to reduce the oxide 

formation on the substrate, usually about five minutes. This 

procedure evolved to include a second shotblasting and an 

acetone flood wash immediately before spraying. This eliminated 

the time lag between shotblasting and spraying, and the flood 

wash was removed with an air blast to eliminate the possibility 

of concentrated contaminates becoming deposited on the substrate 

during evaporation of the acetone. 

The grit blasting roughens the surface allowing a strong 

mechanical bond when the spray particles are introduced to the 

substrate. A similar bond occurs between the particles as the 

coating thickness builds. Seldom does an interlamellar failure 

occur, most often the failure is at the substrate interface. 

Knurling of the substrate has been tried with some success, 

although the roughening by this method might be considered a 

macro-roughening when compared with grit blasting. Testing 

showed that knurling did not achieve the desired result, in fact 

was more or less a non-factor in coating adhesion. Knurling is 

too coarse of a surface roughening to be effective. Also 

knurling is a surface deformation process rather than a material 

removal process. The force of the knives into the surface makes 

the surface finish of the indented areas very smooth, and it is 

very difficult to roughen these areas so that a good mechanical 

bond can occur. Silica, with its fine grit size, was tried as a 

blasting medium for this reason, but the surface finish that 

resulted was not rough enough over the rest of the surface for 

good bonding to occur. Even with this fine grit medium, the 

bottom of the knurl channel remains very smooth. 



Figure 5.1 shows a tightly bonded coating/substrate 

interface. This specimen was etched to show this interface more 

clearly. Figure 5.2 shows an interface that has been knurled and 

shotblasted. Both of these photos show a tightly bonded 

interface region. Figure 5.3 shows a crack formed at the 

interface. This is from a coating that debonded almost 

immediately upon starting a dry wear test. The debonding was 

partial, retaining a small part of the coating on the substrate, 

which was sectioned and polished for this specimen. 

Figure 5.4 shows porosity formation in a small region at 

the interface, making a potential debonding site. This coating, 

however, was successfully wear tested dry. Figure 5.5 shows 

extensive debonding damage near the interface. In this case the 

crack ran for a short distance interlamellarly, slightly above 

the coating/substrate interface. There also is a vertical crack 

to the surface, although it is not clear whether the crack 

originated at the interface or at the surface. 

Figure 5.6 shows damage zones. In this extreme case there 

is a damage zone rather than a single crack. This is a section 

of coating that fully debonded. Some opening of the cracks 

occurred during specimen mounting. 

It is possible for the debonding to occur at lamellar 

interfaces within the coating, a cohesive failure, this type of 

failure was not observed. When interlamellar separation has 

occurred it has nearly always been very near the 

coating/substrate interface, and then only for short distances, 

as was seen in the previous photos. 

The bonding between coating and substrate, also between 

individual splats during coating formation, is largely 



mechanical. Bond quality is determined by the degree of tooth 

between the splats and the substrate. It is necessary for the 

incoming particles to be molten or nearly molten upon impact to 

allow spreading, and the impact velocity to be high to achieve 

penetration. Surface roughening and cleanliness is required for 

mechanical bonding to occur. 

Much progress was been made in this area, however the 

search for better techniques leading to improvement in 

substrate/coating bonding is a subject recommended future 

research. 
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Figure 5.1. Coating tightly bonded to substrate. Etched photo.
400x.

Figure 5.2. Knurled interface. 50x.
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5.1.2 Debonding Mechanisms. 

It has been shown that debonding can occur by two distinct 

mechanisms. Type I is the separation of coating from the 

substrate by failure initiating at the coating/substrate 

interface. Type I1 is initiated by the loss of material at the 

surface, at the edge of the wear track. As the edge effects 

become more pronounced, loss of coating can occur within the 

wear track, compromising coating integrity in the wear track. A 

crack can occur, initiating in the edge effect, and extend to 

the substrate. Under load this crack can grow across the wear 

track and coating failure occurs. The end result of Type I1 

failure looks very much like Type I failure, with sections of 

coating having lifted from the substrate, more or less intact. 

It is very difficult to determine the active mechanism 

after failure occurs. Wear tests are run at high contact 

pressures, up to 1220 MPa, and slide/roll ratios, up to a 

nominal 35%. When failure occurs it is not possible to stop the 

Amsler machine instantaneously, at least one revolution will 

occur before stopping even under ideal conditions, and more 

likely three or four. After the initial failure occurs, 

additional damage happens before shutdown. More coating is 

removed, the substrate in the site of the initial debonding is 

damaged by rolling, the coating segment being removed can be 

broken into smaller pieces or damaged in other ways. Often the 

coating is straightened during this process instead of popping 

off with its natural curved shape, that following the shape of 

the roller. 

If the wear test could be stopped immediately upon failure, 

one could expect to see some differences in the coatings 

relative to the failure mechanism. Type I debonding might show 



longer segments of coating that have separated intact from the 

substrate. Few edge effects would be present, and those would be 

small, with coating loss occurring from the wear track edge 

extending away from the wear track and not very deep. Type I1 

debonding would likely show short segments of coating removed. 

The edges of the wear track would appear to have lost material 

in such a way as to encroach upon the wear surface. This usually 

occurs in an irregular manner, so the entire edge may not be 

involved, but in the areas where it is the appearance is that of 

an erose edge. 

Type I debonding usually occurs early during the wear test, 

usually within the first 1,000 revolutions. Type I1 debonding 

usually occurs after 2,000 revolutions. This statement is true 

only if all spraying conditions are optimum. Spray parameter 

adjustments or substrate preparation lapses will cause both 

types of failures, or other failures that result in the coating 

coming off the substrate. For example coating froth, caused by 

incoming particles impacting a molten surface, causes the 

coating to appear to be crushed during testing, with only very 

short segments of coating, if any, coming off intact. 

5.2 Type I debonding 

5.2.1 General Description 

The appearance of a type I debond is shown in Figure 5.7. 

In this case the failure occurred while the roller was being 

turned by hand to check for edge effects. This coating had 1,000 

revolutions at time of failure. The behavior of the coating is 

to want to lift straight up and peel off. Note that one side of 

the break is tightly bonded. Figure 5.8 is another case of type 

I debond. Note that there are no edge effects visible, but some 



material loss on the vertical wall (respective to incidence of 

spray) of the roller. This roller also had approximately 1,000 

revolutions before failure. Optical and SEM examination show 

that debonding does occur at the interface, with only very small 

regions failing at coating lamellae interfaces, see Figure 5.9. 

Interfacial debonding is usually caused by improper or 

incomplete substrate preparation. The rollers after machining 

are finished to a smooth surface. This surface must be roughened 

because the primary bonding of coating to substrate is that of 

mechanical bonding. Smooth surfaces will not bond the coating, 

especially under loaded conditions, and the coating will fail 

very quickly. Surface oxides must also be removed before 

coating. Both roughening and oxide removal is accomplished by 

shot blasting the roller before spraying. The roller is 

thoroughly blasted in a special cabinet a few minutes before 

spraying. A secondary shotblasting is performed, followed by an 

acetone flood wash to remove contaminants, immediately before 

spraying. The secondary blasting serves to remove any late- 

forming oxides. 

Appropriate measures in substrate preparation reduced the 

incidence of type I debonding. The failure where it is very 

difficult to tell if it is of type I or type I1 may well be a 

combination of the types. If a severe edge effect should 

coincide with an area on the interface that is imperfectly 

bonded, it would certainly accelerate failure. There are 

conditions where this is the likely cause of debonding. In 

failures occurring during the approximately 1,000 to 2,000 

revolutions region, where edge effects are minor or at worst 

moderate, the failure frequently shows aspects of both type I 

and type 11. Long sections are debonded and edge effects are 

present, but with little or no encroachment onto the wear track. 



This does presume specimens prepared using optimum spray 

conditions. 

Early in the research another type of coating failure was 

observed. In this case the geometry of the specimen was that of 

spraying onto a lOmm wide Amsler specimen without the top hat 

geometry. The wire sprayed was a 1075 flux cored wire. This was 

a thin coating, on the order of 0.3mm, wear tested against a 

normal wheel steel bottom roller with the top hat profile. 

Figure 5.10 shows delamination in the form of a blister, where 

the surrounding area remained tightly bonded. Figure 5.11 shows 

a blister and delamination of much of the surrounding area. Both 

of these rollers were not prepared in what later became the 

standard for substrate preparation. Machining grooves are 

visible in the second photo and only a very light texture is 

shown on the substrate in the other photo. These photographs 

graphically show the importance of proper substrate preparation. 



Figure 5.7. Type I debond. 5x.

Figure 5.8. Type I debond. lOx.
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Figure 5.9. Delamination is at the coating/substrate interface
with only short sections at lamellar interfaces. 300x.
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Figure 5.10. Delamination caused by a blister in wear track. 8x.

Figure 5.11. Blister and delamination of much of the surrounding
area. 8x.



5.2.2  Type I Debonding Characteristics 

When type I debonding occurs there is a tendency for long 

sections of coating to lift off the substrate. The coating seems 

to be strong in every other way, but it can be easily removed 

(after cracking) by lifting with a fingernail. This seems to 

imply that the mechanical bond is inadequate in the outward 

direction. Most of the forces under loading are compressive 

forces, and the coating bond handles very high compression well, 

shear forces less well, and tensile forces not well at all. 

Debonding has been a major problem during the lubricated 

wear tests, more than in the dry condition. One possible 

influence is the change in location of the zone of maximum shear 

stress between these two types of tests. In the dry tests, the 

friction is much greater. The greater the coefficient of 

friction, the closer to the surface are the maximum shear 

forces. In the lubricated tests the friction coefficient is 

lower and the zone of maximum shear moves from the surface into 

the depth of coating. If this zone approaches the 

coating/substrate interface, this added shear force may 

influence the bonding strength at the coating/substrate 

interface. 

Shear forces may be high enough to cause cracking at the 

interface, and once that happens it can be visualized how this 

can be quickly become a through-thickness crack. This is 

manifested on the surface as a transverse crack of full coating 

width. When the Amsler is stopped after cracking and before 

material loss to debonding, the material areas at the crack want 

to move outward, away from the substrate, see figure 5.12. This 

may indicate the presence of residual stresses within the 



coating that are of a tensile nature. The effect of tensile 

residual stresses in the coating relative to the interface would 

be in a shear direction. 

Residual stresses may accumulate during the splat 

solidification process. The temperature difference between the 

splat and the substrate causes rapid cooling of the splat. As 

the splat cools it applies a compressive force on the substrate. 

A tensile force is applied to the splat by the substrate, see 

Figure 5.13. 

There also may be tensile forces generated in the zone just 

to the rear of the contact patch under rolling/sliding loading. 

If this is so, it may aggravate the residual stress condition 

within the roller. This force may be very small relative to the 

shear forces and the residual stresses and so be discounted, but 

it is acknowledged here for discussion purposes. 
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Figure 5.12. Type I debond. coating wants to pull away from the
substrate. 7.5x.



As splat solidifies, 
compressive forces 
are made on 
substrate, .  

spla 

Substrate 

tensil forces are 
placed on splat. 

Figure 5.13. A tensile force is placed on the substrate as the 
splat cools. 



5.3 Edge effects. 

An edge effect is a piece of coating material lost during 

wear testing that came from an area other than the wear track 

and/or from a mechanism other than the wear process, see figures 

5.14 & 5.15. Edge effects are the cause of several problems 

related to wear testing. In their most harmless state, 

relatively small particles removed from an area adjacent to, but 

not encroaching into, the wear track. Edge effects do, however, 

affect the data accumulated for calculating wear rates. Wear 

rates are determined in terms of weight loss per meter rolled 

per millimeter of contact width, ug/m/mm. This calculation is 

based on weight loss per revolution, thus any weight loss from 

other sources than the wear process will skew the wear rate 

results. Figure 5.16 shows how edge effect weight loss appears 

on what is otherwise a fairly linear wear rate curve. Edge 

effects usually become more pronounced as the test goes on 

because the wear track deepens into the coating. Figure 5.17 

shows how the wear track deepens during the test progression, 

and the removal of material outside the wear track. 

The upward trend at the end of the curve in figure 5.18 is 

a result of running this test for a long time, with the wear 

track depth sufficient to result in significant edge effects on 

a regular basis. In this test, the original coating thickness 

was lmm and a final thickness of 0.25mm. When it was obvious 

that edge effects were distorting the true wear rate 

information, the test was stopped. 

Edge effects are clearly visible during testing. The color 

of the exposed surface is lighter in appearance than the 

original surface. The Amsler machine operation speed is 200 rpm, 

too fast when operating to see anything by way of detail, but 



close observation will show the appearance of edge effects early 

in their formation. The machine must be stopped for closer 

examination of the roller to determine whether the wear track 

has eroded, unless, of course, the wear track is grossly 

encroached upon, which would mean that failure is imminent. If 

the edge effects are very shallow, sometimes the wear track will 

self heal during operation. The coating wears down far enough to 

pass the defect without failing. This doesn't happen often, 

usually when some minor edge effects are introduced into the 

coating, more follow, and the longer the test, the more severe 

the edge effects. Another look at figure 5.17 will show how this 

is a likely scenario. 

Specimen geometry is the main reason for the formation of 

edge effects. This research employs the standard 'top hat' 

Amsler roller profile in order to relate wear test results to 

those of uncoated rollers in earlier research62. This geometry 

poses some problems unique to spraying that have complicated the 

goal of achieving coatings that will perform under the 

slide/roll and contact pressure conditions required. 

As the coating thickness increases during the spraying 

operation, the width of the surface sprayed also increases due 

to overspray. The coated surface, especially in a narrow 

specimen such as an Amsler roller, will have a slight crown 

after spraying. Both of these effects, increased width and 

crowning, are amplified as the coating thickness is increased, 

see Figure 5.19. The crown effect can be eliminated by grinding 

the coating flat over the wear surface, if desired. Most of the 

coatings have been tested in the as-sprayed condition because 

this is the likely condition for field use, in addition it was 

noted that coating performance was not improved by grinding the 



surface. The crown effect was shown to have negligible influence 

on coating performance. The increased width is another matter. 

Substrate preparation for coatings is focused on the 5mm 

section of the roller. However, during the spray operation there 

is overspray onto the shoulders of the roller. The wall of the 

shoulder is directly in line with the spray jet, making, in 

effect, a vertical surface for the incoming particles to attempt 

to impact upon and adhere. Probably the first ones that impact 

this wall are portions of larger particles that impact the very 

edge of the wear surface and overlap this edge, either right 

near the surface or will travel some distance down the vertical 

wall. What few particles do stick anywhere on this surface 

causes subsequent particles stick and bond to them rather than 

traveling all the way to the surface below. This causes a shadow 

effect in the coating, see Figures 5.20-5.22. This shadow effect 

causes porosity in this portion of the coating. Usually this 

porosity increases through the coating depth until the greatest 

amount is at or near the intersection of the shoulder and the 

vertical wall. In this condition the coating over the wear 

surface is very well bonded and fully supported. Porosity in 

this area of the coating is measured at one percent or less over 

a wide range of coatings. This is the area of coating that is 

wear tested and has been shown to successfully fulfill the 

requirements of this research. The overspray area is very weak, 

actually unsupported. This is where the edge effects are 

originated. 

The nature of a sprayed coating is that the microstructure 

is lamellar its formation. If a microcrack is formed it will 

usually grow along the lamellar interface as long as it can, see 

Figure 5.23. The same is true for the occurrence of edge 

effects. As the wear track deepens there is a narrow ridge of 



material formed outside the wear track on both sides. If the 

rotation of the rollers during the wear test were perfectly 

executed in a vertical plane, these ridges would probably be 

relatively undisturbed during the test operation. However under 

the conditions required for the test, 35% slide roll ratio, 

heavy accompanying contact pressures, up to 1220 MPa, and any 

built-in tolerance in the operation of the Amsler machine, this 

perfect plane cannot be achieved. Sideward pressures are placed 

on these ridges, causing them to chip off. This breakage is 

often not clean, it takes with it additional material below the 

ridge. The shape of the particles lost is influenced by the 

lamellar structure of the coating. Material is lost from the 

ridged area and the area under it. The coating under the ridge 

is poorly bonded to anything, and will not withstand much abuse. 

It is relatively easy for a crack to progress downward through 

the coating thickness at the edge of the wear track, often going 

to the substrate, see Figures 5.24 & 5.25. If material is lost 

only outside the wear track and not as deep as the interface, it 

is defined as a minor edge effect. Severe edge effects are those 

that have encroached upon the wear track or where a crack has 

progressed to the substrate. 

Tapering of the edges before testing was tried as a way of 

reducing edge effects, but with negligible success. Various 

grinding and machining techniques were employed in an attempt to 

negate the geometry effect in wear test specimens with, at best, 

marginal results. Grinding and machining operations often 

introduced edge effect sites during specimen preparation, see 

Figure 5.26. 
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Figure 5.14. An edge effect at the edge of the wear track. 20x.

~

Figure 5.15. An edge effect that is ready to be thrown out of
the wear track. 20x.
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Figure 5.16. The appearance of an edge effect on the weight loss 
curve. 
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Figure 5.17. The wear track deepens as the test progresses. 
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Figure 5.18. AMST27. Weight loss vs revolutions. 
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Figure 5.20. Shadow effect of coating onto a vertical surface.
SOx.
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Figure 5.21. Shadow effect of spraying into a corner. SOx.

Figure 5.22. Higher magnification of the above photo. 100x.
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Figure 5.23. Crack growing along
wear surface. 400x.

interlamellar interface near
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Figure 5.24. Crack
substrate. 25x.

from edge effect growing towards the

Figure 5.25. Crack from edge effect has grown to substrate.
view. 40x.

45°
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Figure 5.26. Edge effects induced during surface grinding before
spraying. 15x.



5 . 4  Type I1 Debonding 

During wear testing a larger piece of coating occasionally 

may be thrown out. Larger edge effects are great cause for 

concern because they can encroach upon the wear track, as shown 

earlier in figures 5.14 & 5.15. When this happens a crack often 

grows down through the thickness of the coating to the 

substrate, see figure 5.27. The forces exerted under loading can 

quickly cause the crack to spread across the coating, causing 

failure, see figure 5.28. This failure is classified in this 

research as Type I1 debonding, failure due to edge effects. 

Edge effect cracks that go to the substrate will 

occasionally network in the region of the substrate edge, see 

figure 5.29. Figure 5.30 shows an edge effect particle at the 

coating/substrate interface ready to be thrown out, with a crack 

network beginning to form. When the edge effect encroaches upon 

the wear track the crack has more opportunity to extend across 

the coating instead of staying in the vicinity of the edges. 

When failure occurs, it appears as a debonding of the coating. 

It usually appears as a short section of coating lifting out, 

with the remainder of the coating intact. If the Amsler machine 

is allowed to rotate more than a very few revolutions after 

initial failure, more coating will be broken out. After failure, 

unless the debonded section has obvious edge effects it is very 

difficult to determine the cause, type I or type I1 debonding. 

Minor edge effects in coatings produced under optimum, or 

close to optimum, conditions normally begin to occur between 

1500 and 2000 revolutions. They first occur in the ridged area 

on the outside of the wear track, visible as different colored 

sites on the edge of the coating. Under close observation during 

Amsler operation, small particles can be seen flying out of the 



system. An air blast is directed onto the rollers to reduce the 

effect of heat build-up during testing, and the particles 

quickly are blown away. Once edge effects are noted, close 

observation as the test progresses is required to detect wear 

track encroachment. If encroachment is suspected the test 

should be interrupted to take a closer look. Failure can be 

predicted based on this observation. It should be noted, 

however, that failure is not always imminent when encroachment 

is noticed. If the edge effect is deep, failure will occur more 

quickly than if relatively shallow. It has been occasionally 

noted that shallow edge effects will disappear as the wear 

process goes on and the wear depth overtakes the area of 

material loss. 

Deep edge effects, those where the crack goes to the 

substrate, will occasionally expand into a crack network, as 

noted above. When the crack grows across the wear track, failure 

occurs. Figure 5.28, above, shows this type of failure. A crack 

grew across the coating width to the depth of the substrate. 

This crack originates from a small, deep edge effect. At the 

point of fracture more than one crack is sometimes noted when 

viewed from the coating/substrate interface, see figure 5.31. 

When debonded coating sections are looked at for microstructure, 

it can be seen that there is occasionally a damage zone in the 

area of fracture. The cracks seem to want to follow the lamellae 

interfaces as long as it can, crossing the lamellae only when 

the energy present can no longer be absorbed this way. 

Type I1 debonding was the most common cause of coating 

failure in Amsler roller specimens. Specimen geometry is the 

main factor when discussing edge effects and subsequent coating 

failure. A geometry where there is a minimum of stress risers is 

the most desirable condition for coating performance if 



debonding is the main failure criteria. Field application of the 

coatings will be under very different geometric conditions, rail 

sections being the substrate. In this sense, the laboratory test 

is a more difficult trial of the plasma spray technology than 

that of field conditions. 



Figure 5.27. Crack
debonding. 40x.

leadingfrom edge effect,

210

to type II
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Figure 5.28 Type II debonding, crack across the wear surface.
lOx.
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Figure 5.29. Fractured coating from the substrate interface
side. Crack network along edge 20x.

Figure 5.30. Edge effect particle
coating/substrate interface. 20x

loosened, view from
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Figure 5.31. A damage zone is present in the fracture area. 15x.



5.5 Lamellar Structure And Formation Of Wear Particles. 

5.5.1 Unlubricated. 

The microstructure of a coating is lamellar in structure. 

The method of application is fully discussed elsewhere, but some 

important points in the coating process can be emphasized. The 

coating is an accumulation of individual particles built up 

during spraying. Ideally, the particles impact, flatten, and 

solidify with a sufficient time lapse between one particle 

impacting and the next one that hits the same spot. The rotation 

of the target, 200 rpm, with backside cooling further enhancing 

solidification, helps to assure a solidified surface for all 

incoming particles. These particles are of varying size, and 

impact the substrate with a more or less random size 

distribution. Also the individual particle that impacts a moving 

target will tend to form a splat that is elongated rather than 

the idealized flat, round pancake. Figure 5.32 schematically 

shows the influence of a rotating target relative to the 

incoming spray particles. 

These factors combine to produce a layered microstructure 

with the individual components varying in size. This results in 

an uneven thickness in layers that are made from fully melted 

particles, with shorter, thicker components comprised of 

plasticized, partially melted particles, and some very small, 

partially melted particles. This mixture of individual splat 

shapes and sizes make up individual lamella with different 

thicknesses, and with size and shape variations within the 

layers. This results in a coating with undulations in the 

lamellar microstructure. The orientation of the lamellae is 

generally in a curvature that follows the surface shape of the 

substrate, however there are many localized variations, 



occasionally there is even a nearly vertical orientation, see 

figure 5.33. 

As the wear test progresses, wear particles are formed at 

the locations where the lamellae intersect the wear surface. As 

portions of the lamella wear very thin, some of the thin 

segments appear to lift, are broken, then removed, giving the 

appearance of tiny flakes. Figures 5.34 & 5.35 are photos of the 
overall microstructure of a successfully tested coating, with 

the second photo a higher magnification showing wear particles 

on the surface and a clear view of the previously described 

microstructural components. 



Figure 5.32. The angle of incidence between the incoming 
particles and the target differs according to the position of 
the particle within the plasma jet. 
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Figure 5.33. The
occasionally occurs
lamellae. 2000x.

undulation in coating microstructure
in a near vertical orientation of the
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Figure 5.34. Microstructure of a successfully tested coating
with wear particles visible. 200x.

FigUre~5. Higher magnificationof the above photo. Note the
wear particles.400x.



5 . 5 . 2  Lubricated Rollers 

There is a mechanism involved in the lubricated rollers 

that is similar to that in the dry condition, only more extreme. 

The undulations in the coating layers and the intersection of 

these layers with the surface again play the important role. 

Figure 5.36 shows the wear track of a roller that has been 

successfully tested in the lubricated condition. Notice here 

that the particle missing is much larger, huge in comparison, 

than that shown in figures 5.34 & 5.35 for the dry roller. There 

is a trail of evidence that helps to determine what is going on 

that contributes to this large particle removal. The first place 

to look is the wear surface, see figures 5.37 & 5.38. Notice 

that the wear surface of the dry tested roller is much smoother 

than that of the lubricated roller. The lubricated roller has a 

"hammered" appearance. This corresponds well with the cross 

section photo, figure 5.36. The next photos, figures 5.39 & 

5.40, are higher magnifications of the same conditions. 

Figures 5.41 & 5.42 are of the microstructures of rollers 

tested in the dry condition. They each show a crack extending 

along one of the lamellae interfaces, extending from the surface 

into the body of the coating. Notice that the orientation of the 

lamellae is almost vertical to the surface for a short distance 

in the region of the crack. These cracks do not affect the wear 

performance of the coating when tested dry. Both of these 

rollers were successfully tested for long periods before 

sectioning for microscopic study. 

The idea put forth here is that this type of a crack can be 

propagated in lubrication tests. The coating is to act as a 

reservoir for lubricant during these tests, with the lubricant 

forced out into the contact area during loading and retreating 



into the coating reservoir areas when unloaded. With a crack 

present, lubricant is forced into the crack during lubrication, 

then during loading the crack is hydraulically expanded because 

the interlamellar bond is not strong enough in that region to 

resist the applied force. The particles involved are broken out, 

and the particle size is much larger than that experienced in 

the dry condition. This mechanism is unique to coatings and not 

observed in uncoated rollers. 
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Figure 5.37. Wear surface of a lubricated roller. lOx.

Figure 5.38. Wear surface of roller tested dry. lOx.
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Figure 5.39. Higher magnification of lubricated wear track. 35x.

Figure 5.40. Higher magnification of coated tested dry. 35x.
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Figure 5.41. Cross-section of successfully dry tested coating.
Note localized crack from wear surface into coating along
lamellar interface. 400x

Figure 5.42. Another situation similar to that shown above. 400x



5.6 Lubrication Reservoir Effect. 

The purpose of the lubricated tests was to determine any 

beneficial effect of the coating acting as a lubrication 

reservoir during sliding/rolling load conditions. In all of the 

tests performed, the early as well as the later groups of tests, 

the reservoir effect was not noted, probably because of the 

phenomena described in the previous section. Unless some 

additive, such as hollow spheres, were to be added to the 

coating during spraying, there is not an advantage in using the 

coating in place of plain steel for lubrication reservoir. 

Improved ways of providing porosity without loss of coating 

strength could be one subject of future work. 

However, it should be noted that as long as the ultimate 

goal is the reduction in the friction coefficient between wheel 

and rail, the coated roller has a distinct beneficial effect. 

The friction coefficient for the coating has ranged from 0.44 to 

0.46, unlubricated, over the slide/roll and contact pressure 

range tested in this research. This compares very favorably with 

the approximately 0.7 expected from the plain rail steels under 

similar conditions. It is thought that the reason for such a 

dramatic difference in performance is that the coated roller 

does not achieve the type I11 wear, as described by Bolton and 

claytong6 in their research, over the range of test conditions of 

this research. 

5.7 Repeatability. 

The question of obtaining wear test results within a 

certain expectation range is addressed by reviewing test results 

over a wide range of experiments. Wear data was recorded over 



the entire range of testing, whether the tests were primarily 

for parameter envelope studies, debonding, or other research 

interests. For the purpose of this section, the wear test 
results are taken from AMST76 to AMST161. This range of testing 

occurred over an extended period of time and over a wide range 

of spraying conditions. A total of 50 tests were performed in 

such a manner as to have results for wear rate calculations, see 

figure 5.43. The other tests in this data base were either too 

short for wear rate calculations, or were run continuously until 

failure without recording intermediate weight loss data. 

Most of the results reported here were from tests that ran 

6,000 revolutions. 6,000 revolutions defined a full length test 

for this experimental group. The other data points are from 

tests with debonding failure, with enough data collected from 

which to calculate wear rates. The basic spray parameters of 

gas, working distance and power settings were constant. The 

conditions for each test can be seen in Appendix 1. 

It can be seen from this data that the wear rates fall 

within a range of 200 to 700 ug/m/mm. In one respect it may seem 

that this is a wide range, it is more than 300% when comparing 

the lower rates to the higher ones, however even the highest 

wear rate is still very small when compared with previous 

research results of uncoated rollers, see figure 5.44. Wear 

rates on the upper side of the spectrum may be more influenced 

by edge effects, particles of material lost from areas other 

than the wear track. During wear testing, edge effects are 

nearly always present, however some rollers display more than 

others. The incidence of edge effects in varying degrees is 

presented as a reasonable explanation of the width of the 

expected wear rate band. 



Spray parameter optimization and proper spray techniques 

must be employed to obtain quality coatings. When this condition 

is observed, at the contact pressure and slide/roll conditions 

necessary for this work, the coated rollers wear performance was 

predictable and repeatable, as seen by looking again at figure 

5.44. 



Wear Rate Range 
1220 MPa 35% Slide/Roll 

800 1 + 

- 
Revolutions 

Figure 5.43. Wear rates range. 35% slidejroll, 1220 MPa. Tests 
were terminated at 6000 revolutions. 



Uncoated Rail Steels 
1220 MPa 35% Slide/Roll 

X37-311 X I  36-369 
Steels 

Figure 5.44. Wear rates of uncoated rail steel tested under the 
same Amsler test conditions as the coated rollers. 



CHAPTER SIX 

CONCLUSIONS 

The considerations presented in these conclusions are such 

that are within the limits of the conditions of the test matrix 

presented in the body of this work. 

1. Plasma sprayed 1080 steel coatings on Amsler rollers made 

from rail steel have a significantly lower wear rate than 

that of uncoated rail steel rollers. 

2. The wear rates of the coatings are only minimally 

influenced by contact pressure or slide/roll ratios. 

3 .  The spray parameter envelope to achieve quality coatings is 

wide enough to allow reproducibility under field 

conditions. 

4. The limits of the spray parameter envelope are set by the 

likelihood of debonding rather than increasingly poor wear 

resistance. 

5. The substrate preparation process has a significant effect 

on the coating/substrate bond durability. 



6 The geometry of the substrate has a significant effect on 

the durability of the coating bond. 

7. Two debonding failure mechanisms have been identified. Type 

I is an interfacially initiated delamination. Type I1 is 

surface initiated failure caused in large measure by the 

geometry of the substrate. 

8. The plasma sprayed coating does not act as an effective 

lubrication reservoir under slide/roll loading conditions. 

9. The coefficient of friction of the coated rollers is 0.46, 

a significant improvement over uncoated rail steel, which 

is approximately 0.7 for a 1220 MPa contact pressure and 

35% slide/roll ratio. 

10. Rail steel can be plasma spray coated with 1080 steel, 

using the techniques developed in this work, for in-track 

testing. 
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APPENDIX 

CEIART OF EXPERIMENTS 

Appendix 1 is an overall chart of experiments performed 

for this research. Most of the columns are self explanatory, 

however some abbreviations should be explained further. W-3, 

W-9, and W-10 wheels are standard class C wheels, W-8 is a 

class U wheel. Test conditions were either dry or lubed, DAS 

is dry, as sprayed; DGF is dry, ground flat. A parameter set 

is shown as Primary gas flow rate/ Secondary gas flow 

rate/Working distance. For example, AMST 1 parameter set was 

180 slm (standard liters per minute) of nitrogen (N,), 0 slm 

of hydrogen (H,) , and 180 mm working distance (180/0/ 180) . The 
comments column contains only a word or short phrase 

explaining unusual observations or test conditions. 
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