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ABSTRACT

Solid Particle Erosion of Materials for Use in Gas Pipeline Control Valves

Ehsan Akbarzadeh, Master of Applied Science, 2010

Department of Mechanical Engineering, Ryerson University

To aid in the materials selection of gas control valves, the solid particle erosion
behaviour of twelve metals was investigated using impinging jets of magnetite particles. The
erosion rates were measured for two different particle sizes, two different velocities, and six
different impingement angles. Scanning electron micrography and EDX (Energy Dispersive
X-ray analysis) mapping was used to investigate the erosion mechanisms and the extent of
particle embedding. There was no measurable erosion for the Tungsten Carbide samples,
even for very long exposure times. For nickel plated steel, the plating was found to
delaminate, resulting in a brittle erosive response. For all other tested materials, the measured
erosion rates and scanning electron micrographs indicated a ductile erosion mechanism under
all conditions considered. The erosion rates were found to fit a semi-empirical erosion model
due to Oka et al. [1] well. The most erosion resistant materials were found to be the Solid
tungsten carbide (WC) and Solid Stellite 12 and the least erosion resistant materials were

A1018 carbon steel nickel plated and A240 Type 410 stainless steel plate.

With all other conditions being equal, a larger erosion rate was measured when
utilizing the smaller particles, than when the large particles were used. This counter-intuitive
result was demonstrated to be due to a combination of effects, including the formation of
thicker hardened layer more embedded particles, and more particle fragmentation when

utilizing the larger particles.
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CHAPTER 1

INTRODUCTION

1.1 MOTIVATION

The damage due to the impact of particulates contained in the gas flow onto the internal
surface of control valves is a very important problem in the gas pipeline industry. The
predominant contaminant in natural gas transfer pipelines, gas compressor equipment, refineries,
and gas storage reservoirs, is known as ‘black powder’. Huge costs in money and time result
from effects associated with the entrainment of black powder in the gas flow. For example,
unplanned shutdowns can occur due to the clogging of instrumentation, the lowering of the
efficiency of compressors [2-6], and the failure of control valves due to solid particle erosion,
which is the problem addressed in the present work. Chemical analysis of black powder
collected from gas pipelines at Saudi Aramco has revealed that it is mainly made up from iron
oxides and a smaller amount of iron carbonates [7]. From the solid particle erosion point of view,
the particulate iron oxides are likely the most aggressive material in black powder, owing to their

high hardness.

A clear understanding of the relationship between the erosion rate of the materials used in
control valves, their mechanical properties, and the process conditions such as erosive particle
size, shape, velocity, angle of impact, and spatial distribution is required for an improved and

cost effective materials selection for control valves.



1.2 OBJECTIVES

The ultimate objective of this thesis is to determine the solid particle erosion behaviour of
a number of candidate materials which could be used in gas pipeline control valves in response
to particulates and process condition similar to those found in gas pipelines. This will not only
allow improved materials selection for the control valve materials, but also provide needed input
data for future computational fluid dynamics simulations of eroded profiles. The work will be
conducted in collaboration with an industrial partner having significant experience in this area.

To achieve the ultimate objective, the following secondary objectives will be met:

¢ Design and construction of an experimental setup capable of measuring the solid particle
erosion rate (volume of material removed per unit mass of blasted particle) of a number
of different target materials in response to the impact of a jet of iron oxide (magnetite)
particles.

e The sourcing and purchase of the twelve candidate materials, some of which are fairly
rare metals, which require post processing to meet the specifications required by the
industrial partner.

e The sourcing and purchase of magnetite erodent powder which is sufficiently similar in
purity and size to what exists in the black powder found in gas pipelines.

e Conducting of erosion rate experiments for 12 candidate target materials suggested by the
industrial partner, for two different particles size distributions, at six angles of attack, and

at two different particle velocities. The tests will be based on ASTM standard G76-07

[8].



e Surface analysis and numerical curve fitting of the measured erosion rates to well-known

erosion models, allowing for the identification of dominant erosion mechanisms.

1.3 THESIS OUTLINE

The thesis will be presented as follows:

e Chapter 2 reviews the relevant literature regarding the mechanisms leading to the erosion
of the surface due to the impact of solid particles, and the different approaches to model
these mechanisms.

e Chapter 3 describes the experimental apparatus, the preparation of the powder, and the
experimental procedure.

e Chapter 4 explains the methodology for curve fitting of the measured erosion rates to a
well known erosion model

e Chapter 5 reports the erosion rate results of the various experimental conditions, and
evaluates and discusses the fit of the experimental data with the erosion model.

e Chapter 6 describes an investigation of the unusual particle size effect found in the
erosion rate tests, and the dominant erosion mechanisms of the different materials.

e Chapter 7 presents the conclusions and discusses possible future work.



CHAPTER 2

LITERATURE REVIEW

This chapter will present literature review related to formation, characteristic and
movement of the black powder in gas pipelines. It also includes details regarding the solid

particle erosion mechanism and parameters involved in erosion.

2.1 BLACKPOWDER

2.1.1 FORMATION AND CHARACTERISTICS OF BLACK POWDER

A chemical reaction between the pipeline material and contaminates results in the
existence of black powder in the form of a very fine powder or a wet tar. After the reaction
occurs, the probability of eliminating this powder is very low [9]; however, under normal
conditions, a gas pipeline is under minimal corrosion risk [2]. Black powder originates in gas
pipeline from mixture of sand, mill scale, several molecular and crystalline structures of iron and
sulphur [6]. These are made from the corrosion of the wall of steel pipelines if the corrosive
agent is present [2-6]. Condensed moisture, containing carbon dioxide (CO,), oxygen (O,), and
hydrogen sulphide (H.S) is considered the most corrosive initiator. Natural gas contains carbon
dioxide, but oxygen can penetrate from leaks at places under low pressure in the pipeline system
[2]. The amount of gaseous H,S, CO; and O; in pipelines together with the presence of water
causes significant internal corrosion and forms FeS and FeCOj3. These can be further converted
to Fe3O, in the presence of oxygen. Most of the transmission pipeline companies allow only a

limited amount of oxygen inside their flow due to its very high corrosion and combustion



potential. Hydrogen Sulphide is found in natural gas or it can be made from a chemical reaction

with anaerobic bacteria (SRBS).

Other contaminants that can be found in gas pipelines are water, liquid hydrocarbons,
salts, chlorides, sulphates, sand, rouge, asphaltenes, and weld spatter. From the erosion point of
view, iron oxides, such as magnetite are of importance, due to their relatively high hardness.

Figure [2.1] shows images of magnetite having a 100 um average particle size or smaller.

Direct oxidation of the wall of steel pipeline due to the existence of dissolved oxygen in

wet-dry cylinder is the main source of iron oxide [2] according to:

Fe+H,0+1/20, — Fe(OH), (2.1)

2Fe(OH), +1/ 20, + H,0 — 2Fe(OH), 2.2)

In gas pipelines, magnetite is formed due to the instability of Fe (OH) in the presence of

Fe and low concentrations of dissolved oxygen:

8FeO(OH) + Fe — 3Fe,0, +4H,0 (2.3)

The Fe,03 also could form if the water is nearly saturated with dissolved oxygen. Other
forms of iron oxide could form alternatively due to microbiologically induced corrosion (MIC)

resulting from acid producing bacteria (APB) or iron oxidizing bacteria (10B).
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Figure 2- 1: Magnetite samples: (a) as received, (b) passing through 230 mesh and (c) passing through
325 mesh. Scale bar is 100 um

2.1.2 BLACK POWDER MOVEMENT IN GAS PIPELINES

The particle flow in a gas pipeline depends on the gas velocity. The solid particle velocity
depends on pipeline diameter, gas pressure, density, viscosity, and particle size [10]. The nature
of particle motion depends on its shape and gravity. Only flow rate reduction or gas compression
can stop particle movement in the flow. Continuous particle shattering due to inter-particle
collisions makes their flow easier and hard to trap. For instance Keska [11] described the
different forms of particle movement for different particle shapes; e.g., the long thin particles
slide, the round particles roll, the flake-like particles fly like the movement of leaves in the wind,
and the irregular shaped particles move in a combination of all above particle motions. In case of
wet black powder deposition, pigging could be an initiative for powder movement. Deposition of

black powder could lead to the blockage of a pipeline if the particle velocity is not high enough.

A minimum amount of drag force from the gas velocity transfers to the particle, causing
it to fly [10]. Other sources of force, as proposed by Smarts [12], are gravity and buoyancy,
which are constant, while lift and drag vary with flow and gas conditions. The black powder

settles at the bottom of the pipeline to form a sediment layer if these movement motivators are



not adequate. The sediment layer will grow and act as a barrier for gas flow until the minimum

velocity to cause movement of the particle along in the pipe is reached.

2.2 SOLID PARTICLE EROSION IN INDUSTRY

Erosion can be defined as “an abrasive wear process in which the repeated impact of
small particles entrained in a moving fluid against a surface result in the removal of material
from that surface” [13]. The erosion rate is defined as mass or volume of target material removed
per mass of particles impacting the surface. Solid particle phenomena are associated with both
constructive and destructive processes in industry. Examples of constructive applications
include abrasive jet micro-machining of micro-fluidic components [14], abrasive jet machining
[15], and blast cleaning [16-17]. On the other hand, the destructive effects of solid particle
erosion are seen in the damage done to oil and gas transmission pipelines, in production facilities
[18-20], in the erosion of turbine blades in power generation systems [21], in foreign object
damage in the jet engine [22], and the erosion of heat exchangers in fluidized bed combustors

[23].

In general, there are three well known scientific research methodologies for exploring
and predicting the effects or equations relevant to erosion phenomena. The most common
investigation method is to conduct several experimental erosion tests under specific and
controlled conditions. Another method is developing numerical models to derive equations for
predicting erosion rate or residual stress for various materials with different properties or for
various impact conditions. The third method is to utilize computer simulations to model the

erosion test conditions virtually.



2.3 EROSION DUE TO SINGLE PARTICLE IMPACT

The complexity of the erosion mechanism for a jet containing many particles has required
research to focus on single particle investigation as a first step. Study of the fundamental material
removal mechanisms evident in single particle impact has led to a number of erosion theories,
which have been generalized for the multi-particle impact case. In constructing erosion models,
researchers were able to make contributions to: (1) the understanding of the fundamental
mechanisms of material loss due to erosion (cracking, ploughing, cutting etc.) [24-26] , (2) the
understanding of the particle trajectory before and after impact, (3) the understanding of the
particle flow conditions such as a flux effect, and (4) investigating effect of erosion process
parameters in detail and generalizing them to multi-particle impact [1]. Single particle impact
studies utilizing angular particles have shown that the dominant mechanism of erosion is cutting
at shallow angles, and ploughing at higher angles of impact [1], [25-29]. In contrast, erosion due
to spherical particles is dominated by ploughing at the both shallow and normal impacts, but

Hutchings [28] mentioned that a critical particle velocity is required.

2.4 EROSION DUE TO MULTI-PARTICLE IMPACT

For multi-particle impacts due to a stream of flowing particles, the surface roughness of
the target material plays a key role after early impacts, and this factor can have an effect on the
generation of different erosion mechanisms [29]. The main issues preventing the accurate
prediction of the erosion mechanisms are the high rate of collisions between particles either by
other surrounding particles in the air flow, or between the incident and rebounding particles.
Unlike a single particle for which the particle trajectory is predictable, for multiple particle

flows, the particles in a jet strike the surface at a variety of incident angles. This is because the



particles entrained in the carrier gas form a cone shape jet after release from the nozzle [30]. This
causes complications, for example, in specifying a particular desired impact angle at which the

erosion rate might be measured.

2.5 SOLID PARTICLE EROSION MECHANISMS

A clear understanding of the relationship between the erosion rate of the materials, and
the process conditions such as particle size, shape, properties, velocity, angle of impact, and their
spatial distribution, and target properties is required for developing predictive equations for the
mass of removed materials impacted by a stream of particles. Many researchers, e.g., [1], [31-
33], have provided erosion models which result in predictive equations. Solid particle erosion
has generally been classified into two distinct classes of behavior, for which erosion mechanism

have been identified and modeled: brittle erosive, and ductile erosive systems.

In brittle erosion, the material is mostly removed by cracking and chip formation, and the
maximum erosion occurs at a 90° impact angle (i.e. particles incident perpendicular to surface)
[34]. Ductile erosion, on the other hand, is characterized by material removed due to a
ploughing and cutting mechanism, and the maximum erosion occurs at a shallow (approximately
30°) angle of impact. Since the large majority of the materials considered in the present work
erode in a ductile manner, only ductile erosion will be considered in detail in this literature

review.

2.6 MATERIAL REMOVAL MECHANISMS FOR DUCTILE EROSION

Forging and extrusion are the dominant mechanisms of material removal for ductile

erosive systems. Material is first extruded the lips adjacent to the impact craters by the first series



of impacting particles. It is thought that these lips are forged by subsequent particle impacts. This
mechanism of material removal is referred to as a ‘platelet mechanism’ for multi-particle impacts
[35-36]. Particles hit the target continuously, so after these platelets cover all of the impact
surface area, a stable stage of material removal (steady state erosion) occurs. Material removal
occurs due to the high rate of plastic deformation that causes the material to be loosened leading

to fractures by subsequent particle impacts.

Heat is generated when the particles impact the surface, due to friction. The heat transfer
condition during the multi-impact process is basically adiabatic [37], due to very small area of
contact between particle and target material and the very rapid transfer of the localized shear
force from particle [38]. As an example, the work softening phenomenon occurs due to higher
temperature imposed by the highly concentrated plastic deformation at the surface [39]. Because
the heat generated due to the localized plastic deformation arising from a single impact can be

significant, local melting [40] and work softening [41] may occur on the target surface.

To model material removal, a cutting model was proposed by Finnie [42]. Bitter
introduced the deformation wear to Finnie’s model but only for normal impact [43-44].
Hutchings modified Finnie’s model later by using shape factor adjustment [45]. The effect of lip
formation was reported in many experiments, and Christman and Shewmon studied the effect of

strain hardening changes due to a large temperature gradient [46].

2.6.1 EFFECT OF PARTICLE SHAPE ON SOLID PARTICLE EROSION

Most of the previous development of analytical and numerical erosion models focused on

particles with a spherical shape. For example, Bitter [43], in his predictive model, assumed that a
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spherically shaped particle has a radius equal to the radius of curvature of the rounded edges of a
small non-spherical particle. Hutchings [28] tried to compare the erosion rate of sand with flat-
faced angular surfaces with particle having the spherical rounded surface. Investigation of the
impacted surface in the work of Bitter and Hutchings showed a similar surface deformation,
regardless of particle shape. In contrast, it has been found experimentally that there is a huge
difference in the measured erosion rate between angular and spherical particles having a similar

particle size [47] and impact angle [48].

Different particle characterization techniques have been developed to investigate the
particle shape importance on erosion models [49-50]. For instance, the shape of particles can be
easily compared by using photographic techniques, and this technique is one of the well-known
procedures for distinguishing shape factors [51]. The deviation of an irregular particle from a
known geometry like sphere or square particle shape is another commonly used technique to

define particles shape, as is using the ratio of the perimeter to area of the particle [50].

2.6.2 EFFECT OF PARTICLE SIZE ON EROSION

Comparison of the erosion rate of materials using different particle sizes under the same
experimental conditions (same mass of uniformly shaped erodent) can provide evidence of the
particle size effects on the erosion mechanism. Variations in particle size can affect the
geometric parameters of erosion such as particle shape, chip size, and crater volume. The more
massive the particles, the higher the kinetic energy they carry, assuming an equal density and
velocity. Many have reported that a higher erosion rate results when using a larger particle size,
due to the higher energy transfer during the impact from particle to target material. Most of the

ductile erosion models have focused on the effect of mass and velocity separately [42], [52].
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They assumed the plastic deformation or target material removal occurred due do the energy
transferred by mass and velocity of particles. They conducted theoretical analyses of the erosion
for a number of steels in various heat-treated conditions. The specific erosion energies were

calculated as the kinetic energy of the impinging particles per unit volume of metal removed.

For single particle impacts, Hutchings et al. [28] studied the effect of scaling. He found
that pattern of deformation does not depend on the particle size, when they are in the range of 1

micrometer to 3 mm in diameter.

Dundar et. al. [53], reported a significant difference in plastic deformation of the target
material of Cu—30% Zn and pure Ti when impacted with spherical particles varying in size from
2 to 25 um, however, when using angular particles with similar size ranges, they did not find any
change in deformation. They found both from, the absence of apparent slip in surface impacted
by angular particles and formation of the smaller slips by sphere erodent particles, the total

damage of erosion reduced.

Several other experiments using an air blaster for particle sizes ranging from 50 to 430
um have confirmed the dependency of erosion rates on particle size [1], and others have found
that, for particle sizes less than 100 um in diameter, a significant reduction in erosion rate occurs

due to more rapid energy dissipation [54].

An effect of particle size on surface properties such as the formation of a work hardened
layer has also been found. Finnie et al. [52] reported the formation of a work hardened layer with

a thickness range between 50 and 100 um depending on the gold and silicon carbide particle size

12



on aluminum and copper, respectively. A micro-hardness test on the blasted surface confirmed

the existence of a thicker hardened layer in the case of the larger particles.
2.6.3 EFFECTS OF PARTICLE VELOCITY ON EROSION

Particle velocity has a very large influence on the measured erosion rate of a material. In
general, the higher the particle velocity, the higher is the expected erosion rate. The work of
Stevenson and Hutchings [55], who found a good correlation between particle velocity, blasting

pressure, and resulting erosion rate is of particular use. Most researchers use a power law to
describe the effect of velocity on erosion rate, i.e. (E ocV3) in their erosion models. The

velocity exponent (n3) can vary in the range between 1.5 to 3 [56-57], depending on the target

material, and the erodent particles.
2.6.4 EFFECT OF PARTICLE TRAJECTORY ON EROSION

The impact angle is defined as the angle between the trajectory of the particle and the
target surface. Ductile metals usually exhibit a ductile erosion mechanism where the material
removal rate reaches a maximum for impact angles from 15° to 30°, and decreases by a factor of
2 to 3 at a normal (i.e. 90°) impact angle [58]. A detailed study on material removal by particle
impacts at normal incidence confirmed that material removal occurs because of overlapping
craters on the substrate [59]. In this normal incidence case, for both angular and spherical
particles, the formation and subsequent detachment of the platelets was the main mechanism of
material removal. At shallow angles, a more efficient cutting and ploughing mechanism can

occur, resulting in a significantly higher erosion rate.
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A higher rate of particle fragmentation can also occur at normal impact when energy
transfers normal to the surface are maximized, compared to at other angles. For friable erodent
materials, this can further decrease the expected erosion rate at normal incidence, as much

energy that could be used to damage the target is instead wasted in particle fracture energy.

Because the particle has a dynamic motion and velocity less than or equal to the flow
velocity, computational-fluid-dynamics (CFD) based erosion models are usually used to simulate
the particle trajectory. The CFD erosion model is constructed from three primary steps; 1) flow
modeling using the fluid mechanics equations 2) particle tracking 3) applying empirical erosion

equations [60].

2.6.5 MATERIAL HARDNESS AND EROSION

Hardness is measured as an average flow stress that is applied to an indenter during an
indentation test; it is the resistance of the material to plastic deformation. Target material
hardness is the mechanical property that has received the most attention by researchers studying
solid particle erosion [61]. For example, in the experiment of [62], the hardness ratio (the ratio
of the particle hardness to target hardness) was used to justify the same erosion rate values that
were captured for different materials, e.g. glass, alumina, WC-7% Co and 304 stainless steel.
However, in most other erosion models, the particles are assumed rigid, since their hardness
value is much greater than the hardness of the target material. For example, an erosion model
due to Oka et al.[1] uses the material hardness value to calculate the erosion rate for various

testing conditions, without considering the particle hardness.
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Three distinguishable hardness regimes have been observed beneath the eroded surface of
the ductile materials. In order, from the top blasted surface through the bulk target material: 1)
the platelet zone or soft surface zone, 2) Work hardened zone, 3) Unaffected zone or bulk
material zone. Levy [63] also confirmed the existence of the area under the blasted surface of
the target, which is formed as a result of the extensive plastic deformation, and which is the
‘work-hardening region’. This region showed some elevation in temperature during impact
resulting in some work hardening under the heated area. The investigation of the blasted
substrate showed the hardness value graduation for the three zones. The hardness gradually
increased from the subsurface to the work-hardened zone, and decreased from the work hardened
zone to the base metal. The existence of a hardened layer can also act as an initiative for

transferring a ductile erosion mechanism to a brittle mechanism [43].

2.6.6 PARTICLE FLUX RATE AND EROSION

A variation in particle flux can affect the solid particle erosion behavior by changing the
collision rate between particles and surface, as well as the degree of interaction between
rebounding particles and incident particles. Hutchings [64] determined the optimum particle flux
value through erosion testing. Tilly [58] found an analytical expression for the optimum flux
where particle collisions are negligible. The importance of particle flux rate in erosion has shown
significant effect on simulation model for developing AJM (abrasive jet micro machining)
profiles by Shafiei [65]. Her model introduced the particle flux effect on erosion by the tracking
of individual particles, performing inter-particle and particle to surface collision detection, and
implementing collision kinematics. In other effort Burzynski and Papini [66] proposed an

analytical model that can be used to estimate interference effects at high flux, and to obtain the
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critical flux below which a given level of particle interference will occur in a solid particle
erosion test. Another effort by Ciampini et al. [67-68] used a computer model that was capable of
examining the effect of the following parameters on the severity and frequency of inter-particle
collisions: stream angle of incidence, nozzle divergence angle, incident particle velocity and
flux, particle size, particle—particle and particle—surface impact parameters, and stand-off

distance.
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CHAPTER 3

EXPERIMENTAL APPARATUS AND PROCEDURE

This chapter describes the experimental apparatus and methodology used to perform the
erosion rate testing. It also includes details regarding the target materials, the erodent powder

preparation, and the measurement of the particle velocity.

3.1 EROSION TESTING APPARATUS

A photograph of the experimental setup is shown in Figure 3-1, which is also shown
schematically in Figure 3-2. Wherever possible, the ASTM standard for erosion testing, ASTM

G76-07 [8], was followed.

Figure 3- 1: Photograph of experimental setup
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Figure 3- 2: Schematic of experimental setup

3.1.1 MICROBLASTER

An AccuFlo AF10 Micro Blaster manufactured by Comco Inc. (Burbank, CA, USA) was
used in all solid particle erosion testing. The AccuFlo incorporates a powder modulator, an
aerodynamically designed mixing chamber and a Powder Gate™ valve. These features allow it
to have a higher degree of repeatability in abrasive mass flow rate than previous models. A 1.5
mm inner diameter (MB1520-35, Comco Inc.) high performance nozzle was utilized at a nozzle

to target standoff distance of 10 mm, based on recommendations in ASTM G76-07 [8].

To maximize the uniformity of the powder flow an electric mixer (Figure 3-3 (a)) having
a set of conical and square paddles (Figure 3-3 (b)) was incorporated into the powder reservoir.
The shape of the paddles was carefully designed to conform to the powder reservoir shape in the
vicinity of the powder orifice at its bottom. The mixer shaft passed through an opening in the

pressurized powder reservoir which was sealed by a pressure rated O-ring.
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(a) (b)
Figure 3- 3: (a) mixer setup, (b) paddle setup

3.1.2 AIR DRYERS AND SUPPLY

Moisture or oil contamination in the air supply can prevent abrasive powder from flowing
freely through the micro-abrasive blasting system; therefore, air dryers are necessary to prevent
moisture from causing the nozzle to clog. To ensure a clean air supply, the laboratory air was
passed through a refrigeration air dryer, and then a desiccant air dryer/oil prefilter (Model
AD5100-4, Comco Inc.). The laboratory ambient air was routinely dehumidified to a maximum

of approximately 40% RH.

3.1.3 DUST COLLECTOR

An industrial grade dust collection system was utilized to ensure an appropriate airflow
through the work chamber while extracting the spent abrasive and returning clean air to the
room. In the utilized system a DC-2000 (Comco Inc., USA), particles are trapped on the outer

surface of the filter bags, which can be replaced when needed.
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3.1.4 COMPUTER CONTROLLED STAGES

The samples were moved relative to the nozzle in order to automate the machining of
three repeat holes per sample, required to evaluate the erosion rate of the candidate materials. A
computer controlled two-dimensional motorized positioning stage system from Velmex Inc.
(Bloomfield, NY, USA) was used to scan the target samples relative to the stationary nozzle.
The samples were clamped to a 100 mm x 300 mm aluminum plate specimen holder that was
capable of holding six samples at once. The stages were programmed to allow for machining
multiple adjacent holes on each sample automatically. A mechanical positioning stage attached
to the nozzle holder was allowed the nozzle-to-target standoff distance to be controlled

accurately. The angle of impingement was controlled by rotating the nozzle.

The mechanical stages were protected from the abrasive erodent dust by the use of
sealing bellows, and the entire setup was placed in a Plexiglas enclosure having a frame and
internal mounting members made from aluminum extrusions. A hinged door allowed access to
the setup. The computer, dust collector, AccuFlo, and stage control units were placed outside the
enclosure, and the dust collector hose, translational stage wires, and abrasive flow tube were
passed through holes in the enclosure wall. Standard laboratory safety protocols with respect to
the use of safety glasses and particulate filter breathing masks (3M, model 8233 N100) were

followed during all experiments.

3.2 IRON OXIDE POWDER BLASTING MEDIA

Two size distributions of magnetite powder (Fe3Os, 95.799% pure) having a Vickers

hardness of 600 HV were used in the experiments. 325 (Grade 80) and 120 mesh (Grade 3105)
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powders were obtained from Craigmont Mines (Merritt, BC, Canada) and Prince Minerals (New
York, NY, USA), respectively. The powders were sieved using a Ro-Tap Test Sieve Shaker
(W.S. Tyler Company, St. Catharines, Ontario, Canada) to obtain two different powder log-
normal size distributions (Figure 3-4) having nominal spherical mean diameters of 6.9 um and
30.4 um. The shaker was capable of 278 oscillations per minute and tapping motions of 150 taps
per minute. The powder obtained from Craigmont Mines was found to have significant moisture
content, and it was thus dried to a constant mass (precision of 0.1%) in a desiccant filled oven at

110° C for 30 to 45 minutes before sieving.

3.2.1 GROSS SAMPLING AND SIEVING METHODOLOGY

The sieves were selected based on ASTM E-29 [69], which proposed that for graded
materials with a narrow particle size range, such as magnetite, every sieve in the fourth root of
two ratios in the series should be used. The sampling sizes of powder, and the shaking time
required, were also based on procedures defined in ASTM E-29 [69] standard. Standard test
sieves with brass frames and brass wire mesh were used to avoid the static magnetic field that
could produce with steel sieves. Two sieves with size openings of 80 mesh and 270 mesh were

used for 30.4 um and 6.9 um, respectively, in the magnetite powder preparation.

Great care was exercised to obtain gross samples, for sieving, that were closely
representative of the batch, and that avoided stratification. ASTM E-29 [69] recommended that
the first sampling of the 25 Kg bulk shipment of magnetite should be done using a sampling
tube. Five or six insertions of the 1 cm inner diameter, of 25 cm long tube were used to take a
sample of a 110 to 120 g from the naturally leveled powder in the container. The sieve shaking

times were chosen based on a selection of four samples which were sieving for different times:

21



for the first, for 5 min, for the second for 10 min, for third for 15 min, and the fourth for 20 min.
For most tests, a satisfactory end-point was considered to have been reached when an additional
1 min of sieving failed to change the weight on any of the sieves used by more than 1%. The
final sieving times calculated in this manner were 20 min for the finer Craigmont Mines powder,

and 15 minutes for coarser Prince Minerals powder.

3.2.2 REDUCTION OF GROSS SAMPLE TO TEST SIZE FOR PARTICLE SIZE

ANALYSIS

After the gross sample was appropriately sieved, it was reduced to a suitable size for the
particle size analysis test (i.e. a few g). To achieve this, the cone and quartering technique in
ASTM E-29 [69] was followed. The gross sample was piled in a cone on a clean, dry smooth
surface, by shoveling the power to the apex of the cone, and allowing it to run down equally in
all directions. Then the sample was spread in the circle which was gradually widened with the
shovel until the powder was spread to a uniform thickness. Finally, the flat pile was split into
quarters, and two opposite quarters were rejected. The remaining sample was collected and
mixed again into a conical pile. The procedure was repeated until the sample was reduced to the

required size.

The particle size distributions of the resulting samples were measured using an optical
particle analyzer (Clemex PS® Professional Research Particle Size and Shape Image Analysis

system, Clemex Technologies Inc., Longueuil, Quebec, Canada).
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Figure 3- 4: (a) particle size distribution of Craigmont Mines powder having a mean spherical
diameter of 6.9 um passing through 270 mesh sieve; (b) Particle size distribution of Grade 3105 Prince
Mine magnetite powder having a mean spherical diameter of 30.4 um passing through 80 mesh sieve

Although the particle analyzer image analysis routines allow for some automatic image
separation of agglomerated particles, a high degree of agglomeration will affect the accuracy of
the sizing results. Preventing particle agglomeration on the sampling slides proved challenging
because of their magnetization. The standard procedures suggested by Clemex of suspending the
particles in drops of water and alcohol did not solve the agglomeration problem. Scattering the
powder samples over the slide by shaking them from a small piece of paper proved to be the best
procedure for achieving adequate spacing of the larger particles and preventing agglomeration.
Alcohol was suggested the best solvent for separating such and small particle size and sampling
process. A droplet of mixture of alcohol and small particle and alcohol stationed between the
slide and the cover slip, and consequently placed under microscope for particle sizing process.
Figure 3-4 shows the final two magnetite powder size distributions used in the experiments.

Figure 3-5 shows photographs of the two samples of magnetite powder.
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Figure 3- 5: Black powder samples: (a) Craigmont mines passing through 270 mesh and (b) Prince
minerals passing through 80 mesh. Scale bar is 100 um

3.3 TARGET MATERIALS

The erosion experiments were performed on twelve different materials (Table 3-1),
judged by an industrial partner as showing potential for application in new valve systems in the
gas pipeline industry. The specifications of the materials can be found in Table Al to Table A12
of Appendix A. The Tungsten carbide Grade (K3109) was made by sintering with 88% WC and
12% Cobalt binder. It was obtained Kennametal Inc. (Fort Mill, SC, USA). The A1018 steel was
nickel plated (100 um thickness) to a hardness of at least 60 HRC. Nickel plating performed by a
vMetalon Technology Ltd. (Orangeville, Ontario). Stellite 6b and Stellite 12 plates were supplied
by Deloro Stellite (Belleveille, Ontario). The remaining samples were obtained from Metal

Samples Inc. (Munford, TN, USA).

All specimens were polished as per ASTM G76-07 [8] specifications to the
recommended surface roughnesses of 1 um RMS or smaller. All target samples were cut into

50.8 x 101.6 mm strips having thickness between 1.47 mm and 1.97 mm. The as received
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hardness values were measured using a MACROVICKERS® 5100 Series (Buehler, Whithy,
Ontario) hardness tester, and the surface roughness measured using a stylus profilometer
(Taylorsurf 50, Taylor Hobson Precision Ltd., UK). Three repeat measurements of material
surface roughness and material hardness were conducted (Table 3-1). To confirm that the
specifications of the nickel plate coating were correct, six different incremental loads (10, 50,
100, 300, 500, 2000 gf) were used to measure the hardness, and particular attention was paid to
ensure that the indentation depth was less than 15% of the coating thickness. A hardness of

HV=745 (N=6) was obtained, equivalent to 62 HRC.

Table 3- 1: Surface roughness of candidate materials. The + indicates standard deviation of three
measurements.

Surface Density As-received
Material Roughness Rq Vickers
(pm) p (g/em®) | Hardness(HV)
A1018 Carbon Steel With
) ) 0.249+0.04 8.83 746+1
Nickel Plating
A240 Type 2205 Duplex
) 0.062+0.012 7.87 262+1
Stainless Steel
17-4 PH Stainless Steel 0.131+0.011 7.73 352+2
Type 316L Stainless Steel 0.057+0.005 7.87 16411
A53 Gr. B Steel 0.138+0.04 7.83 157+2
A240 Type 410 Stainless Steel 0.407+0.007 7.77 152+2
A105 Carbon Steel Forging 0.141+0.025 7.84 161+1
A515 Gr. 70 Norm. 0.088+0.002 7.86 164+1
Alloy 625 plate 0.157+0.03 8.43 227+1
Solid Stellite 12 0.086+0.0008 8.38 492+6
Solid Stellite 6b 0.030+0.003 8.52 361+2
Solid Tungsten Carbide (WC) 0.431+0.001 14.2 1029+10
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34 METHODOLOGY FOR MEASUREMENT OF EROSION RATE

3.4.1 DEFINITION OF VOLUMETRIC EROSION RATE

The erosion rate is defined in ASTM G76-07 [8] as the volume of target material
removed; V, per unit mass of particle launched, mp, and can be calculated from experimental data

as follows:

E=—=— (3.1)

where V is the volume of the erosion hole (crater), t is the blasting duration or dwell time, and m

is the abrasive mass flow rate.

3.42 MEASUREMENT OF VOLUME OF MATERIAL REMOVED

ASTM G76-07 [8] outlines a procedure whereby measurements of target material mass
loss after a certain blasting duration (dwell time) are used together with the material density to
infer the volume of material removed, V. In the present work, more accurate volume removal
measurements were obtained using a noncontact optical profilometer (Nanovea ST400 / 3D Non-
Contact Profiler, Micro Photonics Inc., Allentown, PA) which directly measured the eroded
volume. The device uses a chromatic aberration technique, and has a 150 mm range X and Y
motorized translation stages for scanning specimens, and thus can give a full 3D representation
of the eroded scars. By using a 130 um maximum depth rating optical pen, the erosion scars can
be measured with a depth resolution of 5 nm and with a volume measurement resolution of 75

nm?®.
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3.4.3 MEASUREMENT OF ABRASIVE MASS FLOW RATE

The abrasive mass flow rate, min eq. (3.1) was measured by blasting in a specially
designed collection container with a particulate filter on it, allowing for unimpeded airflow, but
limited particle escape. By measuring the weight of the powder that was collected in a given
time, the mass flow rate could be calculated. A computer particle tracking simulation [67]
indicated that abrasive mass flow rates <4 g.min™® would ensure that <90% of the launched

particles would undergo inter-particle collisions.

For the experiments utilizing the 6.9 pum mean spherical diameter powder, the mass flow
rate was measured after every third erosion crater was blasted. This precaution ensured that a
more accurate measurement of the mass of abrasive was used to blast the holes, since the mass
flow rate was found to fluctuate significantly over the course of a day of experiments (1.7 g.min™
to 2.4 g.min™). The mass flow rate fluctuations for this extremely fine powder were typically
due to particle agglomeration and nozzle clogging. For experiments utilizing the coarser 30.4
um mean spherical diameter powder, the mass flow rate was found to fluctuate much less (2.1
g.min™ to 2.55 g.min™), and it was thus only necessary to measure the abrasive mass flow rate

every 9 erosion craters.
344 MEASUREMENT OF PARTICLE VELOCITY

A particle image velocimetry (PIV) system was used to measure the particle velocity at a
10 mm distance from the exit of the 1.5 mm nozzle, at blasting pressures of 100 and 200 kPa.
The system (LaVision GmbH, Goettingen, Germany) utilizes a pulsed laser and high speed

camera to obtain image pairs of the particles in flight. The laser was passed through a cylindrical
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lens to form a light sheet which illuminated a plane of particles on the centerline of the jet. Two

laser pulses of six ns duration separated by 100 ns were captured by the high speed camera,

resulting in a pair of images of the particles in flight. One hundred such image pairs were

collected and analyzed using particle tracking software, to obtain a particle vector velocity field.

The measured magnetite particle velocity profiles are shown in Figures 3-6 and 3-7 for
the 6.9 um particle size and Figures 3-8 and 3-9 for the 30.4 um particle size. The velocities for
100 kPa and 200 kPa blasting pressures resulted in approximately linear particle velocity
distributions, with peaks at approximately 90 and 130 m.s™, respectively. Such linear velocity

profiles were consistent with previous measurements on micro-abrasive jets [70].
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Figure 3- 6: Velocity profile of 6.9 um particles 10 mm from the nozzle exit using a blasting pressure
of P=200 kPa
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Figure 3- 7: Velocity profile of 6.9 um particles 10 mm from the nozzle exit using a blasting pressure

of P=100 kPa
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Figure 3- 8: Velocity profile of 30.4 um particles 10 mm from the nozzle exit using a blasting pressure

of P=200 kPa
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Figure 3- 9: Velocity profile of 30.4 um particles 10 mm from the nozzle exit using a blasting pressure
of P=100 kPa

3.45 DETAILED PROCEDURE

The erosion rate experiments were conducted on the 12 candidate materials with two
particle sizes, at two particle velocities (90 and 130 m.s™), and at six angles of impingement
(15°, 30°, 45°, 60°, 75°, 90°). Three repeats of each measurement were made (i.e. at a given
impingement angle, material, particle size, and particle velocity), each at a different dwell time.
Thus the experimental plan called for 72 erosion measurements for each of the materials, giving

a total of 792 individual erosion rate measurements (i.e. eroded craters).

The target samples were clamped to the specimen holder. The manual positioning stage
of the target was used to ensure that the distance between the nozzle and the surface, along the
axis of the nozzle, remained constant at 10 mm, regardless of the angle of attack. Based on

preliminary measurements using a 1.5 mm nozzle at a 10 mm standoff distance (as per ASTM
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G76-07 [8]), the largest erosion scar that was formed at 15° impingement angle was
approximately 22 mm in length and 10 mm in width. Thus, the 50 x 100 mm plate dimension
could easily accommodate three rows of three holes on each face of the sample, for a total of 18
holes per sample (Figure 3-10). Since each material would require two particle velocities, six
angles of attack, and two particle sizes, each with three holes, for a total of 72 holes, a total of

four specimens of each material were used.

Specimens

(%N‘

[ N J 00 00 ® 00 00 ...&BIagtedHOIes

|«— Nozzle Direction of Nozzle scanning

i ;

Figure 3-10: Configuration of nozzle and specimens while blasting the holes

In a single experimental run, a given particle size and velocity were held constant, and six
samples of, each of a different material were placed side by side on the specimen holder. The
nozzle was oriented at a given impingement angle, and the stages were programmed to blast
three holes at different dwell times, evenly spaced on each sample. The stages were programmed
such that the dwell time to blast the three holes was automatically changed when moving from
one hole to another on each material. The minimum dwell time was chosen based on the

minimum time required to reach steady-state erosion rate conditions (i.e. the ‘steady-state dwell
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time”), and achieving a deep enough crater to ensure an accurate measurement of crater volume.
This was determined for every material and using both particle sizes, for the high velocity
experiments, at the 15° and 90° impingement angles. The angles represented the extremes, i.e.
the 15° case resulted in the largest erosion scar, but the shallowest crater, and the 90° case had

the smallest erosion scar, but the deepest crater.

By plotting the erosion rate as a function of dwell time, the minimum time required for a
linear relationship was established. The two other dwell times to be used at each condition were
chosen so as to ensure that the crater was no deeper than the 350 um depth suggested in ASTM
G76-07 [8]. For the low velocity experiments, the erosion rates were found to be between 40%
and 55% of those obtained in the high velocity case and the dwell times were raised accordingly.

The dwell times obtained in this manner are summarized in Tables 3-2 and 3-3.
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Table 3- 2: Dwell times (s) chosen for three holes made at each condition. Experiments performed on
6.9 um at 130 m/s and 90 m/s peak particle velocity, respectively

Dwell Time (s)

) a=15° a=30° o =45° a=60° a=175° a=90°
Material 130 | 90 | 130 | 90 | 130 | 90 | 130 | 90 | 130 | 90 130 | 90 ms
m/s m/s m/s m/s m/s m/s m/s m/s m/s m/s m/s

Vel. Vel. Vel. Vel. Vel. Vel. Vel. Vel. Vel. Vel. Vel. Vel.

20 | 20 | 10 | 15 | 15 | 20 | 15 | 30 | 15 | 30 | 15 | 15

A1018 Carbon Steel Nickel | 15| o0 | 10 | 15 | 15 | 20 | 15 | 30 | 15 | 30 | 15 | 15

Plating

15 |20 | 10 | 15| 15 | 20 | 15 [ 30 | 15 | 30 | 15 | 15

60 | 120 | 60 | 90 | 60 | 90 | 60 | 90 | 60 | 90 | 60 | 90

A240 Type 2205 Duplex 9 | 180 | 90 |180| 90 |180| 90 | 180 | 90 | 180 | 90 | 180

Stainless Steel Plate

120 | 210 | 120 | 210 | 120 | 210 | 120 | 210 | 120 | 210 | 120 | 210

60 | 120 | 60 | 90 | 60 | 90 | 60 | 90 | 60 | 90 | 60 | 90

17-4 PH Stainless Steel Plate | 90 | 180 | 90 | 180 | 90 | 180 | 90 | 180 | 90 | 180 | 90 | 180
120 | 210 | 120 | 210 | 120 | 210 | 120 | 210 | 120 | 210 | 120 | 210

60 | 120 | 60 | 90 | 60 | 90 | 60 | 120| 60 | 90 | 60 | 90

Type 316L Stainless Steel | 90 | 180 | 90 | 180 | 90 | 180 | 90 | 180| 90 | 180 | 90 | 180
120 | 210 | 120 | 210 | 120 | 210 | 120 | 210 | 120 | 210 | 120 | 210

60 | 120 | 60 | 90 | 60 | 90 | 60 | 90 | 60 | 90 | 60 | 90

A53 Gr. B Steel 9 | 180 | 90 |180| 90 |180| 90 | 180 | 90 | 180 | 90 | 180

120 | 210 | 120 | 210 | 120 | 210 | 120 | 210 | 120 | 210 | 120 | 210

60 | 120 | 60 | 90 | 60 | 90 | 60 | 90 | 60 | 90 | 60 | 90

A240 Type 4;&3:&'”'635 Steel | 95 | 180 | 90 | 180 | 90 | 180 | 90 | 180 | 90 | 180 | 90 | 180
120 | 210 | 120 | 210 | 120 | 210 | 120 | 210 | 120 | 210 | 120 | 210

60 | 120 | 60 | 90 | 60 | 90 | 60 | 90 | 60 | 90 | 60 | 90

A105 Carbon Steel forging | 90 | 180 | 90 | 180 | 90 | 180 | 90 | 180 | 90 | 180 | 90 | 180
120 | 210 | 120 | 210 | 120 | 210 | 120 | 210 | 120 | 210 | 120 | 210

60 | 120 | 60 | 90 | 60 | 90 | 60 | 90 | 60 | 90 | 60 | 90

A515-70- A5P1|2 tcjr' 7ONorm. | 55 | 180 | 90 | 180 | 90 | 180 | 90 |180| 90 | 180 | 90 | 180
120 | 210 | 120 | 210 | 120 | 210 | 120 | 210 | 120 | 210 | 120 | 210
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Table 3- 2(continue): Dwell times (s) chosen for three holes made at each condition. Experiments

performed on 6.9 uym at 130 m/s and 90 m/s peak particle velocity, respectively

Dwell Time (s)

) a=15° a=30° a=45° a=60° a=175° a=90°
Material 130 | 90 | 130 | 90 | 130 | 90 | 130 | 90 | 130 | 90 130 | 90 ms
m/s m/s m/s m/s m/s m/s m/s m/s m/s m/s m/s
Vel. | Vel Vel. Vel. Vel. Vel. Vel. Vel. Vel. Vel. Vel. Vel.
60 | 120 | 60 90 60 90 60 90 60 90 60 90
Alloy 625 Plate 90 | 180 | 90 | 180 | 90 | 180 | 90 | 180 | 90 | 180 90 180
120 | 210 | 120 | 210 | 120 | 210 | 120 | 210 | 120 | 210 120 210
60 | 180 | 60 | 120 | 60 90 60 90 60 90 60 90
Solid Stellite 12 90 [ 210 | 90 | 180 | 90 (180 | 90 | 180 | 90 | 180 90 180
120 | 240 | 120 | 210 | 120 | 210 | 120 | 210 | 120 | 210 120 210
66 | 120 | 60 | 120 | 60 | 120 | 60 | 120 | 60 | 120 60 120
Solid Stellite 6b 99 | 180 | 90 | 180 | 90 | 180 | 90 | 180 | 90 | 180 90 180
120 | 210 | 120 | 210 | 120 | 210 | 120 | 210 | 120 | 210 120 210
Solid Tungsten Carbide 400 | 400 | 400 | 400 | 400 | 400 | 400 | 400 | 400 | 400 400 400
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Table 3- 3: Dwell times (s) chosen for three holes made at each condition. Experiments performed on
30.4 um at 130 m/s and 90 m/s peak particle velocity, respectively

Dwell Time (s)

a=15° = 30° o= 45° o= 60° a=75° @=90°
Material 130 90 130 90 130 90 130 90 130 [ g4 130
m/s 90 m/s
m/s m/s m/s m/s m/s m/s m/s m/s m/s m/s
Vel. | Vel. | Vel. | Vel. | Vel. | Vel. | Vel. | Vel. | Vel. Vel. Vel. Vel.
60 | 90 | 10 | 90 | 30 | 30 | 30 | 30 | 15 | 30 | 15 | 30
A1018 Carbon Steel | ¢4 | g5 | 10 | 90 | 30 | 30 | 30 | 30 | 15 | 30 | 15 | 30
Nickel Plating
60 | 9 | 10 | 90 | 30 | 30 | 30 | 30 | 15 | 30 | 15 | 30
120 | 300 | 120 | 300 | 150 | 210 | 120 | 210 | 90 | 120 | 90 | 210
A240 Type 2205
Duplex Stainless | 150 | 330 | 150 | 330 | 180 | 240 | 150 | 240 | 120 | 150 | 120 | 240
Steel Plate
180 | 360 | 180 | 360 | 210 | 270 | 180 | 270 | 150 | 180 | 150 | 270
150 | 300 | 120 | 300 | 150 | 210 | 120 | 210 | 90 | 210 | 90 | 210
17-4PH Stainless | 105 | 330 | 150 | 330 | 180 | 240 | 150 | 240 | 120 | 240 | 120 | 240
Steel Plate
210 | 360 | 180 | 360 | 210 | 270 | 180 | 270 | 150 | 270 | 150 | 270
150 | 300 | 120 | 300 | 150 | 210 | 120 | 210 | 90 | 210 | 90 | 210
Type 31§t';eslta'”'ess 180 | 330 | 150 | 330 | 180 | 240 | 150 | 240 | 120 | 240 | 120 | 240
210 | 360 | 180 | 360 | 210 | 270 | 180 | 270 | 150 | 270 | 150 | 270
150 | 300 | 120 | 300 | 150 | 210 | 120 | 210 | 90 | 210 | 90 | 210
A53 Gr. B Steel 180 | 330 | 150 | 330 | 180 | 240 | 150 | 240 | 120 | 240 | 120 | 240
210 | 360 | 180 | 360 | 210 | 270 | 180 | 270 | 150 | 270 | 150 | 270
210 | 210 | 120 | 300 | 150 | 210 | 120 | 210 | 90 | 210 | 90 | 210
A240 Type 410 240 | 240 | 150 | 330 | 180 | 240 | 150 | 240 | 120 | 240 | 120 | 240
Stainless Steel Plate
270 | 270 | 180 | 360 | 210 | 270 | 180 | 270 | 150 | 270 | 150 | 270
150 | 300 | 120 | 300 | 150 | 210 | 120 | 210 | 90 | 210 | 90 | 210
AL05 CarbonSteel | 14 | 390 | 150 | 330 | 180 | 270 | 150 | 240 | 120 | 240 | 120 | 240
Forging
270 | 420 | 180 | 360 | 210 | 270 | 180 | 270 | 150 | 270 | 150 | 270
150 | 360 | 120 | 300 | 150 | 210 | 120 | 210 | 120 | 210 | 90 | 210
AS15-70- ASISGI. | 10y | 390 | 150 | 330 | 180 | 240 | 150 | 240 | 150 | 240 | 120 | 240
70 Norm. Plate
210 | 420 | 180 | 360 | 210 | 270 | 180 | 270 | 180 | 270 | 150 | 270
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Table 3- 3(continue): Dwell times (s) chosen for three holes made at each condition. Experiments
performed on 30.4 um at 130 m/s and 90 m/s peak particle velocity, respectively

Dwell Time (s)

o= 15° o= 30° o= 45° o= 60° o= 75° a=90°
Material
130 90 130 90 130 90 mfs 130 90 130 90 mis 130 90 m/s
m/s m/s m/s m/s m/s m/s m/s m/s m/s

Vel. | Vel. | Vel. | Vel. | Vel. Vel. Vel. | Vel. | Vel Vel. Vel. Vel.

210 | 300 | 120 | 360 | 150 | 210 | 120 | 210 90 210 90 210
Alloy 625 Plate | 240 | 330 | 150 | 390 | 180 | 240 | 150 | 240 | 120 240 120 240

270 | 360 | 180 | 420 | 210 | 270 | 180 | 270 | 150 270 150 270

210 | 360 | 180 | 360 | 180 | 270 | 180 | 270 | 180 270 150 270

Solid fzte”'te 240 | 390 | 210 | 390 | 210 | 300 | 210 | 300 | 210 | 300 | 180 | 300

270 | 420 | 240 | 420 | 240 | 330 | 240 | 330 | 240 | 330 | 210 | 330

210 | 360 | 180 | 360 | 180 | 270 | 180 | 270 | 180 | 270 | 150 | 270

SO"dGSge"'te 240 | 390 | 210 | 390 | 210 | 300 | 210 | 300 | 210 | 300 | 180 | 300

360 | 420 | 240 | 420 | 240 | 330 | 300 | 330 | 330 | 330 | 210 | 330

Tungsten 400 | 400 | 400 | 400 | 400 | 400 | 400 | 400 | 400 | 400 | 400 | 400
Carbide

The stages were scanned at maximum speed between the holes (time period on the order
of a few seconds), leaving an extremely shallow channel between the much deeper holes (on the
order of a few minutes each). Since the erosion rate was measured on the basis of the volume of
material removed in the blasted holes, these shallow channels did not affect the measurement.
After each row of 18 holes spanning the specimens was completed, the nozzle was rotated about
an axis parallel to the scanning direction to a different angle of attack (Figure 3-11). The
sequence was repeated for the combinations of particle velocity and size, as shown in Figure 3-

12.
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Figure 3- 11: Detail of sample holder, and stages
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Figure 3- 12: Sequence of erosion rate measurements
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The volumetric erosion rate was calculated as the slope of the least squares best fit line of
a plot of the measured volume removal versus mass of abrasive used for the three dwell times. It
should be noted that in the case of the nickel coated A 1018 steel, it was not possible to use three
different dwell times that resulted in erosion craters that were less than the 100 um coating
thickness. In this case, the erosion rates were reported as the average of three repeats at a single

dwell time for each experimental condition.
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CHAPTER 4

CURVE FITTING OF EXPERIMENTAL EROSION RATES

The dependence of erosion rate on process parameters (angle of attack, velocity, etc.) can
often be fit to existing erosion models in the literature. Fitting such a model can often provide
some physical significance to the erosion rate dependencies. Moreover, the fits can also be used
for more advanced simulations, which can predict the eroded surface profiles in real engineering
parts. For example, in the present work, the industrial sponsor of the research required that the
erosion data be fit to a model suitable to be implemented into the computational fluid dynamics
software, Fluent, thus enabling the eroded profiles in real pipelines and control valves to be
predicted. This chapter describes the erosion model used for curve fitting of numerical erosion

rates, and the curve fitting algorithm.

4.1 CONVERSION OF VOLUMETRIC EROSION RATE TO

DIMENSIONLESS EROSION RATE

From the volume of target material removed per mass of impinging particles (mm*kg™)
(Table 1 to 6 of Appendix B), as suggested by ASTM G-76-07 [8], the volumetric erosion rates,
measured according to eq. (3-1) were presented In Tables 1 to 4 of Appendix C. However, most
erosion models (see eq. (4-1) require a dimensionless erosion rate (g.g™*) expressed as the mass
of target material removed per unit mass of erodent launched. Therefore, the target material
density was used to convert the volumetric erosion rates to dimensionless ones. The target
material densities are given in Table 3-1, and the resulting dimensionless erosion rate values are

presented in Tables 1 to 4 of Appendix D.
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4.2. MODEL OF OKA ET AL. [1] FOR DEPENDENCE OF EROSION ON

ANGLE OF ATTACK

Oka et al. [1] proposed an empirical equation for solid particle erosion damage that can
be applied to many types of metallic materials at various impact angles, velocities, and particle
sizes. They performed a detailed investigation of the effects of these parameters for several
aluminum, carbon steel, stainless steel, and copper specimens, and found that target hardness had
a great effect on the resulting erosion rate. The erosion rate data were converted to dimensionless

erosion rate, and fit to an equation of the form:

&= mﬂp =Cv™g(a) (4.1)

where £ is the dimensionless erosion rate expressed as mass of target material removed, m; per

mass of impacting particles, m (9.91). In their model, the ratio of erosion damage at an arbitrary

angle, & (a), to that at normal incidence, &g Was expressed as the product of two trigonometric

functions [1]:
g(x) = (sina)™ (L+ Hv(1l-sin @))™ (4.2)

where a is the angle between the target surface and the velocity vector of the incoming particles,
and HV is the initial Vickers hardness of the materials in GPa. The first and second terms in
equation (4.2) express the portion of erosion due to the repeated deformation, and the cutting

material removal mechanisms, respectively [1].
The final equation to fit is thus:
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E=CV(sina)™ L+ Hv(l-sina))™ 43)
where C, ny, ny, HV, and n; were determined by curve fitting.
The procedure for obtaining the curve fits was:
(i) The volumetric erosion rates were converted to dimensionless erosion rates.

(if) Since g (o) represented the ratio of the dimensionless erosion rate at a given angle to
that at normal (a =90 deg.) incidence, the dimensionless erosion rates from (i) were normalized
by their values at normal incidence (Table 1 to 4 Appendix E). This allowed for an initial fitting

of the g () function, i.e. determination of constants n;, n, and HV.

(iii)  The remaining velocity exponent, ns, and C constant were curve fitted using the

particle velocity, the normalized erosion rate fits, and the erosion rate data.

As shown in Figure 4-1, n; and n; in Oka’s model account for the effects of repeated
plastic deformation and cutting action. Cutting dominates at low angles of attack, and repeated
deformation at high angles of attack. Cutting processes usually dominate for ductile materials
such as metals, and the repeated deformation processes usually dominate for more brittle target
materials. Therefore, it is expected that brittle erosive systems have erosion rate peaks at high
angles of attack, and ductile erosive systems will have erosion rate peaks at intermediate to low

angles of attack.
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Figure 4- 1: Dependency of cutting action and repeated deformation on material removal mechanisms
on angle of attack [1]

4.3 CURVE FITTING ALGORITHM

The nonlinear least squares method in the curve fitting toolbox in MATLAB version
2009b was used for all curves fitting of the erosion rate data. For the nonlinear fit in eq. 4.3, the
Trust-region algorithm was used, which requires coefficient constraints. Calculation of these
quantities required numerical finite difference approximations to the Jacobians. In the present
work, the minimum and maximum changes in the Jacobians were assumed to be 10 and 0.1.
The fit convergence criteria were set to 10° for the model coefficients. A maximum of 600
function (model objective function) evaluations was allowed, and a maximum of 400 fit

iterations was allowed, which provided the highest optimization phase of the fit.

The MATLAB R2009b (The MathWorks, Inc., United States) curve fitting routine
required starting values and constraints (i.e., upper and lower bounds) for the coefficients. The
default starting values were chosen at random in the interval [0, 1] for all coefficients. Following
Oka et al.[1], the upper bounds were chosen as n; = 2, n, = 1 (Table 1 of Appendix F). The

Vickers hardness (HV) parameters were constrained to be in the range (-10%) to (+50%) of their
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as-received values, given in Table 2 of Appendix F. This range, consistent with the work of
other investigators [63], [71] was defined in order to allow for a work hardening layer that may
have formed beneath the impacting particles. Such a layer might have changed the hardness
from the as-received values. No constraints were placed on the erosion constant C, and the
velocity exponent was constrained to be in the range of (1.5-3), based on common values in the
literature for the solid particle erosion of metals [56]. The n;, np, HV, n3, and C values are

presented in Tables 3 of Appendix F.
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CHAPTER 5

RESULTS AND DISCUSSION

This chapter will present results and discussions related to the measured erosion rates, the
predominant erosion mechanisms, the ranking of the erosion resistance of the target materials,

and the curve fitting parameters.

5.1 MEASURED EROSION RATES AND POSSIBLE MECHANISMS: 6.9

MICRON PARTICLE SIZE

Figures 5-1 and 5-2 show the typical eroded Type 316L stainless steel samples at six
angles of impact. Most of plots that were use to derive the measured erosion rates show the
expected linear relationship between material volume removal and abrasive mass, indicating a
steady state erosion rate and a relatively good repeatability. Two typical plots are shown in

Figures 5-3 and 5-4.
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90°

30°

15°

-

Figure 5-1: Type 316L Stainless Steel, P= 100 kPa, particle size= 6.9 um, a= 15°, 30°, and 90°(bottom
up), Dwell times (right to left): 210, 240, 270s for 90°, 300, 330, 360 s for 30°, and 15°.

45°

75°

60°

Figure 5- 2: Type 316L Stainless Steel, P= 100 kPa, particle size= 6.9 um, a=60°, 75°, and 45° (bottom
up), Dwell Times (right to left): 210, 240, 270s for 60°, 30°, and for 45°.
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Figure 5- 3: Type 316L stainless steel: Volume removed vs. abrasive mass used and best fit line.
Experimental conditions: impingement angle, a=30°; velocity = 130 m.s™; blasting times= 60, 90, 120 s
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Figure 5- 4: ASTM A240 Type 410 stainless steel plate: Volume removed vs. abrasive mass used and
best fit line. Experimental conditions: impingement angle, a= 75° particle velocity =130 m.s™;
blasting times=60, 90, 120 s

In Figure 5-3, the linear fits do not pass through the origin. In these cases, it is possible

that a two-stage erosion process occurred, with a higher initial erosion rate (i.e. between the
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origin and some time before the first data point), followed by a lower steady state erosion. In all
cases, the erosion rate has been reported as the best fit linear line, regardless of whether it passes

through the origin or not (i.e. the steady-state erosion rate).

The reason for this two stage erosion is not clear. One possible reason could be the
presence of an oxide layer of lower hardness than the steel. The higher initial erosion rate might
also be due to knocking off of asperities on the initially rough surface. Such an effect might still
be seen for such a small particle size, despite the fact that the roughness of all the materials were
measured in Table 3-1 using the optical profilometer and found to be R< 1 um RMS, as
required by ASTM G76-07 [8]. A third possibility is the formation of a work hardened layer as
the virgin material was initially eroded. Such an effect has recently been seen by Stachowiak
and Batchelor [72] in the abrasion testing of metals, but has not been previously reported in solid

particle erosion testing.

Figures 5-5 and 5-6 show the same data plotted in terms of dimensionless erosion rate
(o/g) that are presented in Tables 3 and 4 of Appendix D, along with the curve fit values using
the model of Oka et al. [1]. Figures 5-7 and 5- 8 show the measured volumetric (mm®/g) erosion
rates for the 6.9 um powder blasted at 130 m.s™* and 90 m.s™, respectively. The dimensionless
erosion rates at 130 m.s™ particle velocities were approximately twice that measured for 90 m.s™

particle velocity.
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Figure 5- 5: Comparison of measured (points) and curve fit (lines) dimensionless erosion rates for 11
candidate materials for 130 m.s™ and d= 6.9 um. Legend indicates: Ni Plate - Nickel plating on A1018
carbon steel supporting substrate; 2205- A240 Type 2205 duplex stainless steel plate; 17-4ph- 17-4 PH
stainless steel plate; 316L- Type 316L stainless steel; A53-B- A53 Gr. B steel; 410- A240 Type 410
stainless steel plate; A105- A105 carbon steel forging, A515-70- A515 Gr. 70 norm. plate; 1-625- Alloy
625 plate; ST12- Solid Stellite 12; ST6b- Solid Stellite 6b

49



0.0016 -
|
0.0014 -
0.0012 -
W Ni-Plate
0.0010 - 2205
® 17-4PH
— =316L
X
% 0.0008 - # A53-B
SV
A 410
X A105
0.0006 -
+ A515-70
=1-625
0.0004 - m ST 6b
NST 12
0.0002 -
| | - ]
B . b e D
X
0.0000 —— T T T )
0 20 40 60 80 100
Impact angle (a°)

Figure 5- 6: Comparison of measured (points) and curve fit (lines) dimensionless erosion rates for 11
candidate materials for 90 m.s™ and d= 6.9 um. Legend indicates: Ni Plate - Nickel plating on A1018
carbon steel supporting substrate; 2205- A240 Type 2205 duplex stainless steel plate; 17-4ph- 17-4 PH
stainless steel plate; 316L- Type 316L stainless steel; A53-B- A53 Gr. B steel; 410- A240 Type 410
stainless steel plate; A105- A105 carbon steel forging, A515-70- A515 Gr. 70 norm. plate; 1-625- Alloy
625 plate; ST12- Solid Stellite 12; ST6b- Solid Stellite 6b
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Table 5- 1: Erosion resistance rankings of 12 candidate materials for high particle velocity (130 m.s™)

erosion rate experiments.

Rankings are from most (1) to least (12) erosion resistant. Volumetric
erosion rates under each condition (mm?®/g) are shown in parenthesis

Rank Impingement Angle, o and Erosion Rate (mm?®/g)
15° 30° 45° 60° 75° 90°
. WC wWC WC WC WC WC
) (0) () () () ()
) ST. 12 ST. 12 ST. 12 ST. 12 ST. 12 ST. 12
(0.032) (0.0112) (0.023) (0.020) (0.024) (0.018)
3 ST. 6B ST.6B A515-70 ST. 6B 17-4PH 2205
(0.034) (0.046) (0.112) (0.098) (0.070) (0.069)
2205 A105 A53-B A105 A105 A105
) (0.091) (0.167) (0.13) (0.105) (0.077) (0.076)
. 17-4PH A53-B A105 2205 1-625 A515-70
(0.145) (0.172) 0.137) (0.109) (0.079) (0.079)
6 A105 2205 410 A515-70 2205 410
(0.147) (0.179) (0.147) (0.111) (0.085) (0.079)
. 316L 1-625 1-625 A53-B ST. 6B ST. 6B
(0.181) (0.18) (0.152) (0.113) (0.098) (0.053)
g 1-625 17-4PH 17-4PH 1-625 410 17-4PH
(0.184) (0.195) (0.159) (0.116) (0.101) (0.087)
9 A515-70 410 2205 17-4PH A515-70 316L
(0.193) (0.199) (0.164) (0.135) (0.104) (0.098)
10 A53-B A515-70 ST. 6B 316L 316L 1-625
(0.211) (0.213) (0.166) (0.141) (0.216) (0.104)
1 C1018 Ni 316L 316L SS 410 A53-B A53-B
(0.302) (0.216) (0.167) (0.150) (0.131) (0.126)
1 410 C1018 Ni C1018 Ni C1018 Ni C1018 Ni C1018 Ni
(0.314) (0.351) (0.28) (0.216) (0.231) (0.256)
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Figure 5- 7: Comparison of measured erosion rates for 11 candidate materials for 130 m.s™ and d= 6.9
um, a=15°, 30°, 45°, 60°, 75°, and 90°. Legend indicates: c1018- A1018 carbon steel nickel plating;
2205- A240 Type 2205 duplex stainless steel plate; 17-4ph- 17-4 PH stainless steel plate; 316L- Type
316L stainless steel; A53-B- A53 Gr. B steel; 410- A240 Type 410 stainless steel plate; A105- A105
carbon steel forging, A515-70- A515 Gr. 70 norm. plate; 1-625- Alloy 625 plate; ST12- Solid Stellite 12;
ST6b- Solid Stellite 6. The lines are only to guide the eye.
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Figure 5- 8: Comparison of measured erosion rates for 11 candidate materials for 90 m.s™* and d= 6.9
um, a=15°, 30°, 457, 60°, 75°, and 90°. Legend indicates: c1018- A1018 carbon steel nickel plating;
2205- A240 Type 2205 duplex stainless steel plate; 17-4ph- 17-4 PH stainless steel plate; 316L- Type
316L stainless steel; A53-B- A53 Gr. B steel; 410- A240 Type 410 stainless steel plate; A105- A105
carbon steel forging, A515-70- A515 Gr. 70 norm. plate; 1-625- Alloy 625 plate; ST12- Solid Stellite 12;
ST6b- Solid Stellite 6b. The lines are only to guide the eye.
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Table 5- 2: Erosion resistance rankings of 12 candidate materials for low particle velocity (90 m/s)

erosion rate experiments.

Rankings are from most (1) to least (12) erosion resistant. Volumetric
erosion rates under each condition (mm?®/g) are shown in parenthesis

Rank Impingement Angle, « and Erosion Rate (mm®/g)
15° 30° 45° 60° 75° 90°
. wcC wcC wcC wcC wcC wcC
) (0) () () () ()
) ST. 12 ST. 12 ST. 12 ST. 12 ST. 12 ST. 12
(0.001) (0.009) (0.006) (0.001) (0.003) (0.006)
ST. 6B ST. 6B ST. 6B ST. 6B ST. 6B ST. 6B
’ (0.003) (0.015) (0.019) (0.017) (0.004) (0.018)
A A53-B 2205 2205 A515-70 316L A53-B
(0.077) (0.083) (0.068) (0.042) (0.025) (0.022)
. A515-70 A105 17-4PH A105 A105 410
(0.065) (0.061) (0.063) (0.042) (0.026) (0.026)
6 1-625 A53-B A515-70 17-4PH A53-B A105
(0.057) (0.066) (0.060) (0.049) (0.027) (0.028)
. 17-4PH A515-70 A105 410 17-4PH 1-625
(0.057) (0.061) (0.059) (0.054) (0.034) (0.03)
o A105 1-625 316L A53-B A240-410 316L
(0.072) (0.08) (0.064) (0.054) (0.027) (0.032)
9 410 410 410 316L A515-70 A515-70
(0.053) (0.054) (0.057) (0.054) (0.035) (0.033)
2205 316L 1-625 410 2205 17-4PH
10 (0.077) (0.08) (0.067) (0.054) (0.035) (0.035)
1 C1018 Ni C1018 Ni C1018 Ni 2205 1-625 A240-2205
(0.128) (0.137) (0.163) (0.066) (0.041) (0.035)
1 316L 17-4PH A53-B C1018Ni C1018 Ni C1018 Ni
(0.084) (0.09) (0.093) (0.103) (0.08) (0.071)

angles of attack in both cases, indicating a typically ductile erosive response.

In most of the cases, the maximum erosion rate occurred at shallow to intermediate

The SEM
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photographs from the periphery of the surface of blasted specimens (Figure 5-5) support the
existence of a ductile erosive process. However Figure 5-9 (a) and (b) for the A1018 Carbon
steel nickel plating at 130 m.s™ shows an unusual transition from brittle to ductile behavior. This
can be seen when comparing the erosion rate at o= 75° to that o= 90°, which shows in figure 5-7.
The SEM in Figure 5-9 (a) shows that there was indeed likely a transition. These are ‘brittle
erosion behavior’ which shows monotonically rises with angle to a maximum value at around
normal incidence and this is implying material removal by brittle fracture. In the brittle erosion
mechanism, the material is mostly removed by crack formation, and the maximum erosion
occurs at a 90° impact angle. The existence of a hardened layer could act as an initiative for
transferring the ductile erosion mechanism to a brittle mechanism. It was caused that the erosive
wear peak to move from about a 30° to about an 80° impingement angle and even wear
significantly to the extent that it resulted in a dramatic increase in erosive wear rates. Since crack
formation is rapid, the brittle mode of erosion can be a very destructive form of wear. During this
process, the surface work hardened and evevually falls in a brittle manner. All these observations
show that for a better understanding of micro-mechanisms responsible for material removal
during erosion, the effect of size of particles should be implemented in an erosion model. Figures
5-9 (c) and (d), for Type 316L stainless steel using 6.9 um powders, show the typical cutting and
ploughing mechanisms associated with the fundamental mechanisms of ductile erosion. Besides
the ability of angular particles to cut a chip of material from target surface when impacted with
an appropriate orientation at shallow angle, ploughing is the mechanism which leads to material

removal.
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Figure 5- 9: SEM micrograph taken from erosion scar on (a) periphery of A1018 Carbon steel nickel
plating eroded with 6.9 um powder at 130 m.s-1, a= 90° for a dwell time of 120 s (b) periphery of
A1018 Carbon steel nickel plating eroded with 6.9 um powder at 130 m.s-1, a= 15° for a dwell time of
15 s (c) periphery of 316L stainless steel eroded with 6.9 um powder at 130 m.s™, a= 15° for a dwell
time of 120 s (d) periphery of 316L stainless steel eroded with 6.9 um powder at 130 m.s™, a=15° for a
dwell time of 120 s at lower magnification

In some cases (e.g. 410, A53 B), the maximum erosion rate was found at 15° for both
velocities. It is impossible to determine whether this value represents the maximum erosion rate,
because of the difficulty in performing experiments at oo < 15°, but based on what has seen in the

literature [63], it is unlikely that the maximum in erosion rate would be at o, < 15°.
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The maximum erosion crater depths ranged from 11 um for the Stellite 12 to 294 um for
the 316L stainless steel at 130 m.s™, and from 10 um for the Solid Stellite 12 to 203 um for the
Type 316L stainless steel at 90 m.s™. These depths were far below the suggested maximum
depth of 350 um noted in ASTM G76-07 [8]. For the nickel coated A1018 steel, the least erosion
resistant material, the maximum depth was 90 pm at 130 m.s™, and 63 um at 90 m.s™, indicating

that the erosion rate measurement occurred within the 100 pum thick nickel coating.

Tables 5-1 and Table 5-2 rank the erosion resistance of the candidate materials at each
angle of attack for both incident velocities. There was no measurable material removal for the
tungsten carbide samples at any angle or velocity for dwell times up to 400 s at either velocity.
Stellite 12 also was found to be highly erosion resistant, exhibiting the second highest erosion
resistance at all angles of attack. Although longer blasting times were used in the tests of Stellite
6b and Stellite 12, the craters were not sufficiently deep to obtain very reliable estimates of
volume removal, and the very low measured erosion rates cannot be considered to be highly
accurate. The maximum uncertainty for erosion rate measurements in Stellite 6b was observed to
be 0.076+0.009 when measured at 30° angle of impact and 130 m.s™particle velocity and
0.024+0.003 when measured at 30° angle of impact and 90 m.s™particle velocity. The maximum
uncertainty on erosion rate measurements on Stellite 12 observed for 0.035+0.004 when
measured at 60° angle of impact and 130 m.s™particle velocity and 0.0098+0.004 when measured

at 45° angle of impact and 90 m.s™particle velocity.
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5.2 MEASURED EROSION RATES AND POSSIBLE MECHANISMS:

30.4 MICRON PARTICLE SIZE

An acceptable linear relationship was observed between the volume removed and
abrasive mass used for the plots used in the determination of the erosion rates at steady state. As
with the finer powder discussed in Section 5.1, some of the linear fits did not pass through the
origin, indicating the presence of a two-stage erosion process. In all cases, the erosion rate was
been reported as the best fit linear line, regardless of whether it passed through the origin or not

(i.e. the steady-state erosion rate).

Figures 5-10 and 5-11 show the same data plotted in terms of dimensionless erosion rate
(9/g), presented in Tables 1 and 2 of Appendix D, along with the curve fit values using the model
of Oka et al. [1]. Figures 5-12 and 5-13 show the measured volumetric (mm?®/g) erosion rates
for the 6.9 um powder blasted at 130 m.s™ and 90 m.s™, respectively. The volumetric erosion
rates at 130 m.s™ particle velocities were between 1.8 and 2.5 times larger than those measured
at 90 m.s™. In most cases, the maximum erosion rate occurred at shallow to intermediate angles
of attack, indicating a typically ductile erosive response. Several SEM photographs of blasted
surface of candidate specimens confirmed this behavior (Figure 5-14). In some cases (e.g. 316
L, A53 B), the maximum erosion rate was found at 15° for v= 90 m.s*. Because of the difficulty
in performing experiments at a< 15° it is unfortunately impossible to know whether the
maximum erosion rate was reached; however, as noted in Section 5.1, it would be highly unusual

to find a maximum at angles less than 15°.

Tables 5-3 and 5-4 rank the erosion resistance of the candidate materials at each angle of

attack for both velocity experiments. The maximum erosion crater depths ranged from 11 um
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for the Solid Stellite 12 to 177 pm for the type 316L stainless steel at 130 m.s™, and from 11 pm
for the Solid Stellite 12 to 128 um for the Alloy 625 plate at 90 m.s™. These depths were far
below the suggested maximum depth of 350 um noted in ASTM G76-07 [8]. For the nickel
coated A1018 steel, the least erosion resistant material, the maximum depth of the crater was 33
um at 130 m.s™, and 28 pum for 90 m.s™, indicating that the erosion rate measurement occurred
within the 100 pum thick nickel coating. There was no measurable material removal for the
tungsten carbide samples at any angle or velocity for dwell times up to 400 s. at either particle
velocity. Stellite 12 also was found to be highly erosion resistance, exhibiting the second highest
erosion resistance at all angles of attack. As was the case with the finer powder (Section 5.1),
for the erosion rate results for Stellite 6b and Stellite 12 can be considered to be of lower
accuracy than the other materials because of the extremely low measured crater volumes. The
maximum uncertainty for erosion rate measurements in Stellite 6b was observed to be
0.035+0.0024 when measured at 60° angle of impact and 130 m.s™particle velocity and
0.011+0.002 when measured at 30° angle of impact and 90 m.s™particle velocity. However, the
maximum uncertainty on erosion rate measurements in Stellite 12 was observed for 0.014+0.001
when measured at 90° angle of impact and 130 m.sparticle velocity and 0.003+0.00095 when

measured at 90° angle of impact and 90 m.s™particle velocity.
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Figure 5-10: Comparison of measured (points) and curve fit (lines) dimensionless erosion rates for
candidate materials for 130 m.s™ and d= 30.4 um. Legend indicates: Ni Plate- Nickel plating on A1018
carbon steel supporting substrate; 2205- A240 Type 2205 duplex stainless steel plate; 17-4ph- 17-4 PH
stainless steel plate; 316L- Type 316L stainless steel; A53-B- A53 Gr. B steel; 410- A240 Type 410
stainless steel plate; A105- A105 carbon steel forging, A515-70- A515 Gr. 70 norm. plate; 1-625- Alloy
625 plate; ST12- Solid Stellite 12; ST6b- Solid Stellite 6b
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Figure 5- 11: Comparison of measured (points) and curve fit (lines) dimensionless erosion rates for
candidate materials for 90 m/s and d= 30.4 um. Legend indicates: Ni Plate - Nickel plating on A1018
carbon steel supporting substrate; 2205- A240 Type 2205 duplex stainless steel plate; 17-4ph- 17-4 PH
stainless steel plate; 316L- Type 316L stainless steel; A53-B- A53 Gr. B steel; 410- A240 Type 410
stainless steel plate; A105- A105 carbon steel forging, A515-70- A515 Gr. 70 norm. plate; 1-625- Alloy
625 plate; ST12- Solid Stellite 12; ST6b- Solid Stellite 6b

61



Table 5- 3: Erosion resistance rankings of 12 candidate materials for high particle velocity (130 m.s™)
erosion rate experiments. Rankings are from most (1) to least (12) erosion resistant. Erosion rates
under each condition (mm?®/g) are shown in parenthesis

Impingement Angle, a and Erosion Rate (mm®/g)
Rank 15° 30° 45° 60° 75° 90°
L wC wWC wC wC wC wC
(0) (0) () (0) () (0)
) ST. 12 ST.12 ST. 12 ST.12 ST. 12 ST.12
(0.002) (0.005) (0.009) (0.015) (0.008) (0.007)
3 ST.6B ST.6B ST.6B ST.6B ST.6B ST.6B
(0.002) (0.029) (0.028) (0.041) (0.029) (0.02)
A A515-70 1-625 1-625 A105 A105 A53-B
(0.038) (0.07) (0.082) (0.077) (0.062) (0.05)
. 316L 410 410 A515-70 410 2205
(0.043) (0.087) (0.085) (0.083) (0.062) (0.052)
6 C1018 Ni | A515-70 | Ab53-B 410 A515-70 | A515-70
(0.068) (0.09) (0.087) (0.088) (0.068) (0.055)
. 1-625 A105 2205 2205 1-625 410
(0.079) (0.094) (0.09) (0.09) (0.075) (0.059)
8 A105 | C1018 Ni | A515-70 1-625 A53-B A105
(0.08) (0.097) (0.094) (0.091) (0.077) (0.06)
17-4PH 2205 A105 A53-B 2205 1-625
° (0.08) (0.105) (0.098) (0.097) (0.078) (0.07)
10 2205 316L 17-4PH | 17-4PH | 17-4PH | 17-4PH
(0.087) (0.106) (0.101) (0.099) (0.083) (0.077)
1 410 A53-B 316L 316L 316L 316L
(0.101) (0.112) (0.112) (0.106) (0.091) (0.08)
1 A53-B 17-4PH | C1018 Ni | C1018 Ni | C1018 Ni | C1018 Ni
(0.104) (0.112) (0.131) (0.125) (0.145) (0.174)
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Figure 5- 12: Comparison of measured erosion rates for 11 candidate materials for 130 m.s™ and d=
30.4 um, a= 15°, 30°, 45° 60°, 75° and 90°. Legend indicates: c1018- A1018 carbon steel nickel
plating; 2205- A240 Type 2205 duplex stainless steel plate; 17-4ph- 17-4 PH stainless steel plate; 316L-
Type 316L stainless steel; A53-B- A53 Gr. B steel; 410- A240 Type 410 stainless steel plate; A105-
A105 carbon steel forging, A515-70- A515 Gr. 70 norm. plate; 1-625- Alloy 625 plate; ST12- Solid
Stellite 12; ST6b- Solid Stellite 6b. Tungsten Carbide gave zero erosion rate at all angles of attack.
The lines are to guide the eye.
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Figure 5- 13: Comparison of measured erosion rates for 11 candidate materials for 90 m/s and d= 30.4
um, o= 15°, 30°, 45°, 60°, 75°, and 90°. Legend indicates: c1018- A1018 carbon steel nickel plating;
2205- A240 Type 2205 duplex stainless steel plate; 17-4ph- 17-4 PH stainless steel plate; 316L- Type
316L stainless steel; A53-B- A53 Gr. B steel; 410- A240 Type 410 stainless steel plate; A105- A105
carbon steel forging, A515-70- A515 Gr. 70 norm. plate; 1-625- Alloy 625 plate; ST12- Solid Stellite 12;
STeb- Solid Stellite 6b. Tungsten Carbide gave zero erosion rate at all angles of attack. The lines are

to guide the eye.
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Table 5- 4: Erosion resistance rankings of 12 candidate materials for low particle velocity (90 m.s™)
erosion rate experiments. Rankings are from most (1) to least (12) erosion resistant. Erosion rates
under each condition (mma3/g) are shown in parenthesis

Impingement Angle, a and Erosion Rate (mm®/g)
Rank
15° 30° 45° 60° 75° 90°
1 wC wWC wC wWC wWC wC
V) (0) (0) () (0) (0)
5 ST. 12 ST.12 ST. 12 ST.12 ST.12 ST. 12
(0.0006) (0.006) (0.006) (0.004) (0.002) (0.001)
3 ST.6B ST.6B ST.6B ST.6B ST.6B ST.6B
(0.004) (0.007) (0.006) (0.005) (0.009) (0.011)
A 410 A53-B A53-B A53-B A105 A515-70
(0.016) (0.026) (0.025) (0.022) (0.02) (0.011)
2205 410 1-625 A515-70 A515-70 A105
> (0.02) (0.032) (0.032) (0.033) (0.023) (0.013)
6 A53-B 1-625 A515-70 410 A53-B A53-B
(0.028) (0.032) (0.035) (0.035) (0.025) (0.017)
. 1-625 2205 410 2205 316L 410
(0.032) (0.034) (0.037) (0.038) (0.027) (0.02)
o A515-70 C1018 Ni 316L 1-625 410 17-4PH
(0.033) (0.044) (0.041) (0.038) (0.031) (0.024)
9 C1018 Ni A515-70 2205 A105 2205 316L
(0.034) (0.045) (0.044) (0.038) (0.037) (0.027)
10 A105 316L Al105 316L 17-4PH 2205
(0.038) (0.049) (0.046) (0.04) (0.039) (0.033)
1 17-4PH A105 17-4PH 17-4PH 1-625 1-625
(0.039) (0.051) (0.054) (0.044) (0.039) (0.035)
1 316L 17-4PH C1018 Ni C1018 Ni C1018 Ni C1018 Ni
(0.04) (0.052) (0.07) (0.057) (0.066) (0.06)
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Figure 5-14: (a) SEM micrograph taken from periphery of erosion scar on 316 stainless steel eroded
with 30.4 um powder at 90 m.s™, a= 15° for a dwell time of 180 s; (b) SEM micrograph taken from
periphery of erosion scar on Stellite 12 eroded with 30.4 um powder at 130 m.s™, a= 15° for a dwell
time of 120 s.

The SEM photographs from the periphery of the surface of blasted specimens (Figure 5-
14) support the existence of a ductile erosive process. However Figure 5-15 (a) and (b) for the
A1018 Carbon steel nickel plated at 130 m.s™ shows an unusual transition from ductile to brittle
behavior. This can be seen when comparing the erosion rate at a= 15° to that o= 90°, which
shows in figure 5-12. Unlike to lower velocity case for this material, these results imply that a
harder hardened layer was formed in the case of the experiments with the larger particles,
possibly due to the higher associated incident particle Kinetic energies and higher particle
velocity. The SEM in Figure 5-15 (a) shows that there was indeed likely a transition. Figures 5-
14 (a) and (b), for Type 316L stainless steel using 30.4 um powders, show the typical cutting and

ploughing mechanisms associated with the fundamental mechanisms of ductile erosion.

All these observations show that for a better understanding of micro-mechanisms
responsible for material removal during erosion, the effect of size of particles should be

implemented in an erosion model.
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Figure 5- 15: (a) SEM micrograph taken from periphery of erosion scar on A1018 Carbon steel nickel
plating eroded with 30.4 ym powder at 130 m.s™, a= 90° for a dwell time of 15 s; (b) SEM micrograph
taken from periphery of erosion scar on A1018 Carbon steel nickel plating eroded with 30.4 um powder
at 130 m.s™, a= 15" for a dwell time of 15 s.

5.3 GOODNESS OF FIT

In order to assess the fit of the model due to Oka et al. [1] (Section 4.3) to the

experimental erosion rates, the goodness of fits were evaluated.

Mathematically, the residual for a specific predictor value is the difference between the
response value y and the predicted response value. The sum of squares due to error (SSE) and
the R-square statistics were used (Table 5-5). The SSE statistic measures the total deviation of
the response values from the fit to the response values. It is also called the summed square of

residuals [73]:
SSE =X, (¥ —Y)’ (5.1)

where y; is the response value, J; is the predicted response value, and w; is the variable reference

to matrix. SSE value closer to O indicates that the model has a smaller random error component,
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and that the fit will be more useful for prediction. R-square is the square of the correlation
between the response values and the predicted response values, and it measures how successful
the fit is in explaining the variation of the data. It is also called the square of the multiple
correlation coefficients and the coefficient of multiple determinations. R-square is defined as the
ratio of the sum of squares of the regression (SSR) and the total sum of squares (SST). SSR is

defined as [73]:

SSR = Zn:a)i (yi_ ;/i)z
=1

(5.2)
SST is also called the sum of squares about the mean, and is defined as [73]:
- O \2
SST =2 o, (Y;—-Y;)
i=1 (5.3)
where SST = SSR + SSE. Given these definitions, R-square is expressed as [73]:
R E
R —square :i :1—£
SST SST (5.4)

R-square can take on any value between 0 and 1, with a value closer to 1 indicating that a
greater proportion of variance is accounted for by the model. For example, an R-square value of

0.8234 means that the fit explains 82.34% of the total variation in the data about the average.

Most of the R-Squared values were very close to zero, indicating a good fit, although
there were some relatively poor fits (e.g. A1018). These poor fits are likely due to the higher

degree of associated experimental error when measuring the erosion rates on these extremely
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hard materials; i.e. the resulting very low volume removal was at the limits of detect ability of
the optical profilometer. The poor fit of A1018 nickel plate was due to a single outlier in the
data. Similar outliers can be seen for other materials as well, usually at the 15° angle of
incidence where the error in the measured erosion rate is amplified due to difficulties in
determining the volume removed at the periphery of the shallow scars. Elimination of these
outliers from the curve fit, or more erosion rate measurements at the 15° angle of attack would

likely result in a much better fit.
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Table 5- 5: SSE and R? statistics on the goodness of fit

Experimental Conditions

] Goodness
Materials ¢ fit V=130 (m/s) V=90 (m/s) | V=130(m/s) | V=90 (m/s)
orTi
d=30.4 (um) | d=30.4 (um) | d=6.9 (um) | d=6.9 (um)
A1018 Carbon Steel SSE 7.799x10° 1.517x10° 1.019x10° 1.784x10”
With Ni-Plate R? 8.58x 107 7.92x 10! 0.63x 10 5.91 x 107
A240 Type 2205 SSE 7.435x10” 3.067x107 1.461x107 1.461x107
Duplex Stainless Steel R 9.24x 10™ 8.40x 10" 7.18x 10" 9.54x 10
17-4 PH Stainless Steel SSE 2.054x10° 1.645%x10° 2.219x10” 2.32x10°
Plate R? 6.74x 10" 9.59x 107 7.57x 10* 8.8x 107
Type 316L Stainless SSE 4.141x10° 6.069x10° 1.43x107 1.363x10°
Steel R? 8.06x 107 7.89x 10! 8.88x 10 9.19x 10*
AS3 Gr. B Steel SSE 1.685x10° 9.113x10™° 7.506x10° 1.41x10°
r. tee
R? 8.8x 107 7.7x 107 7.86x 10 9.05x 10*
A240 Type 410 SSE 1.099x107 6.762x10™° 2.483x107 3.24x10°
Stainless Steel Plate R? 8.63x 10 9.61x 10* 7.86x 10 9.45x 10
A105 Carbon Steel SSE 1.716x10° 2.777x10° 2.865x10° 9.761x107
Forging R® 7.61x 10™ 9.63x 10" 9.47x 10" 9.23x 10"
A515 Gr. 70 Norm. SSE 2.889x10° 2.097x10° 3.149x10° 1.012x10°
Plate R? 8.04x 107 9.57x 10! 9.42x 10 9.2x 10!
SSE 1.677x10° 2.338x10° 6.17x10° 3.11x10°
Alloy 625 Plate R? 3.06x 10 3.99x 10 8.64x 10 8.69x 10
_ _ SSE 1.002x10° 1.554x10° 3.217x107 1.461x10°
Solid Stellite 60 R? 8.28x 10 4.04x 107 6.16x 10 1.48x 107
28% 04x 16x 48x%x
_ _ SSE 1.187x10° 5.375x10™° 1.662x10° 1.14x10°
Solid Stellite 12
R? 8.07x 10* 7.63 x 107 7.96 x 107 6.04x 10*

70




5.4 CURVE FIT OF HARDNESS AND IMPLICATIONS FOR EFFECT

OF PARTICLE SIZE

Figures 5-16 (a) to (d) compare the as-received Vickers hardness values (gray bars) and
the hardness values parameter (HV) (black bars) generated in the curve fitted equation for each

material and condition (two velocities, two particle sizes).
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Figure 5-16: Comparison of bulk measured (Gray bars) and curve fit (Black bars) Vickers Hardness
for candidate materials for (a) v=130 m.s™ and d= 30.4 pm; (b) v=90 m.s™* and d= 30.4 pm; (c) v=130
m.s™ and d= 6.9 um; (d) v=90 m.s™* and d= 6.9 uym

In all cases, the hardness parameters were constrained to be in the range -10% to +50% of

their as-received values. As a result, the fitted values are relatively close to the as-received
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values. In some cases, the fitted value is lower than the as-received value. However, in other
cases, the opposite is true. In the cases where the fitted hardness values are larger than the as-
received, it is interesting to note that, for the same velocity, the larger particle size experiments
resulted in a larger fitted hardness values than the smaller particle size experiments. Examples of
this behaviour include 625 plate, A53 Gr. B steel, and A240 Type 2205 duplex stainless steel.
This may indicate a degree of surface layer hardening due to particle impact, which is expected
to be more severe for larger particles. This, together with associated particle fragmentation
effects, may contribute to the counter-intuitive result that small particles gave higher erosion
rates than large ones at the same velocity. For example, at v=90 m/s, the erosion rates were on
average 80 % higher for the 6.9 um powder than for the 30.4 um; similarly, at v=130 m/s, the
erosion rates were on average 70 % higher for the 6.9 um powder than for the 30.4 um.The
counter-intuitive effect of particle size on erosion rate differed from what most erosion models

predict, and was thus worth further investigation, in the next chapter.
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CHAPTER 6

INVESTIGATION OF PARTICLE SIZE EFFECTS

It was found that the erosion rates using fine (6.9 um) magnetite powder [1] were, on
average 1.8 times higher than those obtained presently with the coarse (30.4 um) powder. This

counter-intuitive result was worthy of further investigation.

6.1 EXPLANATIONS FOR OBSERVED PARTICLE SIZE EFFECTS

THAT CAN BE EXCLUDED

The mass flow rates and maximum blasting depths used in both the fine and coarse
powder experiments were within the specifications of ASTM G76-07 [8], indicating that inter-
particle collisions and surface curvature effects were unlikely to have played a role. The
linearity of the vast majority of the plots in volumetric erosion rates indicated that steady state
erosion conditions were reached, ruling out incubation effects. Figures 3-4 to 3-7, indicate that
the particle velocities were very similar for both the fine (6.9 um) and coarse (30.4 um) powders;
i.e. independent of powder, the velocities at 100 and 200 kPa were approximately 90 and 130
m.s?.  Since the powders were also of similar purity, it can thus be concluded that in all

likelihood, both sets of experiments were performed under similar conditions, giving valid

erosion rate values.

A number of eroded samples were examined using scanning electron microscopy (SEM).
For each sample, three micrographs were obtained: one on the virgin uneroded metal, one in the

center of the erosion scar, and one at the periphery of the scar. Figures 6-1 (b) and (c), for Type
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316L stainless steel using the 30.4 um and 6.9 um powders, respectively, show the typical
cutting and ploughing mechanisms associated with ductile erosion. Figure 6-1 (a) shows the
virgin uneroded sample as a reference. Noting the difference between scales in Figure 6-1 (b)
and (c), it is clear that, as expected, the finer particles produced much smaller (i.e., in the plane
of the surface) impact cutting/ploughing craters than the larger particles. Thus, the particle size

effect was not likely due to a change in erosion mechanism.

(@) (b) (©)

Figure 6- 1: SEM micrographs of Type 316L Stainless Steel: (a) unblasted virgin material; (b) at
periphery of erosion scar after blasting with 30.4 um powder at 90 m.s* velocity, a= 15°, for a dwell
time of 300 s; () at periphery of erosion scar on eroded with 6.9 um powder at 90 ms™, a= 15°, for a
dwell time of 90 s. Particle trajectory is from left to right

Higher erosion rates associated with smaller particles have also been previously reported
by other investigators. For example, erosion in a typical shell-and-tube heat exchanger was
investigated numerically using the Lagrangian particle-tracking method, erosion and penetration
rates were obtained for sand particles of diameters ranging from 10 to 500 pum [74]. At 130 m.s™
particle velocity, the particle size was found to have a negligible effect on the erosion rate, while

at low velocities; the larger particles gave lower erosion rates than the smaller particles [75].

Some investigators have attributed this counter-intuitive behavior to the decreased ability

for the larger particles to penetrate deep into the substrate; i.e. larger particle implies a larger
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contact area and thus larger resisting force to penetration [76]. Others have attributed the
behavior to a decrease in the frequency of particle impacts; i.e. for the same mass flow rate, there

are many less particles striking the surface in the large particle case than the small particle case.

6.2 COMPARISON OF EROSION SCAR DIMENSIONS

Figures 6-2 (a) and (b) show the diameters of erosion scars produced by 6.9 um and 30.4
um under otherwise identical conditions of 130 m.s™ particle velocity and 90° angle of attack,
and for the same dwell time. Use of the larger particles resulted in an approximately 0.6 mm
larger erosion scar, implying a less focused jet, i.e. a more spread out particle flux on the target
material in the case of larger particles. This may be evidence of the fragmentation of the larger
particles, as the fragments might be expected to travel in a radial direction upon impact, causing
a larger scar. Moreover, the increased particle fragments might have interfered with the
incoming particles, thus deflecting them and creating the larger scar. Both the particle
fragmentation and the particle interference effect would act to decrease the erosion rate, as they
represent ‘wasted’ energy that could have been used to erode the surface. Finally, the less
focused large particle jet may have resulted in an insufficiently high flux at the periphery of the

jet for a steady state erosion rate to have been established at the periphery.
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Figure 6- 2: Profilometer image of erosion scar on Type 316L Stainless Steel eroded at v=130 m.s™ for
a=90°, and a dwell time of 120 s: (a) 6.9 um powder; (b) 30.4 um powder

6.3 DIFFERENCE IN PARTICLE SHAPE

As mentioned in Chapter 2, many investigators have found that particle shape can
strongly affect the erosion rate. Figures 6-3 (a) and (b) show the measured aspect ratios, i.e., the
longest dimension of a given particle divided by its shortest, for the two powders. The detailed
description of how the powder samples were taken and measured can be found in Section 3.2.1.
The finer powder has generally higher (average=1.641) and a larger spread in associated aspect
ratios than the coarser powder (average=1.557). This is an indication that the particles within the
fine powder were more angular than those in the 30.4 um powder, which might also be expected
to contribute to the explanation of why a higher erosion rate resulted from the use of the smaller

particles.
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Figure 6- 3: Measured aspect ratio of (a) 6.9 um magnetite powder; (b) 30.4 um magnetite powder

6.4 EFFECTS ASSOCIATED WITH A HARDENED SURFACE LAYER

As discussed in Chapter 2, the hardness of the target material is a dominant factor in the
constitution of most erosion models. In general, the lower the bulk hardness, the larger is the
expected erosion rate [71]. It is clear that the effect of hardness on erosion resistance must be
considered in relation to the erodent properties (i.e., size, shape, and density) and erosion test
conditions (i.e., velocity, temperature, and angle of impact). It is reasonable to assume that the
hardness measurements of the erosion samples reasonably reflect the flow-stress levels achieved
during erosion [77]. In Section 5.4, it was speculated that a hardened surface layer might develop
differently when using large and small particles. A series of experiments were undertaken to

investigate this hypothesis.

A micro hardness tester (MICROMET® 5100 Series Micro-indentation Hardness
Testers, Buehler, Whitby, Ontario) was used to compare the hardness value of the virgin surface

of several of the material with the hardness of surface after it had been blasted. Samples of type
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410 Stainless Steel blasted at v=130 m/s and at 90° angle of impact were utilized. This
represented the experimental scenario that was most likely to lead to a hardened surface layer,

i.e. where the energy transfer normal to the surface should be a maximum.

The relatively high roughness of the eroded samples required a surface preparation
procedure to be performed on the candidate samples, before their hardness could be measured.
As a first step, chemical electro-polishing was implemented based on ASTM B912-02 [78]. The
standard explains the passivation of stainless steel using an electro polisher (ELECTROMET® 4
Polisher/Etcher, Buehler, Whitby, Ontario) with a combination of 50% Sulfuric acid (96%
purity) and 50% Orthophosphoric (85% purity) at 75° C for 180 s. This method typically
removes surface waviness up to a 7 um depth, but with most concentration on the peaks.
Initially, very high hardness values (e.g. 410, 316L) were read on specimens blasted with the
coarser powder. It was found that these unrealistically high values were due to placing the
hardness tester on the top of large magnetite particles that were embedded in the samples. An
additional surface preparation was necessary to remove these embedded particles, while not
removing or disturbing the possibly hardened surface layer material. The use of a chemical
solvent, Nitol, was proposed by ASTM A380-06 [79] for removing iron oxides and other
impurities from stainless steel. Nitol is a combination of 30% Nitric acid (90% purity) and 70%
of Ethanol (35% purity). The specimens were immersing in Nitol for 30-40 minutes at 40° C.
After these two post-processing steps, the extremely high hardness values disappeared, and the

measured hardness values were repeatable.

In order to check the ability of Nitol in solving the iron oxide particles, a sample of iron

oxide prepared following ASTM and mixed in the Nitol. This mixture was leave for 40 minutes
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in identical test condition of immersing material in the Nitol. Nitol show the ability of the most

micron scale iron oxide particles.

In Table 6-1, for each stainless steel candidate material, the as-received surface hardness
values are compared with the hardness values (minimum 10 repetitions) after polishing, before
and after using the Nitol solution. The standard deviations of the hardness values were relatively
low, considering that the indentation loads used varied from (200-1000) gf. Use of the Nitol
solution apparently removed the embedded iron oxide particles, resulting in more reasonable
hardness values. After immersion in Nitol, the hardness values were found to be significantly
higher than the as-received values. Moreover, lower average hardness values were observed for
the samples blasted with the fine powder than the larger particle size. These results imply that
that a hardened layer was formed, and that this layer was harder in the case of the experiments
with the larger particles, possibly due to the higher associated incident particle Kinetic energies.
This might be a possible reason for lower erosion rate values that were reported for the larger

particles.
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Table 6-1: Comparison of measured hardness for several materials before and after using Nitol, with
the as-received values. The + values indicate one standard deviation of at least 10 measurements.

Experimental Condition
As d=30.4 pm, V=130 m.s™ d=6.9 pm, V=130 m.s™
Material received (Hv) after (HV) after
HV (HV) immersing in (HV) immersing in
Nitol Nitol
410 Stainless
152 308+68.3 215.5+37 179.22+23.1 189.4+39.4
Steel
316L Stainless
164 377+71.5 311.2+54 328.7+27.7 229.9+42
Steel
Alloy 625 227 488+88.7 360.6+27 321.6+83.4 301.8+62.4
17-4 PH
) 352 788+9.3 360.4+70.1 380.1+9.3 330.8+17
Stainless Steel
2205 Duplex
) 262 507+266 297.1+41.23 | 278.1+37.08 278.1+25.8
Stainless Steel

The averages reported in Table 6.1 were the result of using a variety of indentation loads
between 200-1000 gf. In most cases, the figures show that there was a larger difference between
the hardness values before and after immersing in Nitol for the larger particles, than a similar
sample blasted with smaller particles. The differences between hardness values of two particle
sizes after immersed in Nitol have shown in the Table 6-1 statistically significant with 95%

confidence.

Since the hardness was expected to vary through the thickness of the specimens, a more
detailed investigation of hardness variation with indentation depth was undertaken in order to
determine the approximate thickness of the hardened layer. Vickers micro hardness indentation
were performed for four different incremental loads (100, 300, 500, 1000 gf), each resulting in

different indentation depths. A minimum of three hardness measurement repetitions were
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performed at each load. The variations of hardness with indentation depth at the center of the
blasted crater are plotted in Figures 6-4 (a) to (e). Although there is some variation, the hardness
values generally show a decreasing trend with depth, for all materials. In most cases, the
hardness is maximum in the first 10-30 um below the surface. This implies a higher particle
embedding rate for the larger powder than the smaller powder. Since embedded particles can
shield the surface from erosion due to subsequent impacts, and can also result in increased
particle fragmentation, this also likely contributed to the lower than expected measured erosion

rate seen with the coarse powder, when compared to that measured using the fine powder.

The micro hardness value measured for case of 410 stainless steel after it was immersed
into Nitol (Figure 6-4 (a)) shows unrealistic value for hardness gradation. The difficulty on
reading the indentation effect for such a shiny surface after immersed in chemical could be the

main source of this error.
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Figure 6- 4: Hardness value (HV) variation for various depth of indenter penetrations at 130 m/s
incident particle velocity, for d= 30.4 um and d= 6.9 um particles, on (a) 410-A240 Type 410 stainless
steel. (b) 625-Alloy 625 plate , (¢) 17-4 PH-17-4 PH stainless steel plate ,(d) 316L-Type 316L stainless
steel, .(e) 2205- A240 Type 2205 duplex stainless steel plate. AN = after immersion in Nitol, BN=
before immersion in Nitol

6.5 COMPARISON OF PARTICLE FRAGMENTATION RATE ON

BOTH PARTICLE SIZE

The most common cited reason for reduced erosion using larger particles is their
tendency to fracture upon impact at high velocity [80]. In the present work, it was hypothesized
that larger particles might have had a greater tendency to shatter after impacting the surface
because of both the increased particle embedding, and the higher hardened layer. The higher
dwell time used for the larger particle (Table 3-3) than small particle (Table 3-2) under similar
particle mass flow rates indicates that a larger amount of powder was needed in order to reach
steady state erosion. The reason for this longer time to reach steady state might indicate that

particle fragmentation occurred.
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To investigate whether particle fragmentation occurred in the present experiments,
samples of the 30.4 um powder blasted through the nozzle were collected (Figure 6-5 (a)), and
compared to samples which were collected after having struck a 316L Stainless Steel plate at 90°
incidence at 130 m.s™ (Figure 6-5 (b)). In both experiments particles were blasted into cylinders
which had filters fitted to the top where the nozzle was inserted, to ensure that small particles did
not escape and that there was no significant back pressure built up. In the first experiment,
particles that were blasted into a 20 cm long cylinder were collected and sized (Figure 6-5 (a)).
It was assumed that the particles impacting the bottom of this cylinder at such a large distance
from the nozzle would have lost most of their energy, and thus were unlikely to fracture. In the
second experiment, the particles were collected after being blasted against a target plate at a 10
mm nozzle to plate standoff distance (Figure 6-5 (b)), simulated the erosion rate experiments. In
this case, the plate was 45 mm from the top of the cylinder to ensure that the amount of powder

collected in the filter at the top of the cylinder was negligible.

Vacuum Filter
- 17 == ~
a

|' Vacuum Filter —— ——

Steel Plate — 45mm

(316)

216mm

_____________ h \"‘}\- i 10mm

== \— — Nozzle

Mozzle
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Figure 6- 5: (a) Apparatus for collecting particles blasted from nozzle; (b) Apparatus for collecting
particles that impacted and rebounded from plate
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Figure 6-6 shows that the particles collected in experiment (b) were significantly smaller
(reduction of 7.9 um in mean diameter) than those collected in experiment (a), confirming the
hypothesis that the large particles did indeed fracture upon impact. Thus, much of the incident
kinetic energy that could have been used to damage the target was instead consumed in
fracturing the particles. This may explain why the 30.4 um powder resulted in lower erosion
rates than the 6.9 um powder. This test did not perform for 6.9 um powder, because in case the
particle fragmentation occurred on erosion test, powder with size lower than 4 um does not affect
the erosion mechanism [81]. Also, if the amount of fragmentation happened for the small powder

size was significant; measuring the size of fragmentation happened powder value will not be

reliable.
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Figure 6- 6: (a) Particle size distribution of Grade 3105 magnetite powder having a mean spherical
diameter of 30.4 um; (b) Particle size distribution of Grade 3105 magnetite powder was having a mean
spherical diameter of 22.5 ym
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CHAPTER 7

7.1 SUMMARY AND CONCLUSIONS

Experimental measurements of the erosion rate of 12 candidate materials for use in gas
pipelines control valves using magnetite particles of 6.9 um and 30.4 um average diameters were
made. The blasting tests were performed at two particle velocities, and six angles of
impingement (15°, 30°, 45°, 60°, 75°, and 90°). The peak particle velocities at a 10 mm distance
from the nozzle exit were measured using Particle Image Velocimetry (PIV) and found to be

approximately 90 and 130 m.s™, for blasting pressures of 100 kPa and 200 kPa, respectively.

For each experimental point, the volume removed from the target material was calculated
using an optical profilometer, and the measured erosion rate was expressed as the volume
removed from the target material per unit mass of the impinging particles. All the erodible
materials exhibited ductile erosive behavior, with maximum erosion rates occurring at shallow
impingement angles. The majority of the erosion rates for the high velocity case were found to
be between 1.8 and 2.5 times those of the low velocity case, indicating that the erosion rate

depended on the kinetic energy of the particles.

The most erosion resistant material was found to be the tungsten carbide, which could not
be eroded at either velocity at any impingement angle for dwell times up to 400 s. Stellite 12
was the second most erosion resistant material after tungsten carbide at all angles of attack and

for both particle velocities.

Most materials exhibited a maximum erosion rate between 15° to 30°, indicating a

typically ductile erosive response. The nickel coated 1018 steel appeared to erode in a brittle
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manner for 30.4 um and 130 m.s™ particle size and velocity, respectively. This was probably due

to coating delamination upon particle impact.

The erosion rates for 6.9 um powder were higher than those for 30.4 um powder. This
counterintuitive result was found to be due to the impact of the larger particles producing a
harder and thicker surface layer, a greater degree of particle embedding, and a greater degree of

particle fragmentation, than the smaller particles.

A model developed by Oka et al. [1] was found to fit the experimentally measured
erosion rates well. The resulting curve fits using this model can be used in future attempts to
model the evolution of eroded profiles, using, for example, computational fluid dynamics

simulations.

7.2 SUGGESTED FUTURE WORK

There are a number of ways in which the current work could be extended:

(i) The present study considered magnetite particle with only two sizes of 6.9 um and
30.4 um, but it would be interesting to perform experiments with more powder sizes. This

would allow a greater understanding of the counter-intuitive particle size effect.

(i) More investigation on the particle fragmentation effects on erosion rate, perhaps
using different powder sizes, are also required to justify the differences that were observed
between two particle sizes. More hardness testing would be desirable as well, in order to verify

the causes and extent of the formation of the hardened layer under the blasted area.
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(i) Additional experiments at more particle velocities would provide a better measure of

the velocity exponent, for use in erosion modeling.

(iv) The erosion curve fits could be used in conjunction with CFD models to study, in
detail, the development of eroded profiles in control valves. This might allow a proper

specification of the best materials to be used in different portions of the valve.

(v) More investigation on the A 1018 Nickel plated could clarify the erosion mechanism
transition occur from ductile to brittle for larger particle size and higher velocity. In addition, the
interaction between erosion and corrosion mechanism on this particular material need to be

investigated.
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Figure A 4 (continued): A240 Type 410 stainless steel
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Figure A 4 (continued): A240 Type 410 stainless steel
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stelli TECHNICAL DATA
Ite STELLITE alloy 6
\.
I
Released: March 1, 1993
4 . ™
Description
The most widely used in the Co-Cr-W-C family of alloys. Has excellent resistance to many forms of wear and
corrosion over a wide range in temperature. Has outstanding resistance to seizing or galling as well as cavitation
erosion. Retains its hardness at high temperature and resists oxidation to 2000°F. Combinas these properties
along with the highest strength and ductility for this wear resistant family of alloys.
. J
4 _ ™
Chemical Analyses (%56)
c Si Fe Ni Cr w Co B Others
1.2 1.0 20 2.0 20.0 4.5 Bal -
J
Mechanical Properties
Hardness Rec 37to 50 HRC (340/480 BHN)
Tensile Strength 121 KSI (834 MPay)
Yield Strength Near U.T.S. KSI (- MPa)
Elongation <1 % -
Reduction in Area - % -
Modulus of Elasticity 30,400 KSI (209 x 10° MPa)
Finishing
The most machinable grade in this family of alloys and can be satisfactorily machined with carbide tip tools. Stress
relieving before machining is recommended. 4
Applications

Used extensively to combat galling in valve trim. Protects against erosion on turbine blades and valve parts, also
used for half and full sleeves and bushings as well as knives, scrapers, pump sleeves, and liners. Environments
which have a combination of adhesive, abrasive or erosive wear along with corrosion or temperature make ideal
applications.

Available Forms

Castings, weld rod or powder, wrought-sheet, plate, bar and powder metallurgy components.
Specifications

UNS R30006; AMS 5373, 5387, 5788, 7239; AWS 5.13 RCoCr-A; MIL-C-15345 (20), MIL-C-24248 (1); MIL-R-
17131; RCoCr-A.

Similar Designations: Stellite 6B, 6K; 156; 506; 306; SF6

*Typical Data - Not Guaranteed As Maximum Or Minimum

{Over)

Figure A 10: Stellite 6
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STELLITE alloy 6

(" Thermal Expansion per °C x 10° . :
20-100 20-300 20-500 20-600 20-700 20-800 ~ 20-1000
13.9 14.:5 15.0- 153 - 158 - 16.3 174
Thermal Conductivity Density Maelting Ranige
102.7 BTU-in/ft*-hr-°F bfint 308 -~ © °F 2300-2475
.035 CAL-cm/cm?-sec-°C gm/ecm® 8.38 °C 1260 - 1357
Hot Hardness: Diamond Hardness Number ) e
20°C 100 200 300 400 500 800 - 700 800  -800
68)°F (212) (392 (572) (752)  (932)  (1112) . (1202)  (1472) (1652
410 390 356 345 334 301 235 _ 155 138 85
Compressive Strength (Ultimate) =~ . ImpactStrength (RT)
220 KSI e Ft. Lb. 1 120D
L 1517 MPa Joules 14.9  Un-notched )
Wear

Stellite alloy 6 has excellent resistance to thermal shock and resists most types of mechanical wear especially
when in combination with corrosion and/or temperature. When self-mated, it has a very low coefficient of friction
of .12 and exceptional resistance to galling. It has cavitation-erosion resistance ten times that of 304 stainless
steel. The material is also ten times more resistant than 1020 or 304SS in low stress abrasion and at least twice
as resistant as hardened 1090 steel (Rc 55). Stellite alloy 6 is used to protect bearing surfaces in non-lubricating
conditions due to its resistance to metal-to-metal wear.

Corrosion
Steliite alloy 6 has high resistance to a variety of corrosive media and excellent oxidizing resistance to about
2000°F. The materialis inferior to most nickel base alloys but is resistant to oxidating acids such as acetic, formic,
phosphoric and low concentration sulphuric. The alloy is not recommended for strongly reducing acids such as
hydrochloric. The material behaves similarto 316SS and the extent of resistance will vary with acid concentration,
temperature and contaminants making actual field tests the best method for determining suitability.

+
Heat Treatment
This material does not respond to thermal treatments but may be stress relieved for machining by holding at
1650°F for 4 hours and siow cool.

THERMADYNE:

Stellite Deloro Stellite

Executive Offices Customer Service Deloro Stellite, Ltd. Deloro Stellite GmbH
101 South Hanley Road Deloro Stellite inc Stratton St. Margaret Postfach 520
St. Louis, Missouri 63105 P.O. Box 5300 Swindon, Wiltshire, England SN34QA  Zur Bergfege 53, West Germany
314-721-5573 Belleville, Ontario, Canada K8N5C4 44-(0) 793-822451 49-(0) 261-80880
FAX: 314-862-5803 613-968-3481 FAX:44-(0) 793-823814 FAX: 49-(0) 261-808823
FAX: 613-966-8269
Form No. 461-6 « Deloro Stellite, 1993 Printed in U.S.A.

Revised 2/3/93

Figure A 11 (continued): Stellite 6
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| CCTypicaipata-Not Guaranteed As Maximum OrMinimum )

-

Released: March 1, 1993

Mechanical Properties
Hardness 43-55 HRC (423/595 DPH)
Tensile Strength 100 KSI (690 MPa)
Yield Strength Near U.T.S. KSI (- MPa)
Elongation <1.0 % -
Reduction In Area - % -
Modulus of Elasticity 32,900 KSI (226 x 10° MPa)
Finishing ;

This alloy is marginally more difficult to machine than Stellite alloy 6. Satisfactorily results can be obtained with
carbide tipped tools. Stress relieve treatments are recommended.

Applications

The material holds a fine edge for cutting applications on a variety of materials such as plastics, rubber, paper,
carpet and wood. Stellite alloy 12 has found extensive use as sawteeth, trimmer knives, carpet knives, ledger
blades, rotary slitters, grid nozzles, burner tips, guide rolls, sleeves, bushings and for protecting bearing surfaces,
screw flights and veneer pressure bars.

Available Forms: Castings, weld rod or powder, powder metallurgy components.

Specifications: UNS R30012, AMS 7238; MIL-C-24248 COMP II; SAE J775 (VF7), AWS A5.13;
RCoCr-B.

Similar Designations: Stellite 12P; Delmet 12; Stellite 158; Stellite SF12.

(Over)

Figure A 12: Stellite 12
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STELLITE alloy 12

Wear

Stellite alloy 12 has similar if not slightly superior adhesive wear performance to Stellite alloy 6. The higher carbon
content makes it superior in abrasion at the expense of mechanical shock. It has a low coefficient of friction and
excellent galling resistance when mated to other Stellite alloys. The alloy's ability to maintain its hardness, holds
afine edge, resists abrasion and adhesion has made it an excellent choice to resist forms of non-metallic cutting
wear. Applications which contain any combination of corrosion, wear and/or temperature are ideal candidates for
Stellite alloy 12.

Corrosion

Stellite alloy 12 is considered slightly inferior to Stellite alloy 6 in corrosion but with similar high temperature
oxidation resistance. The alloy does resist corrosion in many oxidizing environments but is not recommended for
reducing acids. The corrosion resistance will vary depending on acid concentration, temperature, stress and
contaminants thus production exposure tests are recommended.

Heat Treatment s

This alloy does not respond to thermal treatments but may be stress relieved for machining by holding at 1650°F
for 4 hours and slow cool.

THERMADYNE:
Deloro Stellite

Stellite

Executive Offices Customer Service Deloro Stellite, Ltd. Deloro Stellite GmbH
101 South Hanley Road Deloro Stellite Inc. Stratton St. Margaret Postfach 520
St. Louis, Missouri 63105 P.O. Box 5300 Swindon, Wiltshire, England SN34QA  Zur Bergfege 53, West Germany
314-721-5573 Belleville, Ontario, Canada KBN5C4 44-(0) 793-822451 49-(0) 261-80880
FAX: 314-862-5803 613-968-3481 FAX:44-(0) 793-823814 FAX: 49-(0) 261-808823
FAX: 613-966-8269
Form No. 461-12 © Deloro Stellite, 1993 Printed in U.S.A.

Revised 2/3/93

Figure A 13 (continued): Stellite 12
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KENNAMETAL

Kennametal Tungsten Carbide Grade K3109

Nominal Properties

Table A 1: Ni plate Composition (Weight %)

Product Data Sheet

Cobalt 12.1%
Tantalum Carbide 0.3%
Titanium Carbide 0.4% max.
Niobium Carbide 0.2% max.
Tungsten Carbide Balance
Table A 1 (continued): Ni plate Sintered Properties
Density 14.20 g/cc
Hardness 88.0 HRA
Grain Size Range 1-8 microns
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Table A 1 (continued): Ni plate Mechanical Properties

Transverse Rupture 430,000 psi
Compressive Strength 635,000 psi
Elastic Modulus 82.2 x 10° psi
Poisson's Ratio 0.28

Thermal Expansion*

3.3 X 10°%in/in/F°

*Thermal Expansion Room to 750F

Material Data Sheet: 88% WC & 12% Cobalt Binder
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APPENDIX B

15° 30° 45°
90 m/s 130 m/s 90 m/s 130 m/s 90 m/s 130 m/s
Material

Abrasive Volume Abrasive Volume Abrasive Volume Abrasive Volume Abrasive Volume Abrasive Volume

(&) Rem. (&) Rem. (&) Rem. (8) Rem. (&) Rem. (&) Rem.

8 (mm’) 8 (mm?) 8 (mm’) g (mm?) 8 (mm?) 8 (mm’)

11.90 0.399 3.30 0.389 12.15 0.505 4.14 0.443 8.89 0.400 5.20 0.537

316L 13.09 0.462 3.96 0.418 13.37 0.572 5.18 0.567 10.16 0.451 6.24 0.644
14.28 0.496 4.62 0.446 14.58 0.626 6.21 0.663 11.43 0.505 7.28 0.771

8.17 0.369 5.33 0.428 12.30 0.483 4,18 0.418 9.17 0.314 5.10 0.473

410 9.33 0.375 6.39 0.563 13.53 0.532 5.23 0.516 10.48 0.356 6.12 0.567
10.50 0.407 7.46 0.644 14.76 0.563 6.27 0.601 11.79 0.412 7.14 0.647

10.20 0.345 5.33 0.443 12.30 0.484 4.18 0.389 9.17 0.339 5.10 0.474

A105 14.95 0.499 6.39 0.472 13.53 0.554 5.23 0.484 10.26 0.389 6.12 0.549
16.10 0.585 12.33 0.983 14.76 0.611 6.27 0.586 10.48 0.400 7.14 0.674

13.56 0.455 1.58 0.486 12.30 0.497 4.18 0.396 9.17 0.348 5.10 0.488

A515-70 14.69 0.492 2.37 0.516 13.53 0.534 5.23 0.503 10.48 0.385 6.12 0.589
15.82 0.530 3.16 0.568 14.76 0.608 6.27 0.585 11.79 0.442 7.14 0.680

Table B 1: Measured Abrasive Blasted and Volume Removed for 6.9 um particle size
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15° 30° 45°
90 m/s 130 m/s 90 m/s 130 m/s 90 m/s 130 m/s
Material Abrasive Volume Abrasive Volume Abrasive Volume Abrasive Volume Abrasive Volume Abrasive Volume
@ | ;% @ | oM e [ oS @ | e e | s | e | e
(mm’) (mm’) (mm’) (mm’) (mm’) (mm’)
12.60 0.017 3.01 0.057 12.60 0.127 6.00 0.208 11.61 0.181 6.30 0.258
ST 6b 14.24 0.139 3.44 0.111 13.46 0.183 7.00 0.226 12.90 0.142 7.35 0.280
14.70 0.030 14.48 0.148 14.70 0.141 8.00 0.268 14.19 0.171 8.40 0.318
11.90 0.343 5.56 0.420 12.15 0.407 5.12 0.448 8.89 0.307 5.20 0.496
2205 13.09 0.371 6.95 0.529 13.37 0.444 6.40 0.592 10.16 0.344 6.24 0.583
14.28 0.392 8.34 0.662 14.58 0.492 7.66 0.718 11.43 0.421 7.28 0.684
3.29 0.110 0.86 0.057 3.11 0.145 1.00 0.099 1.29 0.087 1.05 0.117
c1018 3.29 0.131 0.86 0.053 3.11 0.131 1.00 0.096 1.29 0.090 1.05 0.155
3.29 0.093 0.86 0.066 3.11 0.132 1.00 0.096 1.29 0.092 1.05 0.140
11.90 0.433 3.30 0.529 12.15 0.464 4.14 0.460 8.89 0.376 5.20 0.541
17-4PH 13.09 0.461 3.96 0.613 13.37 0.530 5.18 0.598 10.16 0.448 6.24 0.657
14.28 0.526 4.62 0.635 14.58 0.590 6.21 0.693 9.45 0.443 7.28 0.752

Table B 1 (continued): Measured Abrasive Blasted and Volume Removed for 6.9 pum particle size
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15° 30° 45°
90 m/s 130 m/s 90 m/s 130 m/s 90 m/s 130 m/s
Material

Abrasive Volume Abrasive Volume Abrasive Volume Abrasive Volume Abrasive Volume Abrasive Volume

(&) Rem. (&) Rem. (&) Rem. (8) Rem. (&) Rem. (&) Rem.

8 (mm?) 8 (mm?) 8 (mm’) . (mm?) 8 (mm?) . (mm?)

11.90 0.416 3.30 0.365 12.15 0.510 4.14 0.434 8.89 0.333 6.10 0.459

AS3-B 13.09 0.431 3.96 0.407 13.37 0.532 5.18 0.594 10.16 0.420 7.32 0.589
14.28 0.484 4.62 0.503 14.58 0.573 6.21 0.667 11.43 0.399 8.54 0.673

13.14 0.234 9.06 0.573 12.42 0.410 4,18 0.417 9.17 0.324 5.10 0.501

1-625 14.24 0.266 10.36 0.676 13.46 0.436 5.23 0.519 10.48 0.360 6.12 0.591
15.33 0.306 11.655 0.778 14.49 0.476 6.27 0.565 11.79 0.408 7.14 0.670

12.48 0.043 16.12 0.100 12.84 0.077 6.00 0.084 11.61 0.045 6.30 0.100

ST 12 13.44 0.043 17.36 0.102 13.91 0.085 7.00 0.092 12.90 0.054 7.35 0.114
14.40 0.044 18.60 0.107 14.98 0.090 8.00 0.096 14.19 0.062 8.40 0.119

Table B 1 (continued): Measured Abrasive Blasted and Volume Removed for 6.9 um particle size

*NOTE: Tungsten carbide does not appear in these tables. Dwell times of 400 s at all angles were tested, with no measurable
volume removed for both particle velocities.
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60° 75° 90°
90 m/s 130 m/s 90 m/s 130 m/s 90 m/s 130 m/s
Material

Abrasive Volume Abrasive Volume Abrasive Volume Abrasive Volume Abrasive Volume Abrasive Volume

(&) Rem. (&) Rem. (&) Rem. (&) Rem. (&) Rem. (&) Rem.

8 (mm?) 8 (mm?) 8 (mm’) . (mm?) 8 (mm?) . (mm?)

9.07 0.360 4.32 0.433 8.89 0.257 3.30 0.305 7.49 0.223 2.93 0.235

316L 10.36 0.407 5.40 0.544 10.16 0.287 4.40 0.405 8.56 0.263 3.90 0.311
11.66 0.465 6.48 0.663 11.43 0.326 5.50 0.507 9.63 0.283 4.88 0.393

7.77 0.274 4.00 2.93 8.37 0.186 3.30 0.235 8.54 0.175 3.00 0.183

410 8.88 0.328 5.00 3.90 9.56 0.226 4.40 0.305 9.76 0.210 4.00 0.247
9.99 0.352 6.00 4.88 10.76 0.261 5.50 0.374 10.98 0.225 5.00 0.302

7.77 0.293 3.52 0.348 8.37 0.186 3.30 0.237 8.54 0.184 3.00 0.177

A105 8.88 0.315 5.00 0.445 9.56 0.215 4.40 0.272 9.76 0.196 4.00 0.244
9.99 0.377 6.00 0.544 11.25 0.246 5.50 0.375 10.98 0.216 5.00 0.297

7.77 0.242 4.00 0.396 8.37 0.205 3.30 0.235 8.54 0.186 3.00 0.188

A515-70 8.88 0.278 5.00 0.482 9.56 0.233 4.40 0.299 9.76 0.191 4.00 0.250
9.99 0.316 6.00 0.563 10.76 0.261 5.50 0.384 10.98 0.214 5.00 0.299

Table B 2: Measured Abrasive Blasted and Volume Removed for 30.4 pm particle size
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60° 75° 90°
90 m/s 130 m/s 90 m/s 130 m/s 90 m/s 130 m/s
Material Abrasive Volume Abrasive Volume Abrasive Volume Abrasive Volume Abrasive Volume Abrasive Volume
@ | @ | o @ | e [ SN @ | o e | e
(mm’) (mm’) (mm’) (mm’) (mm’) (mm’)
10.13 0.128 6.39 0.207 8.64 0.100 6.54 0.222 11.25 0.072 4.85 0.167
ST 6b 11.25 0.137 7.46 0.269 9.60 0.100 7.63 0.254 12.50 0.096 5.82 0.175
12.38 0.140 11.7 0.431 10.56 0.117 13.2 0.421 13.75 0.102 6.79 0.207
9.07 0.333 4.32 0.396 4.20 0.176 3.30 0.284 6.44 0.213 2.93 0.211
2205 10.36 0.390 5.40 0.493 5.25 0.221 4.40 0.363 7.36 0.252 3.90 0.272
11.66 0.434 6.48 0.591 6.30 0.254 5.50 0.456 8.28 0.274 4.88 0.314
1.13 0.067 1.07 0.132 0.96 0.062 0.55 0.077 1.25 0.076 0.49 0.086
c1018 1.13 0.063 1.07 0.139 0.96 0.063 0.55 0.084 1.25 0.080 0.49 0.082
1.13 0.064 1.07 0.130 0.96 0.064 0.55 0.076 1.25 0.071 0.49 0.085
9.07 0.344 4.32 0.425 8.89 0.228 3.30 0.288 7.49 0.216 2.93 0.217
17-4PH 10.36 0.432 5.40 0.550 10.16 0.289 4.40 0.389 8.56 0.228 3.90 0.287
11.66 0.460 6.48 0.639 11.43 0.328 5.50 0.471 9.63 0.269 4.88 0.367

Table B 2 (continued): Measured Abrasive Blasted and Volume Removed for 30.4 pm particle size
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60° 75° 90°
90 m/s 130 m/s 90 m/s 130 m/s 90 m/s 130 m/s
Material

Abrasive Volume Abrasive Volume Abrasive Volume Abrasive Volume Abrasive Volume Abrasive Volume

(&) Rem. (&) Rem. (&) Rem. (&) Rem. (&) Rem. (&) Rem.

8 (mm?) 8 (mm?) 8 (mm’) . (mm?) 8 (mm?) . (mm?)

9.07 0.332 4.32 0.361 8.89 0.194 3.30 0.236 7.49 0.154 2.93 0.183

AS3-B 10.36 0.344 5.40 0.472 10.16 0.226 4.40 0.321 8.56 0.175 3.90 0.251
11.66 0.391 6.48 0.570 11.43 0.257 5.50 0.408 9.63 0.193 4.88 0.281

7.77 0.288 4.00 0.380 7.70 0.282 3.30 0.286 8.54 0.201 3.00 0.231

1-625 8.88 0.333 5.00 0.471 8.80 0.332 4.40 0.369 9.76 0.248 4.00 0.317
9.99 0.374 6.00 0.563 9.90 0.369 5.50 0.452 10.98 0.289 5.00 0.372

10.13 0.070 6.39 0.090 8.64 0.065 6.54 0.101 11.25 0.031 4.85 0.073

ST 12 11.25 0.077 7.46 0.105 9.60 0.068 7.63 0.118 12.50 0.053 5.82 0.097
12.38 0.080 8.52 0.122 10.56 0.070 8.72 0.121 13.75 0.034 6.79 0.087

*NOTE: Tungsten carbide does not appear in these tables. Dwell times of 400 s at all angles were tested, with no measurable

volume removed for both particle velocities.

Table B 2(continued): Measured Abrasive Blasted and Volume Removed for 30.4 um particle size
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APPENDIX C

Table C 1: Erosion resistance rankings of 11 candidate materials for high particle velocity (130 m.s™)
erosion rate experiments for large particle size (30.4 um). Erosion rates under each condition are
volumetric.

) Impingement Angle(a), and Erosion Rate (g/g)
Material
15° 30° 45° 60° 75° 90°
A1018 Carbon Steel 0.068 0.097 0.131 0.125 0.145 0.174
Nickel Plating
A240 Type 2205
Duplex Stainless Steel 0.087 0.105 0.09 0.09 0.078 0.052
Plate
17-4 PH Stainless Steel 0.08 0.112 0.101 0.099 0.083 0.077
Plate
Type 316L Stainless 0.043 0.106 0.112 0.106 0.091 0.08
Steel
A53 Gr. B Steel 0.104 0.112 0.087 0.097 0.077 0.05
A240 Type 410 0.101 0.087 0.085 0.088 0.062 0.059
Stainless Steel Plate
A105 Carbon Steel 0.08 0.094 0.098 0.077 0.062 0.06
Forging
A515-70- A515 Gr. 70 0.038 0.09 0.094 0.083 0.068 0.055
Norm. Plate
Alloy 625 Plate 0.079 0.07 0.082 0.091 0.075 0.07
Solid Stellite 6b 0.002 0.029 0.028 0.041 0.029 0.02
Solid Stellite 12 0.002 0.005 0.009 0.015 0.008 0.007
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Table C 2: Erosion resistance rankings of 11 candidate materials for high particle velocity (90 m.s™)
erosion rate experiments for large particle size (30.4 um). Erosion rates under each condition are

volumetric.
Material Impingement Angle(a), and Erosion Rate (g/g)
15° 30° 45° 60° 75° 90°
A1018 Carbon Steel 0.034 0.044 0.07 0.057 0.066 0.06
Nickel Plating
A240 Type 2205
Duplex Stainless Steel 0.02 0.034 0.044 0.038 0.037 0.033
Plate
17-4 PH Stainless Steel 0.039 0.052 0.054 0.044 0.039 0.024
Plate
Type 316L Stainless 0.04 0.049 0.041 0.04 0.027 0.027
Steel
A53 Gr. B Steel 0.028 0.026 0.025 0.022 0.025 0.017
A240 Type 410 0.016 0.032 0.037 0.035 0.031 0.02
Stainless Steel Plate
A105 Carbon Steel 0.038 0.051 0.046 0.038 0.02 0.013
Forging
A515-70- A515 Gr. 70 0.033 0.045 0.035 0.033 0.023 0.011
Norm. Plate
Alloy 625 Plate 0.032 0.032 0.032 0.038 0.039 0.035
Solid Stellite 6b 0.004 0.007 0.006 0.005 0.009 0.011
Solid Stellite 0.0006 0.006 0.006 0.004 0.002 0.001
12
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Table C 2: Erosion resistance rankings of 11 candidate materials for high particle velocity (130 m.s™)
erosion rate experiments for large particle size (6.9 um). Erosion rates under each condition are
volumetric.

] Impingement Angle(a), and Erosion Rate (g/g)
Material
15° 30° 45° 60° 75° 90°
A1018 Carbon Steel 0.302 0.351 0.28 0.216 0.231 0.256
Nickel Plating
A240 Type 2205
Duplex Stainless Steel 0.091 0.179 0.164 0.109 0.085 0.069
Plate
17-4 PH Stainless Steel 0.145 0.195 0.159 0.135 0.07 0.087
Plate
Type 316L Stainless 0.181 0.216 0.167 0.141 0.114 0.098
Steel
A53 Gr. B Steel 0.211 0.172 0.13 0.113 0.131 0.126
A240 Type 410 0.314 0.199 0.147 0.15 0.101 0.079
Stainless Steel Plate
A105 Carbon Steel 0.147 0.167 0.137 0.105 0.077 0.076
Forging
A515-70- A515 Gr. 70 0.193 0.213 0.112 0.111 0.104 0.079
Norm. Plate
Alloy 625 Plate 0.184 0.18 0.152 0.116 0.079 0.104
Solid Stellite 6b 0.034 0.046 0.166 0.098 0.09 0.083
Solid Stellite 12 0.032 0.011 0.023 0.02 0.024 0.018
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Table C 3: Erosion resistance rankings of 11candidate materials for high particle velocity (90 m.s™)
erosion rate experiments for large particle size (6.9 um). Erosion rates under each condition are
volumetric.

] Impingement Angle(a), and Erosion Rate (g/g)
Material
15° 30° 45° 60° 75° 90°
A1018 Carbon Steel 0.128 0.137 0.163 0.103 0.08 0.071
Nickel Plating
A240 Type 2205
Duplex Stainless Steel 0.077 0.083 0.068 0.066 0.035 0.035
Plate
17-4 PH Stainless Steel 0.057 0.09 0.063 0.049 0.034 0.035
Plate
Type 316L Stainless 0.084 0.08 0.064 0.054 0.025 0.032
Steel
A53 Gr. B Steel 0.077 0.066 0.093 0.054 0.027 0.022
A240 Type 410 0.053 0.054 0.057 0.054 0.029 0.026
Stainless Steel Plate
A105 Carbon Steel 0.072 0.079 0.059 0.049 0.029 0.026
Forging
A515-70- A515 Gr. 70 0.065 0.061 0.06 0.042 0.035 0.033
Norm. Plate
Alloy 625 Plate 0.057 0.08 0.067 0.054 0.041 0.03
Solid Stellite 6b 0.013 0.015 0.019 0.017 0.014 0.018
Solid Stellite 12 0.001 0.009 0.006 0.001 0.003 0.006
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APPENDIX D

Table D 1: Erosion resistance rankings of 11 candidate materials for high particle velocity (130 m.s™)
erosion rate experiments for large particle size (30.4 um).

dimensionless.

Erosion rates under each condition are

Impingement Angle(a), and Erosion Rate (g/g)

Material
15° 30° 45° 60° 75° 90°
A1018 Carbon Steel 0.000605 | 0.000864 0.001161 0.001113 0.001285 0.001545
Nickel Plating
A240 Type 2205
Duplex Stainless Steel 0.000686 | 0.000833 0.000714 0.000712 0.000616 0.000417
Plate
17-4 PH Stainless Steel | 0.000621 | 0.000872 0.000787 0.000769 0.000645 0.000596
Plate
Type 316L Stainless 0.000340 | 0.000848 0.000894 0.000848 0.000732 0.000642
Steel
A53 Gr. B Steel 0.000817 | 0.000882 0.000687 0.000759 0.000610 0.000396
A240 Type 410 0.000786 | 0.000677 0.000661 0.000685 0.000487 0.000462
Stainless Steel Plate
A105 Carbon Steel 0.000629 | 0.000740 0.000770 0.000611 0.000494 0.000474
Forging
A515-70- A515 Gr. 70 | 0.000300 | 0.000710 0.000739 0.000655 0.000534 0.000435
Norm. Plate
Alloy 625 Plate 0.000677 | 0.000595 0.000699 0.000774 0.000634 0.000593
Solid Stellite 6b 0.000022 | 0.000249 0.000239 0.000344 0.000251 0.000174
0.000023 | 0.000049 0.000077 0.000128 0.000074 0.000060

Solid Stellite 12
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Table D 2: Erosion resistance rankings of 11 candidate materials for high particle velocity (90 m.s™)
erosion rate experiments for large particle size (30.4 um). Erosion rates under each condition are

dimensionless.

Material Impingement Angle(a), and Erosion Rate (g/g)
15° 30° 45° 60° 75° 90°
A1018 Carbon Steel | 0.000301 | 0.000389 0.000618 0.000510 0.000583 0.000537
Nickel Plating
A240 Type 2205
Duplex Stainless Steel | 0.000162 | 0.000274 0.000353 0.000306 0.000294 0.000262
Plate
17-4 PH Stainless Steel | 0.000304 | 0.000402 0.000418 0.000345 0.000304 0.000191
Plate
Type 316L Stainless | 0.000325 | 0.000396 0.000328 0.000323 0.000215 0.000221
Steel
A53 Gr. B Steel 0.000223 | 0.000203 0.000202 0.000178 0.000196 0.00014
A240 Type 410 0.000128 | 0.000252 0.000290 0.000273 0.000242 0.000158
Stainless Steel Plate
A105 Carbon Steel 0.000300 | 0.000404 0.000395 0.000299 0.000163 0.000104
Forging
A515-70- A515 Gr. 70 | 0.000261 | 0.000353 0.000282 0.000262 0.000182 0.000088
Norm. Plate
Alloy 625 Plate 0.000277 | 0.000270 0.000270 0.000324 0.000333 0.000301
Solid Stellite 6b 0.000034 | 0.000059 0.000056 0.000045 0.000076 0.000098
Solid Stellite | 0.000005 | 0.000051 0.000056 0.000038 0.000022 0.000010
12
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Table D 3: Erosion resistance rankings of 11candidate materials for high particle velocity (130 m.s™)
erosion rate experiments for large particle size (6.9 um). Erosion rates under each condition are
dimensionless.

Impingement Angle(a), and Erosion Rate (g/g)

Material
15° 30° 45° 60° 75° 90°
A1018 Carbon Steel 0.002687 | 0.003114 0.002484 0.001915 0.001894 0.002410
Nickel Plating
A240 Type 2205

Duplex Stainless Steel 0.000899 | 0.001503 0.001260 0.001013 0.000778 0.000626
Plate

17-4 PH Stainless Steel | 0.001392 | 0.001500 0.001288 0.001013 0.000509 0.000677
Plate

Type 316L Stainless 0.002094 | 0.001732 0.001333 0.001170 0.000970 0.000752
Steel

A53 Gr. B Steel 0.001528 | 0.001461 0.001262 0.001127 0.000930 0.000992

A240 Type 410 0.002026 | 0.001337 0.001234 0.001056 0.000787 0.000688
Stainless Steel Plate

A105 Carbon Steel 0.001276 | 0.001405 0.001162 0.001032 0.000731 0.000601
Forging

A515-70- A515 Gr. 70 | 0.001491 | 0.001497 0.001150 0.000990 0.000793 0.000592
Norm. Plate

Alloy 625 Plate 0.001544 | 0.001536 0.001315 0.001155 0.000884 0.000870

Solid Stellite 6b 0.000281 | 0.000393 0.001398 0.000827 0.000755 0.000446

Solid Stellite 12 0.000163 | 0.000225 0.000218 0.000285 0.000242 0.000205
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Table D 4: Erosion resistance rankings of 11 candidate materials for high particle velocity (90 m.s™)
erosion rate experiments for large particle size (6.9 um).

dimensionless.

Evrosion rates under each condition are

Impingement Angle(a), and Erosion Rate (g/g)

Material
15° 30° 45° 60° 75° 90°
A1018 Carbon Steel 0.001139 | 0.001216 0.001449 0.000912 0.000715 0.000712
Nickel Plating
A240 Type 2205
Duplex Stainless Steel 0.000635 | 0.000687 0.000566 0.000522 0.000417 0.000311
Plate
17-4 PH Stainless Steel | 0.000693 | 0.000653 0.000482 0.000439 0.000331 0.000299
Plate
Type 316L Stainless 0.000618 | 0.000667 0.000558 0.000491 0.000271 0.000255
Steel
A53 Gr. B Steel 0.000586 | 0.000585 0.000607 0.000392 0.000279 0.000231
A240 Type 410 0.000476 | 0.000482 0.000418 0.000400 0.000254 0.000219
Stainless Steel Plate
A105 Carbon Steel 0.000645 | 0.000525 0.000540 0.000496 0.000285 0.000237
Forging
A515-70- A515 Gr. 70 | 0.000633 | 0.000561 0.000489 0.000387 0.000258 0.000242
Norm. Plate
Alloy 625 Plate 0.000879 | 0.000714 0.000654 0.000439 0.000392 0.000311
Solid Stellite 6b 0.000030 | 0.000133 0.000159 0.000142 0.000039 0.000152
0.000016 | 0.000066 0.000088 0.000056 0.000070 0.000055

Solid Stellite 12
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APPENDIX E

Table E 1: Normalized Erosion resistance rankings of 11 candidate materials for high particle velocity
Erosion rates under each

(130 m.s™) erosion rate experiments for large particle size (30.4 um).
condition are dimensionless.

Material

Impingement Angle(e), and Erosion Rate (g/g)

15°

30°

45°

60°

75°

90°

A1018
Carbon Steel
Nickel
Plating

0.391586

0.559223

0.751456

0.72038835

0.831391586

A240 Type
2205 Duplex
Stainless
Steel Plate

1.645084

1.997602

1.71223

1.707434053

1.477218225

17-4 PH
Stainless
Steel Plate

1.041946

1.463087

1.32047

1.290268456

1.082214765

Type 316L
Stainless
Steel

0.529595

1.320872

1.392523

1.320872274

1.140186916

A3 Gr.B
Steel

2.063131

2.227273

1.734848

1.916666667

1.54040404

A240 Type
410 Stainless
Steel Plate

1.701299

1.465368

1.430736

1.482683983

1.054112554

A105
Carbon Steel
Forging

1.327004

1.561181

1.624473

1.289029536

1.042194093

A515-70-
A515 Gr. 70
Norm. Plate

0.689655

1.632184

1.698851

1.505747126

1.227586207

Alloy 625
Plate

1.141653

1.003373

1.178752

1.305227656

1.069139966

Solid Stellite
6b

0.126437

1.431034

1.373563

1.977011494

1.442528736

Solid Stellite
12

0.383333

0.816667

1.283333

2.133333333

1.233333333
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Table E 2: Normalized Erosion resistance rankings of 11 candidate materials for high particle velocity
(90 m.s) erosion rate experiments for large particle size (30.4 um).

condition are dimensionless.

Evrosion rates under each

Material

Impingement Angle(c), and Erosion Rate (g/g)

15°

30°

45°

60°

75°

90°

A1018
Carbon Steel
Nickel
Plating

0.560521

0.724395

1.150838

0.94972067

1.08566108

A240 Type
2205 Duplex
Stainless
Steel Plate

0.618321

1.045802

1.347328

1.167938931

1.122137405

17-4 PH
Stainless
Steel Plate

1.591623

2.104712

2.188482

1.806282723

1.591623037

Type 316L
Stainless
Steel

1.470588

1.791855

1.484163

1.461538462

0.972850679

A53 Gr. B
Steel

1.592857

1.45

1.442857

1.271428571

14

A240 Type
410 Stainless
Steel Plate

0.810127

1.594937

1.835443

1.727848101

1.53164557

A105
Carbon Steel
Forging

2.884615

3.884615

3.798077

2.875

1.567307692

A515-70-
A515 Gr. 70
Norm. Plate

2.965909

4.011364

3.204545

2977272727

2.068181818

Alloy 625
Plate

0.920266

0.89701

0.89701

1.07641196

1.106312292

Solid Stellite
6b

0.346939

0.602041

0.571429

0.459183673

0.775510204

Solid Stellite
12

0.53

5.1

5.6

3.8

2.2
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Table E 3: Normalized Erosion resistance rankings of 11 candidate materials for high particle velocity
(130 m.s™) erosion rate experiments for large particle size (6.9 um).

condition are dimensionless.

Erosion rates under each

Material

Impingement Angle(c), and Erosion Rate (g/g)

15°

30°

45°

60°

75°

90°

A1018
Carbon Steel
Nickel
Plating

1.114938

1.292116

1.030705

0.794605809

0.785892116

A240 Type
2205 Duplex
Stainless
Steel Plate

1.436102

2.400958

2.01278

1.618210863

1.242811502

17-4 PH
Stainless
Steel Plate

2.05613

2.215657

1.902511

1.496307238

0.751846381

Type 316L
Stainless
Steel

2.784574

2.303191

1.772606

1.555851064

1.289893617

A53 Gr. B
Steel

1.540323

1.472782

1.272177

1.13608871

0.9375

A240 Type
410 Stainless
Steel Plate

2.944767

1.943314

1.793605

1.534883721

1.143895349

A105
Carbon Steel
Forging

2.123128

2.33777

1.933444

1.717138103

1.216306156

A515-70-
A515 Gr. 70
Norm. Plate

2.518581

2.528716

1.942568

1.672297297

1.339527027

Alloy 625
Plate

1.774713

1.765517

1.511494

1.327586207

1.016091954

Solid Stellite
6b

0.630045

0.881166

3.134529

1.85426009

1.692825112

Solid Stellite
12

0.795122

1.097561

1.063415

1.390243902

1.180487805
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Table E 4: Normalized Erosion resistance rankings of 11 candidate materials for high particle velocity
(90 m.s™) erosion rate experiments for large particle size (6.9 um). Erosion rates under each condition
are dimensionless.

Material

Impingement Angle (o), and Erosion Rate (g/g)

15°

30°

45°

60°

75°

90°

A1018
Carbon Steel
Nickel
Plating

1.599719

1.707865

2.035112

1.280898876

1.004213483

A240 Type
2205 Duplex
Stainless
Steel Plate

2.041801

2.209003

1.819936

1.678456592

1.340836013

17-4 PH
Stainless
Steel Plate

2.317726

2.183946

1.61204

1.468227425

1.107023411

Type 316L
Stainless
Steel

2.423529

2.615686

2.188235

1.925490196

1.062745098

A53 Gr. B
Steel

2.536797

2.532468

2.627706

1.696969697

1.207792208

A240 Type
410 Stainless
Steel Plate

2.173516

2.200913

1.908676

1.826484018

1.159817352

A105
Carbon Steel
Forging

2.721519

2.21519

2.278481

2.092827004

1.202531646

A515-70-
A515 Gr. 70
Norm. Plate

2.615702

2.318182

2.020661

1.599173554

1.066115702

Alloy 625
Plate

2.826367

2.29582

2.102894

1.411575563

1.260450161

Solid Stellite
6b

0.197368

0.875

1.046053

0.934210526

0.256578947

Solid Stellite
12

0.290909

1.2

1.6

1.018181818

1.272727273
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APPENDIX F

Table F 1: Constraints on curve fit parameters n1, n2, n3 and C

Parameter Lower Bound Upper Bound
nl 0 2
n2 0 1
n3 15 3
C - o0

Table F 2: Constraints on curve fit parameter HV for 11 candidate materials and the measured as-
received HV

As-received Lower bound Upper bound
Material
(HV) (HV) (HV)
A1018 Carbon Steel With Ni-Plate 746 671.4 1119
A240 Type 2205 Duplex Stainless
262 235.8 393
Steel Plate
17-4 PH Stainless Steel Plate 352 316.8 528
Type 316L Stainless Steel 164 147.6 246
A53 Gr. B Steel 157 141.3 235.5
A240 Type 410 Stainless Steel
152 136.8 228
Plate
A105 Carbon Steel Forging 161 144.9 241.5
A515 Gr. 70 Norm. Plate 164 147.6 246
Alloy 625 Plate 227 204.3 340.5
Solid Stellite 6b 492 324.9 541.5
Solid Stellite 12 361 324.9 738
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Table F 3: Coefficients and Exponents of 11 candidate materials generated by Oka model for all
experimental conditions

Exponents Experiment Cond.
Materials: and V=130(m/s), | V= 90 (m/s), | V=130(m/s), | V=90 (m/s),
Coefficients. | d=30.4 (um) | d= 30.4(pm) d=6.9 (um) d=6.9 (um)
Ny 0.8249 0.5824 2.23*10" 0.03551
A1018 Carbon n, 1.31*10™" 0.03245 0.007469 0.0925
Steel Nickel HV 671.4 671.4 671.4 676.4
Plating N 2.25 2.25 2.25 2.25
C 2.51*10° 2.15*10-08 4.11*10° 2.81*10°
Exponents
and V=130(m/s), | V=90 (m/s), | V=130(m/s), | V=90 (m/s),
Coefficients. | d=30.4 (um) | d= 30.4(um) | d=6.9 (um) d=6.9 (um)
A240 Type 2205 Ny 0.2123 0.6421 0.3412 0.03944
Duplex Stainless
Steel Plate N, 0.1458 0.09528 0.1895 0.1544
HV 361.7 235.8 235.8 235.8
N 2.25 2.25 2.25 2.25
C 7.31*10° 1.04*10° 1.08*10° 1.24*10°
Exponents
and V=130(m/s), | V=90 (m/s), | V=130(m/s), | V=90 (m/s),
Coefficients. | d=30.4 (um) | d= 30.4(um) | d=6.9 (um) d=6.9 (um)
17-4 PH Stainless n 0.2348 0.414 8.66*10™" 2.04*%10™°
Steel Plate N, 0.08135 0.1948 0.1325 0.1362
HV 316.8 316.8 316.8 316.8
N 2.25 2.25 2.25 2.25
C 1.04*10° 7.63*10° 1.15*10° 1.17*10°
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Table F 4 (continued): Coefficients and Exponents of 11 candidate materials generated by Oka model
for all experimental conditions

Exponents
and V=130(m/s), | V=90 (m/s), | V=130(m/s), | V=90 (m/s),
Coefficients. | d=30.4 (um) | d= 30.4(um) | d=6.9 (um) d=6.9 (um)
Type 316L Ny 0.7888 0.09149 3.48*107" 0.06197
Stainless Steel n, 0.1506 0.1213 0.1917 0.214
HV 147.6 147.6 147.6 147.6
N3 2.25 2.25 2.25 2.25
[ 1.11*10°® 8.73*10° 1.30*10°® 1.01*10°®
Exponents
and V=130(m/s), | V=90 (m/s), | V=130(m/s), | V=90 (m/s),
Coefficients. | d=30.4 (um) | d= 30.4(um) | d=6.9 (um) d=6.9 (um)
N 0.1151 1.63*10° 1.41*10™" 0.08795
A53 Gr. B Steel
n, 0.1718 0.08603 0.07721 0.2301
HV 2355 2355 141.3 141.3
N3 2.25 2.25 2.25 2.25
C 6.97*107 5.66*10° 1.70*10°® 9.15*10°
Exponents
and V=130(m/s), | V=90 (m/s), | V=130(m/s), | V=90 (m/s),
Coefficients. | d=30.4 (um) | d= 30.4(um) | d=6.9 (um) d=6.9 (um)
A240 Type 410 T3 10
ny 2.34*10 0.9445 1.46*10 0.052769
Stainless Steel
n, 0.104 0.2493 0.1889 0.1862
Plate
HV 136.8 136.8 136.8 136.8
N3 2.25 2.25 2.25 2.25
C 8.05*10" 6.33*10° 1.18*10°® 8.72*10"
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Table F 5 (continued): Coefficients and Exponents of 11candidate materials generated by Oka model
for all experimental conditions

Exponents
and V=130(m/s), | V=90 (m/s), | V=130(m/s), | V=90 (m/s),
Coefficients. | d=30.4 (um) | d= 30.4(um) | d=6.9 (um) d=6.9 (um)
A105 Carbon Steel Ny 0.1684 0.5499 0.06657 2.33*10°
Forging n, 0.1192 0.3941 0.1879 0.2075
HV 144.9 144.9 144.9 144.9
N 2.25 2.25 2.25 2.25
C 8.19*10° 4.13*10” 1.05*10° 9.47*107
Exponents
and V=130(m/s), | V=90 (m/s), | V=130(m/s), | V=90 (m/s),
Coefficients. | d=30.4 (um) | d= 30.4(um) | d=6.9 (um) d=6.9 (um)
A515 Gr. 70 Norm. n 0.7841 0.4605 1.20*10°° 4.63*10™°
Plate N 0.2005 0.3596 0.1954 0.1911
HV 147.6 174.9 147.6 147.6
N 2.25 2.25 2.25 2.25
C 7.50%10° 3.53*107 1.03*10° 9.51*10”
Exponents
and V=130(m/s), | V=90 (m/s), | V=130(m/s), | V=90 (m/s),
Coefficients. | d=30.4 (um) | d=30.4 (um) | d=6.9 (um) d=6.9 (um)
n, 0.133 0.1366 6.98*10™ 3.44*10"°
Alloy 625 Plate
N, 0.04549 0.008698 0.1076 0.1833
HV 340.5 340.5 204.3 204.3
N 2.25 2.25 2.25 2.25
C 1.04*10° 1.22*10° 1.50%10° 1.22*10°
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Table F 6 (continued): Coefficients and Exponents of 11 candidate materials generated by Oka model
for all experimental conditions

Exponents
and V=130(m/s), | V=90 (m/s), | V=130(m/s), | V=90 (m/s),
Coefficients. | d=30.4 (um) | d= 30.4(um) | d=6.9 (um) d=6.9 (um)
Ny 1.491 1.102 1.541 0.6084
Solid Stellite 6b - —
n, 0.215 3.43*10 0.2837 2.41*10
HV 324.9 472.1 324.9 324.9
N3 2.25 2.25 2.25 2.25
C 3.02*10° 3.35%10° 7.68*10° 5.40%10°
Exponents
and V=130(m/s), | V=90 (m/s), | V=130(m/s), | V=90 (m/s),
Coefficients. | d=30.4 (um) | d= 30.4(um) | d=6.9 (um) d=6.9 (um)
ny 1.688 1.336 0.4776 0.8891
Solid Stellite 12
Ny 0.1965 0.4239 0.06508 0.1112
HV 442.8 442.8 735.8 442.8
N3 2.25 2.25 2.25 2.25
C 1.02*10° 3.91*107" 3.59%10° 2.18*10°
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