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ABSTRACT

Thermal spraying is commonly used to apply a hard and wear resistant coatiagtaside of drill
pipe. These coatings, however, are susceptible to impact damage and brittle fradumdarental
understanding is needed for the relationship among wire composition, spray parameters, and developed
microstructure to improve coating toughness and bonding strength to the substrate. Charactdrization
FRDWLQJYTV PDLQ I|HDW Xapticedl rAié»oscapyHOMHaddP 4canHi®) dtectron microscopy
(SEM) analysis. Effect of process parameter voltage was evaluated by four-point biagdagktdigital
image correlation and Vickers and nano-indentation testing across the udtsicpte interface. It was
found that as the voltage increased, the number of defects, primarily oxides, etbcidesdecrease in
oxide content led to increased coating strength at the higher voltage amnditiee oxide concentration
did not exhibit a linear relationship with voltage, indicating that no sggmif change would occur above
36.5V.

A new composition coating was proposed to increase strength and toughness whilengéilhimgi
wear properties. The new multi principle element alloy (MPEA) coating compositio
(Fev.32C00.06Cro.2Ni0.32M00.07T 20.017) Was based on favorable findings reported for the FeCoCriNiMBEA.
Two wires of different material were arced together to form the dmating. The effect of spray pressure
on the mechanical properties of the coatings was evaluated by four-point by Yéskers hardness,
and dry sand rubber wheel wear testing. OM and SEM characterizations were @értornthe new
coatings. It was found that the anode and cathode wires did not mix within the arc flegivtngr upon
deposition resulting in a coating with two different splat compositions. An increase in spray pressure from
172 to 310 kPa, resulted in the dramatic increase in oxide concentration from 21% tat6df0880
decrease in outer-fiber stress. The maximum new coating strength was fdetivo times that of the
HH1 coating. The wear rate was over three times greater than thed BfH1 coating. The two spray
pressure conditions tested exhibited virtually the same wear rate suggéstintpe spinel oxides
responsible for the exceptional wear behavior of the FeCoCriNiIMEEA did not form due to the lack of
mixing.
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CHAPTER 1INTRODUCTION

1.1 Industrial Relevance

Oil country tubular goods (OCTG) are subjected to high amounts of wear drilling operations.
With advancements in directional drilling, drilling with casing, and premium wentgaections;
operations torque has greatly increased and wear has become a big concbuidms in the oilfield [1].
Drill pipes are often hard-faced in order to increase wear resistance and bgtéieddf the drill string [2,
3]; however, hardfacing requires that the surfisamelted to form a metallurgical interface [4]. Thermal
spray, on the other-hand, forms a mechanical bond with a rough surface and does ribeadtdastrate
properties. Additionally, thermal sprayed coatings can significantly reduce d¢hierfrbetween the tool
joint and surrounding casing increasing the life of both the drill and casing strings [5].
1.2 Motivation for Research

This research expands the knowledge of process parameters on metallurgical andcalechani
properties of a new cored wire composition (HH-1) developed by White Horse Technolddywds
developed for applications on drill pipe and downhole tools to improve wear resistance andrictthrce
in order to extend operating life. The main issue faced with these typesmily sprayed coatings is low
impact resistance, wherein, sections varying in size can chip off of theasehspon impact during
transportation, handling on the rig, or down-hole. Improving the coatings tesghvhile maintaining
acceptable wear resistance would greatly reduce the occurrence of this issthetiartsportation and in
service.

1.3 Object and Approach

The objective of the present research is to characterize the main fedttinesHt-1 thermal
sprayed coating. Features such as oxides and porosity are quantified and chredadiéring optical
microscopy (OM), scanning electron microscope (SEM) imaging, and X-ray computedraphy (X-ray
CT). Coating mechanical properties were determined from hardness and four-point legdTtiesteffect
of thermal sprayed droplet characteristics on coating microstructures andtipsopee evaluated by

varying the input voltage parameter. Coating morphologies and properties asselisi connection with
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the in-flight and deposited droplet conditions to better understand the relationshiptaenomoyt voltage,
droplet temperature, oxidation, and final coating structure and properties.

A new coating composition was developed in order to achieve improved strength and toughness
while maintaining wear properties. Thermodynamic calculations using Theaftsosoftware were
performed to predict splat phases and compared with the coatings charactepstiesl in literature. OM
and SEM imaging was also performed to characterize the coatings obtained using the newicomposit
Mechanical properties are determined from Vickers hardness, four-point bend testing, and dry sand rubbe
wheel wear testing. The effect of spray pressure on coating strength andieeeas evaluated by varying

input spray pressure.



CHAPTER 2:.LITERATURE REVIEW

2.1 Thermal Spray Overview

Thermal spray is commonly used in various industrial sectors including automotaseg gias, mining,
aerospace, biomedical, ect. [6]. Thermal spray technologies are advancing aegaaded as key
environmentally friendly means to modify properties of selected surfacesicdlaomponents [7]. The
global thermal spray market is expected to reach 12.783 billion USD by the year ig®24ayor growth
in the aerospace and automotive sectors on cylinders, engine parts, and turbirte lelald@sce corrosion
resistance, thermal efficiency, and sliding wear [8&rket forces have driven the demand for improved
efficiency and improved part life leading to many opportunities for thespraly coatings which apply a
thin layer of higher performing material tailored to the specific application.
2.2 Thermal Spray Processes

Thermal spray is a general term that covers a group of processes used to agifity oggaimic,

or cermet coatings [9]. The sprayed particles can be applied as molten, semi-onatenolid particles.

A coating is generated as these particles impact, deform, and build onto tretswldsich is accomplished

by either molten droplets or solid droplets deposited at sufficientty\yetpcities [10]. Thermal spraying

can be classified by process based on the input energy and droplet characteristics.aim feategories

are flame, plasma arc, electric, and cold spray [9]. As shown in Figure 2.1, each of these categories can be
further broken down with each having their own subsets and unigue coating cisiieeterthey vary

with velocity, temperature, and droplet size.

When comparing the coatings of different thermal spray processes it is impouaderstand the
temperatures, velocities, and spray environment differences that the spray pamtideposed to. The
thermal spray process can be simply viewed as a high speed thermal treatment \aiiedersaterial is
heated to some temperature over a given period of time. The heat over time is governed by the fet. This je
can be engineered by utilizing various nozzle designs which the pressurizithowgathrough [11, 12]
How long the sprayed material is in the air, or the particle dwell timefuiscéion of the jet velocity and

the specific particle characteristics such as material properties and particle morpholugtesnerature
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of a given particle, on the other hand, is a function of spray process lregtithermal properties of the

particle, and composition and pressure of the jet.

Thermal Spray
[ [ |
Plasma arc Electric arc Flame Kinetic
— — — T‘
— Air — Air — Rod Cold spray
—  Chamber — Inert — Wire
Inert —  Chamber —  Powder

Low pressure )
p — Conventional

Shroud || D-Gun

I

Hyperbaric

— High-velocity

Oxyfuel

Oxykerosene

e

Air-kerosene

Figure 2.1 Thermal spray processes with subsets [9].

Temperature can vary wildly between processes as shown in Table 2.1. Flame sprayngependi
the fuel, has gas temperatures that range from 2540 to 3150°C representing thepleratteen spray
process. On the opposite end with the highest jet temperature is wire arc thermahaspngyjet
temperatures reaching over 24,000°C with plasma spray next in line with typigagratures reaching
20,000°C. These jet temperatures are well above any known material melting tarep@ts temperature
gradient of the jet is severe on the order of several thousand degrees. This iglutolyhe differences
between the hot jet core and the colder surrounding environment. This causpsratiga gradient both
as a distance from the nozzle but also radially as the drop in temperature reelgessvelocity at the core

and increases the gas velocity near the outer boundary [9].



Table 2.1 Thermal spray process comparisons for gas flow, gas temperature, pgréictes@tocity, an
the relative adhesive strength [6, 13].

Process gas Particle impact

i Relative
Gas flow temperature velocity adhesive
Process m3/h ft3/h °C °F m/s ft/s strength (i)
Flame powder 11 400 2200 4000 30 100 3
Flame wire 71 2500 2800 5000 180 600 4
g')'(?/?u‘éf'oc'ty 2857 10002000 3100 5600 6104060 20008500 8
Detonation gun « « 3900 7000 1200 3900 8
Wire arc 71 2500 5500 10,000 240 800 6
Conventional
olasma 4.2 150 5500 10,000 240 800 6
E'Igshrf;ergy 1798 6004000 8300 15000 2404220 8004000 8
Vacuum plasme 8.4 300 8300 15,000 240610 8002000 9

() 1 (low) to 10 (high). (ii) ppm levels.

Higher jet velocities result in higher velocity particles and highasticle temperatures. It is
generally desirable to have higher particle velocities resulting in highgacimenergies and more
deformation on impact producing a denser coating with higher bond strength. Addititmalless time
that a particle/droplet has in-flight to solidify or partially solidifiycreases the coating density and quality
[9]. Longer dwell times can be compensated by increasing the jet enthalpy supéitticie temperatures.
This relationship is shown in Table 2.1 comparing the spray processes includingsttilovg and
temperature with particle speeds and coating strengtr this work, the thermal spray process studied
was wire arc spray, commonly referred to as twin-wire arc spray (TWAS).

2.3 Twin-Wire Arc Thermal Spray

TWAS process, also known as electric arc spray, twin-wire arc, arc spraye@raspray, works
by feeding two wires together in the gun head where a direct-current electric (dc) arckdbstween the
wire tips melting them as showing in Figure 2.2 [9, 14]. Compressed air, fedh&taimd the arc, atomizes
the molten material and propels molten droplets towards the substrate. pecdatumes reach temperatures

above 5000°C well above the melting temperature of any know material [15]. Wmdilkether thermal



spray processes that use indirect heating to melt particles, TWAS utilde<lactric arc to melt the
material directly making it the most thermal efficient process. Tisisag/n in Table 2.2, where the TWAS
process uses drastically less power than any of the other spray psoddsitionally, the TWAS has the
lowest process cost with similar strength and densities to similar combusticesges, making it an
attractive thermal spray option [6, 15].

Due to low spraying costs, moderately high deposition rates, and high cohesivihsirEewgsS
has found many applications including wear resistant coatings, corrosion resistaugsc@eid/or thermal
barrier coatingsThermal spray coatings have been widely used across many industries includimd oil a
gas, automotive, and aerospace to improve wear resistance, heat resistance, katy qieeiormance
factors. Due to the ease of application, a TWAS coating can be applied to worn or coomgedents to

restore dimensional accuracy commonly seen on mining and infrastructure components.

ceramic
insert

coating/ ° )
deposit © 9oed 0 splashing

e o %
«F2 °0°. Oo 2 5 9>
Tes '-Poa 0839' 00 2 =

substrate

Figure 2.2 Schematic diagram of the twin-wire arc thermal spray process [14].



Table 2.2 Thermal spray process comparisons for coating strength, oxide contens, gostgsay rate
ard power [6, 13].

Relative Maximum
Cohesive Oxide process spray rate Power

Process strength content, %  cost (i) kg/h Ib/h kwW hp
Flame powder Low 6 3 7 15 2545 34400
Flame wire Medium 4 3 9 20 50400 70435
High velocity Very high 0.2 5 14 30 100270 135860
oxyfuel
Detonation gun Very high 0.1 « « « « «
TWAS (wire arc) High 0.58 1 16 35 46 58
Conventional High 0.54 5 5 10 3080 40410
plasma
High-energy Very high 0.1 4 23 50 100250135835
plasma
Vacuum plasma  Very high (i) 10 10 24 50400 70435

(i) 1 (low) to 10 (high).

2.3.1 TWAS Equipment

For TWAS, two consumable wire electrodes are fed together in a gun head by thedimges through
contact tips. There are several wire-feeding design types including feedengutih, pull, or are
combination of push and pull designs. For the pull-type design, motors in the gun pulethérarn the
spools where the motor type determines pull distance and type of wire spool dgpendiorque
limitations. For the push-type design, the motor is located by the spool mmdately controlled by the
gun resulting in a lighter weight gun easier to handle by the spray opeta¢oguito-feeder distance is
now determined by the wire column strength instead of limited by the mpmriipwever, for this design
softer or smaller diameter wires are difficult to use in the pushwygbeut buckling. Both push and pull
type designs are limited to an approximate tnifeeder distance of 6 m (20 ft) [9]. If greater distances are
required, the combination push/pull design can be used to achieve-fpader distances of greater than
15 m (50 ft). This is because the push/pull design unitizes both a guriamanotor. Limitations exist
with a heavy gun due to the motor, just like the pull type design, which fabgeeators and can cause
quality issues that arise from out of synch drive and gun motors. For thigstuyolysh-type AT-400 Wire
Arc Spray System was used as shown in Figure 2.3.
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The push-type AT-400 Wire Arc Spray System requires electrically conductive matexiae form
with sizes between 11 and 14 gauge, or wire diad&te EHW ZHH Q PP mm =~ WR $
three phase constant potential dc power source provides arc voltages betvagen408volts and can
operate between 15 and 400 amps. The wire feeder consists of four-drive rollepddetiris and dussi
blown off of each wire before entering the coaxial cables by bypass air routed tthieudyive housing
and coaxial cables. The coaxial cables are insulated power cables charged positivatawedamebprovide

a path for the consumable wires from the wire-feeder to the gun head.

Figure 2.3 AT-400 Wire Arc Spray System used to thermal spray samples for this study.

The two axial cables and the air pressure line all connect guthkead. The consumable wires are fed
through copper wire guide tips into the high velocity air cap as shown in Figure 2.4. This assembly is then
connected to a detachable gun handle with an on/off trigger switch that an opemaise to control spray.

Once the gun handle trigger is activated, the consumable wires begin to beved fto the point where
an arc is struck across the wire tips. The air cap directs thedligity air across the arc zone and produces

the spray jet.
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Figure 2.4 AT-400 Wire Arc Spray System gun assembly [16].

2.3.2 Droplet Formation

As discussed in Section 2.3.1, molten metal droplets are formed when comprdasgessaed over the
arc zone propelling the molten material away from the gun nozzle. Compressed a@semtten material
from the arc in the form of ribbons as a result of the transfer of &iae&rgy from the gas to the molten
material [17]. Atomization of the molten material occurs from Rayleigtabilities that form on the surface
of molten ribbons producing droplets. This is visualized in three stages as shbigare 2.5. The first
stage represents the formation and growth of disturbance waves, followedftagthentation of liquid
sheets in stage 2, before finally forming the droplets in stage 3 [18]. Thetdroptergo further changes
due to surface tension and additional pressure forces. Droplet size is depenthenth@mmodynamic
properties of the spray material and pressurizing gas, as well as the pgpgessimeters. For metals,
spheroidization of molten metal thermal spray droplets is rapid dugyeodarface tension forces (60-2,400

mJ/n?) and low viscosities (0.602-6.92 mPa s) [19].



) Stage | . Stage?2 Stage 3
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Figure 2.5 Atomization stages showing the breakdown of liquid sheets in to droplets [18].

During TWAS, the melting of the anode and cathode is asymmetric as the catbodsused
more rapidly. The cathode has a more constricted arc attachment as compared witruskeadiff
attachment at the anode resulting in higher melting rates. This has been visdatingdthe TWAS
spraying of aluminum by utilizing high-speed photography with a shadowgraph &2jug-igure 2.6
shows the high-speed photograph taken of the asymmetric Al melting behavior of therahodthade
wires. It was found that the slower melting anode had an elongated moltenrssalimg in larger droplets

[12].

— pezaa =

Figure 2.6 High-speed photograph of Al droplet formation for TWAS [12].

Hussary (2007) further explored the melting within the TWAS arc for TAFA 30T medilyorcar

steel and categorized the metal breakup into three types: Rayleigh axisgnmesikup, Rayleigh non-
10



axisymmetric breakup, and membrane breakup [17]. Figure 2.7 shows a schematic of eachgyjk of li
metal breakup mechanism with Figure 2.7 (a) showing the Rayleigh axisymionet&ktip mechanism and

Figure 2.7 (b) showing both the Rayleigh non-axisymmetric breakup and membrane breakup mechanisms.
The Rayleigh axisymmetric breakup is characterized by the molten metehatrgtarallel to the jet axis.

This parallel stretching is the result of forces acting in opposigctdins on the liquid sheet. The
aerodynamic drag force acts in the downstream direction with the surface tensmradtng in the
upstream direction. This results in amplified Kelvin-Helmholts instéslibreaking up droplets having
trajectories parallel to the jet axis [20]. The Rayleigh non-axisymmaetakhp results from forces in the
transverse direction from converting eddies. These eddies arise from comglew jgenerated in the

shear layer [21].

Figure 2.7 Schematic demonstrating the three types of liquid metal breakup mech:i
Axisymmetric breakup shown on both the anode and cathode (a). Non-axisymmetric steakmmn
the anode with membrane type breakup mechanism shown on the cathode (b) [17].

The membrane breakup is categorized by a hole that develops in the center of risiciedt
molten sheets of material at the edge of the electrode. This hole develops @m matérial near the
electrode due to the high surface tension of liquid metal at the efles membrane pulling the liquid
metal into a ring shape. The molten ring then further breaks up into droplets doenstinegm by either

11



Rayleigh axisymmetric breakup or Rayleigh non-axisymmetric breakup mechanisnighj gtudy will
focus on TWAS of metals noting that thermal spraying of a variety of matandlcomposites is possible.

2.3.3 In-Flight Droplet Behavior

2.3.3.1 Secondary Atomization

After droplet formation and just after leaving the arc, droplets undergo furtiregeshfrom additional
pressure forces and undergo more disintegration if the dynamic pressurerfamcgm$ stream velocity
exceed the surface tension forces of the droplet [19]. This relationshigers l[githe maximum stability

criterion expression [22]:

Ex
raweée 88 L %—I@p (2.1)

where éis the atomizing gas density, 8s the difference between the atomizing gas and droplet velocities
the constan®aepresents an empirical value dependent of the spray system, droplet surfacéstgnson

by &, and droplet diameter given &. This results in an unequal pressure distribution and deformation
from the original spherical shape generated in stage 3 of droplet formatiorsdsauSection 2.3.2. This
process of droplet deformation from aerodynamic forces causing fragmentatiormésl teecondary
atomization. Deformation is resisted by the droplet surface tendomand viscosity . The main
dimension parameters affecting secondary atomization are the Weber niim®eaand the Ohnesorge

number (1 Dwhich are represented by the following expressions:

/’706
9A LeU—aé‘”@ 2.2)
and
1D L—>
YE @b (2:3)

where 73 gis the relative velocity, and, is the droplet density [23]. The Weber number represents the
ratio of the aerodynamic force for disrupting the droplet to the surfaceorefwice resisting. The
Ohnesorge number represents the ratio between the viscous and surface tension fbere® Aitigicates

higher fragmentation while a highdrDndicates less fragmentation.

12



Secondary atomization occurs by various breakup modes identified by Pilch and Erdman [24] and
termed by Hsiang and Faeth [25]. These breakup modes include vibrational, bag, multimede, she
thinning, and catastrophic [26]. Figure 2.8 shows a schematic of the three most doreatenp modes
in sequence of increasing A[23]. The first mode, having the lowe8tA is termed bag breakup. &h
droplet deforms into a disk leading to a positive pressure difference betweerorit and wake resulting
inthe FHQWHU RI WKH GURSOHW PRYLQJ GRZQVWUNDRDWLRD® LEDJWHKHIF
formed, the deformed droplet will fragment forming a large number of small drapteesfront with larger

droplets forming from the rim at the back.

- Atomizing Gas flow

Q0::
Bag . ) s". . u
Breakup ¥ ": ‘:_’ "
0 0¢::..
Multimode 00:¢4%§0 5 ¢
Breakup . - e ’b bl 4 }..’
= @
Stripping * s B

Figure 2.8 Main droplet breakup modes [23].

Multimode breakup is the second mode and resembles bag breakup but with the front stamgrafor
long ligament in the center of the bag. The front edges form fine paliiddsag breakup with the back
rim and stamen forming larger droplets. The third breakup mode has the hggAesid involves the
droplet deforming into a thin disk where sheets are created and form arounthtbeerito Kelvin-
Helmholtz(K-H) waves. As the sheets are drawn, fine droplets are fragmented around theitdtgs w

continuing until the core droplet in the middéeat a stable diameter with the surrounding aerodynamic



forces. Webber number can be targeted to result in a break-up mode that reduagalitiey in droplet
diameter while considering the simultaneous oxidation and temperature effdwnging spray pressure.
2.3.3.2 In-Flight Oxidation

During flight the molten metal particles are exposed to the jet envirorwinené oxidation is largely
dependent on the oxygen content of the atomizing gas. Oxidation of metals is a timexdepawkss
with linear and parabolic fundamental types [27]. Linear is a character oinelkaetals with a non-
continuous oxide film where the evolution of mass and exposed timg latétespectively. Parabolic has
a continuous oxide film,¢, | 1 P2&nd is present for metals such as nickel and iron. During flight, the
moalten droplets are subjected to shear forces acting on the surface fromhthelbigity gas flow. This
creates convection motion of the liquid in the droplet resulting in highes cditoxidation as fresh liquid
is continuously brought to the droplet surface to react with oxygen [10]. The motiguidf\Wwithin the

droplet is schematically shown in Figure 2.9.

mmlp  Gas flow

Figure 2.9 Liquid metal movement within the droplet from shear forces induced by jet stream
velocity [28].

In-flight oxidation can be characterized by the formation of metastabtle®xind spherical oxide

inclusions [10]. A study on APS sprayed 316L austenitic stainless steel powdack that infli ght
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reactions formed metastable oxides of spinel typa@®O. (1.90 > x > 1.56) with mixed cations of Cr,
Fe, Mn, and Si [29]. Oxides form by either chemical reactions between the droleesigiid and oxygen
or by the diffusion of oxygen into the liquid. Observations of thermal sprayeith Mit. % Al by APS and
TWAS suggest that oxides start to segregate towards the front of the droiplgtflilyht [30]. Figure 2.10
(a) shows a schematic of the droplet during flight where th®sAhell builds up at the front with Figure
2.10 (b) showing an oxidized particle that was found within the TWAS sprayed coatididthat form a
splat due to solidifying before impact with the substrate. The oxides segredgageftont of the droplet
due to velocity effects where the lower viscosity liquid metal méwéze rear of the droplets thus pushing
the oxides forward. Capillary flow in the droplets pushes the liquidialumoxide away from the hot

region in the back of the droplet to the cooling front end.

Internal
oxide

Oxides
3 um

pushed to
front

(a) (b)

Figure 2.10 Schematic of in-flight Ni5 wt. % Al molten droplet with oxides segregation to front (
and TWAS Ni 15 wt. % Al coating with solidified droplet that did not deform into splat upon impa
[30].

Oxidation of droplets is not limited to spraying with air atomizing gasstalso observed when nitrogen
is used due to the inevitable entrapment of oxygen into the spray plume from thending air [31] A
study of TWAS sprayed 1.6 mm plain carbon steel (TAFA 38T) wire found that when @rd=din
increasing the oxygen content of the atomizing gas, the spray temperature increasdaatbposiontent
decreased, and deposit oxygen content increased [14]. Fiddrehdws the relationship between oxygen
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content in a nitrogen based atomizing gas on the deposit oxygen and carbon conterwirattipg, the
metal is heated well above the melting point resulting in vaporizatiommfand carbon which, in the

presence of oxygen, reacts to form@®edust and carbon dioxide respectively.
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Figure 2.11 Graph showing the effect of oxygen content in a nitrogen based atomizing gas on 1

deposit oxygen and carbon content [14].
2.3.3.3 In-Flight Nucleation

Solidification during flight occurs primarily heterogeneously by one or more ébitbe/ing scenarios:

(i) heterogeneous nucleation within the droplet, (ii) surface oxidation, andtgii-particle collisions [19].
For homogeneous nucleation, the droplets need to be sufficiently small to allowabsangeindercooling
[32]. A study on atomized 7150 Al powders found that nucleation occurred primmtttig droplet surface
and then developed dendrite arms in a fan shaped manner around and into the droplet [33]. Figure 2.12 (a)
shows a powder particle intercepted by a copper plate where two nucleation events weeel cheging
at the droplet surface. Figure 2.12 (b) shows a similar situation but has three nucleation events with one of

them starting within the droplet. Even though surface nucleation is the domieenamsm, there were
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still cases where nucleation occurred within the interior of the dragieth was attributed to nucleation

sites such as inclusions or surficial oxides.

As the Al droplets move down the spray stream away from the gun-head, tegadlig lost due to
convection from the atomizing gas. Nucleation occurs at some temperature below the teojpirature.
Figure 2.12 shows that there are several nucleation events per droplet. Based on expelisezunédions,

there are six nucleation events on each droplet irrespective of itdNsizé) [33]. Assuming isotropic
growth, the extended volume fractioﬁ}g ? of the heterogeneous nuclei within a droplet can be calculated

as
¢ ¢ 8

S
T92L 0—@nv@ FuL=3P2@M L+ 86:R2@W (2.4)

4 4

where N is the number of nucleation sit83s volume, 6is temperature, anéiis time. The growth of the
nucleus will start on the droplet surface and grow into the dropletrfgrspherical caps as shown in Figure

2.13 at location @
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E%ig]ure 2.13 Schematic diagram showing the nucleus originating at poamt tBe droplet surface
4].
Nucleation was followed by a rapid recalescence from the release otthtenkedt during solidification.
This was followed by an increase in droplet temperature approaching the agquilifpeinsformation
temperature which is shown in Figure 2.14 (a). In contrast to thé18ch fV UXOH HXWMWBtFWLF SO
appear resulting in a final microstructure obtained containing no eutectic compositiontobpkerious
sizes experience different undercooling and, as a result, smaller particléereogeapid recalescenas
the crystalline embryos quickly grow into the deeply undercooled liquid. This effslabven in Figure

2.14 (b). [33]

! Location of Substrate

Temperature (*C)

0,_5 1.0 1.5 X 0.5 1.0
Axial Flight Distance (m) Axial Flight Distance (m)

(@) (b)
Figure 2.14 Temperature (a) and solid fraction (b) of individual droplets durgng f83].

18



2.3.4 Droplet Impact and Solidification

Once droplets impact the surface they deform into a splat. Droplets ithpauirface as either liquid,
partially solid, or fully solid. There exists a complex thermal history of undengpohucleation,
decalescence, and equilibrium solidification. The heterogeneous mixture of drestnoicture is thus
dependent on the solidification characteristics of the in-flight droptegesaction of droplet and substrate
on impact and splat to splat interactions [19]. During the deposition phase, thed-é@peaie of droplets
causes fragmentation of the droplet and deposit dendrite arms as is shown schenmatgglie 2.15
[35]. During deposition, when a droplet impinges onto the previously depositad dagid heat transfer
occurs across the layer which is analogous to rapid quenching, and thus, homogeneous nucleation becomes
the dominant mechanism [36]. The mechanism by which the particles adhere to thessamhdtnaterlying
coating layer is primarily by mechanical anchorage [10]. Thus, the surface of thetsubatao be

prepared in order for there to be adhesion.

Droplet
~ Gas flow

Liquid

Deposit

Figure 2.15 Schematic showing partially solid droplets impacting deposit [35].
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2.3.4.1 Substrate Surface Preparation

In order to ensure that the coating will adhere to the substrate, the swetateto be prepared by
cleaning, shaping if necessary, and activation [10]. Cleaning of the substuabeoad concept ranging
from removal of grease to the removal of old coating. After cleanimegstibstrate needs to be shaped
depending on the geometry. If substrate geometries have sharp edges or areastdlifffmay, the

adherence of the coating will be poor. Some examples of acceptable and unacceptasile gabstetries

are provided in Figure 2.16

Unacceptable Acceptable
L L
5 5
o o
= AN
Coating ~

SIS,

Substrate Substrate
ST SIS IST IS ST SIS

Substrate Substrate

Figure 2.16 Acceptable and unacceptable examples for substrate geometries for thermgl[Siay

Shaping can be performed by machining, grinding, or designed into the substratirdepanthe
application and coating material. Some substrates do not require shaping if thdy hbea curved
surfaces such as pipes, pistons, and rollers. The last step, activatioesremughening the surface so that
adherence is possible. The most common activation technique is abrasive grit blbstimigvolves hard
grit particles accelerated to the surface by compressed air resulingughened surface that the spray
can anchor to. Commonly used grits include ceramic grits such as alumiliGpasd metals such as cast

iron or steel in spherical or irregular shapes [38]. The size ofithie gelected based on the desired coating
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characteristics with finer grits typically used for thinner coatifdee surface activation influences the
adhesion strength, with higher surface roughness resulting in improved coating bonding.
2.3.4.2 Splat Formation

After a droplet impacts the substrate, it deforms into a splat which is the fundamentagtalddk of
the thermal spray coating [39]. As the splat flattens, heat is rapdipved from the splat into the
underlying substrate with solidification rates betweehakl 16 °C/s. The cooling rate is related to the
degree of flatting that the droplet experiences on impact which is governed bst diee] temperature,
velocity, and material, as well as the thermal conductivity of the std$@]. A relationship between
splat thickness and cooling rate has been developed and tested for various mstenial [0, 41]. Table
2.3 shows the cooling rates versus splat thickness of an iron splat on a copper sRasickteleformation
and solidification happen almost simultaneously and are dependent on such factors diywsttbsirate
temperature, liquid droplet viscosity and surface temperature, and phase contentinefitéh between

solid and liquid [10].

Table 2.3 Cooling rate vs. splat thickness for an Fe splat an Cu substrate and 30°C [41].

Splat Thickness (cm) Average Cooling Rate (°C/s)
0.1 (1 mm) 8.1 x 16
0.01 (100 pm) 8.1 x 10
103(10 pum) 8.1 x 10
104(1.0 pm) 8.1 x10
10°(0.1 pum) 8.1 x 10¢

Splats occur in two main morphologies calfEhcakeandflower depending on the wetting between
the splat and underlying layer. Wetting examples are shown in Figure2KKHUH LQFUHDVLQJ
improves wetting and results impancake-typsplat permitting the formation of close contact between the
substrate and splat lamella [42]. If the liquid droplet does not wet welthatsubstrate, the contact surface

area is reduced resulting in a fragmentation of the droplet producifigules-typesplat.
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Bad wetting Good wetting

Figure 2.17 Good and bad wetting angles between splat and substrate [43].

Experimental results for plasma-sprayed niobium particles on steel, alumina, and gaasesuiound
that droplets impacting the steel and alumina forpattake-typsplats while droplets impacting the glass
substrate exploded and formed flmver-typesplat [44]. Due to the lower thermal conductivity of the
glass, the splat maintained a higher temperature resulting in a higher congecttene. The combination
of weak wetting between the liquid niobium and higher contact temperature prorhetetioplet
fragmentation into flower morphology. The cooling rate of sprayed niobium partah glass was
approximately 5-6 x 10K/s where on the steel substrate it was an order of magnitude higher at
approximately 2 x 10K/s.

Innumerous cases exist for how a splat can impact a substrate depending erstettas particle
oxidation, speed, substrate roughness, in-flight collision, and coating thickness Eftdctn order to
simplify the splat formation cases, it is useful to consider a single droplettingpan idealized substrate.
A range of cases was considered for the formation of plasma-sprayed cesxmil tharrier coatings to

develop models for splat formation with schematics for each case shown in Figure 2.18 [45].
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Figure 2.18 Various cases for droplets impacting the substrate [45].

Case A represents a splat forming on a flat surface with case Radi¢atcase A but with porosity
under the impact region restricting flattening. For case C, the splat encountees aptat boundary and
must fill the space available before flowing over creating an interlockindgnanezm. Cases D and E
represent rough surfaces that the splat flows over with Case E experiengag slgpe created by other
splats which it flows down. Cases F and G, represent the top layer of the edaeghe splat to curls up
due to temperature differences between the top and bottom with Case Gayzaéhgvhich pins the splat,
modifying its curl. Lastly, Case H and | represent the impact of solidified solidetisophich impact and

bounce off instead of adhering.

2.3.4.3 Splat Oxidation

After droplets impact, deforming into splats, oxides begin to form angomlogresses. The top surface

of the splat is exposed to oxygen containing atmosphere which oxidizes the suifi@cgpéest cools. Oxide
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layer thickness is several orders of magnitude less than the splat thickness vitéegattarixing of the
splat liquid distributes oxides which slow down the solidification by deargahe thermal diffusivity of
the liquid phase [43]. Oxidation also contributes to splat splashing which resgjteater oxidation.
Increasing the splat initial temperature results in increased oxidation kiaeticsplat solidification time
both increasing the final oxide content. It has been observed for plasayadsprolybdenum that increases
in oxide content reduced the splat radius and increased the thickness as drigwrei@.19 [46]. This is
due to an increase in liquid metal viscosity reducing flattening, asasjell decrease in solidification rate
at the bottom of the splat.

In addition to splat surface oxidation, oxides are also present under the gplai-flight oxidation.
Observation of thermal sprayed M5 wt. % Al by APS and TWAS found that oxides start to segregate
towards the front of the droplet forming an oxide shell during flight whitdskps under the metal splat
upon impact [30]. This is shown schematically in Figure 2.20 where the dark region represents txide she
spreading under the splat. This behavior was only observed for TWAS and APS and alidundor
HVOF spraying where in-flight oxidation was reduced due to higher particle iee$o@and lower
temperature [47]. Without the formation of oxides during flight, the molteplelr instead contains

dissolved oxygen which improves wetting and increases flattening [48].

T 0145} )
e 17.8 2
= =
Il - —
7 0140f 177 §
< . 2
£ 7.6 i
£ 0135} =

* |
a " \{75 ;
0.130 \ | \ =

0 1 2

Oxidation volume fraction

Figure 2.19 Splat thickness and radius versus oxidation volume fraction [46].
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Oxide from m-flight oxidation

) Solidification start
Splashed oxide

Figure 2.20 Schematic showing oxide shell splashing beneath splat [30].

2.3.4.4 Phase Transformations and Residual Stress
Molten droplets impact the substrate and undergo rapid solidificatiotimggnlthermal contraction as
the splat is restrained by the cooler underlying material [49]. This #hexomtraction generates tensile
stress in the splat known as quench stress which generates bulk residws stridesdeposit that can lead
to coating peeling, warping, and loss of dimensional tolerances [49-51]. Figure 2.2lasbivesnatic of
this process where (a) shows the molten droplet before impact, (b) shows the droplet deforming across the
substrate with the rapid heat flow from the droplet to the underlying, laper(c) showing the quench

stresses present within the droplet.

Sprayed particle
T
P

In-plane stress

= 5 3

Figure 2.21 Origen of quench stress during thermal spraying progressing from before droptet it
(a), impact and quench (b), and splat stresses (c) [52].

i,
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A study was conducted on TWAS sprayed copper-coated, 1.6mm 38T wire (Fe-0.8 wt. %C) sprayed at
various surface temperatures. The goal was to control the phases generated, namelydive bzjate
transformation, to counteract the tensile quench stresses [49]. In this at#yies of shells were
manufactured with steady-state average temperatures ranging from 170°C and4Z8C intervals to
determine the relationship between distortion and surface temperature. Sprayingrvied out on steel
plates as shown in Figure 2.22 with a spring-loaded linear position sensor that costidentistortion
over spray time of the substrate and shell.

It was found that residual stress varied greatly with the substrapenatures. Figure 2.23 shows that
there were three shell states; concave distortion driven by thermal contra&ctfile stress (quench
stresses), convex distortion driven by phase transformation compressive stresso atistartion where
compressive and tensile stresses balance [49]. The competing phases were fte angtieainite, as the
substrate temperatures were above the martensite statie(hperature. The phase transformation paths
can be viewedon the time-temperature-transformation (TTT) diagram shown in Figure 2.25 which
estimates that the spay composition will behave similarly to 1018 steel Rgitesents the cooling path
for a droplet impacting the substrate preheated to 200°C. In this caseggpkienced quench stresses

from rapid cooling from A= 723°C to 200°C which can be represented by:

el =R Ue¢6 (2.5)

where' and RDUH WKH VSUD\HG VKHOO <RXQJYTV PR GUsah¢ ¢odfigiét SRLVRQ
of thermal expansion, ang @s the change in temperature fromtA controlled surface temperature. This

resulted in aé: value of 937 MPa that caused the convex distortion shown in Figure 2.23.
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Figure 2.22 Schematic diagram for experimental set up for in-situ measurements of digt8ftion

Near the end of the spraying time for pafhsome of the austenite was speculated to decompose to

bainite but with slow kinetics. The limited expansive bainite transformat&snet enough to counteract

the tensile stresses and the convex distortion. For a surface temperature maatt2isiedfC during

spraying, the cooling was expected to follow pathike with the 200 °C case, the quench rate was too

rapid to allow diffusional phase transformations. However, unlike the 200 °Ctlcasewas a significant

time spent in the bainite region on the TTT diagram allowing the diffusionar Ibainite transformation

to take place for a significant volume fraction.
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Figure 2.23 Schematic diagram for experimental set up for in-situ measurements of digt8itio
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The expansive transformation resulted in a net compressive stress state aslobdegure 2.23. For
pathc, unlike the 255 °C case, bainite formation did not progress significawelythe spray time. This
resuledin a net tensile or convex distortion like the 200°C case. This study showeldetteaexisted a
range of temperatures between approximately 210°C and 390°C where the expandivenatos
dominated resulting in a net concave distortion. Thus, there are two temgeveliere a net residual stress

state of zero could be achieved. [49]
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Figure2.24 Schematic TTT diagram for electric arc sprayed steel showing cooling paths for she

sprayed with average temperatures of (a) 200 °C; (b) 255 °C; and (c) 450 °C [49, 53].
24 Process Parameters

Thermal spraying has many variables that can be manipulated to produce ke filgisi coating

structure. Thermal spray process variables are commonly categorized into mamipedetirol, time,
temperature, and mass variables [54]. For TWAS, the manipulable variableleiaalface speed, standoff
distance, pitch increment, and spray angle. Surface speed represents the relation hetva@enpart
speeds, the standoff distance is defined as the distance between the gun-faceeshddpstgte, the pitch
increments are the distances that the gun moves per pass or revolution example beingdghef eopitbe

set at some revolutions per minute (rpm) and forward advancing speed, and lastlgyttengje is given
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as some angle between 0° and 90° to the substrate. The time variables include air ptessaiy gas
characteristics, and arc characteristics. Air pressure can be influeneaddms gun designs and greatly
influences the jet speed [11, 15, 55]. Atomizing gas characteristicsenghscttype or mixture, density, and
thermal conductivity. Arc characteristics are affected by voltage and ampeinédeinfluence material
breakup, and thus, the speed and flow of sprayed material. The third prodadte veategory is
temperature and includes available energy, consumable material characteristics, ardvémament.
The energy supplied to the system is governed by the input amperage and voltage asomedtaskly
the material is being removed and thermal heat dispersed. Consumable materialridtasartelude wire
composition, mass, thermal properties, electrical properties, and wire type sudth asswkd. The spray
environment is defined as the atomizing gas type, spray speed, in-flight reactioas sxatation, and
distance the spray material has to travel which influence the droplet temperature orj5mEajt
2.4.1 Effect of Voltage

Arc voltage ranges typically from 20-40V and is set before spraying dependihg omaterial, air
pressure, and spray distance [10]. Input voltage influence the mean droplet size, droplet speedeaind dropl
impact temperature which are critical to final coating structure raaites directly to cooling rates [9]
Studies on the iron sprays have found that as voltage is increased, the meadidroptet on impact was
decreased [9, 57-59]. In a study of TWAS of Fe-0.8 wt. % C, it was found that an@alet diameter
GHFUHDVHG E\ DSSUR[LPDWHO\ P ZKHQ LQFUHSB)VRdorE 226KH LQ S X\
shows the effect of voltage on mean solidified droplet diamétgp(oduced by TWAFe0.8 wt.%C 1.6
mm diameter steel wires using Btomizing gas at 280 k Pa gas pressure and %vige feed rate. Mean
droplet diameter was determined by mounting the spray gun on the top of the 2.&ah clesimber and
spraying without a substrate so that the droplets could fully solidify midrairbe collected from the

chamber base.
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Figure 2.25 Effect of input voltage on mean solidified droplet diameter for TWAS Fe-0.8wt.%

[58].

As voltage increased, droplet velocity decreased and temperature increasedy Asing in-flight
particle pyrometry on Fe-0.8 wt.% C TWAS found that as input voltage was increased from 27 to 41V the
spray temperature increased from approximately 2000°C to 2200°C at a spray disteb@enof using
nitrogen atomizing gas [57]. Increasing voltage leads to an increasetengoerature resultingn more
rapidly heated spray before leaving the arc. The decrease in droplet velocity wasdeparttie spray
distance. As voltage increased, droplet size decreased resulting in pdhitievere accelerated more
rapidly; however, at the spray distance of 150 mm, these smaller droplets wereasity slowed down
by the rapidly decreasing gas velocity. Figure 2.26 shows the effect of inpages@n velocity and
temperature. The degree of influence voltage has on velocity and temperature was beudifferent for

different atomizing gasesdepending on gas thermal properties and degree of exothermic oxidation that

occurred.
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Figure 2.26 The effect of arc voltage on spray velocity (a) and spray temperature (b) at a spray
distance of 150 mm, spraying with air and nitrogen atomizing gasses at a pressure of 280 kPa ¢
Lwire feed rate [57]

There exist voltage fluctuations during the formation of droplets that eviselie arc movement during
spraying resulting in periodic removal of molten material from the wWjrs. Newbery proposed that a
relationship exists between arc voltage and droplet diameter that occurred in threés8lagegufe 2.27
(a) shows the voltage stages over time with Figu2é ¢h) showing a schematic of the voltage stages as
they relate to droplet formation. Stage 1 is when voltage isvadiahigh and the arc is stable, extending
toward the wire tips. A small amount of molten material begins to form a layer and startsl taptaiiithe
wire tip. Stage 2 is characterized by a sharp drop in arc voltage as a re¢baltaoé becoming unstable
after the critical volume of molten material has devetbgxt the wire tip. The critical molten metal volume
is dependent on drag forces from the atomizing gas which removes the moltealnTdierrapid decrease
in voltage occurs as the arc returns to the shortest wire separation. Stage 3 occurs atentlizaplets
are removed and the arc begins to extend again before the cycle occurs again. dgescyale was
measured during spraying using a software which logs time resolved voltad# ldilz over 2.62 s at

steady state spraying.
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As voltage increased, there was an increase in energy supplied to the angriesahigher temperature
arc [60]. Higher arc temperature results in faster melting and, as a feswitiye tips grow further apart
and increase the arc width. Higher temperature molten material has reducsityvasu surface tension

reducing the time for material removal with increased velocity resulting in a redoétd, [58].
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Figure 2.27 Voltage stages with respect to time (a) and schematic showing droplet formaitien a
tip during each stage (b) [58].
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2.4.2 Effect of Amperage

For TWAS, amperage relates directly to wire feed rate. Amperage can be contralledro#b-400
amps [16]. Changes in amperage affect deposition rates, spray temperature, andelomjities. The
effects of the amperage are more complex because for increases or decreasestintfeszd is a machine
calibrated electric current adjustment supplied to the arc to compensate and helmretibtaimelting
and deposition [58]. A study was conducted on Fe-0.8 wt. % C steel wires sprayedust aamperages
with results presented as wire feed rate [57]. Thus, even though amperage is abtfratbmeter on
the TWAS machine, it is more practical to provide wire feed rate becausdcetertent is constantly
being adjusted to maintain this value.

It was found that increased wire feed rate reduced the spray velocity, as shégurén2.28 (a), as a
result of the increased mass in the jet stream. Wire feed rate had l@tde@ifthe spray temperature as
shown in Figure 2.28 (b). This is because the molten material can be removed at aeceparature
where the liquid viscosity and surface tension are low enough for the atomédng remove it. Thus,

material is removed at approximately the same temperature regardless of the feed rate [57].
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Figure 2.28 The effect of wire feed rate on spray velocity (a) and spray temperature (b) at a sp
distance of 150 mm, spraying with air and nitrogen atomizing gasses at a pressure of 280 kPa ¢
arc voltage [57].
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Amperage also has an effect on the droplet diameter. As wire feed ratedacidraplet diameter
increases as shown in Figure 2.29 [58]. Increasing the amperage resultneaseiim wire feed rate thus
increasing the amount of material melted per unit time. More material buitdghgwire tips before being
removed, resulting in an increase of droplet diameter. Steel has been selettedemmple for the
amperage effects on velocity, temperature, and size; however, it is worth thatirgyery power supply

design works differently with different alloys. Table 2.4 provides spray ratbsraperage for various

materials [9].
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Figure 2.29 Effect of wire feed rate on mean solidified droplet diameter for TWAS F¢58BC

Table 2.4 TWAS rates for various materials [9].

Wire g/min (Ib/h)/100 A dc
Aluminum 45(6)

Steel 76(10)
Stainless steel 76(10)

Tin 341(45)
Titanium 23(3)

Zinc 182(24)
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2.4.3 Effect of Air Pressure and Atomizing Gas

Air pressures typically used for TWAS range between 100 to 700 kPa [10]. Increasipgegsure
increases spray velocity, decreases spray temperature, and reduces dropet€izeésT]. The most
commonly used atomizing gasses used for TWAS are nitrogen and dried processed air.oh shedy
effect of atomizing gas pressure for TWAS of Fe-0.8 wt. % C steel fouhdvtien air pressure was
increased from 140 to 410 kPa, spray velocity increased by 50 m/s as shown in Figuag[3-3016 this
study it was also found that over this pressure range, spray temperature I&fhmthe spray gun was
reduced by 80°C which is shown in Figure 2.30 (b) [57]. Similar findings were alsaeetpor AS850

cored wires and solid nickel wires [59].

120 + :i:rogen A 2300 | ‘-_t._h__’____"h‘
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fg] g * Air
= 50 | %

= 2100 |
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Gas Pressure (kPa) Gas Pressilre (kPa)
(a) (b)

Figure 2.30 The effect of gas pressure on spray velocity (a) and spray temperature (b) at a spr
distance of 150 mm, spraying with air and nitrogen atomizing gasses at a wire feed rate of Zug/s
voltage of 34 V [57].
Atomizing gas type does not have a significant effect on spray velocityabud significant effect on
spray temperature as shoimrFigure 2.30 (b) where at any given pressure the spray temperature of air was

over 100°C greater. Oxidation reactions occur at a much higher rate wiagmgpwith air due to the

oxygen content which is not as present when spraying with nitrogen [14]. The oxidaiton® are
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exothermic and significantly raise the temperature of the arc. Additionallyethgpray pressures also
increase oxide content which is why the temperature difference between nitrogenramdased at higher
pressures [12, 57].

Air pressure has the greatest process parameter effect on mean patrticle siebdtrause the main
factor generating droplets are the drag forces removing molten materiahkeomire tips within the arc.
For Fe-0.8 wt. % C steel TWAS, droplet diameter was reduced by more than half wikasiimgthe gas

pressure from 150 to 550 kPa which is shown in Figure 2.31 [58].
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Figure 2.31 Effect of atomizing gas pressure on mean solidified droplet diameter for TWAS Fe-

[58].

2.4.4 Effect of Spray Distance

Spray distance, along with velocity, determine how long a droplet will be in flight whlaknges the
droplet impact temperature and velocity. Figure 2.32 shows the relationship betweeity \aetd
temperature for TWAS sprayed Fe-0.8 wt. % C steel wires [57]. As expected, the oahtdmperature
continuously decreases for increased spray distances due to the droplet loosimgheestirrounding jet

stream. Velocity, on the hand, reaches a maximum value at some spray distance before slgntinuou
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decreasing. This is because droplets are accelerated by the atomizing gagitouamalocity at some

spray distance before the droplets begin to be slowed by drag forces of the rapeigidgmas velocity.
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Figure 2.32 Effect of spray distance and atomizing gas type on mean droplet temperature apd
for TWAS Fe-0.8C sprayed at 34 V arc voltage, atomizing gas pressure of 280 kPa, and wire fe
of 1 g/s [57].

As was previously shown in Figure 2.14, increasing the spray distance resultgar adarme fraction
of the droplet solidified before impact as was observed for spray forming of 1jx®nélers [33]. The
microstructure of the coating is heavily dependent upon the solidificatiorticonafithe impinging droplet
where the solidified dendrites fracture upon impact and act as nucleation sitese@tes a mix of small
grains from the rapid solidification and large grains from the in-flight solidifinati

2.5 Solidification Modeling

2.5.1 Early Theoretical Model

Early modeling of the thermal spray atomization and deposit was performed byskiadgich
determined the degree of flattening of the solidifying droplets. [Bl¢ problem consists of the two
simultaneous processes of the liquid motion and of the solidification. Thel masl related to experimental
measurements of individual droplets of alumina.(8) as shown in Figure 2.33 sprayed at a velocity of

200 ms' with droplet diameters of 4-£an [61].
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Figure 2.33 Photograph of alumina disks obtained from plasma spring [61].

The area covered by the droplet was estimated by the ratio shown in Equation (2.6 }pgvisetiee
maximum flattening ratio&is the droplet diameter, antis the surface area covered by the droplet. Initial
theoretical calculations assume the splat is a regular circle as opposed to theljaggesthawn in Figure
2.33 for the model. Thus, a droplet of diamefadmpinging perpendicularly on the cold surface flattens to
form a cylinder shaped splat of radids P, growing at time P See Figure 2.34 for a visual of calculation

model.

(2.6)

Rl ~
ol 3 |
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Figure 2.34 Droplet flattening schematic for calculations [61].

The solidified layer {J is greater in the center than on the periphery because of radius gnawtithE

Stephan problem, thickness is then:
UL ¥=P (2.7)

The value=is the thermal diffusivity of the layer andis the freezing constant depending on the Jakob

number. Freezing begins &in the momentRwhen N L 4 . For " P 4thereis:
UN L 7¥=:PF R7; (2.8)
For” O 4L 4:rthereis:
WL 79 P (2.9)

The volume of the solid l&y can be calculated as:

ai @ r
8&Le4UE+ te4RI® >I®:R; (2.10)
ai@4
or
- r® AR
8L e4£7¥=PE + té 4:R;% [ ¥=PFRTRI (2.11)
4

Using the simplifying assumption that liquid layer thicknesdepending only upon the tim&V

Therefore he mass balance of the disk can be represented as:
| L -&é"L éQE e4>¢ (2.12)
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where,mis the mass balance of the dropteis the liquid layer thicknessgis the density of the solid,

and é s the density of the liquid. The layer can then be represented by the function:

€ o7 sf e ~
—&é'F é8
g X ° (2.13)
GV
The motion or flattening of the disk droplet is described by the energy equation:
6@;5' bE'sE goLr (2.14)

where ' pis the kinetic energy, 5 is the potential energy, angyis the work friction forces.
Velocity field functions (velocity distribution) used to deternine kinetic energy and work of friction

are:

Se L F%°T (2.15)
and
SsL%TN (2.16)
The variablesS, and Sgyare the velocity components with the constant tétaxpressed in terms of the

disk expansion—é. The continuity equation can then be fulfilled as:

~

0 0
NS NS 2.17
—ONNg,E—éTNg,Lr (2.17)

Next, the disk expansion average velocity on the periphery can be represented by the expression:

@4 s © % >4
6',] —>i4 Sé@ t_t (218)
where
t @4
0 = 2.19
% (2.19)

From there the kinetic energy can then be calculated as:

E o]
S
'‘bLté+ N@I\@@té":$E $; (2.20)
4 4

The kinetic energy equation can then be modified by using Equations (2.16), #2d (219) to achieve

the following expression:
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N e”IQB ® | SE— >7p L P; (2.21)

At the start time @) of zero, the value of kinetic energy is that of the falling droplet. Thus, this can be

expressed as:

e S6
r;L— & é<- (2.22)
X t

The initial radius can then be assumed as some portion of droplet diameter given by:
4:r;L 4 LY& (2.23)

whereD is the droplet diameter andconstant representing the relation between the splat radius and droplet

diameter. The initial radial expansion of the splat is then calculated as:

u
4
@ L S©7 (2.24)
u rY

The work of friction mentioned in Equation {2) can now be represented by friction power expression:

Oy, EteN@ﬁgis (2.25)
Ch |

The shear stress)(can be related to dynamic viscosit§ py:

0% @4
3 0 2.26

The average radial velocity is expressed as:

(0]
SpL —ii S; @I—L\%‘i (2.27)

From here the shear stress Equation (2.26) and the average radial velocity Eguat)arab be substituted

into the friction power Equation (2.25) to get:

@y e&fa 48 228
@r > ®_gﬁ8 (2.28)

Potential energy due to the surface tensi@rating on the disk surface is:
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‘s L é:e8E te4d> (2.29)
The energy will be equal to the potential energy of the droplt latr and is given by:
'sul @888 (2.30)
Though, by substituting the initial radius as a portion of the droplet diarimeterEquation (2.23) the
potential energy can then be calculated as:

.S
P Léé&GIY‘SEU\P (2.31)

The model, however, does not have a value for the congtaatwill satisfy 's 5 L ' 5: r; To work around

this, Y L is assumed resulting in an error value of 8% for the initial value of potential energy.

Continuing with the model, the dimensionless variables for the radius, thickndssne are introduced

as:

4

® b (2.32)
44

TL > 2.33

I 74 (2.33)
Sp

P lI— (2.34)
4,

As well as, introducing thé/eber, Reynolds, and Péclet expressions:

9AL éﬁgf i (2.35)
é
4 AL éﬁ&f_ s (2.36)
2 AL i:& (2.37)
and the parameter:
G L xﬁwgﬁ §_;A (2.38)



Taking now the kinetic energy Equation (2.21), friction power Equation (2.28) tiabtemergy Equation
(2.29) with the dimensionless variable Equations of (2.35), (2.36), and (2.37), aasw#ie Weber,
Reynolds, and Péclet numbers and paramégand substituting all into the energy of flattening the disk

droplet Equation (24), the following equation is achieved:

@Y X_ g s B b
— - _ 2.39
@%aﬁlaéiEwu p Ega®® E tihE—— Lt (2.39)
where
[ _ ¢ _
~ .3 6% \
i L—XvaéJsFG%PEti‘-lae.l,ae*/P F @K (2.40)

The point over the dimensionless disk radius varialdedenote differentiation with respect to the

dimensionless time. Boundary conditions are expressed as:

!

&r; L sandeer; L - (2.41)

52

With this the solution forad?, the maximum valuesg at a8 rcan be found. This value, as defined in
Equation (2.6), is a function of constd&nfRe andWe The general formula foeg is difficult to find and,

as such, several cases were viewed numerically by Madejski [61]. Vhénr 14 A5 it was found that:
& L §E7‘Z’ (2.42)
for 9A PsrrandforG L r L9 A’ Sthe equation becomes:
& L sB{VS4AE ra{wsy; (2.43)
for 4 A Psrt This can be simplified resulting in
& L sB{VHAA (2.44)

The equation for the flattening of a droplet without solidification wier_ s thus given as:

7@
E E@@EA L s (2.45)
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Provided the conditions are met whedéd Psrrand 4 AP s rillustrates this relationship between the
flattening degree and solidification parameteit was found that for the cases whet&®> L r L 9 A?3

the degree of flattening could be expressed by the approximate formula:

& L sauvy4ar=9 (2.46)
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Figure 2.35 Flattening degree for the solidification casel ){61].

In order to determine the freezing constatquring the experiment, the Stefan problem was expressed

for solidification of a half-space super-heated liquid of temperagiie & Stephan problem can then be
written as

Wuéu
7 6 &S5
— 3% L F
t vhe A28 i B‘—7>§-G® £g 4—7|:6—=p (2.47)
NA E "=+ QA8 =N =
ey
where
el 19219
6, L ——+ 320 and6§L 320 (2.48)
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The initial temperature of the mold is represented@®y, s the latent heat of fusiois the temperature

of fusion, &;is the heat conductivity of the mol@&yis the specific heat of the moldyis the density of the

mold, and 5is the thermal diffusivity of the mold=(; LC..N—N).
N

It was observed that the thermal properties of the cold surface tllabghets solidify on had no impact
on the value of g The isothermal case in Whi(@%~ L rcould be expressed as:
N N

a:8F 6 _
28 % AB G (2.49)

6, L -
4 &,

in

[ —
~T

Through experimentation, it was found that the theory of one-dimensional flayuiof was inadequate to
predict the behavior [61]. Madejski analytical model outlined abov@®faf® L r L 4 K5 gave slightly
lower values for ggas compared with actual values. Further developments would need to be inedrporat
into the model to better predict flattening and broaden its application to more mateeiaissyst
2.5.2 Recent Modeling Developments

Resent thermal spray modelling work by Ha have included the aspect of a rough surface which is more
common among thermal spray operations [62]. This work was an advancement on previous numerical
models and experiments performed by Pasandidehetatd63] and Tong and Holt [64] which predicted
the fluid flow of the impacted droplet and heat transfer to substratectSein the surface were shown to
have an effect on the droplet formation and spreading.

The model first considers the simple condition of a single droplet depo#ie substrate as shown in
the Figure 2.36 schematic. The fluid flow model considers the Navier-Stokedoaquath two-
dimensional axisymmetric incompressible flow [65]Q WKH PRGHO WKH VWDWLRQDU\ VRC

undergo a phase change. Continuity and momentum equations are considered and are given as:

l®&# ;L (2.50)
and
08 . _ #. #.
#FPEI®# ,LF—éIL E—éI®RE$E# (2.51)
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where, FRUUHVSRQGY WR D FHOO ZLWKRXW D VXEWMUDPNHRGRHOARH M
velocity reduction of the solidified droplet, Vis @R FLW\ P V swheldendityl(RgHty '12LLV WKH

viscous stress tensor, anglthe body force.

liquid metal droplet

before impact \ D ™~
/ 0

-

5,
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liquid metal droplet

after impact solidified layer

rigid substrate

Figure 2.36 Schematic of thermal spray deposition [64].

for the two step projection, Equation (2)®&n be approximated as:

8F g . H#. )
. 4 gl RE # <2 2.52
# UPLFI®# ,Eél® # 5 (2.52)
and
84>5F g H.oo
#— L F—JL8>° 2.53
P é (2.53)

where &is the auxiliary velocity computed from incremental changefinandn is the old time value.

Equations (2.50) and (2.53) can be combined as a single pressure Poisson equation:

LH L I @k#€o
_jra>5 A 2.54
|®a|é—a| hL 55 (2.54)

The volume-of-fluid (VOF) transport equation is given as the function F. Surface té&nsiodeled using
volume forces:

46



0 .
—# ;EI®# ;L (2.55)
oP

In order to determine the surface tension the use of the continuum surfacéCfeFgemethod was
employed which interprets surface tension as a continuous, three-dimensional effestaadnterface,
rather than as a boundary value condition on the interface [66]. This methagedasiith the volume

force to achieve the following expression:
5L el Pil( (2.56)

where (g ds the continuous surface force aRygis the surface tension. From here the adhesion bound at
the contact of fluid meeting the wall or a solidified obstaelebe calculated using a unit vector normal to

the free surface in the same manner of volume forces:

LY.« a Efa (2.57)

The unit vector normal to the free surface is givenJald represents the unit vector normal to the wall
R is the unit vector tangent to the wall, LV W KH VW QM hefvdeRr Qid/dné SMbdrqe. The static
contact angle on the substrate had grooves and ridges with the angle assumed to he @0éi@ge value
of moving contact angles.

The solidification process can be described by the energy equation (2.58)Gidtre volume fraction
of the non-solidified metal droplet versus total droplet volume. The spéeaét €), temperatureT),

thermal conductivity (k), and latent heat of fusian¥ can then be expressed together as:

o) . . . oC
— 6?6E 1 ®?86L | RGIBF é¢ *— (2.58)
oP oP

Equation (2.58) can then be integrated to get the non-linear equation:

=67 L L6 E = 4B E 6@ F @°; (2.59)
a0

where | is the iteration level, and >are the neighboring nodes to the node p&intising a Taylor series,

the C*>5term can then be expanded to:
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@C

G5 L @ E—= @66a>5 F 6 ; (2.60)

Substitute Equation (2.60) into Equation (2.59), the linear source term can then be expressed as:
=g E é¢*=

§‘>5L“"‘6€Eec@gEE HIEZE 6L TG F @ (2.61)

01 "

|
a

‘@ 8
The mushy region momentum equation can now be modified by this source term to get:

5L F— g (2.62)

where %represents the porosity of the solidified metal droplet wak a constant.

A comparison was drawn between the mathematical model and experimental resultsifopléts
impacting a stainless steel substrate which is shown in Figure 2.37. The model prediebatrier
accurately for times less than three seconds; however, after that the nedittb faster solidification at
the edge [63]. It was estimated that the difference is due to the modgh ighitwo-dimensional
axisymmetric not able to predict the three dimensional instability [62].

With developments of modelling of the dramelidification on a smooth surface, more complex models
could be developed that considered surface roughness. Various surface roughness conditions were
considered and are shown in Figure 2.38. It was found that all surface defects greatly hedsjoezhding
of the droplet and affeetithe splat diameter and the thickness [62]. For both groove types, air gaps were
observed as the droplet solidified before filling in the bottom with thamgatar grove having large pores
in the bottom corners and the triangle grove having one at the bottom poitite Fiatge conditions, the
solidification layer is not uniform and forms a pore on the side of the adgg from the droplet impact.
These pores hinder heat transfer between the splat and substrate resulting thsaitlifteation thickness

directly above the pore.
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Figure 2.37 Photograph of the solidification sequencaeligliid tin droplet on a flat stainless steel
substrate [63] (a) and the calculated spreading and solidification (b) [62].
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Figure 2.38 Rough surface geometry types with the shape of the modeled splat. Rectangular g
(a), triangular groove (b), rectangular ridge (c), and triangular ridge (d) [62].
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These models however are limited to the first droplets solidification and magaottely predict néx
layer of droplets solidification behavior where the substrate, being the lasttdddager, is not at the
same temperature. Interfacial heat transfer plays a key role in drometisyy behavior. Figure 3@
shows the modetesolidification behavior with a nickel droplet plasma sprayed onto a staistes!
substrate at 300°C [67]. The solidification model uses the enthalpy-porosity nethiod melt interfae
and the FLUENT software witiUrepresenting the liquid fraction parameter [68]. The total enthalpy is

FDOFXODWHG DV WKH VHQVLEOH HQWKDOS\ K DQG WKH ODWHQW K

L DE iwhereD L Py}, %L@6 (2.63)

The solidification interface (mushy zone) are represented by valudbeifveen 0 and 1. In this zone the

solid and liquid phases exist together with boundary conditions of:

A r EB Obaruxea
.- S EB Pdyseuxeea

L 2.64
ULL 6F QagUxea (2.64)

A E . Oy seilxe
C’)GSUaéUFé@EéBUxéae %&aBUQ&B BQJan ea

Latent heat of liquidl., dissipates as the temperature decreases and is represented as:

e*LU. (2.65)

The solidification is calculated in the whole velocity field fastmethod and treats the mushy zone as a

porous medium. The velocity goes to zero when the computation cell is fully solidifiedolifee term

% can then be represented as:

‘s F (F;
‘(P E rés;

B L

Haee R& (2.66)

where Uis the liquid fraction and#; s » 8 the mushy zone constant. It was found that the liquid nickel
droplet-air interface with bubble formation could be accurately modeled. Materia) jgtcurred from the
rapid growth of the bottom solid layer which causes fluid instabilities tiee surface. An increase in

substrate temperatures from 27°C to 300°C was found to slow solidificationcandtersubstrate melting.
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Figure 2.39 View of droplet spreading showing flow and solidification for four times of 0.05, 0.1
0.50, and 1.00 um [67].

2.6 Thermal Sprayed High Entropy Alloy Coatings

In the last decade, high-entropy alloys (HEAs) have gained increasing interdiseifofavorable
mechanical and corrosion resistant properties. However, due to the high perdenkagion of more
expensive elements such as Nb, W, Cr, V, and Ni, the use of these materials has asyasedsrd film
or coating on lower cost material substrates [69]. Thermal spray, which iscresd a wide variety of
industries improve key performance factors such as wear and corrosioanasigiffers an effective
process to apply HEAs. Due to the limited literature on TWAS sprayed HEA codtilgysection will
focus on the thermal spraying of HEA coatings by atmospheric plasma spraying (APS)pasdiss has
similar temperatures, oxidizing environments, and particle velocities to TWAS.
2.6.1 HEA Overview

The HEA term was first coined by Yeh in the 1996 thesis which describaltbgirsystem with 5 or
more components and contained far fewer phases than the maximum possible predictedog thieaSe
rule [70]. The recent, well-accepted, definition of HEAs is a crystalline systm®md on four or more
elements that each constitute between 5-35 at. % having a microstructurrigratleast one random
solid solution (RSS) phase [71]. Thus, as long as there is at least one &®Stph HEA may include
intermetallic, ordered and/or precipitate phases, and additional alloying elemenitsubeSsat. %. With
the expansive amount of alloys that fit this definition, HEAs have been further eldsstb single phase

HEAs, multi-phase HEAs, and complex engineering HEAs. Recent studies of thermally dpEysd
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have focused on wear-resistant coatings that contain a RSS, ordered phases, atadeppdaEpes, thus
classified as complex HEAs [72, 73].
2.6.2 HEA Principles

HEASs, as a new class of materials, have exhibited a wide range of propertiéscireased strength
and toughness maintained at elevated temperatures outperforming superalloys [EHsthading two
times the wear resistance of SUJ2 bearing steel [72]. Yeh proposed four core efiagisishigtg HEAS:
high-entropy, severe lattice distortion, sluggish diffusion, and the cockiaiit ¢75]. The first three core
effects represent the initial hypotheses and have been critiqued based on publisbeitedetd over the
SDVW \HDUV 7KH IRXUWK 3FRFNWDLO" HIRFW$&odpes&ddia RI D VH
hypothesis [74, 76].
2.6.2.1 High Entropy Effect

The high entropy effect is the namesake concept of HEAs and proposes that rnigctbasi
configurational entropy will favor a RSS over competing intermetallic (IM) ghaseh defined HEAs as
having mixing entropies larger than 1.5R, where R is the ideal gas constants Based on the ideal

configuration entropy of a 5-element alloy being 1.61R [77]. Configurational entropy is calculated as:
a
¢DasuboF4T: yZey (2.67)
v@s
where : ¢js the concentration of th#h constituent. The configuration entropy is approximated to represent
the mixing entropy as it is considered the dominant term compared with vibrag@ewtonical, and
magnetic contributions [78].

Miracle critiqued this definition, and highlights that entropy-based defisitibave conceptual
problems, as the ideal configurational entropy of disordered solid soluti®h&%% can poorly estimate
total entropy (8. Of the four major terms # S°S, HM, SM), no single term or pair of terms consistently
dominates phase selection [74]. It is more practical to consider the compositional Hasgdndas

opposed to the entropy-based definition. In this sense, multi-principle element @MB¥As) and
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complex, concentrated alloys (CCAs) which evoke the essential features igldhenti do not imply a
magnitude of entropy offer more appealing acronyms.
2.6.2.2 Severe Lattice Distortion

The severe lattice distortion effect, in the RSS phase, arises fronomhie atisfit and is an extension
of the solid solution strengthening mechanism in conventional alloys. However, becaesés ther
difference between solute and solvent, every lattice site experiences somezdisplacThis effect is
depicted in Figure 2.40, showing the distortion of a body center cubic (Bg&alcby one component
alloy and then by a five component HEA [79]. This distortion has been shown expatiynesith the
diminished x-ray diffraction peak intensities as the number of constitwnérts was increased from pure

Cu to the HEA system AISiCrFeCoNiCu [80].

rewe Pme 2
{. $° a i ~__ B 0—‘0 :‘Mi‘ ®
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(©

Figure 2.40 Schematic of a BCC crystal (a) perfect lattice, (b) didttattice by one component wi
a different atomic radius, and (c) severe lattice distortion by many different sizezsl[@&m

This severe lattice distortion has been linked to increased hardness, redutechiebnd thermal
conductivity, and reduced temperature dependence of these properties [81]. It should Heahtitedet
still exists missing evidence separating the severe lattice distortemt im other possible contributions
VXFK DV VKHDU PRGXOXV PLVPDWFK KDUGHQLQJ FHRQMNFWEXADILCR Q C
thermal conductivities [74].
2.6.2.3 Sluggish Diffusion

Sluggish diffusion refers to a decrease in diffusion kinetics, compared with puréatsacaused by
local lattice potential energy fluctuations caused by the varying constituterggeforming deep traps

which inhibit diffusion. This was supported by results showing that CoCrFeMnNi HEAs habbivest
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self-diffusion rate compared with austenitic steels and pure metal system3824luggish diffusion
effect has only been studied in a few publications and further, carefully destgpedments are needed
[71].
2.6.2.4 Cocktail Effect
The fourth core effect refers to the selection of elements for an HEPosition based on the properties
of that element, like a composite of elements [7I{KLV 3FRUH HIIHFW"~ XQOLNH WKH R
K\SRWKHVLY DQG UHTXLUHV QR SURRI EXW DV UHPLRGH &NV WKL
exceptional materials properties often result frotdffB HFWHG WYRHUJLHV’
2.6.3 Wear Resistant HEA Coatings
APS is commonly used to apply thermal barrier coatings (TBC) to turbineslda@ero-engine parts
that operate at elevated temperatures [72]. As previously discussed on2e2fiAPS is the process by
which an arc is generated between an anode and the cathode which ionizes the flowingtgabses
plasma state. Powder feedstock is injected into the plasma jet, melted, anceg@rmpsiibstrate [83s
shown in the schematic provided in Figure 2.41. Plasma arc temperatures are t2Pi€dl°C and
capmble of melting any element [Mlio 2Co. 6F& 2CrSih 2AITi 0.2, AICOCrFeNiTi, FECoCrNiMe; are three
recently published thermal sprayed HEAs coatings that have promising gssiamce and high-
temperature properties [72, 73, 84].

Plasma gas + current
‘ Water-cooler anode

Cathode

Coating

!

Powder port Workpiece ——»

Insulator

Figure 2.41 Schematic of atmospheric plasma spraying process and apparatus [83].
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2.6.3.1 Thermal Sprayed Nio.2C0o.6F€.2CrSioAlTi 0.2

Nio 2Cap eFen 2CrSiAlTio» HEA TBC was proposed by Hsu (2017) as an alternative to advanced bond
coatings such as MCrAlY (M=Co and/or Ni) which often fail due to high-tenyeravear of turbine
blades [72]. The coating was applied by APS to a thickness of ~200 pm and editqptre as-sprayed
condition and heat treated condition (800°C heating for 10 h and air cooled). It was fouti thst
sprayed coating was composed of a lamellar structure of the gray phase and dispaesstingers that
formed during the high-temperature spraying process as shown in Figure 2.42 (a). Thleagewas
determined by X-ray diffraction (XRD) to be one major BCC structure andxides determined with an
energy-dispersive spectrometer (EDS) to be a mixture @r-Kl oxides. The as-sprayed coating had a
hardness of 429-450 HV. After heat treating, precipitation (white phase) occurred in the majragey
XRD and EDS determined the white phase to be Cr3Si, with microstructure shiéigarie 242 (b). After
heat treating the hardness increased to 790-800 HV. The precipitation hardened g\ ecdabited
good room temperature wear resistance of 20 ni/mhich was significantly higher than conventional

bearing steel SUJ2 (12 m/mn
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2.6.3.2 Thermal Sprayed AICoCrFeNiTi
An AlICoCrFeNiTi HEA coating was recently studied by Tain (2016) using APiEsasfiray method is
widely used in aerospace, petrochemical, and mining industries to apply wear resiatanys [73]. Co,

Cr, Fe, and Ni were selected due to their similar atomic diameters [85]. Al adilifions were added
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with larger atomic radii to increase hardness and wear resistance by a sotatigthehing mechanism
[86]. 316 stainless steel substrates were sand-blasted and sprayed to a thickness of approximately 240 pum.
XRD, bond-strength, hardness, and (ambient and elevated) wear testing was conducted. Thectoierost
of the as-sprayed coating was found to be a major BCC matrix phase with mingghB€€and ordered
BCC detected by XRD. Figure 2.43 (a) shows an SEM image of the full coating thickriefds)whowing
a magnified region within the coating. Regions A and B correspond to the BCC amatrotdered BCC
phases, region C corresponds to the FCC phase, and regions D and E correspond to oxidesdhat form
during spraying. The average hardness of the coating was 642 HV, approximatdiynes that of the
substrate, and exceeded the hardness (432 HV) of previous spark plasma sinteérgawie alloy [87]
The increase was attributed to the lower porosity of plasma sprayiicg @ittortion of the BCC phase
from Al and Ti atoms, and formation of hard oxides within the coating. No changedtustrwas observed
after the elevated (500°C) wear test. However, after elevated wear sdxiirgy700°C, significant changes
in structure were observed as the FCC and ordered BCC phase precipitated from the BCC nwttic phas
DGGLWLRQ -QvHeWétipithiRrLQaDke and TiQ oxides were observed to form.
+E
Coarsc\i)ore

+C

~—Coarse pore Eully molten splat,

C‘?oating" : s ; ; ‘;{-!-l)
"ol > ‘ Oxide

Substrate

Figure 2.43 SEM images of the cross-section of the as-sprayed AICoCrFeNiTi coating (ak&wadr
and (b) higher magnification [73].

Surface morphology revealed major adhesive wear with minor abrasion wear for temperatuess betwe
25 and 500°C and tribo-oxidation and abrasion wear for temperatures between 700 &hdA900°

temperatures below 500°C, splats are pulled away due to the limited inter-ldroatiamg between splats
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and coating as well as inter-splat oxides reducing the bonding between the metallic Rptah

temperature (25°C) wear surface is shown in Figure 5 (a). At temperaturegih&®d and 900°C, oxygen
diffusion promotes tribo-oxidation wear as shown in Figure 5 (b). The tribo-tidatocess involves the
formation of an oxide film that acts as a solid lubricant preventing fmegtd! contact and reducing the

coefficient of friction [88].
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Figure 2.44 W

coating at (a) 25°C and (b) 700°C [73].

The room temperature volume wear rate of the AICoCrFeNiTi HEA coatisg)w7 + 0.01 x 10mm?
N1 m! which is approximately one-third that of the 316 stainless steel. At 700°C, thearedecreased
t0 0.23 £ 0.01 x IOMM N*m* GXH WR WKH IRUPDWLRQ RI WULERdb@tRYV DQG
due to the lack of multiple systems. However, at 700°C, the AICoCrFeNiTi ¢tfafing was now only
one-ninth that of the 316 stainless showing much better temperature resistance.
2.6.3.3 Thermal Sprayed FeCoCrNiMay 2

The third HEA coating reviewed was FeCoCrNgdoUnlike the previous two coatings presented in
Section 2.6.3.1 and 2.6.3.2, the FeCoCrNjMbad a primary phase of FCC solid solution [84]. The
composition was selected to be a combination of the high tensile strength (708rdrégngation (56%)
reported for FeCoCrNi HEA FCC solid solution [89] with the scuffingstasice of that Mo add90]. APS
and HVOF spraying was conducted using HEA powders that were prepared by generating an

FeCoCrNiMa 2HEA ingot followed by re-melting through an atomizing chamber before siéviachieve
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particle size distribution of 15-42 um. It was found that both the APS and HVOF coaérgysamprised

of an FCC solid solution with a mixture of#&®, FeOs, and ABO4 (A = Fe, Co, Ni and B = Fe, Cr) oxides.
The oxide content varied significantly between the two thermal processelevifvOF coating having a
12.7 % oxide content and the APS coating containing 47.0% oxides. This difference in oxéte con

resulted in the APS coating having an order of magnitude reduced wear rate campiaétl/OF coating

as shown in Figure 2.45.

6.0E-04

4.0E-04

2.0E-04

(mm?*/N-m)

Volume Wear Rate

0.0E+00
APS HVOF

Figure 2.45 Volume wear rates for the APS and HVOF FeCoCrNiMo0.2 HEA coatings [84].

It was suggested that large differences in wear properties betvee&R $hand HVOF coating could be
attributed to a lubrication effect caused by oxide layers [91]. The oxide layeation was divided into
types: the first being the oxide inclusions formed during spraying witlsébend being oxides formed
during oxidation of the surface during the wear test [84]. Due to the abundanxidesfin the APS coating,
during the sliding wear test it was easier to compact the oxides into anayéddy the continuous wear
stress than with the HVOF coating which had a much lower oxide content. Tererttik in worn surfaces

of the APS coating and HVOF coating for 3, 5 and 15 min are shown in Figure 2.46.
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3 min S min 15 min

Figure 2.46 Worn surface morphologies of te A and HVOF coatings for different frictiote
times [84].
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CHAPTER 3:EXPERIMENTAL PROCEDURES

This chapter provides a description of materials, parameters, and techniquetuiiisgdsample
processing. Laboratory characterization, testing techniques, and equipment are describeclaseddi
The experimental procedure consisted of two parts. The first part involved chairagtidrézcoating and
evaluating the effect of the voltage parameter. This was accomplished by prepayeg sarmples under
varied voltage conditions and characterizing the coatings microstructural and mechapedlies. The
thermal spray coating was evaluated for porosity content, splat microstruckigle, composition,
hardness, strength and residual stress. The second part involved developingimmdtestv wire
composition targeting improved coating toughness while retaining wear resistance.
3.1 Thermal Sprayed Sample Preparation

All twin-wire arc thermal spraying (TWAS) was conducted by White Horse Tecgyah

Tomball, Texas. Cored wires were provided by Devasco International, Incpaevittier additions of <5
wt.% Si, Ni, Al, V, Ti, and B. Before spraying, A36 steel substrates were saredblaigh 16 grit A}JO3
applied using 110 psi at a 60° to the substrate surface. Surface roughness was measRBE SSHQ-
FILMTM and elcometer® W R HQVXUH D PLQLPXP YDOXH RI .Sta®li&dthermal ZDV DF
spraying process parameters for HH1 are shown in Table 3.1 Thermal spraying was conductid using
AT-400 Twin-Wire Arc Spray System as shown in Figure 3.1. Pressurized air used to spraatedsoty
compressing ambient air and filtering out moisture before transferriag &r tank where it was passed

WKURXJK D PILOWHU EHIRUH XVH

Table 3.1 TWAS standard process parameters for HH1.

Voltage 315V
Amperage 225 amps
Pressure 45 psi
Spray Distance 5 inches
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Figure 3.1 Thermach, In&T-400 Twin-Wire Arc Spray System with components visible (a). Spi
gun where cored wires are fed together (b). [9]
For pipe spraying, thermal spraying is performed by fixed spray-guns set at a dstéaicedfrom the

drill pipe which is rotated at a set revolution per minute (rpm) andiedfd speed until a coating thickness
and width is achieved around the circumference of the pipe. For this study, test\wexe sprayed by
holding the spray gun at a set distance of 127 mm (5in) and traversing the spray gun back and forth until a
coating thickness of 2 mm (0.079 in) was achieved. Coating thickness wasratkaith micrometer
maintaining aWROHUDQFH RI “ . Thddrface terhperature of the coating was maintained
below 93°C (200°F) during spraying to match production. A schematic of the TWAS gpigss and

sample spraying set-up are shown in Figure 3.2.
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Figure 3.2 Photo (a) and schematic (b) of thermal spraying set-up.

Gun

Test pieces were sprayed with varied voltages of 26.5V, 31.5V, and 36.5V. Ditage wonditions
represent 5V above and below the standard voltage and approximately cover the min andages vol
typically used [57-59, 92]. Three A36 steel substrates were cut to dimenib®i® mm x 50.8 mm x
203.2PP " [ ° ZLWK WKH mm suF&e[sandblasted before being sprayed to a 2

mm coating thickness at one of the three voltage conditions with geometries shown in Figure 3.3.

) 8”

2» —~
/ Test Piece 1 (26.5V)

0.75" 4

Test Piece 2 (31.5V)

/ Test Piece 3 (36.5V)

l

Figure 3.3 Test piece substrate geometry before thermal spraying.

3.2 Optical Microscopy
Optical microscopy (OM) samples were sectioned, mounted, and polished at ResOps Laboratory

Services in Tomball, Texas. Three optical samples were taken for each voltalifion along the center
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of the test piece as shown in Figure 3.4. Samples were mounted in bakelite, ground, and palished to
diamond mirror finish for optical microscopy (OM) and scanning electron microg&kid) imaging.
Optical images were taken for all metallographic samples using the L BG3@pus PMG3 microscope

in the as-polished condition.

Optical Microscopy Sample Locations

- _Center line _74__:7/_‘__?}/___ 7
Test Piece / 0.5" 05"

Figure 3.4 Location where optical microscopy samples were taken for each test piece.

3.2.1 Porosity Measurement

Area percentage porosity was determined following ASTM E2309 Standard Test Methods for
Determining Area Percentage Porosity in Thermal Sprayed Coatings [93]. Test NBethasl used to
determine the area percentage by thresholding each image. Each voltage conditiceehadtallographic
samples prepared and each metallographic sample had six optical images taken as Elypwa 15

Thus, each voltage condition had 18 optical images analyzed to determine average area percent porosity

103

3
23 Coating 4
Substrate

Y. 4 mm

Figure 3.5 Image showing approximate locations of micrographs used for porosity measurem

Every optical micrograph was taken on the same microscope at the same magniicdtivith
identical image settings. All images were taken in one session. Imagedsed to analyze images by

thresholding every image to a software saturation value of 62. As the thragholdi be biased by

63



microscope light and magnification settings, the area percent porosity doesesstegn exact value but
instead a comparison between the three voltage conditions to identify any trendmnatiglitall the
micrographs were taken on the same microscope during the same session inttreasiiapility of the
results. Figure 3.6 (a) shows an OM image taken within the coating and Figure $h@Wis)the same

image after thresholding where the dark area was counted as area percent porosity.

400 um - e A, 400 um

Figure 3.6 Metallographic image taken within the coating before thresholding (a) and afte
thresholding (b).

3.3 SEM Imaging

Samples that were sectioned and polished for OM as discussedion S.2 were also analyzed with
SEM. The FEI Quanta 600 scanning electron microscope (SEM) with Quanta xT operatirgesofas
used to examine the coating cross section. An accelerating voltage of&@0akWorking distance of 10
mm was used to take images. SEM images were compared with optical imalisréntiate coating
features that are difficult to differentiate with OM such as poresoaittks. Figure 3.7 shows a cross-
sectioned sample that has been mounted and polished placed onto the FEI Quanta 600 SEM stage. Carbon
conductive adhesive tape was applied to the sample running from the substrate, awhg froating, to
the base of the sample in contact with the stage.

An Energy dispersive system (EDS) with a silicon drift detector angsten filament was used to
perform composition analysis by composition maps and spot scans utilizing EDAX 6.5.1 sdiid&re.

maps were conducted with a dwell time of 2000 s with 256x200 resolution for treneddre, O, Al, Si,
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Ni, andTi. Spot scans were taken at areas of interest revealed from the composition mapsdagbeteer

the element amounts. Spot scans were taken over 60 second intervals.

Figure 3.7 Cross sectioned sample resting on the FEI Quanta 600 SEM stage.

3.4 X-ray Computed Tomography

One specimen was sectioned from the 31.5V input voltage condition for X-ray computedajoimyagt-

ray CT). The sample was sectioned to dimensions of 3 mm x 3 mm x 17 mm withitihedating thickness
along the 15 mm direction as shown in Figure 3.8. Testing was performed using é62819&sa 3D X-

ray microscope to visualize how internal defects such as oxides, pores, and cracks exeddispbe
coating. The CT-scanner was operated at 120 kV of accelerating energy generating a polychroagatic X
beam to collect results. Projections were taken over 360° rotation. A voxel size of (5.09 um)igasiach

based on the 4X optical lens behind the scintillator in combination with a geometric maignificat
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Figure 3.8 Schematic of specimen prepared for x-ray tomography (not to scale).

3.5 Hardness
3.5.1 Vickers

Vickers hardness was taken on the cross section of the coating through thfokresssh sample
condition. Vickers hardness indents were aimed to be placed in the center b€ s@tdk to indicate the
phases present in the coatings. Vickers hardness tests were conducted witlsaheTwkbn Series 200
Microhardness Test. Due to the hardness differences between the substrate and coafitapd30@as
used for reading taken of the substrate with 500 g load used within the coatéigtiDevof the loads was
10 seconds.
3.5.2 Nano-Indentation

Nano-indentation testing was conducted across the coating-substrate interfacéndisasion of
residual stress level [94, 95]. A grid of 5x20 indents was performed daheoggerface at two locations
per voltage condition. Indents were made with the Hysitron Tl 950 Tribolndenter machtingnevir 1-
0039 Berkovich diamond indenter. Indents were loaded at 2 mN/s with 5 second holds.

3.6 Four-Point Bend Testing with Digital Image Correlation

3.6.1 Sample Generation
After spraying, test pieces were water-jet cut to the correardiions for the 4-point bend testing.
Figure 3.9 shows the 26.5V test pieces with dashed lines showing where it was veateAéer the bend

samples were water-jet cut, the edges were surface ground to the ditaleaiving the coating top surface
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SDVSUD\HG"™ 7KH VXUIDFH JULQGHU ZDV XVHG LQ VWWMERXRN D G G LVDK
significant stress to the sample as this surface would later be preparegitédrirdage correlation (DIC).

The grinder also acted to square-up the sample as it runs parallel taghetim holding table. A final

thickness of 4 mm was selected for the bend samples so that the coating arateswusild be
approximately the same thickness. Bend samples had a final geometry of 4 x 12./m76e8 ASTM

D6272-17 [96]. Following rules for a sample with a thickness of 1.6 mm or greater; the length (L) shall be
greater than 16 times the thickness (4 mm), the width shall be less thatevigth, with the total specimen

length being 20% longer than the length (L).

12.7 mm
/ 26.5 BT1
2 mm 3| coating
2 mm ${ substrate
) 80 mm
12.7 mm
/ 26.5BT?
2 mm $[ coating
2 mm $| substrate
) 80 mm

Figure 3.9 Test piece 1 thermal sprayed at 26.5V showing where bend test samples were wal
cut.

3.6.2 Four-Point Bend Testing
Following ASTM D6272 + VDPSOHV ZHUH ORDGHG LQ WKH 3rRafoH. KDOI RI
Figure 3.10 shows the loading schematic from the ASTM D6272 with dimension valde®ussting.
An electromechanical screw-driven MTS Alliance RT/100 load frame equipped Wil &r89.0 kN load
cell was used to perform the bend test. All samples were tested sslagad motion rate of 0.4275 mm/min
which strains the bend sample outer-fibers (coating surface) at 0.0025 mm/nuros&teead motion value
used was ¥4 the value stated in the standard, this was done to slow the testdloglieet more DIC data.

The test was run until the coating had a crack running from the surfédeedobstrate and the coating was

67



beginning to peel away from the substrate. The sample was bent to thisopthiat post-test cutting could

be easily performed without damaging the fractured surface for later observation.

%l 1%

lt— 16 ~—f— 32 —t 16 -

~o
N

- 64

|- 76.8 |

Figure 3.10 Four-pointben? HVW ORDGLQJ VFKHPDWLF IRU WKH 3RQ
configuration from ASTM D6272 with calculated dimensional values inserted in millimeters

3.6.3 Digital Image Correlation

DIC requires the surface of interest to have a solid white background egatién fine black spots
allowing the imaging software to track the movement of these spotsamuiate the strain. In order to
achieve this, the cross-section side of the bend-samples was polished to a 4B€fapé finish in
preparation for DIC painting. The polished edge was cleaned, and spray paiht&UsttOLEUM flat
white paint. Paint coats were added until the paint layer was no longeatemsgchieving a smooth white
surface. Once the flat white paint dried, the sample was spackled with RustMbddini-gloss black paint.
This was accomplished by spraying over the sample and slowly lowering the pairdispdagioser to the
sample allowing larger paint droplets to evenly and randomly decorate the surfacaal lpeepared
surface for DIC is shown in Figure 3.11 which was sample 26.5 BT1. A good spackle paitaok spots

and blotches allows the DIC software to track their movements during the test and calcitate stra
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Figure 3.11 Four-point bend sample prepared with spackle for DIC during testing.

Samples were then placed into the Alliance RT/100 load frame with DIC equipa®tioned as shown
in Figure 3.12. DIC set-up included positioning the Allied Vision Technolozaesera equipped with a
Schneider-Kreuznach Xenoplan 2.8/50-0902 lens approximately 60 cm from the sample. Two Lowel Pro-
Lights were positioned on either side of the camera with Rosco #7300 polarizihdilteys placed
approximately 25 cm in front of the lights mounted on stands. A laptop with TQSnaareofvas
connected to and used to focus the camera on the prepared sample surface. DIC iraagkswevery
second. The loading and DIC imaging were started at the same time so tbad thersus time data could

be correlated directly with the DIC image number. DIC data was analyzed using Aramis software.

L ——§ &[S ll Load Frame Computer
Light Filters B

Alliance RT/100
Load Frame

= //?" / ; 7 y-

\| 4-Point Bend 74
Fixtures =
‘

<

Figure 3.12 Four-point bénd testing with DIC set-up.
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3.6.4 Bend Sample Fractography

After bend testing, the fracture surfaces were observed with the FEI Quénscdhning electron
microscope (SEM) and energy dispersive spectroscopy (EDS) EDAX system previousbselisin
Section 3.3. Images were taken in the high-vacuum mode at a spot size of 5agel afok0.00 kV. Bend
samples were cut through the substrate to the base of the crack to expose $ratage for imaging.
Figure 3.13 shows a schematic drawing of the bend sample after testing with two cracks. Téie sudrst
sectioned to the point where the crack had propagated to the coating-sutitstri@esi being careful to not
damage the fracture surface. Also shown in Figut8, & a bend sample after being cut. The cutting was

never perfectly aligned with the crack and either the coating of the substrate would protrude out.

Substrate
e 'Oaﬁﬁg? :
_— Substrate
Coating
10 mm

Figure 3.13 Schematic example of four-point bend sample cutting to expose fracture surface w
picture showing post cutting.
3.6.5 Wear Testing
Wear of pipe is caused primarily by the rotation coupled with high contasdupesin abrasive and
corrosive environments (drilling fluids). Wear and friction become of increzmsekrn at greater depths
requiring greater time and exposing the pipe to higher temperatures and eoerosronments [97]. For
this work, dry sand rubber wheel wear testing was performed on the 31.5V and/86egé conditions.

Testing was performed in accordance with ASTM G-65 Procedure A [98]. Tthevesa30 pounds run for
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12,000 revolutions using a 10 inch diameter rubber wheel. Samples were weighed beébier aesting
to find mass loss. More information would need to be known of the specific application to dewelap a
test that could take into account service temperature, contact pressure, rotation speed, anteanviro

3.7 New Thermal Spray Wire Composition

3.7.1 Approach

With the goal of improving the fracture toughness while maintaining \wesistance, literature
compositions were reviewed and new compositions proposed in addition to the voltagetparesearch.
Several HEA coatings were investigated with three literature compositions htghlion Section 2.6.3.
The MPEA coating discussed in Section 2.6.3.3 with composition of FeCoCghhd a reported wear
rate of 3.90 x 1®@mm*¥Nm when APS was used which is 30% less than HH1 [84]. The excellentatear r
of this composition was attributed to high amounts of oxides present within tiveganfad 7%. The oxides
present were a mixture of &, FeOs, and ABO, (A = Fe, Co, Ni and B = Fe, Cr) in a spinel structure
with the results indicating that these oxides have a large solid solubiiich other due to the high entropy
effect [99]. Additionally, this composition splat structure was FCC randomssmlition (RSS) which have
been characterized to have high strengths and elongation as reported for the FeCoCrNi HEA with a tensile
strength of 712.5 MPa and 56% elongation [89]. It is hypothesized that combining the éxgedien
behavior of a coating with these spinel oxides with a RSS FCC spletustruthat a coating could be
achieved with wear rates equivalent or better than HH1 with a significantly higher tosighnes
3.7.1.1 Base Composition

Using the literature FeCoCrNiMe composition as base composition for comparison, Thermo-Calc
phase diagrams were generated using the TCHEAZ2: High Entropy Alloys v2.0 databate. tm@enerate
a phase diagram, four of the five elements are held in relationship to oheramitit the x-axis representing
an incremental increase in the fifth element. Considering the FeCoCghliMaature composition, the
phase diagram would be FeCoCrNi versus Mo as shown in Figure 3.14. The vertical dotted linetseprese

the FeCoCrNiMe., literature compaosition where the atomic percentages of the elements Fe, &a Ni
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is 23.8% with Mo being 4.8%. At this composition, considering the high temperature oK1306
VWUXFWXUH LV SUHGLFWHG WR KDYH D -phRs®. X RigindwW dfers\vtiheRo@seR | )

composition and Thermo-Calc analysis to compare new compositions to.
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Figure 3.14 Thermo-Calc phase diagram generated for FeCoCrNi versus Mo with the dotted lir
showing the FeCoCrNiMg@ composition.

In addition to the Thermo-Calc analysis, Hume-Rothery rules were used tifyiifehe alloy would
form a solid solution [100, 101]. The atomic size differenid®, €lectronegativity differencelf), valence
electron concentrationVEC) were calculated using the element properties provided in Table 3.2. The

following equations were used to calculate these values:
. w7 N 6
QLI?U@S%% (3.1)
GyL 12 gls F'—_$p (3.2)
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8'% L i 238" % (3.3)

where yrepresents the atom fractions of each elemehlis the atomic radiusNi§the average atomic
radius N § A2\ : yis the atomic electronegativity, anflis the average electronegativitf L A 25

Solid solutions are generally formed in MPEAs when VEC was greater than 8 [102]tan less than
6.6% [79]. For the FeCoCrNiMa literature composition, atomic size difference was calculated to be 2.0%,
electronegativity deference of 6.5%, and VEC value of 8.14 which are all values favforahk formation

of FCC solid solution.

Table 3.2 Element properties for Fe, Co, Cr, Ni, and Mo [74, 103].

Eleégent . Wt. % SmlczT‘iLnue at Atonl(il;:n]l{)adius VEC, Pa];_l\iyng
Fe 0.238 22.8 BCC 124.12 8 1.83
Co 0.238 24.1 FCC 125.10 9 1.88
Cr 0.238 213 BCC 124.91 6 1.66
Ni 0.238 24 FCC 124.59 10 1.91
Mo 0.48 7.8 BCC 136.26 6 2.16

3.7.1.2 New Composition

Due to limited scope, budget, and schedule for the project, new MPEA wires wiimagnposition
were unable to be produced. Instead, wires with compositions that are readdblavaire investigated
to find a combination that closely resembled the base composition discussection 3.7.1.1Solid and
cored wires were considered with the limitation of the cored wire to be 70 stte&th material and 30 wt.
% powder core composition. It was determined that a combination of solid Inconel 625tipewder
cored wire of 430SS sheath and 50 wt. % Co and 50 wt. % Co produced a composition lsitiplsases
to the base composition as predicted by Thermo-Calc. The new compaosition written out intéiPEA

would beFe 32Cm.06Cro.2Nio.32M00.07T 20,01 considering all the reported elements of the constituent wires
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and powders. Figure 3.15 shows the phase diagram generated for the new composition with FeMoCrNiTa
versus Co where the dotted line represents the composition. Considering tleenpighature stable phases
at 1500 K, the volume fraction of phasesv/ ) & & D Q-fzhase Which is approximately the same

phase fraction of the base compaosition discussed in Section 3.7.1.1.
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Figure 3.15 Thermo-Calc phase diagram generated for FeMoCrNiTa versus Co with the dotted
showing theFey 32C0.0¢Cro.2Nio.32M00.07T @0.01 COMpOSition.

In addition to the Thermo-Calc analysis, the values for atomic sizeediffe (), electronegativity
difference (), and valence electron concentratidEC) were calculated using Equations (3.1) thru (3.3)
and element properties shown in Table 3.3. For the new compoB#i@¥Cv.0eCro.2Nio.32M00.07T @01,
atomic size difference was calculated to be 2.8%, electronegativity diffecért®, and VEC value of

8.15 which are all values favorable for the formation of FCC solid solution. Addily, based on estimates
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provided by Devasco for element costs, the new wire composition would be 27% more ctigt &fééare

considering the additional saving by using standard wire compaositions versus custom compositions.

Table 3.3 Composition and element properties#5EL 0. 0¢Cro 2Nio 3dM00.07T &0.01 [74, 103].

Element Density, p  Atomic Radius Pauling
(@) C; Wt. % (g/cm?) (pm) VEC; EN
Fe 0.32 30.0% 7.88 124.12 8 1.83
Co 0.08 7.5% 8.84 125.10 9 1.88
Cr 0.20 17.3% 7.19 124.91 6 1.66
Ni 0.32 31.7% 8.91 124.59 10 1.91
Mo 0.07 12.0% 10.23 136.26 6 2.16
Ta 0.01 1.6% 16.68 143.00 5 1.50

3.7.2 New Composition Thermal Spraying

In order to achieve a composition similar to the base composition, two diffeirest were used as
indicated in Section 3.7.1.2. This is visualized in Figure 3.16 showing a schematic tiehiowe different
wires were fed together with nominal wire compositions listed. The solid Inconel 625 agreckected as
the cathode due to findings revealing that cathode is consumed more rapidly for TWin8iobia wire
previously shown in Figure 2.6 [12]. It is expected that the solid wire withék slower than the cored
wire, thus, having it as the cathode is an attempt to have more uniform melting.

The solid wire, sheath, and powder elements will all be present withincth@osvever, a risk of wires
not mixing exists. To address this concern, three test pieces were sprarmliatpressure due to pressure
having the greatest effect on arc characteristics as this parameterasipriesponsible for molten metal
removal from wire tips as discussed previously in Section 2.4.3. Thesfirey parameters were chosen
based on discussion with Devasco and finding a configuration that resuttedisual peeling. The final
spray parameters chosen are provided in Table 3.4. Substrate material, preaatall other spray

parameters were identical to that of HH1 spray previously provided in Section 3.1.
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Sheath 430SS (70wt%)

+  82wt% Fe

Inconel 625 . 18wt% Cr
*  063wt% Ni
e 22wWt% Cr , Powder Core (30wt%)
*  9wt% Mo +  50wt% Co
e 3wt% Fe *  50wt% Mo
+  3wit%Ta %

o)

%

Figure 3.16 Schematic of how two different wires are fed together to achieve the
Fé.32C0.08Cr0.2Ni0.32M00.07T 80.00 COMpoOSition.

Table 3.4 TWAS process parameters forfhgs2C0o.08Cro.2Nio.32M00.07T 80.01 COMpoOsition.

Voltage 29V
Amperage 180 amps
Pressure 25, 35, 45 psi
Spray Distance 8 inches

Test pieces were sprayed with varied pressures of 172, 241, and 310 kPa (25, 35, and Héspsi). T
pressure conditions represent 10 psi above and below the standard pressures and appaiiatatiedy
min and max pressures typically used [57-59, 92]. Three A36 steel substragesutvier dimensions of

PP [ PP [ PP " " [ ° ZLWK Whihkurface $aRdHlasted

before being sprayed to a 2 mm coating thickness at one of the three pressure conditions.
3.7.3 Testing
The Fey3Lm.0dCroNiosM0ooTac01 composition was subjected to various testing to determine
microstructural features and mechanical properties. OM and porosity analgsiemducted in the same
manner as provided in Section 3.2. SEM imaging was carried out as discussedan %&ctirhrough

coating Vickers hardness was performed as covered in Section 3.5.1. Four-point bend testirignweesiper
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on two samples from each pressure condition and prepared in the same mannetegdsmepection 3.6.1
with testing performed as described in Section 3.6.2. No DIC analysis was performed on these samples

3.7.3.1 Wear Testing

Dry sand rubber wheel wear testing was performed on the 241 and 310 kPa presstimasonelting
was performed by Wear and Friction Resources, LLC in accordance with ASTM G-65 Peagdéa].
The load was 30 pounds run for 12,000 revolutions. Samples were cleaned with mild detergeteiand

rinsed with methanol and dried with compressed air.
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CHAPTER 4:RESULTS

This chapter presents the findings of each experiment performed starting Witd thtbermal sprayed
coatings OM, SEM, and mechanical testing results. Additionally, a hew spray coating compoag
prepared with results of experiments conducted provided.
4.1 Thermal Sprayed HH1 Coating

Samples were sprayed as described in Section 3.1. Wires used to spray the samples s lots
14970-A and 14970-B. Chemical analysis of the wires was performed by opticabarsjssctroscopy per
ASTM A751 [104] by A and M Technical Services Inc. with results provided bieT4 1. Temperature
was read approximately every 80 passes back and forth with the thermabsgpraging an infrared
temperature gun to maintain the coating surface temperature under 93°C (200°F). Tempeeasures
observed to reach as high as 250°F during spraying at which point the coating was talloasdelow

200°F before resuming thermal spraying.

Table 4.1 Chemical analysis of wires used for thermal spraying.
Lot C Mn P S Si Ni Mo Cr Cu

14970-A 080 252 0.017 0.007 050 1.82 0.02 <0.02 <0.02
14970-B  0.70 248 0.016 0006 044 181 002 <0.02 <0.02
Lot Al \Y Ti Nb Co B W Zr Sn
14970-A  1.80 1.80 215 <0.02 <0.02 483 <0.02 <0.02 <0.02
14970-B  1.66 1.74 203 <0.02 <0.02 467 <002 <0.02 <0.02

*Reported values in weight %, balance iron.

4.1.1 Area Percent Defects

Area percent defects (oxides, pores, cracks) results are provided in Tdblevdi¥ing voltages.
Each test piece represents a different voltage condition as shown in Figure 3.3. Showslgriev~igure
3.4, three metallographic samples were taken along the center line of egificeesind are identified as
location 1, 2, and 3. Each metallographic sample had six images taken of the coating corsatsibeti

left-hand, middle, and right hand side with one near the substrate identifiedtéord Bnd one near the
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coating surface identified as the top. Thus, the micrograph naming convention fodPably SWHVW SLHFI

QXPEHU" S2ORFDWLRQ QXPEHU" B32OHIW ULJKW PLGGOH~ 3WRS ER\

Table 4.2 Area Percent Defects for HH1 sprayed at Varying Voltages

Test Piece Location Image Top/Bottom Ml(l:\:g?;gph Percent Defects
Left Top TPI1LILT 21.33%
Bottom TP1L1LB 19.96%
. Top TP1LIMT 25.83%
1 Middle
Bottom TP1L1IMB 22.69%
Riaht Top TP1L1RT 23.76%
[
g Bottom TP1L1RB 21.60%
Left Top TP1L2LT 19.69%
Bottom TP1L2LB 26.80%
. Top TP1L2MT 21.89%
1 2 Middle
Bottom TP1L2MB 18.46%
Riaht Top TP1L2RT 22.74%
[
g Bottom TP1L2RB 20.41%
Left Top TP1L3LT 32.00%
Bottom TP1L3LB 24.70%
To TP1L3MT 26.22%
3 Middle 2 °
Bottom TP1L3MB 23.37%
Right Top TP1L3RT 24.23%
[
g Bottom TP1L3RB 26.23%
Left Top TP2LILT 22.69%
Bottom TP2L1LB 25.54%
To TP2LIMT 19.22%
1 Middle P 0
Bottom TP2L1MB 17.92%
Riaht Top TP2L1RT 22.78%
5 d Bottom TP2L1RB 22.46%
Left Top TP2L2LT 24.90%
e
Bottom TP2L2LB 19.18%
_ Top TP2L2MT 21.86%
2 Middle
Bottom TP2L2MB 20.65%
. Top TP2L2RT 20.25%
Right
Bottom TP2L2RB 16.69%

79



Table 4.2 Continued

Test Piece Location Image Top/Bottom Ml(",\lrggr;nr:ph Percent Defecty
Left Top TP2L3LT 19.48%
Bottom TP2L3LB 19.94%
To TP2L3MT 18.13%
2 3 Middle 2 >
Bottom TP2L3MB 21.18%
Right Top TP2L3RT 20.32%
[

g Bottom TP2L3RB 18.31%
Left Top TP3LILT 17.25%
Bottom TP3L1LB 17.18%
. Top TP3L1IMT 18.33%

1 Middle
Bottom TP3L1MB 22.32%
Riaht Top TP3L1RT 22.05%
g Bottom TP3L1RB 21.94%
Left Top TP3L2LT 22.32%
Bottom TP3L2LB 20.39%
. Top TP3L2MT 16.14%

3 2 Middle
Bottom TP3L2MB 19.34%
Riaht Top TP3L2RT 18.27%
d Bottom TP3L2RB 16.47%
Left Top TP3L3LT 18.94%
Bottom TP3L3LB 18.97%
. Top TP3L3MT 21.17%

3 Middle
Bottom TP3L3MB 18.48%
Riaht Top TP3L3RT 22.78%
d Bottom TP3L3RB 22.20%

4.1.1.1 Area Percent Defects Statistical Significance

Regression analysis was run using Microsoft Excel 2013 to determine the staigtidelance of the
voltage on defect content (oxides, pores, and cracks). Table 4.3 provides details afyie entluding
the p-value. It was found that the p-value was significantly lower than the 0.05 null hypothesiaingnfir

a relationship between voltage and defect content.
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Table 4.3 Statistical Anal

sis ofréa Percent Defects with Input Voltage.

Regression Statistics

Multiple R | 0.503

R Squarg 0.253

Adjusted R Squar¢ 0.239

Standard Errol 0.027

Observationg 54
ANOVA
df SS MS F Significance F
Regressior 1 0.01260 0.01260 17.62215 0.00011
Residual 52 0.03717 0.00071
Total 53 0.04977
Summary Output Voltage Intercept
Coefficients -0.00374 0.33043
Standard Errol 0.00089 0.02831
t Stat -4.19787 11.67226
p-value 0.00011 3.82389x10°

Lower 95% -0.00553 0.27362
Upper 95% -0.00195 0.38723

4.1.2 Vickers Hardness

Vickers hardness was taken through the coating thickness with indents targetedttonbsplats as
discussed in Section 3.5.1. Figure 4.1 shows indents taken through the coatimgsthick each voltage

condition. For hardness values under 500 HV, a magnified OM image was taken. Figure 4 thelibiee

hardness values from Figure 4.1 that were under 500 HV. Figure 4.2 (a) shows a Mib&etwith a

hardness value of 390 HV from the 26.5V voltage condition coating. It can be sedme timateinter was

not within a splat but instead broke through the coating next to a suspageaxide inclusion. Figure

4.2 (c) shows a second indent from the 26.5V voltage condition closer to the midl#ecoiating with

hardness reading of 403 HV. At the top of the indent it is obsera¢dhih indenter cracked through the
splat resulting in the lower hardness. The third indent below 500 HV wasHeo@615V voltage condition

with a hardness value of 419 HV. This indent was taken at the bottom of spléihg in a crack forming

between two splats stacked on one another.

8
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100 um

Figure 4.2 Vickers hardness values from Figure 4.1 that were under 500 HV.

4.1.3 SEM Images and Composition Maps
Composition maps were taken for each input voltage condition to identify major coatimgdeStM
and EDS details are provided in Section 3.3. This section will provide el@imegy results and selected

spot scan results for more detailed compositions.
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4.1.3.1 Low Voltage Condition SEM Analysis

The low voltage condition has an input voltage of 26.5V. Several locationms \lie coating were
selected to take composition maps. Figure 4.3 shows compositional maps taken at the intedaoeiet
coating and substrate. Figure 4.4 shows two locations where compositional maps werettakehenvi

coating near a spherical oxide and at large crack.

Flgure4 3 Composmonal maps of the 26.5V input voltage condition at the coating substrate ir
for elements Fe, Mn, Si, V, O, Ni, Ti, and Al.

Flgure4 4 Composmonal maps of the 26.5V input voltage condition within the coating fenésen
Fe, Mn, Si, V, O, Ni, Ti, and Al.



4.1.3.2 High Voltage Condition SEM Analysis

The low voltage condition has an input voltage of 36.5V. After Vickers hardreesstaien through the
coating thickness, compaosition maps were taken at several of the indents. Compositimemaperiaid
on the SEM images to better identify particular regions. Figure 4.5 shows the dbadienls where
compositional maps were taken in relation to the substrate. The hardness value recordbdridertis
overlaid on the SEM image and represent the three indents nearest the substrateustymeported in

Figure 4.1.

Coating

Substrate = =

500.0um

Figure 4.5 Three locations where compositional maps were taken in relation to the suliskats.
hardness values are overlaid next to respective indent.

Figure 4.6 shows the compositions maps for location (a) of Figure 4.5 with each elemewnéerzag o
on the SEM image for better differentiating the splats, oxides, and poueeted ooking at the oxygen
composition map, it is easy to correlate other elements present at theosatima land determine what
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oxides are present. Additionally, areas of element concentration can be identified shsbrasd for the
aluminum, nickel, and vanadium composition maps. Three spot scans were taken with spot tingpresen
the composition at the Vickers indent, spot 2 taken within the region of aluminum coricanaat spot
3 at the round region of vanadium concentration. Location of spot scan and spot scan resoisded:

in Figure 4.7.

Spot 1 Spot 2 Spot 3
Element Wt % |Element wt % |Element Wt %
c K 3.02 C K 2.-0% C K 2.45
0O K 3.68 0 K i A 0 K 3:23
AlK 2501 AlK 52.12 AlK 5.55
SiK 1:57 SiK 0.28 SiK 4.43
TiK 1.49 TiK 0.09 TiK 4.49
V K T o V K 0.32 V K 7.59
MnK 3.81 MnK 0.36 MnK 2.92
FeK 81.41 FeK 42.90 FeK 68.88
NiK 1.89 NiK 0.15 NiK 0.46
Total 100.00 Total 100.00 Total 100.00

igure 4.7 Spot scans taken within location (a) of Figure 4.5.
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Location (b) from Figure 4.5 had composition maps taken with results shown in Figure 4.8cHdrs Vi
indent shown was taken within the center of the splat cross-sectiodipgpai good reading for the splat
material hardness. Spot scans were taken within three different splatgsestigate potential splat

composition variance.

Spot 1 Spot 2 Spot 3
Element Wt % |Element Wt % |Element Wt %
0 K 3,58 0 K 3.58 CK 2.81
AlK 2.08 AlK 2.22 O K 3.60
SiK 1.68 SiK 1.92 g%ﬁ igg
TiK 1.15 TiK 1.59 TiK 5
V K 0.85 V K 1.90 vV K 0:67
MnK 3.89 MnK 4.33 MnK 4.07
FeK 85.97 FeK 80.53 FeK 81.52
NiK 0.82 NiK 3.,)'93 NiK 1.37
Total 100.00 Total 100.00 Total 100.00

igure 4.9 Spot scans taken within location (b) of Figure 4.5.
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Results for composition maps taken at the third location, as represented by lanatioRigure 4.8
are provided in Figure #0. Three spot scans were taken of the coating with spot 1 at a region of high
nickel, spot 2 at a region of concentrated vanadium, and spot 3 atnainwah and titanium oxide. Spot

scan locations and results are provided in Figure 4.11.

Figure 4.10 Composition maps fore, Mn, Si, V, O, Ni, Ti, and Al at location (c) of Figure 4.5.
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Spot 1 Spot 2 Spot 3

Element Wt % | Element Wt % | Element Wt %
0 K 2.91 0 K 4.70 0 K 31.22
AlK 24553 AlK 2.59 AlK 25.56
SiK 1.66 SiK 2.67 SiK 0.26
TiK 1.81 TiK 4.79 TiK 29.32
V K 1.:34 V K 17.94 V K 0.70
MnK 2.18 MnK 1.44 MnK 1.70
FeK 60.67 FeK 65.52 FeK 10.75
NiK 26.90 NiK 0.35 NiK 0.48

Total 100.00 Total 100.00 Total 100.00

Fg Spot scans taken within location (c) of Figure 4.5.

4.1.4 Nano-Indentation Results

For each voltage condition, two nano-indentation grids were taken across the coatingedntestiaate
of mounted and polished coating cross-sections as previously discussed in SectiorvBiBag€s taken
at each indentation grid are shown in Figure 4.12. Values in gigapascals (GRahfordent are provided

in Figure 4.13 where the lower-left value represents the furthest value into the substrat

Grid 1

Grid 2

300 um : 2 300 um : 300 um

Figure 4.12 OM images taken at each nano-indentation grid across the coating-substrate intert

Conditional formatting was applied to the grids to better visualize thebdistms. Identical values with

different colors are a result of rounding within the grid.
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Figure 4.13 Nano-indentation results for each voltage condition
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4.1.5 Four-Point Bending Results with DIC

As discussed in Section 3.6.1, six samples were prepared for bend testing. Figure 4.14 shaks materi
that was water jet-cut before sectioning, milling, and surface grindlifirgel dimensions. Final dimensions
were taken at locations shown in Figure 4.15 with a digital micrometer. Final séimplesions for length,

width, and thickness are provided in Table 4.4 with average values used to calculate stress and strain.

Figure 4.14 Four point bend samples water-jet cut from each voltage test piece.

S S
3dl T e

L

F
h J

Figure 4.15 Location where four-point bend sample dimensions were taken.
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Table 4.4 Bend sample dimensions.

Sample Width (mm) Thickness (mm) Length Thickness Width
ID 1 2 3 1 2 3 (mm) Average Average
26.5BT1 12500 12.492 12,501 5.218 5.138 5.153 77.495 12.498 5.170
26.5BT2 12.610 12584 12591 5.348 5.329 5.393 76.505 12.595 5.357
31.5BT1 12.288 12.291 12.299 5.407 5.278 5.322 76.225 12.293 5.336
31.5BT2 12.373 12.362 12.366 5.393 5.343 5.431 76.759 12.367 5.389
36.5BT1 12.227 12.229 12.228 5.356 5.300 5.330 76.683 12.228 5.329
36.5BT2 12.322 12.327 12.328 5.346 5.329 5.433 76.276 12.326 5.369

Bend testing was performed with DIC to track the strains duringetteand correlate them with load

data. The face of the sample was imaged and consisted of 2 mm thick coating artfieeswtith 2 mm

of substrate thickness that the load was applied to. This can be viewed in Figure dhbév{ay a strain

image taken 90 seconds into the second bend test of the 26.5 input voltage conmdili@id onto the

sample image inside the bending fixture. Figurg64b) shows the sample posttest with DIC paint spatter

cleaned off showing crack locations in relationship to strain readings and loading fixtures

Coating

Substrate

10 mm

Figure 4.16 Strain image taken 90 seconds into the second bend test of the low input voltage ¢
overlaid onto the sample image inside the bending fixture (a) with sample posttest with DIC pair
spatter cleaned off showing location of cracks.

Figure 4.17 shows an example of how the DIC data was correlated with the load resulesaainérad

drop was matched with the corresponding strain images. The load drop can be matichstdaiy

concentrations in the area on the sample where the crack initiated. Additidmallgcation of the first
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crack can be determined from fracture analysis. Load versus time was compareddttdin the same

fashion as shown in Figure 4.17.

250 - -
| i
| |
200 : |
| [
Z 150 ;
g l | ——265BT2
3100 | l |
— I I = ==28seconds
| |
L I 1 - - —47seconds
50 l : TS
v ; 1
0 ! = - 655 00 ¢c o0 reE
0 - 50 100 wm N {Te] o w (=] W o O NN
Time (s)

Figure 4.17 Load versus time for the second bend test of the low input voltage condition with st
images correlated each load drop.
4.1.6 Fracture Surface
Four point bend samples were sectioned as shown in Figure 3.13 to analyze the fracter.eFsguia
4.18 shows an image of the fracture surface of the first bend test of the 26.5V input voltage cadihdgition.
substrate was sectioned with a ceramic blade being careful to not damage the fadace; however,

several of the coating layers were sectioned and would not be used in the analysis.

: Substrate

2mm R

Figure 4.18 Fracture surface of the first bend test of the 26.5V input voltage condition.

The fracture surface was also analyzed with SEM. Figure 4.19 shows an SEM image of the full coating

thickness fracture surface. The cutting marks can be viewed on the substrate asitsthlatflayer leaving

92



a majority of the facture surface intact for fractography. Individpkits can be observed as well as the

point where the coating crack changed from transvers to longitudinal propagation to the bending stres

103 m J

Figure 4.19 SEM image of bend test fracture surface.
SEM images were taken at various locations within the coating representdtieendfole. Spot scans
for compositions were taken of various features and areas suspected of crattdnin&in example of this
is shown in Figure 4.20 where an image was taken of a cleaved splat with iwsiblines. A spot scan

was taken at the suspected crack initiation point indicated by the river lines revealingisnua oxide.
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4.1.7 Wear Test tHH1
Two wear tests were performed on the 31.5V and 36.5V voltage conditions with peeuited in
Table 4.5. Samples were tested for 1 hour at 200 revolutions per minute. Imagelessaiter test is

provided in Figure 4.21.

Table 4.5 Wear Results.

Pressure Mass Loss Wear Rate

Condition Revolutions (9) (mm?/Nm) Average Wear
31.5V Test 1 12,000 1.244 1.21 x 106 117 x 10
31.5V Test 2 12,000 1.154 1.12 x 1¢ '
36.5V Test 1 12,000 1.108 1.08 x 10 111 x 16°
36.5V Test 2 12,000 1.167 1.13 x 10 '
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31.5V Test 1 |

315V Test 2 B8

36.5V Test 1 [

36.5V Test 2

Figure 4.21 Image of wear test samples posttest.

4.2 Thermal Sprayed New Composition Coating

Samples were sprayed to a new composition as described in Section 3.7.1.2. Temperaemd was
approximately every 80 passes back and forth with the thermal spray gun usimgrad ifgimperature gun
to maintain the coating surface temperature under 93°C (200°F). Temperatures weeddbseach as
high as 250°F during spraying at which point the coating was allowed to cosl 2@08F before resuming
thermal spraying.
4.2.1 Area Percent Defects

Area percent defects (oxides, pores, cracks) results are provided in Table drgifay spray pressures.
Shown previously for the HH1 test pieces in Figure 3.4, three metallographilesamepe taken along the
center-line of each test piece and are identified as location 1, 2, and 3. Each metallograpbibahsipl
images taken of the coating cross-section at the left-hand, middle, and right-handrsioieewnear the

substrate identified and bottom and one near the coating surface identified as thesofhd& micrograph
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naming convention for Table 4.6V 3SWHVW SLHFH QXPEHU’

SWRS ERWWRP’

SORFDWLRQ QXPE}

Table 4.6 Area Percent Defects Famb 32C0.0eCro.2Nio.32VI00.07T @.01 cCOMposition sprayed at varying

pressures.
Test Piece Location Image Top/Bottom M'ﬂgggph Percent Defects
Left Top TP1L1LT 21.41%
Bottom TP1L1LB 23.24%
1 _ Top TP1L1IMT 19.71%
Middle
Bottom TP1L1MB 23.80%
Right Top TP1L1RT 18.89%
Bottom TP1L1RB 25.56%
Left Top TP1L2LT 23.40%
Bottom TP1L2LB 25.15%
1 5 Middle Top TP1L2MT 25.81%
Bottom TP1L2MB 22.86%
Right Top TP1L2RT 18.59%
Bottom TP1L2RB 27.16%
Left Top TP1L3LT 23.87%
Bottom TP1L3LB 23.42%
. Top TP1L3MT 22.16%
3 Middle
Bottom TP1L3MB 21.18%
. Top TP1L3RT 19.35%
Right Bottom TP1L3RB 21.26%
Left Top TP2LILT 32.12%
Bottom TP2L1LB 31.92%
. Top TP2LIMT 33.49%
1 Middle
Bottom TP2L1MB 32.64%
Right Top TP2L1RT 29.79%
Bottom TP2L1RB 30.47%
2 Left Top TP2L2LT 35.92%
Bottom TP2L2LB 31.77%
5 Middle Top TP2L2MT 35.16%
Bottom TP2L2MB 34.64%
Right Top TP2L2RT 34.13%
Bottom TP2L2RB 33.78%
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Table 4.6 Continued

Test Piece Location Image Top/Bottom Ml(",\lrggr;nr:ph Percent Defecty
Left Top TP2L3LT 30.82%
Bottom TP2L3LB 32.42%
) 3 Middle Top TP2L3MT 34.55%
Bottom TP2L3MB 29.73%
_ Top TP2L3RT 31.95%
Right Bottom TP2L3RB 29.91%
Left Top TP3LILT 68.83%
Bottom TP3L1LB 60.11%
. Top TP3LIMT 64.15%
1 Middle
Bottom TP3L1MB 64.51%
Right Top TP3L1RT 60.29%
Bottom TP3L1RB 58.09%
Left Top TP3L2LT 70.70%
Bottom TP3L2LB 60.25%
. Top TP3L2MT 71.47%
3 2 Middle
Bottom TP3L2MB 65.46%
_ Top TP3L2RT 69.14%
Right Bottom TP3L2RB 65.41%
Left Top TP3L3LT 60.36%
Bottom TP3L3LB 56.89%
3 Middle Top TP3L3MT 54.01%
Bottom TP3L3MB 61.81%
_ Top TP3L3RT 57.70%
Right Bottom TP3L3RB 56.06%

4.2.2 Vickers Hardness

Vickers hardness was taken through the coating thickness with indents targetedttonbsplats as
discussed in Section 3.5 Rigure 4.22 represents OM images compiled together showing indents taken
through the coating thickness for the high (310 kPa) and low (172 kPa) spraye@swditions. Due to
the high oxidation present in the high spray pressure condition, taking an indent withirnvaasgifficult

to accomplish with several indents cracking the surface, and thus, increasing tbétbeoneasurements.
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substrate coating

' ’ : _..'
LB i :"()A;A‘

Low Pressure

High Pressure

Figure 4.22 Vickers hardness taken through the coating thickness for the high and low pressur
conditions.

4.2.3 SEM Images and Composition Maps

Composition maps were taken to identify major coating features. SEM and EDS detaitwiaiedgn
Section 3.3Figure 4.23 shows composition maps taken of the 241 kPa pressure conditionfooding
Co, Fe, Cr, and O. Partially transparent compositional maps haven been overlaid on theagENDiI

better show the elemental distributions within various splats.
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Fiue 42 posiional aps 241 kP coating verIi the SE imag from
same location.

Additional composition maps were taken across the coating substrate interface aig $tigune 4.24
Transparent composition maps are overlaid over the SEM image taken at the samg tochglp
differentiate between the substrate and coating, different splat composition, and oxide types.

4.2.4 Four-Point Bending Results

As discussed in Section 3.6.1, samples were prepared for bend testing by water jet-cutting fesin
pieces before sectioning, milling and surface grinding to final dimensions. ldoviestead of two samples
per input voltage condition, there were three samples tested per spray pregditiolmcéimal dimensions
were taken at locations shown in Figure 4.15 with a digital micrometer. Final ségimpiesions for length,
width, and thickness are provided in Table 4.7 with average values used to calcesatarsd strain. The
naming convention for the sample identification is first the spray pressure in pfieanthe bend test
number. For example, the first bend test sample of the 172 kPa (25 psirepdijon wasFD O 6H G 3

BT1"
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Figure 4.2 Compositional maps taken at the coating—substraﬂfad:ﬂtoerid on the SEM image
from the same location.

Table 4.7 Bend Sample Dimensions.

Sample Width (mm) Thickness (mm) Length Thickness Width
ID 1 2 3 1 2 3 (mm) Average Average
25BT1 11940 11.930 11.930 4.510 4.290 4.470 79.450 11.933 4.423
25BT2 11.960 11.960 11.960 4.380 4.040 4.290 79.590 11.960 4.237
25BT3 11.960 11.950 11.950 4.450 4.080 4.190 79.560 11.953 4.240
35BT1 11.960 11.950 11.960 4.320 4.040 4.230 79.540 11.957 4.197
35BT2 11.950 11.950 11.950 4.240 4.060 4.210 79.410 11.957 4.170
35BT3 12.370 12.350 12.370 4.270 4.120 4.190 79.440 12.363 4.193
45BT1 11.960 11.950 11.960 4.210 3.930 4.160 79.360 11.957 4.100
45BT2 11.960 11.960 11.960 4.240 4.090 4.240 79.380 11.960 4.190
45BT3 12.340 12.350 12.370 4.270 4.130 4.240 79.540 12.353 4.213

Bend testing was conducted as discussed in Section 3.6.2 for each sample. DIC was netdconduct
the new composition samples. Outer-fiber stresses were calculated and platgechaigal sample
geometries. Figure 4.25 shows the outer-fiber stress versus strain for thedpwrsgsure condition. The
second bend sampl25 BT2 was found to have a significantly lower stress achieved before cradking. |
was found that an incorrect coating was prepared for bend testing ak afrpeeparing the wrong side of

the substrate for testing. This is due to the substrates being coated on bothaiday &s save time and
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material during the practice spraying of the new composition. For s&B@I 2 the correct side was

marked incorrectly resulting in the wrong coating being prepared and tested.
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Figure 4.25 Low spray pressure bend samples outer-fiber stress versus strain.

The results for the other two spray pressure conditions are shown in Figure th.28) wépresenting
the 241 kPa (35 psi) condition and (b) representing the 310 kPa (45 psi) spray conditiaist Tdaifdrop
occurred at the point when the coating cracks which was audible during the teltosmditesting for the
three spray pressure conditions was conducted on the same load frame discusseashi®.8&ttiuring

the same testing session and set-up.
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Figure 4.26 Outer-fiber stress versus strain for 241 kPa spray condition (a) and 310 kPa spray
condition (b).

4.2.5 Wear Results tNew Composition

Wear testing was conducted as discussed in Section 3.7.3.1. Results foeaatdst are provided in
Table 4.8. Wear rate was calculated by converting the mass loss to volumeskssing
Fen 32C00.06Cro.2Nio 3IM00.07T 20,01 has a density of 8.419 g/énThe density & assumption was determined
by the relationshipé L A 2:yusing values provided in Table 3.3. Figure 4.27 shows the 241 kPa spray
pressure condition wear sample posttest.

Table 4.8 Wear Results for New Composition.
Pressure Condition Revolutions Mass Loss (g) Wear Rate (m#Nm)

241 kPa 12,000 2.074 1.93 x 10
310 kPa 12,000 2.029 1.89 x 10
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Figure 4.27 Post wear test sample of the 241 kPa spray pressure condition.

After wear testing, the 241 kPa spray pressure condition sample shown in Figure 4a@@lwsed with
SEM and EDS. Figure 4.28pws the wear surface at increasing magnification from (a) to (c). The sliding
direction of the rubber and sand wheel was from the top to the bottom of theal®sag®ting the scratch
direction in each image. Compositional maps were taken of the wear surfaceGor, Nj, Cr, and Fe with
results provided in Figure 4.29. The Mo composition map did not render and was exclugetioBshe
compositional map results, spot scans were taken at various locations of intdressults provided in

Figure 4.30.

(a) (b)

Figure 4.28 Wear surface of the 241 kPa spray pressure condition at different magnificaipns o
126X, (b) 612X, and (c) 1030X.
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Figure 4.29 Compositional maps taken of the wear surface.

Atomic Percent

Element Spotl  Spot2  Spot3
Fe 44 .86 15.68  21.42
Ni 0.86 19.32 5.61
Cr 9.18 17.28 6.73
Co 18.60 5.63 8.95
Mo 11.63 5.58 5.83
Ta 0.42 243 0.00
0 14.45 34.07 3798

Figure 4.30 Location and result for spot scans taken of wear surface.

104



CHAPTER 5:DISCUSSION

This chapter will discuss the results presented in Chapter 4 startinghevexperimentation conducted
on the HH1 coating. The coating morphologies are discussed in connection withligpiet iarfd deposited
droplet conditions to better understand the relationship among input voltaget teoperature, oxidation,
and the final coating structures. The effect of the voltage parameter on mecheopealigs was also
investigated.

Results for the new composition are discussed in relationship to the HH1 coating gadecbmith
the goal of achieving a tougher coating. The coating structure will be comparelendgtkpected structure
and wear rate. Coating microstructure and mechanical properties will be disicussgatonship to spray
pressure.

5.1 Thermal Sprayed HH1 Coating

The objective of this study was to characterize the thermal spraggaatia function of input voltage
and elucidate how the voltage affects the microstructure formation in the sprayegolithas been
reported for iron-based coatings (Fe-0.8 wt. %C), that increasing the infage/sbm 27V to 40V resulted
in the mean droplet temperature upon impact increasing by 150°C and mean dropletrdianretsing
E\ [B7, 58]. Adjusting the mean droplet size and temperature affects the coatingrstamnct oxide
content. The relationship between input-voltage and coating strength will be diseuskrelated to in-
flight droplet characteristics and coating structure to better understand the tmonmetween input
voltages, coating structure, and coating mechanical properties.

5.1.1 Coating Porosity Analysis

Microstructural characterizations on the coatings under each voltage conditioledexemomplex
mixture of splats, oxides, pores, cracks, and regions of elemental segregation. As moteaged, the
measured area percentage porosity, gradually decreased as shown in Figure 5.1. Howewparisono
with SEM images at the same location, it was found that most of the darkauedsd as pores in the OM

analysis were actually oxides.
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Figure_ 5.1 Graph showing the relationship between input parameter voltage and area percent
porosity.
Large oxides circled red in Figure 5.2 (a) show up as dark regions on the OM proceggedut are
revealed to be oxides by Figure 5.2 (b) SEM image taken from the same lodaisociearly shown that
the majority of dark regions that were counted as porosity in the poaositysis per the ASTM 210201
standard in Figure 52D FRUUHVSRQGV WR WKH OLJKW FROR4uHG2RH)LGH SDU!
Similar observations were reported for APS sprayed 316L austenitic stainlegmostdels, where areas

RULJLQDOO\ W K-Retd\fshapadRoEesiwerk axidds [30].

106



B e - Caai e - »

Y ” . 7% o “
= '”ﬁ" -s.\.—j’*‘
\ > }~' TN b

Figure 5.2 Processed image (a) and SEM (b)images taken from the same area of 26.5V volte
pondition with red circles showing large oxides that show up as dark regions on the processed (
image.

In addition to the majority defect concentration of oxides, the coating nedtaismall volume of pores.
The two main factors that influence porosity are droplet velocity and tatoper An increased droplet
temperature decreases the viscosity and results in a reduced roughness and dieggd:i0&alt has also
been shown that for TWAS steel coatings with similar compositions to HH1, egkdgces droplet size
and increases droplet temperature on impact at this specific spray di&#@hdeh[s, at higher voltages,
the droplet would be hotter and smaller and are expected to produce a caatiegsporosity as observed
in Figure 5.1. A factor that would counteract the temperature is velocity. Aptlag distance used, as
voltage increases, droplet velocity decreases [57]. This results fitaltssing and produces a less dense
coating. The results of Figure 5.1 indicate that effects of voltage on droplet temparadisize are more
significant than the effect of voltage on droplet velocity on coating porosity.

The distribution of the defects through the coating was evaluated by Xfragi@g the ZEISS 620
Versa 3D X-ray microscope as discussed in Section 3.4. A 3D rendered image 34r3 input-voltage
condition is shown in Figure 5.3 compiled from the X-ray CT data. Based on the sample sizesroaitizs
than 5 um could not be resolved. The red regions represent oxides, pores, and crackhconggnthe
coating thickness. The defects, which are primarily oxides as shown in Figuaeebdistributed relatively
evenly throughout the coating and constitute a large volume fraction consisterthev22% measured

from OM images of the same voltage condition as shown in Figure 5.1.
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Figure 5.3 X-ray CT data of the HH-1 31.5 voltage condition rendered in 3D giving the distribL

of oxides, pores, and cracks through the coating thickness.
5.1.2 Voltage Effects on Oxidation Behavior

Based on the results discussed in Section 5.1.1, the total number of oxidessel@ as the voltage
increased. TWAS oxidation can occur during in-flight and/or after droplet ingsattte splat cools [30,
47]. It has been reported in a Fe-0.8 wt. %C system [57], which is similar ¢ortiposition studied here,
that molten droplets impact the substrate at temperatures above 2200°C with thess olisEasing from
27V to 38V, the impact temperature increased by as much as 100°C [57]. Figure 5.4 () smmiv(a
schematic of droplets impacting the substrate at these different temperatumasltirigetemperature ¢J
of oxides such as silicon dioxide (S)@nd aluminum oxide (ADs) are 1710°C [106] and 2054°C [107]
respectively. Thus, at these high droplet impact temperatures, oxide formvdtioncur primarily after
droplet impact.

After droplet impacts and during splat cooling, splats exposed to oxygen of the cedpmgsform
oxides on the surface. Depending on the time exposed to the jet before being covieesdesy layer of
splats will determine the amount of oxidation [47]. As voltage increases, the drgalet diameter
decreases with deposition rate remaining relatively unchanged as it rethesitagperage parameter [57]

For higher voltages, the smaller droplets will cover the splat layer fasteednce the level of oxidation
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after impact as observed in Figure 5.1. This is shiovigure 5.4 (a) and (b) optical images of the 26.5V
ard 36.5V condition where the oxide layers between the splats are more definedaweheroltage
condition. An exaggerated illustration of this process is shown in Figure 5.4 (c) shheilogvtvoltage
condition and (d) showing the high voltage condition.
5.1.3 Coating Structure

Hardness values provided in Section 4.1.2 were taken within splats ranged between %28 ldwd
indicating that the splats are composed of a fine martensitic structures®xpected due to the rapid
cooling of the molten droplet upon impact as well as observations in theulieeod similar compositions
TWAS studies [49, 51, 108]. Due to the complex mixture of oxides, element segregatiepland
morphology, indenting the specimens within a droplet was difficult. Vickedhbas values that are below
500 HV were the result of the splat cracking as a result of indent placemelusé to a splat-splat

boundary.

Figure 5.4 Optical image of the 26.5V (a) and 36.5V condition (b) comparing the oxidation on
splat surface. Schematic drawings (tmtcale) showing droplet size and splat surface oxidation fc
the 26.5V (c) and 36.5V condition (d).
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No clear effect of voltage on hardness was observed due to the wide range of iduasgd variation
in values, however, could have more to do with indent placement in relation to dedectsn artifact of
location within the coating thickness. It is also worth noting thatctreging surface temperature was
maintained below 93°C (200°F) and that droplets through the thickness of the coatidgetdwdve been
exposed to temperatures high enough to temper the martensite after splat quench.

In addition to the oxides and martensitic splat structure, there were varioogsragi element
segregation primarily of nickel and vanadium. Figure 5.5 shows an SEM image taken of a 3G&/ sam
with EDS maps of Ni and V overlaid showing the concentrated regions. Spot sdie Nirconcentrated
region estimates a composition of Fe-23 at.% Ni suggesting a face cente(Fcti®) phase [109]. Spot
scan 2 in the V concentrated region estimates a composition of Fe-16 at.% Visggn€st Fe) BCC
phase [110]. The regions with higher elemental consecrations of elements such as Necand be
potentially caused by compositional variations inherent in the powder core viex the droplet impacts
the substrate it spreads out and solidifies with an extremely high quench vatg lgde to no time for

diffusion [12].

Figure 5.5 SEM image (a) and EDS maps of Ni (b) and V (c) of the 36.5V condition taken at tt
same location.

5.1.4 Oxide Morphologies
Oxide morphologies were determined by taking EDS maps of the various oxskrsembError!

Reference source not foundshows one EDS map taken of the 36.5V condition showing various oxides
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formed with Al, Si, and Ti. Aluminum oxide (ADs) and silicon dioxide (Sig) were found to constitute
most of the present oxides with titanium oxide present to a lessat.eAbO; was found as long thin
layers between splats. This is expected a®Aflorms as a stable high-temperature scale in iron systems
[111, 112] and would form on the splat surface first after impact. Splats only dxpdabe oxygen within
the jet for a very short period of time (microseconds) will not oxidize much, as comy#rgubrtions of
sprayed layers which can sometimes be exposed for up to a second allowing for anad&itteform [47]
This is shown in contrast between Figure 5.4 (a) and (b) where a thickieroXide layer is observed on
the lower voltage condition because it has more time to form before the next inpplets and slows/stops
the growth of the layer.

SiO; was observed to have large near-spherical oxide morphologies approximately b@dipmater.
The SiQ, which has a lower melting point than @k, forms after the AlD; with the remaining diffused

oxygen [106, 107]. Given the silicon dioxide reaction:

5E 1y L 5El (5.1)

At the SiQ T of 1710°C the partial pressure of oxygen is on the order of 10-14 atm, well below the
pressure of the system, resulting in the oxide not forming [113]. Silicon dioxideamysanystallographic
forms. With the rapid cooling of the molten droplets, it is expected ilea glass, which forms on
guenching from 1710°C, and cristobalite, the high temperature @i@se, would form [106]. This is
observed irError! Reference source not found.where EDS map show large near-spherical ®ixide
morphologies unlike the thin layer morphologies of thglAl
5.1.5 Effect of Voltage on Residual Stress

The coating-substrate interface consists of the A36 steel substrate and spitiregl anchored onto
the rough sand-blasted surface forming a mechanical bond [39]. Nano-indentatioweye taken across
the interface to evaluate if the different voltage conditions had an infleentdee hardness distribution
into the substrate as previously discussed in Section 3.5.2. The plot in Figure 5.7 stoowsadson

between each voltage condition for the average indentation value at variousedistdodhe substrate
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starting at the interface. It was observed that indentation values for every voltagmoatetireased with
distance from interface. This is expected, not due to the thermal spray coating, buhdw»td tvorking
of the surface from sandblasting. Thus, the indentation value was examined ito cekeif differences in

trends were observed between the three voltages.

Figure 5.6 EDS Mapping of the 36.5V condition for O, Si, Al, and Ti.

No clear differences were observed between each voltage condition for haigimidsgion. Due to the
relationship existing between hardness and residual stress, this suggesésapplied residual stress from
the coating was similar for each voltage condition due to the relationshipdretvardness and residual
stress [94]. TWAS, unlike other spray processes, has minimal substrate heatintdpdhne goating surface
maintained under 93°C (200°F), there was not a distinct impact to the subsithninal properties from
thermal spraying [9].
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Figure 5.7 Average indentation values at various distances into the substrate starting atabe. in

5.1.6 Coating Strength

Four-point bend testing with DIC was performed on each sample of the three dttagewcondition
with load versus time data provided in Figure 5.8. During each bend test there weresbaveiahd drops
observed on each sample. Utilizing the DIC data, these load drops were corrélatsttv samples DIC
strain data. Figure 4.17 shows the load vs time data for the second bend test of thiefeTondition
with DIC strain maps of the sample one second before and after each loathdooigh this comparison
we see that at 28 seconds the sample began to show higher strains at the right-hartessdenpié just
below the right loading nose. Thus, the first load drop was caused by thegavatking at this location
which is evident from the posttest image which clearly shows the crack.r$theréick continues to gno
until 48 seconds at which point another load drop occurs. The second load drom dkigwe 417
compared with the DIC strain maps at 47 and 48 seconds shows that another crack develops in the coating
at the left-hand side under the left loading nose. Both cracks propagate from the suddiog towards

the substrate at which point the coating begins to pull away from the substrate as moredcgpligd.
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Figure 5.8 Load versus time for each bend sample. Each input voltage condition had two ben
samples tested.

Looking at the averaged outer fiber stress versus strain for the threesaitage conditions, it is
observed that as voltage is increased the stress required to initiate a chackdating increases. This is
shown in Figure 5.9 where the lowest outer fiber stress to crack the coatthg #26.5, 31.5, and 36.5
input-voltage condition was 88, 109, and 125 MPa respectively. The maximum outerrissercsin be
calculated between the two central loading points that define the load span using thedabpvation:

uz.

> L V> (5.2)

whereSis the outer-fiber stress throughout the load span in RiEathe load in Newtond, is the length
of the support span in millimetetsis the average beam width in millimeters, arid the average thickness
in millimeters.

The increase in strength can be attributed to the higher voltage samplesahlavieg oxide content as
discussed in Section 5.1.1 and finer solidified structure due to the smaller impinghet dize [58]. It

was shown in Figure 5.1 for sprayed HH-1 that the average oxide, porosityaekdantent decreases by
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4% when increasing the input voltage from 26.5 to 36.5 V. For a similar sprayedamaé +0.8 wt. %

C, it was observed that as voltage was increased from 28 to 40 V thenmglah@lameter decreased from

668 tR [B8]. After the droplets impact the substrate surface, they are cooled to under 100°C within
a few milliseconds [49, 51]. It has been reported that for a Fe-0.8 wt. %C syt is similar to the
composition studied here, molten droplets impact the substrate at temperatures Gf&2’02300°C for

input voltages of 27V to 38V respectively [5SHigure 5.10 shows the isothermal-transformation (I-T)
diagram for type 1080 steel with a composition of #&79 wt. % C+0.76 wt. % Mn, grain size of 6
austenitized at 899°C [114]. This I-T diagram is used as a reference notiagrbia accurate I-T diagram
would need to account for factors that could affect the martensite start tempéviajigech as grain size

[115] and quench rates [116].

Figure 5.9 Average indentation values at various distances into the substrate startingeafdbe.in

As shown in Figure 80, the splat cools rapidly from the liquid state to below theégvhperature within

a few milliseconds. At some undercooling below the liquidus, by the periteatition, austenite forms.
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The droplet continues to rapidly cool below the on-cooling austenite transformation tempergjuaad

DYRLGYV IRUPLQJ SHDUOLWH 7KH WUDQVIHRWWPIDWMWH R.Q DIQ HRMLIPAVQ /UL
before the droplet is cooled to the maintained surface temperature of 98°@oplets instead cool below

the Ms temperature and form a fine martensitic structure. Hardness values dapdsiection 4.1.2 were

taken within the deposited splats of the HH-1 coating and ranged between 523 and @B84cki\dre

similarto martensite values of steels containing similar carbon levels [117].

Figure 5.10 Schematic of the I-T diagram for type 1080 steel approximated for the twinewire ar

sprayed HH-1 [114].
5.1.7 Fracture Surface Analysis

Fracture surfaces of bend test samples were analyzed by SEM imaging. Figure 4.1Nshoage a

taken at 47x showing the full thickness of the coating. As was observed fromiGhaafa, the crack
initiated at the coating surface and propagated towards the substrate. The crack propagattiafiy
affected by the fracture of splats from one layer to another utilizing weals goich as oxides, pre-cracks
and pores within the lamella sprayed structure [118]. Near the substratey@uigrface the crack changed
from propagating perpendicular to the bending stress to cracking horizontally. Timg codarder and

more brittle than the A36 steel substrate and, once the crack propdgs¢esnough to the substrate, the
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coating holds it ridged shape and starts to pull away from the substrate. As showndrbHid, the coating
does not pull directly away from the sand-blasted substrate but instead dedaraifiest few splat layers

up from the substrate along weak splat boundaries [119].

Figure 5.11 Fracture surface after bend test showing delamination from substrate.

Cracks initiated at oxides dispersed throughout the coating. Previously shown irdiE2Ques image
was taken of the bend sample fracture surface where a splat failed by brittbgyeléacture. The splat
was subjected to tensile forces perpendicular to the image during testingr Fostdnification of the
cleaved splat surface revedfaceted ledges or river lines leading back to the initiation [pb2a]. A spot
scanwas taken at the initiation point where the river lines lead with results also sh&iguiia 4.20. The
spot was found to contain high amounts of aluminum and oxygen in close atomic raticead g ALOs).
The presence of aluminum oxides is expected &3sAdnd SiQ are the most common oxides present in
the HH1 coating.

Further spot scans taken along the fracture surface revealed that large amoxiukssoére present.

Figure 5.12 shows several spot scans taken at various locations along the fracturedearntheesubstrate
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where the crack began to propagate parallel to the bending stress. Spotsathaled high amounts of
oxygen ranging from 40 to 49 at. % O and aluminum ranging from 12 to 16 at. %ig\talib suggests

that the AbO; was present at the fracture which is expected #3:Abrms on the splat surface after molten
steel droplets impact and cool. Thus, when the crack switched from propagating perpendiculdeto paral
to the bending stress, fracture occurred by the delamination along theusfalae. Similar findings were
observed in the WC-FeCSiMn sprayed coating where many cracks were perpendicular to Stebgnd
between splat layers indicating that stress relaxation occurred by the delanohawak splat boundaries

[118].

Figure 5.12 Spots scans taken along fracture surface with schematic showing where image wa
and photo of posttest bend sample showing where the crack changes from perpendicular to par
bend stress.

In addition to cracking initiated at ADs oxides, it was also found that fracture occurred at other oxides
including SiQ and TiQ. Figure 513 (a) shows a splat that failed under tensile stress through the splat
failing with brittle fracture. As shown in Figure 5.13 (a), at the locatiom@fspot scan, there are radial
marks directed at this location indicating the point where the crack initigietis&ns of this area revealed

that this area was comprised primarily of silicon and oxygen indicating that therdératarted at a S;O

particle located within the splat. The Sj@hich has a lower melting point than @k, forms after the
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Al,Os forms as a thin layer on the spat surface after droplet impact [107]liCbe seacts with the oxygen
and forms near spherical Si©Oxide particles within the solidifying splat. These particles facilitate the
brittle fracture through the splat cross-section. Titanium had a seffiéet as silicon formed oxides within
the spray. Figure 5.13 (b) shows a fractured surface where near the top of én¢hienkgiure was along
spat boundaries before fracturing through several splat layers. The splat |&yeasiy visible with sharp
angles between the splat surface and fracture surface. Radial marks on theasplas urface appear
almost vertical pointing to the coating surface where max stress from beeding. A spot scan was taken
at the top of a bowl-shaped fracture feature revealing that the parttble tip of the feature contained
high amounts of titanium, aluminum and oxygen. To the left of the particle shitles foacture of the
splat whereas the bowl-shaped feature appears to be the result of a bordatibgisglpulled away (out
of the page) leaving this crater surface. The presence of aluminum and oxygetheibowl also suggest

this was the case as.8k was found primarily between splat layers.

Figure 5.13 Fracture surface of post bend test samples showing location of spot scans at crack
initiation points.
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5.1.8 Wear Testing tHH1

Wear testing was conducted as previously discussed in Section 3.6.5. As reportee id.9,athle
average wear rate decreased from 1.17%40Q.11x16 mm*Nm when input voltage increased from 31.5V
to 36.5V. However, this difference is small and, without further repeatedgent relationship can be
confidently stated. It is expected, however, that the wear rate would increase with increageddumtto
the reduced oxide content observed in Figure 5.1. Oxides for HH1 were found tmaglpi\l.Os, Si0;,
and TiQ. Alumina (ALOs) was observed to be the primary oxide formed between splat |&ygDs.has
wear rates on the order of Bonm*Nm which was reported for 450um thick APS prepare®Atoating
[121]. The decrease in oxides content from 31.5V to 36.5V was 1%, thus a signifitereince in wear
behavior between these two voltage conditions cannot be expected. This is not thetbadew voltage
condition of 26.5V which saw a 5% decrease in oxide content which could have provwyanced wear
rate difference.
5.2 Thermal Sprayed New Coating Composition

As discussed in Section 5.1, adjusting the voltage influenced the oxide content amgl stoatigth.
However, in order to achiexemore significant increase in toughness, a new composition was developed
based on findings by Li which found that a MPEA sprayed by APS formed an FCC sotidrsalith
spinel oxides generating a coating with similar wear rates to HH1 [84]. nEwe composition
(Fev.32C00.06Cro.2Ni0.32M00.07T 20.01) Was determined based on material availability and Termo-Calc analysis
previously discussed in Section 3.7.1.2. To generate this composition, two wieesroad together in the
TWAS gun-head schematically shown in Figuré63Spraying was conducted at three spray pressures in
order to analyze the effect of droplet size on coating oxidation content,tstrang wire-mixing. It was
hypothesized that increases in spray pressure would increase the oxide content whetaunltlimprove
wear rate. This was observed for the FeCoCrNipMdloy where coatings produced by APS contained 47%
oxide content and exhibited an order of magnitude improved wear resistangaredrwith an HVOF
coating of the same alloy which contained only 12.7% oxide content [84]. Hovbagerd on the HH1

results, increased oxide content resulted in a decrease in coating strength andgsotiphsethe tradeoff
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between wear rate and coating toughness must be considered. This section will discusgdsitiaash
wear, and mechanical results of #&.32C00.06Cro.2Nio.32M00.07T @.01 COating.
5.2.1 Coating Features

Utilizing SEM imaging and EDS mapping per Section 3.3, two different splaipositions were
observed in Figure 4.23 and Figure 4.24 which will be referreas @plat 1and Splat 2 Splat 1was
characterized by high concentrations of Ni and Cr as shown in Figure 5.54lét)2 on the other hand,

was characterized by high concentrations of Fe, Co, and Mo as shown in Figure 5.14 (a).

Figure 5.14 Splat 1(a) andSplat 2composition (b) with elemental maps and spot scans showing 1
distribution and composition of splat types for the 241 kPa spray pressure condition.
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The spot scan withiSplat 1revealed that the wt. % of Ni, Cr, Mo, and Fe was almost identical to that
of the Inconel 625 solid wire witBplat 2having a composition closely matching that of the cored wire
composition provided in Figure 3.16. This suggests that there was little to no mixing afode and
cahode wires within the arc or of droplets colliding and miximdlight or upon impact. This was also
observed for the lower and higher pressure conditions.

The lack of mixing within the arc can be attributed to the difference mt@chment to the cathode and
anode as previously discussed in Section 2.3.2. Due to the heating differencamidbeand cathode
wires, the asymmetric arc behavior for TWAS in an inherent featureahéfting process [21]. For the
anode, a sheet is created from molten metal that builds up at the wire tgsakt af a large portion of the
wire being heated by the diffuse arc attachment. This anode sheet continuegloastd spread itself
downstream [122]. The cathode, however, has constricted arc attachment withooadized heating
forming more obtuse sheets [123]. This is visualized in Figure 5.15 showingage Baken from high

speed video of the formation of two distinct liquid metal sheets for the anode and cathode.

Figure 5.15 High speed image taken from the anode side of the metal breakup during TWAS [
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Similar findings were observed for TWAS of 1.6 mm cored wires (AS850) andvsiodisl (Sprasteel)
with composition in weigh percent of 4% Cr, <1% Mn, 1.4% Si, 2% C, 38%df tungsten carbide WC-
W-C, and Fe balance and Fe-0.07% C, 0.96% Si, and 1.63 Mn, respectively [124]. It was founditigat melt
behavior was different between cored wires and solid wires and that powder compositenaretwires
played a significant role in metal disintegration. Solid wires exhibitecelongptal sheets compared with
cored wires due to the cross-sectional area differences between seli@ win{) versus a metal sheath
(0.38 mnd) and propensity of powder, in the cored wire case, to be acceleratdukintetial sheets causing

early breakup.

Figure 5.16 Jet flow melting behavior, and disintegration of solid wires (a) and coredb)if&24].

The new composition, however, was a combination of a cored wire and solid wire arced @gethe
shown in Figure 3.16. It can be assumed that a combination of melting behavior wacihitved. Melting
behavior and disintegration would consist of the behaviors shown in Figure 5.16 (a) arydh@)irig the
cored wire as the anode and solid IN625 wire as the cathode, no long metakshtkbferm on the anode
due to the cored wire sheath and powder breakup. Metal sheets could presumably form bodbesickt
but only to a limited degree as the cathode has constricted arc attachreeggoscan provided in Figure
5.14 (a) ofSplat 1contained less than 1 wt. % Co suggesting that the powders within the ponelanode
wire were not accelerated across the arc into the cathode sheet. Thisdsydonthe cross-over effect

observed for the AS850 cored wires where the powder particles are aecelsrahe atomizing gas and
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penetrate against the extruded metal sheets as shown in Figjdrel'ftis could be due to the short
constricted arc attachment on the IN625 solid wire cathode not forming sheets loniy fandbig molten
powders to interact based on the direction of the atomizing gasTtewesult was a coating composed of

evenly distributed splats of two different materials forming an alloy composite shovguie 5.14.

Figure 5.17 High speed image of TWAS of cored wires [124].

5.2.2 Coating Oxide Analysis

In addition to the two splat compositions, a significant amount of oxidatiamrrecc As previously
discussed in Section 5.1\hat was counted as porosity per ASTM 2109 measurements were actually
mostly oxides. Spray pressure was found to have a significant effect on coatinipoxwth average
oxide content increasing from 21% to 64% when spray pressure was indreasdd2 kPa to 310 kPa.
Figure 5.18 shows the results of area percent oxide, pores, and cracks provided in Table 4.6 platted versu
spray pressure. The relationship was found to be non-linear where oxidatieasewrby 12% when
increasing spray pressure from 172 to 241 kPa where the increase in oxidati@4dfromn310 kPa was

almost three times this value at 31%.
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Figure 5.18 Graph showing the relationship between spray pressure and area percentage oxid
and cracks.

This relationship can be easily visualized by three OM images takantapressure condition provided
in Figure 5.19. The increase in spray pressure removes molten materighéovire tips more rapidly
resulting in a significant reduction in droplet size as previously shown ine=@@d [17, 58]. High
atomizing air causes greater diffusion of oxygen into in-flight dtoghd splat surface oxidation as the

splats are propelled faster resulting in greater flattening [125].

Figure 5.19 OM images of the 172 kPa (a), 241 kPa (b), and 310 kPa (c) spray pressure condi
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Compositional maps and spot scans were used to estimate oxides present. Figure 5.20 ekygesithe
compositional map overlaid on an SEM image taken from the same area reveabogtiba bf the oxides.
Two spot scans found that the oxides are primarily composed of Fe, Cr, Mo, arlttt@as€ composition,
discussed in Section 3.7.1.1, attributed the superior wear of the APS co#timgtesence of spinel oxides
AB:204 (A = Fe, Co, Ni and B = Fe, Cr) with high solid solubility in eatiiea The atomic percentage
recorded were 47.07% and 49.08% which is about 10% less oxygen than expected forlthEhspigie
the desired spinel could have still formed, the results suggest the oxides presbatmuag complex and
with the high atomic percentage of Fe preseai). and FeOs; would be present as well. Additionally, the
lack of Ni present within the spots suggests that the oxidation primarilyredcon the cored wire droplets
which contained most of the present Fe. No large oxides were observed, like withilué ie HH1
coatings, but instead oxidization was found to be primarily on the splateanivith thicker layers observed

and higher pressuse

Figure 5.20 Oxygen compositional map overlaid on SEM image showing the location of two sp
scans.
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5.2.3 Mechanical Testing

5.2.3.1 Hardness

Hardness values presented in Section 4.2.2 ranged between approximately 300 and 500 Hthfor bot
high and low spray pressure conditions. The large variation in values cantheedito the two different
splat compositions discussed in Section 5.8dlat 1(IN625 splats) can be expected to have similar
hardness values reported for selective laser melted (SLM) IN625 samples dusitaildrecooling rates
(10° k/s) [126]. SLW IN625 samples have a reported hardness of 343 HV whidthiis the range of
hardness values observed within the TWAS new composition. High cooling rates forvild6Rbresult
in most strengthening elements such as Mo and Nb remaining within the Ni miltria larger lattice
distortion caused by point defects.

Splat 2represents the combination of a 70 wt. % 430SS wire sheath (82% Fe and 18%dGxjth
15 wt. % Co and 15 wt. % Mo powders mixed together within the anode st TVAS arc. Looking at
the Vickers hardness result for the low pressure condition presented in&RRirehe difference between
indents taken witlsplat landSplat 2can be better estimated due to the larger splat size and lower presence
of oxides. Of the six indents, four had values between 343 and 360 HV which have vasis®cbwith
Splat 1 Of the other two indents, one was taken on a splat boundary resulting in a lower hardness value of
the 234 HV while the other had a value of 483 HV and was clearly within a Shla, this last higher
hardness value can be deduced to be wilpiat 2 The reason so many of the indents appear to be within
Splat 1 is suspected to be an artifact of how the indents were taken where indentzkesm on even
number of splats for the first five values and, due to the even distribution of splats with e, ceatld

favor samplingSplat loverSpat 2
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Figure 5.21 Vickers hardness values taken through the coating thickness of the low pressune c
showing which indents correspond to which splat type.
The phases present$plat 2were estimated based on ternary phase diagrams foofs: Figure 5.22
(a) shows the ternary phase diagram at 1000°C with (b) showing the diagram @t Spiat 2exists
somewhere within the black triangle depending on degree of the Mo composition effaaibskerved that
the splat cooled through the (Fe, gphase into a mixed phase region of (Fem)d (Cr, Fe) phases or
anFCC phase into a FCCBCC phase region. The presence of a BCC phase could explain the higher 483

HV hardness observed.

Figure 5.22 Fe-Co-Cr ternary phase diagrams at 1000°C (a) and at 700°C (b) [127].
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5.2.3.2 Coating Strength

Bend testing performed on each pressure condition found that all coatings exhiengthstbove 240
MPa as shown in Section 4.2.4. This is significantly higher than the highest strengttedteerdH1
coating of 140 MPa. Figure 5.23 plots @flithe outerfiber stress versus strain for each pressure condition
previously shown in Figure 4.25 and Figure 4.26 with the highest HH1 bent test result for HieLglyevi
shownin Figure 5.9 up to the point of the crack initiation where the stress decattyatrops. It was
observed that all pressure conditions were stronger and tougher than the HH1 lmpatisgynificant
margin. It was also observed that as spray pressure increased from 172 kPa¢2BLpdPa (45 psi), the
coating strength (and toughness) decreased from a maximum of 284 kPa forXaBipl¢o a low of 260
kPa. Additionally, the 172 kPa spray condition tests had a curved peak stress with malirigl lyégore

finally cracking, whereas the 310 kPa tests each had a sharp drop immediately following peik streng

Figure 5.23 Bend test outer-fiber stress versus strain for each new composition spray pressure
condition bend test plotted with HH1 coating results for comparison.
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The higher strength observed from the low pressure condition is expettedcsmdition had the least
amount of oxides as shown in Figure 5.18. However, even though the high pressure condéioedont
over three times the oxide content of the low pressure condition (21% versagdaipercent oxides), the
strength was decreased by only about 25 MPa or roughly 9%. This is contrary to tredb$tiMations
where a ~5% decrease in oxide content resulted in an almost 30 MPa (30%) incieasmge stress
before first crack initiation. This suggests that the oxides formed wiitieimew composition coating
adhered to the splat matrix better, resulting in a less pronounced oxide efféatgél spherical shaped
oxides were found within the coating, like the large ;Si®ides found within the HH1 coating to help

initiate fracture.

Figure 5.24 Effect of atomizing gas pressure on mean droplet diameter [58] (a) and difgudt of
distance on particle velocity for various spray pressures [128] (b).

In addition to the oxide effect on strength, there also exists a parzeland velocity effect on strength.
Increased pressure results in reduced droplet diameters and increased droplesvatositown in Figure
5.24 (a) and (b), respectively. Note that Figure 5.24 (a) represents the TWAS of Fe€l8@a$ whereas
Figure 524 (b) represents the TWAS of Ni-Al. The dotted lines in Figure 5.24ef@esent the three
pressure conditions that the new composition was sprayed with showing the significant reducéan in

droplet diameter decreasing by over 30%. The dotted line on Figure 5.24 (b) repteseptay distance
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(0.2 m) used for the new composition coatings with the black dots represétitigee spray pressure
conditions. Though this represents TWAS of a Ni-Al alloy with smaller dropletede&asireported for the
Fe0.8C alloy, the relationship of velocity with spray pressure would be siriter increased velocities
and reduced droplet size would result in a finer splat structure with a greater degreeenifidilavhich, in
part, would offset some of the detrimental effects of the increased oxide content.
5.2.3.3 Wear Testing tNew Composition

Wear testing was performed on the 241 kPa and 310 kPa spray pressure cofatittbesnew
composition coatingHe.32C.0¢Cro.2Nio.30M00.07T @0.01) and compared with the reported HH1 wear rates, as
well as, the results reported for the literature composition (FeCoCijMiscussed in Section 3.7.1.1
used as the base for the new composition. Figure 5.25 shows the wear rates foo@r&IRéd6s » coatings
prepared by APS and HVOF, the wear reported by Devasco for the HH1 coating, amd tesar tests
conducted on the new composition for two pressure conditions. The new composition coatiagedekr r
between the reported values for the FeCoCrNiMmatings prepared by APS and HVOF. The 241 kPa
new composition coating contained 33% oxides compared to the 12.7% oxide content of theddWiaf
and 47% oxide content of the APS coating [84]. The improved wear rate of the AR§ owat the HVOF
coating was attributed to the higher oxide content. Thus, it is reasortabbhssume that the
Fe&y 32C00.06Cro.2Nio 30V 00.07T 20,01 COating oxide content of 33% would have a wear rate in between these
values, assuming similar oxides were formed. The result for the 310 kPa poesglitien contradicts this
assumption having similar wear rates to the 241 kPa pressure condition even though thentedxdevas
almost doubled to 64% (higher than the APS coating). This suggests that the desies responsible for

the high wear rate of the APS FeCoCrNiMeoatings were not forming.
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Figure 5.25 Volume wear rates for thermal sprayed coatings.

As previously discussed in Section 5.2.1 and 5.2.2, the two wires making up the
Fey.32C00.06Cro.2Nio.32M00.07T @0.00 cOMposition did not mix resulting in a composite coating of splats formed
either from the anode or cathode wires. However, each wire contained the elementsynieckssa the
desired spinel oxide A, (A = Fe, Co, Ni and B = Fe, Cr) with the exception of the anode noticioigta
Ni. Figure 4.28 shows SEM images taken of the surface that reveal the presbote abrasive and
oxidation wear. Due to the presence of two splat materials, the wear wasifoom wacross the surface
with visual regions of greater wegeveral almost perfectly circular regions are observed showing the
presence of solidified droplets within the coating. In order to better chazactee worn surface,
compositional maps were taken as shown in Figure 4.29. The regions protradirigdrsurface are shown
to correspond to oxygen rich areas with the presence of oxides. This oxide layer pne@itsy surfaces
from direct metato-metal contact inhibiting abrasive wear [129]. Spot scan results presenteguia Fi
4.30 revealed regions with greatly different oxide compositions with oxygen vargimgl# to 38 at. %

and Fe varying from 15 to 45 at. %. Spot scan 1 and 3 corresponded to a regions cuu$istat 2
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composition and exhibited abrasive wear with oxides high in Fe content. Higher wesssimeégions could
be caused by the formation of oxide scales which exhibit poor adhesion. Spot scaakewasth a Splat
1 region and was found to contain 15-20 at. % of Fe, Ni, and Cr, 5-6 at. % Co and Mo and 34 at. % O. The
presence of both Fe and Ni segg that this represents the interface between Splat 1 and 2 where Splat 2
has worn down revealing Splat 2. Splat 1 has a lower hardness than Splat 2 and represents the IN625, thus
it is not surprising that the Splat 1 region appears to be wearing at a greater rate.

Due to the lack of mixing of the anode and cathode wires, the FCC solid solution i@snaot The
APS FeCoCrNiMe2 coating wear rate was not achieved even with higher oxide contents, sugthesting
the oxides formed within thiéey.32C00.06Cro.2Ni0.32M00.07T &0.01 COating were not of similar structures having
high solid solubility within one another [99]. This results in oxides not comyggictio an oxide layer by
constant stress which acts to cause a lubrication effect as suggested for APE8NHdGeLcoating [84,
91]. That said, the new compositidfef.z2C00.06Cro.2Nio.32M00.07T @.01) COating has an order of magnitude
better wear rate than that of HYOF sprayed IN625 with a reported volumeateaf 18.6 x 1O mm?/Nm
[130]. The wear rate ofey32C00.06Cro.2Nio.32M00.07T .01 COating was actually closer to the wear rate of

HVOF sprayed IN625 containing 42 wt. % tungsten carbide.
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CHAPTER 6:CONCLUSION
6.1 HH1 Coating

In this work, the HH1 coating was characterized and tested with the effiepubtivoltage paramete
investigated. The HH1 coating was found to be a complex mixture of martenséicsptats, oxides
primarily of Al,O; and SiQ, and regions of elemental segregation. Splat hardness was found to be >500
HV from Vickers indents taken within splats..8k was primarily found as long thin layers between splats;
whereas, Si@was primarily found as large near-spherical shapes approximately 50 um inediamet
Regions of element segregation were observed primarily of Ni and V. As voltagasedrfrom 26.5V to
36.5V, the amount of defects primary oxides decreased from 24.2% to 19.7%. It is hypotthegized
because with increased voltage there is a decrease in mean droplet diameterease im droplet
temperature with constant deposition rate, there would be less time for surface owid#tiersplat layers
before being covered by the next layer.

Utilizing four-point bend testing, it was found that the stress requiredti@ie the first coating crack
increased from 88 to 125 MPa when input-voltage was increased from 26.5 to 36.5V.abi@sging
with load vs time plots tracked the strains in the coating during the stresseendsed to correlate load
drops during the test with the specific crack initiation. Analysis of the benfidesire surface revealed
the presence of many oxides decorating the surfag®{/8i0,, and TiQ). Fracture parallel to the bending
stress was along splat boundaries which have high amounts@f gkksent resulting in delamination of
the splats. Brittle fracture occurred through the splat commonly initiatirgsilicon or titanium oxide
particle.

6.2 New Composition Coating

A new MPEA composition K&y 32C00.06Cro.2Nio.32M0o.07T80.01) Was prepared and tested with the
objective to achieve increased strength and toughness while maintaining @eweanance comparable
to HH1. The effect of spray pressure parameter was investigated. Findiregsasnpared with results for
the FeCoCrNiMe; literature composition which was used as the new composition base. It was found that

the two different wires used in combination to achieve the desired compositinatdnix within the arc,
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in-flight, or on deposition. This resulted in a coating comprised of twerdift splat types correlating with

the anode and cathode wire compositions. The cathode, comprised of a solid IN62Bverategl splats

with a hardness ranging from 31860 HV. The anode, comprised of a cored wire with 430SS sheath
material and 50/50 wt. % mixture of Mo and Co powder core, generated splats ldtdness ranging

from 403 +483 HV. As spray pressure was increased from 172 kPa to 310 kPa the oxide content increased
from 21% to 64%. Oxides were found to exist in thin layers between splats. Oxides wer#éypformaed

with Fe, Cr, Mo, and Co.

An increased spray pressure from 172 to 310 kPa resulted in an average strepgdeddc22 MPa
or 8% decrease. Thus, the effect of pressure on coating strength was less é¢fi@cttof input-voltage on
the HH1 coating which saw a 22% decrease in strength when reducing voltage fromo3Ba55AMt The
volumetric wear rate of the 241 kPa spray pressure condition was 1:98w®IN-m which fell between
the APS and HVOF FeCoCrNiMe base composition wear rates of 3.9%1@m¥N-m and 4.8x10
mm?/N-m, respectively. However, this wear rate was over four times therateanf HH1. The 310 kPa
spray pressure condition, with approximately two times the oxide content &fthkePa spray pressure
condition, had a wear rate of 1.89x1@&m*N-m which was virtually identical to the 241 kPa pressure
condition test. It was suspected that, due to the anode and cathode not mixing, a more cimtopéerfm
oxides formed than that of the FeCoCrNiMbase compositio AB,Os (A = Fe, Co, Ni and B = Fe, Cr)
spinel oxides. This resulted in oxides that do not have high solid solubibityeimnother and would not
form the oxide layer to which the APS FeCoCrNidooating superior wear was attributed.

In conclusion, the newe.3:C.0éCro.2Nio.32M00.07T @001 COMposition met the strength and toughness
objective with stress achieved before cracking approximately doubling that obsetliedH¥1 coating.
However, the wear rate objective was not met with the new composition having eateealmost four
times that of the HH1lt cannot be concluded; however, that Beg:C00.08Cro.2Nio.32M00.07T 80.00 MPEA
would have this wear rate. The anode and cathode would need to be the samdioortgpesaluate if the
Thermo-Calc predicted FCC solid solution splat structure would form. Thus, no conclusions can be drawn
about the mechanical properties of a properly miedLCao.0éCro Nio.32M00.07T 20.01MPEA.
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CHAPTER 7:FUTURE WORK

7.1 HH1 Coating

Due to the limited scope of testing conducted for this work, additional modeling, characterization, an
testing of the HH1 coating would prove useful. As previously discussed in Section 2.5 about siwidificat
modeling, knowing the droplet diameter and temperature on impact with the substrdtiak tor
understanding the splat structure. A simple test that was conductee@WAS Fe-0.8 wt. %C steel to
determine droplet size involved mounting the spray gun to the top of a 2.6 m Iticgl\@ramber and
spraying with the absence of a substrate so that droplets would solidify te=foneng the base at which
point the droplets/powder could be sieved [58]. As for the temperature, the aséneffight particle
pyrometer has been employed which uses a two-color infrared pyrometer to giveage @agticle/droplet
temperature over small measurement volume [57, 131, 132]. With accurate values far sireple
temperature of the HH1 composition, solidification modeling could be conducted. Valuesidoal stress
could then be calculated using the elastoplastic model presented by Chen which takesumbthec
volume expansion for the martensitic phase transformation [51].
7.1.1 Bond Strength Test

The HH1 coating was reported to exhibit high bond strength with past@# to use ASTM C 633
Standard Test Method for Adhesion or Cohesion Strength of Thermal SpraygSaasulting in adhesive
failure meaning that the exact value of the bond strength could not be de{d83]. An alternative test
was designed and proposed that would be able to measure bond strength with a schematic shown in Figure
71. 7KLV WHVW GHVLJQ LV EDVHG LQ SDUW RQ WKH 3SLQIZCQG ULQJ’
coatings [134, 135]. The test works by aligning pin and ring top surfaces togethbearsind blasting
and thermal spraying to desired thickness. Once spraying is completed, the pin ard biadjxed to the
holders by fasteners screwed into the bottom of the ring. After the piingrate properly assembled into
the holder, the set-up can be placed into a mechanical testing frame. Téevilldoad the sample pulling

the pin away from the coating and by knowing the pin surface, the bond strength can be determined.
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Figure 7.1 Schematic and transparent SolidWorks model of the pin and ring test proposed to |

the coating bond strength.
7.1.2 Residual Stress Testing

The HH1 coating did not have a direct measurement of residual stressngelf&erforming residual

stress measurements would be valuable to avoid coating peeling and in understaraingptbssive or
tensile influence on mechanical properties. Residual stress arises from gtresshand differential
thermal contraction stresses [136]. These stszsm be measured by either non-destructive or destructive
methods [137]. Non-destructive testing for the HH1 coating could be conducted by thereungtitoring
method or with neutron diffraction which would be capable of providing a through-thickness sifiess pr
without having to perform layer removal [138]. The curvature monitoring methodsasszobmparing strip
samples before and after thermal spraying [139]. Testing conducted on vacuum plasethS{Z2ayB0-
20 coatings determined average residual stress by spraying a flat strip sarkipdsvofmaterial and

measuring the radius of curvature of the sample which developed after spraying as show in Figure 7.2.
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Figure 7.2 Sprayed sample showing curved radius developed after spraying with the definitior
curvature parametei [139].
The following equations were proposed to calculate the average residual stress iG&hsfythe
coating [136, 139]:

X's' sP EFPBY

- L
"SPE V'Y JF6 E Xy J6°E vy HPES68 (7.1)
with
A 7.2
®-SFR ¢ (7.2)
or
5 L 'SPE VY 6 Exi SP6°E vy HPEE6®
o XPxzs ER6:P E 6;
(7.3)

wheree K LV WKH FXUYDWXUH SDUDPHWHU DIWHU VS bhD suldtdate\@rE H <R X Q
represented by s and ' crespectively;T represents the substrate thickness witpresents the coating
thickness, and being the Poisson ratio.

Residual stress can also be evaluated by destructive testing such as by the hole drilling mé&tdod (AS
E837) [140]. Thermal spray coatings like HH1 generally have non-uniform stthssegh the thickness
so a modification of ASTM E837 to perform incremental steps (20-40 pum) using arainteghod is
recommended [141]. Figure 7.3 (&)(c) show the hole-drilling set-up, strain gauge rosette, and drill
position. Due to issues with accurately measuring the drilling steps the festlits test were not included
in this work. That said, proper testing using this measurement could prévieusétaining residual stress

values and determining the effect of various spray parameters.
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Figure 7.3 Hole-drilling set-up on the HH1 coating (a), magnified image of the strain gauge ro:

(b), and image of drill positioned over the middle of the strain gauge.
7.2 New MPEA Composition

Due to the lack of wire mixing discussed in Section 5.2.1, the desired splat compusitionot

achieved. In order to evaluate they32C00.06Cro.2Nio.3aM00.07T 30,00 MPEA discussed in Section 3.7.1.2
anode and cathode wires would need to be of identical composition. By having ideigsalthe splat
structure could be compared with the Thermo-Calc predicted composition. If the TWAS
Fey 32C00.06Cro.2Nio.3aM00.07T @0.01 COating forms similar oxides to the APS FeCoCrNiMaoating, it is
expected that the wear rate could be drastically increased from the 1.89nmi/0l-m to the reported
3.91 x 1 mm?/N-m [84]. It was shown that spraying at 310 kPa resulted in a coating with a gredéer
content than that of the APS meaning that wear rate could theoretically be incteased. Additionally,
the strength was not significantly reduced at this spray pressure, leavingrabengossibility of a coating
with improved wear and dramatically increased strength and toughness over the HH1 coating. Granted the
cost would be significantly higher than that of HH1 due to the preserde ahd Co. However, with the
use of Thermo-Calc, these costly elements could be reduced resulting in a composusbhalinthe price

of the FeCoCrNiMe, composition while still producing the primarily FCC solid solution.
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