3
=
2
]
c
w
8
Q

JTTEES 22:1170-1183
DOI: 10.1007/s11666-013-9970-3
1059-9630/$19.00 © ASM International

<

Thermal Spray Maps: Material Genomics
of Processing Technologies

Andrew Siao Ming Ang, Noppakun Sanpo, Mitchell L. Sesso, Sun Yung Kim, and Christopher C. Berndt

(Submitted January 31, 2013; in revised form June 16, 2013)

There is currently no method whereby material properties of thermal spray coatings may be predicted
from fundamental processing inputs such as temperature-velocity correlations. The first step in such an
important understanding would involve establishing a foundation that consolidates the thermal spray
literature so that known relationships could be documented and any trends identified. This paper pre-
sents a method to classify and reorder thermal spray data so that relationships and correlations between
competing processes and materials can be identified. Extensive data mining of published experimental
work was performed to create thermal spray property-performance maps, known as “TS maps” in this
work. Six TS maps will be presented. The maps are based on coating characteristics of major importance;
i.e., porosity, microhardness, adhesion strength, and the elastic modulus of thermal spray coatings.

Keywords adhesion, data mining, elastic modulus, genomic
analysis, hardness, property map, sliding wear,
spray parameters, thermal spray

1. Introduction

In the field of surface engineering, thermal spray is a
generic term for a group of processes in which liquid
droplets, semi-molten or solid particles impact and are
then deposited onto a substrate as morphological features
that are known as “splats” (Ref 1). A coating can be
generated if the accelerated droplets or particles can
(i) plastically deform or rapidly cool into thin lamellae on
impact, (ii) adhere to the surface, and (iii) overlap and
interlock into a consolidated coating during the solidifi-
cation process. The coating is usually generated in multi-
ple passes from 5 to 100 depending on the thickness
required. The coating material may be metal based, a
ceramic oxide or carbide, a polymer, or a composite; all of
which may be in the morphology of a powder, wire, or rod
(Ref 2).

There are two important variables for any thermal
spray process, flame jet temperature and particle velocity,
which together are known as “TV relationships”
(Ref 3, 4). This refers to the direct spatial interaction of
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three physical distributions, i.e., the feedstock character-
istics, the high energy temperature field, and the gas jet
velocity field, that influence directly the spreading of the
molten particle during splat formation. The splats or
solidified molten particles, along with other important
artifacts such as oxides, voids, and cracks, are the funda-
mental building blocks of a thermal spray coating.

Abbreviations
APS Atmospheric plasma spray
ASTM  American Society for Testing and Materials
CAPS Controlled atmosphere plasma spray
CS Cold spray
D-Gun® Detonation gun spray
FS Flame spray
HA Hydroxapapite

HRC Rockwell hardness C-scale

HVOF  High-velocity oxygen fuel spray
HVSFS High-velocity suspension flame spray
LPPS Low pressure plasma spray

PTWA  Plasma-transferred wire arc spray
RF Radio frequency

SOD Standoff distance

SPS Suspension plasma spray

SPPS Solution precursor plasma spray
TAT Tensile adhesion test

TBC Thermal barrier coating

TS Thermal spray

TV Flame temperature and particle velocity
TWA Twin Wire Arc

VPS Vacuum plasma spray

WwC Tungsten monocarbide

WC-Co Tungsten carbide-cobalt

WSP Water-stabilized plasma spray
YSZ Yttria-stabilized zirconia

Journal of Thermal Spray Technology



1950s: ThermoSpray B
Powder Gun
Metco

1938: Type E
1930s: Companies  Flame spray
Metco BN
Mongul H
Metallisation i

3 1937: Colmonoy
- : e

; 1925: Schori

1957: Rokide
Ceramic coating

Powder pistol ,
1912: Powder spray \

metal spray 5

1911: Schoop
Molten
metal spray

"

1999: SprayWatch
Particle d:agnostx:

1995: DPV 2000
Particle diagnostics ‘~.
Tecnar

=

1980s Papyrin
Cold spray

1910 1920 1930 1940 1950 1960

Fig. 1 Timeline of thermal spray processes

Therefore, it follows that the final coating microstructure
and its properties are influenced by the feedstocks and
thermal spray processes employed. In other words, TV
relationships translate into functional properties that are
necessary for specific applications.

A large number of factors, such as spray parameters
and spray materials, influence the TV value (Ref 5, 6).
Thus, under practical operational procedures, it is
notionally assumed that the thermal spray operator has
optimized heating and acceleration of particles to achieve
the favored microstructure that is purposely designed for
the intended application. The combination of material
selection, coating process, and coating conditions influ-
ences the final coating microstructure and, hence, the
desired properties. This challenge has existed since the
invention of thermal spray in the early 1900s (Ref 7) and
has resulted in several evolution cycles for the field of
thermal spray. The timeline for key developments of
thermal spray processes is presented in Fig. 1, with the
accompanying references found in Table 1.

Although there is a vast amount of literature docu-
menting the development of new coating materials or
processes, the thermal spray field lacks a systematic
method that integrates materials’ chemistry, processing,
structure, property, and performance. On the other hand,
there has been a paradigm shift in materials research and
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development from an experimental knowledge base
toward a material genomic approach (Ref 8, 9).

The current work is founded on a material genomic
approach and bridges the materials science and engi-
neering goals for thermal spray technology by undertaking
a survey of the available literature. Property cross-plots, as
first proposed by Ashby (Ref 10), are created and used to
quantify property-performance relations in a broad
methodology for materials selection.

2. Thermal Spray Technology

The thermal spray processes can be classified into three
broad families (Ref 2, 11): (i) the use of combustion heat
sources, namely, the flame, detonation gun, and HVOF
processes; (ii) another family of processes using electrical
energy, either in the form of plasma or as an arc, and (iii)
the third being a recent extension to the thermal spray
family (Ref 12) known as cold spray (CS), kinetic spray, or
hypersonic spray, which uses the energy that evolves from
an expanding gas.

Another way to understand thermal spray processes is
by mapping the coating formation process that influenced
the particle temperature and velocity, Fig. 2. Along with
Table 2, which was compiled from references (Ref 1, 2),

Volume 22(7) October 2013—1171

PaMaInay 1984




KIOISIH /0919 JA-19Z[NG/SsSAUISNg-INQ/SN-1N0qy

JUQ/WO0d I0Z[NS MMM//:d 1Y ‘00)9JA] ToZ[NS . ‘SUOTIN[OS AJBJING I[QRUIRISNS JO SIBIA G/ I9A(Q) :AIOISIH., Ouy 09)9IN yo10} DJVv/Aeids ewsely 8867
7861 “9dUJO d 'S "N "TSSTHEY "ON MUdIed VS . 'SMIBL
-edde 10 owrey 1100104 Y31y-Bn[N 9dA) IOUINQ [EUISIUT JOJ WISAS PUE POYJOW UONTUT],, ‘SUTUMOIT "V ‘[ Sutumorq "V SNOMPI/AOAH 7861
KIOISTE/OD)OIN-10Z[NS/SASSAUISN -IN()/SN-1NOQY
JUS/WO" 19Z[NS MmM//:d1Y ‘0019JA] I9Z[NS ., ‘SUOTIN[OS 90BJINS J[qBUIRISNS JO SILIA G/ I9AQ :AIOISIE],, ouy 0919 010} {j/Aeids ewiseld  (L6]
‘1861 “99UJO “d °S "N "6LLISTY uonerodio)
"'ON JU2led VSN .. smeredde pue poyjowr Aeids ewse[d,, ‘CUURH JA'H PUB ‘SBWODIA DD ‘[0Y0S 'S sa13o[ouyda ], pau)/[0Y0S ‘ST pieSiojeny/Aeids ewse[d  6L6T
2102 VSN “ou] ‘ASojouyda, Irexe1d ©ouf so130[ouyda ], dejIng Irexeld . ‘suonnjos juowdmby ewseld,, uoneiodio) suipewse[J yo10) 00TOS/Aeids ewseld  S/6T
‘0vL-L£L d 6007 ‘Teuoneu
-1 NSV (VSN ‘AN ‘Se39A seT) 600 AeIN L-F “PH ‘UOABIUOI "D pue ‘BWIT ‘Y ‘I '[-D NET
DA ‘PUelAH WA @ldIe]N 'd ‘6007 22ua42fuo) Avidg (puiidy | [puonpuLduf ayl o SSuipasdodg ouy
‘SONI[IQISSOJ 91NN, pue UISLIQ) JO MITATOA(Q) :SSS001J WL UIYT—SJd T ‘TOAIA "d pue I9310qyonA " BUWSB[J-0I109[ /103 Iaq[UonN "o SddT/Aeids ewsely  €/6T
L96T @UJ0 'd 'S "N ¥1I8SEE
"'ON Ju9led VSN .. 'Serensqns Jo Juneod-Aeids oo oy 10y snjeredde pue Jo poyloA,, ‘TYSOATY ‘T
$96T OO "d "S "1 "08E0FTE 'ON UdIEd VS(] . 'SAIeNSNS SUNBOD 10] MIAJ(,, ‘UISU[ "Y'
1961 “934JO
"d 'S "N 'SYYTY6T "ON 1udled VS .. Surkerds or1e o110, ‘OJAT "A\'[ PUB TS0 "D'M ‘TUUoX "IN'A SIOYINE SNOLIBA sjuowoaordwr yo103/0I8 OIIM UIM], (96T
KIOISTE /0D -IOZ[NS/SASSAUISN {-IN()/SN-INOqY
JUQ/WOD" 19Z[NS MMM //:d1IY ‘009 19Z[N§ ,,‘SUONN[OS 20BJING S[QRUIRISNS JO SILIA G/ I9AQ :AIOISIE],, ouJ 09J9IN $OU010) SoLIOs gA/Aelds ewiseld (96T
L961 “99YJO “d 'S " PEEYTEE 'ON IUdIRd ASojouyda], jo
BOLISUWIY JO $9)B1S pajiu() . ‘ewse[d oy} Sune[noInal 10y SuBdW YIIM yo10} ewse[d uononpuy,, ‘peoy "g'[, IMNsu] S1asnydessejA/pay "q'L ewseld I 961
0961 924JO 'd 'S ‘N uonerodio)
"698°726°C "ON 1Ud1ed VS .. 'SPOYION pue snjereddy weong ewseld,, ‘Heon( ")’V pue muuuer) 'O QuApewse[J/IuruueIo) 'O [yo10} T-DS/Ae1ds ewse[y (96T
LS6T 99430 "d °S "N "$ZT908Z "ON IUajed BOLISWY JO S3JB)S pajiu() . 'ssad001d pue o103 o1y, ‘9580 ‘A apiqIe) uoru)/a58en WY yo10) ewsefd uo3ry/Aeids ewsely /667
G861 ‘ssa1d AJSIOATU() pIeA
-Ie] ‘astidiarua puviSug maN v ‘Auvduio)) uorioN ;JpuonpunIngy uiapop o3 utdl,] Kjnup,y ‘odeayd A D Auedwo) uolON  Sureod onwersd  opnjoy/Aeids swely /661
GS6T “OUJO "d 'S "N €9SHTLT "ON 1udred VSN .. 'sosodind 1oyjo pue Fuikeids
I0J soAem woTRUO)OP Fuizimn snjeredde pue poyloy,, ‘99[peSH T pue ‘yuedies ‘g ‘H ‘Uewrood ‘N apIqIR) UOTU()/URWIOOd TN LUNO-Ad  SS61
KIOISTE/ODIOIA-IOZ[NS/SASSAUISN {-IN()/SN-INOQY
/UQ/WOY" 19Z[NS Mmm//:d1Y ‘001N 10Z[NS ,‘SUOIIN[OS 9OBJING O[QBUIBISNS JO SIBOA G/ IOAQ :AI10ISIH,, 0010 uno 1opmod Aerdgowroyy, (Se1
¥00¢
VSN ‘HO “[Ied S[elIaiey ‘Teuoneuru] NSV ‘A8ojouyday Avidg jpuiiay] Jo yooqpuvpy ‘siae ' E)BElEN| Aexds ewiseld  6€6T
AIOISIH /0919 -19Z[NG/SAssaUISNg-INQ/SN-IN0Q Y
/U9 /WO 19Z[NS" Mmm//:d1I ‘00T 10Z[N§ |, ‘SUONN[OS 20BJING A[QBUTIRISNS JO SIBAA G/ I9AQ :AIOISTH,, 00)1oIN yo10) g odA1/Aexds owel] 8¢6T
LEGT “@9JO "d 'S " "8ESSY0T 'ON Iudled VS . -dwes 2y} Sunnpoid jo poylow pue
‘UOISBIQE PUB ‘UOISOLIOD ‘PIOB )8V 0O} JUB)SISAI [BLI)RW FUIUIPIRE],, ‘SPUOWPH "‘H "M PUB 2[00 "M'N 910D "M'N asnj pue Aeids sAuowo[o) /€61
Z6=PTWRI[29YC=PIYMOTA=3SB]}2p)U2IU0D Wwod=uor;do
(dyd-xopur/31o-Aerdsiewroyy mmm//:dny ‘uoneossy Aeidg [ewroy ], [euoneuraiy]  ‘A10I3StH VS.LL,, uonesIRIN/ TNDONOIN/OIN popunoj sorredwod Aeids [ewIoy], (¢l
ST6L “NYJO 'd M 'N
'Q78 1T "ON 1uajeq wopJury pajup) . ‘Suizruoyy I1oj smjereddy pue jo ssaooid pasoiduy,, ‘11oyds . ‘1I0Y0S [o1s1g/Ae1ds awel{ Sz6T
SI6T “NOYJO d 'S "N "LOS ECT’T
"ON JU9)ed VS[] .. 'SO0UBISqNS 2[qIsn, 1910 pue [RI9JA ualjoy Suikeids 1oy snjereddy,, ‘dooyss "N\ dooyds ‘NN Keids o1e omm OIOJI  SI6T
TI161 “UJO 'd "M "N "990IT° A’V "ON Judled wop3ury] pajup) . 'sooej
-1g o3 spunodwo)) J1f[eIdA 10 [BI9A Jo susodo Suik[ddy jo sseooid pasoidwy uy,, ‘dooyss ‘NN dooyps ‘NN Keids owrel ZI61
1161 “9YJO
"IN ZIL'S 'V "ON Judjed wop3ury] pajrup) . 'S[ELIdIRIAl IY310 pue S[eIdJA Suniu) 10 SuLaplos 10§
os[e o[qeordde ‘Tejowr yImm s0BJINS JO FUNBOD AY) YIIM Pa}oouuod Jo ul sjuowaAordur,, ‘dooyds '\ dooyog ‘N'IN Aeids owrely 1161
S[IB}JIP DUIIIY Aueduro)/10judAur peay uopednddy B X

(1 81 ur umoys se) JuUIWdO[PAIP ST, JO IUI[UIL) I0J SIIUIIII JO ISIT [ d[qeL

pamainay Jead

Journal of Thermal Spray Technology

1172—Volume 22(7) October 2013


http://www.thermalspray.org/index.php?option=com_content&task=view&id=58&Itemid=92
http://www.thermalspray.org/index.php?option=com_content&task=view&id=58&Itemid=92
http://www.sulzer.com/en/About-us/Our-Businesses/Sulzer-Metco/History
http://www.sulzer.com/en/About-us/Our-Businesses/Sulzer-Metco/History
http://www.sulzer.com/en/About-us/Our-Businesses/Sulzer-Metco/History
http://www.sulzer.com/en/About-us/Our-Businesses/Sulzer-Metco/History
http://www.sulzer.com/en/About-us/Our-Businesses/Sulzer-Metco/History
http://www.sulzer.com/en/About-us/Our-Businesses/Sulzer-Metco/History
http://www.sulzer.com/en/About-us/Our-Businesses/Sulzer-Metco/History
http://www.sulzer.com/en/About-us/Our-Businesses/Sulzer-Metco/History
http://www.sulzer.com/en/About-us/Our-Businesses/Sulzer-Metco/History
http://www.sulzer.com/en/About-us/Our-Businesses/Sulzer-Metco/History

Peer Reviewed

2102 VSN “ou] ‘ASojouyoo ], 1rexeld ouj saI3o[ouyd9 ], adejIng Irexeld . ‘suonnjos juowdmby ewseld,, VAVL Itexerd ys1oy MY0ze 11 1ofze(d/Aeids ewseld  600C
L0L-00L d “(9-6)LT ‘800€ ‘A8ojouyra [ Avadg jpueiayy, fo puinor ‘soIk[on
-09[0 [[99 [onJ 9pIx0 prjos dunjerodwo) paonpar jo Suiferds JOAH uoisuadsng ‘ysoyn *(J pue SLR
| Suep\ “Z NOIX 'S ‘NO A MRJ-S9 D ‘MY Y NMBAOIN D XNoJoT ‘O ‘[ ‘sneydiog 21s12qQ ‘[ *d10D) 09119 I1SOMYIION s3uneod SIweIAd-ouBN  800C
LEIT-TEIT d “(L)L “900T ‘Suonovsuv.i sppromwpy 'sso001d (JOAH 93e1s-0m1)
Aeids urrem oy} Aq s3uneod 17, Jo UOHEBIYISUSP NIIS-UJ ‘epoue)es] "H pue sqoIdy] S ‘epoiny 'S ‘einemey 'f SININ/BIemey] ‘[ Aeidg wrepy  900¢
LOOT O1PNIRZOLI
/A3o10uT09)-Ae1ds-p[od-sayoune-opuI]/Wod plIomses mmm/:dny | ‘A3ojouyoe) Aeids pjoo soyoune| opurT,, "HQUoO 10D soyo10) ATruuey soneury/Aexds p[od  000C
‘€002 ‘Jpd-unsInoy9] gHO([/SOIPNISOSEd/SPRO[UMOP,/W0D d0BLINSIAISSAIS0Id mamm//:d 1Y ‘so150
-[OUYOa T, AISSAIZ0I] . ‘UNY AN[IqeIn( INOH UIXIS FHOOT :AevidS ewuse[ Jo sorwouodq oy Suraoxduy,, SOI30[OUYDA ], QAISSAIZOIJ [oI0) AASOT AHO00T/Aeads ewise]d  T00Z
/W0 119s0" MMMy //:d1y “pyT 119sQ Py I19sQ :oju] Auedwo),, PIT 119SO sonsougerp opnIed/yoremAeids 61
8661 “@OUIO “d 'S "N "0L7808S ON Iuded VS .. ‘poyrour pue snjeredde Keids -ouf ‘sardojou
[EWLIOY) D18 QIIM PAIIQJSURI) BWSE[J,, 00D [ "( pue uewysneqg Y ‘[ ‘AYS[emoy 'V 'Y ‘ZIUeIe]N 'd  -Y99], [eqO[D pIog/ziueIe]n ' Aeids ore omm poirojsuerl-ewseld 8661
AI0)STH /099N -19Z[NG/SAsSSAUISNG-IN()/SN-IN0q Y
JUQ/WO0d"19Z[Ns Mmm//:d11Y ‘00197 10Z[n§ . ‘SUONN[OS 99BJINS d[qRUIRISNS JO SIBIA G/ IOAQ :AIOISIH,, 00)9JN 19Z[nS U210} MANSS [T xordury/Aeids ewseld Q661
sonisougerp-Aerds/sjonpord/dyd-xopur/mwos reusey mmm//:dpy “pyT reuds],  ‘Surdeidg
PIoD/ TewIay ], SuLn( so[onIed JO UonezLIojoreIey) duluQ :sjonpold sonsouserq Aeids YVNIAL,, "PIT Ieud9 sonsougerp 9pPnIed/0002 Add  S661
‘[wiysn-jnoqe
/ore10dioo/Auedwos/wod yaayowr mmm//:dny ‘dio) 1oo19JA 1ISOMYIION ., YOI ISOMUMION] () INOqYV/,, *d10D) 29119 1SOMYIION o103 [I] [eixy/Aeids ewseld 661
AI0)STH /099N -19Z[NG/SIssUISNG -1 /SN-1N0q Y
/U9 /WO I9Z[NS Mmm//:d1I ‘0919 19Z[N§ ,‘SUONIN[OS 90BJING A[qRUTRISNS JO SIBIA G/ I9AQ AIOISIH,, 00)9JA] 19z[n§ Y210} Mp¢ Xordiry/Aeids ewsely 0661
911 YOSV so1shyq
-LST11 d “(9)0L ‘8661 ‘Ausnuay)y panddy puv aung ‘siojeroudd ewse[d poziiqeis-10Jep| ‘AYSAOQeIH ‘JN  Buse[d JO 2)mNsu]/AqSA0qeIH ‘A Keiads ewse[d poziiqeis-191BAN 0661
€661 “@YJO "d "S "1 "S6S00TS "ON 1URd VS 2N} JUSWUyUod
SIWEID PIJ00d-IdjeMm B UM 10} ewse[d uononpur soueuriojrod ySiH,, ‘ZommaIn( ' pue sonog T ‘N euyoI/somnog T'A o101 MIN T/ewse]ld A9 2661
900C “A’®
SLO ‘(Auewiron ‘WIAYYID[YISINUN) ‘00T I9QUIDAON (01-6 “PH ‘YILUIOH "d Pue I01zsudd D) Suidv.idg
d0AH wnmbojjo) yiz ‘oxm pue 1opmod yim Suikerds JOAH ‘10IYory ['H pue ‘9Kary ‘H ‘Ioupieon s1o1iddns snotre A uonerouon) pIyyJOAH 2661
$01-L1 d ‘900T Ve
‘0D 2 HQUD Fe[10A HDA-LTIA ‘sjuouodwio)) uoreIduarn) romod 10y urderds rewroy, ‘Avpog
ouaLiadxs [Po1IVL ‘DIsIOoFe7 Y puB ‘UUBWSAIS 'S ‘D{SumieI JA ‘Ouoydyse[oq ‘A ‘Ioprouyds ‘g " Irexelq U010} MOLT ¥orzejd/Aeids ewseld 7661
8007 ‘I1SaYd1yD) ‘AS[IA ‘SSunpo) Avidg jputidy ] [o SuriaurSusy puv 20ua1dg Y] ‘TISMo[med I s1oriddns snorre A syjuoworoxdwr Juowdmmbg/ VML 0861
16-6% d “(6)6ST ‘T00T ‘$2552004g puv Sy pasuvapy ‘K3ojouyd9) Aeids pjo) ‘unikded v uukded v AKexdg ploD 0861
ce-or d uonerodio)
‘0661 “PYT dN DN ‘79 ‘ASojouyoa], 9oedso1oy pue JuLIQUISUY JJRIITY ‘UnD-(J 42dng ‘IO [ g 901AISS s3uneo)) 9pIqIe) uoru) LSUNO- 12dns 0661
900C “A’®
SLO ‘(Auewrron ‘WIdYYIAYISIAIU()) ‘9007 I2QUIRAON (-6 “PH ‘YOUUIOH " pue Io1zsuadd D) Suidv.idg
JOAH wmninbojjo) yiz “oxm pue 1opmod yym Suteids JOAH TOIYOTY ‘[ "H pue o4ory "H ‘Ioupes) " s1o1iddns snotre A uoneIduan) puodds/JOAH 6861
S[1e}IP IDUIIIY Kueduwo)/10judAul peary uonedddy Ied X

panupuod I J[qBL

1173

Volume 22(7) October 2013

Journal of Thermal Spray Technology


http://www.sulzer.com/en/About-us/Our-Businesses/Sulzer-Metco/History
http://www.sulzer.com/en/About-us/Our-Businesses/Sulzer-Metco/History
http://www.mettech.com/company/corporate/about-us.html
http://www.mettech.com/company/corporate/about-us.html
http://www.tecnar.com/index.php/products/spray-diagnostics
http://www.sulzer.com/en/About-us/Our-Businesses/Sulzer-Metco/History
http://www.sulzer.com/en/About-us/Our-Businesses/Sulzer-Metco/History
http://www.oseir.com/
http://www.progressivesurface.com/downloads/casestudies/100HE_16hour_run.pdf
http://www.gasworld.com/linde-launches-cold-spray-technology/1702.article
http://www.gasworld.com/linde-launches-cold-spray-technology/1702.article

3
=
2
]
c
w
8
Q

Note
* APS flame temperature
5000 = can reach up to 24,000 K
Increased phase
transformations

4000 or material oxidation
=
o
2
@ -
5 3000
a
E Flame
= spray
o :
{Eu 2000 - Reduced porosity
I —

Increased
inter-lamellar
1000 = cohesion
0 T T T T T T T T T T T T
0 200 400 600 800 1000 1200

Particle Velocity (m/sec)

Fig. 2 Classification of thermal spray processes with accordance to particle velocity and flame temperature

Table 2 Comparison of typical process variables in thermal spray technology

Spray process Flame temperature, K Particle velocity, m/s SOD, mm Width of spray footprint, mm
FS 3000 150 120-250 50

TWA 6000 240 50-170 40

D-Gun® 4500 750 100 <25

APS 10000 350 60-130 20-40

LPPS 15000 600 300-400 50-60

HVOF 3400 650 150-300 <20

CS 1000 800 10-50 <5

Fig. 1 and 2 illustrate that advances in thermal spray
technology are a direct consequence of altering the tem-
perature-velocity characteristics of the spray devices.
Therefore, the TS maps that will be presented later may
be cross-indexed onto Fig.2 so that a concordance
approach evolves. The cross correlation of distribution
analyses involving (i) the TV characteristics and (ii) the
property-process relationships is beyond the scope of this
review.

The third critical factor in thermal spray processing
revolves around the feedstock. Depending on the thermal
spray operation considered, an appropriate combination
between the feedstock material and size must be consid-
ered. Table 3 compiles a list of commercially available
powder feedstocks and the associated thermal spray
method that is typically employed (Ref 13-16). Correct
selection of feedstock is critical since this decision relates
to the deposition efficiency of the process and, therefore,
the overall manufacturing economics.

1174—Volume 22(7) October 2013

3. Material Genomic Approach
for Thermal Spray

Although thermal coatings have been produced for
certain applications, there are certain material properties
that are mutually dependent. These properties include (i)
porosity, (ii) hardness, (iii) adhesion, (iv) elastic modulus,
(v) fracture toughness, and (vi) the Poisson’s ratio of
thermal spray coatings. A scoping study for relevant data
from the literature revealed that this was a complex task.
For example, it was necessary to consolidate and stan-
dardize the property data of different coatings that had
been manufactured with a variety of equipment under
diverse reporting standards.

The issue of reporting standards and lapses in docu-
mentation in the open literature focussed the current
study toward classes of materials and processes that can be
considered of widespread popularity. For instance,
WC-Co coatings are extensively used as wear-resistant
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coatings and alumina-based coatings represent a large
proportion of the market for thermal spray as anti-wear
and corrosion-resistant coatings. Although there is an
emphasis on these materials, it can be pointed out that
they can be sprayed by many processes, the maps of which
are very informative as will be presented later.

The material-property measurements of thermal spray
coatings are related to the lamellar microstructure. Ana-
lyzing the literature on thermal spray coatings is chal-
lenging due to the many types of feedstock, spray systems,
spray parameters, and other variables that influence the
coating final structure. The lack of an overall framework
for the presentation of properties has also arisen because
researchers have focused on the properties and perfor-
mance of specific coatings or processes rather than rela-
tionships among the entire family.

Relationships among the feedstock materials, thermal
spray methods, and spray parameters have been drawn by
compiling the mechanical properties into a single data-
base. This material genomic approach is depicted in a flow
chart, Fig. 3. The database structure was constructed and
then populated by reviewing the available literature so
that trends could be discerned. In this manner, the broader
relationships of thermal spray coatings were explored by
constructing plots that summarized data to show the
interactions between processes and materials. These so-
determined scatter plots were inspired, in part, by the
material selection plots formulated by Prof. M. Ashby of
Cambridge University in the United Kingdom (Ref 10).
The Ashby scatter plots displayed two or more properties
of many materials or classes of materials. Similarly, the
“thermal spray property-performance maps” (termed as
“TS maps”’) created in the current work have incubated a
fresh perspective that has allowed a balanced comparison
of results across different laboratories.

Determine material properties of interest

Obtain relevant literature papers from journals
and conference proceedings

Carry out data tabulation until at least hundred
data pointsare compiled

Normalise data to common units of measure
and group dataset according to spray processes
or material classes

)

Plot the property-performance map using
dataset

Fig. 3 Flow chart to describe TS PPM construction process
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It must be noted that the TS maps are conceptually
different from process maps in thermal spray technology
(Ref 17, 18) which are used to assess coating reliability.
Process maps have been yielded from the in situ moni-
toring of the temperature and velocity spray profile of the
powder particles and splats. These process maps are con-
structed on the basis of experimental work and are specific
for a defined feedstock. Hence, it can be recognized that
TS maps provide an overview of the different processes
and feedstocks available, while ‘“‘process maps” relate
specifically to the variability in a particular spray-feed-
stock system.

The following section compiled test data of commonly
investigated thermal spray coating properties from the
published literature. There is a natural, intrinsic cause and
effect relationship among the temperature-velocity con-
ditions, the feedstock materials, and their particle size
distribution. Thus, analysis of these datasets was expected
to yield observable trends and comparisons with regard to
the thermal spray processes. Such a retrospective analysis
and review has not been reported previously.

4. Review of Thermal Spray Coating
Property Data

Five frequently investigated coating properties will be
presented in this work. The TS maps are focussed on
porosity, hardness, coating adhesion, elastic modulus, and
sliding wear performance of thermal spray coatings. It is
important to emphasize that this study was intended as a
broad survey of coating properties. All of the experi-
mental details are presented in the original manuscripts
and the properties determined by these original investi-
gators were applied to studies within their own context.

The first step to construct TS maps was to assemble
data from the literature and standardize the units of
measure. The complexity of data collection laid in dealing
with the different reporting formats and in some cases
interpreting and estimating the reported values. These
data were then plotted onto scatter graphs with common
axes.

The TS maps presented in this study were plotted from
approximately 100 individual data points. Figure 3 is a
flow chart that describes the TS map construction proce-
dure. Six TS maps are reviewed in this study and these can
be considered as typical of the information that can be
revealed by careful analysis.

4.1 Map 1: Hardness-Porosity of Thermal Sprayed
WC-Co Coatings

The scatter plot of hardness and porosity of tungsten
carbide-cobalt (WC-Co) composite coatings is presented in
Fig. 4. Four thermal spray methods are represented in the
plot: atmospheric plasma spray (APS), high-velocity oxy-
gen fuel (HVOF) spray, detonation gun (D-Gun®) spray,
and cold spray (CS). These deposition techniques are typi-
cally used for WC-Co coatings. The units of hardness have
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been normalized to GPa and only cross-sectional microh-
ardness test values considered. The differences in the test
method, i.e., Vickers and Knoop tests, have been assumed
to be negligible. The authors appreciate that these hardness
techniques sample different volumes of materials under
dissimilar stress conditions; however, pooling such
data allows a more comprehensive database to be created
without compromising data quality to a large degree. The
coating porosity data can be quantified by many methods
(Ref 19, 20) and the data across techniques are presumed
indifferent for the purposes of this current study.

The assumptions stated above can be disputed.
However, this current study is aimed at setting a foun-
dation for future data-mining exercises where limitations
that depend on reporting and testing protocols can be
more rigorously resolved. In other words, one of the
outcomes of this review is that all investigators need to
report testing methods and protocols more meticulously
so that data-mining exercises may be prescribed in the
future.

Figure 4 reveals a large degree of variance of coating
hardness across the four spray methods. A clustering of
data points for each individual spray method can be
identified. Thermal spray techniques, such as CS and D-
Gun®, which use high particle kinetic energy for coating
formation, lead to a low coating porosity and high coating
hardness. The high thermal input of APS coating deposi-
tion produced coatings with large numerical variations in
porosity and hardness. The thermal spray footprint, or
spray envelope, of the APS process is significantly larger
and more flat than those of HVOF, D-gun®, and CS, refer
to Table 2 and Fig. 2. Thus, the TV processing zone is
more variable and this leads to material characteristics
that are highly dispersed. It can also be observed for the
HVOF and D-gun® processes, where there are statistically
significant data, that low porosity materials revealed
hardness data that were clustered. That is, processes that

WC-Co: Hardness (GPa) vs Porosity (%)

18 4
n=108
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'. e D- Gun
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-
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Fig. 4 Hardness-porosity map of thermal spray tungsten car-
bide-cobalt coatings (rn =108 data points)
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lead to high-density coatings will also give rise to the most
reliable material characteristics.

The APS process also leads to decarburization of WC
to W,C, which can occur at high temperature. This phase
transformation creates formation of a brittle phase that
increased the overall coating hardness (Ref 21) and which
has contributed to the data scatter. Another reason for the
data scatter arose due to differences in feedstock and
spray parameters. For instance, there can be changes in
the coating composition between the ratio of ceramic WC
and metallic cobalt feedstock. Different laboratory or
research groups may also choose to experiment with (i) a
unique blend of WC-Co, (ii) different feedstock size, or
(iii) spray parameters.

Nevertheless, the general trend is that the microstruc-
tural porosity decreases with increasing coating hardness.
In other words, a dense coating would have a higher
coating hardness compared to a porous coating. Although
this conclusion might be as expected on the basis of a
fundamental understanding of material-property rela-
tionships, the TS map allows visualization of (i) relation-
ships among different TS processes, (ii) a broad ranking of
the TS processes with respect to porosity and hardness,
(iii) aim values for specific hardness and porosity combi-
nations, and (iv) the reliability of obtaining specific
properties on the basis of process reproducibility.

4.2 Map 2: Hardness-Porosity of Thermal Sprayed
Alumina Coatings

Alumina (Al,O3) and alumina-based (i.e., Al,05-TiO;)
coatings have significant industrial applications and, thus,
these coatings have been data mined in greater detail. The
TS map for alumina is plotted using the same methods and
assumptions from the WC-Co map. In addition to the four
earlier mentioned thermal spray techniques, other meth-
ods such as low pressure plasma spray (LPPS), solution
precursor plasma spray (SPPS), and high-velocity sus-
pension fuel spray (HVSFS) have been included on the
map. Eight thermal spray processes are represented in
Fig. 5.

It can be noted that the common spray techniques were
identifiable by highlighted clusters. Pure alumina coatings
exhibited higher hardness; however, the coatings were also
brittle. Thus, 2 to 4 wt% of titania is usually blended with
the alumina feedstock to increase the toughness of the
thermal spray coating. Coatings produced from materials
with increasingly higher percentages of titania, commonly
13 or 40 wt.% TiO,, exhibited lower hardness (Ref 22, 23).
Coatings produced via CS must include a metallic binder
that would have lowered the average hardness values.

Alumina also exhibited several phases, the most stable
being the alpha phase. Almost all sintered alumina prod-
ucts are available in the hexagonal close-packed structures
of the alpha phase. On the other hand, due to the rapid
melting and quenching rates of thermal spray processes,
gamma phase alumina was prevalent within a thermal
spray coating (Ref 24, 25). The gamma phase is a fine-
grained alumina that exhibits the cubic spinel structure. In
the case of thermal spray alumina coatings, the phase
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Fig. 5 Hardness-porosity map of thermal spray alumina com-

posite coatings (n =148 data points). Note: “x” overlay symbol
represents pure alumina coatings

changes did not influence the hardness values as markedly
as the decarburization of WC-Co phase. Gamma alumina
has a lower hardness compared to the alpha phase that
exhibits a hardness of approximately 16-20 GPa. It can be
seen from the microhardness axis of Fig. 5 that, due to the
presence of gamma alumina within the spray coating
microstructure, coating hardness is lower than for sintered
alpha alumina ceramics.

It should be noted that some of the compiled data
consisted of thermal spray coatings that were heat treated.
The gamma phase converts to the alpha phase at sintering
temperatures above 1000 °C (Ref 24, 26). These heat-
treated coatings exhibited increased hardness and reduced
porosity due to grain coarsening. By comparison, the
gamma structure exhibited a higher specific surface area
compared to the alpha phase. Therefore, during transfor-
mation from gamma to alpha alumina, densification of the
coating microstructure occurred (Ref 24).

The general trend within Fig. 5 is similar to the previ-
ous TS map; hardness decreases with increasing coating
porosity. Coatings with near to zero porosity can be
achieved with thermal spray processes such as the LPPS,
SPPS, and HVSFS. Although, not displayed in Fig. 2,
SPPS and HVSFS are emerging thermal spray methods
that allow the deposition of nanostructured alumina
coatings using a liquid-based feedstock. APS offered the
most flexible thermal spray process to achieve coatings
with a wide-ranging porosity level.

4.3 Map 3: Porosity-Bond Strength of Thermal
Spray Coating

The two TS hardness-porosity maps presented previ-
ously establish the trend that hardness decreases with
increasing porosity. The next TS map explores the effects
of coating porosity on bond strength. Collation of tensile
adhesion test data (TAT) of thermal spray coatings
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Fig. 6 Porosity-bond strength map of thermal spray coatings
from different processes (n =77 data points). The coating classes
are distinguishable by the plot shape; metallic coatings are plot-
ted as circles, ceramic coatings are plotted as squares, and com-
posites are shaped as triangles

performed using the ASTM C633 standard (Ref 27) or its
equivalent was carried out. The reported TAT data have
been normalized to MPa by taking the ratio of the failure
load to the test area of the coating. In cases when a range
of values for a particular coating system was quoted within
the research work, an average value was calculated. The
corresponding porosity levels were also gathered and
plotted collectively to form the porosity-bond strength TS
map seen in Fig. 6.

Five thermal spray processes are represented in the TS
map and have been outlined by different color shades. The
graph legend displays the different combinations of pro-
cess and materials’ classes. The thermal spray processes
are APS (pink), HVOF (green), CS (blue), flame spray
(red), and D-Gun® (yellow). Coating details such as
feedstock type and spray parameters have not been in-
cluded within this TS map to maintain clarity. Although
this generalization simplifies the scatter plot for user
interpretation, there is a loss of information such as the
mode of failure for individual data points. In addition, the
original data points have not been classified with regard to
experiment conditions such as the type of adhesive, the
specimen geometry, or coating thickness. As mentioned
earlier, each data point has been treated as unique infor-
mation since the original authors were seeking specific
data for their own study.

It can be ascertained from the scatter plot that bond
strength increased with decreasing porosity. The TS map
also affirms that thermal spray deposition methods such as
HVOF and D-Gun® were associated with coatings of high
bond strength and low porosity. The APS method re-
vealed a large variance on measured bond strength that
probably depended on the coating application. Coatings
for biomedical applications (i.e., hydroxyapatite) and
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thermal barrier protection (i.e., yttria-stabilized zirconia)
required intentional porosity within the microstructure.
The APS method offered the most flexible deposition
option in these instances. However, the large void content
acted as stress concentrators or failure sites for crack
growth and gave rise to low bond strength (Ref 28).

4.4 Map 4: Hardness-Bond Strength of Thermal
Spray Coating

The relationship of coating bond strength among
material classes was investigated on a TS map that was
based on coating hardness. The reasoning was that ther-
mal spray ceramic coatings would present higher coating
hardness values than metallic ones. The fourth TS map is,
therefore, presented in Fig. 7 and exhibits the microh-
ardness vs. bond strength for several thermal spray coat-
ings. The three classes of material are color shaded:
ceramics (red), metals (green), and composites (yellow).

Figure 7 indicates that metallic thermal spray coatings
exhibited greater bond strengths than ceramic coatings.
Coated ceramics revealed high microhardness, but rela-
tively more data points of low tensile bond strength.
Metallic coatings have high bond strength, but low mi-
crohardness values. The minimum failure stress was also
comparatively higher for metallic thermal spray coatings.
The reasons for the difference in bond strengths are
probably related to the effective intersplat contact, coating
residual stress, and failure mechanism (Ref 29, 30). These
factors are not reflected in this particular TS map and
insufficient data exist to document additional TS maps.

The failure strength of thermal spray composite coat-
ings, for example, WC-Co, exhibited properties that
overlapped its parent material classes, i.e., metals and
ceramics, and the properties depended on the relative
coating composition and spray method. Within the same
material class, the HVOF and VPS methods exhibited the

Hardness (GPa) vs Bonding strength (MPa)
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Fig. 7 Hardness-bond strength map of thermal spray coatings
from different material classes (n =107 data points). The shape of
the data points represents the spray technique
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highest bond strength, which was associated with their
dense coating microstructure.

4.5 Map 5: Porosity-Elastic Modulus of Thermal
Spray Coating

The consolidation of the elastic modulus data for
thermal spray coatings would reveal any dissimilarity in
this mechanical property compared to bulk materials. The
elastic moduli for common bulk engineering materials
were compiled from references (Ref 31, 32), Table 4. The
differences arise due to the unique microstructure of a
thermal spray coating since they exhibit intersplat, pseu-
do-ductile behavior. There are many methods, as well as
several prime specimen orientation directions, to measure
coating elastic modulus, all of which make data normali-
zation challenging. Firstly, both tension and compression
testing data are considered, with the majority of available
data reported in the compression mode.

Table 4 The bulk elastic modulus properties of common
engineering materials

Elastic modulus

Material (E), GPa
Metals Al 67
Cu 128
Fe 208
Zn 69-138
Ni 207
Ti 120
Ceramics TiO; (rutile) 283
AlL,O; (alpha) 380
Cr,05 >103
Partially stabilized ZrO, 205
Fully stabilized ZrO, (cubic) 97-207
Cr;C, 373
Cemented carbides 96-654
Porosity (%) vs Elastic modulus (GPa)
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Fig. 8 Porosity-elastic modulus map of thermal spray coatings
from different processes (n =156 data points)
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In addition, the porosity-elastic modulus data consist of
both in-plane and cross-sectional elastic modulus for
thermal spray coatings. All of the available data are pre-
sented for completeness so that appropriate comparisons
to the bulk material can evolve, although it has been
mentioned earlier that the coating elastic moduli are
interrelated with specimen orientation. Finally, the units
for elastic modulus were standardized to GPa. Therefore,
after data normalization, the fifth TS map is presented in
Fig. 8. The style of the plot is consistent with the earlier
TS maps; that is, the five individual thermal spray pro-
cesses are color shaded and the legend indicates the three
different material classes.

Two observations can be made concerning the range of
coating elastic moduli. Firstly, the values for ceramic
thermal spray coatings were significantly lower than for
the corresponding bulk sintered ceramic values. In-plane
coating elastic modulus was expected to be higher than the
cross-sectional values due to the anisotropic lamellar
microstructure that offers limited pseudo-ductility in that
direction. However, from Fig. 8, it is evident that a
majority of the thermal spray ceramic coatings (square-
shaped data) do not exceed an elastic modulus of
200 GPa. For instance, some values of sintered ceramics
(Ref 33) are as follows: alumina is 380 GPa; titania is
283 GPa; and partially stabilized zirconia is 205 GPa.
Therefore, the effects of intersplat sliding within the por-
ous microstructure of the coating reduced the effective
stiffness. In other words, the stiffness values of thermal
spray ceramic coatings will be significantly lower com-
pared to bulk ceramics, especially in instances where
coating porosity increases.

The second observation relates to the higher values of
elastic modulus for metal thermal spray coatings, depicted
as circles in Fig. 8. This unexpected effect arose probably
due to the oxidation of metallic splats during the thermal
spray process. The formation and entrapment of metal
oxides within the coating microstructure would have
caused an increase in the overall coating modulus.

Figure 8 demonstrates that thermal spray coatings
deviate considerably from the conventional elastic proper-
ties of the corresponding bulk material. The general trend
exhibited is that the coating elastic modulus decreased with
increasing porosity. A physical interpretation is that there
would be a greater tendency of lamellae sliding due to re-
gions of poor intersplat contact (Ref 34, 35). Plasma-based
thermal spray processes revealed the largest data variation
among the spray methods. The properties depended on the
porosity levels as well as phase transformations that oc-
curred during the spray process. High kinetic energy spray
processes, such as HVOF, HVSFS, and CS techniques,
exhibited less scatter in these data since the porosity levels
were low and the coating properties would be affected only
by phase transformations.

4.6 Map 6: Hardness-Elastic Modulus of Thermal
Spray Coating

It would be expected that the elastic modulus of
ceramics be greater than that of metals. Therefore, using
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Fig. 9 Hardness-elastic modulus map of thermal spray coatings
from different processes (n =148 data points)

the same concept as in TS Map 4, coating hardness data
were used to discriminate the various material classes. The
coating elastic modulus was plotted against the microh-
ardness data to determine whether the expected trend
could be validated. The three types of material classifica-
tions were identified by the same color scheme adopted
for TS Map 4. The results, Fig. 9, show that metal coatings
appear on the lower region compared to ceramic coatings,
which is consistent with fundamental material-property
behavior.

The general trend is that the elastic modulus increases
with coating microhardness, which follows the expected
trend that modulus and hardness are positively correlated.
It must be noted that only the corresponding cross-sec-
tional elastic moduli values of coatings were taken into
consideration to be consistent with the coating cross-sec-
tional microhardness values.

Plasma-based processes are widely used methods for
deposition of ceramic coatings, whereas HVOF tech-
niques are more common for metal-based coatings. Both
methods are able to produce the greatest coating elastic
modulus and hardness readings among their respective
material class.

The six property-performance TS maps constructed in
this work allow a systematic analysis for the material
properties of thermal spray coatings with respect to ther-
mal spray processes. The scatter plots consisted of more
than 80 data points across many variants of deposition
techniques and feedstocks from different researchers and
laboratories. The nature in which these data were collected
involved an unbiased representation so that no specific
research group or publication paper could be favored.

The new approach taken in this work is more significant
than a conventional literature review. The property-per-
formance TS maps have indicated an ability to interrelate
all data within the field of thermal spray and provide a
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holistic explanation to coating properties. The TS map
approach was different from that of TS processing map
methods, which suggested that particle velocity and flame
temperature play a critical role in coating microstructure
as depicted in Fig. 2.

The TS processing map proposition is that increasing
particle velocity, such as conferred by high kinetic energy
processes, decreased the porosity and increased the in-
tersplat cohesion. There was increased thermal phase
transformation for high thermal input processes. The ef-
fects of porosity, intersplat cohesion, and thermal phase
transformation are all represented within the trends of the
TS maps in this study.

Table S Summary of TS map trends and details

é

A summary of the trends and TS map details is pre-
sented in Table 5. Thus, TS maps lend unbiased and
strong evidence to suggest that combinations of spray
processes, spray parameter tables, and feedstocks yield
variations to the coating properties in a systematic and
ordered fashion.

4.7 Other Possible TS Mapping Techniques/
Combinations

A similar data-consolidating procedure can be
employed to map out the application-specific performance
of thermal spray coatings and provide an overview of
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Number of Year earliest Year latest

Map number Trend data points reference reference

1: Hardness-porosity (WC-Co) Porosity decreases with increasing 108 1997 2010
coating hardness

2: Hardness-porosity (alumina) Porosity decreases with increasing 148 1997 2010
coating hardness

3: Porosity-bond strength Bond strength increases with 77 2001 2011
decreasing porosity

4: Hardness-bond strength Metal-based thermal spray coat- 107 2001 2011
ings show better bond strengths
than their ceramics counterparts

5: Porosity-elastic modulus Coating elastic modulus decreases 156 1997 2010
as porosity increases

6: Hardness-elastic modulus Elastic moduli of ceramics coat- 148 1997 2010

ings are greater than that of
metallic coatings. Increasing
microhardness with increases in
the elastic modulus
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Fig. 10 Sliding wear rate of various thermal spray coating plotted against sliding speed (n=171 data points)
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Fig. 11 Map to suggest required standoff distance for various
starting feedstock sizes (n=69 data points)

potential coating solutions. An example of a wear appli-
cation map is presented in Fig. 10. It must be pointed out
that this wear application map is compiled based on re-
ported experiments and shows wear rate at a specific
sliding speed, which depended on the researcher. This
map also reveals the conundrum with sliding wear testing
for thermal spray materials, i.e., there were no standard-
ized test speeds. Figure 10 highlights this gap in knowl-
edge. Also, this map indicates that APS ceramic coatings
should be a possible solution for applications that require
high sliding speeds.

Alternatively, process evaluation TS maps can be
constructed. Figure 11, for example, provides an estimate
of the required standoff distance for different feedstock
sizes. This TS map provides a useful teaching tool to ex-
plain the fundamental relationships between feedstock
and standoff distance with regard to the need for different
spray distances for different processes. It can be said that
as the particle size decreases for each of the thermal spray
families (i.e., plasma or combustion energy source), the
standoff distance also decreases.

Hence, such TS maps can be a tool to aid the design of
a new generation of thermal spray coatings by highlighting
existing gaps and frontiers in the current technology.

5. Conclusions

Thermal spray coatings are identified by a lamellar
microstructure formed from the rapid solidification of
molten droplets and cohesion among splats. This structure
gave rise to the anisotropic mechanical behavior of coat-
ings produced via different thermal spray methods since a
distinctive splat structure and associated void system was
created.

A comprehensive literature survey was conducted to
compile relevant thermal spray coating property vs. per-
formance data. The six property-performance TS maps
constructed in this work showed the ability to interrelate

1182—Volume 22(7) October 2013

all data within the field of thermal spray and provided a
holistic explanation to coating properties. TS maps have
been created with respect to porosity, hardness, coating
adhesion, and elastic modulus. The effects of porosity,
intersplat cohesion, and thermal phase transformation are
all represented within the trends of the TS maps. This
understanding agreed with the notion that particle velocity
and flame temperature play a critical role in creating the
coating microstructure.
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