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Abstract.  Mechatical, thermial, and adhesive properties of thermal spray
contings wre primarily detenmined by (he phase and microstrictre of single
splints, which ultimately depend on mpid solidifcation of aach aplit and on the
imersctiony hetween fhe splats and between the splat and the  substrte,
Significant efforts are being made to develop o better understanding of the
phiysical mechanisms onderlying these phenomene This paper reviews o seres
of work in the arca of muthematicsl modelling of phase and microstructune
formation during the ropid sohdification of smgle splas und coatings. Thi
madel development has been complimetited by special expetiments. Condifions
under which planar interfice solidificution occlirs, columndi cellilur ar
dendritie growth tkes place, dr Binded structuge forms, have been identified,
A microstnicture map can therefore be bullt asing the model presonted here.
The process pamtmetess that promote crystilline nucleation and grn <tructure
Tormition can be isulpred and the effect of fterfacial heat transter, splat
stihstrale temperalire dilfesence, and substrate melting and msolidification can
be examined using the mpdel. The mode) predictions agree qualitatively well
wilh the expermmental data for aluming, yiri, parmialby-stabilized rconia, und
tnolyhdenum

Keywords,  Thermual spray costings: splars: rmpid sohdificanon.

i.  Iotroduction

Thermul spray depesition is a growing indvstrial process-thar produces englineensd surfaces
with highly desred mechancal mvd thermal propertics (Sanipath & Herman 1996). In
thermial spray deposition, the stock powders ore fed Dnt o plasmy or combustion (lame
where the powders Tieat up, melt, and decelerate. High-dpeed malten deoplets then fpmict
an i solid (substrate) surfuce snd spread 1o form pancake-<haped splats, Millions of such
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splats pile Lp together Lo Torin o ¢outlhe. Bechuse of verv High velocities, several hundred
metes per second, very thin splits are furmed. that experence rapid solidification due
extremely high rate of heat tramster Jacobson & MeKittack 1994, Surmpath & Hermian
1996, Wang G-X & Prasud 2000), '

The plasmis spraying provess wis first disveloped in an empirical manner, mamly by iial
il error variations of inpul parameters, such as operating current or the gas feed mte, that
determine the quality of the coating indirectly. Since the tnal and eror experiments are
expensive and time-consuming: and the empmcal opiimization 15 approaching: s limics,
signifjcant respanch ellfors ure being devoted t direct evaluarion of the process parmineters
and therr impact, for better undesstanding ot the fandamentnl phenomoena and el
inflnence on the couting qualiy. Since the couting 13 boilt upon amall splits, special
wrention b bemgs il o charseterize single splyd foemation’ and  midrostrugiuie
development. In particular, the Center for Thermidl Spruy Research ot Stony Brook s
conducting an extensive mvestigation to gquantily and predicr the fyrmation of phase amd
trictustructine of viious materinls duning thermal spray deposition. Both experimentol and
thearelicill approdches hive been adopled that compliment esch othér. The experiments|
studies have documented the existence af various phases and microstructural foms in the
Mlessind-sprayed spluts and coutings teg., Guswami ef af 1999, Hung ef af 1999, 2000,
Sumputh ef al 1999) Alsy, muadels bave been developed to explin the physical
miechitnisms of the formation of these phases and microstructures (e.g., Wang G-X & ol
20000 A hoief review of this research s presentad horg.

2. Physical mechanisms of microstructure formation in o sprayved splat

In o thermad sproy, when o molten droplet impacts an the substrute; or o previously
deposited fayer, i spreadds und forms o thn, pancake-shaped  hiquid splar with the sphic
dinmeter much Inrger than the splar thickness (figare 1), The final microstruciine ol the
subseguently solidilied splut results from this competition between  the orystilling
uclestion ahd growtl Tnomost cisied] héteropensous nucleation thkes place on the lower

{b)

Fligore 1. Ga) K yurin swhilized zeeiala splar sprayed oa o hit stes) mibstrite; the splat diaiwtes b
Gl TH0 s U Tl crossseetion o o inalvidistim splan sprayed Hnod hot substrate (1o e gl
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siche ot the splat where the melt 1= o contaet with the colder substrate, or the previousty
deppsited layer. The erystalline nucles then grow into the underconled meb in all directions
and quickly form & solid shell covering the substane surtaces Tollowed by colummear growth
normal o the substrate surfnce. Occasionully, heterogeneous nuclestion riay lso occlir
within the bulk Tiguid doue t the existence of the imporities b the melt, which leads o
¢yuinined grains in the splat. In the case of surfabe nucleation, columtiss graing grow inte
the top strface with o doiton distibution of te solute elements provided o stable planar
interlace exists theoughoul the sofidification process, Otberwise, cells may develop within
a it and alloy elements be sepregated alimg the cell surface. Because of the very small
thickoess of the splat und exteemely high solidification mie, very linde time is available for
calle 1o develop fnto full dendriies.

Shuall splat thickness snd high mtes of heat wansfer and melt conling Jead o mpid
wilidification {n thertaally sprayed splats and coatings: that is characterized by the
formation of vanous metastable phases and extremely One gruun structures (Sampath &
Herman 1996, PFor example. metasuble - phase is found 10 a sprayed AlyO splar, insiead
of the stable o phase (McPherson 19801 In the coutings ol eutectic composition of Ni-Cr.
amngle Ni=Cr solution has been observed, imstesd of o cutectic phase (Sampath er al 1993),
When the melt s undercooled. the growth of cevstulline nuclel occurs uhder hion-
cyuilibrium conditions witly the solid/liquid interface temperatuee mmuch different From e
dguilibnum freexing temperature. Such non-equilibrivm solidificaion further adds (0 the
formution of new and complex mcrostructures, compared to the solidification under lovul
equilibcivm conditions (Kurz & Flsher 1989),

Rapid sulldificition i sprayed splats s quite different from that in atormized droplets nd
in liser surfage melting. I ansomized drople) (Levi & Mehrabian 1982, Kim et al 1994},
the melt may be wnderenaled sigmficantly below the equilibrium temperature beforg the
crystalling phase is formed. As a resull. the orystalline phase grows into an undercooled
melt with very linde external heat transier. Solidification 1 then chamcienized by the free
prowth of sohid dendrites it an undercooled melt with pegutive emperitue gradicns
ahead of the dendrites. On the other hand, the erystalline plisse in laser surfnce melling
growes [rom the wnmelied pareol phise with mell undercooling developsd slowly ot the
trnerface due wou high rate of solidificution. Crystalline growth s then chnstiuined by o
strang positve temperitice radient in the solid and o small positive tlemperitaee geadicn
i the Tl leading to g pure colummar stociune (Wang G-X & Matthys 19896a). In &
sprayed splal, the erystulline nuicled uswially form on thie berton sueface of te melt tht is (n
comact with the substrate, vr (he plevions deposit, which {s sigaificantly undercooled,
Theretore, crystalline growth in the beginning is smilar o the free growth m an
urdercioled dropler The difforence 18 thisg s sprayed splat, o lorge temperature gmdion
extsts i the solidified solid becanse of the high mie of heat ransfar from the splat w the
substrate. As the recalescence approaches jts wnd, the melt sy be hewied up pnd the melt
undercooting may hsappear; fesbing (o frmsition too o constrained: growth @m0 laser
surince meinng. Such varations m thermnd conditions during the soldificaton of o sprayed
spbat lesd o iiie Tormintion of complex micrastrociores: They ilso make the mothamatical
miodelling of sphit soldification very challenging.

& Maodel development for splat solidification and micrestructure furmation

I thermal spriy déposition, as o molfen deoplet fnipinges on the substrate with high
valocity, the melt defanms and spreuds to form s fguid splat The ligqmd split then quickly
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solidifies, Final microstruoture formation: depends on the initial splar formation s
determines the splat thickness and zeometry mtegriy, and subsequent nucleation and
schihification, Melr spreading and deformation invelve complex Muid dynamics issues thut
hawve been a topic of several recent studies (Mostaghimi ez al 1999; Zhung 1999), Howaver,
as & first approximotion, one can tresl melt spreading snd splor solidifeation sepantely,
sinve the time seale Tor mielt spreading und liguid splat formation is generally mueh smuller
thisnt thit for splat solidification (Trispags & Seekely 1991,

Splut solidification and microstructure formation in a sprayed splat involves complex
physical principles including rapid bedt and mass tansport, kinetley of crystalline
nucleation. noa-equiliboum covstalling growth, and dynamic change in solidification
morpholagy. Teaditionally, a solidifcation process hay been treated a5 o moving houpdary
problem with the lutent heat ransfer and segregation/mass transfer noly ps the Iy
concern, Recenily, efforts have been made to incorporite solidification Kinetics mito these
mudels to simulate microstructure formation (Rappaz 1989 Beckermann & Wang 1995;
Wang G-X & Prasuad 20000

The eomplexity of modetling microstructure formation in usprayed splar anses from the:
feearmient of complex crystulline pueleation kinetics and subsequent crystalling growih
morphologres: The present tuthors and their ¢o.workers have developed o simple model
that can be used (o simulute microstruciund fanmation in o spryed splat (Robert of )
[998a; Wang G-X & Matthys 1992, 1993; Wang G-X ¢f af 2000), The models solve one-
dimensional heat and muss diffusion problerns i both splat and subsisate, with the initial
A meving houndiry condfitions dictated by the phenomenologleal models of crystalline
nucleation find growth kinetics. The simplification 10 i ome-dimenstonal problem 18
justificd by the splat thickneds being muoch smaller than its diameter, Severa! fssues that
wdt'e padd :.p:::ml ditention: in the model development include: (1) ervstalline pucleation
and phase formation. (20 non-equilibrium orystalline growth kinetics with mell under-
cooling, (33 planar interface stability, and (4} solidification morpholagy including cellular
or dendritic growth. By miroducing kinetic physics inthe model, it iy possible 1o altimaely
cwrelite: the formation of phase and microstinicture oo split with the  processing
eonditions. The madel can dlso be used o constrict midrostrictue maps that can be ased
totarlor the microstructure formation in 0 given process. A brief deseription of the model i<
presented helow,

3 Plamar st i solidificanon

When the solidificarion veloeity is larger thun the absolote stability velobity, o planie
mterfice exuts during solidification (figure 20). The govesaing byuetions for platur
mterfiee solidification of 4 binary Wiloy systent Gian e weltten us:

oy, A
y— = il ke —JJ
e & .{:‘_1.*(, ik L
o & f By
=l — S [y _f) {2
ar — dy ( "oy ’

where subscripl § stands for the substiate, solidified tateral, or mell. (No s diffosion
eljuition needs 1o Be wolved in the subdrate ) Far pure materials, solute diffusion equation
{2) does ot need to be considered,
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Figuwre 2. Schemate of wlhidiiestmn parerns aveolomnar oot planoe inteefiee (ad wnd demdeine
(g salldification

There exist foor unknown paramefers: al the movime sohdQgmd meerdace Tor such o
moving houndary problem: Interfuce velocity. Vi imerface temperatire, T dind solule
concentranvns of liquid (€} ) and solid (CL)L The conservation lows for energy and mass
provide the comlitions

s ki
Vil. = Kg—=—| —=Kr——] , )
X 52y | Lo ' L)
. . | '
l(.I"- (-1!; 1 |l.. — {}‘I I'.TE'“ ﬂr‘ ] * 4 . i-1__ll
A il fh |,

where L s the lntent heat of fusion and g7, {s the lguld density, Two other conditions, called
response funetions by Baker & Cahn (197 13, cian be obtained from the consideration of non-
e lthrinm cry tadline grawth kinetics of alloys. These, i o general form, can he presented as;

filW, T Ch €4 =10,

(51
AV T G €= 0,

For i diftre binary alloy. they can be written as (Aziz 1982: Boettinger & Corell | 986
Wing G-X & Maithys 19906a)

Ty =T H ey = Vi/ pia, (6}
k=100 = (ke Vg M) A1+ M VR, (7

whete 7, s the equilibrium meling temperature ol the solvent, my is the slope of the non-
equibibmum Taguidos curve, g bs the linear Kinettes cosfficient, & is the non-equilibrium
partition coefficient, and Vi, 18 the chiumcteristc diffusion velocity of aloms at the interfaee.

If the equilibrium lquidus and solldus corves are straight lines, the pon-equilibrium
Heuiehin slope mg wan be caleulnted from ( Boettinger & Conell 19867,

mp =m Il 4+ (ke = k= kIn(k/ &) /(1 =k ()

where e} is the equilibriom hiquidis stope amd &, 15 the equiltbrium partition coefficient. I
should be noted that the modification of the hiquidus lope requires that, as the non:
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equiliboum partition coelMeient approaches wnity, the interface temperature shoulil
upproach Ty, the rempetatire at which the solid and ligguidd phuses Tur identical
compositions have equol frée encrgics

3.2 Columpar cellular or dendritie solidification

Columnue cellalar or dendritic solidificalion mvélves complex shapes ol the solid/mell
mterface, and explicit trucking of this mxterface s not an cosy task, nor s it practical for
etigineering modeling. Traditionally, thise problems hive been treated by considering the
solid/liquid region os o solidfTiguid mistuee or e porous mediom (e o mushy zone) with
wiiform effective properies (Clyne 1982; Beckermann & Wang 19953, This alfows one to
wvitidd the complexity of the solid/melt interface geametriies. T conveciion in the melt is
neglected. no mucroscopic segregation of the Ll'lH"ﬂ.llIhmh- needs 1o be considered, which
leids o o maeroscopic heat tnsfer squanon sis:

oY, (0T ffs
e =5 "a) L g

where solidification fraction fy =0 in thee Tiquid, 5 = 1 in the solid and fe=#(F. €, v, 0 in
the mushy zone. For alloy solidificition with localized eqbilibriuny conditions, various
moddels have been developed for the functional form of £ Frimn micrasegregation anilysis
(Barde 1992y, Comples celatinnships for {5 huve also been denved recently by mking into
account the effect of finie selute diffusion and non-equilibem solidification: kinetics
(CGiovanals & Kure 1900; Wang G-X et al 19983, _

I the melr is s:gmﬁnmtl_f,r underconled. then special tremtment for the Up fronts of the
erowing cells or dendrites: are pepded. Following Food & Hunr (1987), an amificial
interface that envelops the tips (Ggure 2b) of cells or dendrites can be defined with the
interface moving at the same speed as the tips. Thermodynamics umd kisstics
considerations of crystlline growth require (hat the temperature ot this interfoce Ge.,
the tips) must follow the following elanonship (Trived! & Ko 19935

(9}

Ty =Ty bmyCy = 2TUR, — V, /. (e

where bub- und super-seript ¢ stand for the tip of the cells and dandrites. The solute
concentration al the np depends on the local solute diffusion arpund the Hip, snd can be
approxinuted by Iventsov's steady state solution Tor & parghbolowd dendrite:

€ = Co/ll = () —kIh(p)), (111

The tp radivs can be determined based on e “margipnl” stibility Condition, ay sugiested
by Trivedi & Kirz (1994

Ny = ITM‘]‘"RimLGfEc LK Ol v K;fi;{u-];fﬁi_ [ m_u'j. (13)

where the solute gradient G the 1ip can be culeuhited from thie solute balinice ot thie
i

G = —ViG% (1 = K)] . (13)
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The ather twh thaeroscopic varables, G and Gy, are the emperature gradients at the melt/
lip mierfuce. In the melt and solid regions respectively, Equatians (10)—13) constitute o
self-consistent dendrite tp growth model, For given values of G, and Gy, the maodel cun he

used 1 cirdeulite wll the tip premeters. The two temperature gradients are the pammeters
lh.Hr introduce fhe effect of mactoseopie thermad trapsport on microscale dendrite rip
growih, t"h-:urrﬂ-:nll} the microscopic dendrite. ap model provides the necessury
condifions for the moving tpfmelt interface that cin be combined with the sgcroseopic
heat squation 1o calculate Gy and Gy However, the miscroseopic temperature gridients
musst be specified in order oo solve the dendrite model. Therefore, an integrated {reatimient
must e adopted o which both micro and  mocrivcopic equatlons are solved
simulumeously. Tn addition, since the interfnce stahilily eriterian is fmplicitly biilt into
thee dbove dendritic glowth model thiough the term in e suare ool ol (12), the mode
can blo detect the chabge of the solidification l!lnrplh.'-lu-g!. from dendritic to plmnr o
viee vera For example, if the term b the squere rood in (12) hecomes negative, o mnﬂnhn
from dendritle growth 1o plane growih ocenrs Tivedt & Kurz 1954 Wapg G-X
"1" ﬂ‘|r 11'!}“1”

The present mogel is different from the ones thar exist . the liternture for Aapid
solidifichtion. All the existing models employ & preseribed interface femperature- velocity
relutionship, derived from the stesdy-state dendritic growth model with i special termal
condition (Flood & Huni 1987: Granasy & Ludwig 1992; Kim ot af 1994), Such o
treatment implicitly pre-assumes the solidification morpholopy and s therefore not able to
deal with siuitions where the solidilication mdrphology can chunge, The prsent wiadel,

o the other hund, does niot moke sich an imphicit nsstmprioh and cun o ihe Irunsitian
trom & plusar o celliar/dendritic solidification that §s considéned erltical for predicting
FigstEae e Torsration,

3 Crvatalline mueleatton amd grain strtctiee formation

Maost of the existing mpicd sohidification models simplity the trestment of mucleatuon by
arhitrarily assigning o nocdleation remperature befow the equilibrivm emperiture becaose
af the mmeeraniy of the nucleption kineties (Levi & Mehrabin 1953 Wang G.X &
Marthys 1992}, The effect of oucleaton wemperuiwe on crvstalline growth can then be
mvestipated by systematically changing the preset nuclettion wemperntire, Obviously, such
u smplitied treatment of nocleation dies not yield the aecessiary infarmation o predict
grain devielopment in the splal.

Rescently, efforts have bees mude to build models thit can stmuline the gruin stricture
formintion within a splat, by Introdicing the classical nueléation theary nto the existing
selidificacion piodel. Thise mpdels consider i beterogeneouy nucledtion progess ocourring
al the substrate surface. Nucleation Kinetics equatioms ure oblaimed from the classical
nuleation iheary dssuming o steady-state nueleation proeess. The camlytic: effectof the
sulwirate suiface is considened by a contact angle f hetween the nuciens and the caslyine
surficy Fven though it 1 well-known that the contagr angie phiys o dommunt role in [He
melention: process. and the selection of the arysalline phise. very linde informotion i«
:muiluh]n on the vatue of # for difforent muterinds. Nevertheless, one cun sel up the
nueledeon modil Tor geruin structure developrrient by treating the ¢ontiyet ansle s o frée
paeimeter. Efforts have also been made todeterniine inlitectly the possibie values of § by
compuating the crystalline geain density predicted by the model and the density dedieed



42 Cluo-Xiong Wang er al

from the splat dbservation. The nucleation model bsed for splat solitification is deduced
berloow (Levi 1988 Vardelle er @l 1997 Rober or af 19U8),
The wial number of puclel, N, formed al any Hme mstant, £ e be caleslted from:

]
N= /n‘,-‘nm. (14]
(L

whete by, commespomls 1o the v when (he Hqud empenaiee reaches T, and ¢ s the
rate of niclews fommidion. Aswnmng o steady-stite nbcleaton process, the nde of
nucleation { can be calculatesd from the classical nucleation theory (Levi 1988: Faverbacher
1989)

wul oAy AGo L0
{ = .-‘-*}h: [";r.:xp(— T) t‘:p(—ﬁ). [ 15}

] h‘ﬂ-?'

whare Ads, 15 the neuvation engrgy for tmeratomie diffusion in the iiqr.ud Ky 18 the:
Boltzinann constant, A 13 Plimek's constant, and 1. = [AGy /[ drwgT |] 15 lenown s
the Zeldovich Factior, Tn (15) FI6] represents o furietson that riepresents the magniude of
the effect of the <utfuce vn the lowerng of the activation energy burmer for nucleation,
e

i'L{"“” Ao Y= hj“""f — Zcos ) +-cos) #.44. (L)

where AGE itid AG e are the nuclealion birriers for hoetetogensods and hotpiogenions
nicleation espectively. Over the variation in f ranging from complete wetting to non-
wetting, £16) varies from O o 1. This change w nieleation barrier has significant infloence
on the micleation rute (Clyne 1984, Vurdelle o af (9973,

The dtoms imvolved in the nucleation process will be the anes that dre in direct contact
with the forcizn surfageds) where the surface cotalytic effect s strong, fe., the substrate
surbee o the present cuse. Henee the nembers of aoms that ace imvolved o pacleation g
be approxumuted from

Ny =y Ay N 1, (17)

where ay is the maleculir dinmeter, AL is the Avozadm’s number, £ is the molar volume of
the material, and A, is the surface aren of the melf in contact with the subsirate.

The nocleation -:T.IHT-'s when &= with the pucleation tewperature, 7y, defined as the
tempeesture of the melt when the Fimst puclons appears. Alter the pnset of nueleation, the
formed nuolel are assumed (o grow in all directions by sttachment of the surronnding atoms
i the meelr, while other nuclel can appeis on the substrare surface. Note tha the nucled wee
wasumed 1o have o sphericalocap shape For pure mteninds; the inerfoee veloeity of the
prowing nuclel can be eileulated feom the lingar kinetic equation;

Ve = ielTo — 1) (18}

In numencal calowlations, the interface temperntire T, of the nuelei s approxinated by the
nodal remperatare of the contmo] volume where the nucleation ocours,

The Intent feat released due 1o the growth of already nucleated erystals beats up the
undercooled melt wnd thus changes the mell temperature. Thisoeffect s also uhken oo
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secatmt by i source term in the engrgy equation for the contml volume in which the
rucleation tkes place:

O = o Ly /1), (19

where o s the potal volame of nucler.

When solid aoclel cover 67% of the bonom surfhce of the <plar i contaot with the
substrite, nucleaton 14 assumed completed. Tt coresponds to the portion of the surface
coviered by the Telosely-packed” circles. The solidificarion of the splat thén wkes place
Wwith o plagar ligudfSolid Intecface. The Initid] thickness, B, ol the solldifleld laver i3
cileuluted ss the svernpe of the various grain thicknesses, b

b=(Y" n‘r,_f:,)_.w. (20

For muterials with metustable phades, the nucleation of thote metastable phakes can also be
incurpernled into the model using the ssme st of nucletion rate quations but with difTerent
nucleation barriers and contet angles, For example. for the aluming sysiem, the midel
introduces acompetitive nucleation process among thee possibile pheses: stible o phase; anil
by mietastable phiises, & amd 5 (Robert or af 19980}, The final preferred phase int nuclentes
will eomrespond to the fisst nucleus appearing among the three diftforent kands in comperition,

XA Mnterfacial heat tranyfer, substrate melting and resolidification

Chie of the purimelers that i entical in splar solidification Is the thenmal contact resistunce
hatween the splar and the substrate or the previvus deposit. T is found that the therml
contuet resistunee cin dietite the rte of heat transfer und splut imcrstruciare formation. In
most mosdels, the thermud contiet maistance s represented quantitatively by g thermal
conductance, referred to as interfacial heat transier coefficient. . Since the tnterface contiut
condition hetween the splat and the subsimte changes from the mitial hguid/selid o solid/
solid condition s the splat solhdifies, the value of i 15 expected o be a sorong function of
time. However, since solidification takes place verv fas, 10 s extremely diffieult to mensue
the vamanon of A durmg the process: Instend. un uverage valui of b used throuighout the
entire solidiflcation process. Only limited duta are aviiloble o the interfaciul leat tiuister
coelficient for rapid solidification (Moreau «f af 1992, Wiape G-X & Matthys 1996h), Wang
G-X & Multthys (1996¢) Tive: presented st survey of the vidies of B suitable for rapid
solldification processes tncloding thermal spray deposition, 1t is mhmﬂt‘.d thut the avernpe
value of 4 for a sprayed Hauild split on a substrte can runge from 107 10 10" Wik,

When & high-melting point metal droplet impinges on a substrite, thie igh intensity of
Bt can e 1o the melting of the substrite surface (liang of af 1999 Goswami 1044,
unptiblished results). The melting of a thin layer of sabstrate may lead to a strong: bond
hetween the coating layer and the substrate duc 1o physealfchemicnl-metailurzical
intersctions at the interfice. Expenmental studies confirm that the interfuce: intersctivns
between the high meltmg poun coating and the substre are quite complex, and are
significantly affected by the powder ind substrate materiale, their phyvsiesl propertes, and
the thermul state ol the droplets upon mipacting. Substrate nzelting and cesolldification
have dlso been incorparated into the model (Wang S-P er al 1998, 189%9), Opertionnl mups
for the onsit of substrate melting have been developed ungd moximum melting depth n the
substinte higs been predicted
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4. Characteristics of rapid solidification in a splat

The sotidification chuvidterisies of s sprayed splin ye been extensively stidied by Wang
G-X e e (20002) using the ahove misdel They huve consfdered & 3.4 thick maolten
Al-4 3w 5 Cu aplar quenched on s copper substrate, with the initial melt heing af Y83.6 K
and the substrate at 30 K. The pucleation temperatone; T, and the ierfacial heat pransfor
enefficiens, fr, are treated as free parmmeters. To avond the complexity of the mushy zone
andl fellowing Kam eral (1994), the dendrie region (s consadered o e thin and the Taem
heat i assumed 1o be released only at the vipfmell imerfuce. This assumplion can be easily
relaxed by introducing a microsegregution nlodel.

Figure 3u shows 1ypicul predictions for dendritic dp tadive when = 10" Wihn K wid the
melt undstgooling vires from 30 K (o 250 K, o all casios, e Tnitidl tip cadiiis 35 sl
15 e fior 25078 and phout 032 po Tor 50 K. As ihe solidification progresses, the tip
radivs thereases With the ruee being o strong function of the melt underconling, A larger
initisl melt undeecool g results in 2 lower e of inerease in the tip mdivs. Eventually, the
i raidiug becomes so lurge that dendritic srowth btcomes tmstable amd plana interface
sofidificision follows The extent 1o whu:h dendritic solidification can occur strongly
deepencds on the initial melt undercoaling.

The comesponding velocity of the interface, for both dendntic and planar interface
growth; is shown in fignre W Vanston of the interface velovity as shown i tus figure 15
very smmilar to thar observed mn the case of planar muerface soldification of pure metils and
tsary: allovs (Wone G-X & Manhys 19970 A high interfice veloeny s aclieved al the
bepinming of the solidificanon because of o large melt imdetsooling, Recilescence then
Follows due @ e hewting of the undercooled melt by the riledse of luteit Heut, Eventuully,
the kinétle effects fade awuy as the melt ndercooling dininishes, and the solidifleation is
cantrolledl by the tate of héul transfer as illostrated by an identical bnterface velocity fur
Varving inilial el pideseodling,

One interesting phenomenon revealid by the model § is the o5 Wlatory betaviour of planar
Intertace solidificution when fr s in the ringe of 2 < 100 < k< § « i( 1" W K s sherwn in
figure 4 for =8« I Wamk. The thmsition  from dlmr.tnm: to plinor interface
wtahdrhc_nu-:-n tnkes ploce af about 22 pm bocation. A small pertarhotion ecours af this
point due to transiton, but is giahilized pmmedintely aond 2 stuble planar interfuee growth
comtinges wml about 26 pm whene o small osallaton is observed first which then quickly
develops into o large amplitude oscillation. The oscillaery behaviour (almost entical
amplitedes and requencies s independent of the mesh size and 8 considered (o Be o rzal
pliysteal phencrmenon. Such oscillalosy solidification leads to the formation of o salute
Bund, Le.. periodic vamatioh of solute disteibution. For the conditdans congidered lere, the
solute Gontantration in the S0l vilies Trom o minimuam o7 412 wes (o o baxinirm Of
60 wi% with o muximun bandwillth of about 019 0m under the present condisicn. The
uppearance of such 4 solute band agrees well with the babded strugture theary (Carrand er of
1992, K & SurKipsian 1993),

The mest imporfant letiure of the model §s that it can help in constructing o
microstmcture i for an alloy splat quenched om0 gnld suhatmute. To demonstrate this,
Wang G-X er ol [ 20002) have-chosen the interfacial heal teansfier cociTcmot, b and initin)
melt undercooling af nucleation, T — T, a8 wo controlling process parameters, and have
weneriied o MICIosIuCiure: process map as shown n Ogure 30 & one canssee. difloren
strucires are precicned Tor differen) combinuons of these twio variables. For the cee with
i hagh e snd o large Ty = T, thesplon s s two-loyer strogture! @ dendritle stragtude in'(he
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region clode (o the substrte followed by o planar interface growth region. For very low
vulues of h, the dnlire splat is depdritic. In this cane, {F melt undercooling bs large, lurge
thermal dendrites will he develuped in the ritgion close to the subsemate followed hy small
stre solutul dendrites, However, If the mell underdonling is small, only solutal dendrites
will exigl. Bamded thermal snd solutal dendrite stricmures mny also develop when tramsifjon
from thermal dépdrtic growth (o solumal dendrinc growth, owtuss i the oo of an
inpermedinge meb upderconling:
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5. Applications of the model to microstructure formation in single splats and contings

A Alwming xvsfem

Aluming (ALOL) based coatings are widely, wsed in o various industries including the
automotve, steel. paper] and electncal power inddsines becouse of (heir esistance 1o
abrasion, wear, cofrosion. oxidation, thermal shock and high temperture (McPhetsain
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1980 Gansert 1996), Extensive studies have been conducted 1o chiractenze and tmprove
these ooatings. Hecause alomma splats solididy ander rapid solidification conditions,
mietasiable + phase 15 formed in the spraved coutings, instead of the stuble o phase. The
phveical propertics of -Aly0y are, however, generdlly inferor to these of o-ALOY, and
therefore 1L 1s Important to be able to control the crvstalline structure of the alismima
depasits. Althoush it lus Long been realized thut the nucleation kinetics of various
erystalline phases determtine the ultimate phuse formation i the alumima system, modelling
of erysalling pucleption and solidification in a thermally sprayed nluming splat and
coutimgs wits nof possible until recently (Robert er al 19984),

Robert er al (19980 have used the nucleation modil deseribed above to study the grain
struotune development of @n oluminag splat of | pm duckness and 100 wm dameter at a
uniform. temperatmre of 3000 K quenched on a steel substrate; Figure 6 shows rypreal
results for nucleation temperpture a5 o functon of the contact angle for the interficial
hent transfer coefficient of 107 W/m* K. It is evident that 2 large contact angle leads to o
low nucleaton tlemperature, Le., lorge melt undercooling. Figare 6 also shaws the effect of
contect angle vn phose selection under the candition thar the surface hak the same effect on

Nucleation tomperature (K)
2500 -

2300 | \
Figure 6. Nucléation emperptine an

v - \
A hastion of contuel angle oy Hires
) o a ¥ phoses when an dlomind sphid s
&N ¢ quenchod on a steel substore wil
animitinl <obtmle emperiure of
STH K. {The vwes verticul lioes e the
1700 ' 5 - : : [ocations of munsiion from one phise
o 16 ] Ak o T 20 slected pver the othern) ( Robery er al

Cantact angla ) [ L8, )
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Filgure 7. AFM pretine of an alunring spla
ik - dllaming substrate prdledd g 573 K
i Robery e al 1958800

three phases. As shown in this Gaure, the stible o phose nocleates ot o higher miclention
temperuture when the contiet dhgle Is small (f< 371 which implies o strong surface
catdlytic effect on nuileation, 11 the surface catalytic effect is weak, Le,, lor o larse contavt
un;,ln: the metistuble ~ phate i pucleated a1 o low pucleaton temperature with large mel
undercocling, The metastable & phase appears whisn the contact angle has a valoe b:*lwt.‘tl‘l
AT el 485

Since the grithh density and nucleation temperatore depend strongly on the contact angle,
iy vilug st be i.hm:n carefully for the mode! (o be realistic. Unfortunately, no data is
chirrently available in the literamre An aitempt fo-estimate # wis made by Robert er al
(19984) by comparing the predicted and measuned valves of grun density mnd sverage
grain size with the assumption that each nocleus: grows inlo 0 griin. an assumption
probobly realistic for an extremely thin spliand fust rate of solidificaion. The erain
density was ohtained from o statisoen] analysis of the atomic foree mictaseapy (AFM)
pietures ol the splin top surface os shown in fgure 7 for an aluming splat collected on g
s-ulurming subwtrale. The substrated wetre heatéd 10 573 K belore epraving. Fleure 8 shows
the ‘comparison bitweoy experimentil and predicted geain size distribttions and it js

e of columna
=5
o T Cmeulyted
B EAp=imEtal
-] 1

.;

1o
Flgure B Compardditn between Lhe
cilimiped and experimentill  grain
_[I ] I | | I sipe dimimbitioms for an aluning 'G|"|IE|.I
D ""EI E B_ qiienched on b 4-AROY substrae A

g 2 E g e&882kr 3K, Thee conised inple is mken os
Gratn radite {nm) B (Rober e ol 19480,



Ragid solulificoation m thermal spray deposition 44

evident that good agreement cin be ichieved if an appropriste villue of # s wied. A shihtly
higher number of lirge gridns in Rgure 8 than prediceéd by thie model is probably dije to the
griin coursening thut is not included it the model, Robert o al {19984) have exaipined
severnl aliming splats sprayed over Gifferent substrute materials maintained st 573 K, und
found that the comact angle is T8°, 73 und 66" when the +-phise §s lormed i sieel,
auluinn and S-aluming substrite respectively.

5.2 Yurda partiollv—stabilized sirconia

Because of stable chemical and thermal properties, o fow theemal conductvity und a
relatively high coefficient of thermal expansion, vitra partially-sabilized (YPS) zireonid
15w widely used as thermal barvier coating on wrbine enging components In order
o inerease engme operaling lemperstures and  concomtunt efficiency (Bartlenn &
Mascheo 1995 The plosma spray is an effective tnd relatively dmple method for
Applying these coatings. A ctitical jssue in YPS Jirtonia thermal barer coitings Is the
control of ytteia concentration to prevent the trunsformation from e tetrugoml o
monclinic phisse diing thetmal eveling, The distdbution or segreestion of vt in a YPS
airconia Aplat depends on the interfice morphology prefermed during its solidification. A
plutar interface leads w a unifomy distribution of yitrig, which is parieularly true when the
solite tapping is large due o high mte of solidification and a low diffisivity of the vina
ihowircanin. A eellidar or dendritic solidification, on the other hand. results in
microsegregation {depletion) of yirin o the houndary of cells or dendrites, leading 1o
the farmation of monoclinie phase, In addition, the mspid solidification condition 1o plasm
apray helps to generate o metastable, e.g., 1, phase that may have higher innnsic toughness
and js difficult 1o decompose o the eguilibeiom temgonal sd monsclinic phises.

Sugnificant efforts have beon made recemly 1o develop better understanding of the
mierastrietune @nd) phase formaton i YPS zirconia splats and coutings (Sampath ef ol
1990; Goswami ef af 1999, Tt is found tha, when s YPS zirconia coating s sprayed of 4
fror substrane, thin splues in the codting show eollmngr streture with anlfoene digiiburion
ol vt An epitixlal growth acelies when thie two splits confact very well in the costing.
However, for thicker splits in the coating produced on o cold substrate, bano-stze panicles
moade of monoclinic phase are observed with the spacing between the dino-particles
pinging from 200t 40 mim, as shown in figure 9 (Goswami of afl 19995, The formation of
such mimometer-size monoclinic phase particle indicates segrepation of yira during the
colummnar solichfication, This is possible only if the solidification tkes place with u cellilar
morphology. and as o result, the segregation occurs at the cel)l hmidares:

The model has also been employed o study the solidification churacteristics of it
splats ef pure zrconi ond yiton partiatly-sabilized aecomta (Wang €1-X e ol 20000 YT'S
irconiiy was tneaied s o difuled binary. svstem with an eguilibium paetition coetficient,
ko= 200 and the equilibrivm hguidus slope, m) =29 K/wi%, The steady-state, dendritie
growth model was used w determine the range A the tip radius and therelore (he spacing of
P eells, which, according 1w Ly er af (1994), i approximately twice the dp sdius under
the rapid dolidification conditions. Unfortunitély. the model reqiimes information on hoth
the solidliquid interface energy and the solue diffusivity of yitria in the mel, which e
currently nol known. Afler severd anempts, i was found that the tip growth model would
preedict the tp radius and ahsalute stability velocity as shown in figure 100 if the diffusivity
and Gibba-Thomson constant are ¢hosen as, £, =35 10" w5 wnd = 1" Km
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respectively. Using sueh values, the tp rading is predicted o be nthe manoe of 200t 30 o,
siving 2 cell spacing of aboutl 40 1o 60 nin s observed in our experiments, The predicted
dhsalute stabiliy «elocity is then alont 0.3 m/s.

Wang G=X ¢t af (2000b) used the plinar interface maodel to churagterize the mapid
solidificatiom of o zirconia splat. Figore || presents the caleulated interface velocily s a
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function of the interfuce lacanon when o 1 pm tHick splar is guenched ona Ze0), substrane
(which i% bsed wo Sinmlate thie prévious deposit in the coatmgy. The effect of the interfacidl
[t trpiisfer coelficient s olsy shiown in Agure 11 anll os expeetdd, o Righer vilue of 9
Beadds 1o 0 higher interface veloddty, The inerface veloeiny 15 snilles tHitn 08 mfs when' Ji iy
Jower than 10% W/m© KL [t inerenses with /i, bt whien & beeotnes larger than 107 Wim'K.
Tirther increse i 0 restlty in only a minoe incrense i e interlice velocity except diring
the eirly stdges of solidification when the wolidified liver thickness is small. Thiy |s
hecause in the cuse of very high FB,othe thermal resistinee o Bitert Remt removal s
controlled mainly by heat conduction thmugh the splidificd solid layer, Since the abgoline
stoblity velocity. for YPS zircomia is abour 0.3 mfs, it is expected that 3 stable planar
intertace exisis for high values of & When & is low. .. smaller or equal o 10° WK,
the planur muerloce s ool suble. and g cellulyar sracwere is expecied. Such modiel
predictions agree well with experimental observations. Columnar grams with planar-
imerfice solldification dre observéd i the spluts oF coarings spraved on o hot substrile
where ‘godd thermal contiel Ts nehieved hotwden the splat. OR (e other bl homo<siied
monoclinie purtleles gre formed 10 contings spravell on o cald substrate where thermal
wontaet iy poor kt}émwurljl PETER o

One dmteresting Issne relevant o the solidification morphology  developimear s
tomiperature distribution in the splut It s well-known that 2 negative gratient of {he
melt temperaiure 10 front of the inrerace moy develop in splar guenching, which sy lead
to the instabitity of the planar interfoce (Trivedi & Kotz |986) Figure 12 shows the
temperature dhstribution i a thin splag (G5 pmd when good contaet exists between the splat
anl the previons deposit, = 10" Wim™K. Ap inspection of fipure 12 shows that a pesitive
temperatire gridient exists:in the: ligmd o froo of the moving imerface (where o kink
appedrs in the temperature distribotion ) duriig the entire penod of splat soluificason. The
existence of such positive temperature prindient indicistes thit the Tnterlice mus@ment
ulider consfiaint of 3 pokipve weraperaiore gradien), and e lfent Bear neleasdd ot e
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. , . y exidls e e el bl the time in
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Gistance from the contact interface (um) X of st 200000

mterfuce 15 carried away through the solidified solid. although there 1s a significant

undercooting of the melt. This behaviour is quite different from thar i the case of metuls i
which a larze maowmt of laent hear s transferred 1nto the undercooled mell (Wang G-X &
Maithys 915

5.3 Mo und Mo-based alloyy

Mo and Mo-bosed uiterials (e.g.. M6-C) huve been employed for their good wear
propertics. Tvis also wn interesting miterial for wesearch in thermal spray. Colintinar eraiis
ariented perpendicular to the coating-substrate Interface huve pbeen ohserved in Mo
coatings (Moreit ¢ al 1992 Samputh & Hemmn 1996), The formation of this struciure
can be uttributed to the columnar growth from the crstal nuclel nucleated ar the interface
between the malten Limella and the underlying molyhdenum coating,

Robert e al (1998h) have caleutated the prin density in o single Mo splat sprayed on a
steel substrate and compared therr model predictions with their AFM meastirements. A large
discrepuney 15 reporied berween the theory and the messurernenis. Such discrepancies noy
partially be anributed 1o 1he ancertainty in the values of the solid/liguid interfaiiul energy
und the comact angle between the crystalline Mo and the substrate. It should, however, be
noted that thee gridn sizes meastred By AFM [rotn the tapngraphy of the split wp surlace are
anicht smaller than that observed by Saonpath & Herman (1996) using transmission electron
miciuscopy {TEM). One pissible explanation to this variation is that the grnns observed
by AFM qre not the real grains but the cell houndaries. Indeed, cellular solidificition is
poasible in 4 sprayed Mo splot or coating sinee oxygen may be absocbed into the molten Ma

droplets in Bight, Indeed, TEM churacterization does show the existence of varions
{Ihﬂ.‘id,.!- ind cellubar siructures in Mo coatings. Efforis are being made o exumine this issue
with experimentally (Goswami 1999) and mathemautically (Wang G-X er-al 2000¢ ),

Regently, Jianger af (20001 have found extremely larse size orains: developed on the Mo
splats sprayed on a igh-temperatore glass subsirate with average grain sizes of about 5 jum
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dimmetes, even larger thin the thickness of the splat (The averige thickness of the splas is
st €5 o L0 ) 1t s «T.wculuml Thiat im this cise, the mielt is stgnificuntly umtumpnlud
il unly few macled are formed sither within, the bk melt or on the substrate surface
with nuclej heing: far away from each other. The aucle) then grow guickly w the top
surface before they can impinge onto cach othen. After this, selidification ocours: laterally
alomg the surfuce of the substrate anid stops when graing touch all neighbouring pramns
(Wang G-X e el 2000c) The grain growth model desoribed i § 3.3 cannot be applied o
such solidification patterns and g new model s needed to tike into accannt the multi-
dutiensional effect of the groin grawih.

Dy to high micliing point wnd lorge Tatent heat, significant subsirite melting is observed
at the Mo splatsubsirae interlace (Jang er o 1999 Goswami 1999, unpublishied dita),
Theoretich] investigation of substrte melting has been carmed aut by Wang S-Per al (1508,
194y und operational maps such as the ofie shown in figure 13 tui.c been developed, The
wrap is divided into two regions, melting und non-melting of the substrite, and the eurves in
the figure dre the loei of the process parameter combinations thit correspond 1o the omset of
substrate meling: If the process parwmeters belong to the apper region (larger splut/
substrate temperature difference or larger Biot pumber), the subsrate melting occurs and
viceverse Por bigh melting pomnt mstenals such as Mes o rdmmum exasss ©f which the
substrate melts even if the initral melt emperatore 15 the melting emperatuie, e, o
superhest. This reqores-d lurge Biot nwmber, e, 4 lorge imerfuce heut ransfer cociTicient,
or'a tuck deposic

The model can olso predict the velocities of subsrite nlting and resalidification as
shown in figore 10 for one set Of purunieters, Cleardy, the interfacil heat transtor
coefficient controls both substrite melting and resolidification velocities. In general,
substrate resolidification velocity 14 smaller than ielting speed.

f. Concloding remarks

A briel review of the recent progress mide in the area of theorerical modelling and
experiments for microdtuciure developiment i thermally sprayed single splats and
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] Figure 14, Subsirale meline bl resalidilication
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vontings have heen presented. A model hos been developed that ineorponites the hasic
physical pinciples of vanous Kinetic processes m thermal sprays. The phivsical phenomena
mnlnde heat and mass transfer. mel undercooling, selecrive nucleation of swble aod
metistable phases, nonsequilibrium kineties of crystalling prowth, solidification morphel-
ogy and transition, thermul resistance af the splarfsubstrate and split/splae intertices: and
subsrrite melting abd resolidificarion, The medel has been gsed w claracterize the rapid
suliification’ of 4 single splat in plisime-sprioyed coltings. Bith miéillic and ceraniic
miiteriils have been studied, including molybdentm, dloming and partiolly yiicia-Subilized
sitconiy, Model preflictions toLether with experimental observations snd measurerments
providie specinl fnsights into  microstructime dwm]nmmcrn i plisnia-sprayed coulings.
Good qualitative sgreement bevween the theory und experjments his heen found in miny
CAse s,

The madel however, imvalves several various asstimptions and approximations that
restriet the application of the model. Many of these approximations are oot realistic and
further work is needed to refax them and develop more acourale models. In particular, the
moilel 18 Igsed on one-dimensional hear and masy reanster conditivns, and does oot e lode
the gffect of tmtul melt spreading and droplet deformarion. A one dimensions] geometry
cinnat effectively dedl with crystalline nucleation which is basically o three-dimensionil
phanomenon, This alse exclided g pecumte rentinent of equiged solidiication such as in
the case of Mo on i glass substrate (liang of of 2000), Effons bre Cunently being made (o
improve the model by remiving these assumptions and approximations and 0 apply the
mesdel to other muterial systems
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