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Flattening of Droplets and Formation
of Splats in Thermal Spraying:
A Review of Recent Work—Part 1
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Properties of the coatings developed during thermal spraying are essentially determined by rapid solidi-
fication of splats formed as a result of impingement of the melted powder particles onto a substrate sur-
face. The processes of flattening droplets and formation of splats in thermal spraying have been studied
intensively during the last two decades. The last review on this topic was published at the end of 1994.
Since then many papers have been dedicated to investigating splat formation, taking into account such
important issues as roughness of the substrate surface, wetting phenomena, and splashing. This review,
consisting of two parts, includes the main results obtained since 1994 and examines the influence of so-
lidification of the lower part of the splat, substrate roughness, wetting at the substrate-coating interface,
substrate deformation, oxidation, and splashing on the dynamics of flattening of droplets and the forma-
tion of splats. Flattening of composite powder particles, splat-substrate interaction, and development of
splat-substrate adhesion and splat porosity are discussed. Part 1 of the review covers the following issues,
which significantly influence the droplet flattening and splat formation: droplet solidification during
flattening and roughness of the substrate surface, composite morphology of the powder particles, and
oxidation processes. The results provide a better understanding of the thermal spray processes to in-
crease their efficiency.

e The major part of the kinetic energy of the impinging drop-
let is dissipated in overcoming the viscous forces of the
flowing droplet. Therefore, the analytical results based o

1. Introduction this assumption agree very well with the experimental data
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Solidification of an impinging droplet occurs during its

Coating quality obtained during thermal spraying depends flattening and significantly influences the splat formation.

greatly on the dynamics of flattening the molten powder parti-
cles. During the last two decades this process has been studied The effect of splashing is very important for the develop
intensively by analytical, numerical, and experimental methods ment of splats.
(Ref 1). During recent years much attention has been given to furthe
Flattening of the thermally sprayed particles (droplets) de- investigation of the droplet flattening and splat formation, tak
fines the size and the form of splats developed on the substraténg into account different physical processes. Simple analytica
and/or on the prior-deposited coating layers. Solidification of a formulas, which are necessary for engineering practice to es
single splat plays an essential role during thermal spraying be-mate the parameters of the flattening process, were obtained.
cause it is almost independent of solidification of the other  The present review deals with the results obtained after t
splats. Thus, the structure and properties of a coating can be corpublication of the paper (Ref 1) and covers the following issue
sidered in terms of formation and solidification of the single that influence droplet flattening and splat formation: roughnes

splats (Ref 1-5). of the substrate surface, droplet solidification during flattening
The principle findings of investigations, which were under- composite morphology of the powder particles, oxidation proc
taken earlier and reviewed in Ref 1, are: esses, wetting and surface phenomena, substrate deformati
splashing of the impinging droplets, and splat-substrate intera

¢ The kinetics of the droplet flattening depend upon the drop-

let size and the impact velocity. tion.

Better understanding of the previously mentioned processe
« Initially, just after impact, inertial effects dominate. The contributes to an increase in efficiency of the thermal spray af
viscous flow effect becomes more important as the droplet plications. The present review consists of two parts. In Part 1 t
spreads, and the influence of the surface energy could beinfluence of solidification and substrate roughness, composit
come a significant factor toward the end of the spreading morphology of the powder particles and oxidation processes @
process. the flattening of droplets, and the formation of splats in therma
spraying are considered. Part 2 involves analysis of issues s

V.V. SobolevandJ.M. Guilemany, CPT Thermal Spray Centre, Ma- as Wet_ting and sgrfa_ce _phenomena, splat-substrate imeracﬁ
terials Engineering, Dept. Enginyeria Quimica i Metalldrgia, Univer- - SPlashing of the impinging droplets and substrate deformatio
sitat de Barcelona, Marti i Franqués, 1 E-08028 Barcelona, Spain. ~ on the droplet flattening, and splat formation.
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2. Influence of Solidification and In Ref 7 several types of an idealized rough surface were con-
Surface Roughness sidered, and the two parameters characterizing roughness and its
influence on the flattening process were introduced, that is, (a)
The main focus of the papers reviewed in Ref 1 was to ana-volume of the valley space corresponding to a unit area of the
lyze droplet flattening onto a smooth surface without taking into surface and (b) flowability of a spreading droplet in the valley of
account the splat solidification and the surface morphology. the rough surface. With an averaging of the droplet flow, the for-
However, the surface roughness significantly alters the flatten-mulas for the splat diameter and the time of flattening were ob-
ing dynamics (Ref 6-10), as does the surface-splat friction (Reftained. It was shown that the ratio of the splat diamBteip
9, 10). The droplet solidification also influences markedly the that of the dropletd could be approximately presented as
droplet flattening (Ref 1, 11-14). The droplet mass loss during D/d, = 1. oRe'8, whereRels the Reynolds number. In Ref 7,
impingement due to splashing must also be taken into aCCOUﬂSolldlﬂcatlon of the flattening droplet was not taken into ac-
(Ref1, 8-10, 14). count.

Nomenclature

tr  Characteristic time, $: =¢/Vg

a,  Relative volume of oxidation in splat tox Characteristic time of oxidation, s

as Solid phase thermal diffusivity, 75 t,  Characteristic time, $; = bu~t

b  Splat thickness, m Ap Dimensionless parameteX; = 1 —8y/dqt

d, Particle diameter, m A Liquid phase thermal diffusivity, fs

D  Splatdiameter, m R. Contact thermal resistance’iwW

D, Coefficient of diffusion of oxygen, fis o, Reo Contact thermal resistance at the interface/w
Dmy Dynamic component of coefficient of diffusion;#s Rep Contact thermal resistance of the precipitate layey,
D, Effective coefficient of diffusion of oxygen,%ﬂs P m2K/\W

Rp Particle radius, m
Particle (droplet) impact velocity, s

U R; Layerthermal resistance YW
R  Splatradius, m
t
r
f

T  Splat temperature, °C
Ts Substrate temperature, °C

Time, s L
Ty Transition temperature, °C

Radial coordinate, m

Friction coefficient m  Mass, kg 2
o; Dimensionless parameter; = R,V4eU Gmx Mass flux, kg/ms
0, Dimensionless parameters = RyVy/3U S  Particle surface aream
gp Latent heat of fusion of the droplet material, J/kg Z  Dimensionless parametet= mo,/my
P  Pressure, N/f M  Dimensionless parameter in Eq 28
Vs Solidification velocity, m/s H Dimensionless parameter in Eq 29
Vgt Volume of diffusive layer, m X Dimensionless parameter in Eq 33
ts  Characteristic solidification time, & = &/Vg Re Reynolds numbeRe= 2R,Up/u
tc  Characteristic impact time, t5:= RyU Re Effective Reynolds numbeRe, = 2R,Ugp/le
Greek symbols
a  Dimensionless parameter:=¢/R, 3 Dimensionless splat radil&s= R/IR,
oc Contact heat transfer coefficient at the splat-substrate p  Dropletdensity, kg/ﬁﬁ
interface, W/rK pL Liquid phase density, %/n?n
B  Dimensionless paramet@ = VqU ps Solid phase den5|2h/ kg
0  Thickness of splat lower part, m Pox Oxide density, kg/
01 Layerthickness, m ¢  Solid volume fraction
AP Increment of pressure, NAm dox Volume fraction of oxidation
€ Roughness size, m X  Dimensionless parameter of droplet mass loss
{ Dimensionless splat thlckneis b/R, U Correct!on factor
®  Dimensionless timed = URy't w  Correction factor
A1 Layer thermal conductivity, W/mK Q  Correction factor
i Droplet dynamic viscosity, Ns/m
Subscripts
o Initial p Particle
*  Characteristic ox Oxidized material
e Effective df Diffusive
f Final m  Maximum
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At the same time modeling of the flattening process under-  For the flattening process, the important characteristic is s¢
taken in Ref 11, 12 and analytical estimates obtained in Ref 13lidification of the lower part of the splat with the thickness,
within the framework of the Stefan problem show that spreading Then the characteristic time of solidificationgs V5. The ra-
of the liquid droplet during flattening and solidification cannot tio, o, of the impact time,, totgis:
be considered separately, and solidification plays an important
role in the entire process. 0= vas/éu (Ea2)

The general approach to the theoretical analysis of the flat- .
tening process developed in Ref 15 results in analytical formulas Wh_en_§ =&, Eq2 bgcomes the same as Eq 1.' The Bamb
for the flattening characteristics that agree well with the experi- the sollc!|f|cat|on velocitys, to that of the d_roplet |mpa@,, IS
mental data. This approach has been used in Ref 6, 8 to 10, anﬁISO an important parameter of the flattening process:

14 to investigate the effect of surface roughness and solidifica-g =V, /U (Eq3)
tion on the droplet flattening and the splat formation.

POMBINSY 1984

From Eq 1 and 3:

2.1 Droplet Flattening 0, = Pla (Eq4)
For example, in the case of the plasma spraying of a metall
powder onto an aluminum alloy substrate wRgr 20um, Vs
=5ms? 3= 1pum, andU = 100 ms?, then from Eq 20; = 1.
Thus, generally, splat solidification must be taken into accou
when splat flattening is considered. In the particular cases whe
for example, the impact velocitield, are high { = 800 m§1)
and the solidification velocitied/s, are relatively small\(s=
equal to the ratio of the roughness heightp the particle ra- 0.5 r_ns‘l),_ splat solidification could _be considered ‘F‘ SOme ap
dius:a = ER’—)l_ proximation to occur afte_r completion of the flattenl_ng process
Flattening and cooling begin immediately after droplet im- (Ref 1, 7, 20). This situation would corres_pond to high veI00|_
pingement. The main cooling is caused by heat removal from the2XY9en .fuel (HVOF).spraylng Of. th? aIymma particles. But thig
lower part of the splat adjacent to the substrate (Ref 16-18). Thisseparatlon of flattenln_g _gnd §ol|d|f|cat|on must be treated ve
heat removal depends essentially on the initial temperatures and areft:lr:y beﬁ ‘?# sethgollldlflcau??h of thI? d'lf(') V\(/jelr part.of the splah
the thermophysical properties of the substrate and the splat anlg}] \;ﬁjr:enc%l;gsi nﬁicalr?tl n?ﬁz 3 na?n?((:)sl olflfhe %);?tréﬁi:eryrsgi
also on the contact thermal resistance at the substrate-splat interhef 11-14) 9 y y ap
face. The heat removal to the substrate exceeds considerably th% Splat i'd'f' i be sl dbvth tactth |
heat removal from the upper surface of the splat to the surround- . plat solidification may be slowed by the contact Inermai re
ing gas atmosphere (Ref 16-18). sistance at the substrate-splat interface and by the time delay

e . . nucleation of a solid as the crystalline structure is develope
The solidification front moves from the interface with a ve- (Ref 1, 21, 22). The contact thermal resistance decreases the
locity, Vs, to the interior of the splat. The valuesfgtan be de- L L : . . :
termined by the methods described elsewhere (Ref 16, 19). Th lidification velocity, Vg, which still remains high (Ref 16, 18).

solidified region of the splat gradually decreases the overall sur- he ratioN, of the nucleation time to the impact time in the case
9 patg y . of homogeneous nucleation was estimated to be large for the
face roughness and will remove it completely at the time

t, = eVsl. The degree of influence of the splat solidification on mal spray applications (Ref 1, 22). In reality, homogeneous n

. i i . cleation is unlikely to occur during thermal spraying because o
t_he surfilce rglljghness IS Qeflned by the ragoof the impact the presence of the inclusions and solid phases (carbides, oxid
time ,t; = R,U™"tot, (Ref 6):

etc.) in the impinging droplet. It is also possible that partial so
_ lidification of the droplet occurs before impingement (Ref 1,
=RV, /eU Eql . o
! Rp s’® (Eq1) 21). The parametel, is usually assumed to be significantly
_ smaller than unity (Ref 1, 6, 8-10). Hence, the delays in nuclez
*AX'S of symmetry tion have no practical influence on solidification of the lower
| part of the splat during flattening.
|
I
|

Consider the droplet flattening on two types of surfaces:
rough and smooth. Assume at first that a droplet of raBys,
and velocityU, impinges normally onto a rough surface of the
substrate or previously deposited coating layer and that it forms
a cylindrical splat (disk) of radiu®, and thicknesd, both of
which vary with timet, during flattening (Fig. 1). The rough
surface is characterized by the roughness parametehich is

The impingement process is often associated with the loss
some part of the droplet mass due to splashing and partial r

bounding of the droplets during impingement onto the substrat

R

T :L,// (Ref 1). This mass loss can be characterized by thexatifthe
Splat droplet mass, which remains after these events to the initial ma
= P / of the impinging droplet (Ref 6, 8-10).

» { MM N

\ 2.2 Surface Roughness

A\

Substrate
\\\\\\\\\\ To take into account the surface roughness during the flatte
Fig. 1 Schematics of a droplet impingement at a substrate surface  Of the shear stress because of the friction between a flatteni

€

ing process, it is assumed that roughness increases the va
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droplet and the rough surface. Assuming that the flow is tur- &= 0.854&YRe¥[1 — 0.0&1VReH2
bulent,the Blench formula can be used for assessing the fric- )
tion coefficientf (Ref 23): +0.38Re*2In (0.RR9 (Eq12)

f=0.7%12 (Eq5) Similar formulas were obtained in the case of a smooth sur-
face with surface-splat friction (Ref 8-10). From Eq 11 it follows
In Ref 6 the roughness, is considered to change during the that the final splat thickness decreases with an increase in the
splat solidification according to the formula: Reynolds number. This thickness increases with an increase in
e=e Vi (Eq6) t_h(_a_surface roughness a_nd decrease_s with an increase in the so-
o lidification velocity. The final splat radius (Eq 12) generally var-
o ) ) ies nonuniformly with the Reynolds number. First it increases,
For simplicity, the rough surface is assumed to consist of the 5chjeyes a maximum value, and then decreases. The final value

rectangular “teeth” of the heighe,(Ref 6). Their heightis as- ot ¢ giminishes when the surface roughness and the mass loss
sumed to be equal to the distance between them (Fig. 1). Theny e increased. The paramefar,increases with an increase in
the variation of the splat thickness,due to the surface rough- e splat solidification velocity.

ness can be takentas 0.%. By taking into account splat solidi- The results obtained in Ref 6 show that the absolute value of

fication and droplet mass loss, the mass conservation conditionne final rate parametatl;/do, decreases with an increase in the
can be written as: surface roughness when the splat solidification is not taken into
4xR3/3 = R3(b — 0.5¢ — V) (Eq7) accountf} = O) _Thig value increases with an increagewhen

P the splat solidification causes an increase in the absolute value

) ] . of, d{;/d6. The rate parametet;/d6, decreases when the sur-
From Eq 7 the following equation for the splat radRjss: face roughness and the droplet mass loss increase. Splat solidifi-

R= 3YV2h— 0.5V Eqs cation gives rise to an increase ig;/do.

z%O(RF/ A 9 (Eq8) In the case of a smooth surface< 0,) the influence of the

Inthe case of a smooth surface, the friction between it and thesurface-splat friction on the final characteristics of the flattening

- . - . is similar to the influence of the surface roughness.
?gﬁt;;r_] be described by the following coefficient of frictfon, When splat solidification is abser € 0), the influence of

the surface roughness on the flattening process is shown to be
f=0.31Re02 (Eq9) equivalent to the influence of an effective viscositywhich is
approximately (Ref6):

Transient characteristics of the droplet flattening on a rough ~ _ 1201/
surface were obtained in Ref 6, based upon the previous equa#e_ W(1 + 0.24Re" (Eq13)
tions. They include analytical formulas describing variations of ) o
the dimensionless splat thicknegs; b/R,; the dimensionless Itcan be shown that the influence of the surface-splat friction
splat radiusg = R/R,; and the rate parameted/d andde/de, on t_he flatt_enlng ata smooth s_urface in the absenc_e of _splat So-
with the dimensionless tim®,= UR:k, for a typical thermal !ldlflcatlon is equivalent to the influence of an effective viscos-
spray situation wheRe>> 1 (Ref 6, 8-10). It follows fromthese 1Y, He=1.16 . For flattening at a smooth surface X0)
formulas that an increase in the surface roughness causes an i/ithout surface-splat friction, the influence of the splat solidifi-
crease in the splat thickness and a decrease in the splat radius §81ion is equivalent to the influence of an effective velotigy,

well as a decrease @3/d8 and the absolute valuedi/d8. The of the dropletimpingement, which is approximately (Ref 15):
splat solidificationlleads toa decrea;é #nd an increase i Ug=U[1 + O.343Réjzln (0.Re] (Eq 14)

It also causes an increasedfidd and in the absolute value of

d¢/de.

Thus, it can be shown that droplet flattening at a rough sur-

Similar formulas were obtained for a droplet flattening on a face with splat solidification is equivalent to flattening at the
smooth surface. It follows that an increase in the surface-splat P q 9

friction during the flattening process causes the same qualitativesmOOth surface without splat solidification and without surface-

variations of, &, d{/d6, andd/d6 as an increase in the surface splat riction, undedr Cr(]) n((jjitions when the vel;)cri]ty gf d:opllet ir(rj]-
' » . - pingement idJ, and the dynamic viscosity of the droplet liqui
roughness. The analytical results obtained are valid tp tg phase isle. Under these conditions, Eq 11 and 12 can be written

where (Ref 15): as:
t.=1.2R UNn (1 +0.R Eq 10
R ( 0 (Eq10) ;= 1.826Re? Re,=2RU plp, (Eq 15)
The value ot is greater than the characteristic time of flat-
tening, and the analytical results obtained are valid for the whole
time interval for droplet flattening. & = 0.8546x/?Rel/ (Eq 16)
The final values of; and&s are determined by the formulas
(Ref 6, 8-10): The similar formulas can be written for the droplet flattening
2 = 1.82Re Y1 + 0.12VR2 at a smooth surface with surface-splat friction.
f Experimental values of the final splat radigs, obtained
— 0.6BRE¥2In (0.3Ra) (Eq 11) during the plasma spraying of the zirconia particles onto a steel
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substrate (Ref 24, 25) have been used to compare the analytical In Ref 24 the degree of flattening was measured for a roug

and experimental data.

First, consider the experimental data corresponding to thecation velocity was small due to the low thermal diffusivity of
flattening at a smooth steel substrate (Ref 25). In this case the sahis material. Hence the third term at the right hand side of Eq

lidification velocity can be approximated as:

V=a T /(@,p) (Eq 17)

whereo. is the contact heat transfer coefficient at the splat-sub-

strate interfacel, is the droplet temperature, agyis the latent

heat of fusion of the droplet material. The average particle tem-

peratureT, was about 3660 K (Ref 25). Takigg= 0.71x 100
JkgL, p ='5400 kg3, anda = 3.8x 10 WmK 1, from Eq
17,Vs = 0.366 msL Taking the impact velocity) = 150 ms?
(Ref 25),3 = 0.00244 is obtained.

Using this value of and assuming that there is no mass loss

from the dropletX = 1) because the substrate is heated and its . .
surface is smooth (Ref 25), the analytical results given in Ref 83. Flattening of Composite

and 10 (when the surface-splat friction is negligible), indicate
the variation of the splat final radius (flattening degr&evith

the Reynolds numbeRe Figure 2 shows this variation together
with the experimental data and their correlation. The theoretica
values o€ agree well with the experimental data.

10
Ta . Experiment
o
r 8- —__ Exp. correlation
i
nd —— Anal. results
S 6
o .
<
o 4 A
c
c
S
5 2]
w
0 : i '
200 400 600 800 1000

Reynolds number

Fig. 2 Comparison of analytical and experimental results describing
the final splat radius on a smooth substrate. Experimental results are
from Ref 25. After Ref 6

Formula (12)
a=0,X=1

Formuta (12)
«=0.005, x=1

Madejski's
formula

Flattening degree &

x Formula (12)
a=0.005, X=0.6

Experimental correlation
1

750 1000

Reynolds number

0

250 500 1250 1500

Fig. 3 Comparison of the analytical and experimental results de-
scribing the final splat radius (flattening degree) on a rough substrate.
X, experimental results from Ref 24. After Ref 6
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|etc., play an essential role in production of wear and corrosion res

steel substrate. In the case of the zirconia particles, the solidit

for & may be neglected in comparison to the second term. In th
case the substrate can be considered to be relatively “cold”
cause its temperature is only 75 °C. Thus, the droplet mass lo
due to splashing should be more pronounced and have more
fluence on the flattening process.

The theoretical curves in Fig. 3 obtained from Eq 12 sho
that when surface roughness and mass loss from the droplet ¢
taken into account, then the theoretical results fit markedly be
ter with the experimental data than when these factors are n
taken into account (Ref 24).

POMBINSY 1984

Powder Particles
Composite powders such as WC-Co, WC-Co-GiOgNICr,

tant thermally sprayed coatings. Therefore, an analysis of the fl
tening process of these particles is industrially important
Analytical investigation of this process was undertaken in Ref 2(
In Ref 26 experimental data were obtained on the flattening of WC
Co powder patrticles.

Consider an agglomerate composite particle consisting ¢
small high melting point solid components (e.g., carbides) and
binding metal. Assume that during thermal spraying the binde
melts and the solid components are markedly smaller than t
splat thickness and the surface roughngssnd a liquid-solid
mixture of the impinging droplet can be considered as a quas
homogeneous medium with a solid volume fractipp,

Because there is no great difference between the densities
liquid and solid phases of the droplet, it is reasonable to assu
that the relative movement between these phases is negligible
the bulk volume of the splat and, therefore, the interaction force
between them can be neglected (Ref 27). With the small value
01, the liquid-solid mixture of the droplet can be considered as
uniform medium with the effective dynamic viscogity (Ref
28):

He=H(L -0 (Eq18)

From Eq 18 it is seen that the presence of the solid phase i
creases the flow viscosity. It also occurs due to the non-Newtc
nian character of the liquid-solid flow, which becomes more
pronounced under the temperatures near the solidification poi
(Ref 28, 29). During flattening, the spreading flow is turbulent,
and at the droplet-substrate interface, friction decreases in co
parison with a single phase flow because of reduced mixin
length due to dissipation by the solid particles (Ref 28).

To take into account the roughnesxf the substrate surface
during the flattening process, assume that it increases the shg
stress by the value that arises because of friction between a fl;
tening droplet and the rough surface. Following Ref 6, a mod
fied Blench formula (Eq 5) is used for the friction coefficiént,
with a correction factory, accounting for a decrease in friction
in the liquid-solid flowf = 0.079a*?.

Volume (8)1 March 1999—91
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In the case of the smooth surface, the friction coefficient can
be described by a similar equation with the correction fawtor,
The liquid-solid splat solidification velocity depends on the

Because the splat thicknebsis of the same order of magni-
tude as the initial surface roughnessand the droplet imping-
ing velocity,U, is much greater thar, the valueQ << 1 in the

thermophysical properties of the liquid and solid phases and thehermal spray applications. Therefore, surface roughness plays

contact heat transfer coefficient;, at the splat-substrate inter-
face. If the thermal diffusivity of the solid (e.g., carbide V¥g)
is greater than that of liqual (metallic binder); this contributes

an important role in the precipitation of solids.
Whenag<a_ andps>p_, the precipitation of solids can
lead to an increase in the contact thermal resistRacat the in-

to an increase in the rate of heat transfer inside of the splat. Buterface. This occurs if the thermal resistaiig, of the precipi-

an increase iVgwould hardly ever occur because of the rela-
tively large contact thermal resistance at the interface (Ref 1).
The most important case is when the thermal diffusivity of

the solid (e.qg., oxide) is less than that of the liquid phase. Then

tate layer of solid is greater than the thermal resistdgs at
the interface when the solid phase is absent(0) or is compa-
rable to it.

Consider an example of HVOF spraying of thg@#NiCr

the heat transfer rate inside the splat decreases. This decreag®wder onto a steel substrate. An impinging molten droplet con-

can be more pronounced when the solid dernsitgxceeds that
of the liquid phase and solid particles precipitate in the lower

sists of the solid phase including different chromium carbides,
chrome oxide GOg3, and a liquid phase of Cr-Ni-C, formed due

part of the splat. The surface roughness contributes to precipitato in-flight dissolution of G4C, (Ref 31). The most critical fac-
tion because the solid particles can be precipitated in the wavytor for the contact thermal resistance is the precipitation of the

structure of the rough surface.

The characteristic time of precipitatidp, is approximately
equal td)U_l(Ref 30). Roughness will be important during pre-
cipitation of solids if it is not covered by the solidification front
moving with the velocityVs. This front will cover the surface
roughness completely at the tintg,Therefore, the degree of

chromium oxide, which has a low thermal conductixity

The thermal resistanc®;, of the layer of GiO3 with the
thicknessp,, is equal tdb;A1}. Assume that the rough substrate
surface consists of rectangular “teeth” with the initial heigjt,
and length equal to the distance between them. Then, the value
of &1 can be taken as @$ When the value @&; = 2pum and\,

roughness influence on the precipitation process is determined= 20 Wni'k™, Ry = 107 W~m?K. This value ofR; can be

by the ratioQ, of the timetp, totg, that isQ =bVdeU.

1

-1

p

(g

1.? 0.8 1-a=03 ,9=0 ,w=1 ,¢=1 ,x=1

~n 2-a=03 ,9=05 w1 ,P=1 ,x=1

@ 3-%=03 ,9=05 w=05y=1 ,x=1
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Q
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Fig. 4 Variation of final splat thickness with Reynolds number for the
rough surface. After Ref 20
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Fig. 5 Variation of final splat radius with Reynolds number for the
rough surface. After Ref 20
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comparable witlRcgand even exceed it (Ref 21). Therefore, in
this case the presence of the solid phase in the splat leads to an
increase in the contact thermal resistance at the splat-substrate
interface and to a decrease in the solidification velo¢gy,

The solidification velocity can be calculated from Eq 17. To
take into account the solidification process during flattening of
the composite droplets, it is worth introducing the solidification
velocity, Vsg With a correction factory, which accounts for the
changes in/g associated with the solid phase of the droplet,
Vse= Vs Thenfe = VsdU. The most probable situation cor-
responds tg < 1.

In the case of the droplet flattening on the rough surface using
the results of Ref 20, the following formulas can be obtained for
the flattening characteristics whBe >> 1:

Z; = 1.826Rg V1 + 0.1200Y2Rel2

- 0.68B3,Re"? In (0.3Rey)] (Eq 19)
&, = 0.8546x 2 Re!/*[1 - 0.06002Re!2
+0.348_Re? In (0.3Re)] (Eq 20)

It follows from Eq 19 and 20 and the results of Ref 20 that,
without taking into account the surface roughness Q) and
the splat solidificationffe = 0), the presence of the solid parti-
cles in the flattening dropled{ # 0) leads to (a) an increase in
the final splat thickness and the final absolute value of
dds/dB,and (b) a decrease in the final splat rad&gsand the rate
parameterd&;/dd, in comparison with the homogeneous droplet
($1 = 0). This occurs because of the additional energy dissipa-
tion caused by the solid phase. Wiggr 0, the contributions of
the surface roughness and the splat solidification to the flatten-
ing characteristics are less pronounced than in the casepwhen
= 0. Their relative contributions depend on the specific values of
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$1, w, andy. The formulas similarto Eq 19 and 20 are also es- 4. |nfluence of Oxidation
tabliihed in the case of flattening on the smooth surface (Ref  on Splat Formation
8-10).

Use of analytical expressions, Eq 19 and 20, shows that, in  Oxidation of coatings during thermal spraying essentially in
the absence of the splat solidificatih € 0), the influence of  fluences their structure and properties (Ref 2, 32-37). Due to t
the surface roughness is equivalent to the influence of a characdifference in the expansion coefficients of metallic and oxide
teristic effective Viscositypse:tse = He(1 + 0.240aV2Rer?). pha_ses, the r_netalllc coatings containing oxide phase_s may
For the flattening at a smooth surfaae<(0) without splat-sur-  Subjected to irregular degradation during thermal cycling (Re
face friction, the influence of the splat solidification is equiva- 32). Generqlly, the coatings with ox@e; seem to be more diff
lent to the influence of a characteristic effective velotlty, of cultto machl_ne and exh'b't less duct|I|.ty inservice (Ref 35). Fo
the droplet impingement. From Ié(/qzlg and 20, Ltfollows that the glleo\évs?); rceasrlsitggé%aurglfoegzzz(:igr?zghnr?nsé I;Ipsrg;%(;rt%]tthtgr\am\i/
value ofplgisUxe = U[1 + 0.383R&’ In (0.3Rey)] ™. )

Using Eq 19 and 20, it can be shown that the liquid-solid
droplet flattening at a rough surface with splat solidification is
equivalent to the flattening at the smooth surface without splatTable 1 Comparison of the theoretical and experimental
solidification and with negligible influence of splat-surface fric- results
tion, under conditions when the velocity of droplet impingement

POMBINSY 1984

. S . . de/b
is e and the dynamic viscosity of the droplgtig Underthese  ¢yaings b, pm do,pm  Calculated Experimental
conditions Eq 19 and 20 can be written in the form: Type 1 2274 0.95 20 12.89 6.21-15.15
Type 2 2.37£0.95 38 13.07 11.45-26.76
— 12 -
{;=1.826Re;" Rey= ROl (Ea2l)  types 2.93+0.95 40 1310  10.31-20.20
£ = 0.8546¢"*Re! (Eq22) i EE R — 7
o 2-w=1 , 9=0 ,B=003,9=1 x=1
3-w=0.5 =0 ,p=0.03,y=1 x=1
For thermal spray practice it is important to know the vari- g | 4-w=05, 9=05,p=0.03,y=1 x=1
ations of the final parameters of flattening. In the case of a rough :_Sg: :g: gggg“gms

surface, the numerical analysis of Eq 19 and 20 vgre®.03
gives the curves shown in Fig. 4 and 5. The final splat thickness
decreases with an increase in the Reynolds number (Fig. 4). The
value of¢; undergoes an increase with an increadg iandow.
The final splat thickness increases wihjedecreases. Figure 5
shows that the final splat radius decreases with an incregsge in
andw. The value o&; increases whexandy increase.

Smooth surface results are in the curves shown in Fig. 6 anc

Final splat thickness Z.=b¢R
o~

7. The final value of the splat thickness decreases with a de- 0 560 10b0 ' 15b0 2000
crease irw and varies nonuniformly, attaining the minimum at Reynolds number

the small Reynolds numbers (Fig. 6). An increase;igives

rise toZs at the smalReand causes a decreaséafith the fur- Fig. 6 Variation of final splat thickness with Reynolds number for the

ther increase iRe Wheny decreases, the value@gfenhances. smooth surface. After Ref 20

Figure 7 shows that the final splat radius increases with a de-
crease imw. Anincrease iy andy leads to an increasedp The 25

value of¢; decreases when enhances. s
The effect of WC particle size on the flattening of WC-Co 3+ 20t
splats during HVOF spraying was studied experimentally in "_
(Ref 26). Four types of WC-Co powders were considered: sin- ’;" 16
tered-crushed (type 1 and 2), agglomerated (type 3), and coate .3
(type 4). E
Equation 19 is used to calculate the final vaue bRg1 of 5 10
the splat thickness when the splat solidification is considered EL
negligible (Ref 26). Assume that= 14,900 kgrﬁ3, M= 3.10° 5 °F
kg(ms)‘l, w=0.9,01 =0.3,andr = 0.5. Forpowdertype 1 con- £
siderU = 325 ms?, and for types 2 andl3= 190 m§1(Ref 26). w 0 : - : L = . .
Then, for the different values of the particle diame;g;rthe cal- 500 1000 1500 2000
culated values of the ratipb > are shown in the Table 1. It can Reynolds number
be seen that the theoretical results agree well with the experi- ¢, 7 vagiation of final splat radius with Reynolds number for the
mental data. smooth surface. After Ref 20
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these coatings will not be sufficiently wear resistant for useinin- 4.1 In-Flight Oxidation
dustrial applications (Ref 34).

In Ref 36 it was shown that oxidation directly affects hard- Due to the high temperatures of the surrounding gases during
ness and wear performance. The properties of the corrosion rethermal spraying, the powder particles are usually melted at the
sistant coatings often depend on the levels of their oxidationspray distance and the liquid phase, which appears to react with
(Ref 33). High temperature oxidation is a major concern in gasoxygen. Conditions for the coating oxidation are rather favor-
turbines today because at temperatures above approximatelwable in the case of the HVOF spraying because the combustion
870 °C, relatively rapid oxidation can occur unless there is a bar-products contain excessive oxygen (with respect to the
rier to oxygen diffusion on the surface of the component (Ref stoichiometric ratio).

36). However, many currently used high strength alloys do not  Two mass transfer processes can take place during interac-
develop sufficiently protective barriers because their chemical tion of the liquid particle with oxygen: (a) development of ox-
compositions have been optimized for high temperature ides due to chemical reactions between the surface of the liquid
strength and metallurgical stability rather than for oxidation re- phase and oxygen and (b) diffusion of oxygen in the liquid. The
sistance (Ref 36). rate of the formation of oxides can be estimated according to

Oxidation influences the different processes involved in the (Ref 38).
development of the coating. Particularly, it has a noticeable in-  The mass of an oxidation layer developrg, can be pre-
fluence upon the droplet flattening and the splat-substrate inter-sented asi = gmstox, Wheregmsis the mass flux of the oxide,
actions, which are important for the coating formation (Ref 27, S, is the surface area of the particle subjected to oxidation, and
31, 38-40). The presence of dissolved oxygen in a solidifying tox is the characteristic time of oxidation. The ratiof myy to
splat affects the splat-substrate wetting, which in turn influencesthe particle massi, = 4nRgp/3 is:
the flattening process.

The coating structure obtained as a result of the HVOF spray-Z = 3qm§0)g(p|%)_l (Eq23)
ing of the CgCo-NiCr powder onto a mild steel substrate shows
that the main oxidation of chromium and the formation gOgr Thevalue oZcan beconsidered astherelative mass of oxi-

seem to take place during the in-flight motion of the powder par- dation giving the level of oxidation. The thickness,, of the
ticles (Ref 39). According to the results presented in Ref 35, theoxidized layer,whichisequaltothedifferencebetweenthepar-
main oxidation of the coatings obtained during the HVOF spray- ticle radiusR,, and the radius of the inferior boundary ofthe
ing of aluminum takes place at the substrate surface where th@xidized regionRy,(3ox = Ry — Rox Fig. 8)canbepresented as:
coatings are exposed to an oxygen-rich boundary layer, which
envelops the surface of the substrate. o =RIL-(1- Zpp HY (Eq 24)

This section involves investigation of the effect of oxidation
on the dynamics of flattening of powder particles and the devel- . ) . .
opment of the splat-substrate interactions during thermal spray-VN€répox is the oxide density. When<<1 from Eq 24, it
ing and presents analytical formulas that permit estimation of follows that the t_hl'CkneS§0X' can be estimated by the formula
these processes during practice (Ref 40). The analytical resultdox = ZpRp(ngX) ) . .
take into account the roughness of the substrate, the splat solidi- Consider, for example, HVOF spraying of theG#NiCr
fication, wetting, splashing, and the place where oxidation oc- powder when GOz oxide is formed during the particle flight
curs during the in-flight motion of the powder particles and/or (R€f 39). To provide estimations, assume that the oxide mass

exposure of the solidifying splat to the surrounding oxygen-rich flUX; dms in this case has a value similar to that corresponding to
atmosphere at the substrate surface. the development of the FeO oxide when an iron droplet is oxi-

dized (Ref 38) andms= 3.6kg/(n7rs). The value of the charac-
teristic time of oxidationtyy, can be taken as equal to the
Layer of oxidation Particles of oxides characteristic time of the particle flight during thermal spraying,
which is approximatelay 1 ms (Ref 9, 31, 38). Takmg7500
kgm‘3, Pox =5210 kgm*, andR; = 20pum, from Eq 23 and 24, it
is found thatz = 0.072 (7.2%) andyx = 0.716pm (716 nm).
WhenRy = 10um, Z = 0.144 (14.4%) andy = 0.745um (745
nm). Itis seen that a decrease in the particle radius leads to an in-
crease in the level of oxidatios, and the thickness of the oxi-
dized layerpgy. An increase iz is more pronounced than that
in dox.
Itis convenient to introduce the volume fraction of oxidation,
. dox in the following manner. The thickness of the layer of oxi-
L°Y°r°‘)’(§,g‘i':s°lved dation,dyy, is equal to the difference between the radius of the
particle,R,, and the value oRgy (Fig. 8): 8oy = Ry —Rox. The
a b volume fraction of the oxidegy, formed in the particle is equal
Fig. 8 Development of layers of oxides and dissolved oxygen in the {0 the ratio of the VOlu.me of the the. oxi(_jized layk,, to the
powder particle during its (a) in-flight motion and (b) mixing of the ox- volume of the part'CIe'VP' Taking into account that

— 43 _ 3" 3 :
ides in the bulk volume of the particle due to turbulence of the sur- Vp = 4Ry /3 andVoy = 4T(R; — R;,)/3, then the expression for
rounding gases the value obgyis:
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5OX: %[1 - _¢OX)1/ﬁ (Eq 25) These formu_las are similar to thosg of Eq 25 and 260§g_)r o)
andd,y, respectively. The volume fraction of the oxygen diffu- %
Taking into account that the volume of oxidati®fy,, is sion, 45, decreases with an increase in the particle radius in ;U
equal to the volume of the spherical layer with the thickgss ~ similar manner as the volume fraction of oxidatipg,. When B
Vox = 4TR33,x, then the volume fraction of oxidatiopgy, can R, varies from 10 to 6Am, the value o4 changes from 30 to CSD-
be presented as: 5% if 8y = 1um and from 60 to 10% &gy = 2um. s
~ Itis seen thadgs > 8y The relative differenced, between 8

Doy = B0pRY (Eq 26) Bgr anddox (Ap = 1 —8x/dgf) determines the relative volume of

the powder particle where only diffusive (dissolved) oxygen is

It is seen that the relative volume of oxidatidgy (as the ~ contained. Inthe case of HVOF spraying ofGFNiCr powder

relative mass of oxidatior), increases with a decrease in the WhenR, = 20um, the value oA, = 28.4% wheqs = 1um, and
particle radius. If the value &, for the CgC,-NiCr powder var- Ap = 64.2% whedgr = 2um.

ies from 10 to 4Qum, the value ooy changes from 22 to 5%. Consider an influence of oxidation on the heat transfer be

Therefore, in order to decrease the in-flight oxidation, it is nec- tween the particle and the surrounding gases. This heat trans

essary to have a narrow size distribution of the powder particlesdepends on the thermal resistancBgy, of the powder particle,
with a relatively large mean value. which is equal to the sum of the thermal resistances of the ox

Diffusion of oxygen occurs in the surface layer with the dized layerR;, and that_?f the rest of the partlf:llég,(Flg. 8a):
thicknesspy, of a melted powder particle of the radiRs, In- Ror=R1+Ro, Ry =30,Aox, @ndRp = (Ry—30x)Ap", WhereAox
tensive turbulent motion of the surrounding gases can cause &NdAp are the coefficients of thermal conductivity of the oxi-
motion of the liquid phase in this layer. As a result, the coeffi- dized layer and the particle, respectively. The it Ry/R, is:
cient of diffusionDg, of oxygen in the liquid phase of the parti- — _ -1
cle increases by the value Df,, associated with the liquid M=A00d3ho1 ~0of3)] (Eq 28)
motion. Then, the thickness of the diffusive laygr,can be es-
timated using the effective coefficient of diffusion of oxygen,
De, by the formula:

The influence of the thermal resistanBg, of the oxidized
layer increases with an increase in the particle thermal condu
tivity, Ap, and the volume fraction of oxidatiopey, and a de-

& = (Detﬂ)”z D,=D,+D,, (Eq27) crease in the thermal conductivity of the developed oxigs,
Consider, for example, the HVOF spraying of theG@r

wherety is the time interval between starting of particle melting NICr powder onto a mild steel substrate when a chromium oxid
and its impingement onto the substrate. If particle solidification Cr2031s formed during the particle motion at the spray distancs
occurs at the spraying distance, then the valygeequaltothe  (Ref31, 39). Taking, = 20um, A, = 70 W/(mK), and\ox = 22

difference between the finishing time of the solidification proc- W/(MK), then from Eq 28 = 0.31 evolves. Thus, in this case
ess and the starting time of the particle melting. With a decreasdhe thermal resistandg; of the oxidized layer constitutes about

in Ry, the value oty approaches the time of the particle flight at one-third ofR; of the rest of the particle. _
the spray distance. Turbulent mixing of the liquid part of the powder particle

In the case of intensive motion of the liquid phase, the value dUring its in-flight motion destroys the surface layer of oxides
of Dy can exceed significantly the coefficient of diffusiax, and causes the oxides to be dl_strlbutgd more uniformly throug
(Ref 41). During HVOF spraying of the composite powder, par- the bqlk vplyme of the composite pgrtmle (Fig. 8b). As the ther
ticles consisting of, for example, carbides and a metallic binder, M&! diffusivity of the oxides is significantly less than that of the
the velocity of the liquid phase decreases because the carbide®€etallic (or carbide) phase, the presence of oxides in the partic
increase the effective viscosity of the liquid-solid mixture, Volume decreases the particle thermal diffusivity and, hence
which arises after melting of the binder (Ref 20). This would SIOWs down the heat exchange between the particle and the s
lead to a decrease in the valueDgf, (and, henceDy) andtoa  rounding gases. o _
decrease in the level of the oxygen diffusion in the particle in ~ Usually the reactions of oxidation are accompanied by hez

comparison with the homogeneous particle without carbides. release. This occurs in the surface layer of the particle and, d
Taking the typical values d¥, = 10°%m?s L andty = 1073 to very small thickness of this layer, most heat seems to be tra

s, from Eq 2% = 1 um, whenDyy, = O. If, for exampleD ferred outside _of the parti_cle. Some part of th_is heat may b
= 3x 10?2t then from Eq 27 itfollows tha& = 2um. Itis trangferred inside thg paruclg and would contribute to particle¢
seen that the thickness of the layer of the oxygen diffusign, ~ Melting. However, this effectis weakened because of a decrea
markedly exceeds the thickness of the layer of oxidabign, in the part!cle thermal dlffusm_ty causgd by _OX|dat|on. _
Itis possible to introduce the relative volume or the volume 1N oxides developed during particle flight at the spraying
fraction of the oxygen diffusiomgr. The thickness of the diffu-  distance play an important role in droplet flattening and splat
sive layerdgs, is equal to the difference between the radius of the Substrate interaction. Oxidation also takes place at the upper li
particle,R,, and the value . 84t = R, — Ryt (Fig. 8). The vol- y|d surface (_)f the sql|d|fy|ng splat. This oxidation is considereg
ume fraction of the diffusive layaps;, developed in the particle I the following section.
due to the diffusion of oxygen is equal to the ratio of the volume
of the d_iffusive layen/qy, to the volumesof the particlvp_. Thus, 4.2 Splat Oxidation
taking into account thaty = 4Tt(|§§ - RGr)/3, the following for-
mulas fordgs anddys are obtainedyr = Ry[1 — (1 —¢df)l/3] and During droplet flattening, the upper surface of the forming
Ogi = 36de51. splatis exposed to the surrounding oxygen-rich atmosphere, a
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this leads to oxidation of this surface during the characteristic A
time of the splat solidificationg (Fig. 9a). The process of oxida-
tion is similar to that studied previously for the in-flight oxida-
tion of the powder particle. 32 thatAsp = 0.2um. Thus, the thickness of the diffusive layer is
Consider the formation of a regular disk splat with radRls,  essentially greater than that of the oxidation layer. The relative
and thickness, as a result of flattening of the droplet with ra-  difference,Bs, betweems, andAoy (Bsp= 1 —Agy/Asp gives
dius, Ry, impinging onto the substrate surface. Using the argu- the relative volume of the splat containing dissolved oxygen.
ments similar to those given in Ref 40, itis possible to show thatFor HVOF spraying of the @E,-NiCr powder, Bs,= 65%.
the ratioH, of the mass of the oxidized layer in the splat to the Thus, the value dspis the same order of magnltude asthevalue
splat mass is determined by the formula: of By,
. Oxidation contributes to the development of splashing, and
H =045 (Pb the thickness of the splash splats formed could be the same order
of magnitude as the value of the oxidized Iaﬁg,;, In the case
of noticeable splashing when the valu&abuld be of the order
of unity, the coating would have a substantial quantity of oxides.
Formation of the coating structure and properties depends es-
sentially on the velocities of the coating cooling and solidifica-
tion which, in turn, depends on the thermal resistance of the
coating,Rsp In the case when the disk splats are developed, the
value ofRgpis the sum of the thermal resistance of the oxidized

- (Dets)llz

Takingtg = 105 andg = 4 x 10m?%s7L itis found from Eq

(Eq32)

(Eq 29)

The thickness of an oxidized layéygy, can be presented in a
form:
= PbH/P, = O ddPox (Eq 30)

Relative volume of oxidatior, is equal to the ratio of the
oxidized volumeYys in the splat to the splat volumé;, For

the disk splat with the radiug, and thicknesd, Vos = 428,y layer,Rs, and that of the rest of the splaj (Fig. 92)Rp=Rs +

andVgp= 4miR%b. Then: Ra, Rs = Aghox, andRy = (b — AspA;". The ratioX = Ry/Ry has
the form:

A=b7A, (Eq31)

X =ML -0 (Eq33)

Consider estimations of the oxidation parameters in the case
of HVOF spraying of the GE>-NiCr powder when chromlum
oxide CpOg3 is formed. TakmgS 10°3s,b=3 um Oms=

In the case, for example, of HVOF spraying of theGar
NiCr powder onto a mild steel substrate when the disk splats are
formed and = 2pm andAg, = 0.2um, it can be shown from Eq
kg/(nPs), p = 7500 kg3 andpoy = 5210 kgm®, it is obtalned 32 and 33 that = 0.035. Thus, the thermal resistance of the oxi-
from Eq 29 to 31 that = 0.016 (1.6%))ox = 0. 07L1m (70nm),  dized layer in this case does not play any significant role. The
andA = 0.023. It can be seen that under the conditions consid-situation changes when significant splashing occurs and thin
ered, the splat oxidation is less pronounced than that which takegplash splats are formed.
place during particle flight at the spraying distance. The splat initial temperature also plays an important role in
The characteristic thickness of the oxidized laggy, in the the splat oxidation. An increase in this temperature accelerates
case of the regular disk splats is approximately two orders ofthe kinetics of oxidation and increases the tigef splat solidi-
magnitude less than the splat thickness. Turbulent mixing of thefication due to an increase in the heat content of the splat. Both
splat liquid phase causes more uniform distribution of oxides in factors lead to an increase in splat oxidation.
the bulk volume of this phase (Fig. 9b), which leads to a decrease
in the thermal diffusivity of the liquid phase that slows down so-
lidification.
The diffusion of oxygen can also take place. The thickness,
Agp of the layer of diffusion can be estimated by the formula:

4.3 Influence on Droplet Flattening

First consider an agglomerate composite particle consist-
ing of small high-melting point oxides and a melted binding

Layer of oxidation

5 IR Oxides
J{ e w— A
< 7 Splat |\ ' | = —Splot— -
Substrate / / Subs’rro’re //
(A2, 77, AL IIeL /
R4
a b

Fig. 9 Formation of layers of oxides and dissolved oxygen in a splat exposed to the oxygen-rich boundary layer envelopingthadab3phixing
of the oxides in the bulk volume of the splat due to turbulence of the surrounding gases
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metallic alloy. Such particles can be formed due to in-flight oxi- the substrate-splat adhesion. A similar situation can occur whe

dation of an initial powder particle and mixing of the oxides with the main contribution to oxidation arises from splat exposure t

the melted binder. Assume that during thermal spraying this par-the surrounding oxygen-rich atmosphere. With an increase i

ticle of radiusRy, impinges normally with a velocity, onto the the splat solidification velocity, the time of solidificatidg,de-

surface of a substrate or previously deposited coating layer anccreases and the volume fraction of oxidation in the sglatan

forms a cylindrical splat of radiu®, and thickness, which become negligible with that of the oxygen dissolution. Thus, th¢

vary with time , during flattening. Assume further that the solid presence of dissolved oxygen can improve the quality of th

oxide components are significantly smaller than the splat thick- coating.

ness and that the surface roughnggsnd a liquid-solid mix-

ture _of the impinging QropIeF can pe considered as ag 4 Effect on Splat-Substrate Mechanical

quasi-homogeneous medium with a solid volume fractpgn, Interaction

Such a splat can also be formed from a powder particle, which

had a regular surface layer of oxides destroyed during the drop-  Using the method and equations given in Ref 30, the form

let impingement onto the surface of the substrate. las for the maximum pressuiéy,, developed upon droplet im-
When oxidation of the splat upper surface occurs, the oxidesPact and its radial positiomy, obtained, are similar to those

developed increase the oxide volume fractigr= §oy + 11 Of prese_nted in Ref 43. Because oxidation causes a dgcrease in

the liquid-solid mixture. Because the value gi a function of ~ €ffective value of the Reynolds numbRe,, due to an increase

time due to continuous formation of oxides in the liquid phase of in the viscosityl, the value of ,increases and the value/#?

the splat, the volume fractiofy. is also a function of timey; =

POMBINSY 1894

¢4(t). This is one of the main differences between the flattening
of oxidized particles and that of composite powder particles S 0145+ W
consisting, for example, of carbides and a metallic binder (Ref -ﬁ 17.8 ©
20). 5 1 2
An effective viscosityle, and an effective velocity of solidi- 0 3
fication,Vse are introduced in the same manner as in Ref 20. Us- 0.140 177 =
ing the equations, methods, and ideas described in Section 3 an _§ N &
in Ref 14, 15, and 20 and taking into account that the Reynolds E 17.6 ¢
numbeiRe, = 2RpUpp;1, inthermal sprayingis muchmorethan  +~ Q.135¢ %
unity (Re,>> 1), the equations for the dimensionless transient & T -
values of the splat thickneds,and radius, can be obtained. a 47.5 %~
The formulas for the final values of the splat thicknégsand N 0.130 ) ) \
radius,&, whenRe,>> 1 are similar to Eq 19 and 20, respec- ’ 0 1 2

tively.

The formulas discussed are similar to those for the flattening
parameters of the composite powder particles, butthey are more rig. 10 variation of the final values of the splat thickness and the
general and correspond to the case when the solid volume frac- splat radius with a volume fraction of oxidation. After Ref 42
tion, ¢4, can vary with time and the correction factgr< 1.

With an increase in the volume fraction of oxidation, the final
splat thickness increases and the final splat radius decrease 1.5
(Fig. 10). =

It is seen that oxidation leads to an increase in the splat thick- 5~
ness and to a decrease in the splat radius due to an increase int 2
effective viscosity of the flattening droplet and a decrease inthe wn !
velocity of solidification of the lower part of the splat. 9

The presence of dissolved oxygen causes a decrease in th =~
contact wetting angle and, therefore, an improvement of wetting i
between the substrate and the flattening droplet (Ref 43). With 0.95
an increase in the particle velocity at the spraying distance, the |0—
time of the particle flight decreases and the value of the tige, <
available for oxidation also decreases. Under such conditions,
the volume fraction of oxidatioroy, could be negligible; the
value ofBy is about unity; and the main result of interaction of
the molten particle with the surrounding oxygen could be its dif-
fusion (dissolution) into the liquid particle material. 0.85 L

If in this case in-flight oxidation of the powder particle is the 0 1 2
main contribution to the total volume fraction of oxidati¢n, ) ) )
and the value oBgpis about unity, then in the final splat, there Oxidation volume fraction

will be only dissolved oxygen that improves we'gting between  Fig 11 variation of pressure developed upon the dropletimpact with
the splat and the substrate and contributes to an improvement of a volume fraction of oxidation. After Ref 42

Oxidation volume fraction

09 r

Pressure
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decreases. Therefore, the pressure developed during impact ddplat decreases and the splat solidification runs more rapidly.
an oxidized droplet s less than that formed when oxidation is ab-The results of Ref 35 also show that an increase in the splat in-
sent. The behavior dfP is illustrated in Fig. 11 for plasma itial temperature (which gives rise to the substrate temperature)
sprayed molybdenum particles when the titnés equal to the  leads to an increase in the coating oxidation.

chagacteristic impa3ct time, = RpU_l andR, = 20um, U = 150 Plasma spraying of yttria-stabilized zirconia powder onto
ms—p = 9900 kgm®, o = 0, andP = 0. Thus, oxidation is detri-  steel and zirconia substrates demonstrated that surface splash-
mental to the substrate-coating adhesion. ing on the oxidized substrate always occured and splash splats

In-flight interaction of the powder particle with oxygen may were formed (Ref 46). This occurred in spite of the fact that the
result not only in oxidation of the particle material but also in substrate initial temperature exceeded the critical temperature
diffusion (dissolution) of oxygen in the liquid phase of the mov- when regular disk splats were usually formed (Ref 45).
ing particle. The presence of the dissolved oxygeninthe imping-  Experimental data established in Ref 47 for the parameters of
ing droplet can decrease the surface tension coeffideand  flattening and solidification of splats formed after impingement
the contact wetting angle, and this contributes to a decrease in o tin droplets onto a stainless steel substrate show that the con-

splashing and in the capillary pressure. These factors favor imact wetting angle decreases with an increase in the substrate in-
provement of splat-substrate mechanical interlocking. An im- j4ig) temperature.

portant question, which remains to be answered, is whether their - 5p, analytical expression for the maximum splat size derived

influence can overcome an effect of a decrease in the pressurg, pef 48 also shows that it increases with a decreasing contact
developed upon the dropletimpact due to oxidation that contrib- 5,416 of wetting. Finally, the results of modeling of the droplet
utes to a decrease in the mechanical interlocking between the|,ening presented in Ref 11 and 48 show the influence of wet-
splat and the substrate. . . ting between the substrate, and the flattening droplet on the
. From the results_of Ref 44 and t_he for_mulas given in Ref43, droplet spreading on the substrate surface decreases with an in-
it follows that porosity increases with an increase in the surfaceCrease in the velocity of the droplet impingement. The experi-

tegﬁ'(;mhg?]ig'c;e dng:'rgggsigono?ggﬁyggﬂt%ae%saiig gzcézzssé? mental data also show that the presence of dissolved oxygen in
o ’ ' P Y. the liquid splat causes a decrease in the contact wetting angle

exceeds markedly the capillary pressure, this factor is mlnor(Ref 49),

compared to the increase in the coating porosity. Experimental data concerning HVOF spraying of stainless
steel 316 on a mild steel substrate show that the level of oxida-
4.5 Effect on Splat-Substrate Thermal Interaction tion increases with an increase in the spraying distance; at 0.3 m
ere is 12.49% of oxides in the coating, and at 0.45 m there is
5.66% of oxides (Ref 50). This supports a view that the main
oxidation in this case occurs during the in-flight motion of the
powder particles. A similar situation takes place during plasma

Oxidation decreases the pressure developed upon the dropl
impact and the solidification velocity of the splat. Therefore,
when the initial substrate temperatufg, is less than the tran-
sition temperature,Ty,, determining the splat morphology . - .
formed at droplet impact (Ref 49)4, < Ty;), the pressure devel- sprazlng of ;tamless steelb43.1 02 a mild St?el fl;]bstratg.
oped could be not enough for the formation of of the supercool-. The coating structure obtained as a result of the HVOF spray-

ing AT, associated with this pressure in the whole central part of N9 of the CgCo-NiCr powder onto a mild steel substrate shows
the flattening droplet (Ref 43, 45). As a result, a regular disk that the formation of GO; seems to take place during the in-

splat could be developed only in the reduced area of the centrafllgnt motion of the powder particles (Ref 39). This can be attrib-
part or, if the level of oxidation is high, splashing could occur uted to an increase in the particle _re3|_dencg time (and the value
everywhere. of t) at the spray distance due to in-flight dissolution gfGar
With Tgo> Ty, the thermal supercooling that evolved was not (Ref 39). ) ) )
enough for initiating solidification in the lower part ofthe whole ~ The experimental results show that during HVOF spraying
splat. As a consequence, splashing could take place at the pef the CEC2-NiCr powder, the relative mass of chromium oxide
riphery of the flattening droplet and even in the central part. ~ in the coating is approximately 4.95% (Ref 51). Considering
Thus, oxidation is favorable for the development of splash- that oxidation occurs mainly during the in-flight motion of the
ing, and this is detrimental to the substrate-coating adhesion, afowder particles, itis possible to estimate theoretically the level
well as increasing the coating porosity. It seems that the negative?f oxidation as follows. The relative mass of oxidatiGn,is
effect of oxidation on the splat morphology and the coating equal to the ratio of the mass of the oxidized layer in the particle,
properties may be weakened by an increase in the initial tem-Mox t0 the mass of the particley, Considering thamgy =
perature of the substrate, at least for the relatively low levels of PoxVi @andmy = ppVp, thenG = BypouPpRy) " Wherep,, and
oxidation. Pox are the densities of the particle and the oxide, respectively.
It should be mentioned that the presence of dissolved oxygenFrom Ref 39 the value ¢f is equal to 0.5 ms. Taking into ac-
causes a decrease in the contact wetting angle and the coefficiergount that the presence of carbides decreases the effective coef-
of surface tension that contributes to a decrease in splashing. ficient of diffusion of oxygenDe = 107%™ Then, takin
=25um, pp = 7800 kgrﬁ3 Pox = 5200 kgrﬁ3 and using Eq 27,
the theoretical value @ is equal to 0.57 and is not far from the
experimental value @& = 0.495.
The results obtained in Ref 35 indicate that coating oxidation ~ Thus, the theoretical results agree well with the observed
decreases with an increase in the spraying distance when the intendencies of oxidation and its influence on coating forma-
fluence of the heated products of combustion on the solidifying tion. The results obtained are also in agreement with the experi-

4.6 Comparison with Experimental Data
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mental data, showing the effect of oxygen dissolved in the splatplays an important role in the heat transfer processes. For t
on wetting and with the experimental, analytical, and modeling case of splat oxidation, the thermal resistance of the oxidize
results relating to the influence of wetting on the flattening pa- layer does not play any significant role when the regular dis
rameters. splats are formed. This resistance becomes important whe
significant splashing occurs and the thin splash splats are dev¢
oped.

Flattening of the oxidized droplets impinging onto the sub-
strate surface is similar to that of composite powder particle

L ] . . with an exception that the volume fraction of oxides varies wit
ness and radius in the flattening process during thermal sprayinge ‘oxidation leads to an increase in the splat thickness anc
are established. The formulas take into account the surfacedecrease in the splat radius

roughness of the dropletimpingement, the surface-splat friction, 5. iqation decreases the pressure developed upon the drop

the splat solidification, and the loss of the droplet mass as a resu'fmpact and is detrimental to the mechanical contact between t
of splashing and rebounding of the droplet material. Realistic g pqirate and the splat. Oxidation diminishes the contact he
correlations between the final values of the splat flattening pa-( ansfer coefficient at the splat-substrate interface and the velo
rameters with the Reynolds number are obtained. ity of solidification of the splat. This leads to a decrease in th

An equivalent dynamic viscosity of the liquid phase of the ating-substrate adhesion and an increase in the coating port
splat and an equivalent velocity of the droplet impingement are ity.

introduced, which account for the influence of the surface ~ oyidation contributes to the development of splashing

roughness and the surface-splat friction, as well as the splat sqyhich has a negative influence on the coating-substrate ad
Iidifica_ltion respectively on the droplet flattening during thermal gion and increases the coating porosity. The negative effect
spraying. ) ) _ _ _ oxidation of the splat morphology and the coating properties
The splat thickness increases with an increase in the surfacgeems to be alleviated by an increase in the initial temperature
roughness and in the surface-splat friction and decreases wheghe substrate.
splat solidification takes place. The splat radius decreases with A decrease in the contact wetting angle corresponding to
an increase in the surface roughness, the surface-splat frictioni,mprovemem of wetting between the splat and the substra
and the mass loss from the droplet. Itincreases when splat soliditeads to a decrease in the splat thickness and an increase in
fication occurs. splat radius that contributes to reinforcement of the splat-suk
The approximate equations describing the time evolution of strate adhesive bonding. Influence of wetting on the flattening
the thermally sprayed splat thickness and radius during flatten-process decreases with an increase in the velocity of the drop
ing of the composite powder particles consisting of solid phaseimpingement onto the substrate surface and a decrease in
and binder are established, taking into account an increase in thgubstrate initial temperature.
particle viscosity and a decrease in the friction at the splat-sub-  The results obtained agree well with the observed process
strate interface and in the velocity of solidification of the lower of flattening of droplets and the formation of splats in therma
part of the splat. The realistic correlations between the final val- spraying, enabling better understanding of these processes a
ues of the splat thickness and splat radius and the Reynolds nunpredicting the parameters involved.
ber are obtained, taking into account the mentioned phenomena.
An effective dynamic viscosity of the splat liquid phase is intro-

duced that accounts for the solid phase influence on the flow of ) .
the solid-liquid mixture during the droplet flattening. The authors would like to thank the Generalitat de Cataluny

A decrease in the powder particle radius leads to an increasdProject SGR 97-15) and CICYT (project MAT 96-0426) for fi-
in the level of the particle in-flight oxidation and the thickness of Nancial support.
an oxidized layer. To decrease the patrticle in-flight oxidation, it
is necessary to have a narrow size distribution of the powder parReferences
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