JTTEES 8:301-314
OASM International ‘<

Flattening of Droplets and Formation of
Splats in Thermal Spraying:
A Review of Recent Work—Part 2

V.V. Sobolev and J.M. Guilemany
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This is the second part of a review article that deals with an analysis of the influence of wetting at the sub-
strate-coating interface and surface phenomena, substrate deformation, dynamics of splashing, splat-
substrate interaction and spraying at off-normal angles on droplet flattening, and the formation of splats
in thermal spraying, which affects the coating quality. The results agree well with experimental data and
improve understanding of the thermal spray processes to make them more effective.

splat formation. Special attention is given to the effect of wetting

Keywords off-normal spraying, review, splat formation, wetting on the development of porosity

behavior

1. Introduction 2.1 Influence of Wetting on Droplet Flattening

This article is the second part of a review dedicated to the ~ The formulas for splat thickness and radius in Section 2 o
droplet flattening and the splat formation in thermal spraying. It Part 1 (Ref 1) were obtained under an assumption that the ma

follows Part 1 (Ref 1) and covers the following issues that pro- part of the dropletkinetic energy is used to overcome the visco
duce a noticeable effect on the flattening process: forces at the substrate surface (Ref 2, 3) This assumption

valid when the Weber numbéte= pU Rpc 1 (wherep is the
density of the droplet) is the velocity of the droplet impinge-
* Substrate deformation ment,R, is the droplet radius, arais the surface tenS|on coef-
«  Splashing of the impinging droplets ficient), exceeds the Reynolds numise= 2R,Upu™ (wherep is
the dynamic viscosity of the droplet material). Thatis> > Re"?

. (Ref 3). This situation is typical for thermal spraying.

e Spraying at off-normal angles Wetting has an important influence on the development o
These factors are important in order to understand coating for-the contact between the lower surface of the splat and the s
mation during thermal spraying and increase quality of coatingsstrate surface (Ref 6). Thus, it affects the value of the conta
produced for different industrial applications. heat transfer coefficientic, which determines the rate of the
heat transfer from the splat to the substrate (Ref 5). Taking int

e Wetting and surface phenomena

e Splat-substrate interaction

2. Effect of Wetting and Surface
Phenomena

Itis well known that the main part of droplet kinetic energy is
transformed into the energy of viscous forces (Ref 2-4). In the
mechanics of droplet spreading, the surface forces play an im-
portant role at the end of the flattening process because they stop

the flattening and determine a characteristic time of the process
(Ref 3). Wetting between the spreading droplet and the substrate a

plays animportantrole in the droplet flattening because it affects T
not only the surface phenomena but also the contact thermal re- 777

sistance at the splat-substrate interface, which is an important SPIC”'

parameter for the development of the coating structure (Ref 5).

This section involves an analysis of the influence of wetting and

the surface effects on the parameters of droplet flattening and \ Subs’frqfe
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account that the value af increases with a decrease in the con- versely affected, and the valueo§ decreases. This leads to a
tact wetting anglet, between the substrate and the flattening decrease in the velocity of the splat solidificatidg, which de-
droplet, Fig. 1, itis possible to introduce an effective valye, pends on the value of« and can be presented in a form:
of the heat transfer coefficieat:

Ve =0T /(@) (Ea2)

O = 0.5, (1 + cox) (Eq1)
whereT is the droplet temperature agis the latent heat of fu-
In the case of ideal wetting wherr 0, itis obtained from Eq  sion of the droplet material.
1thato+ = a.. When the angleincreases and wetting worsens, Thus the solidification velocity/sx in Eq 2 decreases with
then the contact between the splat and the substrate is also a@dn increase im. To take wetting into account, it is necessary to

Nomenclature
a thermal diffusivity, /s Ror Poreradius, m
A; Parameterin Eq 6 Re Reynolds numbeRe= 2R,Up/u
b  Splat thickness, m t Time, s
B, ParameterinEq6 ty  Characteristic time of completion of flattening, s
¢ Sound velocity, m/s ti  Characteristic time of completion of flattening dug|to
c1  Specific heat, J/kgK surface roughness, s
D Splat diameter, m ) tis  Characteristic time of completion of flattening dugto
E D|men5|onles_? parameter in Eq 38 surface effects, s
F F=UexpUR,) tog Characteristic time of 90% completion of flattening, s
G Thermal gradient, Kim T  Splattemperature, °C
K Semempmc% coefficient in Eq 28, m/8K T, Melting point of droplet material, °C
P Pressure, N/ Ton Splatinitial overheating, °C
P, Average pressure, Nfm g
P, Gas pressure, N Ts Substrate temperature, °C _
P.. Impact pressure, N/n Tsb oSubstrate temperature at the splat-substrate interface,
Ps Capillary pressure, N/t c . .
q  Heatflux, W/n? Tsp Splat Fgmperature at theosplat-substrate interface| °C
gp Latent heat of fusion of the droplet material, J/kg Ty Transition temperature, °C
Q; Released heat, J U  Particle (droplet) impact velocity, s
Q. Heat spent for heating, J |U]  Absolute value obt), m/s
r  Radial coordinate, m Un Normal component df, m/s
re Critical radius of embryo of crystallization, m V¢ Cooling velocity, K/s
R  Splatradius, m Vs Solidification velocity, m/s
R. Contact thermal resistancekiw We Weber numbeiVe= pUszlo
Rp Particle radius, cavity radius, m Y  Dimensionless parametéf= P/Pin,
Greek Symbols

o  Dimensionless parameter:= ¢/l l Substrate curvature, th
3 Dimensionless paramet@=\VJU i Droplet dynamic viscosity, Ns/m
y y=exp((0.9) ¢  Dimensionless splat radius= R/Rp
y1 Empirical coefficient p  Dropletdensity, kg/rT’\
d  Thickness of splat lower part, m o Coefficient of surface tension, N/m
AP Increment of pressure, Nfm T Wetting angle, (degree)
AT Supercooling, °C v  Specific heat ratio
ATy Thermal super-cooling, °C ¢  Spraying angle, (degree)
AT, Super-cooling developed by pressure, °C X D?mens?onless parameter of droplet mass loss
€ Roughness size, m Y1 Dimensionless parameter
{ Dimensionless splat thickne€s= b/Rp and pressure Yo Dimensionless parameter

ratio:{ = Py/Ppm Y3 Dimensionless parameter
n n=rR Yo Function ofp in Eq 31, 32
6  Dimensionless timed = U R}t

Subscripts

c  Critical o Initial
e Effective p Particle
f Final *  Characteristic
m  Maximum
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substitute the value &K in the formula for the final values of the  that have a prime influence on this process. Wetting is amo
splat thicknesss = b/Ry, and radiusés = R/R, by the value of these factors. Consider flattening of the droplet on the roug
Vs« from Eq 2. Thus, an increase in the contact wetting angle substrate when there is a good=(<90°) and poort(= > 90°)
causes an increase in the splat thickness and a decrease in tivetting between the liquid splat and the substrate (Fig. 3). Inth
splat radius. It also follows that the influence of wetting on the case a gas cavity is formed between the “teeth” of the surfad
flattening process decreases with an increase in the veldgity, profile and the liquid splat. Whare <90° (Fig. 3a), consider an
of the droplet impingement onto the substrate surface, whichequilibrium condition where the sum of the pressure develope
leads to a decrease in the paraméter VS*U . At the same in the flattening spla®, and the capillary pressui;, is equal
time, an increase in the substrate initial temperalgggives to the gas pressury, inside the cavity (Ref 11-15):
rise to the solidification velocity/s+, and contributes to an in-
crease in the effect of wetting on the droplet flattening. Thus, anP +P; =P, P;=20cost/R P = PQO(RO/R)a’ (Eq5)
increase imMgygives rise to an effect that is similar to a decrease
in the contact wetting angle.

The final values of the dimensionless splat thicknéss,
b/R,, and radiusgs = RIR, (whereb andR are the splat thickness
and radius, respectively), have a form:

POMBINSY 1984

whereR, andR are the initial and current values of the cavity ra-
dius,Py,is an initial value of the gas pressure, ansl the spe-

cific heat ratio. Consider for simplicity an isothermal case whe
v = 1. Then from Eq 5 the cubic equation for the cavity radius
¢ = 1.826Re V71 + 0.126 R§Y?— 0.6, Re*? In (0.3Re)] R, is transformed to:

o =eR, (Eq3) "Teeth" of roughness
& = 0.854Y2Re”*[1 - 0.066 R§Y2+ 0.3, Ré“?In (0.3Ré)]
(Eq4) Gas cavity

/-—T/‘\

wheree is the height of the roughness “teeth” on the substrate % / 77
surface. Figure 2 shows that an increase in the contact wetting W///% Splat
angle leads to an increase in the final splat thickness and to a de-

crease in the final splat radius.

The splat can contain dissolved oxygen due to diffusion in
the liquid phase of the droplet and the splat during thermal

spraying (Ref 7). The presence of dissolved oxygen is established \ N
to cause a decrease in the contact wetting angle and an improve- ‘
ment of wetting between the substrate and the liquid splat (Ref 8). \\\\
2.2 Infl f Wetti he D I f SUbS*rc”
. nriuence o etting on the Development o
Porosity \\\\\

Gas and shrinkage porosity are often formed in thermally (a)
sprayed coatings (Ref 9-12). The most important is gas porosity,
which is usually detrimental to coating properties. To decrease " "
porosity it is necessary to improve understanding of the factors Teeth" of roughness

Ta Gas cavity
) 126 o
n =4 ' S
; WGl %
£ 62} 1119 ¥ O N
© < NN
< E \\ 28\
% ° \\
n 4.8 : ' 11.2
0 30 60 90 i” b\siri"\e\
Wetting angle, degree (b) N
Fig. 2 Variation of the final values of the splat thickness and the splat
radius with a wetting angle (Ref 6) Fig. 3 Influence of wetting on formation of pores in splat
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R=2B°R [1-2A¥%(81B,)] A, =20 cost/(PR) @, = 0.45In (0.3Re/In (0.144 e (Eq9)

B, = pgo/p (Eq 6) Consider, for example, plasma spraying of molybdenum
powder particles wheR, = 20 um, p = 9900 kng, U =150
ms? o= 1Nm™ p =0.003 kg (ms), andy = 0.8, therRe=
30,000We= 4455, and); = 0.62. Thus, the characteristic time,
to.g is markedly less than the valuetofThe flattening process

In the case of poor wetting wherr >90° (Fig. 3b), the for-
mula for the cavity radius is similar to Eq 6. From Eq 6 it is seen

that the. caill_itt_]y radil.Jts dedqregses .W.ith an in;reagea'glfx:l a de- may be hindered by the surface roughness (Ref 14). Using the
crease IIt. ' ne cavily racius Is minimum wher= ©. Aller so- results obtained in Ref 14 and 17, it can be shown that the finish-

lidification this cavity is transformed into a pore. Because the ; . ;
- e ing time, tg, for the splat flattening due to the surface roughness
velocity of the splat solidification is much greater than the veloc- . g fr P g g

ity of diffusion of the dissolved gases from the liquid splat to the

cavity, the value aR can be considered as the pore radius, which t, = 2.5 HUn[(1 + 10 Y3/3] (Eq 10)
is developed after solidification. Thus, under the same spray

conditions the splat porosity increases with an increase in thernhe ratio s, of the timets, totg gcan be written:

contact wetting angle, that is, when wetting between the splat ’

and substrate is poor. W, =2.22In[(1 +167Y3/3]In (0.3R§ (Eq 11)

. WhenRe= 30,000 andx = 0.1, theny, = 0.85. Therefore,
2.3 Effect of the Surface Phenomena on Flattening due to dissipation of the droplet kinetic energy caused by the

The main part of the droplet kinetic energy is dissipated upon roughness, the flattening process was completed earlier than in
impact and transformed into the energy of the viscous forcesthe case where the royghness was abs?“t- In the_ presence of
(Ref 2-4, 13). The surface processes start to play a role when thgoughness, the splat thickness increases in comparison with the

droplet kinetic energy essentially decreases. This occurs at th&@S€ wher =0 and, hence, the capillary pressu?g, de-
final stage of flattening. The influence of the surface phenomenat"eases and the surface effects start to break the flattening proc-
on the droplet flattening was studied in Ref 3, 4. ess later. The time for the flattening to finigg,in this case is:

In Ref 4, an analytical correlation between the final value of t= 2.5t (0.144Wex 2+ 0.016WE V3 (Eq 12)
the dimensionless splat radis, and the Weber numbeadfe s
and the Reynolds numbd®e was established. In the special
case of very high Reynolds numbers the variatiod;aofas
shown to be dependent only on the Weber numBer
(We'3)Y2 provided thawe= > 100. These values @ecorre-
spond to thermal spray applications.

Modeling of the droplet flattening undertaken in Ref 3 shows
that the surface tension has no practical influence in the earlyt; =t(1 + 1.2pwWet (Eq 13)
stages of the process. Later, when the surface tension forces
overcome those of inertia, a liquid film breakup in the spreading  whena = 0 andB = 0, the final values of the dimensionless

process occur. The breakup will occur later with an increase ingplat thicknesss, and the splat radiu;, can be written as:
the droplet impact velocity.

Thus, the surface forces arrest the flattening process. It isl;=6-9%"2 We (Eq 14)
worth estimating the characteristic time of this event. The pres-
sure,P, developed upon the droplet impact promotes spreading
of the liquid on the substrate surface. Flattening stops When & = 0.43%"4We"? (Eq 15)
becomes equal to the capillary pressui®g,= 20 cos L
which hinders the spreading process (Ref 6). It is importantto  The splat radius is seen to increase with decreasing surface
know the timet;, of finishing the droplet flattening. AssumiRg tension. This agrees with the modeling results presented in Ref

Solidification of the lower part of the splat during flattening
leads to a decrease in the splat thickness (Ref 17, 18) and to an
increase ifPg;. Thus, the time of finishing of the flattening proc-
essfy, decreases. For a smooth surfagaan be shown to have
aform:

=Pg, 0 =0, and3 = 0, (Ref 6): 3. The formula from Eq 15 fdj; is slightly different from that
. found by others (e.c& = 0.577We"2in Ref 4). For example, in
t=25a1In(0.144Y?We a= UR, (Eq7) the case of the plasma spraying of molybdenum powder parti-

cles with the previously mentioned spray parameters, it is ob-

Itis interesting to compare this time with the tifgg, which ~ t@ined from Eq 14 and 15 that= 0.03um andRy = 554pm.
is the time required to reach 90% completion of flattening. The  Itmustbe takeninto account that even if the substrate surface
analytical expression fdg,gis obtained in Ref 13 and 14 under 1S considered to be smooth its roughness can be approximately
an assumption that the major part of the droplet kinetic energy is0-1 {0 Ium, which exceeds the estimated value of the final splat
dissipated during flattening due to the viscous effects. ViReen thicknesspy. As a result the flattening process becomes unsta-

> > 1, from Ref 13, 16, it is found that ble, splashing occurs, the splat loses its regular shape, and
splash-shaped splats are formed. Splashing can be avoided by
tyo= 11251 In (0.3R9 (Eq8) increasing the substrate initial temperature (Ref 19, 20). But this
refers mainly to the substrate surface with a very small rough-
The ratio 1, of the timeig g tots is: ness.
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pending on the Reynolds number (when the viscous effects playthis time with the timég g which is defined as a time required
the major role), must be used (Ref 2, 16, 17, 21, 22). The sameo reach 90% completion of flattening (Eq 8). The rgkmf 6;
applies to Eq 12 and 13, which estimate the valuég afdty. to 60,?has the following formiz = 8;/6g 9= 0.444 [ Reln (0.3
The flattening process is believed to be finished before influ- R§]™.

ences due to roughness and solidification on the surface effects Parametet; decreases with increasingndRe Consider,
take effect. for example, plasma spraying of molybdenum powder particle

Thus, it seems that in practice the formulas in Eq 14 and 15cal variations of and& with increasing are shown in Fig. 5 B
describing variations of the final splat thickness and the final and 6 for the different values of %
splat radius with the Weber number when the surface effects Next the time of finishing of the flattening process when o
dominate (as well as the similar formula found by others) (Ref 3, 0 will be established. This process finishes wt&d6 = 0 and §
4), cannot be used to estimate the valuds andRs in thermal d&/de = 0. From the results of Ref 23 it follows that this occur %.
spraying. For these purposes, the equationgifandR, de- at the timeB = 6::6; = 0.5 ( R&™L. It is interesting to compare s

[0)
Q

3. Influence of Substrate Deformation 1

-1
P

bR

-6
Assume that droplet impact causes the substrate to have cur t=510

vature,1, and the substrate becomes concave (positive curva- It (=207
ture) or convex (negative curvature) in the direction of the -
droplet impingement (Fig. 4). Assume that the curvature is posi-
tive. Then the following equations describing the droplet flat-
tening characteristics for the typical thermal spray situation
whenRe> > 1 are obtained (Ref 23).

o
(o o]
T

=0
Z=y1+0.8 Re6d)Y2 y=exp (040) (Eq 16)

Splat thickness ¢

£ = 1.155y)Y41 + 0.8 Re®?) V4 (Eq 17) 0.6 .
0 05 1

Wheni = 0 from Eq 16 and 17, the formula established in Ref 17 Time 8

comes. When the curvature is negative, the corresponding terms

in Eq 16 and 17 change the signs. It can be seen that the substrat&ig. 5 _Influence of substrate deformation on variation of splat thick-
negative curvatura € 0) leads to a decrease in the splat thick- Ness with time (Ref 23)

ness and an increase in the splat radius in comparison with the
case of a flat substrate£ 0). Positive curvature & 0) contrib-

utes to an increase in the splat thickness and to a decrease in tt
splat radius during flattening. Thus, the influence of the positive
substrate curvature is similar to that of the substrate roughness 1.2r
which hinders droplet spreading in flattening (Ref 14, 21). Typi-

-1

P

RR

Direction
of spraying

Y

Axis of
symmetry

2R b
NS\,

Splat radius &

Substrate
\ 1 1
0 0.5 1
z l Time 8
Fig. 6 Influence of substrate deformation on variation of splat radius
Fig. 4 Substrate deformation during splat formation with time (Ref 23)
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whenRe= 30,000 R, = 20um andU = 150 msY andi = 0.1 diameter are the main factors governing the development of the

m™L Thenys = 0.81. Hence, in this case the valudpis ap- pressure. The pressure increases with an increase of these pa-

proximately 20% less than the tirfbgg rameters and after the impact increases up to 400 to 600 MPa. At
The time 4, of finishing of the flattening process due to the the early stage of the droplet spreading, the viscous force is neg-

substrate roughness is given by Eq 10. WRen 30,000 and ligible in comparison with the inertial force, and the viscosity of

= 0.1, the ratial, = t;/t; is equal to 0.58. Thus, the substrate the droplet material is shown to have no significant effect on the
roughness may hinder flattening more intensively than the posi-pressure generation.
tive curvature of the substrate. This tendency is not so pro- For engineering practice it is necessary to have simple for-
nounced when solidification of the lower part of the splat occurs mulas to estimate the generation of high pressure. Although
during flattening because the solidification process can bethese formulas are approximate they reflect all the main features
shown to increase the valuetf. of the process and allow understanding of the formation of the
Experimental analyses of effects of the substrate nature orsubstrate-coating microadhesion and coating porosity. Such
the droplet flattening were presented in Ref 24 and 25. The ex-analytical formulas agree well with the experimental data (Ref
periments undertaken in Ref 26 with different substrate materi-22). The main analytical results are given in the following para-
als (glass, steel, and copper) showed that the Young’s modulugraphs.
of the substrate influenced the flattening process of the imping-  In the center of the droplet the impact pressig, is deter-
ing droplets. The splat diameter was reported to increase with arinined by the compressibility effects and can be presented as
increase in the substrate Young’s modulus; that is, with a transi{Ref 31):
tion from glass to steel and further to copper. In Ref 25 a similar _, _
tendency was observed with the glass substrate and the molybl?im = 0.5,pcV (Eq18)
denum substrate. This occurred due to a decrease in the elastic ) o o
response of the substrate, which was accompanied by a corré¥nerecis the sound velocity in the impinging droplet. The value
sponding decrease in the droplet energy dissipated into the sup?f the coefficienty;, in general can be found empirically. At
strate during the impact and an increase in the energy availabl¥®"y high impact velocities corresponding to thermal spraying
for the flattening process (Ref 24). the coefficienty;, can be take_n as unity (Ref 22, 3_1)._ _
An increase in the Young’s modulus of the substrate leadsto N the central part of the impinging droplet within the dis-
adecrease in the substrate curvature (Ref 26) and this, accordingNcer = mfrom its center of approximately O, the mean
to Eq 17 results in an increase of the splat diameter. In Ref 24 andf@lue of the pressur®, with respect to the droplet height can
25 there are not enough data to provide a quantitative compariPe Presented as:
son between the theoretical and experimental results. But it is, _ 2 -3 1 21
possible to conclude that the results obtained agree with the ex-Pa_ Po~ MFDT 73+ UR; PFDT s (Eq 19)
perimentally observed tendencies of the splat flattening on dif-

ferent substrates. whereF = U exp( URglt). From Eq 19 it follows that at=r,
P5has the valu®;
. - +12
4. Splat-Substrate Mechanical fm=24%, Re (Eq20)
Interaction
Generation of high pressure at the impact zone during dropletP,, = P, + AP (Eq 21)

flattening is an important factor for the development of the sub-
strate-coating microadhesion (Ref 9, 20, 25) as well as the coatwhere in Eq 2(Re= ngupu—l_ In Eq 21AP = O.OQ)UszRp‘Z
ing porosity (Ref9, 10-12). Experimental data show that molten Re'/2 From Eq 19 and 21 it follows that an increase in the droplet
liguid impacting onto glass substrates produce small (5 to 10velocity, U, and densityp, leads to a decreaserip and an in-
um) pits (Ref 27). This clearly indicates that the pressure gener-crease irP,, Therefore, an increase in the kinetic energy of the
ated upon impact has an essential influence on the splat-subdroplet causes an increase in the pressure impulse generated
strate mechanical interaction in thermal spraying. The processupon impact and makes it closer to the splat center. Thus, the
of pressure generation was studied numerically in Ref 28 and 2%ressure variation becomes sharper.
and analytically in Ref 6, 7, 22, and 30. The flow viscosity during the droplet impact and flattening
The numerical solution of the complete Navier-Stokes equa- can be increased effectively due to factors such as cavitation de-
tions based on the modified SOLA-VOF method obtained in Ref veloped during flattening (Ref 31), the roughness of the sub-
29 shows that right after the impact, pressure at the regions closstrate surface (Ref 14), and the rheological properties of the
to the substrate increases to a very high value (150 MPa). Thigiroplet material in the thermal interval of solidification. Viscos-
pressure decreases in the direction of the free surface of théty increases effectively when cavitation occurs due to addi-
droplet. As the droplet spreads on the substrate, the pressure déenal radiative and thermal losses of energy caused by gas
creases very quickly, and in less thamslthe pressure all over  bubbles (Ref 32, 33). The flow viscosity also increases effec-
the splat reduces close to the ambient pressure. Very high presively when the droplet flattening occurs at a rough surface due
sure lasts approximately Q.. to additional deceleration of the flow (Ref 14). Rheological be-
Analysis undertaken in Ref 28 by means of numerical solu- havior of the droplet material manifests in an increase of the
tion of the full Navier-Stokes equations indicates that the mate-flow viscosity due to the processes of relaxation and retardation
rial density, the particle impact velocity, and the particle of the flow motion (Ref 34, 35). An increasqugives rise to an
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increase in the dissipation of the droplet energy and hence to &g, which arises at the substrate-coating interface due to thys]
decrease iRy, and an increase i, roughness (Fig. 7). Capillary pressure can be estimateg=as %

Under the thermal spray conditioRsis very high Re= 10* 40¢7L, whereo is the surface tension coefficient. An important |
to 10°) (Ref 4, 9). For example, wh&e= 30,000, it can be ob-  parameter is the rati@, of the dynamic pressur@,, to the cap- @
tained from Eq 20 that, = 0.01R,,. Thusry, has the order of 10 illary pressurd®;:{ = Py/Pp, %.
m and does not exceequin. Thus, the value af,, corresponds From Eq 23 it follows that the substrate-coating microadhef =
approximately to the lower limit of the interval ofvhere the sion increases with an increase in the density and velocity of t g

formulain Eq 19 foP,is valid. Hence the radial variation of the impinging droplet and the roughness of the substrate surfac
pressure according to Eq 19 can be considered starting from Microadhesion decreases with an increase in the droplet ma
M loss upon impact and the surface tension at the substrate-drop

For thermal spraying it is important to know the final values interface. Substrate-coating microadhesion is maximum in th
of the droplet pressuretat t; when the flattening can be consid-  central part of the splat and diminishes in the direction of its pe
ered to be complete. Wh&e> > 1, the value of is obtained riphery. These tendencies correspond to those found experime

(Ref 1, 16). The maximum increase in pressure is (Ref 22): tally during thermal spraying (Ref 25).
20.1/3 1261/ 9 Thus, good substrate-coating microadhesion can be expect
AP = 0.1pU?ReF1 + 0.24x2Re?- 1.3@ Re?In (0.3R¢] when{ =1 or whenr < rg =nR wherene is such value ofy,

(Eq 22) which corresponds = 1. This means that the pressure devel
oped during the droplet impact exceeds the capillary pressu

This formula shows that the maximum pressure increases WithuntiI rre
P Figure 8 illustrates the behavior&for plasma sprayed mo-

an increase in the surface roughness and decreases with an "Ilibdenum particles wheRe= 20,000U = 150 ms?, p = 9900
crease in the solidification velocity in the lower part of the splat. kgm‘3 o =25 NnTt x=1 anda: _ O’2um The ra{diusr of
. y - . y - y - . . e
Thgva}ue gﬂp lls e;llso en_hanced by the Eeyn?lds nt:)mbg; the zone of good adhesion increases with an increase in the s
uring droplet flattening on a smooth surface<(0) wit strate roughness and decreases with an increase in the solidifi¢

very small influence of the solidification procefs<0) P, = tion velocity in the lower part of the splat
Po + 0.13pU? RE”3 It is worth comparing this maximum pres- y P piat.

sure with the impact pressuPg, (Ref 31). The ratity = Py/Pim

can be written a¥ = 0.22Jc *Re"’3 Under the typical parame-
ters corresponding, for example, to the plasma spraying of me-
tallic powders whetJ = 150 ms%, Re= 30,000, and = 3000
ms Y = 0.34. Thus, the pressure distribution upon impact can
be presented as follows. In the very center of the droplet this
pressure is maximum and equalRg, Within the distance of

approximately 0.Jum the pressure decreases almost to 1/2 the
value ofP, and then decreases according to the formula in Eq ﬂ[//% /Splat/
19. Assuming =nR(n < 1) the following approximate formula
for the pressurB,is obtained: FA
“N\Substrate
P=P.+ 0'483U2r|—1x—1/2 Re—5/1ql + 0.3]1/2Ré'/2 \\\ “ \
0
: N RN

— 1. BRI (0.3R8) (Eq 23)

1__1

Fig. 7 Final stage of droplet impingement onto a substrate surface

When the surface is smooth € 0) and splat solidifica-
tion is negligible B = 0), it is obtained from Eq 23 thBf =
Po + 0.49UN X2 Re®12 The formula in Eq 23 is valid
whenr =nR>>r,=nR orn >>n. From Eq 23 =2.45 sN=Te
Re‘llZRpR‘l. When, for exampléke= 30,000 and the flattening a=0.02,p=0
degreeRR;1 =5, nc = 0.003. Therefore, the formula in Eq 23

w

can be used to estimate the splat pressure everywhere with an e, 20 2=0.01,p=0
ception of the central part of the splat wherg approximately ° x=0.01, B =0.001
0.1pm. In the latter region the formulas in Eq 18 and 21 mustbe %

o

used.
One of the main applications of the information of pressure L e
distribution during droplet flattening is concerned with the pos-
sibility of predicting substrate-coating microadhesion. Usually
the substrate surface is rough and even; even if it is considerec

smooth, some small roughness always exists. To have goodad ¢ . . L S R ! )
hesion it is necessary to put the surfaces of the substrate and tr 01 0.3 0.5 0.7 0.9 1
coating into close contact. This can be done at the very high Parameter n

pressure developed during the droplet flattening. To obtain such Fig g variation of ratioZ along the droplet-substrate interface (Ref
close contact this pressure must exceed the capillary pressure,22)
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The experimental data concerning plasma spraying of mo-radius R, is in a certain interval of values depending of the spac-
lybdenum powder particles onto glass and molybdenum sub-ing of roughness (Ref 36). This article follows Ref 20 and 41 to
strates show that only the central part of the molybdenum splatgive the main results of an analysis of the mechanisms of the de-
adheres to the substrate surface. This part represents less tharlopment of splashing during thermal spraying.

10% of the initial particle volume (Ref 25).

According to the equation of droplet mass conservation dur-
ing flattening (Ref 1), whe¥( = 0, in this case, = 0.3Randne 5.1 Splashing on a Smooth Surface
= 0.3. Intersections of the lide= 1 with the curvesin Fig. 8 give
N =ne Itis seen thay < 0.3, and this agrees well with the ex- The splashing observed on a smooth substrate surface can be
perimental results presented in Ref 23. explained as follows: High pressure developed upon the droplet

The influence of the substrate deformation on the splat-sub-impact contributes to establishing close contact between the
strate mechanical interaction is analyzed in Ref 23. The concavesubstrate and the central part of the splat where r«. This
form of the substrate is shown to cause an increasgand a  pressure causes an increase in the melting ggirdgf the liquid
decrease iR, Thus, an increase in the positive substrate curva- phase of the droplet and development of a supercoaliggn
ture leads to a decrease in pressure generated upon the droplaeldition to a thermal supercooliagh created by cooling due to
impact and to a more uniform distribution of this pressure. Suchthe heat removal from the splat (Ref 37, 38).

a situation occurs because in this case some part of the kinetic The contact thermal resistané®, at the substrate-splat in-
energy of the impinging droplet is used for deformation of the terface slows down heat transfer from the splat to the substrate
substrate and the rest of the kinetic energy, which contributes tcand, hence, a cooling velocity;, of the liquid splat. As a result
the development of pressure decreases. under a low initial temperatur@,,, of the substrate, the super-

From the results obtained in Ref 23 it follows that an increase coolingAT}, could be insufficient for crystallization of the splat
in the positive substrate curvature gives rise to a decrease in th&éo occur, and the main contribution to the total supercooling
value ofr. and, hence, to a decrease in the central area of thevould beAT,, In this case the splat crystallization will occur in
splat where good adhesion between the coating and the substratbe region of the best contact between the splat and the substrate
and poor coating porosity can be observed. wherer = < r«. Due to this, the form of the central part of the

The previously mentioned results can be also applied to thesplat will be kept regular (disk-shaped). Splashing will occur
situation when the impinging droplets are not deposited onto thewhen r =>r« and splash-shaped (finger-shaped) splats will
substrate surface but onto already deposited coating layers. ~ form (Ref 36).

An increase in the initial temperature of the substriig,

leads to a decrease in the contact thermal resist@n@eg., due
5. Dynamics of Splashing to decomposition of impurities at the interface), and to an in-
) ) ) crease in the heat removal from the splat (Ref 25). Then the

Splashing plays a key role in the splat formation (Ref 19, 24, \qjye ofaT,, increases. WheTi, attains the transition (critical)
36). Splat-substrgte interaction and sql!dlflqatlon of the Iowgr value,Ty;, the supercooling achieves its critical val\is. This
part of the splat is reported to be a critical issue for splashingy|iows solidification of the whole splat to occur. This leads to an
(Ref 19, 20, 3_7'40)' increase in the splat radiug, and formation of regular disk-

The. experimental results show that on a smooth surfaceshaped splats (Ref 19, 42). Note &} is important mostly in
splashing occurs at low substrate temperatiieand does not  {he central part of the splat where high pressure is developed and
occur at higher temperatures. A transition substrate temperaturepacomes less important at the periphery of the splat when the

Ty, iIs shown to exist for different substrate materials (Ref 19, 41, pressure decreases (Ref 22). Supercoeﬂif]g;an be estimated
42). This temperature defines the thermal interval of splashingys (Ref 15):

in such a way that splashing occurs when an initial temperature

of the substratél, is lower tharTy.. Splashing is absent when ATp = TkP(pqp)‘1 (Eq 24)
Tso= >Ty (Fig. 9). Splashing occurs more easily on a rough sur-

face of the substrate (Ref 2, 36). It does not occur when the Spla%hereTk is the melting point of the droplet material.

Pressure developed in the central part of the splat can be pre-
Tso > T}p sented in a form of Eq 22 (Ref 22). For example, in the case of
plasma spraying of zirconia with the same parameters as pre-
viously mentioned, it is obtained from Eq 22 tRat 3.18m0°
Nm‘zandATp =229 °C forR, = 15um, 0 = 0.5 NnTL ande =
0.05um. The value ofAT, is even higher as the pressure in-
crease3y. Supercoolind\T; is developed due to removal of the
heat from the splat to the substrate with the heat ¢juwhich
can be estimated as folloves= d¢ (Tsp— Tsp, WhereTspandTsy
are the temperatures of the splat and the substrate respectively at
the interface, and. is the contact heat transfer coefficient at the
substrate-splat interfa¢e, = R;%). Taking into account thak,
=Ty + ATohandATy = T — T, whereATgpis an initial overheat-
Fig. 9 Scheme of formation of splats on a smooth substrate surface 1Ng Of the splat and'is a current temperature of the splat, the
with splashing Tso< Ttr) and without splashinglge> Tir) equation for the supercoolidg is:
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o o - 5.2 Splashing on a Rough Surface
Beginning the process of crystallization of the splat it is nec-
essary to achieve embryos of crystallization with a critical size, ~ Splashing on a rough surface depends on surface morphc
r., Which are formed due to supercooling. During the growth of 0gy, particularly on the average peak spacgd valley of
a spherical embryo the following hea®;, is released:  roughness on the substrate surface must be sufficiently wide
Q.= 4Ttr§qpp/3- allow the splat to be flattened to its final diameler 2R, or it
Itis considered that the density of the liquid phase of the splatWill spill over the roughness peak into the next valley to for
is equal to that of the solid phase. Du&igthe heating of the  splashes (Ref 36). Therefore, the final diameter of the splat mu
spherical layery < r < r; around the embryo takes place from a be less than the spacirgbetween the peaks. If the valueDof
current temperaturd, to a temperaturdy;, which should not s much smaller thas, the impinging small droplets will strike
exceedT,. The following heatQ,, is spent for this heating:  the side of the valley and then run downhill to form splashes. EX
Q, = 41(r3 - rd)pc, 5T/ 3 wheredT =T, — T andc; is the spe- periments show that to minimize splashing the splat diamete
cific heat of the splat material. From the balance equ&ion must be in the interval betweeand 0.25 s (Ref 36): 0.25 <%
Qy, rﬁqp = ¢,8T(r3 - r{) is obtained. The value & can be pre- < s. Splashing occurs whéhis outside this range. When itis in-
sented adT = AT — AT, whereA 1T = Ty — T; andA; T charac- side, the kinetics of splashing are similar to that for the smoot
terizes approaching the temperat@iféo Ty, that is, decreasing ~ surface.
of the supercooling due to release of the latent heat of fusion.
Then, A;T = AT - gyri [c4(r5 - r)] % To haveA T =>0 it is
necessary for the supercoolifi@ to exceed some critical value
AT, This value is obtained whénT = 0: Consider plasma spraying of zirconia powder particles
_ 33 a1 From Ref 42 it follows that in this case the critical cooling veloc-
AT, = qggle,(ryn” - 1) (Eq 27) ity, Veo is equal to 5.48 10°PKs™. TakingAT, = 201 °C (as was
found previously) and estimatir@ which is equal to 10Km™
For example, in the case of plasma spraying of zircggia, ~ (Ref42), itis obtained from Eq 28 that 1.36x 10°m(Ksy ™
0.71010P Jkgt andc; = 604 J (kgK)* (Ref 39). Taking'; = PuttingVe = Vep = 1.4x 168 Ks™, it is obtained frogn Eq 29 that
1.9ry, from Eq 27 AT, = 201 °C. Thus, when the supercooling AT =101 °C <AT.. When V¢ =V¢p=6x 1% Ks™, it is ob-
AT in the splat liquid phase attains the valuA®{, the splatso-  tained from Eq 29 thT = 210 °C >AT.. The cooling velocity,
lidification starts in the lower part of the splat, extends in the di- Vc1 corresponds tds,= 348 K, and the value dfc, corre-

rection of the upper surface of the splat, and influences SPonds tols,= 573 K (Ref 42). Therefore, the transition sub-
splashing. strate temperature must correspond Tig =T, which is

The time for establishing supercooling is about the charac-
teristic time tg, of the heat diffusion in the lower part of the splat

with a thickness, that isty = 8%a~%, wherea is the thermal dif- 05F
fusivity of the splat material. The valuetgimust be compared
with the characteristic impact tintg, = RpU‘l. The ratioQ; of

> > il €=01um,0=0.5Nm"

tqtotimis Q1 =3°U (aRy) ™.

In the case of plasma sprabyinzg of zirconia coatings with a
thicknessb, whena=6.7x 10°m’s™, a = 0, B=0, andd =
0.2b, from Ref 14 and 11 = 0.8um andQ, = 0.5. Thus, criti-
cal supercooling is established during the droplet impact, and
solidification influences splashing and droplet flattening. Under
high supercooling crystal growth occurs according to the rela-
tion between the critical velocity of solidificatiow,., and the
critical supercoolind\T.. From Ref 40/, = K(ATp)“, whereK

AT, =Ty +qat-AT, - T (Eq 25) the critical cooling velocity is known. Supercooling can also be
ho sbo e © presented as: =

w

Total supercooling T is equal to the sum &T, andATy: AT = VJ(GK)jY2 (Eq29) @
S.

AT = AT, +AT, (Eq 26) %
®

Q

5.3 Comparison with the Experimental Data

—

0.4

£=0.05um,0=0.5 N’

©
w
T

PARAMETER 1.=r./R

is the empirical coefficient. Taking into account that a cooling 0.2t

velocity in the splat can be presente¥as VG, whereG is the ‘

thermal gradient, the following equation for the critical cooling €=0.05um,0=0.75 Nm"!

velocity, V,, is:
- 2 0.1 — -

Voo™ GKAT) (Eq28) 10 15 20 225
Thus, the critical supercooling in the splat is achieved when PARTICLE RADIUS, pm

V¢ = Ve, and solidification of the splat takes plac¥df= = Ve Fig. 10 Variation of parameteye with respect to particle radius

Using Eq 28 it is also possible to estimate the valdggivhen (Ref41)
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between 348 and 573 K. It follows from Ref 42 that the value of the flattening of droplets during thermal spraying at normal an-

Ty = 523 K. gles (Ref2, 17), However, quantitative information about the in-
The substrates in Ref 42 exhibit a low roughness. With the fluence of thermal spraying at off-normal angles on droplet

“cold” substrate Tso= <Ty), as shown in Fig. 10, the central flattening and droplet-substrate mechanical interaction is neces-

disk-shaped part of the splat can be considered to have a radiusary. This information includes formulas describing the time

in the interval 0.16 to 0.5R. With the “hot” substrateTg,= > evolution of the splat thickness, splat radiusR, rate charac-

Ty), no splashing occurs, and the valueRafan be estimated  teristics,db/dt, dR/dt, and pressure?, developed and the de-

from Part | (Ref 1) of this review. With= 0.05um and the pa-  pendence of the final values of these parameters on the Reynolds

rameters corresponding to plasma spraying of zirconia, fromnumberRe taking into account a dropletimpact angleThese

Part 1R = 71um. This value oR s in the range of the experi- analytical results, which are in agreement with the experimental

mentally observed values Bf which vary from 69 to 13j{m data, were obtained in Ref 30 and 47.

for the initial powder size distribution from 22 to @& (Ref Consider a droplet of radiuR,, impinging under an angle

42). Thus, the theoretical results agree with the experimental ob{between a substrate and the centerline axis of the spraying gun)
servations. onto the substrate surface and forming a cylindrical splat (disk)

of radius,R, and thicknessy, which vary with timet, during
flattening. The splat circularity (a shape factor of elongation,
6. Spraying at Off-Normal Angles unity being a perfect circle) decreases with a decrease in the
. . . spray angled, and an assumption on the splat circularity can be
Thermal spraying at off-normal angles is used in some spe-considered reasonable upitpapproximately 45° (Ref 46).

cial applications (e.g., development of the coating in the inner A was established in Ref 30 and 47 the mean pressure in the
part of a pipe), and it can influence markedly the coating struc- gp|atp, is given by the formula:

ture and properties (Ref 43-46). The coating quality depends
significantly on the flattening of thermally sprayed droplets and Pa=Po —HFbA(3 — cosh)/(9r°) + apFb(1 — cosh)/(3r)  (Eq30)
the droplet-substrate mechanical interaction when the adhesive

bonds are developed. From Eq 30 it follows that the pressure has the vétggat
Plasma and flame spraying of alumina and molybdenum the distance =rp of approximately 0. um:
powders at angles ranging from 90 to 45° (with some measurey = %(1 - cosh) 2 Re (3 - cosh)]%° (Eq 31)

ments at 30°) was investigated in Ref 43, and measurable vari-
ations in deposition efficiency, surface roughness, and porosity
over the angular range studied were reported to occur. In Ref 44°,,= P+ AP (Eq32)
the effect of different deposition angles in the range from 90 to
30° on the properties of tungsten carbide-cobalt coatings ~
sprayed by d(ftor?ation gun and%lasma techniques was stud?ed’y hereAP = 0.152)Uan2Rp *Re ™1 - com)? (3 - cosp)™**
Tucker and Price (Ref 44) stated that some changes in microrg = Rey,(¢)
structure were detected at low angles of deposition, and there ap-
peared to be little change in coating hardness, strain to failure Re= 21%|U|pu‘1
alumina erosion, or low stress abrasion resistance as a function . 4
of angle of spraying between 90 and 45°. W, = sing (1 — cosp)

An investigation of the effects of droplet impact angle in at- ) . .
mospheric plasma spray deposition of aluminum, aluminum ox- &nd wher&e is an effective Reynolds number depending on
ide, copper, 95Ni-5Al alloy, and molybdenum powders onto Because the splat circularity can be considered to occur when
type 304 stainless steel plates has been undertaken (Ref 45§0°< ¢ < 45°, the value o), varies from 1 to ~2.4.
Also aluminum wire was deposited by single-wire plasma, twin-  Whene = 90°, from Eq 31 and 32 the formulasrigrandPp,
wire arc, and combustion flame spray processes. It was showrf'® obtained, corresponding to thermal spraying at normal an-
that the deposition efficiency and coating porosity started to 9!€S (Ref 22). From Eq 31 and 32 it follows that the valug,of
change markedly at = 45°. Substantial changes in deposition increases and the value Bf, decreases with a decreasepin
efficiency and coating porosity that could affect coating proper-

Therefore, as the thermal spraying angle decreases, the maxi-
ties and process performance were obserwpe:&0° for many mum pressure developed during the droplet impact decreases,
of the cases studied. On the basis of these observations Smit

I;fmd the location of the maximum is displaced outward toward

Neiser, and Dykhuizen (Ref 45) conclude that the ahglel5° the splat periph.ery. Thus, the radigl pressure distribution be-
can be recommended as a general limit for off-normal thermal comes more uniform than for spraying normal to the substrate

: . : : surface (90°).

sprliyggffi%aggei\r/#rllge?\%aelIg‘?Ztggt?étrate orientation on the Using Eq 32 t_he foII_owing eq_uation is obtained for the final
coating formation was studied for the vacuum plasma sprayValue of the maximum increase in pressife
forming of astroloy. It was shown that the spray angle had an esAP; = 0.11¢)p|U|2Ré)-7§11(<|>) (Eq 33)
sential effect on the splat morphology and deposit charac-
teristics including the porosity level, the deposition efficiency, wheren;(¢) = siré-"5(1 — cosp)1-2%3 — cogp)0-5
the deposit thickness, and the microhardness. The value ofAP; is maximum a = 90° and decreases with

Engineering practice requires simple formulas that permit a decrease in the spraying angle. The final splat thickness, ra-
estimation of these processes. Much has been done in relation tdius, and rate characteristics have the form:
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4= 1.826Rg 12 (Eq 34) shown that the substrate-droplet microadhesion decreases
a decrease in the spraying anyl@&ef 30). Therefore, microad-
hesion is maximum during spraying at normal angles when
& =0.854q.2Re*  x, =xsing (Eq35)  90°.

Gas porosity formed in thermal spray coatings can be de

When¢ = 90° the formulas describing the flattening charac- creaseq by applying high pressure, which is developed upon t
teristics during thermal spraying at normal angles are obtaineddroPlet impact (Ref 10-12). This pressure must exceed most
whena =0 andB = 0. Figures 11 and 12 show variations of the capillary pressure at the gas-liquid droplet interface, whic

spraying parameters with respecReand. A decrease in the is significantly greater than the atmospheric pressure. The r:

spraying anglep, causes a decrease in the normal component,31US Of POresRy,, can be approximated using the following
U, of the droplet velocity) (U, = |U|sin¢). According to the equation (Ref 11):

theoretical and experimental data available this contributes to = R[20RY(P. + 20R-: 1)1 Eq 36
decrease in the final splat thicknéggRef 45) and hence to an 5Rpr Rol20Ry (P RV (Eq 30)
increase in the final splat radilg, On the other hand, a de-
crease inp leads to a decrease in the radial compongnof the

flow velocity, V, and the velocity of spreading of a droplet. This
contributes to an increase {pand a decrease &. Finally a
geometrical factogo(¢) increases with a decrease in the spray-
ing anglep.

Thus, during thermal spraying at off-normal angles the effec-
tive Reynolds numbemRRe, increases with a decreasedin
Therefore, the final splat thickness, decreases whep de-
creases (Ref47). The final splat radjpdepends also on the ef-
fective splashing factog. Because this factor decreases with an
increase ip and the geometrical factap, (¢), increases when
¢ increases, the behavior&fin general is nonuniform with re-
spect tap. When the spraying angle decreases these flattening
characteristics increase, andat ¢, they reach the maximum
values. The further increasegnleads to a decreasedn(Ref
47).

From Eq 35 it follows thap,, = 60°. The value o&; in-
creases whed decreases from 90 to 60°, has the maximugn at
=60°, and then decreasespascreases. The value &fat¢ =
45°isless than gt = 60° and is very close to thatjat 75°. For
this reason it cannot be shown properly in Fig. 12.

The pressure developed during the impact of the droplet in- . ' '
fluences the droplet-substrate microadhesion. To obtain good 100 500 1000 1500 2000
adhesion, itis necessary to force the surfaces of the substrate ant Reynolds number (Re)
the droplet _together. The VefY high pressqre dev?IOped during Fig. 12 Variation of final splat radius with the Reynolds number at
the droplet impact and flattening makes this possible. It can be diferent spraying angles (Ref 47)

wherel = ()1, Ry is the radius of a gas bubble in a liquid
splat, which after solidification is transformed in a pore,aisd
the specific heat ratio. From Eq 36 it follows that the pore size i
minimum atp = 90° and increases with a decrease in the spra
ing angle. APy < <AP, the final value of the pressufe, can
be taken equal to the final value/®. This value ofAP exceeds

-
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Fig. 11 Variation of final splat thickness with the Reynolds numberat ~ Fig. 13 Variation of relative porosity with respect to spraying angle
different spraying angles (Ref 47) (Ref 30)
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the capillary pressure term, and the latter can be neglected in thetrate curvature leads to an increase in the splat thickness and to

denominator of Eq 36. Thus, from Eq 36: a decrease in the splat radius and the pressure developed. The
1 1T time of finishing of the flattening process is obtained, which is
RRy™ = (20P,"Ry") (Eq37) less than the same time in the case when the substrate deforma-

tion is absent. The surface roughness is shown to hinder flatten-
Under an assumption that the number of pores remains theng more intensively than the positive curvature of the substrate.
same at different pressure conditions, the paran‘idt?gil de- Droplet-substrate microadhesion and coating porosity are
pending orp can be considered as a relative porosity. From Eq shown to depend significantly on the ratio between the pressure
37 it follows that the ratidg, of the difference between the val- developed upon impact and the capillary pressure. Microadhe-
ues of this parameter at any spraying anfglend at normal an-  sion is found to be maximum in the central part of the splat and
gle 90° to that determining relative porosity at any spraying to decrease in the direction of its periphery, while coating poros-
angle,¢, in terms of the pressure is: ity is shown to be minimum in the central part of the splat and to
_ o ol increase toward its periphery. Droplet-substrate microadhesion
E = {[P30°) ~P{$)/P{90%)} (Eq 38) increases with an increase in the density and velocity of the im-
pinging droplet and the roughness of the substrate surface. Mi-
croadhesion decreases with an increase in the droplet mass loss
same figure a fit to the experimental values of the relative poros-Ljpon Impact gnd the su.rface tension at the dropIet-;ubstrate n-
; . " . terface. Coating porosity demonstrates an opposite behavior
ity of the aluminum coatings plasma sprayed onto a stalnlessWith respect to the previously mentioned parameters.

steel and the experimental values of the relative porosity are . . . ; .
given. The experimental data were taken from Ref 45. The theo- Supercooling established in the flattening droplet is shown to

retical results are seen to be in a reasonable agreement with the e%? nhSISrteOsfsthrg:\l/leé) peerg?JOI:)nngtﬁg%fgﬁiﬁr?]mg]c% fggﬂg%g:ﬂeotﬁ
perimental observations at off-normal angles between 30 and 90°. gnp P P P pact.

Montavon et al. (Ref 46) showed that the deposit thicknesss‘tarts w hen the sqpercoollng exceeds t_he crltlca_l valug corre-
. . ) : sponding to the critical value of the cooling velocity, which in
decreases with an increase ¢n When the spraying angle

o turn corresponds to the critical (transition) initial temperature of
changes from 90 to 45° the deposit thickness decreases by a fac; ; i i !
tor of approximately three. From Fig. 11 it follows that the final The substrate. With the *cold” smooth substrate WRgIs <Ty,

X . the marked contribution to supercooling is due to its high pres-
splat thickness(s, decreases by a factor of approximately 1.5 . o . -
whend changes from 90 to 45 °. It could be assumed that the geSsure part. In this case a disk-shaped splat is formed in the central

b L . - t, then splashing occurs, and the splash-shaped splats are
osit thickness, which includes many splats, is more sensitive 1P . . e '
Fhe variations o and is subjected toya Igrger decrease. formed at the periphery. With the *hot” smooth substraigié

The conclusion of Ref 45 that the 45° angle can be recom->T”) the thermal supercooling is high enough to allow solidifi-

o - cation in the lower part of the whole splat. As a result, no splash-
mended as a reasonable limit for off-normal thermal spraying . . .

. . . ing occurs and a regular disk-shaped splat is formed. On a rough
for the development of the quality coatings is also supported by f fth b lashing d hen the final
the results. It was shown that the final splat radius attained the>urace o the substrate splashing does not occur when the fina

. : o splat diameter is in the certain range of values with respect to the
maximum value ap = 60°, then decreased whé¢renhanced. average peak spacing of the surface roughness
Its value ath = 45° differed insignificantly from that ét= 60°. gep P g 9 :

Thus, the anglé = 45° can be recommended as a reasonable limit Analytical formulas describing variations of the final values
for off-normal thermal spraying for achieving the quality coatings. of the splat thlc_:kness and splat radl_us with the Reynalds nulmber
and the spraying angle are established. In thermal spraying at

off-normal angles the final splat thickness decreases with a de-
7. Conclusions crease in the spraying angle. The final splat radius varies
nonuniformly with a decrease in the spraying angle and attains

A decrease in the contact wetting angle between the splat andhe maximum value when this angle is 60 °. The 45° angle can be
the substrate leads to a decrease in the splat thickness and an irecommended as a reasonable limit for off-normal thermal
crease in the splat radius that contributes to reinforcement of thespraying for achieving the quality coatings. An analytical for-
splat-substrate adhesive bonding. The splat porosity increasesnula for the droplet pressure during impact on a substrate sur-
with an increase in the contact wetting angle. Influence of wet- face predicts a decrease in pressure and a more uniform
ting on the flattening process decreases with an increase in thelistribution with a decrease in the spraying angle. Substrate-
velocity of the droplet impingement onto the substrate surface coating microadhesion is predicted to be a maximum during
and a decrease in the substrate initial temperature. spraying at normal angles and to decrease when the off-normal

The analytical results, taking into account the surface effects,angle decreases. Coating porosity is a minimum during thermal
give an underestimated value of the final splat thickness andspraying at normal angles and increases with a decrease in the
overestimated values of the final splat radius and the charac-spraying angle.
teristic time of finishing of flattening. It follows that it is neces-
sary to use the analytical results based upon the prime influence
of the viscous effects on the flattening parameters. Acknowledgments

The approximate formulas describing the time evolution of
the splat thickness and radius during the flattening process and The authors are grateful to the Generalitat de Catalunya (pro-
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The ratio,E, in Eq 38 increases with a decreaség.ifrigure
13 presents the valuesBtalculated for different angles. In the
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