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Flattening of Composite Powder
Particles during Thermal Spraying

V.V. Sobolev, J.M. Guilemany, and A.J. Martin

An investigation is conducted of the time evolution of the splat thickness, radius, and rate characteristics
in the process of flattening of composites (agglomerated) powder particles at smooth and rough surfaces
during thermal spraying. Considerations include the splat solidification, droplet mass loss, solid volume
fraction, and variations of splat-surface friction and splat solidification velocity due to the presence of the
solid phase. Effective values of the droplet viscosity, impact velocity, and Reynolds number taking into ac-
count characteristic features of the flattening process are introduced, and analytical formulas describing
the final values of the splat thickness, radius, and rate characteristics are established. Results can be used

to predict the splat flattening parameters.

Keywords composite particle, flattening, solid phase, splat-surface
friction, thermal spraying, volume fraction

1. Introduction

Composite powders consisting of a solid phase (carbides, ox-
ides, etc.) and a metallic binder (nickel, chromium, cobalt, etc.)
play an important role in the development of thermally sprayed
coatings with increased wear and corrosion resistance (Ref 1).
The structure and properties of these coatings depend essentially
on the dynamics of flattening of the melted particles (droplets)
of composite powders on a substrate surface.

The dynamics of the droplet flattening upon impact have
been studied experimentally and theoretically in a number of pa-
pers, which are reviewed in Ref 2 and in more recent publica-
tions (Ref 3-9). The results obtained enable prediction of the
splat dimensions, which significantly influence its further cool-
ing and solidification (Ref 10-13).

This article investigates the flattening dynamics of compos-
ite powder particles during thermal spraying and presents ana-
Iytical formulas that permit estimation of this process during
practice. These formulas consider the roughness of the substrate
surface, the splat solidification, and mass loss due to splashing
and crater formation in the surface where the flattening occurs.

2. General ldeas

Consider an agglomerate composite particle consisting of
small, high-melting-point solid components (e.g., carbides) and
a binding metal. Assume that during thermal spraying the binder
melts and this particle of radius Rpimpinges normally with a ve-
locity U onto the surface of a substrate or previously deposited
coating layer and forms a cylindrical splat of radius R and thick-
ness b, which vary with time () during flattening. Assume fur-
ther that the solid components are markedly smaller than the
splat thickness and that the surface roughness €; and a liquid-
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solid mixture of the impinging droplet can be considered as a
quasi-homogeneous medium with a solid volume fraction @.
Since there is no great difference between the densities of lig-
uid and solid phases of the droplet, it is reasonable to assume that
the relative movement between these phases is negligible in the
bulk volume of the splat and, therefore, the interaction forces be-
tween them can be neglected (Ref 14). With the small value of @,
the liquid-solid mixture of the droplet can be considered as a uni-
form medium with the effective dynamic viscosity p+ (Ref 15):

w,=p(l - @) Eq1)

where i is the dynamic viscosity of the liquid phase.

Equation 1 shows that the presence of the solid phase in-
creases the flow viscosity. This occurs also due to the non-New-
tonian character of the liquid-solid flow, which becomes more
pronounced under temperatures near the solidification point
(Ref 15, 16). During flattening the spreading flow is turbulent,
and at the droplet/substrate interface friction decreases in com-
parison with a single-phase flow because of reduced mixing
length due to dissipation by the solid particles (Ref 15).

To take into account the roughness, €, of the substrate surface
during the flattening process, assume that it increases the shear
stress by the value that arises because of friction between a flat-
tening droplet and the rough surface. In accordance with Ref 6,
we use the modified Blench formula for the friction coefficient,
£, with a correction factor, ®, accounting for a decrease in fric-
tion in the liquid-solid flow:

f=079w \Ig’— =0.790Vo (Eq2)
P

In the case of the smooth surface, the friction coefficient can
be described by this correlation (Ref 9):

f=0.664 oRe 2
2R Up
Re, = : (Eq3)

where Rex is the characteristic Reynolds number and p is the
density of the liquid phase. When w =1 and ¢ =0, from Eq 2
and 3 we obtain the formulas used in Ref 6 and 9.

Volume 6(3) September 1997—353



The main heat removal from the splat takes place from its
lower part due to the substrate heat sink (Ref 10, 12). The solidi-
fication front moves from the surface of the substrate or the sur-
face of the already deposited coating layer with a velocity of Vg
inside the splat. It gradually decreases the surface roughness and
will cover it completely at the time of g = £0V§1. The ratio, 1, of
the impact time RpU~ Yo ts gives the degree of the influence of
the splat solidification on the part of the flattening process asso-
ciated with the surface roughness (Ref 8):

R,V
n=—+-2 (Eq4)

g,U

Also consider that roughness, €, is changed during splat so-
lidification according to a formula that is valid when r < ggVg!
(Ref 6):

g:go— Vst (EqS)

The liquid-solid splat solidification velocity depends on the
thermophysical properties of the liquid and solid phases and the
contact heat-transfer coefficient o at the splat/substrate inter-
face. If the thermal diffusivity of solid {e.g., tungsten carbide) ag
is greater than that of liquid gy (metallic binder), this contributes
to an increase in the rate of heat transfer inside the splat. How-
ever, an increase in Vg would hardly ever occur because of the
relatively large contact thermal resistance at the interface (Ref
2).

The most important case is when the thermal diffusivity of
the solid (e.g., oxide) is less than that of the liquid phase. Then
the heat-transfer rate inside the splat decreases. This decrease
can be more pronounced when the solid density pg exceeds that
of the liquid phase and solid particles precipitate in the lower
part of the splat. The surface roughness introduces a certain
nonuniformity to precipitation because the solid particles can be
precipitated in the wavy structure of the rough surface.

The characteristic time of precipitation, 7p, can be estimated
as bU™L. Roughness will be important during precipitation of
solids if it is not covered by the solidification front moving with
the velocity Vs. This front will cover the surface roughness com-
pletely at the time rg. Therefore, the degree of roughness influ-
ence on the precipitation process is determined by the ratio, x, of
the time #p to fg.

K=—"> (Eq6)

Since the splat thickness, b, is of the same order of magnitude
as the initial surface roughness, £g, and the dropletimpinging ve-
locity, U, is much greater than Vg, the value x << 1 for thermal
spray processes. Thus, surface roughness plays an important
role in the precipitation of solids.

When ag < ai and pg > pr, the precipitation of solids can
lead to an increase in the contact thermal resistance, R, at the in-
terface. This occurs if the thermal resistance, Rcp, of the precipi-
tate layer of solid is greater than that, R, at the interface when
the solid surface is absent (¢ = 0) or is comparable to Rco.

Consider an example of high-velocity oxyfuel (HVOF)
spraying of Cr3C,-NiCr powder onto a steel substrate. An im-
pinging molten droplet consists of the solid phase, including dif-
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ferent chromium carbides and chromium oxide (Cr,03), and the
liquid phase, including an alloy Cr-Ni-C formed due to in-flight
dissolution of CryC, (Ref 17). For the contact thermal resistance
the most critical is precipitation of chromium oxide, which hasa
tow thermal conductivity, A;.

The thermal resistance, R, of the layer of CryO3 with a thick-
ness of 8, is equal to §;A'. Assume that the rough substrate sur-
face consists of rectangular “teeth” with an initial height of g.
Their length is assumed to be equal to the distance between
them. To estimate R, let the value of §; be equal t0 0.5 5. When
;=2 pum and A; =20 W/m - K, we have R = 10~ m’K/W.

Symbols

Rp  Particle radius, m

U  Particle (droplet) impact velocity, m/s

R Splatradius, m

b Splat thickness, m

t Time, s

f Friction coefficient

Vs  Solidification velocity, m/s

tg  Characteristic time, s: fg = ggV5"

ag  Solid-phase thermal diffusivity, m/s

ap.  Liquid-phase thermal diffusivity, m?/s

tp Characteristic time, s: tp= bU~

Rc  Contact thermal resistance, m’K/W

Rcp Contact thermal resistance of the precipitate
layer, m?K/W

Rco Contact thermal resistance at the interface, m’K/W

Ry Layer thermal resistance, m’K/W

T Splat temperature, °C

Re  Reynolds number

Greek Symbols

€ Roughness in size, m

o® Solid volume fraction

18 Droplet dynamic viscosity, N - s/m®

n Dimensionless parameter: = RpVs/(ggl)
oc  Contact heat-transfer coefficient, W/m< - K
P Droplet density, kg/m3

pL  Liquid-phase density, kg/m3

ps  Solid-phase density, kg/m3

X Dimensionless parameter: x = bVg/(ggl))
8y  Layer thickness, m

A;  Layer thermal conductivity, W/m - K

o,y Correction factor

4 Dimensionless splat thickness: = b/Rp

13 Dimensionless splat radius: & = R/Rp

0 Dimensionless time: 6 = URp't

Y ¥ =exp (0.40)

X Dimensionless parameter of droplet mass loss

Subscripts

Initial
Characteristic
Effective
Final

-0 %O
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This value of R| can be comparable to Rcg and even exceed it
(Ref 18). This indicates that in this case the presence of the solid
phase in the splat leads to an increase in the contact thermal re-
sistance at the splat/substrate interface and thus to a decrease in
the solidification velocity, Vs.

The solidification velocity can be calculated by methods de-
scribed elsewhere (Ref 10, 12) or measured experimentally (Ref
18). It can also be estimated by (Ref 8):

o.T
Vg = ? (Eq7

where T'is the splat temperature and q is the latent heat of fusion
of the liquid phase.

To take into account the solidification process during flatten-
ing of the composite droplets, it is worth introducing the solidi-
fication velocity, Vg+, with a correction factor, y, which
accounts for the changes in Vg associated with the solid phase of
the droplet:

Vo= WVg (Eq8)

The most probable situation corresponds to y < 1.
It also is convenient to introduce the dimensionless vari-
ables;

=R
RP
b
C=n"
RP
b, =
T U
0=UR"t (Eq9)

3. Analytical Formulas

3.1 Transient Characteristics of Flattening

Consider first the flattening of an impinging droplet on a
smooth surface. Using the equations and methods described in
Ref5, 8,and 9, and Eq 1, 3, and 8, the following expressions are
obtained for the dimensionless splat thickness, {; the splat ra-
dius, &; and the rate characteristics of the flattening process,
dC/d0 and d&/dO when Rex >> 1:

E=v"11+0.150Re;2(y - 1) - B,OY], Y= exp (0.48)

(Eq10)

&= 1.155Vyy [1 - 0.0750Re;2(y~ 1) + 0.5B,6y] (Eq1l)

@€ _ -04y' [1 -0.15wRe; 2 + 2,58, v]

12
do Eq12)
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% =0.231Vyy (1 - 0.075 oRe; 23y — 1) + 2.5B,y

+1.5B,607] (Eq13)

where 7 is the ratio of the droplet mass that remains after the
losses in mass of an impinging droplet during impact (due to
splashing and crater formation in the surface) to the initial mass
of the impinging droplet.

When@ =0, =1, y =1 from Eq 10 to 13, we have the for-
mulas obtained in Ref 8 and 9. From Eq 10 to 13 it follows that
an increase in the solid volume fraction ¢, which leads to a de-
crease in the Reynolds number Rex, causes a decrease in the
splat thickness { and an increase in the splat radius &, the rate pa-
rameter d5/d0, and the absolute value of d{/d6. Since o < 1, the
presence of the solid phase in the splat contributes to the above
events. A decrease in the solidification velocity in the liquid-
solid mixture (y < 1 and Vg« < Vg) gives rise to { and decreases
&, 1dC/de), and d&/de.

Consider now the flattening of the impinging droplet on a
rough surface. Using the equations and methods given in Ref 5,
6, and 8, and Eq 1, 2, 4, and 8, the following expressions are ob-
tained for &, &, d{/dB, and d&/d6 when Rex >> 1:

=y +020Va(y—1)- B0yl

o =0, - .0 (Eq 14)
E=1.155Vyy [1 - 01l oVa(y—- 1)+ 05B.8y]  (Bql5)

S% =-0471 - 022 Vo + 0275, Vo (y - 1)+ 2.5B,7]
N, = RpVg, (g, (Eq16)
d
=021 Vxy 11 - 0.11 N (3y- 1)
+0275n,0Va(y - 1) +25B,7+ 158,08y  (Eql7)

When ¢ =0, w=1,and y = 1 from Eq 14 to 17, we have the
formulas obtained in Ref 6 and 8. Comparison of Eq 10 to 13
with Eq 14 to 17 shows that the influence of parameters @, ®, and
V¥ on the liquid-solid droplet flattening at the rough surface is
qualitatively the same as in the case of the droplet flattening at
the smooth surface with the droplet/surface friction.

3.2 Final Characteristics of Flattening

Considering the droplet flattening on the smooth surface and
using the equations and methods described in Ref 5, 8, and 9, we
obtain the following formulas for the final flattening parameters
gf, éf, dCf/dG, and déf/de:
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G, = 1.826 Re; 2 [1 + 0.15 wRe;2(0.55 Re 2 - 1)

—0.68B,Re!? In (1 +03Re,)] (Eq18)

&, =0.8546 Yy Re”* [1 - 0.075 wRe; (0.5 Re} 1)

+034B,Re?In (1 + 03Re )] (Eq19)

dg
d—ef = —0.73Re;2 [1 - 0.150Re; 2 + 1.37 B, Re ] (Eq20)

d
% _om VxReM [1 - 0.075 0Re;Y2(1.65Rel” - 1)
de
+137B,Re!”? + 1.03B,Re}? In (1 + 0.3Re,)] (Eq21)

With very high values of Rex, the rate parameter d{¢/d0 re-
mains the same, and with ® < 1 from Eq 18, 19, and 21 it follows
that the maximum contributions of the splat/surface friction to
the final values of (g, &g, and d€¢/d0 are about 8, 4, and 12%, re-
spectively. Thus, when Rex >> 1, the friction effects can be ne-
glected. Then the final values of (g, &, and d€¢/d0 are as follows:

C;=1.826 Re; V2 [1 - 0.68B,Re!? In (03Re,)] (Eq22)

&, =0.8546 Yy Re* [1 + 034 B,Re!2 In (0.3Re,)] (Eq23)

dg
EEf =0.171VyReA [1 + 1.37B,Re )

+1.03B,Re2 In (0.3Re,)] (Eq24)

When @ =0, ® =1, and y = 1 from Eq 22 to 24, we have the
formulas describing the influence of the splat solidification on
the flattening process (Ref 8, 9). Due to the presence of the solid
phase (¢ > 0 and y < 1), this influence on the final values {y, &,
and d&¢/d0 of the flattening parameters is weaker than in the case
of the homogeneous splat.

In the case of the droplet flattening on the rough surface using
the results of Ref 6 and 8, the following formulas can be ob-
tained for the flattening characteristics:

L, = 1.826 Re7'2 [1 + 022Voi(0.55Re )% — 1)

—0.68B,Rel? In (1 + 03Re,)] (Eq 25)
& =0.8546 VxRe!* [1 - 0.11 oVo (055 Re? ~ 1)
+034B,Re? In (1 +03Re,)) (Eq26)
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dg
d_ef = —0.73ReV2[1 - 0220V

+0275n,0Vo (0.55Re)? - 1) + 137 B,Rel)

(Eq27)
s 1/4 12
— =011 VxReY [1-0.11 Vo (1.64Rel2 - 1)
+0275 1,0V (0.55Re}? — 1) + 1378, Rel”
+1.03B,Re}?In (1 +03Re,)] (Eq28)

Under very high values of Rex from Eq 25 to 28 we have:

§;=1.826 Re7 12 [1 + 0.12 oVouRe 12

- 0.68B,Re!? In (0.3Re,)] (Eq29)
&, =0.8546 N Rel [1 ; 0.06 oVaRe
+0.34B,Re!? In (0.3Re,)] (Eq30)

dg
-‘-@f =-0.73Re; (1 - 0220Vt + 0151, Vot Re 12

+ 1.37B,Rel?) Eq3D

d&
d_Of =0.171 VR [1 - 0.18 oVaRe!? + 0.15n, oV Re 2

+137B,Re? + 1.03B,Re? In (0.3Re,)]  (Eq32)

When¢ =0, = 1,and y = 1 from Eq 29 to 32, we obtain the
formulas established in Ref 6 and 8. It is seen from Eq 29 to 32
that, without taking into account the surface roughness (o = 0)
and the splat solidification (B« = 0), the presence of the solid
particles in the flattening droplet (@ = 0) leads to an increase in
the final splat thickness and the final absolute value of d{/d6
and to a decrease in Egand the value of d&¢/d0 in comparison with
the homogeneous droplet (¢ = 0). This occurs because of the ad-
ditional energy dissipation caused by the solid phase.

When ¢ # 0, the contributions of the surface roughness and
the splat solidification to the flattening characteristics are less
pronounced than in the case when ¢ = 0. Their relative contribu-
tions depend on the specific values of ¢, ®, and y.

Use of the analytical expressions given in Eq 29 and 30
shows that in the absence of the splat solidification (B« = 0) the
influence of the surface roughness is equivalent to the influence
of an effective viscosity, L+, which with an accuracy of the or-
der O(a) is as follows:
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1, = 1, (1 + 024V Re?) (Eq33)

For the flattening at a smooth surface (o =0) without
splat/surface friction, the influence of the splat solidification is
equivalent to the influence of an effective velocity, U,, of the
droplet impingement. From Eq 29 and 30 it follows that with an
accuracy up to the terms of the order 0([32) the value of U, is as
follows:

U,=U [l +034B Re!? In (03Re,))* (Eq34)

Using Eq 29 and 30, 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 splat
solidification and with negligible influence of splat/surface fric-
tion, under conditions when the velocity of droplet impingement
is U and the dynamic viscosity of the dropletis pi«.. Under these
conditions Eq 29 and 30, with an accuracy up to the terms of the
order O(ax, Bz), can be written as:

;= 1.826 Re )2, R, = 2R, U, pp;) (Eq35)
1
1-B=0 =1 ,w=1,x=1
Ta 2-B=0 ,¢=1  w=05 =1
x 08t 3-P#=003,¢=1 ,w=05y=1
[Oihe 4-@=0.03,y =05, w=05, x=05
0 r
4
£ 06}
(8}
'._c: 3
5 04f
(=%
")
02 " 1 e " —1 P | PR | n
05 1 15 2 25 3
Time 8= UR;'t

Fig.1 Variation of splat thickness with time for the rough surface
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Fig. 3 Variation of the rate parameter d{/d6 with time for the rough
surface
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& = 0.8546 Ny Rel/* (Eq 36)

When ¢ =0, ® =1, and y = 1 from Eq 35 and 36, we have the
formulas obtained in Ref 6 to 9.

3.3 Numerical Simulation

To examine the transient characteristics of the flattening
process, Eq 10 to 13 and Eq 14 to 17 were studied numerically.

In the case of the rough surface, the calculations based on Eq
14 to 17 were performed when o = 0.2. Figure 1 shows that the
splat thickness decreases with an increase and in B and y and a
decrease in . The splat radius increases when @ decreases and
B, v, and y increase (Fig. 2). Figure 3 shows that the absolute
value of d{/d0 increases with a decrease in ® and an increase in
{3 and y. The parameter d&/d8 varies nonuniformly with © when
y=1,o=1,x=1,and =0 (Fig. 4, curve 1). The behavior of
d&/d® becomes more uniform with an increase in B and a de-
crease in @ and v, and under these conditions the value of d&/d@
increases with an increase in 6.

In the case of the smooth surface, the results of the numerical
analysis of Eq 10 to 13 when Re = 400 are shown in Fig. 5to 7.
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Fig.2 Variation of the splat radius with time for the rough surface
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Fig. 4 Variation of the rate parameter d&/d0 with time for the rough
surface
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Fig.5 Variation of splat thickness with time for the smooth surface
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Fig.7 Variation of the rate parameter d&/d0 with time for the smooth
surface

The splat thickness decreases when B increases and w decreases
(Fig. 5). Anincrease in ¢ and a decrease in y lead to an increase
in {. Figure 6 shows that the splat radius decreases when ¢ and
o are increased. A decrease in y causes a decrease in . The ab-
solute value of d{/d0O decreases with an increase in @ and de-
pends weakly on the changes in the spray parameters. The value
of d&/d enhances with an increase in } and decreases with an in-
crease in @ and @.

The practice of thermal spraying also requires knowing
the variations of the final parameters of flattening. In the case
of the rough surface, numerical analysis of Eq 25 and 26
when f§ = 0.03 produces the curves shown in Fig. 8 and 9. The
final splat thickness decreases with an increase in the
Reynolds number (Fig. 8). The value of {¢ undergoes an in-
crease with an increase in @ and w. The final splat thickness
enhances when y decreases. Figure 9 shows that the final
splat radius decreases with an increase in ¢ and ®. The value
of s enhances when y and v increase.

For the smooth surface, Eq 18 and 19 produce curves for the
final splat thickness and radius similar to those shown in Fig. 8
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Fig. 6 Variation of the splat radius with time for the smooth surface

Tablel Comparison of theoretical and experimental
results

Coating dp, de/b

type b, um Hm Calculated Experimental
1 2274095 20 12.89 6.21-15.15

2 2.37+095 38 13.07 11.45-26 76
3 2934095 40 13.10 10.31-20.20

and 9. As an example, the variations of &¢ with Re are given in
Fig. 10, which shows that the final splat radius increases with a
decrease in ®. An increase in ¥ and y leads to an increase in &¢.
The value of &; decreases when @ increases.

4. Comparison with Experimental Data

The effect of WC particle size on the flattening of WC-Co
splats during HVOF spraying was studied experimentally in Ref
19. In this article, four types of WC-Co powders were consid-
ered: sintered-crushed (types 1 and 2), agglomerated (type 3),
and coated (type 4). We shall compare experimental data for the
first three types of WC-Co powders, which correspond to those
studied above.

Our calculations will use Eq 25 for the final value, {; = le_:l,
of the splat thickness and will consider the splat solidification
negligible (Ref 19). Take p = 14,900 kg/m?, p =3 x 107 kg -
m!. s'l, 0=0.9,¢9=0.3,and o = 0.5. For powder type 1, U =
325 m/s; for powder types 2 and 3, U = 190 m/s (Ref 19). Then,
for the different values of the particle diameter dp, the calculated
values of the ratio dp/b are obtained and compared in Table 1
with the corresponding experimental values of dp/b given in Ref
19. It can be seen that the theoretical results agree well with the
experimental data.

5. Conclusions

The approximate equations describing the time evolution of
the thermally sprayed splat thickness and radius as well as the
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Fig. 8 Variation of final splat thickness with Reynolds number for
the rough surface

rates of their variation during the flattening of composite pow-
der particles consisting of solid phase and binder are estab-
lished, taking into account an increase in particle viscosity and a
decrease in the friction at the splat/substrate interface and in the
velocity of solidification of the lower part of the splat. Realistic
correlations between the final values of the splat thickness, splat
radius and their variation rates, and the Reynolds number are ob-
tained by taking into account these phenomena.

An effective dynamic viscosity of the splat liquid phase is in-
troduced that accounts for the solid-phase influence on the flow
of the solid-liquid mixture during the droplet flattening. In the
case of flattening at a rough surface, the splat thickness de-
creases with time and with an increase in solidification velocity
and coefficient y. The value of { decreases when coefficient
decreases. The splat radius increases with time and with a de-
crease in @ and an increase in 3, y, and %.

The absolute value of the rate parameter d/d0 enhances with
a decrease in @ and an increase in B and y. The rate parameter
d&/d0 varies nonuniformly with time, and its behavior becomes
more uniform when B is increased and  and v are decreased.

During flattening at a smooth surface, the splat thickness de-
creases when B increases and @ decreases. An increase in the
solid volume fraction ¢ and a decrease in y cause an increase in
€. The splat radius decreases when o and @ are increased. A de-
crease in y leads to a decrease in &. The absolute value of d{/d6
depends weakly on the variations in the spraying parameters.
The value of d&/d0 enhances with an increase in  and decreases
with an increase in ¢ and .

The final splat thickness decreases when Re increases. For
the rough surface, the value of {increases with an increase in ¢
and o, and with a decrease in y. The final splat radius decreases
when ¢ and  are increased. The value of &¢ enhances when )
and y are increased. The behavior of the final splat thickness and
radius is similar for the smooth surface.

Theoretical results obtained for the final splat thickness
agree well with the experimental data. Analytical formulas to the
final parameters of the flatiening process can be used for engi-
neering estimates.
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