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Prediction of Powder Particle Behavior during
High-Velocity Oxyfuel Spraying

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

A mathematical model is developed to predict particle velocity and temperature during high-velocity
oxyfuel (HVOF) spraying. This model accounts for internal heat conduction in powder particles; particle
heating, fusion, cooling, and solidification; the influence of particle morphology on thermal behavior;
and the composite structure of the particles. Analytical results are obtained that describe particle velocity
and temperature variations. The dependence of fluid velocity on particle density and volume fraction is
shown. The results agree with empirically established HVOF spraying practice.

1. Introduction

HiGH-VELOCITY oxyfuel (HVOF) spraying has developed over
the last decade and is a viable process for many coating applica-
tions (Ref 1, 2). To improve the technology of HVOF spraying
and to establish its optimal conditions, both the mechanical and
the thermal behavior of the powder particles must be studied;
such study is one of the main elements of process control devel-
opment (Ref 2). Mathematical simulation is an effective tool to
approach this problem.

The objective of this paper is to present a realistic prediction
model that takes into account the characteristic features of
HVOF spraying. We further develop the results presented in Ref
3 and 4 by considering the fluid/solid particle interactions in the
flame and the full thermal evolution of the powder particles, in-
cluding their heating, melting, cooling, and solidification during
movement toward the substrate.

2. Model Description

Different mathematical models that describe the behavior of
powder particles during plasma spraying have been developed
in the last decade (Ref 2, 5, 6). Similar problems concerning
HVOF spraying were considered in Ref 7, but that model did not
account for several important features of HVOF spraying, such
as fluid velocity dependence on particle density. Fluid and pow-
der particles in the combustion flame cannot be taken as separate
and independent substances but must be considered as two ele-
ments of a fluid/solid particle mixture, each component having
its own particular properties (Ref 8).

Itis also necessary to take into account the considerable vari-
ation of fluid velocity at the spraying distance, the composite
structure of the particles (consisting of carbides and binding ele-
ments), the relatively small influence of the Knudsen discon-
tinuum effect on heat and momentum transfer, the thermal
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behavior of particles inside the spraying gun of the HVOF sys-
tem, the particle morphology, and the full description of the ther-
mal state of powder particles during HVOF spraying, which
generally includes their heating, melting, cooling, and solidifi-
cation. In addition to spherical particles, we consider cylindrical
particles, which correspond approximately to either the initial
form of solid particles or to a form that can arise due to the in-
flight deformation of liquid particles. We consider the particles
moving along the centerline of the fluid flow, because these par-
ticles are the prime contributors to coating formation (Ref 1, 5-7).

2.1 Fluid Parameters

The axial distance of particle movement in the HVOF spray-
ing process is presented in Fig. 1. The origin of the longitudinal
coordinate z coincides with the point of powder particle accel-
eration and temperature increase due to the combustion caused
by the chemical reaction of the combustion gas (propane, in our
case) with oxygen.

The fluid velocity Vyincreases and the temperature 7 dimin-
ishes with distance from the gun throat (z = 0) to its exit (z = I)—
from Vyto Vgpand from Ty to Ty, respectively (Ref9). The fluid
expansion outside the gun leads to a further increase in velocity
and a decrease in temperature in the supersonic flame arising at
the gun exit in the form of shock waves (shock diamonds).

The increasing fluid velocity achieves its maximum value
Vim at the point z = z,, corresponding to the end of the flame,
and then decreases toward the substrate, taking the values Vg, at
the characteristic spraying distance z = z. and Vi at the substrate
surface z = L. Here, the additional distance L-z is introduced to
carry out the mathematical simulation of the full thermal behav-
ior of powder particles, including their cooling and possible so-
lidification if the substrate distance from the gun exit
significantly exceeds that of the combustion flame. The fluid
temperature decreases from the gun exit, taking the value T, at
the flame end (z = zp); then it continues to diminish and attains
the values Ty, and Ty at z = z. and z = L, respectively.

By means of linear interpolation of the experimental data
(Ref 4), the fluid velocity and the fluid temperature can be pre-
sented as functions of z:

V= Vip+ (V= Ve ,0< 221 (Eq1)

vf=(zm—l)—1[(vfm—vfp)z+vfpzm— 'l 1S2<z. (Eq2)
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Fig. 1 Axial distance of particle movement in the HVOF spraying process

Vf= (ZC "Zm)*l [(Vfc_ me)z + Vf - Vfczm]’ zms z< z,
Eg3)

Vf =L~ zc)_1 [(st - Vfc)z + Vch - stzc s Z¢ <zsL  (Eqh
Tp= Ty~ (Ty—Tia,0<2<1 (Eq5)
T;= (= D7 [T~ T2 + Tin = Tudh IS 252, (EqO)

Ty= G 2 ((Tio~ Tyt + Trafe - Tiah 2 S S 2(B9 )

Te=(L -2y (T~ Toe+ T L - Tz b2, S2<L (Eq8)

For particle behavior outside the gun in HVOF spraying, ap-
proximation of the fluid velocity in this region is very important.
In accordance with experimental data (Ref 4), the following for-
mulas for V¢ obtained with squared interpolation were also used
inthe interval [ <z < z:

Vf=Azz+Bz+C,lSzSzC (Eq9)

where
A =g, Dg~ 2y~ DT (Vi - V)@= D)
+ (Vi = Vi)zo ~ D]

B= (2~ D '[Vgy — Vi —alch, = )1, C =V — Bl - AP

In general, in a fluid/solid particle medium with a volume
fraction of 1} of these particles, an interaction occurs between the
particles and the fluid. Taking into account thatn << 1, Vycanbe
represented in a series expansjon with respect to n:

Vo=V +qvi) + 0o(m?) (Eq 10)
where Vi% corresponds to 1 = 0 and is equal to the functions de-
termined with Eq 1 to 4 and Eq 9. Substituting Eq 10 in the cor-
responding momentum transfer equation of gaseous phase
within the two-fluid approach, where gas and particulate phases
are considered as two interactive fluids (Ref 8), yields:

avid  an
£ _ 7t _ } __f
dr —1—n(vp V(f hay=

(Eqil)

Because in our case dz = Vdt, Eq 11 gives:
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Thus, by determining V§" from Eq 12 and substituting it in Eq

10, we obtain Vi by taking into account fluid/particle interaction.

2.2 Momentum Transfer

In general, gas/solid particle transport phenomena should be
considered within the framework of the suspension flow in
which the fluid/particle medium is taken as a single one with its
own particular properties (Ref 8). Using this approach, the equa-
tion of motion of the spherical particles in HVOF spraying can
be presented as (Ref 2, 8, 10):

v, 3Cp Py
—d;R= 27 oo VlVi— Vil
P pp
+an(1 +0.15Re"BH (v, - V) Eq13)
Cp = (23707 /Re)(! +0.165 Re?? — 0.5Re™01),
0.15 < Re <500 (Eq14)
where

_ -1 2 -1
Re = deVp - Vipets ay= 18|.Lf(dp pp)

When 1 =0, from Eq 13 we obtain an equation that is widely
used (Ref 2):

Ch Py

Tp_ 3kt
4 dp pp

(V= VIV, =V, (Eq15)

The second term on the right side of Eq 13 represents the
force of interaction between fluid and solid particles. Because
these particles possess inertia, they are unable to follow the
smallest-scale motions of the turbulence. As a result, relative
motion and interaction between the particles and the fluid arise
(Ref 8). Generally, this term also introduces drag correction fac-
tors, which take into account the influence of the gun walls on
particle movement caused by fluid deceleration near these walls
and the increase in relative velocity between particles and fluid.
The correction factors depend on the ratio between the particle
radius and the distance between the particie and the wall (Ref 8).
Considering that the region of their influence is considerably
smaller than the region of fluid/particle movement inside the
gun, they are neglected.
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The initial condition for solving the equation of motion that
corresponds to 7 = 0 is

Vp(O) = Vp() (Eq 16)
Because the initial position zg of the particle is known, its ax-
ial location z at any moment of time is given by:

t
an=] va (Eq17)
0

The initial powder particles include not only spherical types
but also stretched particles, the form of which can be approxi-
mated as cylindrical with length k. This form can also arise as a
resultof deformation of the liquid drops appearing after in-flight
melting of the powder particles in the flame.

The drag coefficient of nonspherical particles depends on
their sphericity, @, which is the surface area of a sphere of
equivalent volume divided by the particle surface area (Ref 8). If
h/R, = 4.5, the drag coefficients of spherical and cylindrical par-
ticles are equal (¢ = 1). When, for example, h/Rp =6,0=09.A
cylindrical particle generally moves under some angle with re-
spect to the direction of motion. Let this angle be 30°. Using a
valueof i = 6Rp and the results of Ref 8, the momentum transfer
for cylindrical particles can be approximately described with the
equations of motion (Eq 13 'and 15). It should be emphasized
that in this case these equations, although realistic, are only for
illustrative purposes.

Equations 13 and 15 describe the motion of rigid spherical
particles during HVOF spraying. After fusion, a particle be-
comes at least partially liquid and the Hadamard-Rybczynski
equation describing the motion of a liquid particle usually
should be used. In this case, the drag coefficient, cp, is multi-
plied by the factor (2 + 3x)(1 + 271, where x = ppuEI (Ref 10).
In our case, x = 50 and thus the viscous liquid sphere has essen-
tially the same drag as a rigid one (Ref 10). Therefore Eq 13 and
15 can be used to describe the mechanical behavior of a particle
both before and after it melts during HVOF spraying.

2.3 Heat Transfer

Particle thermal behavior during HVOF spraying is de-
scribed by the following heat conduction equation:

ar ) oT
—B M —E 0<r<R

1
—_— (Eq18
ppCp at or P or )

The powder particle temperature 7 is a function of time ¢ and ra-
dial coordinate . The boundary condition of the thermal field
symmeitry is introduced, and the boundary condition describing
gas/particle heat exchange occurs at the particle surface. These
boundary conditions are described by:

oT
—L©on=0 (Eq19)
or
aT,
Ay 5 Ry = Ol T; = T(Ry,0)] (Eq20)
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In the initial moment of time (¢ = 0), the particle temperature is
T,
po

T(r0) =Ty (Eq21)

The coefficient of heat transfer, &, in Eq 20 can be deter-
mined using the Ranz-Marshall semiempirical equation (Ref 2):

od

Nu=—2 =2+ 06ReVPr'A, Pr=2 i Iy
f

(Eq22)

To calculate Re, Nu, and Pr, the integral mean values of pg, Uy, g,

and A are used in the temperature interval 7j,s < < Tf.

5 T B T B T
pf:le‘Tf pel, F‘f:blj.; e, c=b, ITf AT,
ps

s S

— Tf -1
A =b, jT AdTby = (T; - T)

ps

(Eq23)

In general, during HVOF spraying the particle is heated and
its surface attains the melting temperature. Then the melting
front propagates toward the particle center until it is fully mol-
ten. Afterward the particle can be heated further and then cooled.
In the process of cooling, the solidification temperature at the
particle surface can be achieved and the solidification process
started.

If the fusion and the solidification of pure metals are consid-
ered, the Stefan problem should be solved with the following
boundary condition at the liquid/solid interface.

Tpl(rl, =T H=Ty (Eq24)
The interface movement velocity, dr;/dt, is determined with the
Stefan heat balance condition at the moving interface r=r;,
which states that the difference between the heat fluxes associ-
ated with both liquid and solid phases is equal to the rate of heat
absorption due to melting or to the rate of heat extraction due to
solidification (Ref 2, 4):

L (Ta) , (Te) , dr,
pl| o 02| oy X Pp1 gy
’=r1 r=r‘l

In Ref 3 and 4, the influence of the Knudsen effect both on
heat and momentum transfer is shown to be small during HVOF
spraying. In this case it is possible to neglect this effect, particu-
larly for powder particles where dj, = 10 to 40 pm.

(Eq25)

3. Analytical Investigation

3.1 Momentum Transfer

In this section, to simplify the mathematics and to clarify the
physics of the fluid/particle transport phenomena, we shall con-
sider the fiuid properties (ps, Ly, ¢t, and Ag) to be constant. Within
the framework of the general approach, situations correspond-
ing to different values of Reynolds number are considered.
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We start with the case 1 = 0, where V¢is determined by Eq 1
to 4 and Eq 9, and V,, is found from Eq 15. In creeping flow (Re
< 2), cp = 24/Re and from Eq 15:

dv
—P _ _
=aVe- V) (Eq26)
If V¢ = const,
Vo= V- (Ve— Vpo)b, b =exp (~a,1) (Eq27)
The location of the particle is determined from Eq 17 and 27:
2=V +ay (V= V)b - D +24 (Bq28)

From Eq 27 it follows that the particle velocity is going to Vyas
t— oo,
In the general case of Vi = Vi(r), Eq 26 yields:

t
— -1
v,= b[VpO +a, jo Vb dt] (Eq29)
The particle trajectory is determined by:
t t
e=a;' Voo -b)va, | batf Ve ldivz,  ®g30)
o 0

When V; = const, we obtain from Eq 29 and 30 the formulas
givenin Eq 27 and 28, respectively.

In the intermediate region (2 < Re < 500), the drag coeffi-
cient can be taken approximately as cp= 18.5Re%6 (Ref 11).
Then, from Eq 15:

dv 13.9p24 0o
p_ _ f
—dT_Al(Vf—Vp),Al———-————p 7% (Eq31)
d*p
If V= const, Eq 31 yields:
- ~047-2.5
Vp =V~ [04A 1+ (V- VpO) ] (Eq32)

The particle velocity determined with Eq 32 increases from Vg
to V; with increase in time. The particle location corresponding
toEq32is

z=zy+ Ve +(0.6A 1)‘1[0.4A1t +(V— Vpo)—0.4]—1.5 (Eq 33)
Now we shall consider the general case corresponding to Eq

13, which takes into account the interaction between fluid and
powder particles. If Re < 2 and cp = 24/Re,

av
_P_ —
= a1+ MV~ V) (Bq34)

When the fluid velocity can be approximated as a constant (Vi =
const),

Vo= V= by (V= Vo) by =exp (110, 7 = [ay(1 + )]
(Eq35)

where T, is the particle relaxation time determining its velocity
damping due to viscous effects during particle movement. In the
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absence of fluid/particle interactions (n = 0), this time is equal

to a3! and decreases when 1 # 0. Thus, these interactions en-

hance particle energy dissipation during HVOF spraying.
When Vi = V{r), Eq 34 yields:

1
Vo= (Vg + 15! jo VbV dp) (Bq36)

If n = 0, we obtain from Eq 35 and 36 the formulas given in Eq
27 and 29, respectively.

In the interval 2 < Re < 500, the ordinary differential equa-
tion (Eq 34) can be reduced to the transcendental equation for
Vp,, which is then solved using an iterative process.

The fluid/particle interactions also influence fluid velocity.
In the case of creeping flow, substituting Eq 27 in Eq 11 yields
the following for V{V:

avih an

it S LY (O

= T Vb (Eq37)
Taking V{) = Vi att =0,

VO = Vi —n p o7 (VY - V)1 - b)) (Eq38)

Equation 38 shows that fluid/particle interactions lead to a
decrease in fluid velocity. This is particularly important in
HVOF and plasma spraying, where pppf1 >> 1 and the fluid ve-
locity decrease due to the particles is rather significant even un-
der very small values of the particle volume fraction, 1 (Ref 8).

3.2 Heat Transfer

Generally, the in-flight thermal behavior of powder particies
during HVOF spraying is as follows: melting (partial or com-
plete), cooling, and solidification (partial or complete). Itis clear
that the final step is highly undesirable from the standpoint of
coating quality. The primary challenge in HVOF spraying tech-
nology, however, is to obtain the optimal balance between coat-
ing quality and processing parameters. Therefore, all possible
thermal situations should be investigated.

3.2.1 Particle Heating and Melting Fon

Consider a spherical particle with a radius R, The heat Q,
needed to heat and melt the particle volume Wis

4
Q= PpaWe (T = Tpo)s W= (RS~ R (Eq39)

P

The heat Qg coming to the particle surface § = 41tR%, due to the
heat flux g during the time interval At is

Q,=4nR2gAt, g = T~ T, ) (Eq40)

From the heat balance condition Qp = Q,, it follows that:
Ry =Ry 31 =B, B=3qA tlp ,c )R (T, ~ T,)I ™ (Bq41)
The thickness 8, of the melted spherical layer is

Bnﬂ:Rp—Rnﬂ:Rp[l—Nl-B] (Eq42)
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The value (3 determines the melted volume fraction of the parti-
cle. The complete particle melting corresponds to R, = 0. From
Eq 41, itfollows that the full melting time ¢, is determined by:

It = PpfepRTr ~ Tp) B (Eq43)

In the case of a cylindrical particle where R,<<h, §=
2nRph, and W= 1:h(R2 R2) we obtain from the heat balance
condmon that:

Rcsz\/l—y,y:I.SB (Eq44)
The thickness of the melted layer is

5ml=Rp(1— N1-7) (Eq45)
and the full melting time is

Ta= 1.5t (Eq46)

Equations 44 and 46 show that the melted volume fraction [3
in the spherical case exceeds Yin the cylindrical case and that the
full melting time #,,, of the spherical particle is smaller than that
of the cylindrical particle. Therefore, under the same thermal
conditions, the spherical particle has more favorable conditions
for heating and melting than the cylindrical particle.

3.2.2 Particle Cooling and Solidification

After melting and further heating, the powder particle can be
cooled and solidified if the fluid temperature decreases during
HVOF spraying. Let the spherical particle being melted and
heated have a heat content of:

@, = Py W(T, ~ Ty (Eq47)

The heat Qg extracted from the particle surface S during the time
interval At due to the heat flux g determined with the boundary
condition given in Eq 20 at the particle surface is

Q,=qSAt,g= OL(Tps -7 (Eq48)

The time Af, of the particle cooling up to the solidification tem-
perature is determined from the heat balance condition @, = Q.
Thus, from Eq 47 and 48,
_ ppZCp2(R13> _ R?rﬂ)(Tp — T
¢ 2
30 RAT —Tp,)

(Eq49)

It is interesting to compare Af; with the time Ay needed for
melting of the same particle volume, which is obtained from Eq
39 and 40:

= Py~ : ~ Ry =) (Eq50)
30 R Ty, — T)

Journal of Thermal Spray Technology

In Eq 49 and 50, the values Ty, and T, denote the fluid tempera-
tures that cool and heat, respectively, the particle surface; thus,
Th, > Tt It follows that:

A, (T, =T )Ty = T,)

= (Eq 5D
Aty (T = T )Ty = Tg)
In the case of the cylindrical particle,
(R -R2 w) Ty = T
f, = o2 ®q52)
20R (T~ Tg)
2_ p2
ar = 2o2e2Ro ~ R T = Tyo) (Eq’53)
ml 2R (Tg, = T,)

The relation between Az, and Aty is the same as in Eq 51; how-
ever, from Eq 49, 50, 52, and 53 it follows that the values of Af,,
and Aty for the spherical particle are smaller than the corre-
sponding values for the cylindrical particle, which implies that
the thermal process is more intensive in the former case.

Now consider the possible particle solidification as a conse-
quence of the fluid temperature decrease. The scheme of this
process is presented in Fig. 2. The heat balance here in the case
of a spherical particle is

0+ Q=S AT, — T, 0y =y, W(T, = Ty,

pZCp2

Oy =X Wy, o= [og +7»;}(RP—R51)]‘1 (Eq54)

From Eq 54, the position of the solidification front (R = Ry) is

Ry=R 1-e (Eq55)

30 A(T, ~ Tp)

g= (Eq 56)
szRp[x + sz(Tp - Tml)]

The value € determines the solidified volume fraction of the
powder particle. The similar relations for the cylindrical particle
are

Ry=RN1-15¢ (Eq57)

Here the solidification process is less intensive than for the
spherical particle.

4. Mathematical Simulation

The mechanical problem (Eq 13, 14, 16, and 17) was solved
numerically with the Runga-Kutta method. The solution of the
heat transfer problem (Eq 18 to 25) was obtained using the
method of finite differences of the second order in the implicit
form with absolute stability. The numerical algorithm is similar
to that described in Ref 12 and 13.

The particle behavior of WC-12Co and nickel (dp = 10 to 40
um) was investigated. Spray parameters corresponding to the
HVOF system installed at the University of Barcelona (Plasma
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Fig.3 Variation of mean temperature of WC-12Co spherical and cy-
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Fig. 4 Variation of mean temperature of WC-12Co spherical parti-
cles during HVOF spraying

Technik PT 100) were used: [ = 0.1 m, z;, =0.22 m, z, = 0.4 m,
L =0.6 m, Ty = 2700 °C, Ty, = 2600 °C, Tpy, = 2350 °C, Tt =
550 °C, and Tg = 300 °C. The parameters of the fluid velocity
variations related to particle material were taken according to
experimental data and the actual characteristics of the HVOF
system (Ref 4).

In accordance with the experimental data, the fluid velocity
inside the gun and the fluid temperature inside and outside the
gun were calculated using Eq 1 and Eq 5 to 8, respectively. The
fluid velocity outside the gun was determined by means of Eq 9.

The properties of the powder materials are given in Table 1
(Ref 7). In the case of WC-12Co, the melting point of cobalt is
indicated because only this component of the composite can be
melted under HVOF spray conditions. The propane/oxygen ra-
tio was taken to be 1:7 and the combustion gases to consist of
carbon dioxide, steam, and unreacted oxygen in the ratio 3:4:2.
The thermophysical properties of gases were taken from Ref 14.

5. Results and Discussion

5.1 Particle Mechanical Behavior

Powder particle mechanical behavior—without taking into
account the fluid/particle interaction (1 = 0)—was studied in
detail (Ref 3, 4). The different particle velocities at the spraying
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Fig. 5 Variation of mean temperature of nickel spherical particles
during HVOF spraying

distance were shown to increase and achieve their maximum
values in the region of the combustion flame end and then to de-
crease in the direction of the substrate surface. The particle den-
sity growth leads to a velocity reduction and to the displacement
of the particle velocity maximal value in the direction of the sub-
strate, The theoretical results agreed well with the experimental
data for the WC-12Co and Al,Oj3 particles (Ref 4, 9).

These results were obtained by numerical integration of the
equation of motion (Eq 15), in which the correction factor for cp
is usually introduced to take into account the formation of rela-
tively steep temperature gradients near the particle surface (Ref
2). This correction factor, equal to (vf/vf)o' 3 is rather artificial
without any physical background. Its influence on patticle ve-
locity behavior is qualitatively the same as the influence of the
fluid/particle interactions, which are taken into account in Eq
13.

The mathematical simulation showed that the results of the
numerical integration of Eq 13 are approximately the same as
the results of the numerical integration of Eq 15 with the correc-
tion factor mentioned earlier. These results are discussed in de-
tail in Ref 3 and 4.

Equations 35 and 38 indicate that the energy dissipation in
the fluid/particle mixture caused by the interaction between
fluid and powder particles leads to a decrease in the fluid and
particle velocities. This effect is amplified with the growth of the
particle density. These results have been experimentally con-
firmed (Ref 9).

5.2 Particle Thermal Behavior

The different stages of particle thermal behavior—heating,
melting, heating again, cooling, and solidification—were con-
sidered by means of mathematical simulation. It is clear that so-
lidification should be avoided during particle in-flight
movement in HVOF spraying because it is detrimental to the
coating structure. In general, however, the mathematical simula-
tion must also cover this possibility in order to choose the opti-
mal processing version.

During HVOF spraying, the powder particles at first are sub-
jected to heating until they reach their melting point (Fig. 3 to 5).
Then, during the melting period, the particle temperature in-
creases slowly as the latent heat of fusion is absorbed. After
melting, the particle temperature continues to increase in the
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Tablel1 Thermophysical properties of powder materials

Property Nickel WC-12Co

Density, kg/m® 8900 14,320

Melting point, K 1727 1768(a)

Heat of fusion, J/kg x 10° 0.30 0.42

Specific heat, Jkg - K 541 295

Thermal conductivity, 73 45
Wim-K

(a) Melting point of cobalt

Table2 Variations of maximum value of particle mean
temperature and its longitudinal position with respect to
parameters of WC-12Co particle

dp, im Tp,°C n T, °C Zip, M
10 1000 2 2478 0.158
15 1000 2 2319 0.223
20 1000 2 2016 0.252
25 1000 2 1617 0.299
30 1000 2 1495 0.297
10 300 2 2463 0.165
10 100 2 2459 0.167
10 1000 1 2402 0.195
10 300 1 2378 0.207
10 100 1 2372 0.211
20 1000 1 1590 0.296
20 300 2 1958 0.260
20 300 1 1495 0.287

combustion flame up to a maximum near the flame end and then
starts to diminish due to the fluid temperature decrease.

The particle temperature finally attains the solidification
point, which is equal to the melting point for the pure metals un-
der consideration. During the solidification process, the particle
is cooled very slowly despite the significant decrease of the fluid
temperature due to the latent heat extraction. This is a charac-
teristic feature during the solidification of metal drops, particu-
larly during metal atomization (Ref 15, 16).

Particle heating after fusion is weakened with particle size
enhancement and is rather small for particles where d}, = 30 m,
compared with d, =20 um and especially d, =10 um. The
maximum of the particle temperature is displaced in the direc-
tion of the substrate surface as particle diameter increases.

The influence of the particle initial temperature growth lead-
ing to the particle temperature increase is most important during
heating before melting for relatively small particles and dimin-
ishes as d;, increases. With the particle size enhancement, the in-
itial temperature influence becomes more important in the
region of the particle temperature maximum due to thermal iner-
tia. .

As discussed earlier, the thermal processes in cylindrical par-
ticles are less intensive than in spherical particles. Therefore, the
temperature of cylindrical particles is lower during heating and
higher during cooling than the temperature of spherical particles
of the same diameter (Fig. 3), and thus the spraying distance for
cylindrical particles can exceed that for same-size spherical par-
ticles.

Comparison of Fig. 3 to 5 shows that the periods of fusion
and solidification of nickel particles are shorter than those of
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Table3 Variations of maximum value of particle mean
temperature and its longitudinal position with respect to
parameters of nickel particle

dp, Lm Ty, °C n T, °C Zypy M
20 300 2 2055 0.252
20 300 1 1723 0.283
10 300 2 2472 0.160
10 1000 2 2489 0.153
20 1000 2 2171 0.240
30 1000 2 1728 0.290
40 1000 2 1455 0.297

WC-12Co particles. This is because the latent heat of fusion in
the first case is smaller than in the second case. The heat dif-
fusivity of nickel exceeds that of WC-12Co; as a result, the
maximum temperature for nickel particles occurs earlier and its
value is higher. This difference amplifies with increased particle
diameter.

The particle maximum temperature Ty, and its position zp,,
which are of significant interest in HVOF spraying, are pre-
sented in Tables 2 and 3. The particle diameter growth causes a
decrease in T and an increase in z;, due to enhancement of the
thermal inertial effects. The maximum temperature grows and
its longitudinal coordinate diminishes with increased particle in-
itial temperature.

The same tendencies occur for cylindrical particles, but here
the maximum temperatures are lower and the distances z,, are
longer than in the case of spherical particles. Also, the differ-
ences between the values of T, characterizing the thermal states
of the cylindrical particles with different diameters and initial
temperatures are higher than the corresponding differences for
the spherical particles. In the case of nickel particles, the values
of T, are higher and the values of z;,, are smaller than for WC-
12Co particles.

The analytical formulas obtained previously can also be used
to approximately predict powder particle thermal behavior. One
of the important parameters is the full melting t1me determined
using Eq 43. If R, = 10~ m, Pp 2— 14,320 kg/m cp2 =295 J/kg

- K, Tml Tyo= 1195 °C, Ty — Tps= 1800 °C, and o = 19,500
W/m?- K, Wthh correspond to the thermal state of WC- 12C0
particles in HVOF spraying, we find that £, = 4.8 X 107
From the data presented in Fig. 4 (curve 2), it follows that tm1 =
5.7 x 10™*s. The difference between these two values of t1 1S
quite reasonable.

The same analysis refers to the comparison of the thermal be-
havior of spherical and cylindrical particles. From the numerical
results, it follows that the full melting time of the cylindrical par-
ticles Ty is approximately 1.6 times higher than that of the
spherical particles. This agrees well with the analytical predic-
tion made in Eq 46, where T,,; = 1.5 #,,;.

Using Eq 51, if Ty ~ Tyo = 1195 °C, Ty, — Tps = 1800 °C, T,
~ T =970 °C, and Tys- Ty, = 400 °C, Wthh corresponds to
the thermal behavior of the spherical particle of WC-12Co with
d, = 10 um presented in Fig. 3 (curve 2), we obtain At /Aty =
3.65. In accordance with the numerical results, we have Az /Aty
=~ 3.28. The agreement between these two values is good.

Based on a comparison of the presented results, the spraying
distance for the relatively small particles (dp = 10 um) should be
no smaller than about 400 mm, whereas for larger particles (d, =
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20 wm) this distance can be increased up to about 480 wm and, in
the case where d, = 25 uum, can exceed 500 pm. Thus, the maxi-
mum spraying distance increases with particle weight (and size
in the case of similar particles). This occurs because the weight
increase causes a particle velocity decrease and hence an en-
hancement of its residence time under the elevated tempera-
tures. The interval of the permissible spraying distances also
increases with particle weight.

In the case of cylindrical particles, the maximum spraying
distance is greater than for spherical particles. This increase in
spraying distance with a decrease in particle surface curvature is
due to retardation of thermal-induced processes. It is also worth
noting that a similar situation can occur for spherical particles if
their shape is subjected to the in-flight change, particularly with
regard 1o elongation (Ref 17).

In general, it is clear that the particle temperature corre-
sponding to the optimal conditions of metal deposition on the
substrate surface should be a bit higher than the powder material
melting point. In the case of WC-Co particles, it must exceed the
melting point of cobalt. Figures 3 to 5 show that these optimal
conditions can be realized more easily for particle diameters in
the interval of 20 to 40 im, which is recommended for WC-Co
and nickel particles by manufacturers of HVOF spray equip-
ment (Ref 9). Particles of significantly greater size may not melt
as well. Those of smaller diameter (e.g., 10 wm) have a close tol-
erance for the optimal spraying distance. Beyond this distance,
the particle is supercooled. If the spraying distance is smaller
than the optimal distance, the particles of the powder materials
considered here reach the substrate surface in the superheated
liquid state, which causes excessive metal loss and irregular
coating formation. Thus, coating quality depends significantly
on the choice of optimal spraying distance (Ref 18 to 20).

The presented mathematical model generally can account for
particle mass decreases due to evaporation. This mass loss can
be taken into account by the term —m,V,dm,/dt on the right side
of the equation of motion (Eq 13) and leads to an increase in par-
ticle velocity, which can be estimated as follows.

Consider creeping flow when 1 = 0. By placing the above-
mentioned term in Eq 15, we obtain its solution in the form:

t
— 1 -1
V,=mlb m Voo +a, jo Vom b bt (Eq58)

p p0 " p0

When the particle mass is constant (m;, = mp), Eq 58 yields Eq
29.

The mass loss is determined with the evaporation reactions at
the particle surface (Langmuif evaporation) and mass transfer
across the boundary layer. These phenomena can be taken into
account with the overall mass transfer coefficient, which is
equal to the combination of the rate coefficient for Langmuir
evaporation and the mass transfer coefficient obtained from an-
other Ranz-Marshall equation similar to Eq 22 (Ref 21).

For our purposes, it is enough to represent m;, as:

(Eq59)

My =y, eXp (—ct)

where ¢! is the characteristic time of the particle mass loss de-
termined with the mentioned phenomena.
When V; = const, Eq 58 and 59 yield:
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V= aby Vi = (ayb, Vi = Vo) exp (-by), by =ay —c
(Eq 60)

Comparison of Eq 60 and 27 shows that the particle mass de-
crease causes a velocity increase and an increase in charac-
teristic time of V}, change that is equal to b3'. The influence of
this mass loss on the particle thermal state is more complicated
because it leads to the temperature increase caused by the de-
crease in particle size, which must compete with the particle en-
ergy loss due to the extraction of latent heat of vaporization as
well as the mass loss.

Under the thermal conditions of HVOF spraying, the particle
temperature is well below the boiling points of the powder ma-
terials, particularly those of cobalt (2900 °C) and nickel (2730
°C). The corresponding vapor pressures, Py, are very small. In
the case of the nickel particles, for example, P, varies from 1.3
x 10730 0.13 barin the temperature interval from 1810 to 2364
°C (Ref 14). Thus, the powder particle mass loss can be ne-
glected unless the particles are extremely small. On the other
hand, this factor must be taken into account in plasma spraying,
where the processing temperatures are much higher than in
HVOF spraying.

6. Conclusions

A mathematical model that describes both mechanical and
thermal behavior of powder particles during HVOF thermal
spraying is presented. The model takes into account the
fluid/solid particle interactions and the full thermal evolution of
the particles, including their heating, melting, cooling, and pos-
sible solidification, as well as their morphology. Analytical for-
mulas are obtained that describe the approximate particle
mechanical and thermal behavior. The energy dissipation in the
fluid/solid particle mixture caused by interactions between fluid
and powder particles leads to a decrease in fluid and particle ve-
locities, which is amplified as particle density increases.

During HVOF spraying, the powder particles at first are
heated to their melting point. Then, in the melting period, the
particle temperature increases slowly. After melting, the particle
temperature increases up to its maximum value in the region of
the combustion flame end and then starts to diminish until at-
taining the solidification point. During solidification, the parti-
cles cool slowly; after solidification, the cooling effect becomes
more pronounced. An increase in particle size lessens the effect
of particle heating after fusion and causes the displacement of
the particle temperature maximum in the direction of the sub-
strate surface.

The influence of the initial temperature growth of the particle
is most important during the heat phase prior to melting for rela-
tively small particles. This influence diminishes with an in-
crease in particle size.

The thermal processes in cylindrical particles are less inten-
sive than in spherical particles because of decreased particle sur-
face curvature. As a result, the temperature of cylindrical
particles is lower during heating and higher during cooling than
the temperature of spherical particles of the same size.
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The periods of fusion and solidification of nickel particles
are shorter than those of WC-12Co particles. The maximum
temperature for nickel particles occurs earlier and its value is
higher than in the case of WC-12Co. This difference increases
with particle diameter.

The maximum temperature of the particle decreases with in-
creased particle size and decreased initial temperature. The po-
sition of the particle maximum temperature is displaced forward
as the particle size increases and its initial temperature de-
Creases.

Similar tendencies occur for cylindrical particles, but here
the values of Ty, are smaller and those of z;,, are greater than in
the case of spherical particles. The values of T, are higher and
the values of z;,, are smaller for the nickel particles compared
with similar values for WC-12Co particles.

The maximum spraying distance and the interval of the per-
missible spraying distances increase with particle size. For cy-
lindrical particles, the maximum spraying distance is greater
than for spherical particles. The cylindrical particle form is gen-
erally more useful than the spherical form.

The optimal thermal conditions of HVOF spraying of the
powders considered can be more easily achieved for particle di-
ameters from 20 to 40 um. The tolerance for the optimal spray-
ing distance becomes more stringent with a decrease in particle
size. The supercooling or possible superheating of the particles
with larger or smaller diameters diminishes coating quality. The
mathematical model can be used to predict powder particle be-
havior during HVOF spraying to obtain the optimal coating
structure (Ref 18 to 20).
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