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Abstract

Plasma spray-physical vapor deposition (PS-PVD) is a novel coating process based on plasma spraying. In
contrast to conventional methods, deposition can come off not only from liquid splats but also from
vapor phase. Moreover, there is the suggestion that also nano-sized clusters can be formed by
homogeneous nucleation and contribute to deposition. In this work, the conditions for nucleation and
growth of such nano-sized particles in the plasma flow around the substrate under PS-PVD conditions
were investigated. A boundary layer kinetics model was coupled to an approach for homogeneous
nucleation from supersaturated vapors and primary particle growth by condensation as well as
secondary particle formation by coagulation. The results confirm the importance of the boundary layer
on the substrate. However, since these particles are relatively small, their contribution to coating
deposition is limited. Furthermore, microstructure or crystallographic orientations are unlikely to be

affected by this cluster deposition.
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1 Introduction

Plasma Spray-Physical Vapor Deposition (PS-PVD) was developed on the basis of conventional low-
pressure plasma spraying processes (LPPS, formerly often termed vacuum plasma spraying, VPS)
operating at 5-20 kPa. By lowering the chamber pressure to 50-200 Pa and considerable enhancement of
the plasma power up to 180 kW, PS-PVD enables to evaporate the feedstock material to a substantial
amount so that deposition takes place also from the vapor phase [1, 2]. This allows to obtain advanced
microstructures and also non-line-of-sight deposition, as applied e.g. for columnar structured thermal
barrier coatings (TBCs) [3, 4, 5, 6, 7]. As PS-PVD is a quite novel process it is still under research. To the
best knowledge of the authors, scientists in China, Germany, Switzerland, Poland, and in the US are

currently working in this field; however, industrial applications are still not disclosed.

The deposition mechanisms of PS-PVD coatings are not yet fully understood. In [8], it is shown that
substrate temperature and deposition rate considerably influence the coating microstructures; a
corresponding preliminary structure zone model was proposed. Similar findings were reported by Li et al.
[9] It is an open question whether there is also a transition in the nature of the deposits from molecules
to nano-sized clusters (termed also as particles in this work) which could influence the formation of the
microstructure. Furthermore, crystallographic textures were identified in case of relatively high substrate
temperatures and low deposition rates [8]. It is assumed that under such conditions mainly molecules are

deposited, which are still mobile by surface diffusion after being adsorbed on the substrate surface. Thus,



the question on the nature of the deposits is suggested again, however, at different dimensional scales as

compared to microstructure formation.

The formation of nano-sized particles by gas-phase nucleation from supersaturated conditions in thermal
plasmas was utilized specifically to deposit nano-structured coatings at high growth rates [10, 11] and for
powder synthesis [12, 13, 14]. In the context of coating technologies, several researchers emphasized
the importance of the boundary layer for the formation and deposition of nano-sized particles, see e.g.
the reviews on thermal plasma processing methods of Yoshida [15, 16, 17] and Shigeta and Murphy [18]
as well as in the work of other researchers at the University of Tokyo [19, 20]. In [21], Han and Yoshida
describe the deposition of Si by quenching Si vapor in the boundary layer above the substrate yielding
supersaturated conditions followed by the generation and coagulation of Si clusters. They found that
clusters in the range <1nm were the dominant component among the deposited species [22].
Terashima et al. reported that such clusters have a higher sticking probability than atoms, especially at
high temperatures; moreover they can be rearranged after impaction onto the substrate [19]. Bouyer et
al. [23] found that the growth of Si;N, fibers proceeds from nanoparticles which nucleate in the
boundary layer above the fiber tips. They discussed the required conditions and concluded that the
formation is favored by low substrate temperatures and small boundary layer thickness limiting particle

growth by condensation and coagulation.

In this work, it was studied whether the flow conditions in the boundary layer close to the substrate
could influence the nature of PS-PVD deposits. In particular, the possibility of homogeneous nucleation
and particle growth in the plasma gas flow was investigated and what is the significance of cluster vs.
direct vapor deposition by heterogeneous nucleation on the substrate can be. Developing the calculation

models for this, valuable suggestions were received from the analysis of fume formation mechanisms in



arc welding by Tashiro, Murphy, et al. They coupled nucleation, condensation, and coagulation

approaches with process models for gas metal arc and gas tungsten arc welding [24, 25].

2 Process Conditions and Material Data

The PS-PVD experiments were carried out on a Multicoat System (Oerlikon Metco, formerly Sulzer
Metco, Wohlen, Switzerland). The feedstock powder was zirconia partially stabilized by 7 wt% vyttria
(YSZ); it was injected into a plasma gas mixture of 35 slpm Ar and 60 slpm He (slpm standard liters per
minute). The mole fraction of ZrO, was 0.013 corresponding to a powder feed rate of 7 g/ min. For
additional calculations, also a powder feed rate of 20 g/ min was considered corresponding to a ZrO,
mole fraction of 0.037. Complete evaporation is assumed which is possible under ideal powder injection
conditions as shown by the calculations reported in [2]. The gas mixture was expanded through the
nozzle of the single cathode O3CP plasma torch (Oerlikon Metco) into the process chamber where the
pressure was kept at 200 Pa by means of large vacuum pumps. This plasma jet is under-expanded and
exits the nozzle at supersonic conditions. Table 1 gives the plasma gas characteristics at the two
investigated spray distances of 400 mm and 1000 mm. The indicated plasma gas velocities are based on
estimations in [26], the temperatures result from OES measurements [27].Graphite was used as a
substrate material. The given substrate surface temperatures were measured pyrometrically. A
temperature drop was observed at the sample edges estimated as approx. 20% at a radial offset of

50 mm.

Since for YSZ physical data at high temperatures are available only to a limited extend, material data for
pure zirconia were used in this work. The mass of a ZrO, molecule is m; = M/N, = 2.05 107 kg where

M =123.2188 kg kmol™ is the molar mass and N, = 6.022 10% is the Avogadro number. With the density



of zirconia p, =6.27 kg m?, the volume of a molecule v; = 3.26 10°° m* can be calculated. Assuming a
spherical shape, the surface area s; = 4.94 10™ m” was obtained from this. The surface tension of liquid
zirconia was estimated to be 6=1.2 Nm™ based on [28]. A more precise determination for materials
with high melting points like ZrO, is hardly possible [29]. The temperature-dependent dynamic viscosity

u /(Pas)=0.0037 exp(6110 K / T) was taken from [30].

The chemical equilibrium of ZrO,, ZrO, Zr, O,, and O in the Ar-He plasma gas mixture was calculated for
PS-PVD conditions using the CEA2 code [31, 32]. Here, the chemical equilibrium conditions are
determined by the minimization of the Gibbs energy. This is performed by an iterative procedure. The
results in Fig. 1 show that, above approx. 4800 K, only Zr and O are present. Below, gaseous ZrO is
formed before ZrO, appears beneath 3800 K. lonized gaseous species are minor fractions of ZrO* above
2700 K and Zr" above 3250 K. Only very small amounts of molecular oxygen O, are found between
2660 K and 3600 K (not plotted). At 2720 K, solid cubic zirconia is generated which transforms to the
tetragonal phase at 2630K. In Fig. 1, just the sum of these two solid phases is given. As long as solid
zirconia is present, gaseous zirconia vapor is formed; beyond it dissociates which leads to the abrupt
variations. In contrast to higher pressures, there is no liquid ZrO, phase present at 200 Pa. Solid zirconia
formation takes place mainly from ZrO, vapor rather than from ZrO reacting with O. For this reason, only
homogeneous nucleation and condensation of ZrO, is considered in this work. It must be noted that all
these calculation results are valid for equilibrium conditions and that under PS-PVD conditions there

might be deviations due to the short time scales.

Fig. 2 shows total vapor pressure data of ZrO, according to a calculated fit [7] of literature data obtained

from [33, 34],



lOg (pvap,tot/Pa) = 13.8778 — 36046 K/T . (Equ 1)

Moreover, the total partial pressure of all gaseous species generated by the evaporation of zirconia was
calculated from the equilibrium molar fractions using the CEA2 code and superimposed to the fit of the
total ZrO, vapor pressure. Both curves are in good agreement in the saturated range. It is obvious, that
the partial pressure corresponds to the total vapor pressure at approximately 2720 K, as already
mentioned above. Below this temperature and under equilibrium conditions, condensation takes place
and the partial pressure curve decreases congruently with the vapor pressure curve. Diverging from this,
the dotted curve indicates the development of supersaturation during fast cooling schematically. Only
when a specific supersaturation ratio is reached, the zirconia vapor partial pressure turns down since

nucleation and growth are initiated and consume gaseous zirconia species.

3 Calculation Principles and Assumptions for Nucleation and Growth
The formation of nano-sized clusters from the feedstock’s vapor phase is determined by the following

mechanisms,

Supersaturation of the plasma gas mixture containing the vaporized feedstock species by

cooling;

e Formation of primary particles with critical size (minimum size at which the nuclei are stable and

do not decay) from supersaturated vapor;
e  Growth of primary particles by physical condensation [35];

e Formation of secondary particles by coagulation, i.e. either by coalescence (merging of liquid or

solid particles forming a new shape) or by agglomeration (clustering of particles retaining their
shapes), each generally influenced by laminar shear, turbulence, convection, charging,

thermophoresis, Brownian motion, etc.



These mechanisms are modelled following a single stream line using a monodisperse approach.

3.1 Homogeneous Nucleation Model

In the PS-PVD process, particle nucleation is assumed to be driven by physical condensation of
supersaturated vapor rather than chemical reactions [36]. Moreover, it is unlikely that this nucleation is
ion-induced since the ionization degrees in the plasma jet at PS-PVD conditions were found to be small

[27]. Thus, only electrically neutral particles are considered and charge effects are neglected.

The fast cooling and thus the rapid increase of the supersaturation ratio as found in PS-PVD at the
periphery of the plasma jet and the flow around the substrate to be coated is assumed to favor the
mechanisms of homogeneous nucleation [13]. The calculation results given in section 2 have already
shown that the formation of solid zirconia under PS-PVD conditions takes place mainly from ZrO, vapor.
Thus, the gas phase reaction rates to form condensable ZrO, molecules are expected to be significant
higher than those of Zr, ZrO, and O at the particle surface or within the condensed phase. Accordingly,

the nucleation rate is calculated on the basis of the homogeneous nucleation theory.

Assuming spherical particles, their critical size results from the Kelvin equation [37]

x« _ 4ov,
d, = fp TInS (Equ. 2)

where kg is the Boltzmann constant (1.38 10 J K™), T the gas temperature (K), and S = ny/n, is the
supersaturation ratio (dimensionless) with n; the vapor molecule concentration (m™), and n, the vapor

molecule concentration at saturated state (m~). Homogeneous nucleation occurs only if § > 1.



Introducing the normalized surface tension 0 = o s,/kz T (dimensionless), the number of molecules in a

critical nucleus is

g = (32155)3 (Equ. 3)

This is part of the classical theory of homogeneous nucleation as reported by [38]. It was extended by

[39] to obtain the “kinetic” nucleation rate expression by

407 ] (Equ. 4)

"~ 27(InS)?

where J is the number of nuclei generated per unit time and volume (s"m~) and f1,1 the collision

function between two vapor molecules (m’s™).

Particles smaller than about 1 um collide and merge as a result of their Brownian motion [40]. If the
particles are significantly smaller than the mean free path of the gas, free molecular flow prevails. The
particle Knudsen number is Kn,=4/d, where 4 is the mean free path (m) and d, the particle diameter (m).
Presuming free molecular flow which is typically indicated by (Kn,>10) for the small particles in the
plasma jet at PS-PVD conditions [2], the collision function (m>s™) is derived according to [41] from the

kinetic gas theory. For spherical particles containing i and j molecules (i-mers and j-mers), respectively, it

is given by
Boy = (22) 7 R (23 2) (Va4 5
ij = \Gn oy \i ] ] ) (Equ. 5)

The collision function for two vapor molecules (monomers) in Equ. 5 simplifies to



Y
_ 4 (3v) /6 [12kgT
P11 =4 (4n) o (EQu. 6)

The steady-state features of cluster formation will only be reached when transient effects have
disappeared from the system [42]. The time constant t* for the approach of the nucleation rate to

steady-state J,«(7) = J (1-exp(-#/t*)) can be estimated according to [43] by

. 1

T = —
2C.Z2

(Equ. 7)

where Z;. = (y/(2rksT))" is the Zeldovich factor with y = 81ts,0/(9 g*%), and C» = 4rus1g*”n, (ks T/ (21um,))" is

the condensation coefficient.

Applying the mentioned approach for homogeneous nucleation in the current work, some important

restraints must be noted:

e Animportant limitation is the use of the bulk surface tension as it might be not applicable to very
small clusters [40]. However, no more sophisticated data is available for such high melting
materials like zirconia.

e The Kelvin relationship (Equ. 2) holds best for particles with g > 10 molecules. However, at highly
saturated conditions, the critical nuclei sizes can approach molecular dimensions. Nevertheless,
it is also applied for an order of magnitude estimate down to molecular dimensions [40].
Alternatively, some researchers treat all gas molecules as stable nuclei if g* < 2 [44] and equate
the nucleation rate with J =% 1, n;® assuming that all molecular collisions are effective. In the
present work, this was not followed as this led to discontinuities in the development of the
nucleation rate. And anyway, these values did not differ considerably from those obtained from

Equ. 4.



e Another assumption is that a quasi-steady state of nucleation exists [40]. If the time scales of
velocity and temperature changes in the boundary layer are significantly larger than the time
constants for nucleation, the used approach is applicable.

e |n principle, the zirconia particles nucleate as liquid droplets or directly to the solid phase.
Although the nucleation model used in this work is restricted to the formation of liquid droplets,
i.e. structureless spheres, it can be argued that the qualitative trends regarding the effects of

concentrations and cooling rates should be valid also for nucleation directly to the solid [35].

3.2 Condensation Model of Nucleated Particles
For the free molecular flow regime, the collision function for single molecules and particles containing g
molecules can be obtained using Equ. 5 and setting i=1 and j=g.

Big = (%)1/6 6];—iT(l +§) (1 + 91/3)2 (Equ. 8)

Condensation is possible only if S > 1. In this case it is assumed that each collision of a monomer and a
particle leads to condensation. On the other hand, re-evaporation of condensed molecules must be also

considered (see below section 3.4).

3.3 Coagulation Model of Nucleated Particles
In the free molecular flow regime, the collision function for particles containing g molecules can be
obtained using Equ. 5 and setting i=j=g yielding

Bo.g = (%)1/6 “:,—iT 3(2 91/3)2 (EQu. 9)



Coagulation is not limited to § > 1. It is assumed that each collision of two particles leads to coagulation.
A factor of % is introduced in order to avoid double counting of particle-particle collisions (see section

3.4).

The particle shape resulting from coagulation depends on how much time is available to form a spherical
particle before the next collision with another particle occurs. In case of liquid initial particles, the time

required for merging to a secondary spherical particle (coalescence) is given by Frenkel [45]

kdpr

Teoalliqu = (Equ. 10)

where d,,is the final spherical particle diameter after coalescence is completed which results from the
volumes of the two initial particles. Data for the dynamic viscosity u and the surface tension ¢ of zirconia

are given in section 2.

If the colliding particles are solid, the formation of a spherical secondary particle is possible provided that
there is sufficient time for coalescence by solid-state diffusion. The corresponding characteristic time is

given by Friedlander et al. [46]

_3kpTg
Teoalsol = g1 oD (Equ. 11)

where D is the diffusion coefficient expressed by

D =Dy exp (%) (Equ. 12)

The diffusivity D, is set to Dy=1-10°m2s™® and the activation energy to Q =314 kJ mol™ for surface

diffusion of zirconia according to Cipitria [47]; R is the universal gas constant R = 8.3145 J mol™ K.



The characteristic time-scale of particle collision 7., is expressed by

_ 2
Teoll = ﬁgg ng

(Equ. 13)

where the collision function f,, is calculated by Equ. 9 and n, is the particle density per unit gas volume
(see below section 3.4). If particles, either in liquid or solid state, coalesce faster than they collide (i.e.
Teoal << Teou [48]) spherical secondary particles are obtained. Otherwise, aggregation of the initial particles

is assumed to yield irregularly shaped agglomerates.

3.4  Description of nucleation and growth evolution in time

A system of simple ordinary differential equations is used to describe the evolution in time of nucleation,
condensation/evaporation, and coagulation to determine the molecule density in the gas phase, the
concentration of particles, and their average size [49]. The approach is based on a monodisperse
approximation and thus simple and effective in contrast to more complex and elaborate methods using
the moments of a size distribution function. It was reported to deliver results in good agreement with

those obtained by more elaborate discrete-type or moment-type methods [49].

The approach distinguishes between single molecules (monomers, indicated by subscript 1) and particles
containing an average number g of monomers (g-mers, indicated by subscript g). The first differential
equation can be formed based on the fact that nucleation contributes to the particle number

concentration, while coagulation reduces it

d 1
=ng =] =5 Byg n’ (Equ. 14)



where t is the time (s) and n, is the number concentration of g-mer particles per unit volume (m?). The
coagulation term is a particular application of the Smoluchowski population balance equation [50] for

the monodisperse approach.

Moreover it can be stated that the total volume of the particles changes because new particles are
generated by nucleation and by particle growth due to condensation, while it is not affected by

coagulation

d *
at (ng Ug) =Jv1 9" + v frg(ny —n5) ny (Equ. 15)

where v, is the average particle volume. The introduction of the term —n, takes account for re-

evaporation.

The third condition is that the total amount of matter does not change in time; i.e., the total volume of

monomers n,;v; (still not nucleated) plus the total volume of particles n,v, is constant
d
E(nl vy + 1y vg) =0 (Equ. 16)

This equation can be rearranged giving the change rate of the monomer density in time

d 1 d
ah= E(ng vy) (Equ. 17)

which can be combined with Equ. 15.

Thus, the evolution in time of the monomer number density n,, the particle number density n,, and the

average particle volume v, can be determined on the basis of the system of equations containing Equ.



17, Equ. 14, and Equ. 15. The equations were numerically calculated using an integration scheme with
constant time intervals and appropriate starting conditions. In order to review the convergence
performance of this approach, several calculations were performed for evaporation of zirconia in an
argon helium mixture at 200 Pa and 2000 K. Different time steps for numerical integration were used
between 10” and 107 s. The final monomer number density n,, the particle number density n,, and the
average particle diameter <d,> obtained at 7 = 10 s were plotted against the time width for numerical
integration Ar applied in each case, Fig. 3. By refining the time steps down to 1-10” s, no significant
improvements of the results are achieved anymore since the results converge very close against steady-
state values. To be on the safe side, time increments between 9.6-10° s and 4.9-10” s were applied for

the numerical calculations in this work. They do not reflect the time scales of nucleation.

4 PS-PVD flow model

In order to determine the temperature development along a stream line to follow the quenching of the
plasma/vapor mixture, two locations are of interest, where the temperatures become sufficiently low so
that adequate supersaturation for nucleation and growth is reached. This is on the one hand the edge of
the plasma jet where cooling takes place by convection and cold surrounding gas may be entrained. On
the other hand, this is the flow in the boundary layer around the comparatively cold substrate. The latter

case is the focus of this work.

4.1 Boundary Layer
The motion of the fluid molecules in the boundary layer is described applying a particular solution of the
Navier-Stokes equations for viscous flows. In contrast, free molecular flow would prevail if the mean free

path of the fluid molecules became distinctly larger than the diameter of the flow. This is typically found



in the high and ultrahigh vacuum regime at pressures considerably below 0.1 Pa and mean free path
lengths above 100 mm. However, at PS-PVD conditions, viscous fluid-like behavior can be assumed as the
scale of the flow is large with respect to the magnitudes of the mean free path. Besides, this approach
yields steady velocity fields so that streamlines can be calculated without difficulty by numerical

integration as described at the end of this section.

The flow model considers an axisymmetric flow normal to a plate (substrate) which is shown

schematically in Fig. 4. The potential flow which is frictionless (non-viscous) far from the substrate is
Voo = AT, Vpoo =0, V300 = =20z (Equ. 18)

where v is the flow velocity in the cylindrical coordinate directions r, ¢, and z; o denotes a location far
from the surface and a is the strength of the flow (s™). In the boundary layer 6 however, the viscosity
must be considered to fulfill the non-slip condition at the substrate surface. If v is the kinematic viscosity

of the fluid (m? s*) the similarity transformation

Ur =V f'M =ar '), v, =0, v,==2Wvaf@m), n=zJyY% (Equ. 19)
reduces the Navier-Stokes equation to

fm +2 ff/l _ (fr)z +1=0 (Equ. 20)

This differential equation was initially solved by [51] applying the boundary conditions f{0) = 0, f(0) = 0,
and f’(o) = 1. Using the tabulated solutions of Equ. 20 calculated by [52], the thickness of the boundary
layer can be determined. The surface distance where the tangential flow velocity v, reaches 99% of its
final value v, is defined as boundary layer thickness d,. For the axisymmetric flow, this condition
v, =0.99v,, — f () =0.99 (cf. Equ. 19) is fulfilled for approx. # = 2.8 [52] so that the boundary layer

thickness is



2.8

S
I

Q=

(Equ. 21)

Table 2 gives the boundary layer data at the two investigated spray distances. The kinematic viscosities
were calculated by means of CEA2 for the mean boundary layer temperature in each case determined by
integration along the boundary layer thickness. The flow strengths were found iteratively to achieve the
corresponding plasma velocities of v,,, =-1400 m s and V2w =-1200 m s, respectively, at the top of the
boundary layer, cf. estimation in section 2, Table 1. Then, the boundary layer thicknesses could be
determined applying Equ. 21. As the boundary layer thickness is dependent not only from the kinematic
viscosity but also from the flow field strength, both effects are counterbalanced so that the same

thicknesses were obtained.

Analogous to the velocity boundary layer, there is a temperature boundary layer adjacent to the
substrate surface due to convective heat transfer. In order to determine its thickness dr, an appropriate
approach for gases is d7/ 5, ~ Pr”* [53]. For the present conditions, the Prandtl number (calculated by
CEA2 for average boundary layer temperatures) is Pr=0.65 at 400 mm distance and Pr=0.68 at
1000 mm. Thus, Pr” is not far from unity so that in this work the same boundary layer thicknesses for
friction and convection were applied. The shape of the temperature profile between the top of the
boundary layer and the substrate surface was assumed to be parabolic with the boundary conditions
T(z=0) = Ty, T(z=0) =T, (cf. measured temperatures in section 2, Table 1), and dT/dz(z=0) = 0.

Furthermore, the observed temperature drop of 20% was considered at a radial offset of 50 mm.



The modelling domain of the boundary layer was between r=0 mm (plasma jet axis) and r =60 mm.
Three flow filaments through the boundary layer were modelled originating on the top of the boundary
layer at different radial distances to the jet center. The local velocities v, and v, and the transformed
coordinate # were calculated by Equ. 19. For this, fiy) and f’(r) were taken from tabulated data given in
[51] and interpolated by a fourth order polynomial fit (coefficient of determination P> 0.9999). The
kinematic viscosity of the plasma gas v was calculated for several temperatures between the plasma and
the substrate temperature by CEA2 and fitted by an exponential function (+*=0.9996). Finally, the
stream line points (7, z) were obtained from the local velocities using the same numerical integration
scheme and time steps as applied for nucleation and condensation (cf. section 3.4). From this, the
temperature development in time is known along each stream line. Finally, the corresponding local

vapor pressures of zirconia can be determined by Equ. 1.

4.2 Thermophoresis

Due to the high temperature gradient occurring in the boundary layer, thermophoretic forces could have
an impact on the particle movement as they are driven from high to low temperature regions. For large
particle Knudsen numbers (i.e. d, << 1), the thermophoretic velocity is independent on the particle size

and can be calculated by [40]

> -3v VT

UVr = W (Equ. 22)

where a is the thermal accommodation coefficient; according to Chen [54] a = 0.8 can be set. The rand z
components of the local temperature gradient VT can easily be calculated deriving the parabolic

temperature distribution approach for the boundary layer (cf. section 4.1).



)

4.3  Diffusion
According to [55], the average quadratic displacement per unit time by diffusion is
%2 _ 2kgT
i (Equ. 23)
where f'is the friction coefficient. For free molecular flows it can be expressed by [40]
2 2mkgT Y2 na
f= gdppgas ( Mg ) (1 5 (Equ. 24)
where p, is the mass density and m,,, the molecular mass of the plasma gas. Based upon this, the
average diffusion velocity of particles during a particular time increment can be calculated.

5 Results and Discussion

Flow fields

5.1
calculated applying the PS-PVD flow model described in the previous section 4 starting at the top of the

Fig. 5 shows three flow filaments for the spray distances of 400 mm and 1000 mm each. They were

boundary layer at three different radial offsets from the jet axis. The thickness of the boundary layer for

the 400 mm case and the 1000 mm case is similar (6.8 mm) since the effect of the temperature induced
higher kinematic viscosity is compensated by the higher flow strength. Along these stream lines, the time

histories of the temperatures can be determined and introduced into the nucleation and growth

calculations described in section 3.4. Based on these results, the locations on the streamlines, where

nucleation of particles is initiated, can be identified. They are indicated in Fig. 5.

Along these streamlines, the thermophoretic velocities were calculated as described in section 4.2. On

the streamline #1 at 400 mm spray distance, which represents the smallest flow velocities, the



thermophoretic velocities reached 32 ms™ on average and 43 ms™’ at most. This is one magnitude
smaller than the gas flow velocities. For the other streamlines, this disproportion is even more

pronounced. Consequently, thermophoresis was not considered in this work.

Particle displacements by diffusion were calculated according to section 4.3 for the time intervals At
from the start of nucleation to the end of simulation at » = 60 mm. Plasma temperatures and particle
diameters were averaged along this stream line sections. For all investigated streamlines and both spray
distances, the largest diffusion velocity was found to be 82 m s™. This is considerably smaller again than

the gas flow velocities. Hence, diffusion was not considered in this work.

To check the applicability of the steady-state nucleation approach, the time constants 7* were
determined according section 3.1. Comparing the nucleation rates for all investigated stream lines, the
maximum values were found between 0.7 and 1.3-:102 m™ s’ For the streamline #1 at 400 mm spray
distance, the average nucleation time constant 7* was found to be 5.8-10°s. The time spans from
nucleation onset to the end of simulation at »=60 mm was between 3.2:10%s and 2.1:10°s. Thus,

steady state nucleation prevails.

In Fig. 6, the time histories of the flow velocities and temperatures along the investigated stream lines
through the boundary layer are given. The velocities are larger along the streamlines being located more
outside since the flow spreads in radial direction and gets less close to the substrate. While Fig. 5 shows
where the onset points are located, in Fig. 6 it can be seen when it happens. These points of time are a
result of flow velocity (i.e. time for flow) and thermal history meanwhile. The onset of nucleation is

initiated by reaching a sufficient nearness to the relative cold substrate. The distance to the jet axis is



less decisive. The cooling rates through the boundary layer reach 10’ to 10® K s which is at the upper
limit of what is obtained in common particle synthesis and coating deposition processes by thermal
plasmas [56]. At the longer spray distance of 1000 mm, the onset of particle growth is closer to the jet
axis than in the case of 400 mm, although the flow velocities are slightly higher. The reason is the
dominating effect of the lower temperature so that the amount of supersaturation required for
nucleation and condensation is reached earlier. This tendency means that at 400 mm, the coating
deposition in the central part of the jet profile can be expected to occur mainly directly from vapor phase
via heterogeneous nucleation while at 1000 mm, the zone with homogeneous nucleation and particle

formation would move closer to the jet axis.

5.2  Particle formation

Fig. 7 gives the developments in time of the vapor molecule concentration n;, the particle concentration
per unit volume n,, and the total particle volume per unit volume n,-v, for the stream lines #1 at 400 mm
and 1000 mm spray distance in Fig. 5, respectively. In both cases, nucleation starts at a temperature of
approx. 2600 K. At the longer spray distance, nucleation starts earlier due to the lower temperature

level.

The gradients of the nucleation developments indicate that the nucleation rates decrease again after
reaching a maximum, Fig. 8; this occurs when temperatures drop below approx. 1800 K to 1900 K. The
retardation of nucleation is mainly a consequence of the steadily increasing supersaturation ratio S and
how it affects the different constituent factors of the nucleation rate J, see Equ. 4. On the other hand,
particles grow increasingly by condensation. Generally more particles are generated at the shorter spray

distance since more time is available.



At both spray distances, coagulation becomes relevant when enough particles are generated and reach a
concentration n, of approx. 10" m™>. The particle collision frequencies Bee (Equ. 9) are of the same
magnitude in both cases. The characteristic times for coagulation 7., are found to be almost always
substantially shorter for both liquid (Equ. 10) and solid particles (Equ. 11) than the collision times 7,
(Equ. 13). Only in the very last sections of streamlines #1 and #2 at 1000 mm, the coagulation time for
solid particles exceeds the collision times due to the low temperatures. However, the formation of some
irregular shaped solid aggregates is unlikely. Fujita found that the transition between fast-diffusion
liquid-like and slow-diffusion crystalline properties takes place abruptly with size of the clusters, which
he referred to as a magic size. He determined the magic size for an embedded ZrO, cluster to be approx.
6 nm at room temperature [57]. The magic size for the isolated state was expected to be approx. 12 nm
[58]. Moreover, because of their very small size, the droplets in principle solidify at significantly lower
temperature than the bulk melting point of the solid [40]. This allows the assumption that fast

coalescence of two particles after their collision [44] yielding rather spherical shaped secondary particles.

In Fig. 9, the average particle diameters <d,> obtained by the monodisperse approach (cf. section 3.4)
are given for the two flow filaments #1 in Fig. 5. They are obtained by dividing the total volume of
particles v, divided by their number n,. Thus, they are averages by particle number. To know more about
the effect on the coating microstructure, a volumetric average would be more expressive. However, this

cannot be obtained from the applied simple monodisperse approach.

The plots of the average particle size in Fig. 9 start at the onset of particle nucleation. Initially, particle

diameters of approx. 4.5 nm (corresponds to approx. 1500 molecules) are obtained as the critical particle



size is still larger at higher temperatures. After decreasing below 1 nm, a slow increase follows again.
This is because on the one hand, existing particles begin to grow by condensation; on the other hand,
new particles with a small critical size nucleate. At the end of the modelling domain where at high
supersaturation the critical nuclei size g* approaches molecular dimensions, average particle diameters
reach approx. 0.5 nm. This corresponds to cluster sizes of 2-3 molecules. Thus, the application limits of

the homogeneous nucleation approach mentioned in section 3.1 are reached.

As the particles are very small, they will closely follow the plasma flow .This can be expressed by the
dimensionless Stokes number quantifying the significance of the particle inertia if the flow direction of
the fluid changes. Under the conditions investigated here, Stokes numbers are expected to be

significantly below unity which is the critical criterion to detach from the flow.

5.3  Particle flux

The local particle volume fluxes per unit area were calculated as products of the total particle volume
density per unit gas volume v, and the gas flow velocity v. They can be interpreted as coating deposition
rates assuming that all the particles are deposited and form an ideally dense coating. Fig. 10 gives such
coating deposition rates determined along the streamlines #1, 2, and 3 in Fig. 5 at 400 mm and 1000 mm
spray distance, respectively. Considerable deposition rates are obtained only in the edge regions of the
plasma jet. It should be noted that only the deposition of particles homogeneously nucleated and grown
in-flight was studied in this work but no heterogeneous nucleation on the substrate. At the short spray
distance of 400 mm, no significant particle deposition is obtained in the center region of jet at

r <40 mm.



In spray experiments [59], the following deposition rates were observed at r=40 mm: 32 pm min™
(400 mm) and 24 pm min™ (1000 mm). The comparison with the calculated data shows that in the outer
regions of the jet, the deposition can result partially from particles while in the center region direct
condensation from the vapor phase on the substrate surface must be assumed to prevail. At 1000 mm
spray distance, the particle deposition generally increases and occurs also closer to the jet axis. It is
noteworthy that the calculated flux of condensed clusters is found to be approx. tenfold if the powder

feed rate is increased by a factor of nearly 3 from 7 to 20 g min™.

6 Summary and Conclusion

This work was initiated by considerations on the importance of the boundary layer for the deposition of
nano-sized structures from literature as well as by previous own experimental results from PS-PVD. A
boundary layer kinetics model was coupled to a model for homogeneous nucleation and particle growth
by condensation and coagulation. The analytical models for the boundary layer kinetics and particle
formation and growth proved to be worthwhile as they were able to resolve the steep gradients of the
boundary layer properties. Calculations were carried out for zirconia deposition through an axisymmetric
plasma gas flow onto a plane substrate under typical PS-PVD conditions. Two spray distances 400 mm

and 1000 mm (standard) and different radial offsets from jet axis up to 60 mm were considered.

The main results are as follows:

e Homogeneous nucleation and growth of nano-sized particles is possible in the boundary layer of
substrates under PS-PVD conditions.
e Sufficiently low temperature (and thus high supersaturation) is the main criterion for the onset

of particle nucleation and growth.



At short spray distance, the onset of particle nucleation and growth occurs in distinct radial
offset from the jet axis while at long standard spray distance the onset moves closer to the
plasma jet center.

The flux of condensed particles increases at longer spray distance and radial distance to the jet
axis; its contribution to the total coating growth can reach more than 10%.

Increasing the powder feed rate from 7 to 20 g min the flux of condensed clusters is approx.
tenfold.

The particle size is very small in the range of single nanometers. Microstructures or

crystallographic orientations are unlikely to be affected by this cluster deposition.
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Tables

Table 1 Plasma jet temperatures and velocities at two investigated spray parameters

Spray distance 400 mm 1000 mm
Plasma gas temperature T, 4120 K 4275 K
Plasma gas velocity v.., -1400 ms™ -1200ms*
Substrate temperature T}, 2270 K 1250 K
Table 2 Boundary layer data

Spray distance 400 mm 1000 mm
Integral temperature 3270K 3050 K
Average kinematic viscosity v | 0.864 m’s* 0.762 m*s™
Flow strength a 1.4510° s™ 1.3010°s™
Boundary layer thickness 9, 6.8 mm 6.8 mm
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