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VOLUME CRYSTALLIZATION OF A NICKEL DROPLET

CONTAINING REFRACTORY NANOPARTICLES

UPON ITS IMPACT ONTO A SUBSTRATE

UDC 532.501.32:669.14.018.28A. N. Cherepanov, V. N. Popov, and O. P. Solonenko

A mathematical model is developed for nonequilibrium volume crystallization of a metallic droplet
modified by mechanically activated refractory nanoparticles upon its impact onto a solid substrate.
The model takes into account the kinetics of heterogeneous and homogeneous nucleation during melt
cooling. Specific features of crystallization of a liquid metal (nickel) depending on the concentration
and size of modifying particles are examined numerically. A typical feature of the process considered
is the maximum supercooling of the melt, whose magnitude depends on the particle size and cooling
intensity. Homogeneous nucleation is almost absent. The calculated radii of droplets solidified on the
substrate are in good agreement with available experimental data.
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Introduction. Much attention has been paid recently to improving the quality of the surface of various
articles and mechanisms. One promising method of solving this problem is plasma spraying, which ensures high-
quality metallic and composite coatings [1, 2]. Important factors responsible for the set of physical, mechanical,
and exploitation properties of such coatings are the internal interfaces between splats (solidified metallic droplets),
the interfaces between splats and the substrate surface, and the internal structure of splats themselves. The basic
functional parameters determining the properties of plasma coatings are the strength of their adhesion to the
substrate surface, porosity, crystalline structure, and phase composition.

Preliminary experimental studies [3] on spraying mechanically activated metallic powders modified by ul-
trafine ceramic particles (nanoparticles) showed that the resultant coatings possess higher adhesion, higher density,
and more uniform structural components, as compared to reference samples.

An experimental investigation and improvement of the processes of high-velocity interaction of droplets with
the substrate is a complicated problem from both the methodical and technical viewpoints. Optimization of the
technological process requires the knowledge of the whole variety of inherent phenomena: heat exchange with the
substrate, droplet deformation, nucleation and growth of crystals, etc. Therefore, the most effective method of
studying these processes is mathematical modeling.

A mathematical model of spreading and crystallization of a liquid metallic droplet modified by an ultrafine
powdered refractory compound is considered below.

Formulation of the Problem. Assumptions. We consider the kinetics of solidification of a liquid
metallic particle (droplet) after its impact onto a solid substrate. A particle of volume V0 is assumed to impact onto
the substrate at a right angle with a certain velocity v and starts spreading on the substrate surface, retaining the
shape of a spheroidal segment during its motion. The particle substance is a pure metal pre-modified by an ultrafine
powder of a refractory compound. The mass content of the powder particles in the melt is low (less than 0.05%), and
their size Rp is much smaller than the characteristic size of the liquid droplet; hence, the influence of the ultrafine
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powder on the physical parameters of the liquid can be ignored. The powdered particles are mechanically activated
and serve as active centers of crystallization. The temperature of the substrate and the ambient temperature are
lower than the metal-crystallization temperature.

To simplify the problem, we use the following assumptions.
1. The characteristic size d of the liquid particle is rather small, and the substrate surface contains an oxide

film; as a result, the internal thermal resistance of the particle is much lower than its external thermal resistance
[d/λ � 1/α, where λ is the thermal conductivity of the metal and α = λ3/δ3 (δ3 and λ3 are the thickness and
thermal conductivity of the film)].

2. The substrate in the initial state is heated to a temperature below the melting point of its material and
initial temperature of the droplet, whereas the droplet is overheated above the equilibrium melting point so that the
absence of nucleation and growth of the solid crystalline phase at the stage of droplet spreading can be postulated.

3. The law of motion of the contact spot Rc is known and is described by the expression [4]
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where R0 is the initial droplet radius, ν is the kinematic viscosity of the melt, and t is the time.
Governing Equations and Boundary Conditions. Under the assumptions made, we consider metal

solidification as a volume process, and the temperature distribution during cooling and crystallization of the metal
is assumed to be uniform. All ultrafine particles are assumed to be crystallization centers.

The cylindrical coordinate system z, r is chosen to have the origin at the center of the spheroidal segment;
the r axis lies in the plane of the substrate surface and the z axis is directed downward to the substrate.

The equation of the heat balance in the solidifying droplet yields a differential equation for the volume-
averaged particle temperature T1:

M1c1
dT1

dt
= Fcλ2

∂T2

∂z

∣∣∣
z=0

− Ffαf(T1 − Tg) + M1κ1
dfs

dt
, fs ≡ 1 at T < Te. (2)

The terms in the right side of this equation describe heat transfer to the substrate (first term), radiative heat transfer
into the ambient medium (second term), and latent heat release during crystallization (third term); M1 is the particle
mass, c1 is the heat capacity of the metal, T2 is the substrate temperature, Fc is the contact-spot area, λ2 is the
thermal conductivity of the substrate, Ff is the area of the free surface of the droplet, αf = εσ0(T 2

1 +T 2
g )(T1 +Tg) is

the coefficient of radiative heat transfer between the free surface of the particle and the ambient medium (gas), ε is
the reduced emissivity, σ0 is the Stefan–Boltzmann constant, κ1 is the crystallization heat, fs is the cross section
(fraction) of the solid phase, Tg is the temperature of the ambient gas, and Te is the equilibrium crystallization
temperature; the subscripts 1 and 2 refer to the droplet and substrate parameters, respectively.

The values of Fc(t) and Ff(t) are determined by the relations

Fc(t) = πR2
c(t), Ff = π(R2

c + H2), (3)

where H is the height of the solidifying particle obtained from the condition of a constant volume of the particle:

(4π/3)R3
0 = (π/6)H(3R2

c + H2).

Therefore, we obtain
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The substrate temperature T2 is determined by solving the heat-conduction equation for a cylindrical domain
corresponding to the contact spot
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with the boundary conditions
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where h2 is the substrate thickness and α = λ3/δ3 is the coefficient of heat transfer from the droplet to the substrate.
The subscript 3 is used to indicate the parameters of the oxide film. The third condition in (6) is the condition
of adiabaticity on a cylindrical boundary whose radius coincides with the contact-spot radius. This assumption is
valid for the problem considered because the Peclet number characterizing the ratio between the convective and
conductive heat transfer is much greater than unity [Pe = vcRc/(λ1/c1ρ1) � 1, where vc is the characteristic
velocity of the contact-spot boundary].

We supplement Eqs. (2)–(7) by a relation that describes the kinetics of solid-phase growth on nucleation
centers (seeds), which are refractory ultrafine powder nanoparticles. We assume that a unit volume of the initial
melt contains Np seeds (nanoparticles) on which the crystalline phase starts growing. The growth rate of the crystals
is described by the power law [5, 6]

vk = Kv(Te − T )m, (8)

where Kv is the growth-rate constant and m is an indicator characterizing the mechanism of crystal growth (m = 1
and m = 2 refer to the conventional and dislocation mechanisms, respectively). We assume that the seeds have a
spherical shape. In this case, the growth of the solid phase follows the law [5, 8]

fs = 1 − exp
{
− ϕ

[
Np

(
Rp + Kv

t∫

te

∆T m dξ
)3

+

t∫

te

Jn(ξ)
(
Kv

t∫

ξ

∆T m dζ
)3

dξ
]}

, (9)

where fs is the fraction of the solid phase, ϕ = 4π/3, Np is the number of nanoparticles in a unit volume of the
melt, te = t(Te) is the time corresponding to the moment the melt is cooled down to the equilibrium crystallization
temperature Te, ∆T = Te − T is the supercooling of the melt, and Jn(t) is the rate of homogeneous nucleation
described by the formula [7]

Jn(t) = Kn exp {−[U + W/(∆T )2]}, (10)

where Kn = 2ndm

√
σ1kT/h, W = 16πσ3

1T
2
e /[3(κρ1)2kT ], n is the number of atoms in a unit volume of the melt,

dm is the atom diameter, σ1 is the surface tension, and h is the Planck constant.
Thus, the problem reduces to solving the system of integrodifferential equations (2), (5), and (9) with

allowance for relations (1)–(4), (8), and (10) and boundary conditions (6) and (7). An algorithm based on the
Runge–Kutta and finite-difference methods was used for numerical implementation of the resultant system.

The initial data for the nickel droplet [9] were R0 = 10−5 m, v = 50 m/sec, Kv = 0.025 m/(sec ·K),
m = 1, n1 = 8.06 · 1028 1/m3, T10 = 1828 K, ρ1 = 7.79 · 103 kg/m3, λ1 = 71.5 W/(m ·K), c1 = 735 J/(kg ·K),
ν1 = 5.7·10−7 m2/sec, κ1 = 3.056·105 J/kg, Te = 1728 K, Tg = 303 K, ε = 0.35, and σ0 = 5.67·10−8 J/(m2 ·K); the
initial data for the steel substrate were h2 = 3 · 10−3 m, T20 = 970 K, ρ2 = 7.25 · 103 kg/m3, λ2 = 16.78 W/(m ·K),
c2 = 650 J/(kg ·K), λ3 = 3.5 W/(m ·K), and δ3 = (5−10) · 10−6 m.

Analysis of Results. Cooling and crystallization of the droplet after its impact onto a solid steel substrate
(steel 1Kh18N9T) and subsequent spreading are analyzed numerically. As was noted above, to satisfy the condition
of volume crystallization, it is necessary to ensure a moderate intensity of heat transfer from the droplet to the
substrate, in order to have low temperature gradients inside the droplet during cooling and crystallization. This can
be achieved by substrate heating, which is done in real spraying conditions; in this case, Bi1 = λ3R0/(λ1δ3) � 1. It
was assumed in calculations, therefore, that the substrate surface is coated by an oxide film of thickness δ3 � 5 µm.
If the thermal conductivity of the film (e.g., FeO) is λ3 = 3.5 W/(m ·K), the Biot number for a nickel droplet of
radius R0 = 10 µm with the thermal conductivity of the metal λ1 = 71.5 W/(m ·K) is Bi1 � 0.05. To satisfy this
condition, the oxide-film thickness in calculations was assumed to be 5–10 µm.

The influence of the size and concentration of modifying particles on the melt-crystallization kinetics was
considered. The calculated results are plotted in Figs. 1–4, where ∆θ1 = 1 − T1/Te, θ1 = T1/Te, and τ = at/R2

0.
As is seen from the position of the cooling curve (Fig. 1), its typical feature is the existence of the maximum
supercooling of the melt ∆θ1max, which is reached at the beginning of the crystallization process, and the minimum
supercooling ∆θ1 min, which remains almost unchanged up to the end of the process. The transition from ∆θ1max

to ∆θ1 min is caused by intensified growth of the solid phase. This leads to heating (recalescence) of the supercooled
melt owing to release of crystallization heat.

As the particle diameter is reduced, the maximum supercooling and the recalescence time also decrease. For
instance, the maximum supercooling is ∆Tmax = 12.1 K for δ3 = 5 µm and Rp = 2.5 ·10−8 m and ∆Tmax = 19 K for
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Fig. 1. Temperature of the droplet of the modified melt during its volume crystallization on a substrate
for different values of the oxide-film thickness δ3 and nanoparticle radius Rp: (a) δ3 = 10 µm and
Rp = 0.025 (1) and 0.05 µm (2); (b) δ3 = 5 µm and Rp = 0.025 (1) and 0.05 µm (2).
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Fig. 2. Temperature of the substrate surface in the contact region during droplet cooling for δ3 = 10 (1)
and 5 µm (2); Rp = 0.025−0.05 µm.

Fig. 3. Kinetics of growth of the volume fraction of the solid phase during droplet crystallization on the
substrate for δ3 = 10 (1) and 5 µm (2); Rp = 0.025−0.05 µm.

Rp = 5 · 10−8 m. The time of complete solidification, the temperature of the substrate surface in the contact region
(see Fig. 1), and the crystallization rate (Fig. 2) vary insignificantly. A more intense heat transfer (a decrease
in δ3) from the droplet to the substrate leads to more intense supercooling (Fig. 1b) and to an increase in the
temperature of the substrate surface in the contact spot (curve 1 in Fig. 3) and crystallization rate (curve 2
in Fig. 2). The crystallization time decreases thereby. As it follows from the calculations performed, there is
practically no homogeneous nucleation because of the low supercooling. The crystalline phase appears and grows
only on nanoparticles (seeds). The dispersion of the structure of the solidified melt is determined by the number of
nanoparticles in the droplet volume. For the mass fraction of the modifying powder mp = 5·10−4 and Rp = 5·10−8 m,
the number of particles (uniformly distributed) in a droplet of radius R0 = 10−5 m is Np = 6450; for Rp = 2.5·10−8 m
and the same value of R0, the number of particles is Np = 51, 600. It should be noted that crystallization for the
cooling conditions considered starts after complete spreading of the droplet; the contact-spot radius Rs

c (and hence,
the splat radius) is determined by the Reynolds number only and has the value of ∼ 5.8 · 10−5 m (or Rs

c/R0 = 5.8)
for v = 50 m/sec and R0 = 10−5 m; the height of the contact spot at the center (r = 0) is Hs

0/R0 = 0.238. These
values are in reasonable agreement with the data summarized in [2]. A slightly higher value of Rs

c in the present
work can be attributed to the fact that particle solidification during its spreading was taken into account in [2]. It
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Fig. 4. Distribution of the substrate temperature along the z axis in the contact-spot region for
δ3 = 10 (curve 1) and 5 µm (curve 2); Rp = 0.025−0.05 µm.

should also be noted that the numerical results support the validity of the assumptions made here, in particular,
the neglect of the influence of the solid-phase fraction on the viscous properties of the melt and uniformity of the
temperature field within the liquid layer, because the ratio of the time of passage of the heat wave for the spread
particle tT = (Hs

0 )2/a to the time of particle crystallization ts ∼ (1.0−1.6)R2
0/a is much smaller than unity.

The influence of radiative heat transfer from the free surface on droplet cooling and crystallization was
predicted to be negligibly small, i.e., the droplet is mainly cooled owing to heat transfer to the substrate. The
behavior of the substrate temperature is illustrated in Fig. 4, which shows that the heating depth is approximately
1.5 droplet radii.

Conclusions. A model of nonequilibrium volume crystallization of a metallic droplet modified by activated
refractory nanoparticles upon its impact onto a solid substrate is proposed. Conditions of applicability of this model
are described, and specific features of the melt-crystallization kinetics depending on intensity of heat transfer to the
substrate and concentration and characteristic size of modifying nanoparticles are examined. It is demonstrated
that the dispersion of the crystalline structure of splats can be effectively controlled by adding small amounts of
highly activated ultrafine seeds.
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of Sciences “Basic Problems in Physics and Chemistry of Nanoscale Systems and Nanomaterials” and by the
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