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The paper presents experimental and theoretical study of crystal nucleation and growth in aluminum and struc-
ture development in the aluminum melt after the introduction of a cubic-shaped nanoparticle modifier and using
the electron-beam surface treatment method. The output of this study is the rate of solid phase nucleation as a function
of TiCN nanoparticle size dispersed in molten aluminum. The numerical simulation of crystal structure growth for
a sample of AlSi12Cu2NiMg alloy treated by electron beam was performed using the MAGMASOFT computer code.
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Introduction

The authors in previous papers [1—4] had demonstrated the way to producing the nano-
composite coating on aluminum or aluminum-alloy substrate through depositing the nanopow-
der on the surface with the following treatment using electron beam technology. The impact of
the electron beam on the surface produces a melt where the nanoparticles are mixed with
the melt. Besides, they work as a metal modifier and become the additional centers for crystal-
lization. The liquid metal on the sample surface solidifies and this produces a high-
dispersion nanobased composite coating. The diagram of electron-beam modification of
an aluminum substrate is depicted in Fig. 1. This treatment improves the dispersion degree,
increases the strength characteristics, micro hardness, and durability of the surface layer
of the treated sample.
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Fig. 1. Diagram for the process of substrate treatment with an electron beam.

The goal of this study is the investigation of the processes of nucleation and structuring
in aluminum and in AlSi12Cu2NiMg alloy while introducing the TiCN nanoparticles. This prob-
lem statement accounts for several aspects: crystallization in the liquid zone of the treated sub-
strate with the introduced refractory nanoparticles is nonuniform; the metal solidification
in small volumes after surface treatment with a high energy flux has a high rate.

1. Nucleation process

In the process of cooling of liquid layers of aluminum (or AlSil2Cu2NiMg alloy) the in-
troduced nanoparticles (NP) make a substrate work with crystallization centers. The nucleation
rate depends on the NP size, their wetting parameter, atomic diameters of elements comprising
the liquid metal composition, and on other physical and chemical characteristics of the liquid
metal. The nanoparticles work as the nucleation centers for silicon phase and they supress
the growth of eutectic silicon. Provided a high concentration of NP (however, below the coagula-
tion limit) and a high wetting, this composition produces a more subtle dendrite (or globular)
structure. Those new properties of the treated metal surface are due to the improved nanoparti-
cle-modified microstructure and due to intensive electron beam treatment.

The recent years demonstrate a growth in publications on study of NP-in-melt effect on
the crystallization-produced microstructure and the mechanical properties of the solidified
metal [5—13]. The research found that the NP-containing microstructure is finer than the corre-
sponding structure without NP [14—16]. This means that nanoparticle create a refining action
on the crystallites. Another discovered effect was the modification of the dendrite surface with
nanopowders [17]. These observations are supported by theoretical analysis that assumes
blocking of alloy components diffusion by nanopowder during the solidification process [18].

The literature data disclose that the adding of NP increases the rate of nucleation
(the formation of crystallization centers) while restricting the growth of dendrites and changing
their morphology. For example, research [19, 20] revealed that the changes in microstructure
during crystallization occur due to NP-induced suppression of Zn diffusion ahead of the den-
drite axes and the growth rate of the apexes slows down. The mechanism of nucleation in li-
quid metal with addition of cubic nanoparticles was described in [21, 22].

1.1. Experiments
The samples of pure aluminum were surface-modified with cubic TiCN nanoparticles
(the cube edge length /, was 40 nm — see Figs. 2 and 3) using the electron beam treatment.

The test samples were parallelepipeds with the size of 20 x10 x10 mm. The sample surface was
preliminarily polished with the No. 1200 sandpaper and cleansed with ethyl alcohol and dried.
Then the surface of sample was coated with a slurry: it was acrylic glass powder solved
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Fig. 2. General view for the morphology Fig. 3. Image of the microsection for a sample
of TiCN nanoparticles. of Al modified with TiCN nanoparticles.

in three droplets of CHCl3 solvent with the addition of TiCN nanopowder. The surface was
coated with this slurry for two variants of surface concentration (A/,) — 0.015 and 0.03 mg/mm?
— with a spatula until producing a smooth layer on the substrate. The electron-beam treatment
was performed in Leybold Heraeus vacuum apparatus (EWS 300/15-60). The processing
parameters were the following: the electron beam current / = 18-25 mA, the sample dis-
placement velocity v = 0.5-5 cm/s, and the scanning frequency by electron beam f =
=200-10000 Hz. For all experiments, the acceleration voltage was U = 52 kV, and the focus-
ing current was /= 472 mA. The sample surface treatment was performed using annular scan-
ning trajectory.

1.2. Theory

According to paper [23], the refractory NPs are the potential centers for crystallization:
separate clusters are formed at NP surface which (under certain conditions) transform into so-
lid-phase nuclei. As it was in papers [21, 22], we assume that the nucleus has a spherical seg-
ment shape attached to the surface of a cubic nanoparticle with the wetting angle in the range
0°< 0 <90° (Fig. 4) and the contact spot has the diameter lower than the cubic particle edge
length /,, i.e., it is defined as 2R, sinf < [, where R, is the nucleus critical radius.

The rate of heterogeneous nucleation J and the Gibbs® free energy AG™ in the melt with
NP with account for size effect is defined by the formulas [21]:

J=n, (122D0) [(1,) (I, /1Y’ R. (1 = cos @) exp[(— (E + AG) (ks T)], (1)
AG" =13 765 Ry (1 - 65/Ry) (1 — cosb)’ (2 + cos), ©)

where n,=m, p/100 pplg , R, ~2075(1-26 /Ry )T, /(kpAT), T is the current temperature, o5 is
the surface tension at the interface “nucleus—-melt” at 26/Ry — 0, m,, is the modifier mass frac-

tion (wt. %), o is the Tolman parameter that describes the size of interphase transition layer,
AT is the subcooling, T is the crystallization temperature, o is the metal density, g, is the NP

density, x is the crystallization heat, /, is the diameter of liquid metal atom, /_is the interatomic
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Fig. 4. Diagram of a nucleus on a flat wall

. Fig. 5. Nucleation rate (J, s'm™!) vs. nanoparticle
of a nanoparticle.

size at parameter 26/R, =0 (1), 0.007 (2), 0.05 (3)
1 — melt, 2 — nucleus 3 — nanoparticle. and for M, = 0.03 mg/mmz.

distance for the substrate, kg is the Boltzmann constant, Dy, is the empirical constant in the Ar-
rhenius law, and £ is the activation energy for diffusion process in the aluminum melt.

The calculations for estimating the rate of homogeneous nucleation in aluminum melt were
performed for the set of input data: T, = 933 K, p = 2350 kg/m’, k = 4.02-10°J /kg, D= 10 'm’/s,

E = 42107, zof5= 0.093 J/m’, [, = 2.86-10 "’m, I, = 4.235-10 ’m, p, = 5080 kg/m’,

k= 1.38-10 2 J/K.

Figure 5 presents the dependency of nucleation rate on nanoparticle size at three diffe-
rent values of the Tolman parameter. Here the wetting angle 8 was taken equal 10°, subcool-
ing value is AT = 2 K, and the surface density of nanoparticles M, = 0.03 mg/mmz. The analy-
sis of calculated curves demonstrate that the low relative Tolman’s parameter (26/Ry< 0.01)
exhibits a low influence on the nucleation rate. Meanwhile, the reduction in the nanoparticle
size (at a steady value of substrate material in the melt) enhances the rate, i.e., the smaller size
of NP increases the nucleation rate.

The problem of nucleation rate for the AlSi12Cu2NiMg alloy is more complicated since
the Tolman parameter for this case is determined by atomic diameters of elements comprising
the melt, and development of different phase occurs at different levels of subcooling. Besides,
we have to consider the behavior of grain growth in a metal melt including NP. The recent
studies revealed that the presence of NP while metal crystallization both refine and modify

the nucleus, that is, we observe a decrease in size and shape variation of the microstructure
elements [17, 19, 24].

2. Processes of growth and modification
2.1. Growth and modification of dendrites

It was found in [19] that NPs reduce the effective diffusive capability of the dissolved
component Zn in a fluid: they work as effective inhibitor of dendrite growth. The authors also
discovered that NP additive alters the microstructure morphology: it changes from the dendrite
to the hyper-branched structure with dispersed ends. The qualitative evaluation of the top
branches of dendrites using the data from X-ray tomography (in cooperation with analytical
calculations) demonstrated that the change in growth of dendrite structure is due to the fact that
NPs reduce the effective solubility of dopant impurity in the liquid near the solid-liquid
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interface. This restricts the redistribution of dissolved elements and increases their concentra-
tion at the dendrite tips: this creates the hyper-branched morphology of grains.

2.2. Growth and modification of silicon crystals

It was found in [25—27] that NPs are useful for control of the eutectic phase growth of Si
during melt solidification. It was also discovered [28, 29] that NPs of Al,O; and TiCN inhibit
this growth of Si eutectic phase due to placing the NPs at the Al/Si interface: this improves
the dispersion of the eutectic phase.

The qualitative microscopic analysis of AlSil2Cu2NiMg samples (Figs. 6a and 6b)
demonstrated that the nanoparticle modifiers are beneficial in refining the primary and eutectic
crystals in the treated layer.

3. Modeling of structuring process in a AlSi12Cu2NiMg alloy sample
after electron-beam treatment using the MAGMASOFT code

The 3D diagram of AlSi12Cu2NiMg alloy sample (used in our experiments) is plotted
in Fig. 7. The EB-treated surface layer has a uniform set of reference points marked as T1,
T2,...,T10. The diagram was generated with the geometry generator of the MAGMASOFT
code version 5.5.0.1. The process of surface layer heating was arranged and performed under
the condition described above (section 1.1) using the code tools. The code gives the solution of
the sample temperature field that is shown in Fig. 8. The temperatures at the control points
placed according to Fig. 7 are shown in Fig. 9 using a color mapping. Here the temperatures
in control points are simulated with the MAGMASOFTc code. These plots demonstrate
the temperature evolution during the period of 1.33 s (the duration of electron beam scanning

Fig. 6. Microstructure of surface layer from samples
with surface NP concentration 0.015 mg/mm? (a) and 0.03 mg/mm? (b).
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Fig. 7. Diagram for AlSi12Cu2NiMg alloy sample subjected
to electron beam treatment (reference points are depicted).

over the sample surface). The graphs show also the liquidus and solidus temperatures of
the AlSi12Cu2NiMg alloy. This tracks down the dynamics of the process: we can know the dura-
tion of staying in the two-phase zone for any local area (when the area temperature is between
the solidus and liquidus). Modeling shows the time when the metal was liquid and then solidi-
fied. This is the time for forming the microstructure and this is much shorter than the entire time
of treatment.

We also used a phenomenology criterion “grain size” offered by the code for forecasting
the grain sizes in the final layer after electron beam treatment. Figure 10 presents the magnified
segment of the vertical cross section in this layer. The color coding was used for visualization
of the grain size distribution. One can see that the grain size at the surface is about 1.0 um,
but at the higher depths it becomes about ~1.85 um — this means the generation of extremely
fine-grain microstructure. The bigger grains are in the middle of cross section (yellow and red
colors), meanwhile a tendency to smaller grains (blue color) is observed near the top and
bottom surfaces of the tested layer: this is due to a higher rate of cooling at the sample surface.
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Fig. 8. Temperature field at different times during sample heating.
t=0.262s(a),0.782 s (b),0.912 s (c), and 1.172 s (d).
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for a sample displacement with the velocity v = 15.4 mmy/s.
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Fig. 10. Grain size within the surface layer
of the AlSi12Cu2NiMg sample after EB treatment.
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Conclusion

When the liquid layers of aluminum or AlSi12Cu2NiMg alloy are cooled, the nanoparti-
cles within the layer serve as substrates for generating the crystallization centers. The rate of
nucleation depends on the size of nanoparticles and the atomic diameters of elements of
the liquid metal and from other physical and chemical parameters. In theory, this rate was

611



R.

Lazarova, G.E. Georgiev, V.N. Cherepanov, and V. Dyakova

determined for pure aluminum. It was demonstrated that the introduced nanoparticles refine
the primary phase grains and become the nucleation centers for the silicon phase — this hin-
ders the eutectic silicon growth. The improvement for the treated layer properties can be ex-

pl

ained by improvement in the fine-grain structure of the metal and by high-energy electron

beam treatment.

The authors are grateful to their colleagues from the Physics Technology Lab from the in-

stitute of Electronics of the Bulgarian Academy of Sciences for sample testing.
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