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В работе представлены результаты исследования структуры и фазового состава заэвтектического силуминово-
го сплава с содержанием кремния 20 ат. % после высокоэнергетического импульсного воздействия компрессион-
ными плазменными потоками. Обнаружено, что при воздействии плазменными потоками с режимами, обеспе-
чивающими плотность поглощаемой энергии 25– 40 Дж/см2, происходит модифицирование приповерхностного 
слоя сплава толщиной до 30 –32 мкм, в котором реализуются процессы плавления и последующего скоростного 
охлаждения. С помощью рентгеноструктурного анализа установлено, что в модифицированном слое заэвтектиче-
ского силуминового сплава формируется мелкокристаллическая фаза кремния, присутствующая в эвтектической 
смеси Al – Si, а также крупнокристаллическая фаза кремния, представленная первичными кристаллами. Полу-
ченные результаты позволяют разработать способ наноструктурирования кремния в заэвтектических силуминах 
для повышения износостойкости изготовляемых изделий.

Ключевые слова: заэвтектический силуминовый сплав; кремний; модифицирование поверхности; компрессион-
ные плазменные потоки; рентгеноструктурный анализ; микронапряжения.
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The results of structure and phase composition investigation in hypereutectic silumin alloy with 20 at. % Si content af-
ter high-energy pulsed compression plasma flows impact are presented in the work. The compression plasma flows impact 
with an absorbed energy density 25– 40 J/cm2 allows to modify the sub-surface layer with a thickness up to 30 –32 µm 
due to its melting and high rate solidification. By means of X-ray diffraction method, it was found the formation of two 
silicon phases with different grain sizes. The high-dispersed structure of silicon is presented in the Al – Si eutectic while 
the silicon phase with coarse grains exists in the primary crystals. The obtained results are the basis for a new method 
development for nanostructuring of the surface layers of hypereutectic silumin alloys increasing its wear resistance.

Keywords: hypereutectic silumin alloy; silicon; surface modification; compression plasma flows; X-ray diffraction; 
microstrains.
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Introduction
Aluminum- and silicon-based alloys (silumins) are widespread materials in machining, aviation, household 

appliance production. Moreover, silumins are the main materials for pistons of internal combustion engines. 
Such wide range of silumins usages is due to low specific weight, high wear resistance and good casting 
proper ties. In dependence on silicon content the silumins are divided in three main groups: i) hypoeutectic al-
loys (Si content is less than 12 at. %), ii) eutectic alloys (Si content is 12–13 at. %) and iii) hypereutectic alloys 
(Si content is more than 13 at. %). Though, the hypoeutectic and eutectic alloys have more practical applications, 
increase in Si content more than 13 at. %, i. e. transition to the hypereutectic region of the alloys, will allow 
to rise wear resistance of the details and decrease its thermal expansion coefficient [1–7]. It makes the hyper-
eutectic Al – Si alloys more promising materials for practical purposes. 
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Nevertheless, the usage of the Al – Si alloys with a high Si concentration has some difficulties and limita-
tions connected to presence of coarse particles of primary silicon which are sources of the internal mechanical 
stress. The particles of primary silicon result in destroying of the material during exploiting. Besides, alumi-
num and silicon have limited mutual solubility in solid phase that is a reason of pores formation after casting. 
When being in liquid phase, donor-acceptor bond arises between aluminum and silicon atoms that results in 
growth of strong bonded silicon clusters. The electron density around the silicon atoms rises and prevents from 
the penetration other silicon atoms into the clusters. So, the excess in silicon atoms is deleted from the liquid 
solution, and the primary silicon crystals grow. Due to different values of the thermal expansion coefficient 
of silicon and aluminum-silicon eutectic mixture there is a lot of pores in the solidified structure of silumin 
alloy. High porosity degrades the mechanical properties of the Al – Si alloy, which makes it difficult to use. 
To solve this problem, the silumins are alloyed with different elements to reduce the heterogeneity of the 
structure. For example, Mg is used because of formations of silicide Mg2Si which dissolves during annealing and 
the elements forming it diffuse into a solid solution. After aging, dispersed particles are released and provide the 
har dening effect.

In this work, it is proposed to use the method of surface treatment with a high-energy compression plasma 
flow for a hypereutectic silumin alloy obtained by the traditional casting method. The high-energy pulsed 
plasma exposure is known to melt the near-surface layer of the sample for homogenising the elemental com-
position and forming nonequilibrium phases as oversaturated solid solutions and intermetallic compounds 
after nonequilibrium crystallisation conditions [8–10]. The described phenomena make it possible to improve 
the mechanical characteristics of the modified alloy and increase its wear resistance. The structure state of the 
hypereutectic silumin alloy with Si content of 44 at. % (Al – 44Si) was modified that was described in [11].

The main aim of this work was to find the main features of structure changes in a hypereutectic silumin 
alloy containing 20 at. % of silicon caused by the action of compression plasma flows with different densities 
of absorbed energy.

Experimental
The objects of the study were samples of the hypereutectic silumin alloy with a silicon content of 20 at. % 

(Al – 20Si) in the form of round plates with a diameter of 30 mm and a thickness of 2 mm. The samples were 
made by casting processes [12].

The surface of the plates was subjected to the action of compression plasma flows (CPF) generated in 
a magnetoplasma compressor of compact geometry. The treatment was carried out in the residual gas mode 
when the previously evacuated vacuum chamber was filled with a plasma-forming gas (nitrogen) to a pres-
sure of 1.3 kPa (10 Torr). By varying the distance (L) between the sample surface and the electrodes from 6 
to 14 cm, as well as varying the voltage across the capacitor system from 3.0 to 4.0 kV, the energy density 
absorbed by the sample surface layer (Q) was changed. The surface was modified by three successive pulses to 
make the influence more uniform. The duration of each pulse was 100 µs and the interval between them was 
10 –15 s.

The phase composition of the modified samples was determined using X-ray diffraction analysis on the Ulti-
ma IV diffractometer (Rigaku, Japan) in the Bragg – Brentano geometry (q –2q geometry) using a copper radia-
tion (l = 0.154 178 nm). Registration of the X-ray diffraction patterns was carried out at a detector movement 
speed of 2 degrees per minute and the discreteness of the intensity registration was 0.05 degrees. The analysis 
of the surface morphology and microstructure of cross-sectional sections of the hypereutectic silumin alloys 
after the CPF influence was carried out using optical microscopy on the MI-1 microscope (Belarus).

Results and discussions
The interaction of the compression plasma flow with the surface of a solid can be explained by a liquid 

model [13], in which the plasma flow is considered as a continuous medium flowing around the surface of the 
sample. In this case, there is a partial transition of the plasma flow energy to the thermal energy of the solid 
target. It is the heat energy that provides heating of the near-surface layer of the material and controls the struc-
tural changes in it. To determine the value of the absorbed energy density, calorimetric studies were carried out 
on the samples of unalloyed aluminum. The results of calorimetric tests are shown in fig. 1. It can be seen from the 
obtained data that the values of the voltage on the capacitors system in the magnetoplasma compressor used in the 
experiment as well as the distances L, provide the density of the absorbed energy in the range from 25 to 40 J/cm2, 
which are enough for melting the near-surface layer. When the plasma flow moves to the surface of the sample, at 
the moment of interaction with a target, the plasma spreads over the surface resulting in mixing of the melted state 
due to its tangential velocity. Because of hydrodynamic motion of the melt, the components of the Al – Si alloy, 
being in a liquid state, are mixed to each other resulting in homogenisation of the elemental composition. After 
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finishing of the plasma pulse, fast crystallisation with a high cooling rate of the molten near-surface layer takes 
place due to intense heat transfer towards the unmelted volume. The hydro dynamic mixing of the components 
of the hypereutectic silumin alloy and its subsequent fast crystallisation prevent from the silicon localisation in 
coarse grains and reduce the size of the primary crystals.

The thickness of the melted layer in the silumin alloys after plasma treatment was determined by means of 
optical microscopy (fig. 2). The near-surface homogeneous layer with a constant thickness is clearly visible on 
the images. This layer was formed after crystallisation and has a thickness of 30 –32 µm for the samples treat-
ed with CPF at U = 4.0 kV and L is equal 6 and 10 cm (Q = 35– 40 J/cm2 ), and about 25 µm for the samp les 
treated at U = 4.0 kV and L = 14 cm (Q = 25 J/cm2 ). A fall in the depth of the melted layer with a decrease 
in the absorbed energy density is a result of the lower temperature reached on the surface of the silumin 
alloy specimen. It should be noted that there are no any coarse inclusions of primary silicon in the melted 
layer. Such inclusions are clearly visible in the structure of the initial state of the alloy (underneath of the 
modified layer).

The phase composition of the silumin samples after the CPF treatment was determined by means of X-ray 
diffraction (XRD) analysis (fig. 3 and 4). According to the obtained XRD patterns, only two phases (silicon 
and aluminum) were revealed in the analysed near-surface layer of the hypereutectic silumin alloy treated by 
the CPF at all used regimes.

The depth (H ) of the layer analysed by the X-ray diffraction is calculated by the following expression [14]:

 H K=
−( )

−( ) +µ
q a a

q a a
sin sin

sin sin
,

2

2
 (1)

where K is the constant value (K = 5); µ is the linear coefficient of the X-rays absorption; q is the diffraction 
angle; a is the incident angle. For the silumin alloy as a composite material the linear absorption coeffi-
cient µ was calculated as an effective value additively taking into account the contribution of each element: 
µ = 0.2µSi + 0.8µAl. After calculation the effective coefficient equals to µ = 1.34 ⋅ 10–2 µm–1. In the experiments 
we used the symmetric mode of the X-ray registration, therefore the condition a = q was satisfied, and the 
expression (1) can be written in the following form: 

 H K= sin
.

q
µ2

 (2)

Thus, the depth of the analysed layer with X-ray beam ranges from 30 µm (at low diffraction angles) to 
140 µm (at large diffraction angles). From a comparison of the obtained values to the depth of the melted layer 
(see fig. 2) it can be seen that the diffraction lines registered at small diffraction angles correspond to crystallo-
graphic reflections in the phases contained mainly in the melted modified layer. However, the diffraction lines 
at large diffraction angles are superpositions of the reflections from both the modified near-surface melted layer 
and the underlying unmodified layer. In this regard, for further analysis of the CPF effect on the structure of the 
silumin alloy we used diffraction lines at small diffraction angles.

Fig. 1. Dependence of the absorbed energy density in the surface layer  
of aluminum on the distance between the sample and electrode  

during the CPF impact (U = 4.0 kV)
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Fig. 2. Optical images of the cross-sections of the samples of Al – 20Si alloy  
after CPF impact at U = 4.0 kV and L is equal 14 cm (а), 10 cm (b), 6 cm (c).  

The primary crystals of silicon are detected on the pictures

Fig. 3. XRD patterns of the Al – 20Si alloy after the CPF impact at U = 4.0 kV  
as-received state (1), and L is equal 14 cm (2), 10 cm (3), 6 cm (4 )
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A detailed analysis of the diffraction lines of silicon, for example, the lines (111), (220) or (311) of the silumin 
alloy samples after the CPF impact allows to notice their broadening which is especially clearly mani fested near 
the base of the diffraction lines. The mathematical deconvolution of the experimentally obtained diffraction lines 
according to Gaussian curves shown that they are a superposition of two diffraction lines, each of them referring 
to reflections from the crystallographic planes of silicon, but with different widths at half maximum (fig. 5). 
It should be noted that such broadening of diffraction lines is not observed on the X-ray diffraction patterns of the 
initial sample that indicates the effect of plasma exposure and is associated with the effect of melting and crystalli-
sation of the near-surface layer. It can be seen from the obtained X-ray diffraction patterns that the surface melting 
of the Al – 20Si silumin alloy occurs under all selected modes of the plasma exposure. The detected shape of the 
diffraction lines of silicon indicates its presence in two phase states. During the crystallisation of a hypereutectic 
silumin alloy, an eutectic mixture containing silicon and aluminum as well as the primary silicon crystallites is 
known to be formed. The amount of the primary crystals is determined by the excess of the silicon concentration 
in comparison with the eutectic composition: (Al + Si) → (AlSi)eut + Si(I). Then, it can be assumed that two de-
tected silicon phases are silicon presented in both eutectic Sieut and primary crystallites Si(I).

Fig. 4. XRD patterns of the Al – 20Si alloy  
after the CPF impact at U = 3.0 kV and L is equal 14 cm (1), 6 cm (2)

Fig. 5. Fitting of the (111) Si diffraction line of the Al – 20Si alloy after the CPF impact:  
1 – the component of the silicon with coarse grains; 2 – the component of the silicon with dispersed grains;  

3 – superposition of two components (the points show the experimental curve)
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The broadening of diffraction lines is known to be mainly caused by two factors: i) the dispersion of the 
grain size; ii) the residual mechanical microstresses. Both of these factors introduce the additive contribution to 
the total broadening. The Williamson – Hall method can be used to separate these effects [15; 16]. According 
to this method, the microdeformation of the crystal lattice ε and the size of the coherent scattering blocks D, 
the real broadening of the diffraction line b, as well as the diffraction angle q are related to each other by the 
following expression:
 b q l ε qcos sin .= +

D
4  (3)

The real broadenings of the diffraction lines were determined as the difference between the full width at half 
maximum in the analysed samples and the instrumental line width of 0.08 degree. When plotting the functional 
dependence b q qcos sin ,= ( )f  the sizes of the coherent scattering blocks D as well as the magnitude of the 
microstrains in the silicon crystal lattice were calculated. The results are presented in table.

Microstrains and dimensions  
of coherent scattering blocks in silicon phases

Mode of the CPF impact Fine-crystalline silicon Coarse-crystalline silicon
U, kV L, cm ε, % D, nm ε, % D, nm

4.0 14 – 0.2 5.9 0.01 33
4.0 10 – 0.5 4.7 0.08 53
4.0 6 – 0.7 4.1 – 0.03 24
3.0 14 –1.1 3.7 – 0.1 23
3.0 6 – 0.5 4.1 0.000 2 26

According to the obtained results, one of the silicon phases is characterised by very small sizes of coherent 
scattering blocks, which are in the range from 3.7 to 5.9 nm (fine-crystalline silicon), while the sizes in the 
second silicon phase reach 53 nm (coarse-crystalline silicon).

The integral intensity of the diffraction line is determined by the volume fraction of the phase and is a pro duct 
of a number of factors, including the structural, atomic, temperature factors, as well as the repeatability, absorp-
tion, and Lorentz factors [17]. All of these factors depend on the structure of the analysed phase, the diffraction 
angle and the properties of the atoms included in the phase. Two detected silicon phases (eutectic silicon Sieut and 
silicon in the form of primary crystallites Si(I) ) have identical crystal structure and atomic composition, so, when 
analysing two diffraction lines located at the same diffraction angles, the ratio between their integral intensities 
can show the volume ratio of the phases in the analysed layer. As a result of estimation, the volume content 
of silicon with a coherent scattering blocks size of 3.7–5.9 nm is 11–12 % which corresponds to the eutectic 
concentration of silicon in the Al – Si alloy. Moreover, it indicates that it is silicon in the eutectic mixture that is 
formed in the nanocrystalline structure form (fine-crystalline silicon). The volume fraction of the primary sili-
con crystallites is 8–9 % and, according to the results presented in table 1, this silicon phase has larger coherent 
scattering blocks size. The effect of nanostructuring of silicon was also observed earlier in the silumin alloys of 
eutectic composition when exposed to pulsed electron beams [18]. Separation of the silicon crystallites both in 
the eutectic mixture and in the primary crystals is most likely associated with the effect of rapid crystallisation 
during cooling the melt after plasma exposure. The silicon in the eutectic mixture contacts with the aluminum 
which has a higher thermal conductivity compared to the silicon one. As a result, the rate of heat transfer from 
silicon crystallites in the eutectic mixture increases in comparable to the heat transfer in the primary silicon 
crystals. This effect provides a higher level of the dispersion in the eutectic mixture. 

The lattice parameter of aluminum determined from the XRD results is 0.404 nm and does not depend on 
the value of the absorbed energy density of the CPF treatment.

However, the lattice parameter of primary silicon crystals Si(I) is 0.541 nm and is 0.545 nm for silicon in the 
eutectic mixture Sieut. The standard value of the lattice parameter of silicon is 0.543 nm. The obtained values of 
the lat tice parameters for silicon phases do not practically depend on the modes of the plasma impact. Thus, the 
effect of separation of silicon into two phases is observed, i. e. one phase has a reduced lattice parameter and 
the second one has an increased lattice parameter with respect to the standard value. First of all, when exclu-
ding the influence of point defects that can be present in both phases of silicon, we can expect the influence 
of aluminum atoms on the crystal structure of the silicon. Indeed, the atomic radius of aluminum is 143 pm, 
while it is 132 pm for silicon. Therefore, an increase in the lattice parameter of the fine-crystalline phase may 
occur due to the partial penetration of aluminum atoms into the silicon lattice, which are placed directly in the 
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eutectic mixture with alternating Si and Al phases. According to the equilibrium binary state diagram [19], the 
solubility of aluminum in silicon is extremely low and does not exceed 0.016 at. %, however, the nonequilib-
rium conditions of the crystallisation caused by the CPF action can lead to an increase in the solubility limit. 
In primary silicon crystals, the lattice parameter decreases with respect to the standard value that cannot be 
explained by the incorporation of larger aluminum atoms, and, therefore, the excess concentration of vacancies 
due to rapid quenching from the melt plays the main role.

The analysis of microstrains in each of the detected silicon phases (see table) showed that compressive 
deformation of 0.2–1.1 % appears in the fine-crystalline silicon phase, i. e. in silicon of the eutectic mixture. 
Their appearance can be associated with an increase in the lattice parameter due to the dissolution of aluminum 
atoms. In the coarse-crystalline silicon phase, the dissolution of aluminum does not occur and, as a result, the 
level of residual microstresses is significantly reduced.

Conclusions
Thus, the compression plasma flows with an absorbed energy density of 25– 40 J/cm2 influence on the sur-

face of the hypereutectic silumin alloy Al – 20Si leads to the modification of the near-surface layer due to its 
melting on the depth of 32 µm and uniform redistribution of silicon and aluminum in it. As a result of rapid 
crystallisation and homogenisation of the elemental composition, silicon is separated into two phase compo-
nents: i) silicon with a fine-crystalline structure (the coherent scattering block size up to 6 nm) presenting in the 
eutectic mixture, and ii) the silicon with a coarse-crystalline structure (the coherent scattering block size up to 
50 nm) characterising the primary crystals. Due to the dissolution of aluminum atoms in the fine-crystalline 
phase of silicon in the eutectic mixture the silicon lattice parameter increases and residual compressive stresses 
from 0.2 to 1.1 % appear.
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