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Abstract: The structure and phase composition of a eutectic silumin surface layer modified by com-
pression plasma flow impact were investigated in this work. Plasma flows were generated by a
magnetoplasma compressor of a compact geometry in a nitrogen atmosphere. The energy density
absorbed by the surface layer was varied in the range of 10-35 J/cm?. X-ray diffraction analysis,
scanning electron microscopy, transmission electron microscopy and X-ray microanalysis were
used as investigation techniques. It was found that the plasma impact led to the formation of a mol-
ten layer with a thickness of up to 50 um. The layer thickness increased with the growth of the
absorbed energy density. Dissolution of the intermetallic compounds and primary silicon crystals
occurred as a result. The modified surface layer contained grains of a supersaturated solid silicon
solution in aluminum. Grains with sizes of 100-500 nm were separated by interlayers of hypereu-
tectic silumin containing nanocrystalline silicon precipitates. The doping elements of the alloy were
concentrated mainly in these interlayers. The plasma impact resulted in a 1.5-fold microhardness
increase.

Keywords: eutectic Al-Si alloy; compression plasma flows; phase composition; microstructure;
microhardness

1. Introduction

Aluminum alloys are widely used in various fields of industry: automobile and air-
craft manufacturing, space, energy, construction, the food industry, etc. An intensive an-
nual growth of these alloys’ production volume has been observed [1-4]. The share of
cast-aluminum alloys used in these industries is about 20%, and 90% of it is Al-Si alloys
(which are called silumins) [5]. This group of alloys possesses low densities, good casta-
bilities, corrosion and heat resistance, electrical and heat conductivity, high specific
strengths, resistance to dynamic loads and low costs [5-14]. It has been considered that
Al-Si alloys have the best strength properties among other light alloys [7]. A powerful
stimulus for the use of Al-Si alloys in industry was the discovery of the phenomenon of
aluminum-silicon eutectic and primary silicon crystal modification with surface-active
substances: in particular, sodium, phosphorus, strontium and a number of other sub-
stances [11,15,16].
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All industrial Al-Si alloys are doped with additional elements that form eutectics
with Al-Si in order to increase their strength properties and susceptibility to heat treat-
ment. The main alloying elements of Al-Si alloys are magnesium and copper and, less
often, nickel, manganese, zinc, chromium, etc. [5,17-20]. Piston silumins are one of the
most complexly doped groups of Al-Si alloys, which are used to manufacture pistons for
internal combustion engines. These alloys work in extreme operating conditions associ-
ated with high temperatures and pressures and high cyclic loads. Further increases in si-
lumins’ strength properties by alloying are limited by the solubility limit of the alloying
elements in Al, which does not exceed 0.1% for most of the alloying elements [5].

Al-Si alloy use in industry is often limited because of the presence of large-scale crys-
talline structures such as primary silicon crystals and Al-Si-Fe phases in these alloys
[7,8,10,21]. These are the reasons for the low values of the mechanical properties of these
alloys [8-10,21]. So, the mechanical properties of Al-Si depend not only on the chemical
composition but are strongly influenced by the uniformity and dispersity of the alloy mi-
crostructure [10]. A number of conventional techniques are used nowadays to refine the
microstructures of Al-Si alloys and to increase their mechanical properties: heat treat-
ments, modification of chemical composition and the use of electromagnetic treatments
[8,10,22]. The use of high-energy particle beams, such as ion, laser and electron beams, for
the modification of alloy surface layer properties is also of interest [7,23-35]. Such an ap-
proach allows increased microhardness [7,23,26,30,31], wear resistance [26,30] and corro-
sion resistance [31] and diminished friction coefficients [26].

There are a number of ways to generate plasma flows and high-energy particle
beams, particularly in ion—plasma deposition systems [36-38]. Treatment by high-energy
particle beams in a melting mode is a prospective method of aluminum-silicon alloy mod-
ification [26,30]. The melting of surface layers followed by crystallization in conditions of
high cooling speed leads to the strong dispersion of near-surface microstructures, the dis-
solution of primary silicon crystals and intermetallic compounds and the formation of
metastable phases, thus resulting in mechanical property improvement [26,28-35]. In par-
ticular, it was reported that the treatment of an (Al-10 %Si-2 %Cu)-alloy by an intensive
pulsed electron beam with a beam energy density of 10-50 J/cm? led to the dissolution of
silicon, the formation of a sub-micro-sized crystal structure of high-speed cellular crystal-
lization forms and the saturation of an Al-based crystal lattice with alloying and impurity
elements [7]. The microhardness value after the treatment was 1.6 times higher than that
of the untreated material as a result [7]. The sizes of aluminum solid-solution grains de-
pend on the chemical composition of the alloy and the treatment regimes. In [29], it was
found that high-intensity electron beam treatment led to the formation of aluminum-
based solid solution grains with sizes of 100-450 nm in an (Al-10.65 %Si-2.11 %Cu)-alloy
and grains with sizes of 40-100 nm for an (Al-5.39 %Si-1.33 %Cu)-alloy. In addition, the
formation of silicon nanocrystallites with sizes of 5-10 nm on the grain boundaries was
revealed [29].

Compression plasma flows (CPFs) generated by quasi-stationary plasma accelerators
can be also effectively used for the modification of Al-Si alloys. These plasma flows pos-
sess relatively high discharge times (hundreds of microseconds) and low divergence [39-
41]. Previously conducted studies [41-44] have shown that CPF treatment of materials
allows the formation of thick surface layers (a few tens of micrometers) with a dispersed
structure. CPF impact leads to material surface layer melting, liquid-phase mixing of the
structural components of the alloy due to the action of hydrodynamic instabilities arising
at the plasma-melt boundary and subsequent crystallization under conditions of ultra-fast
cooling (up to 107 K/s). CPF treatment causes significant changes in material structural-
phase states and, hence, the mechanical properties of the surface layer [41-44].

By now, a relatively large volume of data have been accumulated on the modification
of the structure and properties of silumin surface layers under the actions of ion and elec-
tron beams in melting mode. However, the physical processes occurring under the action
of compression plasma flows on the surfaces of materials can differ in nature and intensity
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from the processes observed under ion and electron impact, even at close values of energy
absorbed by the surface layer. At the same time, investigations describing the influence of
direct action of compression plasma flows on the properties and structure of eutectic silu-
mins at the micro- and nanoscale levels have not been previously carried out. Thus, the
study of the industrial eutectic Al-Si alloy structure after compression plasma flows im-
pact was the aim of this work.

2. Materials and Methods

The investigation focused on samples composed of 11.0-13.0% Si, 0.8-1.5% Cu, 0.8—
1.3% Mg, 0.2% Zn, 0.2% Mn, 0.2% Ti, 0.8-1.3% Ni, and the with the remaining percentage
being aluminum. These samples were treated using compression plasma flows generated
by a compact magnetoplasma compressor (Laboratory installation, A.V. Lykov Heat and
Mass Transfer Institute of the National Academy of sciences of Belarus, Minsk, Belarus)
[43,44]. The treatment occurred in residual gas mode, where a pre-evacuated vacuum
chamber was filled with nitrogen at a pressure of 400 Pa. The processing involved three
plasma pulses, with the energy density absorbed by the surface layer per pulse ranging
from 10 to 35 J/cm?, as measured by calorimetric assessments [42].

The phase composition of the samples was analyzed using X-ray diffraction (XRD)
on a Rigaku Ultima IV diffractometer (Rigaku Corporation, Tokyo, Japan) in Bragg—Bren-
tano focusing mode with CuKa radiation. Phase analysis was performed by comparing
experimentally determined values of interplanar spacing and relative intensities against
standard data from the PDXL2 Rigaku Data Analysis Software (Version 2.8.4.0 Rigaku
Corporation, Tokyo, Japan).

The lattice parameter a of the aluminum was determined from the following relation:

, M

where d is the interplanar spacing (nm), and H, K and L are Miller indices.
The relative error of the interplanar distance was determined from the following re-
lation:

1 H2+K?+1?
az a?

%| = ctglAeb, (2)

where 0 is the Bragg diffraction angle, and A8 is the step size of the diffraction angle
change.

The microstructure of the surface layer was examined using a Carl Zeiss LEO1455VP
scanning electron microscope (SEM) (Carl Zeiss AG, Oberkochen, Germany ) operating at
an accelerating voltage of 20 kV, equipped with an Oxford MaxN energy-dispersive mi-
croanalyzer (Oxford Instruments, Abingdon, UK) , as well as a JEM-2100 transmission
electron microscope (TEM) (JEOL, Ltd., Tokyo, Japan) at an accelerating voltage of 200
kV. Samples were cut perpendicular to the treated surface with an ABRASIMET cutting
machine (Struers, Balleron, Denmark) to allow for cross-sectional analysis using the SEM.
They were then ground and polished using the Struers mold method (Struers, Denmark,
Balleron) on a TegraPol setup (Struers, Denmark, Balleron), employing materials recom-
mended by Struers. The fabrication and standard thinning procedures for the lamella used
in TEM studies were performed using gallium-focused ion beam (FIB) Strata FIB 205 Sys-
tem (FEI Company, Hillsboro, Oregon, USA) at 30 kV. The elemental composition was
analyzed using an INCA Energy EDX TEM system (OXFORD Instruments, Abingdon,
UK). Measurements of the microhardness of the surface layers were conducted on a Wil-
son Instruments MVD 402 microhardness tester (Wilson Instruments, Shanghai, China)
using the Vickers method. In this technique, a diamond Vickers indenter, shaped like a
tetrahedral pyramid with a vertex angle of a=136°, was pressed into the sample surface
under load. The indenter was maintained under load for 10 s during each measurement.
After removing the load, the lengths of the two diagonals of the indent were measured,
and the microhardness value, HV, was calculated using the following expression:
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Hv = 1.854— 3)

where P is the applied load (kg) and d denotes the arithmetic mean length as average of
the two measured lengths of the two diagonals in mm. The indentation depth h was cal-
culated using the following expression:

h=3 )

Microhardness measurements were performed with an applied load ranging from
0.01 to 0.2 kg. For each load, 10 measurements were taken. Subsequently, the dependence
Hu(h) was plotted. The error in the Hv was determined based on the statistical dispersion
of the measurements.

3. Results and Discussion

The data from the XRD analysis indicated that aluminum and silicon were the main
phases of the alloy before treatment (Figure 1). Additionally, diffraction peaks related to
the phases MgsSi¢, AlsFeSiz, Als(Fe,Mn)sSi and Als(Cu,Ni)2 were detected. The intensity of
these phases was relatively low due to their small content in the sample volume. The pres-
ence of iron in the composition of silumin typically negatively affects the mechanical prop-
erties of the alloy due to the formation of brittle primary precipitates, AlsFe:Si and AlsFeSi»
[5, 21,45]. To compensate for the negative effects of iron, manganese can be added to the
alloy, resulting in the formation of Als(FeMn)sSiz [5,46]. Another iron-containing phase
detected by XRD in the original silumin, AlsFeSiz, is more characteristic of hypereutectic
silumins [5]. Its presence in eutectic silumin may indicate an uneven casting composition
and, consequently, a local excess of silicon concentration above the eutectic [47]. The for-
mation of this phase in eutectic silumin has also been observed in the presence of addi-
tional alloying elements [45,48]. Alloying silumin with Cu and Ni results in the appear-
ance of the Al3(Ni,Cu)2 phase, which was formed as a substitution solid solution based on
Al:Ni2. In [5], it was noted that the formation of Al3(Ni,Cu): in industrial silumins is un-
desirable, as it depletes the aluminum matrix of copper atoms. The nonequilibrium crys-
tallization of the silumin under study leads to the formation of a strengthening metastable
phase MgsSis. Crystallization of the strengthening metastable phase Mg5Si6 in the studied
silumin was also observed in a number of works on the study of the structure of Al-S5i-Mg
and Al-Si-Mg-Mn alloys [49,50].

Plasma treatment led to the disappearance of diffraction peaks for intermetallic and
silicide phases (see Figure 1) as well as a decrease in intensity and broadening of the sili-
con diffraction peaks (insert in Figure 1).

The physical broadening of the silicon diffraction line can be attributed to the disper-
sion of both primary silicon crystals and silicon crystals in the Al-Si eutectic as well as the
presence of residual mechanical stresses. The Williamson-Hall method was used to sepa-
rate the contributions of these two factors (dispersion and stresses). According to this
method, the mathematical relationship between the physical broadening of the diffraction
line (P), the size of the coherent scattering blocks (D) and the microdeformations of the
crystal lattice (e) can be expressed as follows [51]:

Pcosl = %+ 4esind, 1)

where 0 is the diffraction angle at which the corresponding diffraction line is observed.
The calculations showed that the size of the coherent scattering regions was 11 nm, and
the value of microdeformation € was ~0.4%. The appearance of residual microstrain may
be associated with an increase in the density of dislocations due to the rapid cooling of the
melt. In general, the appearance of microstress and, hence, microstrain in particles during
crystallization under conditions of high cooling rates can be explained by an increase in
dislocation density. However, such an interpretation warrants further investigation due
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to the small size of Si particles (in the nano-scale range, as confirmed by TEM investiga-
tions). One could suggest that the strong disordering of the crystalline lattice of the silicon
particles, formed at high cooling rates, could be the cause of this effect.

Since the intensity of the diffraction line is proportional to the amount of the ana-
lyzed substance, the decrease in silicon diffraction line intensity indicates a diminishing
crystalline silicon content in the analyzed volume. The formation of a supersaturated sub-
stitutional solid solution based on aluminum, under conditions of ultrafast crystallization,
is a possible reason for the decrease in silicon diffraction line intensity. According to the
equilibrium phase diagram of Al-Si, the maximum solubility of silicon in the aluminum
lattice is 1.59 at.% [5] at the crystallization temperature of the eutectic. Several studies
[35,52,53] have shown that during crystallization under ultrafast cooling, some silicon at-
oms do not have enough time to solidify to primary crystals or eutectic, thus leading to
an increase in silicon atom solubility in the aluminum lattice. Since the atomic radius of Si
is 21.7% less than that of Al, the lattice parameter of the formed solid solution based on
aluminum should be smaller than that of pure aluminum.

Si(111)

40,000 — a) b)

* - Mg Si

Q=35 Jiem’

Intensity, a.u.

35,000 4| ® - Al Fesi,

Al(111)

1| ¢- Al (FeMn),Si “7 untreated
30,000 - | *— Al(CuNi), A I A A P
20, degree
5] 3 3 >
® 25,000 % g =
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© ]
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=
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Figure 1. X-ray diffraction patterns of the samples: (a) - main drawing and (b) line Si(111).

an untreated silumin sample (a) and samples treated with CPF at different absorbed energy densi-
ties: (b) 10 J/em?; (c) 17 J/em?; (d) 26 J/em? and (e) 35 J/cm?.

Figure 2 illustrates the relationship between the aluminum lattice parameter, deter-
mined using the Al (311) line, and the absorbed energy density for the doped alloy. The
data indicate that CPF treatment reduced the aluminum lattice parameter from 0.4050 +
0.0004 nm in the initial samples to 0.4037 + 0.0004 nm in the treated samples. The experi-
mental relationship between the aluminum lattice parameter (dar) and silicon concentra-
tion (Csi) is given in [35]

dar(nm) = 0.4049 — 1.63 - 10~*Cg; (at. %), )
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This expression enables the estimation of the silicon concentration in the solid solu-
tion of aluminum for the binary alloy Al-Si. Calculations indicate that the Si concentration
is expected to be around 6 at.% at an absorbed energy density of 35 J/cm?.

However, the aluminum lattice parameter can also be influenced by other elements
doped into the alloy. The results of the CPF treatment’s effect on the lattice parameter of
aluminum in the binary alloy (Al-12%Si) under the same processing conditions are illus-
trated in Figure 2 (pure Al-Si alloy). According to the obtained data, the aluminum lattice
parameter is 0.4045 nm for the binary alloy (Al-12%5i), which is higher than that of the
alloy doped with additional elements. The concentration of silicon in the solid solution of
aluminum for the binary (Al-12%Si) alloy after CPF treatment is ~3 at.% according to for-
mula (2).

0.4059
= pure Al-Si alloy

0.4056 ® doped Al-Si alloy

0.4053

04050 oo o untreated

J

0.4044 | T

0.4041 I 1

0.4038 — - [ ]

0.4035

Lattice parameter a, nm

0.4032 -

0.4029

0.4026

Energy density, J/cm’

Figure 2. Variation of the aluminum lattice parameter with absorbed energy density.

A characteristic feature of compression plasma flows impacting materials is the po-
tential for the surface layer to become saturated with atoms of the plasma-forming sub-
stance [54]. As a result of treatment with plasma flows generated in a nitrogen atmos-
phere, hexagonal closely packed (hcp) AIN formation was detected by XRD analysis (see
Figure 1).

The investigation of the structure and elemental composition using scanning electron
microscopy and energy-dispersive microanalysis revealed that the studied silumin in its
initial state is significantly heterogeneous (Figure 3). Distinct crystallization regions of pri-
mary aluminum (region 1 in Figure 3a) and the crystallization regions of the Al-Si eutectic
(region 2 in Figure 3a) can be identified based on differences in elemental composition
and morphological features. According to EDX, the crystallization regions of primary alu-
minum contain 0.2-0.4 at.% Cu and 0.2-0.4 at.% Mg.

These elements exhibit high solubility in aluminum at room temperature. The eutec-
tic region also contains magnesium, copper, nickel and iron, which can be part of both the
aluminum-based solid solution and the finely dispersed intermetallic precipitates. Due to
the presence of these elements, the eutectic regions appear light gray in the micrograph
obtained using backscattered electrons. In addition to the finely dispersed intermetallics,
the original silumin also contains coarse intermetallic and silicide precipitates of various
compositions, as identified by XRD analysis (Figure 1). The size of these phases can reach
several tens of micrometers.
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25 pm

(a) (b)
Al Kal Si Kal Cu Kal

Ni Kal

Mn Kal

Figure 3. Microstructure of (a) the original silumin sample; (b) summarized elemental and (c) dis-
tributions of individual element.
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The CPF impact on the studied silumin samples resulted in the formation of a modi-
fied near-surface layer, with its thickness, elemental composition and structure deter-
mined by the energy absorbed by the surface layer (Figure 4). The increase in absorbed
energy density caused the molten layer thickness to grow from 5-10 pm at 10-17 J/cm? to
50 um at 30-35 J/cm? (Figure 4b,c). A relatively uniform distribution of elements is ob-
served in this layer after crystallization. The structure of the modified layer contains two
sublayers, which were formed due to the uneven distribution of temperature along the
depth and the different melting temperatures of the structural components of the studied
alloy. The first sublayer (region I in Figure 4b,c) is located close to the surface of the sam-
ple. It is characterized by the melting of all structural components during CPF impact and
an almost uniform distribution of all elements of the alloy (Figure 5).

(e)

Figure 4. SEM images of silumin sample cross-sections: (a) untreated; (b) after CPF treatment at
absorbed energy densities of 17 J/cm? and (c—e) 35 J/cm?.



Metals 2024, 14, 1415 9 of 18

Si Kal Cu Kal

Fe Kal Ni Kal

Mn Kal

50 pm

(©)

Figure 5. (a) Microstructure of the silumin sample cross-section, (b) summarized distribution of el-
ements and (c) distributions of individual elements after plasma impact at 35 J/cm?.
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Convective liquid-phase mixing in the melt during plasma impact is the primary rea-
son for the uniform distribution of elements. The first sublayer is characterized by a dis-
persed structure containing both equiaxed crystallites and crystallites with a specific
growth direction (Figure 4e from area 1 in Figure 4c). The boundaries of the crystal exhibit
a lighter elemental contrast, indicating an enrichment of the boundaries with alloying el-
ements.

In the second underlying sublayer (region II in Figure 4b), the heat flux transferred
to the sample as a result of plasma impact led to the melting of the aluminum matrix and
eutectic; however, the energy transferred to this layer is insufficient for the complete dis-
solution of the intermetallic and silicide phases as well as silicon precipitates (see Figure
4e from area 2 in Figure 4c). Unmelted precipitates in this sublayer act as local heat sinks,
thereby increasing the cooling rate in these areas and causing the formation of columnar
dendritic crystals [55,56].

Transmission electron microscopy was used for a more detailed study of the modi-
fied layer structure. A lamella oriented perpendicular to the surface was cut from the sam-
ple treated with plasma at Q = 35 J/cm? using a focused ion beam (Figure 6a). The length
of the studied lamella was 10 pm, and its thickness was 70-80 nm.

.

N\

® nysi

(b) (c)

Figure 6. (a) Bright-field image of the sample treated with CPF at 35 J/cm? (b) corresponding SAED
pattern from local areas marked as 1; (c¢) corresponding SAED pattern from local area marked as 2.
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The characteristic SAED patterns from different areas of the bright-field image were
consistent, representing point diffraction patterns from aluminum solid solution grains
and varying rings from dispersed silicon crystallites, each with different orientations rel-
ative to the analyzing electron beam (Figure 6b,c). The resulting SAED patterns corre-
sponded to the [120] zone axis, which is the crystallographic axis oriented perpendicular
to the studied area of the sample. The uniformity of the diffraction patterns from various
areas indicates consistent orientation of aluminum grain growth from the melt during the
cooling of the surface layer.

An area of the studied lamella at higher magnification is shown in Figure 7. It is evi-
dent from the figure that aluminum grains are predominantly elongated along the axis
perpendicular to the surface. The grain size varies within the range of 100-500 nm, which
corresponds to the size of the aluminum crystallites observed using the SEM method (see
Figure 4d). A comparison of the diffraction patterns (see Figure 6b,c) and the grain struc-
ture shown in Figure 6 allows us to conclude that the grains are primarily oriented along
the crystallographic <100> direction, which corresponds to their growth during crystalli-
zation. The preferential growth in the <100> direction under conditions of high-speed
cooling from the melt is typical of materials with a face-centered cubic lattice [57]. This
<100> direction provides the maximum growth rate of the crystal when aligned closely
with the direction of the heat sink during high-speed cooling [58].

Figure 7. Bright-field image of a local area of the sample treated with CPF at 35 J/em?.

It should be noted that no significant change in texture was detected in the X-ray
diffraction patterns after treatment (see Figure 1). This lack of change may be attributed
to the fact that X-ray analysis examines a layer with a thickness of ~30 pm; i.e., the diffrac-
tion patterns are averaged over the entire thickness of the analyzed layer.

The distribution of silicon crystallites in the surface layer modified by plasma impact
was also studied. Figure 8 presents a dark-field image of the structure formed by selecting
silicon diffraction rings along with the corresponding bright-field image.

From the figure, it is evident that silicon crystallites form as nanoscale precipitates in
the interlayer between the grains of the aluminum solid solution. The size of the silicon
crystallites is consistent with the value obtained by XRD, which is several tens of nanome-
ters.
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002
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Figure 8. (a) Dark-field image produced selecting Si diffraction rings; (b) corresponding bright-field
image of local area of sample treated with CPF at 35 J/cm?.

Table 1 shows the composition of different regions (inside the solid solution grains,
and in the interlayer between the grains, at the grain—interlayer boundary) designated by
the corresponding numbers in the bright-field image in Figure 9. A comparison of the
table and figure data indicates that the silicon concentration inside the grains corresponds
to ~3 at.% Si (areas 1 and 3), which correlates with the data presented in Figure 2. This
suggests that the central part of the grains consists of a supersaturated solid solution of ~3
at.% silicon in aluminum. The solid solution may also contain other alloying elements at
concentrations lower than the detection limit of energy-dispersive microanalysis. The ta-
ble indicates that the remaining silicon, along with other alloying elements, is carried by
the crystallization front to the boundaries of the growing grain, forming an interlayer be-
tween the grains. The boundaries of the grains are enriched with silicon and magnesium
(areas 4 and 5). The interlayer, in addition to aluminum and silicon, contains nickel, mag-
nesium, iron and manganese (area 6). The composition of the interlayer corresponds to a
hypereutectic alloy of aluminum, in which nanosized silicon precipitates are formed (see
Figure 8). This interlayer creates a rigid framework around the grains of the supersatu-
rated solid solution of aluminum with silicon, enhancing the strength characteristics of
the surface layer.
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Figure 9. Bright-field image of the sample treated with CPF at 35 J/cm? with corresponding areas

showing different compositions as listed in Table 1.

Table 1. Composition (at.%) of areas marked in Figure 9 by a ring (size of diaphragm).

Area Al Si Mg Ni Mn Fe
1 97.3 2.7 - - - -
2 96.9 3.2 - - - -
3 96.2 3.8 - - - -
4 96.6 3.1 0.3 - - -
5 82.0 15.1 1.3 - - -
6 33.6 52.0 4.6 6.5 1.2 2.2

Structural-phase transformations in the surface layer caused changes in the strength

properties of the studied alloy (Figure 10). The microhardness of the untreated alloy was
130 Hv. CPF treatment increased the microhardness of the surface layer, reaching a value
of 205 Hv at a depth of 1.5 um before decreasing to ~180 Hv at greater depths following
treatment at 35 J/cm? (Figure 10). For samples treated at lower absorbed energy densities,
the maximum microhardness of the modified layer ranged from 170 to 180 Hv. The mi-
crohardness of the treated samples at greater depths remained higher than that of the un-
treated samples. The increase in microhardness at lower indentation loads (closer to the

surface) can be attributed to the formation of AIN during plasma impact.
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Figure 10. Dependence of microhardness on the indentation depth of the silumin sample treated
with CPF at different absorbed energy densities.

Four primary mechanisms for materials strengthening are well established: solid so-
lution strengthening, precipitation hardening, grain boundary strengthening and strain
hardening [59]. Based on the studies of the silumin structure after the CPF impact dis-
cussed in this paper, it is evident that all of these mechanisms contribute to silumin
strengthening. Let us consider the influence of each mechanism on microhardness in the
bulk of the treated layer (at a higher indentation depth) and the increase in microhardness
at 35 J/cm? (at a depth of 4.5 pm).

Solid-solution strengthening after the plasma treatment of silumin is primarily asso-
ciated with the formation of a supersaturated Al (Si) solid solution. However, as illus-
trated in Figure 2, the aluminum lattice parameter changes remain within the error limits.
Thus, it can be concluded that while the solid-solution mechanism can influence the mi-
crohardness of the samples after CPF impact, it is not the primary mechanism explaining
the increase in microhardness at 35 J/cm2.

The increase in microhardness due to precipitation hardening can be attributed to the
formation of nanosized silicon inclusions in the interlayers between Al (Si) solid solution
grains. However, the estimated size of these nanosized silicon crystals obtained from XRD
analysis for samples processed at different absorbed energy densities remains nearly the
same.

The grain boundary strengthening mechanism can be estimated from the Hall-Petch
relationship [60]:

o=0p+ % (1)
where ¢, and k are constants, and d represents the average grain diameter. It has been
shown that plasma impact refines the grain structure of both aluminum and silicon as well
as intermetallic precipitates. An increase in the energy absorbed by the surface layer leads
to a higher cooling rate during crystallization, thereby reducing grain sizes. This mecha-
nism could explain the observed effects. However, the constant k for pure aluminum
(0.06-0.28 MPa mm1/2 [61,62]) is much smaller than that of other metallic materials, such
as mild steel (23.4 MPa mm1/2 [62]) or pearlitic steel (~19.7 MPa mm1/2 [62]).
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Strain hardening may increase microhardness at Q =35 J/cm? however, the evolution
of the defect structure was not investigated in this study. Several prior investigations
[63,64] demonstrated that a higher cooling rate during crystallization from the melt leads
to increased dislocation density and, consequently, improved strength characteristics.

4. Conclusions

1. The investigations show that compression plasma flows impacting eutectic silumin
alloy cause the melting of the alloy’s surface layer, homogenization of its composition
and subsequent crystallization.

2. Melting results in the dissolution of intermetallic compounds and primary silicon
crystals within the surface layer.

3. The thickness of the molten (modified) layer increases with the density of absorbed
energy, ranging from 5-10 um at 10-17 J/cm? to 50 um at 30-35 J/cm?2. The modified
layer consists of two sublayers formed due to uneven temperature distribution dur-
ing plasma treatment.

4. A supersaturated solid solution of silicon in aluminum is observed in the modified
layer, resulting in a decrease in the aluminum lattice parameter after plasma treat-
ment.

5. Aluminum nitride forms at the alloy’s surface due to the diffusion of nitrogen from
the residual atmosphere of the vacuum chamber.

6. Transmission electron microscopy analysis showed that the silicon concentration in
the center of the aluminum-based solid solution is ~3 at.%. The boundaries of the
grains are enriched with silicon and magnesium.

7. The interlayer between grains is enriched with alloying elements. Its composition
corresponds to a hypereutectic aluminum alloy in which nanosized silicon precipi-
tates form.

8. Plasma impact results in an increase in microhardness from 130 to 205 Hv. A greater
energy density absorbed by the surface layer leads to increased microhardness.
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